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INTRODUCTION 

Soil contamination is driven by insufficient agriculture, construction works, 
industrial actions, etc. It was evaluated that approximately three million sites in 
the European Union is contaminated. Half million sites are extremely 
contaminated and in need of treatment (EC, 2010). Therefore, the European 
Commission adopted a EU strategy (EC, 2010) dedicated to soil protection in 
September 2006. One of the main strategy goals was the contaminated soils 
remediation to a level that was at least consistent with present and future use. 
Organochlorine pesticides, such as lindane and dichlorodiphenyltrichloroethane, 
industrial chemicals, such as polychlorinated biphenyls, chlorinated solvents, 
and waste products, such as dioxins and furans, among others, are examples of 
chlorinated hydrocarbons. In spite of the decrease in the production and use of 
some priority chlorinated compounds over recent decades due to bans and other 
restrictions, they remain widespread. 

Chemical oxidation is a promising treatment method for degrading a variety 
of hazardous pollutants in different environmental matrixes. Although chemical 
oxidation has been successfully applied in water purification, its application for 
soil treatment has been hampered by the lack of scientific knowledge of the 
process controlling parameters. Hydrogen peroxide is one of the most 
extensively used chemicals for contaminated soil remediation. The study of 
emerging oxidation processes using peroxygen chemicals, such as persulphate, 
calcium peroxide, magnesium peroxide and percarbonate for contaminated soil 
remediation is the most innovative direction in this area, providing 
technologically feasible, economically acceptable and environmentally 
sufficient techniques. In addition to the chemical oxidation of contaminants, 
utilisation of optimised chemical dosages can potentially enhance aerobic 
biodegradation of contaminants in soil. A well-executed chemical-to-biological 
treatment approach or their combined application can result in considerable 
contaminant reduction and may yield substantial cost savings. 

Along with the other methods, the application of surfactants has been 
demonstrated to be effective as a standalone treatment (Svab et al., 2009), as 
well as in combination with other methods (Rahman et al., 2003). Surfactants 
improve solubilisation and desorption behaviour of hydrophobic organic 
compounds and simultaneously increase their availability (or bioavailability) in 
contaminated environments (Kuyukina et al., 2005). Biosurfactants may 
substitute their synthetic counterparts in environmental applications due to their 
biodegradability, low toxicity and high efficiency under various conditions. It 
was also reported that biosurfactants may enhance biodegradation through 
enzyme stimulation (Wang et al., 2011) or promote better permeability of the 
cellular membranes of hydrocarbon-degrading microorganisms (Vasileva-
Tonkova et al., 2011). However, this technique has to be integrated in a more 
complex process to degrade contaminants, rather than transferring them to a 
separate medium. Another promising approach could be the application of 
microbial surfactants (biosurfactants) to integrated chemical and biological 
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oxidation processes, where they may act as oxidation stimulators by releasing 
contaminants adsorbed in soil into the liquid medium and thus increasing their 
availability to the oxidising agents and microorganisms. 

Among the aims of the present study was to establish effective treatment 
methods using peroxygen chemicals (persulphate, percarbonate, calcium and 
magnesium peroxides) for the remediation of soil contaminated with chlorinated 
hydrocarbons and to develop a new strategy of process integration by the joint 
application of biosurfactant and combined chemical and biological treatment for 
soil decontamination. The research should provide the scientific basis and 
recommendations for the practical application of efficient, simple and cost-
effective treatment methods for the remediation of contaminated soil. 
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ABBREVIATIONS 

BS  Biosurfactant 
CB  Chlorobenzenes 
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DDT  1,1-bis(4-chlorophenyl)-2,2,2-trichloroethane 
DDD  2,2-bis(4-chlorophenyl)-1,1-dichloroethane 
DDE  2,2-bis(4-chlorophenyl)-1,1-dichloroethylene 
DHA  Dehydrogenase activity 
EDTA  Ethylenediaminetetraacetic acid 
MO  Microorganisms 
PAH  Polycyclic aromatic hydrocarbons 
PCB  Polychlorinated biphenyls 
UV  Ultraviolet 
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1. LITERATURE REVIEW 

1.1 Soil contamination 

Soil is a mixture of minerals and organic matter that is produced by the 
weathering action of physical, chemical and biological processes. High 
populations of bacteria, fungi and animals may be found in the soil (Manahan, 
2004). Soil that has received large quantities of waste products loses its natural 
texture and quality. This phenomenon can affect human beings health and 
quality of food. It has been estimated that 3.5 million sites alone in the EU may 
be contaminated. There are approximately 300 contaminated sites in Estonia 
(EC, 2010). 

1.1.1 Chlorinated hydrocarbons 

Chlorinated hydrocarbons (CHC) are chemical compounds, where at least one 
hydrogen atom has been replaced by chlorine atom. CHC are mostly thermally 
and chemically stable. These compounds are toxic and persistent in the 
environment. Soils that are contaminated with CHC make up approximately 
2.4% of all of the pollutants (EPA, 2011). 

Polychlorinated biphenyls (PCB) belong to a group of organic compounds 
that consist of two benzene rings and one to ten chlorine atoms (O’Neil, 1996). 
The physical-chemical properties of PCB vary greatly, depending on the 
number of chlorine atoms in the molecule (Fiedler, 2009). PCB were used in 
heat exchange fluids (electric transformers and capacitors) and as additives in 
paper, paints, adhesives, sealants and plastics. In the 1970s, the production of 
PCB was banned, but they still persist in the environment. PCB enter the 
environment during its manufacture, storage, disposal and utilisation processes 
(Toxic substances, 2013). The good solubility of PCB in the adipose tissue of 
wildlife and human beings causes bioaccumulation (WHO, 1976). 
Dichlorodiphenyltrichloroethane (DDT) is most notable organochlorine 
pesticide. The DDT commercial product contains 70 to 80% of the insecticidal 
isomer DDT (1,1-bis(4-chlorophenyl)-2,2,2-trichloroethane) (Walker, 2001). 
DDD (2,2-bis(4-chlorophenyl)-1,1-dichloroethane) and DDE (2,2-bis(4-
chlorophenyl)-1,1-dichloroethylene) are the by-products of DDT degradation. 
DDT was primarily used for vector control of diseases (malaria), ectoparasites 
of farm animals, for agricultural pests and in domestic and industrial premises 
(Walker, 2001; Toxic substances, 2013). In 1970, the use of DDT was 
prohibited in the United States. Some other countries soon adopted similar 
restrictions on DDT use. DDT is very persistent and can accumulate in food 
chains (EPA 1990; Toxic substances, 2013). 

Chlorobenzenes (CB) are chlorinated derivatives of benzene that have at 
least one chlorine atom. The physical-chemical properties of CB are dependent 
on the number of chlorine atoms and the position of the chlorine atoms on the 
benzene ring. CB are mainly used as industrial solvents, as constitutes of 
pharmaceutical products and pesticides (Daintith, 2008). Chlorocresols (CCr) 
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and chlorothymols (CTh) are chlorinated phenols that have been used as 
effective antiseptics and preservatives. CBs, CCr and CTh are released to the 
environment during manufacturing or product spillages. 

1.2 Soil treatment 

The principal methods of soil treatment are physical/chemical, thermal and 
biological (Fox, 1996). If the contaminated sites are not highly contaminated, it 
is possible to use bioremediation only. It is a treatment method that involves 
stimulating the microorganisms to grow by using the contaminants as a food 
and energy source. The combination of chemical and biological methods is a 
complex approach that may be necessary for the remediation of heavily 
contaminated soil. Chemical oxidation is among the perspective chemical 
treatment methods applied for the degradation of various hazardous substances 
in soil. 

1.2.1 Chemical oxidation 

To degrade a variety of hazardous compounds of soil at waste disposal and spill 
sites, chemical oxidation is a promising treatment method. Hydrogen peroxide 
is one of the most extensively used chemicals for contaminated soil 
remediation. Emerging oxidation processes with the use of peroxygen 
chemicals, such as, persulphate, calcium peroxide, magnesium peroxide and 
percarbonate, for contaminated soil remediation are the most innovative 
techniques in this area. 

1.2.1.1 The hydrogen peroxide treatment 

Hydrogen peroxide is the most widely used chemical for soil treatment. 
Hydrogen peroxide is generally applied with Fe(II), giving the classic Fenton 
reaction [Eq. 1] (Walling, 1975). 

Fe2+ + H2O2  Fe3+ + •OH + OH-   [1] 

The hydroxyl radical (•OH) formed in the reaction [Eq. 1] can non-
selectively react with the C-H bounds of organic molecules and is capable of 
degrading many pollutants. The reactions [Eqs. 2-4] occur until the hydrogen 
peroxide is fully consumed (Huling and Pivetz, 2006). 

Fe3+ + H2O2  Fe2+ + HO2
• + H+   [2] 

Fe3+ + HO2
•  Fe2+ + H+ + O2    [3] 

Fe2+ + •OH  Fe3+ + OH-    [4] 

Decomposition of H2O2 can release O2 that may stimulate aerobic microbial 
activity (Yin and Allen, 1999). 
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Hydrogen peroxide oxidation is usually activated by ferrous iron. However, 
most ions of transition metals (Cu2+, Co2+, Cr2+, Mn2+

, Zn2+, etc.) and their 
minerals presented in soil can also decompose hydrogen peroxide (Watts et al., 
1990; Miller and Valentine, 1999; Huling and Pivetz, 2006). Surface reactions 
that could proceed during the soil treatment (Miller and Valentine, 1999) are the 
following: 

S+ + H2O2  S + H+ + HO2
•    [5] 

S + H2O2  S+ + •OH + HO-    [6] 

S+ + O2
-  S + O2     [7] 

S + HO2
•  S+ + HO2

-     [8] 

S + •OH  S+ + HO-     [9] 

where S is the reduced metal oxide-coated sand surface site, and S+ is the oxidised 
metal oxide-coated sand surface site. Hydrogen peroxide can react with oxidised 
and reduced surface sites [Eqs. 10-12]. 

H2O2 + •OH  HO2
• + H2O    [10] 

HO2
•  H+ + O2

•-     [11] 

HO2
• + O2

•-  HO2
- + O2    [12] 

Superoxide anions (O2
•-), hydroperoxide anions (HO2

-) and perhydroxyl 
radical (HO2

•) can act as the reductant/oxidiser, initiating oxidation reactions in 
the liquid phase during the soil treatment process. These species may occur when 
the concentration of hydrogen peroxide is high (≥ 2%) in the soil (Watts et al., 
1990). 

Hydrogen peroxide can oxidise a wide range of contaminants in soil, such as 
fuel hydrocarbons (Watts and Dilly, 1996; Kong et al., 1998; Goi et al., 2006a,b), 
polycyclic aromatic hydrocarbons (PAH) (Kulik et al., 2006; Palmroth et al., 
2006a,b), nitrophenols (Goi and Trapido, 2004), chlorinated solvents (Teel et al., 
2001; Vicente et al., 2011), volatile organic compounds (Gates-Anderson, 2001), 
etc. 

1.2.1.2 The calcium and magnesium peroxide treatment 

Calcium and magnesium peroxides are both used for the chemical oxidation of 
contaminants and to enhance aerobic bioremediation. Calcium or magnesium 
peroxide decomposes slowly in contact with water, releasing heat and oxygen 
over an extended time period [Eqs. 13, 14]. Raised oxygen content in the 
subsurface layer can increase aerobic biodegradation (Cassidy and Irvine, 1999; 
Kao et al., 2001). 
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2CaO2 + 2H2O → 2Ca(OH)2 + O2   [13] 

2MgO2 + 2H2O → 2Mg(OH)2 + O2   [14] 

This process can exist for periods of up to one year, depending on site 
conditions, such as soil pH, the amount of organics and metals, contaminant 
type, concentrations, etc. 

If the pH of the soil is high (pH ≥ 12), hydrogen peroxide is usually not 
generated, but at lower pH values, hydrogen peroxide is produced [Eqs. 15, 16] 
(Nortup and Cassidy, 2008). Hydrogen peroxide can react through the direct 
oxidation of the contaminant or through the formation [Eqs. 1-4] of hydroxyl 
radicals and the other oxidative/reductive species. 

2CaO2 + 2H+ → 2Ca2+ + H2O2    [15] 

2MgO2 + 2H+ → 2Mg2+ + H2O2    [16] 

The utilisation of calcium and magnesium peroxides can avoid the 
disadvantages of liquid hydrogen peroxide use, such as violent exothermic 
reactions, the need for pH control and rapid oxidant consumption. 

Calcium peroxide has been mostly known and applied as the stimulator of 
aerobic bioremediation of contaminants in soil (Cassidy and Irvine, 1999) and 
groundwater (Kao et al., 2001, 2003; Liu et al., 2006). There are only couple of 
studies where calcium peroxide was applied as the source of hydrogen peroxide 
for chemical oxidation of contaminants in soil (Northup and Cassidy, 2008) and 
water (Arienzo, 2000). 

1.2.1.3 The persulphate treatment 

Persulphate occurs in the form of sodium, potassium and ammonium salts. 
Sodium persulphate is the most common and feasible form of the oxidative 
chemical used in soil treatment (Block et al., 2004; Huling and Pivetz, 2006; 
Tsitonaki et al., 2010). 

Sodium persulphate dissociates in water to persulphate anions [Eqs. 17, 18]. 

Na2S2O8 → 2Na+ + S2O8
2-    [17] 

S2O8
2- + 2H+ + 2e- → 2HSO4

-    [18] 

The persulphate anion (S2O8
2-) is the most powerful oxidant in the peroxygen 

family (Block, 2004; Huling and Pivetz, 2006). 
Persulphate can generate a free radicals pathway through the formation of 

sulphate radicals, if it is activated by heat, transition metals or UV-radiation 
[Eqs. 19-22] (Huling and Pivetz, 2006; Tsitonaki et al., 2010). 

S2O8
2- + initiator → SO4

•- + (SO4
•- or SO4

2-)  [19] 
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Heat and UV activation: 

S2O8
2- → 2SO4

•-     [20] 

Transition metals activation: 

S2O8
2- + Mn+ → Mn+1 + SO4

2- + SO4
•-   [21] 

SO4
•- + Mn+ → Mn+1 +SO4

2-    [22] 

Heat and ferrous iron activation of persulphate are effective at the bench 
scale, but in field application, it has some limitations and disadvantages (Huling 
and Pivetz, 2006). Heat activation requires the installation of a parallel heating 
system to heat the entire contaminated field, which is expensive. Fe(II) 
activation is limited in field applications by its transportability. Iron (II) is 
oxidised by the persulphate to iron (III), which is insoluble at pH > 4 [Eqs. 23-
25] (Block, 2004; Dahmani et al., 2006). Even through that, ferrous iron is the 
most commonly used transition metal as an activator. It is generally applied in 
the form of ferrous sulphate and chloride. The amount of iron should be kept in 
mind because excessive ferrous iron may result in the rapid decomposition of 
persulphate and consequently, a loss in oxidation performance (Block et al., 
2004). 

S2O8
2- + Fe2+→ SO4

•- + SO4
2- + Fe3+   [23] 

SO4
•- + Fe2+ → Fe3+ + SO4

2-    [24] 

Fe3+ + 3H2O → Fe(OH)3 + 3H+    [25] 

Sulfate radicals are reactive species, which have a short lifespan and can 
oxidise various organic compounds. Following sulphate radical generation, a 
series of reactions can proceed, involving the formation of other active species 
[Eqs. 26-28] (Tsitonaki et al., 2010). 

SO4
•- + OH- → •OH + SO4

2-    [26] 

SO4
•- + H2O → •OH + SO4

2- + H+   [27] 

2•OH → H2O2      [28] 

There are several studies where persulphate was effectively used for the 
degradation of PAH (Teel et al., 2009), diesel fuel (Liang and Guo, 2012), 
chlorinated solvents (Liang et al., 2004, 2008; Dahmani et al., 2006), 
dinitrotoluene (Cassidy et al., 2009), etc. 
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1.2.1.4 The percarbonate treatment 

Percarbonate is a solid carrier of hydrogen peroxide. This chemical compound 
is also named as carbonate perhydrate. Sodium percarbonate is not persistent in 
the environment; it decomposes readily in the presence of water to sodium 
carbonate and hydrogen peroxide [Eq. 29], and the latter will subsequently 
decompose to water and oxygen [Eq. 30] (McKillop and Sanderson, 1995; 
Rivas et al., 2010). Oxygen formation in the subsurface layer supports the 
aerobic biodegradation of the contaminant. 

2Na2CO3 • 3H2O2 → 2Na2CO3 + 3H2O2   [29] 

2H2O2 → 2H2O + O2     [30] 

Sodium percarbonate dissolves in water to sodium carbonate and hydrogen 
peroxide, creating an alkaline oxidative environment. Because pH is alkaline, 
nucleophilic perhydroxyl ion is formed from hydrogen peroxide [Eq. 31] 
(McKillop and Sanderson, 1995). 

H2O2 → H+ + HO2
-     [31] 

The potential disadvantage of sodium percarbonate could be the scavenging 
of the hydroxyl radical exerted from the release of bicarbonate anions [Eqs. 32-
34]. 

CO3
2- + H2O → HCO3

- + OH-    [32] 

HCO3
- ↔ CO3

2- + H+     [33] 

HCO3
- + •OH → HCO3

• + OH-    [34] 

However, the carbonate radical anions (CO3
-•) generated by the reactions 

[Eqs. 35, 36] were reported to yield a reduction potential (CO3
-•, H+/HCO3

-) of 
1.63 V at pH 8.4 and found to be effective for the degradation of various 
aromatic compounds, such as benzene, p-xylene, toluene, chlorobenzene, 
nitrobenzene and benzonitrile (Zuo et al., 1999; Umschlag and Hermann, 1999). 

HCO3
•↔ H+ + CO3

-•     [35] 

CO3
2- + •OH → CO3

-•+ OH-    [36] 

Bicarbonate anions can also react with hydrogen peroxide to generate 
peroxymonocarbonate ions (HCO4

-) [Eq. 37] and several other active oxygen 
species, such as superoxide ions (O2

-) and singlet oxygen (1O2) (Flangan et al., 
1986). 

HCO3
- + H2O2 → HCO4

- + H2O    [37] 
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Bicarbonate anions have a negative effect on treatment efficacy, but 
carbonate radical anions promote effective degradation of various contaminants 
(Glaze et al., 1995; Ku et al., 1996). 

A bicarbonate-activated hydrogen peroxide system has been found to be 
capable of oxidising a variety of organic compounds in the liquid phase. 
Moreover, the reactivity of peroxymonocarbonate ions towards organic 
sulphides has been found to be higher than that of hydrogen peroxide by a factor 
of 100 to 500, depending on the specific substrates. Thus, the chemistry of the 
percarbonate oxidation system is more complicated than previously suggested 
and may allow for the destruction of a wide range of resistant contaminants in 
soil and water (Flangan et al., 1986; Yao and Richardson, 2000; Regino and 
Richardson, 2007). 

There are three published studies (Cravotto et al., 2007; Bumbac and Diacu, 
2012; De La Calle et al., 2012) on the application of percarbonate for 
contaminated soil treatment. Cravotto et al. (2007) combined sodium 
percarbonate with microwaves and the complete degradation of aromatic 
compounds (4-chloronaphtol, 2,4-dichlorophenoxyacetic acid) in soil was 
achieved. Bumbac and Diacu (2012) combined sodium percarbonate with 
biological treatment (natural attenuation) for diesel contaminated soil. De La 
Calle et al. (2012) evaluated the effect of the addition of sodium percarbonate 
solution to PAH contaminated soil. There are no significant studies on the 
comparison of the efficacy of the contaminated soil treatment methods that 
utilised a solid hydrogen peroxide carrier (percarbonate) and the liquid one 
(hydrogen peroxide). 

1.2.2 Biosurfactant in the soil treatment 

Surfactants improve the solubilisation and desorption behaviour of hydrophobic 
organic compounds and increase their availability in contaminated 
environments (Kuyukina et al., 2005). Biosurfactant application for soil 
remediation is a promising technology due to its biodegradability, 
biocompatibility and low toxicity (Mulligan, 2005). Biosurfactants are 
biologically produced by yeast or bacteria from various substrates, such as oils, 
waste, alkanes, sugars, etc. (Lin, 1996). They can be industrially produced from 
cheap raw materials, which are available in large amounts (Noordman et al., 
1998; Mulligan, 2005). Biosurfactants may enhance biodegradation through 
enzyme stimulation or promote better permeability of cellular membranes of 
hydrocarbon-degrading microorganisms (Wang et al., 2011; Vasileva-Tonkova 
et al., 2011). Surfactants permit to bring a molecule to the surface and could 
decrease surface tension. Surface tension, interfacial tension and solubilisation 
are presented in Figure 1 as a function of surfactant concentration. Efficient 
surfactants have a low critical micelle concentration, which means that less 
surfactant is required to decrease the surface tension (Mulligan, 2005). 
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Figure 1. Surface tension, interfacial tension and solubilisation as a function of 
surfactant concentration (Mulligan, 2005). 

Biosurfactants can be integrated into the chemical and biological oxidation 
processes. Biosurfactants can act as oxidation stimulators by releasing 
contaminants adsorbed in the soil into the liquid medium and thus, increasing 
their availability to oxidising agents and microorganisms. 

Complex approaches involving combined chemical and biological methods, 
along with the addition of biosurfactants may be necessary for the remediation 
of heavily contaminated soil. However, the effect of the joint application of 
biosurfactants and combined chemical–biological treatment remains unknown 
due to the lack of appropriate studies. In addition, the influence of the 
simultaneous application of biosurfactants and either natural microbial consortia 
isolated from contaminated media or chemical oxidants on PCBs degradation 
has not been reported.  
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1.3 The aims of the study 

The objectives of the present research were as follows: 
- to test the treatment methods using new peroxygen chemicals 

(persulphate, percarbonate, calcium and magnesium peroxides) for the 
remediation of chlorinated hydrocarbons contaminated soil; 

- to test different activation aids (supplemental application of non-
chelated/chelated ferrous and ferric iron, chelation of natural transition 
metals of soil, base activation of persulphate, combined application of 
persulphate and hydrogen peroxide, application of acidic pH conditions 
to sustain the persulphate and hydrogen peroxide activation processes); 

- to optimise treatment conditions (dosages, treatment time and treatment 
mode) to achieve the maximum reduction efficacy of CHC and 
minimise stress on soil bacteria after the application of strong oxidants 
of the peroxygen family to support subsequent biodegradation of the 
contaminants in soil by indigenous microorganisms; 

- to develop a new strategy of process integration through the joint 
application of biosurfactants and combined chemical and/or biological 
treatment (using a natural consortium of microorganisms-hydrocarbons 
destructors) for soil decontamination. 
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2. MATERIALS AND METHODS 

2.1 Soil characteristics and the preparation 

Natural topsoil (0-20 cm) was dried overnight at 30ºC in a circulating air drying 
oven and sieved through ˂ 3.0 mm sieves before the spiking (Paper I-V). 
Several characteristics of the soils are presented in Table 1. 

Table 1. Several properties of soils 
Parameter, unit Sandy silt soil Sandy soil 
pH 5.2-7.3 5.7 
Ferrous iron, g/kg of soil 1.9±0.5 0 
Total extractable iron, g/kg of soil 12.1±0.9 11±1.5 
Ion-exchangeable Fe(II) fraction, mg/kg of 
soil 

2.0±0.3 0 

Organic carbon, mg/kg of soil 460±30 44±4 
Sand, % 45.5 99.5 
Silt, % 52 0.5 
Clay, % 2.5 0 

The texture of the soil was identified as sandy silt (Paper I-V) and sandy soil 
(Paper II). 

2.2 Soil contaminants 

Soil samples were artificially contaminated with PCB-containing oil (Paper I, 
II, IV), a commercial DDT mixture (Paper III) and a mixture of chlorinated 
aromatic hydrocarbons, such as p-DCB, p-C-m-Cr and p-CTh (Paper V). The 
methodology of soil preparation and contamination was described in the 
Experimental Methods section of Papers I-V. Contaminants concentrations in 
the soil are given in Table 2. 

Table 2. Contaminants concentrations in the soil 
Contaminant Concentration, g/kg of dry soil Paper 
Aroclor 1016 39±1 I 
Aroclor 1016 (in sandy silt soil) 45.2±0.2 II 
Aroclor 1016 (in sandy soil) 52.1±1.6 II 
DDT 1.16±0.21 III 
DDD 0.42±0.10 III 
DDE 0.14±0.06 III 
Clophen A30 52±1 IV 
p-DCB 0.77±0.03 V 
p-C-m-Cr 0.59±0.06 V 
p-CTh 2.50 ±0.14 V 
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2.3 Soil treatment 

Soil treatment was carried out in three different ways: in slurry under batch 
condition (Paper I, II, III, V), in a 60%-watered soil (Paper I, III, IV), and in 
columns (Paper II).  

Contaminated soil in the slurry was treated for 24 h in a cylindrical glass 
reactor with a volume of 0.2 L under vigorous magnetic-stirring. The soil was 
treated with (Paper III, V) and without (Paper I, II, III, V) pH pre-adjustment. 
10-30 mL of the liquid (double-distilled water and/or solutions of the 
chemicals) was added to 10 g of contaminated soil. Various remedial chemicals, 
such as hydrogen peroxide (Paper II-V), calcium peroxide (Paper I, III, IV), 
magnesium peroxide (Paper I, II), sodium peroxodisulphate (Paper III), sodium 
percarbonate (Paper V) and supplementary sources of activators, such as FeSO4 
x 7H2O (Paper III, V), Fe2(SO4)3 x 2H2O (Paper III) and NaOH (Paper III) 
were applied. 

The treatment of the 60%-watered soil was carried out for 42 d without pH 
pre-adjustment in a cylindrical glass reactor with a volume of 0.2 L. The soil 
during treatment was incubated at 20ºC (Paper I, IV). 10 g of the 60%-watered 
soil was mixed with a remedial chemical. Several remedial 
chemical/contaminant weight ratios were applied. Hydrogen peroxide (Paper 
IV), calcium peroxide (Paper I, III, IV) and magnesium peroxide (Paper I) were 
used for the treatment.  

The column experiments were conducted using a 25-cm long and 8.5-cm 
diameter PVC pipe (Figure 2). The columns were packed with 1 kg of 
contaminated soil. Hydrogen peroxide was injected twice a day for 10 days 
(Paper II).  

  

Figure 2. Column experiment: (A) schematic diagram, (B) soil treatment picture. 

All of the experiments were carried out in duplicates. The experimental 
details and procedures are presented in the Experimental Methods section of 
Papers I-V. The results of the analysis are presented as the mean, with the 
standard deviation below 10% in all of the cases. 
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2.4 Analytical methods 

Overviews of the analytical methods that were applied are presented in Table 3. 

Table 3. Analytical methods 
Parameter Analytical method Paper 
pH EPA method 9045 (1995) I-V 

Ferrous iron 
The method described by 

Tessier et al. (1979) 
I-V 

Total extractable iron 
The method described by Heron et al. 

(1994) 
I-V 

Ion-exchangeable iron 
The method described by 

Tessier et al. (1979) 
I-V 

Organic carbon ISO 14235 (1998) I-V 
Soil texture ISO 14688-1,2 (2002, 2004) I-V 

Iron in the extract 
Phenanthroline method 

(Merck, 1974) 
I-V 

Organic constituent 
concentration 

Gas-chromatographic method I-V 

Residual H2O2 
The method described by 

Eisenberg (1943) 
I, II, III, V 

Concentration of H2O2 in 
stock solution 

The method described by 
Baxendale and Wilson (1957) 

IV 

Ions (F-, Cl-, NO3
-, SO4

2-) Ion-chromatographic method I, II, V 
Identification of constituent Gas-chromatographic method I, II, IV 
Dehydrogenase activity in 
soil 

ISO/FDIS 23753-1 (2002) I, II, IV 

Soil microbial respiration ISO/DIS 16072 (2002) I, IV 
Density of oil ISO 3675 (1998) I 
Kinematic viscosity of oil ISO 3104 (1996) I 
Acidity of oil ISO 6619 (1988) I 
Chemical oxygen demand Titrimetric method (APHA, 2005) II 

Residual persulphate 
The method described by Sof’ina et al. 

(2003) 
III 

All the details of analytical methods are presented in the Experimental 
Methods section of Papers I-V. 

Matching the treatment method is an important step in effective remediation 
of contaminated soil. Therefore, lab-scale treatability studies are important. 
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3. RESULTS AND DISCUSSION 

Chemicals, such as hydrogen peroxide, persulphate, percarbonate, calcium 
peroxide and magnesium peroxide, were applied for the treatment of 
contaminated soil (Table 4). The influence of the simultaneous application of 
biosurfactant (BS) and either natural microbial consortium (MO) isolated from 
contaminated media or chemical oxidants on the contaminants degradation was 
evaluated. 

Table 4. Chemicals and combinations of the chemicals with BS or MO applied for the 
soil treatment 

Contaminant Combinations applied Paper 
Aroclor 1016 CaO2, MgO2 I 
Aroclor 1016 H2O2 II 

DDT, DDD, 
DDE 

H2O2, S2O8
2-, CaO2, H2O2/S2O8

2-, S2O8
2-

/Fe2+, S2O8
2-/Fe3+, S2O8

2-/EDTA, S2O8
2-

/Fe2+/EDTA, H2O2/Fe2+, 
S2O8

2-/NaOH, H2O2/Fe3+, H2O2/EDTA, 
H2O2/Fe2+/EDTA, 

H2O2/BS/EDTA, S2O8
2-/BS/EDTA 

III 

Clophen A30 

H2O2, CaO2, H2O2/EDTA, 
H2O2/Fe3+/EDTA, H2O2/BS, CaO2/BS, 
CaO2/EDTA, MO, MO/BS, MO/H2O2, 

MO/CaO2, MO/BS/H2O2, MO/BS/CaO2, 
MO/EDTA/H2O2, MO/EDTA/CaO2, 

MO/BS/EDTA/H2O2, 
MO/BS/EDTA/CaO2 

IV 

p-DCB, p-C-m-
Cr, p-CTh 

H2O2, Na2CO3·1.5H2O, H2O2/Fe2+, 
Na2CO3·1.5H2O/Fe2+, 
H2O2/Na2CO3·1.5H2O, 

H2O2/Na2CO3·1.5H2O/Fe2+ 

V 

The optimisation of the treatment conditions (dosages and treatment time) 
was carried out to achieve the maximum reduction efficacy of the contaminants. 
Dehydrogenase activity (DHA) (Paper I, II, IV) and soil microbial respiration 
(Paper I, IV) were measured to assess changes in the amount of soil microflora 
and microbial activity during the treatment. 

3.1 Chemical oxidation of contaminants in soil 

3.1.1 Hydrogen peroxide for soil treatment 

Contaminants (mixture of p-DCB, p-C-m-Cr, p-CTh, mixture of DDT, DDD, 
DDE and mixture of PCB) in the soil could degrade to some level with the 
addition of the chemical only (Figure 3), indicating the ability of the transition 
metal ions and the minerals of these metals present in soil to activate the 
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oxidation reaction (Paper II-V). The potential of naturally occurring minerals in 
the soil to activate the hydrogen peroxide oxidation was indicated in several 
studies (Kong et al., 1998; Watts and Dilly, 1996; Teel et al., 2001, 2007), and 
the reaction mechanism in mineral-catalysed Fenton system was described 
(Watts et. al., 1990; Miller and Valentine, 1999; Huling and Pivetz, 2006).  

 

Figure 3. Contaminants removal in soil slurry at natural soil pH by a 1-d hydrogen 
peroxide treatment with different w/w ratios of soil/hydrogen peroxide (H2O2/Fe2+ = 
10/1, w/w). 

The degradation of the contaminants in the soil was incomplete and 
independent of the hydrogen peroxide dosage that was used. The addition of 
supplementary activators (Fe2+ and Fe3+) was not always able to improve the 
degradation of the contaminants (Figure 3). The addition of a complexing 
agent, EDTA, for the chelating of native transition metals in soil improved the 
degradation of the contaminants with hydrogen peroxide (Paper III, Figure 4; 
Paper IV, Figure 3). Metal ion chelation is known to promote the chemical 
oxidation of contaminants at natural soil pH (Pignatello et al., 2006). The 
primary advantage of the metal ion complexes is the potential for the effective 
generation of hydroxyl radicals at near-neutral pH (Sun and Pignatello, 1992). 
Either chelated metal ion complex can be added as a supplement or the 
transition metals of the soil can be chelated by adding a complexing agent. It 
was hypothesised by Liang et al. (2008) that chelator-extracted native soil 
metals can be gradually released and serve as the activators for the persulphate 
oxidation of the contaminant.  

The experiments in the columns that were packed with a soil of higher iron, 
organic carbon content and lower permeability and a soil of lower iron, organic 
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carbon content and higher permeability showed that PCB degraded by KH2PO4 
stabilised hydrogen peroxide in both soil matrixes; however, the efficacy of the 
treatment was strongly dependent on the soil characteristics. The removal of 
PCB (Aroclor 1016) in the sandy soil was lower than that achieved in the sandy 
silt soil (Paper II, Figure 2). In spite of the lower permeability, the higher iron 
content of the sandy silt soil could promote the hydrogen peroxide oxidation of 
the contaminants. The DHA did not change during the treatment of both sandy 
and sandy silt soil (Paper II, Figure 5). Thus, the effective removal of the PCB-
containing oil with no influence on DHA provides opportunities to apply 
combined oxidation with hydrogen peroxide and biodegradation with 
indigenous microorganisms for the soil remediation. 

3.1.2 Calcium and magnesium peroxides for soil treatment 

The efficacy of PCB-containing electrical insulating oil removal was improved 
for 1-d treatment with the increasing of calcium peroxide or magnesium 
peroxide dosages until it reached the optimum (Paper I, Figure 1). A 30-fold 
upsurge of the calcium or magnesium peroxide oil weight ratio from 0.005/1 to 
0.15/1 increased the oil removal in soil from 36 to 70%, but further doubling of 
the dosage diminished oil removal to 30%. Increasing the chemical dosage led 
to the extensive rise in soil pH (above 8). Northup and Cassidy (2008) found 
that as the pH rises above the optimum, the amount of hydrogen peroxide 
released from calcium peroxide decreases rapidly, making the oxidation less 
effective. The possible reasons for oil removal retardation during a 1-d 
treatment with the highest dosage of calcium peroxide could be the hydrogen 
peroxide decomposition with the predominant production of oxygen instead of 
the hydroxyl radicals that are observed at high pH values (Arienzo, 2000; 
Northup and Cassidy, 2008). Residual hydrogen peroxide was found in soil 
treatment with the highest dosages of calcium and magnesium peroxides 
(chemical/oil of 0.3/1, w/w), which indicated that the formation of hydrogen 
peroxide could not be among the limiting factors for oil removal during the 
application. The constant amount of the available natural activator in the soil 
could influence the degradation of the contaminant in the soil. 

Higher contaminant removal was achieved in the slurry system compared 
with the result obtained in the 60%-watered soil (Paper I, III). This 
improvement was most likely achieved by better desorption of the contaminant 
to the bulk solution and the increased dissolution rate of hydrogen peroxide. A 
1-day treatment of soil in a slurry under a vigorous stirring resulted in 96% 
removal of Aroclor 1016, but in the 60%-watered soil with the same dosage of 
the chemicals applied, only 36% of contaminant removal resulted. The mode of 
the treatment also affected the treatment efficacy of DDT-contaminated soil 
(Paper III, Figure 2). A 24-h treatment of soil in slurry with calcium peroxide 
resulted in a higher degradation level (80%) of DDT mixture than the 50% 
achieved by the treatment of the 60%-watered soil. The influence of the 
hydrogen peroxide solid carrier dissolution rate on contaminant degradation was 
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also observed in the studies of Arienzo (2000), Pignatello et al. (2006), Northup 
and Cassidy (2008), and Xu et al. (2011).  

The prolongation of the treatment time at lower chemical dosages 
(chemical/oil of 0.005/1, w/w) from 1 to 21 d allowed the removal of 96% of 
the contaminant in the 60%-watered soil (Paper I). Furthermore, prolonging the 
treatment time from 1 to 5 d removed approximately 10% of PCB (Paper IV). 
The improved removal of the contaminant with increased treatment time can be 
caused by the auto-regulated release of hydrogen peroxide from the solid carrier 
that reduces disproportionate hydrogen peroxide consumption. No substantial 
changes in the amount of soil microflora and microbial activity within 21 d of 
treatment by either calcium or magnesium peroxide moderate dosages 
application and in the soil without the peroxide addition (Paper I, Table 3) were 
found. A slight increase in oxygen consumption was observed after 21 d 
incubation. This rise in the activity of indigenous microorganisms in treated soil 
was possibly achieved by the oxygen release, increase in substrate solubility and 
improvement of nutrients availability to the microbial cell.  

3.1.3 Persulphate for soil treatment 

DDT and PCB in soil could degrade to some level with the addition of only 
persulphate, indicating a possible ability of natural soil minerals or transition 
metals to initiate chemical oxidation (Figure 4).  

 
Figure 4. Contaminants removal in soil slurry with different w/w ratios of 
soil/persulphate by a 1-d treatment (S2O8

2-/Fe2+=10/1, w/w). 

Slightly higher, if any improvement in the degradation level, was achieved 
with the addition of supplementary ferrous iron (Figure 4). Consumption of 
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persulphate was nearly twice as high as in the soil treated with only persulphate, 
making the activation with ferrous iron often useless. Ferric iron was not an 
effective activator of the persulphate oxidation also (Paper III, Figure 3). The 
addition of a complexing agent EDTA resulted in higher removal of the 
contaminant than with the persulphate only (Paper III). Pignatello and Baehr 
(1994) hypothesised that chelator-extracted native soil metals can be slowly 
released and serve as the activators for the persulphate oxidation of the 
contaminant. The addition of BS improved the degradation of DDT with 
persulphate by the enhanced desorption of the contaminant to the liquid phase, 
making it available to the oxidising agents. The oxidation was dependent on the 
biosurfactant dosage (Paper III, Figure 7). The addition of NaOH to increase 
the pH over 11, resulted in higher DDT degradation levels compared with that 
achieved by the treatment at natural soil pH (Paper III, Figure 6). Strong 
alkaline condition was also suggested in other studies by Tsitonaki et al. (2010), 
Ahmad et al. (2010), Block et al. (2004).  

Activation of persulphate with hydrogen peroxide improved the degradation 
of DDT (Paper III, Figure 1). It was hypothesised by Block et al. (2004) that 
the combined usage of hydrogen peroxide and persulphate may provide a multi-
radical attack mechanism presented in the study of Tsao and Wilmarth (1960), 
yielding a higher efficacy in destroying contaminants or allowing recalcitrant 
compounds to be more readily degraded. 

3.1.4 Percarbonate for soil treatment  

Although treatment with percarbonate in a study by Rivas et al. (2010) has 
indicated that metoprolol in aqueous solution has the same oxidising power as 
liquid hydrogen peroxide, a 24-h soil treatment with percarbonate in the present 
study led to the improved degradation of p-DCB, p-C-m-Cr and p-CTh 
compared to that obtained by the treatment with liquid hydrogen peroxide. It 
can be assumed that several other reactions besides hydrogen peroxide 
oxidation were able to proceed. For example, in a study by Regino and 
Richardson (2007), kinetic and spectroscopic studies of the bicarbonate-
catalysed oxidation of organic sulphides have strongly supported the role of 
peroxymonocarbonate (HCO4

-) as the oxidant in bicarbonate-activated hydrogen 
peroxide solutions. In a study by Xu et al. (2011), bicarbonate anions have also 
been identified as efficient activators of the hydrogen peroxide oxidation of 
some organic pollutants, including 4-chlorophenol, providing an efficient 
transition-metal-free treatment method. 

Increasing percarbonate dosage slightly improved the treatment efficacy 
(Paper V, Figure 1). A lack of available activators in the soil may also limit the 
effective degradation of the contaminant. Increasing ferrous iron dosage did not 
improve the degradation at the lower ratio of contaminant/H2O2 =1/0.1 (w/w); 
however, at the higher ratios of contaminant/H2O2=1/1 (w/w), the removal 
efficacy was considerably increased (Paper V, Figure 2). This can be explained 
by the carbonates’ ability to scavenge the excess of hydroxyl radicals formed 
during the activation of hydrogen peroxide by supplemental ferrous iron 
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addition. Soil pH increased after the treatment with percarbonate. This can 
reduce the activation efficacy as ferrous iron oxidises to ferric iron. Lower 
enhancement in the treatment efficacy at the lower ratios of contaminant/H2O2 
could also be explained by the excessive iron that provided conditions for the 
increased quenching of oxidising agents, reducing the contaminant degradation 
efficacy as a result (Barb et al., 1951). Thus, it is important to optimise not only 
the hydrogen peroxide/contaminant ratio but also the hydrogen 
peroxide/transition metal activator ratio. 

The initial soil pH (Paper V, Table 1) was higher than the optimum pH range 
of 2-4 identified (Sedlak and Andren, 1991; Ghaly et al., 2001) for the chemical 
oxidation of chlorinated aromatics, using the hydrogen peroxide oxidation 
processes in water. Contrary to the soil treatment with liquid hydrogen 
peroxide, the percarbonate treatment of the soil at an initial pH of 2.5 resulted in 
no improvement in contaminant degradation (Paper V, Figure 4). Percarbonate 
dissolves in water and may yield not only hydroxyl radicals but also several 
other oxidation species that may be more stable at near-neutral pH values (Zuo 
et al., 1999; Yao and Richardson, 2000; Regino and Richardson, 2007). For 
example, in the study of Yao and Richardson (2000) on bicarbonate activated 
hydrogen peroxide, a maximum catalytic efficacy for the oxidation of organic 
sulphides in aqueous solution was in the pH range of 7-9. 

3.2 Effect of biosurfactants addition on the chemical and/or 
biological treatment of contaminated soil 

The addition of BS improved the degradation of total DDT with persulphate 
and hydrogen peroxide (Paper III, Figure 7). The chemical oxidation of the 
contaminant was found to be dependent on the BS dosage. The optimal dosage 
of BS differed for combined treatment utilising hydrogen peroxide and for that 
utilising persulphate. 

The combined chemical, using hydrogen peroxide, and biological treatment 
of PCB-contaminated soil (Paper IV) was more effective than the treatment 
with MO only or with both MO and BS. It was found that higher degradation of 
the contaminants was achieved after the application of BS (Paper IV, Figure 3). 
BS has higher biodegradability and biocompatibility, while EDTA is more 
stable, having lower biodegradability and higher absorption ability on soil 
particles (Tokunaga, 1996; Herman et al., 1995). This makes the usage of BS 
more preferable for soil decontamination by combined chemical and biological 
treatment. Solid carrier of hydrogen peroxide, calcium peroxide, improved the 
degradation of PCB-contaminated soil with MO. BS addition to the system, 
along with MO and calcium peroxide, resulted in higher microbial respiration, 
DHA and oil removal than in the case of EDTA addition (Paper IV, Figure 3). 
Soil pH did not change notably during the treatment. Slight pH variation was 
observed after adding the remedial chemicals, however, after 42 days of the 
treatment, the pH was near its initial value, showing the strong buffering 
capacity of the soil. 
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The process integration achieved by the joint application of BS, the 
oxidising chemical in moderate dosages and microbial consortium could be a 
promising option for soil decontamination resulting in improved treatment 
efficacy. Among the reasons for the increased efficacy of the combined 
chemical-biological treatment with the BS addition could be desorption and 
solubilisation of the contaminants by the BS and enhancement of the chemical 
oxidation by increasing their availability. A possible effect of BS on the 
chemical-biological treatment of contaminated is illustrated in Figure 5 of 
Paper V.  
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CONCLUSIONS 

The results of the study can be summarised as follows: 

1. New remedial chemicals, such as calcium peroxide, magnesium 
peroxide, percarbonate and persulphate, could be utilised as effective 
alternatives to hydrogen peroxide for the treatment of contaminated soil at 
natural soil pH values. The contaminant removal efficacy was found to be 
strongly dependent on the dosage of the chemical, treatment time and treatment 
manner (the treatment of the vigorously mixed soil slurry, the soil in soil packed 
columns or the 60%-watered, once-pre-mixed soil) and the soil characteristics. 
The contaminant in the soil could degrade with the addition of the remedial 
chemicals only, indicating the ability of transition metals and minerals of these 
metals presented in soil to activate the oxidation reaction at natural soil pH. 
However, the degradation of contaminants in soil was often incomplete and 
independent of the chemical dosages used. Properly selected activator aids were 
found to be important for effective treatment of contaminated soil. 

2. A novel approach considering the utilisation of a prolonged treatment 
time with the moderate addition of solid hydrogen peroxide carriers (calcium or 
magnesium peroxides) instead of the high dosages and short treatment time that 
are usually used is recommended to reduce non-productive oxidant 
decomposition and to promote the coexistence of chemical and biological 
oxidation of contaminants. 

3. The addition of BS stimulated the degradation of the contaminants with 
calcium peroxide, hydrogen peroxide and persulphate. Thus, combined 
treatment with the application of BS for increased availability and solubility of 
both the contaminant and the transition metals of the soil and the chemicals for 
the oxidation of contaminants could be a new and promising option for 
contaminated soil remediation. 

4. Novel treatment methods for soil decontamination with the joint 
application of the BS, MO and oxidising chemicals in moderate dosages not 
only improved the treatment efficacy but could increase soil respiration and 
dehydrogenase activity above that which obtained by the application of the 
microbial consortium alone, indicating the stimulation of microflora by process 
integration. 
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Peroxygen compounds and new integrated processes for 
chlorinated hydrocarbons degradation in contaminated 
soil 

ABSTRACT 

Chemical oxidation is a promising innovative technology that degrades an 
extensive variety of hazardous compounds for soil remediation at waste disposal 
and spill sites. Such novel remedial chemicals as persulphate, percarbonate, and 
calcium, magnesium peroxides can be used to solve apparent disadvantages of 
activated hydrogen peroxide application, including violent exothermic 
reactions, handling problems associated with the need for pH control and 
oxidant rapid consumption. In addition to the chemical oxidation of the 
contaminant, the application of optimised chemical dosages can potentially 
enhance the aerobic biodegradation of contaminants in soil by indigenous 
microorganisms. A well-executed chemical to biological treatment approach 
can result in considerable contaminant reduction and may yield substantial cost 
savings. Another new promising approach could be the application of microbial 
surfactants (biosurfactants) to integrated chemical and biological oxidation 
processes, where biosurfactants may act as oxidation stimulators by releasing 
contaminants that are adsorbed in soil into the liquid medium and, thus, increase 
their availability to oxidising agents and microorganisms. 

Chlorinated hydrocarbons as soil contaminants are the target compounds of 
the present research due to their hazardous properties and the vast number of 
emission sources. 

The main objectives of the present research are 
- to find effective treatment methods using peroxygen chemicals 

(hydrogen peroxide, persulphate, percarbonate, calcium and magnesium 
peroxides) for the remediation of chlorinated hydrocarbons 
contaminated soil; 

- to test different activation aids (supplemental application of non-
chelated/chelated ferrous and ferric iron, chelation of natural transition 
metals of soil, base activation of persulphate, combined application of 
persulphate and hydrogen peroxide, application of acidic pH conditions 
to sustain the persulphate and hydrogen peroxide activation processes); 

- to optimise treatment conditions (dosages, treatment time and treatment 
mode) to achieve the maximum reduction efficacy of contaminant and 
to minimise stress on soil bacteria after the application of strong 
oxidants of peroxygen family and to support subsequent biodegradation 
of contaminants in soil by indigenous microorganisms; 

- to develop a new strategy of process integration by the joint application 
of biosurfactants and combined chemical and/or biological (using a 
natural consortium of microorganisms-hydrocarbons destructors) 
treatment for soil decontamination. 
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Soil samples were artificially contaminated with PCB-containing oil 
(Aroclor 1016 and Clophen A30), a commercial DDT mixture and a mixture of 
chlorinated aromatic hydrocarbons, such as p-dichlorobenzene, p-chloro-m-
cresol and p-chlorothymol. Soil treatment was carried out in three different 
ways: in slurry under batch condition, in a 60%-watered soil, and in columns. 

It was found that calcium peroxide, magnesium peroxide, percarbonate and 
persulphate could be utilised as an effective alternative to hydrogen peroxide for 
the treatment of contaminated soil at natural soil pH values. The contaminant 
removal efficacy was strongly dependent on the dosage of the chemical, 
selected activation aid, treatment time, treatment manner and soil 
characteristics. The contaminant in the soil could degrade with the addition of 
the remedial chemicals only, indicating the ability of transition metals and the 
metal minerals present in the soil to activate the oxidation reaction at natural 
soil pH. A novel approach considering the utilisation of a prolonged treatment 
time with the moderate addition of the solid hydrogen peroxide carriers 
(calcium or magnesium peroxides) could be recommended to reduce non-
productive oxidant decomposition and to promote the coexistence of chemical 
and biological oxidation of contaminants. 

The addition of the biosurfactant stimulated the degradation of the 
contaminants with calcium peroxide, hydrogen peroxide and persulphate. Thus, 
combined treatment with the application of the biosurfactant for increased 
availability and solubility of both the contaminant and transition metals present 
in soil and the chemicals for the oxidation of contaminants could be a promising 
option for the remediation of contaminated soil. A novel option for soil 
decontamination achieved by the joint application of the biosurfactant, 
microorganisms and oxidising chemicals in moderate dosages not only 
improved the treatment efficacy but could increase the soil microbial respiration 
and dehydrogenase activity above that which was obtained by application of the 
microbial consortium alone, indicating stimulation of microflora by process 
integration. 

  



42 

Peroksü-ühendite ja uute integreeritud protsesside 
kasutamine kloorsüsivesinike lagundamiseks saastatud 
pinnases  

KOKKUVÕTE 

Keemiline oksüdatsioon peroksü-ühenditega on perspektiivne innovatiivne 
tehnoloogia erinevate ohtlike saasteainete lagundamiseks jäätmete ladestus- või 
lekkealade pinnases. Katalüütilisel oksüdatsioonil vesinikperoksiidiga on sageli 
puuduseks tormiline eksotermiline reaktsioon, vajadus reguleerida pH-d ja 
oksüdandi kiire tarbimine. Uute taastamiskemikaalide, nagu näiteks, 
persulfaadi, perkarbonaadi, kaltsium- ja magneesiumperoksiidide, kasutamisel 
on võimalik neid probleeme vältida. Lisaks saasteainete keemilisele 
oksüdatsioonile on pinnase töötlemisel, kasutades optimaalseid kemikaalide 
doose, võimalik parandada ka järgnevat saasteainete aeroobset biooksüdatsiooni 
pinnases seal oleva mikroorganismide koosluse toimel. Keemilise ja 
bioloogilise töötluse kombineerimise tulemusena on võimalik oluliselt 
vähendada saasteainete sisaldust pinnases ja minimeerida kulutusi. Veel üks 
paljulubav uus meetod on integreeritud meetod – keemiline ja biokeemiline 
oksüdatsioon koos biopindaktiivsete ainete kasutamisega, milles viimased 
võivad toimida oksüdatsiooni stimulaatoritena, soodustades saasteaine 
desorptsiooni vedelfaasi ja sellega suurendades saasteaine kättesaadavust 
oksüdeerivatele ainetele ja mikroorganismidele. 
Uurimistöö sihtsaasteaineteks on kloorsüsivesinikud nende ohtlike omaduste ja 
paljude emissiooniallikate tõttu.  
Antud uurimustöö põhieesmärgid on: 

- leida efektiivne meetod kloorsüsivesinike lagundamiseks pinnases 
kasutades peroksükemikaale (persulfaat, perkarbonaat, kaltsium- ja 
magneesiumperoksiidid); 

- eksperimentaalselt uurida erinevaid aktiveerimise võimalusi (täiendava 
mitte-kelaatse/kelaatse kahe- ja kolmevalentse raua kasutamine, pinnase 
siirdemetallide kelaatumine, persulfaadi kasutamine kõrge pH juures, 
persulfaadi ja vesinikperoksiidi kombineeritud kasutamine, persulfaadi 
ja vesinikperoksiidiga töötluse teostamine happelises keskkonnas 
aktiveerivate omaduste säilitamiseks); 

- optimeerida töötlemistingimusi (doose, töötlemisaega ja -viisi), et 
saavutada maksimaalne saasteaine eemaldumine ja vähendada pinnase 
bakterite stressi tugevate oksüdeerijate kasutamisel ja soodustamaks 
järgnevat biolagundamist;  

- töötada välja uued strateegiad pinnase taastamiseks kombineerides 
biopindaktiivsete ainete kasutamist keemiliste ja/või bioloogiliste 
meetoditega. 

Eksperimentides kasutatud pinnaseproovid saastati kunstlikult polüklooritud 
bifenüüle sisaldava õliga (Aroclor 1016 ja Clophen A30), kaubandusliku DDT 



43 

seguga, klooritud aromaatseid süsivesinikke (p-diklorobenseeni, p-kloro-m-
kresooli ja p-klorotümooli) sisaldava seguga. Pinnase töötlemist viidi läbi 
kolmel erineval viisil: intensiivselt segatud pinnase suspensioonis, 60%-
niiskusega pinnases ja läbivooluga täidiskolonnides. 

Uuringute tulemusena leiti, et kaltsium- ja magneesiumperoksiidi, 
perkarbonaati ja persulfaati on võimalik kasutada vesinikperoksiidi efektiivse 
alternatiivina saastatud pinnase töötlemisel loomuliku pH juures. Pinnase 
taastamise efektiivsus sõltus suurel määral taastamiskemikaali doosist, valitud 
aktivaatorist, töötlemisajast ja -viisist ning pinnase omadustest. Selgitati, et 
pinnases sisalduvaid saasteaineid on võimalik lagundada ka ainult 
taastamiskemikaalidega, mis näitab, et pinnases olevad siirdemetallid ja nende 
ühendid on võimelised pinnase loomuliku pH juures aktiveerima oksüdatsiooni. 
Tehti kindlaks, et oksüdeerijate mitte-radikaalilise lagunemise vältimiseks ning 
saasteainete samaaegse keemilise ja biokeemilise oksüdatsiooni soodustamiseks 
tuleks kasutada pikemat töötlemisaega ja mõõdukaid tahkete peroksü-ühendite 
(kaltsium- ja magneesiumperoksiid) doose.  

Eksperimentidest selgus samuti, et biopindaktiivsete ainete kasutamine 
lisanditena pinnase töötlemisel kaltsiumperoksiidi, vesinikperoksiidi ja 
persulfaadiga kiirendas saasteaine lagundamist. Seega võib kombineeritud 
töötlemine, milles on ühendatud biopindaktiivsete ainete kasutamine 
parandamaks saasteaine ja pinnase siirdemetallide desorptsiooni ja 
kättesaadavust ning peroksü-ühendite kui saasteaineid oksüdeerivate ühendite 
kasutamine, olla perspektiivne võimalus saastatud pinnase tervendamisel 
(remediatsioonil).  

Töö tulemusena näidati, et uueks paljutõotavaks pinnase taastamise 
meetodiks on integreeritud meetod – keemiline oksüdatsioon peroksü-ühendite 
mõõdukate doosidega koos samaaegse biokeemilise oksüdatsiooni ja 
biopindaktiivsete ainete kasutamisega, kusjuures koosmõju tulemusena paraneb 
nii saasteainete lagundamise efektiivsus kui ka pinnase mikroobne hingamine ja 
aktiivsus. 
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uvwxyx������! !'���������
�������
������*5:!����$�8!���������"�����
����
�:��
��
������
����"����������������
���������!�"
����' 1	
�������������
������������� !���!�"��������
���� �����������
��������������������
������� �  %�!�	�	"�

z{|}~yQ��
���������������������
�:��
��
������
����"�������
�������
������������
���	���������
���� �����������
������� �������������
������� �  %�!�	�	"�#����� �����
������� 0������
���	���+
,� 0������
���	���-�,�@AB�������8��8�J�NJGL! ��!: � !�%: � !�*: �!* !�9: � !�&: �! !�*: � 9 !��: �! !�&: � !�*: �!!& !�*: � !�&: �� !�%: � �! !��: � !��: �! !�*: �!����MDHJDN�FOPGJD����?�8��8�J�NJGL 6�! '!:% 9 :& '%:'��6�2 '5:% 2 :& 9*:'

!�  B>�JGMPCL>���MFJNO�MIM�?�?����������?��



�����������	
������������	�����
���	����������	�����������������	������	�������	�����	����
����������������	������������	������������	������
�������	��������	��������	������������������������������	�������	������		���������	�������	�����������	������	���
���������
�	���������������������	���
�������	��
�����������	������	����������������
������	����	
��������������	�����	������	�������	�	
�����������������������	�����	���	��
���������	�	�	�������	��������������	
��
�	�������	������	���
����	�����	�����������������	�����	�	��	���������������������� �����	��!����������	�
���������������	�
�	�	�����	�����	�����������	�����	����	�������������	�������������	�	������������	��	����������	�����	��������������	����	���
��������	�"#	�$	������%�&&'(���	������	������������	
��
�	��������	��	���������������	� ������	�	�����	�	��	��������������	����������������	�����	����	������������	���������������)*+,-./012,-1���	�����	����� ������345��	����������	������	���	
����	�����������	�	����	�������������������������������������������%������������	�������	�	���������	��������	�	����'&6�������	�������������	��(�345��	����������������������������	�����	�����������������	��������������� ���	��������	��������������	�����	����������������������	��������	��	���4�7�	�8�7���	�������!�������������	����������	���	���������������	��%��������	�������	������������(���������	����9���������������	�	�����	����������������	���	�345��	�����������������������������	�����������������������	�	�����������������	����	�������������	�����	�����������	�	�����	����������������	�:�	����	����������������	�������������	��	������������������	�	��������������������	���� �����	�����	�����������	�'&6�������	��%�����������	����	������������(������������������������ �����	�	���	����������������������	��"������	������%;'<�6(���	���	�	�����������
����������������������	���:���	
�����
��������������	�'&6�������	�������������	����������	����������	��%��������=	��	�&�&&>=���=�(	�����������������	���	�������������	��������������	����	������	��������	���?:@��������������
����������������������	���	��	������	9	��������	
�����������
�����	�����	�����%��������=	��	�&�&&>=���=�(	�
	�������������������	����������������������	�	������������������������	���������	�	�
	������������	��
����	�������	�����	���������	����	���������	������	�����	��	�����	����	��	�	������	���������	�����������
�	�	�����	�����	�	��	�����������A.B-,C/DEFDGD-H1��� �����������	��	����I��	����J�������	�����	�%K����I��LM��(��������������!�	������N��	����!��	����!8�J������� ������8����O������ �	���� �����������������������PDQDRD-.D1@����S	�8���&&&�?�������	�	���T�'��������	�	���������������	�������������S��������������	����	��	���4���	������T&�UU�VUUL�@�	�������5�"��O����W�I���;;>�5�	�	������������������������V
�	�	��������������	�345�	����������	��=���������	����������������X�4���������	��5�	�����	��'U�U��VU�M�5�	�!�3�@��5�	���O�@��O	
���	��?���&&T�"	�����������	������	�	�����	��	��� ������������������������	�����	����YK����!���@�O��4����@�J�4�

%I��(�I�3�	�������	�������������	���4	��������	� O�������	� 	�4��	��������O�����������4	��	����5�����3�����4	���
���7:�5	����5�N����
	����Z��3�����!�X�O���&&U��������	�	�������
��	���������	�$�����������	���������	�	�3@:��	����������	����4���	������>&��>V���4��
�����X�5��[����J�[���;;T�I����������	�345�	������
�	�������	�
�����	�����	���������	�$���������N����J��������	��U&%L(��&>V��U�4������?�3���������O�W���;;;�\��	�������� ���	����	��	���7� �	��	���������
�	�������	�������������	���X�:�S���8�����5';��>VU;�?�����5��7����7��7��#!�K���&&'�O������������������������
�	�	������	������	���������������	���	#�������YK����!���@�O��4����@�J�4�%I��(�I�3�	�������	�������������	���4	��������	�O�������	�	�4��	��������O�����������4	��	����5�����3�����4	���
���7:�I����
����K�8���;TU�4	�	������������������	�	����	������	�������I���4����O����>�U�LVU�M�I3@8���	;&T>4��;;>�J	����N�����:�]����Y==���������	�̂�K	��@�������	�8���&�&�4��	�	����	���	����������	����������	� 
����	�����	��X�@��7��������	���U�>&V>M�:��	��K��4�������������:���#����X�4���;;T�7�����	���������	��_��������������I����	��J��������	���M��>UV�>M��J7''�;��;MM�3���	���� 3�	������W�
�������V"�������S���	�"��
��V3	�����	�������������	�8���	����������	���7�����S���	��	�J������S���	��K������J���S�������J7 U�&T��;;'�3���	���� 3�	����V ������������� 7��_��W�_���V?����������	�	�̀ ��������Z���	������4��������	�	�?������Z���	��������������	���7�����S���	��	�J������S���	��K������J���S�������J7U'L>��;;M�4���3���	���� ��W�_��3���	���� 3�	����VW�
	���	��?����������	�	�?������V:��	�����8���	����������	���7�����S���	��	�J������S���	��K������J���S�������J7�T�U>��;;M�J	��a������V?����������	�	�7������4��
	�
�J���	���	���7�����	�����������	���7�����S���	��	�J������S���	��K������J���S�������J7=�?�J�UL>U����&&��J	��a������V?����������	�	�?����	������@���������J	����3����Y8���	�\�����������������S	����4��	���%��4(����������	���7�����S���	��	�J������S���	��K������J���S�������J7=?�J�'&L���&&��J	��a������VW�
	���	��8���	��	�?����������	�	�8���	
���J	��O��������	�����������	���7�����S���	��	�J������S���	��K������J���S�������J7�T'MM����&&��K�	��������������������	����������V����� ����	���4����� ����	�	�J	���3����Y����� ����	���?��������	�����������	���7�����S���	��	�J������S���	��K������J���S�������J7�T'MM����&&T�K�	��������������������	����������V����� ����	���4����� ����	�	�J	���3����Y3����������	��4����� ����	�����������	���7�����S���	��	�J������S���	��K������J���S�������̀	�4�8��4����J�4��J��8�4���&&��W�
	���	���	�����������	������������
������������ �	���	�����	���������
�������	��4I
�	�������	��4���	������TT�;�>V;UT��̀	�4�8��4����J�4��N����X�[��4����[�W��W���J�b���&&U�O�������	�	�34I��	����������_�����
�����������	������
�	
������Y��
	���	��
�������	�����������N����O���UL��LVUM�W���J��X��X�����5��:�����K��a��W��c��K���&&'�W�
	���	���	���������	���������	�	�8�5I��	�����������	�������������
�	�	�������	������������
��
�������N����O���T&�UT&�VUT&M�8�#��@��@�����J��J���!��5�?���&&��O��	���	�@�	��	��&�'��	��	����������	��
��	�������������	��	������	������	���	�����X�I����	��I���J�����>;V'T�8���!�I���;LT�����������	�N������;����8���!�?��������K�������8������8�4��Z���������O�W��O	����8�I��@�����S�3�X�X���;;'�4�������������	
�	�	����� ���������� 	� ��������������	��������� �	�� ����������������������	�$���������N����O���U&��>L;V�>M'�"#	�$	��@��4��5	��"����X��4������?���&&'�I�����	�����	��������	��	��	����������������������	
�	�	�����	�����	����	���I����	��J��������	��T&��LLMV�LMU�"#	�$	��@��4��4������?���&&'�J�����������	����	����	������������	� �����	�	�����	�	����	���
	�����	���4���	������'>��'�&V�'�>�"	������@��4������?���&&M�4���������	���%4�7�(�	�������	� �����	�����������X�:�S���8������>����'TV��L&�3����	���8�O����W��������X�:��@��	�����@��K	��@��8d������\��3���!!��X�@�����!�������@���&&'�I�����	��	� �����	�$�������	�	�����	
����������������	���	�3@:������	�	��	���	����������	���5�	�������	��L��;VU;�3��������	�X�X��7�����	��I��8��̀���@���&&'�@�����	�����	���	�������	�	�������	�����������������	�
���	��������	�������	�������������������4����O���I���J��������	��U'��VMT�J���	����8��?�����7��8�����X�4���&&U�������	���	������������	��_�������@�����I�	�����I����	��;M��>>V�'��J���X��3��������	�X�X���;;��4����������������	����������������I�������	�	���%���(�������� �	���������� ���	��� ���	��� 	�����	� 	���T�? ����������������:�X�@������		4����T&�U��VU�L������@�W��N��
����4�O��@�!���	��?�@��N�����O�X���&&��4	������	�	�����������	��
����	�����	�$�����������	�������������	�������	�	���������N����O���U>�;LLV;MT���������@��4���
����3�K�4��5���	��8���;L;�J�_���������������	���	������	������������	�	������������������������@����4����>��MTTVM>��N�����O�X���	����8�̀�� 	̀���J��:�������@�W���;;;�:��	��� ���	�����	��	����	����	����
���������������X�:�S���8�����';���;V�TU�N�����O�X��\����8�?��W�����J�N���;;�����������	��	����������	�������������������	������	������YI�!������N��5	�����@�O��O	���X�@�%I��(�4�������7�����	������	�	�����	����"��������N@�����	���3�
�������4	������W���������\J@����ULV>&�

efghijklmfnopjqhrspjtjuvwvxyyzyy{|}yvxy ��&�



55 

 
 

 

 

 

 

 

 

 

PAPER II 

 

Viisimaa, M., Veressinina, J., Goi, A. (2012). Treatment of Aroclor 1016 
contaminated soil by hydrogen peroxide: laboratory column study. – 
Environmental Technology, 33(17), 2041-2048. 
 



 
 

  



����������	
������������������������������� !"�!�!"#�$!"#%&'()*+(,*-./'-01-'23240-,*)+5,)*(67-5189:96'-;(,<('-=56(>1)8-')*-'90-1?+,7*?69@A BCA�BBDB�AAE�F���GA�� �DDBGBGAAGHIGGAJ�BK�L
�	���	�MN����
������������O�
�����P�����Q�	��M���������O�
�����O�Q	���
RS�����TUVW
�X
��YZUY[\�
����Q���������TU]W
�X
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�� �������	
�������������������������

�������������
 �!�"����
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Viisimaa, M., Karpenko, O., Novikov, V., Trapido, M., Goi, A. (2013). 
Influence of biosurfactant on combined chemical–biological treatment of PCB-
contaminated soil. – Chemical Engineering Journal, 220, 352-359. 
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�1	������6$�7�]̂_̂ àWVJTWbFIJIEECWCVHbIJWbFIFcCdCTWVbTJdbIBDdJWbIeFbd����
�
��������������	��������	
��	��������	
���*��1��$�
��
���0�
�������;
��	����������2�	��-�)�=��I1��0�����	-�)�=����������8�����
�����������
�	�'��	�����	��
�0�
�����������
��������2�
�%)O�:����'���
�������������
1��0�9+�f�����%'�0�
�������
���	�
�������	������#)�=����0�����������'��
%��������"�0����0�
��������0�	��������
�������	�
	�#/#'��������
�������	�
	���(� �=5#��������I1��0�����������
&�?1��������������0�
�������
���	�
������

��	�����
�������������
����	���������������
�������&�?1����������������������	���
����	�����������
������
����8����f�8����������
��:����
����
��
�����'�����P���1����>�����	������
�89;'�������0�
����g=���� �������
�������	�
	 �����h����	 ����������� ��
������	#((!	���������������0����������
�������M�i1#�%(�(�\%�(g�9�;�\(��)g�3������2����'������h����
���1��
���
����������)([�����f������
���
��
��
�����
��	��$([����������������
���
�������	��
#����������
����	��#([����5#��#�([��������	��$[����5#���4([���	���3��������
���
�������	��
��������	������
�����
���
����%(([�����������������

��
�������
����'���#�=���5#�����0��
�������	�
	����
���
�	��	���������&�?1���������������I1��0����j�����3�������������	������
���������1�����	��
�����
��	���2�����������2���
���##�����	���2��	��)(�������	�����������������������	���%(�����=5#����0���������

�����	���4(�����2�5# ��	
����������������
��������������������������	��
	
��������;
������
����������������	���
����	������	
������#()[�����f��89; �������� ����1���2�	 �������� �� ��	������� ���������������klmnopqrostuuvowpoovxtŷẑ{b|DbEJIEBFdbE}]~]TJVVbCVBcFVA��GTFIWJbIbIeBFbdWVCJWHCIW������
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PAPER V 

 

Viisimaa, M., Goi, A. (2013). Use of hydrogen peroxide and percarbonate to 
treat chlorinated aromatic hydrocarbon-contaminated soil. – Journal of 
Environmental Engineering and Landscape Management, 22(1), 30-39.
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