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Abstract

Soil contaminated by petroleum hydrocarbons is a serious environmental problem as it is toxic to agriculture, flora, fauna and human. In particular, the polycyclic aromatic hydrocarbons (PAHs) in petroleum hydrocarbons possess teratogenicity, carcinogenicity and mutagenicity characteristics. They have low volatility and poor solubility, which persistent in soil and difficult to be degraded. Hence, effective methods are essential to remedy soil contaminated by petroleum hydrocarbons and PAHs.

Among various remediation methods, soil washing (SW) combined with surfactant is a promising techniques since it is economical and effective approach. This technology promotes the transport of contaminants from soil to aqueous solution. In particular, it is especially applied for heavy contaminated soil. However, soil washing solution highly loaded with surfactant and contaminants is produced. Therefore, effective treatment of soil washing solution is a challenge for promoting the application of surfactants and the remediation of contaminated soil. The combination of soil washing process (SW) and electrochemical advanced oxidation processes (EAOPs) is an effective technique for the remediation of contaminated soil.

In this thesis, Tween 80 was applied as surfactant during soil washing process. The lipophilic part of Tween 80 tends to bind to contaminants or soil particles and the hydrophilic part tends to bind to the aqueous phase. EAOPs including electro-oxidation (EO), electro-Fenton (EF), sulfate radical-based advanced oxidation processes (SR-AOPs) were investigated in the degradation of petroleum hydrocarbons in soil washing solution. Besides, a potential advanced oxidation process in which active chlorine exists was applied for treating soil washing solution which contains phenanthrene (PHE) and Tween 80.

This investigation of the thesis is constituted of five experimental parts as follows.

(1) The Tween 80 was applied as surfactant to remedy soil highly contaminated with about 75.2 %, 80.0 % and 87.9 % diesel extraction percentage were achieved with 5.0, 7.5, 10.0 g L 1 Tween 80 after two times of soil washing, respectively.

(2) EO and EF were further applied for the treatment of soil washing solution which is highly loaded with Tween 80 and diesel. Under conditions of 180 min washing time, 10 g soil with 100 mL surfactant solution and two times of soil washing, about 75.2 %, 80.0 % and 87.9 % of diesel was extracted from soil with 5.0, 7.5 and 10.0 g L -1 Tween 80. The degradation of diesel in soil washing effluent was carried out by two EAOPs, EO and EF using boron-doped diamond (BDD) anode and carbon felt cathode cell. After 360 min EO treatment, 72.7-83.0 % of diesel was removed from the effluent after soil washing with 5.0-10.0 g L -1 Tween 80 while higher removal efficiencies (77.7-87.2 %) were attained with EF process. The results of parallel factor analysis (PARAFAC) of excitation emission matrix (EEM) fluorimetric spectroscopy indicate that the fluorescent intensity of BTEX increased, fluorene-like substances and naphthalene-like and methylnaphthalene-like substances were VI significantly removed after treatment of EO and EF.

(3) EC/PDS/Fe 2+ based on sulfate radicals activated by electro-oxidation and ferrous ion (Fe 2+ ) were applied to treat soil washing solution which includes Tween 80 and diesel.

Compared with water, the addition of Tween 80 obviously promote the extracted efficiency of diesel. The 72.8 % of diesel was extracted with 2.5 g L 1 Tween 80 and a constant soil to liquid ratio (1:10 g mL 1 ) after 180 min. In EC/PDS/Fe 2+ process, the application of platinum anode resulted in higher diesel removal than tantalum or ruthenium anodes. The degradation of diesel was promoted with decreasing initial pH and increasing electricity intensity. Diesel removal was initially promoted and then decreased with increasing of PDS concentration or Fe 2+ dosage. Under optimum conditions, 88.6 % diesel removal efficiency was obtained at 120 min and 67.4 % Tween 80 could be recycled. In addition, excitation emission matrix (EEM) fluorimetric spectroscopy indicates that removal efficiency of diesel in EC/PDS/Fe 2+ processe is higher than that of EC process. In EC/PDS/Fe 2+ , the results of electron paramagnetic resonance (EPR) indicate that • OH and SO 4 •-resulted in the elimination of diesel.

(4) EO combined with NaCl (EO/NaCl) was applied for treatment of soil washing solution containing PHE (5 mg L 1 ) and Tween 80 (5 g L 1 ). Under optimum conditions, 50 mM NaCl, 0.5 A current, pH 0 6.14, Ti/RuO 2 -IrO 2 anode and graphite plate cathode, 95.9 % PHE was removed and decay of Tween 80 was only 14.2 % at 90 min. Besides, the influence of several parameters including current, NaCl concentration, pH and cathode materials were investigated. Furthermore, the detection of the active chlorine concentration and quenching experiments suggested that active chlorine (HOCl/ClO  ) and radicals ( • OH) were active species in degrading PHE. Two groups of EO/NaCl experiments carried out in divided electrochemical reactor. And anode and cathode chambers were divided by the cation-exchange membrane. The results indicated that DSA anode play primary effect on the VII degradation of organic contaminants.

(5) Electrochemical process assisted ultraviolet (UV) irradiation and sodium chloride (NaCl) was further applied to degrade the PHE in soil washing. Besides, with the removal of PHE, the Tween 80 decay was also analyzed. Under optimum conditions of 50 mM NaCl, 50 mM Na 2 SO 4 , 0.5 A current intensity, 3W UV power, 6.14 pH 0 , Ti/RuO 2 -IrO 2 anode and graphite cathode, 96.5 % of PHE was eliminated and 35. est considé ré comme une technique efficace pour l'assainissement des sols contaminé s.

Dans ce travail de Thè se de doctorat, le Tween 80 a é té appliqué comme surfactant pendant le procé dé de lavage du sol. La partie lipophile de Tween 80 tend à se lier aux contaminants ou aux particules de sol et la partie hydrophile tend à se lier à la phase aqueuse.

Des PEOA, y compris l'électro-oxydation (EO), l'électro-Fenton (EF), et les procé dé s d'oxydation avancés à base du radical sulfate (POA-RS) ont é té é tudié s pour la dé gradation des hydrocarbures pé troliers contenus dans la solution de lavage des sols. En outre, un procé dé IX d'oxydation avancé é mergeant dans lequel le chlore actif est gé né ré a é té appliqué pour traiter la solution de lavage du sol qui contenant du phé nanthrè ne (PHE) et du Tween 80.

Ce travail de thè se est constitué de cinq parties expé rimentales comme suit :

(1) Le Tween 80 a é té appliqué comme surfactant pour remé dier au sol fortement contaminé par le diesel. La concentration de diesel a é té dé terminé e en utilisant l'analyse fluoromé trique, qui est une mé thode de quantification stable et rapide, basé e sur les caracté ristiques du diesel. En outre, la quantification du Tween 80 a aussi é té ré alisé par la mé thode fluoromé trique basé e sur la formation de micelles entre 6-(p-toluidino) naphtalè ne-2-sulfonic acide (TNS) et Tween 80.

Lors de de lavage du sol, l'utilisation de Tween 80 a amé lioré l'extraction du diesel du sol.

Les effets de divers paramè tres, tels que la teneur en argile, le temps de lavage du sol, la concentration de Tween 80, la posologie du sol et le temps de lavage ont é té é tudié s. Les 1.1 (Ossai et al., 2020). The worldwide use of petroleum hydrocarbons result in serious soil, aqueous and atmosphere pollutions during storage, transport and handling (Bajagain et al., 2018;Song et al., 2018). According to the toxic release inventory report of environmental protection agency (EPA), crude oil industry which is one of the major resources of petroleum hydrocarbon results in serious environmental pollution. EPA reported that approximate 1.7-8.8 million tons of petroleum hydrocarbon is released annually into the sea mainly due to the human failures and oil tanker accident (Ossai et al., 2020). The existence of petroleum hydrocarbon can have negative effect on soil properties, including structural status, texture and soil chemical characteristics such as the content of mineral.

Among petroleum hydrocarbon, diesel is a permanent source of pollution because of its extensive consumption in transport and in individual and collective heating (Maceiras et al., 2018). It contains approximately aliphatic hydrocarbons (64 %), aromatic hydrocarbons (35 %) and olefinic hydrocarbons (1-2 %) (Lominchar et al., 2018). The concentration of TPH in contaminated soil can reach 50.0 g kg -1 (Xu et al., 2016). Herná ndez-Espriú et al.

(2016) indicated that the presence of TPH-diesel at 32.1 g kg -1 is largely higher than legal limit concentration (1.2 g kg -1 ) for agricultural soils in Mexico. On the other hand, it is difficult to remedy soil contaminated by diesel due to low volatility and poor solubility of diesel (Maceiras et al., 2018).

The presence of polycyclic aromatic hydrocarbons (PAHs) and their derivatives in petroleum hydrocarbon has been paid more attention. PAHs are composed of two or more conjoint aromatic rings which are classified as hydrocarbon compounds [START_REF] No | The use of a combined process of surfactant-aided soil washing and coagulation for PAH-contaminated soils treatment[END_REF]. Industry sources of PAHs are mainly from the use of fossil energy, the incomplete combustion of organic materials and the consumption of creosote for wood protection.

Furthermore, forest fires and volcanic eruptions are natural sources (Alcá ntara et al., 2008).

PAHs are persistent in sediments and soil because of their low biodegradation, low water solubility and low volatility properties [START_REF] No | The use of a combined process of surfactant-aided soil washing and coagulation for PAH-contaminated soils treatment[END_REF]. The concentration of PAHs in soil varied with different types of land. The PAHs in agricultural land and urban soil are within the range of 98-572 g kg -1 and 467-51822 g kg -1 , respectively. The concentration of PAHs in industrial area is so high that it reached to 724-7700 ppm at the particular manufactured gas production stations (Lau et al., 2014). Furthermore, the PAHs are widespread in many countries and can reach the concentrations of hundreds of mg kg -1 in soil [START_REF] Gao | Fractionation of polycyclic aromatic hydrocarbon residues in soils[END_REF]. (PYR) are managed [START_REF] Pazos | Decontamination of soils containing PAHs by electroremediation: a review[END_REF]. Some properties and chemical structures of PAHs (Table 1.2) have effect on the remediation of PAHs contaminated soil. For example, high octanol/water partition coefficient (Log K ow ) of PAHs indicates that they have higher hydrophobic property and are persistent in environment. Furthermore, they possess high carbon partition coefficient (Log K oc ), suggesting they can strongly bound to soil organic matter (SOM) in soil. Besides, with the increase of molar weight, Henry constant values (H) and vapor pressure decrease, making them non-volatile. The remediation of soil contaminated by diesel and PAHs is a major concern in the world. Among PAHs, PHE which is persistent, stable and resist to biodegradation was investigated in terms of soil remediation. 

Some of

Treatments for remedifing soil contaminated by organic pollutants

Various technologies such as biological, thermal, chemical and physical remediation technologies have been applied to remedy soil contaminanted by petroleum hydrocarbons and PAHs (Lim et al., 2016;[START_REF] Pazos | Decontamination of soils containing PAHs by electroremediation: a review[END_REF].

Among them, biological technology can achieve the remediation of soil contaminated by petroleum hydrocarbon and some organic pollutants without long-term negative effect on the environment (Lim et al., 2016). However, the biological remediation needs long period to achieve effective removal efficiency. Besides, the activity of micoorganisms can be strongly scavenged by high dosage of polluants, resulting in negative effect on the contaminants removal efficiency (Ossai et al., 2020). Furthermore, biological treatment depends on the nature species and activity of microorganisms. Although native bacteria and fungi existing in soil can achieve degrading of PAHs and some hydrocarbons, extra materials are needed to enhance the degradation of the contaminants (Puglisi et al., 2007). Furthermore, a genetic change or adaptation of microorgnisms are needed to reduce specific pollutants.

Thermal remediation method can effectively remove oil pollutants. Among them, incineration process can achieve highly removal efficiency of petroleum hydrocarbon and PAHs in soil (Samaksaman et al., 2016). However, high energy is required and toxic volatile compounds (e.g. dioxines) can be formed. Compared with incineration, thermal desorption technology results in less or no pollution into atmosphere (Lim et al., 2016). Besides, compared with incineration, microwave can achieve high oil removal efficiency from soil with less consumption of energy. However, thermal remediation is suitable for remediation of soil contaminated by volatile comtaminants. And, the energy consumption is higher than other remediation technologies.

The chemical treatments acheives the remediation of contaminated soil by appling chemicals to concentrate, separate, precipitate and remove pollutions (Ossai et al., 2020). As one of chemical technologies, chemical oxidation-reduction in situ applies oxidants (permanganate, hydrogen peroxide, ozone or sodium persufate) to degrade pollutants in soil (Ossai et al., 2020;Yeh et al., 2003). The oxidants or active radicals generated degrade pollututants into water, carbon dioxide, and inorganic compounds. However, the effect of this technology is significantly influenced by physical and chemical properties of soil (Ossai et al., 2020).

Physical-chemical remediation technologies contain soil vapor extraction, solvent extraction and so on (Lim et al., 2016). Soil vapor extraction apply enough gas to the contaminated soil with vacuum blower, extraction wells and pressure ventilation wells to volatilize the pollutants adsorbed on the soil (Albergaria et al., 2012;Ossai et al., 2020). This method is more effective in rehabilitating industrial sites and related facilities. As one of solvent extraction method, soil washing (SW) enhances the transfer of contaminants from solid surface to aqueous phase by applying surfactants (Bai et al., 2019;dos Santos et al., 2017;Huguenot et al., 2015;Mousset et al., 2014). The application of surfactants have a great potential for contaminants extraction (Akpoveta et al., 2012;Befkadu and Quanyuan, 2018;Gómez et al., 2010;Lau et al., 2014). After soil washing, solution loaded with high concentration of contaminants and surfactant is produced. Efective post-treatments are needed to removal of contaminants from soil washing solution.

Objective and research goals

In this study, soil washing combined with electrochemical advanced oxidation processes (EAOPs) is applied to remedy soil contaminated by organic pollutants. During soil washing process, batch experiments are selected to investigate the effect of various parameters. In the treament of soil washing solution, different EAOPs are used to remove contaminants from soil washing solution. The mechanism is deeply investigated and the active radicals are identified by various methods. The specific research goals are explained as follows.

(1) The surfactant, Tween 80, is applied to remedy soil highly contaminated with diesel.

The Tween 80 is measured by fluorimetric technologies. Furthermore, the qualitation and quantification of diesel by GC-MS and fluorescence are determined. Besides, the optimum conditions of soil washing are analyzed by conducting batch experiments.

(2) EAOPs such as electro-oxidation (EO) and electro-Fenton (EF) are applied to removal diesel from soil washing solution. At first, Tween 80 is applied to wash soil to get soil washing solution which contains the sufactant and pollutant. Then soil washing solution is further treated by EO or EF process to remove diesel and recover Tween 80. The degradation of different components in diesel is deeply indentified by parallel factor analysis (PARAFAC) of excitation emission matrix (EEM).

(3) Electrochemical oxidation process using Fe 2+ and peroxydisulfate is also employed to remove diesel from soil washing solution. The active radicals are identified by electron paramagnetic resonance (EPR).

(4) Electrochemical process combined with Cl -is applied to remove PHE and recover

Tween 80 from soil washing solution in the presence of sodium chloride. The contribution of active chlorine and chlorine radicals is identified by various technologies. The influence of the operation parameters as well as the effect of tha nature of electrode on the degradation of PHE was investigated.

(5) In the presence of Cl -, electrochemical combined with UV. The mechanism of electrochemical process combined with sodium choride is further investigated via the detection of active chloride concentration and scavenger experiments. The synergistic effect between electrochemical process and UV are further studied.

Structure of the thesis

The thesis work entitled "Remediation of soil contaminated by organic pollutants using Tween 80 and electrochemical advanced oxidation processes" is composed of eight chapters as follows.

Chapter (Trellu et al., 2016).

Therefore, the remediation of soil contaminated with highly efficient technologies has been became a great challenge. In particular, the presence of hydrophobic organic compounds (HOCs) in soil is becoming a world concern since they have potential mutagenicity, carcinogenicity and toxicity properties (Cheng et al., 2017;Gao et al., 2007). The HOCs include petroleum hydrocarbons, polycyclic aromatic hydrocarbons, pesticides and so on (Ahn et al., 2007;Lau et al., 2014;Trellu et al., 2016). They have characteristics such as low water solubility, high octanol/water partition coefficient (Log K ow ) and high organic carbon/water partition coefficient (Log K oc ) (Cheng et al., 2018;Trellu et al., 2016).

Therefore, HOCs tend to combine with soil matrix and have limited mass transfer and low biodegradability (Cheng et al., 2018;Paria, 2008). The HOCs exist in soil for long periods and have persistence in terrestrial ecosystems, resulting in threat to environment and human health [START_REF] Sung | The use of box lysimeters with freshly contaminated soils to study the phytoremediation of recalcitrant organic contaminants[END_REF].

There are some traditional techniques which have been applied to remedy HOCs-contaminated soils. They include thermal treatments, landfilling, biodegradation process, soil vapor extraction and so on (Gerhardt et al., 2009;Ossai et al., 2020).

Technologies like thermal process and landfilling damage the soil environment and have high costs (Cheng et al., 2018;Gerhardt et al., 2009). Conversely, bioremediation degrades various organic contaminates into non-toxic and simpler components without long-term adverse effects on the soil environment (Lim et al., 2016). However, the effect of bioremediation is influenced by the nature of contaminated soil, sediments, surface water and groundwater.

Furthermore, it needs long period to achieve effective contaminants removal efficiency and it is not suitable for remedifing soil contaminated with high concentration of pollutants [START_REF] Margesin | Characterization of hydrocarbon-degrading microbial populations in contaminated and pristine Alpine soils[END_REF]Ossai et al., 2020). The soil vapor extraction applies adequate gas by vacuum blowers, extraction wells and pressure venting wells to polluted soil to volatilize the pollutants adsorbed on the surface of soil. It is useful for remedifing active industrial spaces and facilities (Albergaria et al., 2012;Ossai et al., 2020). However, the effect of this technology relies on the volatility of pollutants. Normally, technologies applied for the remediation of contaminated soil have at least one important disadvantage, such as high costs, disturbance of soil texture, long term of treatment, or selectivity about target pollutants (Trellu et al., 2016). Therefore, effective remediation techniques are needed to be investigated to remove contaminants from contaminated soil. During the recent decades, soil flushing (SF)

and soil washing (SW) combined with surfactants have been considered to be promising remediation technologies (Ahn et al., 2008;Befkadu and Quanyuan, 2018;Carvalho de Almeida et al., 2019;Trellu et al., 2016).

The process SF/SW can be enhanced by the addition of surfactants which promote the transformation of hydrophobic contaminants from solid phase to aqueous phase (Bai et al., 2019;[START_REF] Bardi | Hydrocarbon degradation by a soil microbial population with β-cyclodextrin as surfactant to enhance bioavailability. flushing enhances colloid transport and alters macroporosity in diesel-contaminated soil[END_REF]Del Valle, 2004;Huguenot et al., 2015;[START_REF] Wei | Enhanced solubilization and desorption of pyrene from soils by saline anionic-nonionic surfactant systems[END_REF]. When the dosage of surfactants is higher than the critical micelle concentration (CMC), the pollutant is absorbed in micelles, promoting the extraction of the pollutant from soil (Li et al., 2016). In general, surfactants can be divided into cationic, anionic and nonionic according to the chemical property of the hydrophilic head parts (Alcá ntara et al., 2008;Cheng et al., 2017).

Cationic surfactants are not suitable for soil washing since they have poor biodegradability and tend to adsorb to soil (Befkadu and Chen, 2018). Anionic surfactants possess lower adsorption than cationic and nonionic surfactants due to negative charge characteristics of soil (Alcá ntara et al., 2008;Trellu et al., 2016). Compared with cationic and anionic surfactants, nonionic surfactants which have low adsorption on soil and low CMC, show good performance in extracting HOCs (Ahn et al., 2008;Ali et al., 2020;Baziar et al., 2014;Mousset et al., 2016). Among nonionic surfactants, Tween 80 which has low toxicity and low cost has been widely used in remediation of soil [START_REF] Gan | Optimization of ex-situ washing removal of polycyclic aromatic hydrocarbons from a contaminated soil using nano-sulfonated graphene[END_REF]Huguenot et al., 2015;Yan et al., 2015). Although, the combination of soil washing and surfactants achieved high pollutants extraction from solid phase, the soil washing solution highly loaded with contaminants and surfactants was produced [START_REF] Liu | Soil remediation using soil washing followed by ozone oxidation[END_REF]Mousset et al., 2014b). Therefore, efficient post-treatment are needed to remove pollutants from soil washing solution to avoid secondary pollution.

During past several years, advanced oxidation processes (AOPs) based on generation of highly active species such as hydroxyl radicals ( • OH), sulfate radicals (SO 4 •-) or other active species are considered as environment-friendly technologies to degrade persistent contaminants in wastewater (Oturan et al., 2011;[START_REF] Oturan | Advanced oxidation processes in water/wastewater treatment: Principles and applications. A review[END_REF]Xu et al., 2016a;[START_REF] Zhang | AOPs-based remediation of petroleum hydrocarbons-contaminated soils: efficiency, influencing factors and environmental impacts[END_REF]. The oxidants which are applied in AOPs include hydrogen peroxide, persulfate, ozone and other oxidation systems [START_REF] Zhang | AOPs-based remediation of petroleum hydrocarbons-contaminated soils: efficiency, influencing factors and environmental impacts[END_REF]. The active radicals generated in AOPs can transform pollutants into inorganic ions, CO 2 and H 2 O (Lin et al., 2017).

Among AOPs, various electrochemical advanced oxidation processes (EAOPs) have been investigated to remove or mineralize toxic and persistent organic pollutants in wastewater (Brillas et al., 2009;Mhemdi et al., 2013;Siré s et al., 2009). EAOPs include anodic oxidation (AO), electro-Fenton (EF), photoelectro-Fenton, photoassisted Fered-Fenton, electrochemical peroxidation, and related technologies (Brillas et al., 2009;Moreira et al., 2017;[START_REF] Oturan | Advanced oxidation processes in water/wastewater treatment: Principles and applications. A review[END_REF]. The electrochemical techniques have several advantages such as environmental compatibility, versatility, easy handling, high energy efficiency (Siré s and [START_REF] Siré S | Remediation of water pollution caused by pharmaceutical residues based on electrochemical separation and degradation technologies: a review[END_REF]. In recent decades, electrochemical advanced oxidation processes have been applied in the degradation of various organic contaminants in wastewater (Brillas et al., 2009;Dirany et al., 2012;Lin et al., 2014b;Özcan et al., 2013;Wu et al., 2012). The combination of soil washing with EAOPs appears as a potential technique for remediation of soil contaminated with hydrophobic organic pollutants.

Recently, Cheng et al. presented a review in terms of the application of AOPs for the treatment of soil contaminated by HOCs, focusing on the comparison of various AOPs in remedifing soil contaminated by different pollutants [START_REF] Cheng | Hydroxyl radicals based advanced oxidation processes (AOPs) for remediation of soils contaminated with organic compounds: a review[END_REF][START_REF] Rodrigo | Electrochemically Assisted Remediation of Pesticides in Soils and Water: A Review[END_REF].

Zhang et al. reviewed the use of AOPs and the combination of AOPs for soil remediation and the effect of characteristics of soil on the performance of AOPs [START_REF] Zhang | AOPs-based remediation of petroleum hydrocarbons-contaminated soils: efficiency, influencing factors and environmental impacts[END_REF]. These reviews concentrated on the in situ remediation of soil with AOPs. Trellu et al., 2016, presented a review on the use of the SF/SW and AOPs including heterogeneous photocatalysis, Fenton, ozone, electrochemical processes, biological treatments to HOCs-contaminated soil. This review article was related to the treatment of SF/SW solutions by various AOPs. However, to the best of our knowledge, few review concerns on the treatment of SF/SW solution of HOCs-contaminated soil using EAOPs. This review intends to provide an overview on degradation of HOCs in SF/SW solutions by various EAOPs.

Finally, perspectives and further investigation to improve integrated technologies for soil remediation are discussed.

Extraction of HOCs from soil by soil flushing/soil washing processes

The selection and effect of soil remediation is influenced by various aspects of the contaminant, including its concentration, the surface properties of the soil, magnetic or electrical characteristics, etc. (Befkadu and Quanyuan, 2018;Herná ndez-Espriú et al., 2013).

Among these treatments, SF and SW are efficient techniques, effectively extracting HOCs from soil (Gao et al., 2007;Guan et al., 2018;[START_REF] Rosas | Soil-washing effluent treatment by selective adsorption of toxic organic contaminants on activated carbon[END_REF]. The SW/SF enhanced by surfactants is economical, efficient, and rapid technology for remediation of soil contaminated with HOCs (Lim et al., 2016;[START_REF] Peng | Removal of PAHs with surfactant-enhanced soil washing: influencing factors and removal effectiveness[END_REF].

Soil flushing process

SF combined with surfactants has been used as a promising in situ method for removing low-solubility organic agents and complex pollutants from contaminated soil (Guan et al., 2018;[START_REF] Yun | Evaluation of soil flushing of complex contaminated soil: an experimental and modeling simulation study[END_REF]. When SF is applied for the extraction of fuels from soil, extraction wells which recover the pollutant, and sheet piles, trenches which prevent the transport of the contaminant are needed [START_REF] Kwon | Application of an in-situ soil sampler for assessing subsurface biogeochemical dynamics in a diesel-contaminated coastal site during soil flushing operations[END_REF]Trellu et al., 2016). Surfactants and organic extractants can be used for promoting the efficiency of SF [START_REF] Kwon | Application of an in-situ soil sampler for assessing subsurface biogeochemical dynamics in a diesel-contaminated coastal site during soil flushing operations[END_REF]. The combination of electrokinetic and SF has been used for removing and degrading pollutants in soil [START_REF] Ramadan | An overview of electrokinetic soil flushing and its effect on bioremediation of hydrocarbon contaminated soil[END_REF][START_REF] Siré S | Remediation of water pollution caused by pharmaceutical residues based on electrochemical separation and degradation technologies: a review[END_REF]. The application of electrokinetics is limited by operational conditions, such as evaporation rate, temperture, pH control and corrosion of electrodes [START_REF] Ramadan | An overview of electrokinetic soil flushing and its effect on bioremediation of hydrocarbon contaminated soil[END_REF]. During SF process, surfactants could result in the changes of soil properties and influence the soil environment, including the decrease of soil fertility, inhibition of plant growth and changes of microbial community (Guan et al., 2018;[START_REF] Laha | Surfactant-soil interactions during surfactant-amended remediation of contaminated soils by hydrophobic organic compounds: A review[END_REF]. Furthermore, the interactions between soil and surfactants may cause the swelling and re-deposition of the clay, resulting in the change of soil pore system (Guan et al., 2018).

Soil washing process

The SW, as ex situ soil remediation method, has been used as a promising technology for extracting HOCs from soil although it requires excavated soil (Chu and Chan, 2003;Huguenot et al., 2015;Khalladi et al., 2009). SW is a mechanical method which applies liquids to transfer pollutants from soil to aqueous phase (Cheng et al., 2017). During soil washing process, various extractants including oxidizing chemicals, bases, acids, chelating agents, electrolytes and surfactants can be used (Befkadu and Quanyuan, 2018). Among them, surfactant enhanced soil washing is an efficient technique for soil remediation, and the selection of surfactants is based on the soil characteristics and pollutants species (Chu and Chan, 2003;[START_REF] Kim | Ex situ soil washing of highly contaminated silt loam soil using core-crosslinked amphiphilic polymer nanoparticles[END_REF][START_REF] Peng | Removal of PAHs with surfactant-enhanced soil washing: influencing factors and removal effectiveness[END_REF].

Surfactants

According to sources of surfactants, surfactants can be classified into synthetic surfactants and biosurfactants (Lamichhane et al., 2017). Synthetic surfactants having the hydrophilic head and hydrophobic tail groups are amphiphilic molecules (Trellu et al., 2016).

Based on the ionic properties of hydrophilic head, surfactants normally are divided into cationic, anionic, zwitterionic, gemini surfactants and nonionic surfactants [START_REF] Alcá Ntara | Electrokinetic remediation of PAH mixtures from kaolin[END_REF]Lamichhane et al., 2017).

Cationic surfactants

Cationic surfactants are not suitable to remedy contaminated soil due to their low biodegradability and negative charge of soil (Alcá ntara et al., 2008). However, some investigations presented that cationic surfactants promote the adsoprtion of HOCs on the surface of soil to inhibiting mobility of HOCs and rising the concentraiton of HOCs in soil aqueous [START_REF] Lu | Reducing plant uptake of PAHs by cationic surfactant-enhanced soil retention[END_REF][START_REF] Zhu | Sorption of phenol, p-nitrophenol, and aniline to dual-cation organobentonites from water[END_REF]. Furthermore, cationic surfactants which leads to the generation of in situ barriers could prevent the further pollution of the subsoil and groundwater [START_REF] James Gellner | Hydraulic conductivity of soil sorptive zones created by in situ injection of a cationic surfactant[END_REF][START_REF] Lu | Reducing plant uptake of PAHs by cationic surfactant-enhanced soil retention[END_REF].

Anionic surfactants

Anionic surfactants are composed of a hydrophobic alkyl chain combined with hydrophilic groups (Befkadu and Quanyuan, 2018). In aqueous phase, anionic surfanctants dissociate into two parts, an amphiphilic anion and a cation such as ammonium, calcium, sodium and various protonated alkyl amines (Befkadu and Quanyuan, 2018;Zhou et al., 2005). The anion of anionic surfactants plays an important role in the carrier, and the anion gets negative charge from chemical agents which have isethionate, sulfonate, or taurate etc. The presence of anionic-nonionic surfactants faciliated the solubilization, biodegradation and extraction efficiency of HOCs [START_REF] Wei | Enhanced solubilization and desorption of pyrene from soils by saline anionic-nonionic surfactant systems[END_REF]Yu et al., 2007;[START_REF] Zhou | Solubilization of polycyclic aromatic hydrocarbons by anionicnonionic mixed surfactant[END_REF].

Zwitterionic surfactants

Zwitterionic surfactants are neutral with polar heads since their head groups possess negative and positive charges. Furthermore, zwitterionic surfactants transformed into cationic or anionic under acidic or alkaline conditions, respectively (Befkadu and Quanyuan, 2018).

They have hydrophilicity toward nonionic and ionic surfactants, achieving high compatiblity with a variety of other kinds of surfactants (Gheorghe et al., 2012;[START_REF] Rí Os | Aerobic biodegradation of amphoteric amine-oxide-based surfactants: effect of molecular structure, initial surfactant concentration and pH[END_REF].

Gemini surfactants

A gemini surfactant consists of two kind of surfactants; anionic, cationic or nonionic surfactants, and its spacer groups can be various including hydrophobic, hydrophilic, flexible or rigid (Paria, 2008). There are investigations about the application of cationic and anionic gemini surfactant in soil remediation [START_REF] Atkin | Adsorption of 12-s-12 gemini surfactants at the silica-aqueous solution interface[END_REF]Deshpande et al., 2000). At concentrated electrolytes, gemini surfactants still possess good solubility and stability properties. Furthermore, they are strongly resistant to thermal and oxidative degradation and they are costly (Befkadu and Chen, 2018;Paria, 2008).

Nonionic surfactants

Nonionic surfactants, the second largest kinds of surfactants, are applied in strongly acidic aqueous phase and have low toxicity property (Befkadu and Quanyuan, 2018;[START_REF] Singla | Kinetics and mechanism for the sonochemical degradation of a nonionic surfactant[END_REF]. Nonionic surfactants have low CMC since their hydrophobic tails aggregate and hydrophilic parts tend to water to produce micelles (Befkadu and Quanyuan, 2018;Rosas et al., 2013a). In addition, nonionic surfactants are compatible with various classes of surfactants because they do not ionize in aqueous phase (ElSayed et al., 2013;Farn, 2008).

Therefore, it is suitable that nonionic surfactants could be combined with various surfactants to remedy soil contaminated by organic contaminants.

The nonionic surfactant, Tween 80, has been widely used for HOCs-contaminated soil (Cheng et al., 2017). The use of Tween 80 in electrokinetics, SF and SW processes promote the removal of organic contaminants in soil (Bai et al., 2019;Cheng et al., 2017). Tween 80 mixed with anionic surfactant SDBS was used for removing PAHs in soil, achieving more PAHs elimination and lower Tween 80 adsorption in soil [START_REF] Ni | Enhancing plant-microbe associated bioremediation of phenanthrene and pyrene contaminated soil by SDBS-Tween 80 mixed surfactants[END_REF]. The application of the mixture of anonic and nonionic surfactants was also discussed in the section 2.2.3.2.

Besides, Gao et al. 2017 reported that nonionic surfactants (Tween 80, Brij35) are more benefit than anionic surfactants (sodium dodecyl sulfate and cetyltrimethylammonium bromide) at low concentration for the phytoremediation in terms of HOCs-contaminated soil.

EAOPs for the treatment of SF/SW solution

The EAOPs based on Fenton reaction have been applied in the degradation of HOCs in SF/SW solution (Huguenot et al., 2015;Mousset et al., 2016;Mousset et al., 2014a;Villa et al., 2010;Voglar and Lestan, 2012). During EAOPs, active species such as • OH, SO 4 •-were generated via multiple mechanisms (Lin et al., 2013;Wu et al., 2012;[START_REF] Yan | Enhanced persulfate-mediated photocatalytic oxidation of bisphenol A using bioelectricity and a g-C 3 N 4 /Fe 2 O 3 heterojunction[END_REF].

Various EAOPs which were used for the elimination of HOCs in SW/SF solution are discussed as follows.

Anodic oxidation

AO was applied for the degradation of organic contaminants via various mechanisms as follows. (i) direct transformation of electron from pollutants to the anode (M), (ii) the oxidation of water, resulting in the generation of physisorbed or chemisorbed • OH on the surface of anode (M) and the formation of H 2 O 2 and O 3 at the anode surface according to Eqs.

(2.1-2.3) (Mhemdi et al., 2013;Moreira et al., 2017).

M + H 2 O → M( • OH) + H + + e - (2.1) 2M( • OH) → 2MO + H 2 O 2 (2.2) 3H 2 O → O 3 + 6H + + 6e - (2.3)
In AO process, the efficiency is closely related to the mass transfer of contaminants from aqueous phase to the anode surface. Furthermore, the material of anodes has great influence on the selectivity and efficiency of AO process (Moreira et al., 2017).

Muñoz-Morales et al. investigated the effects of soil washing process enhanced by sodium dodecyl sulfate (SDS) and then electrolysis with BDD anode and stainless steel cathode was applied to eliminate lindane from soil washing solution. Lindane in soil was efficiently extracted by SW process and the contaminant in SW was effectively mineralized by eletrolysis and more thant 70 % of SDS was regenerated (Muñoz-Morales et al., 2017).

In the study of dos Santos et al. ( 2017), the combination of soil washing with AO was applied to remedy soil contaminated by petroleum. During soil washing process, SDS was used for extracting the pollutant from contaminated soil (Trellu et al., 2016). This process resulted in the formation of soil washing solution which has high load of contaminates and surfactants. The study of dos Santos et al. showed that electro-oxidation with BDD anode achieved 97 % removal of organic contaminant after 600 min (dos Santos et al., 2017).

Electro-Fenton

The classical Fenton's regent, composed of the mixture of H 2 O 2 and Fe 2+ , leads to the generation of powerful active radiacal • OH via Fenton's reaction Eq. (2.4) (Iglesias et al., 2014;Özcan et al., 2013;[START_REF] Oturan | Advanced oxidation processes in water/wastewater treatment: Principles and applications. A review[END_REF]Brillas et al., 2009).In classical Fenton process, the use of Fenton's reagent resultes in high cost, and it has risks of the storage and transport of H 2 O 2 (Colades et al., 2020). Furthermore, high quantity of iron results in the generation of iron sludge which needs to be further treated (Panizza et al., 2014). Besides, the acidic pH 2.8-3.0 is benefit for the maximum effect of process, although it needs acidification and then neutralization [START_REF] Sun | Photochemical reactions involved in the total mineralization of 2, 4-D by iron (3+)/hydrogen peroxide/UV[END_REF].

On the other hand, the EF process, which is one of the most common EAOPs, is based on the Fenton reaction and has been widely applied in wastewater treatment (Dominguez et al., 2018;[START_REF] Monteil | Electro-Fenton treatment of the analgesic tramadol: kinetics, mechanism and energetic evaluation[END_REF]Sopaj et al., 2020). In EF system, H 2 O 2 is in situ produced via Eq. (2.5) in the presence of dissolved oxygen, contributing to the formation of • OH (Iglesias et al., 2014). In addition, the amount of Fe 2+ is significantly reduced since the Fe 2+ is electro-regenerated in the process Eq. (2.6) from Fe 3+ produced in Fenton reaction (Lin et al., 2014a). (Mousset et al., 2014a).

Fe 2+ + H 2 O 2 → Fe 3+ + • OH + OH - (2.4) O 2 (g) + 2H + + 2e -→ H 2 O 2 (2.5) Fe 3+ + e -→

Photoelectro-Fenton

Photoelectro-Fenton is based on electro-Fenton process and the artificial UV or natural sunlight was introduced. The mutual effects of electro-Fenton and photocatalysis exist in the photoelectro-Fenton process. The effects of electro-Fenton have been discussed in section 2.3.2. Besides, according to the wavelength, artificial UV can be divided into different types, UVA ( = 315-400 nm), UVB ( = 280-315 nm) and UVC ( = < 280 nm) (Moreira et al., 2017). With different radiation sources, organic pollutants can be eliminated by multiple mechanisms as follows: (i) the formation of • OH by electro-Fenton, (ii) the formation of • OH resulted from the photoreduction of Fe(III)-hydroxy complex, (iii) the photolysis between Fe 3+ complexes and organic pollutants, (iv) the direct photolysis of contaminants with UVC (Xu et al., 2016b). Furthermore, the UV irradiation also can activate other oxidants (persulfate, ClO -), and produce powerful active radicals (SO 4 •-, • OH and Cl • ) (Brillas, 2014;Garcia-Segura et al., 2011;[START_REF] Lin | Feasibility study of ultraviolet activated persulfate oxidation of phenol[END_REF][START_REF] Oliver | Photochemical production of chlorinated organics in aqueous solutions containing chlorine[END_REF][START_REF] Siré S | Degradation of clofibric acid in acidic aqueous medium by electro-Fenton and photoelectro-Fenton[END_REF]Wang et al., 2016;[START_REF] Zhang | Impact of chloride ions on UV/H 2 O 2 and UV/persulfate advanced oxidation processes[END_REF].

In the recent study, dos Santos et al. ( 2017) investigated the effects of photo-eletrolysis.

It was used for eliminating petroleum in soil washing solution which contains SDS and petroleum. Electro-oxidation with BDD anode achieved 97 % organic contaminant removal efficiency. The presence of photochemistry promoted the generation of electrochemically produced oxidants (persulfate) to achieve more active radicals. Furthermore, the combination of photolysis and BDD-electrolysis reduced the consumption of energy (dos Santos et al., 2017). Although the combination of photocatalysis and electrolysis has been investigated, few studies investigate the application of photoelectro-Fenton in remediation of organic pollutant-contaminated soil.

Electrochemical activation of peroxydisulfate

Recently, sulfate based AOPs have a great promise in the elimination of organic contaminants (Feng et al., 2015;[START_REF] Lei | Heterogeneous Degradation of Organic Pollutants by Persulfate Activated by CuO-Fe 3 O 4 : Mechanism, Stability, and Effects of pH and Bicarbonate Ions[END_REF][START_REF] Xu | The mechanism and efficiency of MnO 2 activated persulfate process coupled with electrolysis[END_REF][START_REF] Yen | Application of persulfate to remediate petroleum hydrocarbon-contaminated soil: feasibility and comparison with common oxidants[END_REF]. Persulfate (peroxymonosulfate, peroxydisulfate) oxidation process contributes to the production of • OH and SO 4 •-, resulting in the removal of pollutants (Lin et al., 2014b;Xu et al., 2016a).

Persulfate can be activated by various technologies (heating, UV irradiation, electroylsis or use transition metals (M n+ ), etc.) [START_REF] Cai | Electrochemical enhanced heterogeneous activation of peroxydisulfate by Fe-Co/SBA-15 catalyst for the degradation of Orange II in water[END_REF](Cai et al., , 2015;;Xu et al., 2016a;[START_REF] Xu | Mechanism and kinetics of catalytic ozonation for elimination of organic compounds with spinel-type CuAl 2 O 4 and its precursor[END_REF].

The activation mechanisms of peroxydisulfate are shown in Eqs. (2.8-2.11) (Long et al., 2013).

S 2 O 8 2-+ heat → 2SO 4 • - (2.8) S 2 O 8 2-+ hv → 2SO 4 • - (2.9) S 2 O 8 2-+ e -→ SO 4 • -+ SO 4 2 - (2.10) S 2 O 8 2-+ M n+ → SO 4 • -+ SO 4 2 -+ M (n+1)+ (2.11)
Among the transition metals, iron is widely applied for the activation of persulfate since it is inexpensive and environment-friendly. While, acidic condition and the oxidation of Fe 2+

to Fe 3+ limit the application of iron in sulfate based AOPs. Therefore, the introduction of electricity overcomes the limitation of iron due to the regeneration of Fe 2+ by Eq. (2.6).

There With the development of industry, the worldwide use of diesel, as one kind of important energy resources, has resulted in contaminated soil (Bajagain et al., 2018;Lominchar et al., 2018;Maceiras et al., 2018;Song et al., 2018). Furthermore, this kind of contamination further resulted in threat to air and aqueous environment. Among hydrocarbons, diesel is a mixture of more than 2000 compounds, which is composed of aliphatic hydrocarbons (approximately 64 %), aromatic hydrocarbons (35 %) and olefinic hydrocarbons (l-2 %) (Lominchar et al., 2018). It is a permanent source of soil pollution, and possesses less volatile and less biodegradable characters than those of gasoline (Bajagain et al., 2018;Maceiras et al., 2018). Therefore, it is important to develop effective methods to remedy diesel contaminated soil.

A variety of technologies including biological treatment, physicochemical methods, soil vapor extraction, air stripping soil flushing and soil washing (SW), etc. have been investigated in terms of soil remediation (Ossai et al., 2020). Among them, SW belongs to ex situ soil remediation techniques which has comparative rapidity, possesses advantages for redevelopment and possibilities of further treatment than other methods (Befkadu and Quanyuan, 2018;Li et al., 2016;Trellu et al., 2016). In this process, the transformation of contaminants can be enhanced by the addition of surfactants which decrease the interaction tension between hydrocarbon and aqueous phase (Khalladi et al., 2009;Rouse et al., 1993).

When the concentration of surfactants is higher than their critical micelle concentration (CMC), micelles were formed among surfactants molecules (Li et al., 2016;Trellu et al., 2016). The micelles include a hydrophilic exterior and hydrophobic interior parts, facilitating the transfer of hydrocarbons from solid phase to solution (Befkadu and Quanyuan, 2018;Khalladi et al., 2009).

Based on the nature of the hydrophilic part, surfactants can be classified as cationic, anionic, nonionic, and zwitterionic, which have different CMC values, adsorption and solubilization characteristics (Befkadu and Chen, 2018;Cheng et al., 2017). Cationic surfactants are not suitable for soil remediation because of their poor biodegradability and the anionic charge of soil (Alcá ntara et al., 2008;Cheng et al., 2017). Zwitterionic surfactants possess high compatibility, and the combination of them with different types of surfactants is applied in soil remediation (Befkadu and Quanyuan, 2018). Besides, anionic and nonionic surfactants have been widely used for soil remediation since they have low adsorption and high extraction efficiency (Befkadu and Quanyuan, 2018). In addition, nonionic surfactants have lower CMC, better solubilization and more economical benefits (Alcá ntara et al., 2008;Mousset et al., 2016a;Mousset et al., 2016b). The nonionic surfactant, polyoxyethylene-(20)-sorbitan monooleate (Tween 80, C 64 H 124 O 26 ), has been widely applied to efficiently extract hydrocarbons from contaminated soil (Huguenot et al., 2015;Mousset et al., 2013;Trellu et al., 2017). Tween 80 possesses all the advantages of nonionic surfactant and it has economic and lower threat advantages (Bautista et al., 2009;Cheng et al., 2017).

When Tween 80 is applied in soil washing, hydrophobic contaminants tend to combine with the lipophilic tail in micelles (Cheng et al., 2017). Although there are some reports on the application of Tween 80 in remediation of soil contaminated by hydrophobic organic pollutants (HOCs), few studies investigated the effect of Tween 80 in remedifing soil contaminated by heavy diesel.

Besides, during soil washing process, it is important to quantify Tween 80 to analyze the adsorption of the surfactant on the surface of soil. In addition, the possibility of recycling of Tween 80 can be evaluated by the quantification of Tween 80 after soil washing. Various techniques have been applied in the measure of Tween 80, including potassium picrate active substances, cobalt thiocyanate active substances, colorimetric measurements, direct UV measure at 234 nm wavelength, total organic carbon (TOC) analysis methods (Ahn et al., 2008;Ko and Schlautman, 1998;Ko et al., 1998;[START_REF] Yeom | Micellar solubilization of polynuclear aromatic hydrocarbons in coal tar-contaminated soils[END_REF][START_REF] Zhu | Partitioning of polycyclic aromatic hydrocarbons to solid-sorbed nonionic surfactants[END_REF].

Mousset et al., (Mousset et al., 2013) applied the fluorimetric method for measuring amount of Tween 80 in soil washing solution. This method possesses rapidity and simplicity characteristics. In addition, fluorimetric technique is negligibly influenced by other organic matter which exists in soil washing due to highly sensitive property of fluorimetric method (Mousset et al., 2013). Although the measure will be affected by the conditions of apparatus, determination of optimum conditions of measurement and calibration is needed.

In this study, SW and Tween 80 were combined for the treatment of synthetic soil contaminated with high concentration diesel. Besides, the conditions of fluorimetric measurements were investigated for optimizing the accuracy of Tween 80 measure based on the formation of micelles between 6-(p-toluidino) naphthalene-2-sulfonic acid (TNS) and Tween 80. Various parameters were investigated to optimize the soil washing process, including clay content, soil washing time, Tween 80 concentration, the ratio of soil dosage and soil washing solution. The GC-MS and fluorimetric method were implied to efficiently qualitate and quantify diesel during the treatment.

Materials and methods

Reagents

Polyoxyethylene (20) sorbitan monooleate (Tween 80; C 64 H 24 O 26 ; molar weight, 1,310 g mol 1 ), 6-(p-Toluidino) naphthalene-2-sulfonic acid sodium (TNS) and hexane (HPLC grade)

were obtained from Sigma-Aldrich. C7-C40 saturated alkanes standard (1000 mg L 1 each component in hexane) was purchased from Supelco. Benzo[a]pyrene (BaP, HPLC grade) is applied as internal standard to confirm the stability of injection which was conducted manually. Diesel was obtained from a road gas station (Paris, France). Ultrapure water (UPW, resistivity > 18 M cm) used in experiments was generated by a Millipore Milli-Q system (Molsheim, France). The synthetic contaminated soil includes 79 % sand, 20 % clay and 1 % organic material (France) and diesel (50 g kg 1 ).

Soil washing experiments

Experiments were performed in a 120-mL brown glass bottle at constant temperature (~ 20 ºC ). 100 mL Tween 80 solution and appropriate amount of soil contaminated with diesel were placed into the bottle. During soil washing, the homogeneity of solution was maintained by a mechanical shaker (KS 130, IKA, Germany) with shaking constant about 320 rpm. After soil washing experiments, the soil was separated by centrifuge (4000 rpm, 5 min) from soil washing solution. Two milliliter aliquot was taken and filtered through glass fiber membrane for the analysis of Tween 80. Another 2 mL soil washing solution was mixed with hexane by whirlpool vibration to extract diesel from soil washing solution for the analysis of diesel.

Analysis procedures

Quantification of Tween 80

The spectrum of Tween 80 alone has no obvious fluorimetric characteristic. With the presence of TNS, the intensity was significantly enhanced because of micelles formed between TNS and Tween 80 (Mousset et al., 2013). Before the measure of concentration of Tween 80, the optimum TNS concentration was investigated as shown in Fig. 3.1(a). The experiments were carried out when the Tween 80 concentration was 5 mg L 1 . The peak of the TNS-Tween 80 micelles spectra significantly increase when the TNS concentration increased from 5  10 7 M to 2.5  10 5 M. However, with the further increase of TNS dosage, the intensity of the fluorescence decreased. It may result from the inner filter effect which can be caused by high concentration of samples (Ye et al., 2016). Therefore, 2.5  10 5 M TNS was selected for the following investigation to obtain the standard curve of Tween 80.

With 2.5  10 5 M TNS, spectra of various Tween 80 dosage were obtained as presented in 

Qualitation of diesel

The composition of diesel was analyzed by GC-MS with a Thermo Finnigan PolarisQ obtained as presented in Fig. 3.5. The R 2 of calibration curves of the low and high diesel concentrations were 0.987 and 0.953, suggesting that the calibration curves have good fitting.

Quantification of diesel

Therefore, the fluorescence was used for quantifying diesel in following experiments. 

Results and discussion

The effect of clay on the soil washing

To investigate the influence of clay on the diesel removal efficiency and Tween 80 adsorption, 10 g soil contaminated with 50 g kg 1 diesel was treated at various clay (10 %, 20 %, 30 %) using 100 mL Tween 80 (10 g L 1 ). As shown in Fig. 3.6(a), the diesel extraction efficiencies decrease slightly from 92.1 to 88.2 %, when clay increased from 10 % to 20 %. 

Optimum washing time for diesel extraction efficiency

The effect of washing time on the extraction efficiency of diesel was studied at 30, 60, 120, 

The effect of soil dosage on the diesel extraction efficiency

The weight to volume ratio of soil and Tween 80 was carried out to find the effect of soil dosage on the extraction efficiency of diesel. Under the constant dosage of Tween 80 (10 g L 1 , 100 mL), different dosages of soil (5, 10, 25 and 50 g) contaminated with 50 g kg 1 diesel were and 87.9 %) were obtained when soil amount increased from 5 to 10 g. The higher soil dosage resulted in an obvious decrease of diesel extraction efficiency which decreased to 54.2 % and 45.9 % with 25 g and 50 g soil, respectively. Fig. 3.8(b) indicates that the adsorption of Tween 80 in soil increased when the soil dosage increased from 5 to 50 g. With the increase of soil dosage, the total amount of diesel was 0.25, 0.5, 1.25, 2.5 g, respectively. This means that it needs higher amount of Tween 80 to recover it from soil. Furthermore, the more clay possessed larger surface areas for the association of Tween 80, which prevented extraction of diesel during washing process [START_REF] Bhandari | Soil washing and biotreatment of petroleum-contaminated soils[END_REF].

When 5, 10, 25 and 50 g soil were mixed with 100 mL Tween 80 soil washing solution, Tween 80 concentration decreased from 10 g L 1 to 6.2, 4.8, 2.8 and 2.7 g L 1 after the first soil washing trials, respectively. Then the corresponding concentrations of Tween 80 dropped to 9.8, 9.7, 3.6 and 2.7 g L 1 after the second soil washing process, respectively. The greater amount of Tween 80 is needed to enhanced the diesel desorption/mass transfer by decreasing the surface tension and accumulating diesel in the micelles [START_REF] Gan | Optimization of ex-situ washing removal of polycyclic aromatic hydrocarbons from a contaminated soil using nano-sulfonated graphene[END_REF][START_REF] Zheng | Removal of polycyclic aromatic hydrocarbons from soil using surfactant and the white rot fungus Phanerochaete chrysosporium[END_REF]. 

The effect of Tween 80 concentration on the diesel extraction efficiency

The concentration of Tween 80 has significant influence on the formation of Tween 80 micelles, affecting the transfer of diesel. to 5.0 g L 1 . With the further increase of Tween 80 to 10.0 g L 1 , the extraction efficiency of diesel slightly increased by 12.7 %. Tween 80 possesses hydrophilic and lipophilic groups, causing repulsion between the diesel and soil. When Tween 80 concentration is higher than critical micelle concentration (CMC), spheroidal or ellipsoidal micelles form. With the increase of Tween 80, the interfacial solvent (water) would be gradually replaced by Tween 80 molecules, resulting in a lower surface tension between diesel and aqueous phase and then promoting the diesel elimination from soil (Cheng et al., 2017).

Under different Tween 80 concentrations, the Tween 80 adsorption on soil may result in less available proportion of it for the extraction of diesel. After soil washing, the residual Tween 80 concentrations were presented in Fig. 3.9(b). When 1.0, 2.5, 5.0, 7.5 and 10 g L 1

Tween 80 were applied, the residual Tween 80 were 0.8, 1.2, 3.3, 3.9 and 7.2 g L 1 after the first soil washing. Compared with initial concentration, the concentrations of Tween 80 which were 0.9, 2.4, 4.7 6.7 and 9.3 g L 1 have negligible decrease after the second soil washing. 

Conclusions

The result of GC-MS indicated that diesel is mainly composed of C8-C24 saturated alkanes. The fluorimetric method is a stable and fast method for the quantification of diesel and/or Tween 80. The experiments performed with following operation parameters showed that 20 % clay in soil, 180 min washing time, 10 g soil mixed with 100 mL soil washing solution were optimum conditions for soil washing process. And 5.0, 7.5 and 10.0 g L 1 of Tween 80 could achieve more than 75 % diesel elimination from soil after two times soil washing. The results also indicate that Tween 80 concentration in soil washing solution decreased with the increase of clay content from 10 to 30 %. There is no significant relationship between the adsorption of Tween 80 and washing time. With the increase of soil dosage, the higher ratio of soil and soil washing resulted in the more adsorption of Tween 80.

With different concentration of Tween 80, there is a significant decrease after the first soil washing, while negligible decrease of Tween 80 obtained after the second soil washing. 

Introduction

Soil contamination by petroleum hydrocarbons usually results from its accidental leaks during storage, handling and transport (Bajagain et al., 2018;Lominchar et al., 2018;[START_REF] Rocio | Remediation of diesel-contaminated soil by ultrasonic solvent extraction[END_REF]Song et al., 2018). The content of total petroleum hydrocarbons (TPH) was reported as high as 20-50 g kg 1 in soil, which poses serious threat to air, aqueous environment (Herná ndez- Espriú et al., 2013;Xu et al., 2016a). Among petroleum hydrocarbons, diesel is a mixture consisting of aliphatic hydrocarbons (64 %), olefinic hydrocarbons (l-2 %), and aromatic hydrocarbons (35 %) (Lominchar et al., 2018;Maceiras et al., 2018), some of which are fluorescent (Cristescu et al., 2009). Compared with gasoline, diesel possesses less volatile and less biodegradable characteristics, and is regarded as a permanent source of pollution (Bajagain et al., 2018;Maceiras et al., 2018). Therefore, effective methods are necessary for remediation of soil contaminated by diesel.

Among various remediation techniques, soil washing (SW) with surfactant has been suggested as a promising technique due to its comparative rapidity [START_REF] Dos Santos | Removal of oxyfluorfen from ex-situ soil washing fluids using electrolysis with diamond anodes[END_REF]Li et al., 2016;Trellu et al., 2016b). This method facilitates the transport of hydrocarbons from soil to aqueous phase by applying surfactants to decrease interfacial tension between hydrocarbon and water phases (dos Santos et al., 2017;[START_REF] Escalona-Durá N | Intensification of petroleum elimination in the presence of a surfactant using anodic electrochemical treatment with BDD anode[END_REF]Khalladi et al., 2009;[START_REF] Rouse | Minimizing surfactant losses using twin-head anionic surfactants in subsurface remediation[END_REF]Yan et al., 2015). Surfactants detach hydrocarbons from soil-adsorbed into the hydrophobic cores of the micelles formed at surfactant concentration above their critical micelle concentration (CMC) [START_REF] Abrióla | Surfactant-enhanced solubilization of residual dodecane in soil columns. 2. mathematical modeling[END_REF]Li et al., 2016;[START_REF] Sá Ez | Conductive-Diamond Electrochemical Oxidation of Surfactant-Aided Soil-Washing Effluents[END_REF]Trellu et al., 2016b;Tsai et al., 2009;[START_REF] Rosen | Surfactants and Interfacial Phenomena[END_REF]). Surfactants can be divided into cationic, anionic and nonionic. Cationic surfactants are not preferred for soil washing because of their poor biodegradability and high adsorption capacity. Although anionic surfactants possess lower adsorption than cationic and nonionic surfactants due to negative charge characteristics of soil, nonionic surfactants have higher solubilization, more economical benefit and low adsorption onto the soil (Alcá ntara et al., 2008;Mousset et al., 2016). Therefore, nonionic surfactants have been applied as extraction agents for soil remediation in this study. The nonionic surfactant, Tween 80, has been applied in soil washing to efficiently remediate hydrophobic organic-contaminated soil (Huguenot et al., 2015;Mousset et al., 2013;Trellu et al., 2017). Tween 80 not only has all the advantages of nonionic surfactant, but also has lower threat to microorganisms because of its low toxicity compared with other nonionic surfactants (Bautista et al., 2009;Cheng et al., 2018;Lamichhane et al., 2017). During soil washing, the hydrophilic part of Tween 80 tends to the aqueous phase and the lipophilic part has tendency to combine with contaminants or soil particles (Cheng et al., 2017). Nevertheless, soil washing only transfers the pollutant from soil to aqueous phase and a soil washing solution highly loaded with contaminants and surfactant is generated (Mousset et al., 2014b). Therefore, the treatment of soil washing effluent is an important challenge for the remediation of contaminated soil.

In previous studies, photocatalysis, ozonation, Fenton and electrochemical advanced oxidation processes (EAOPs) have been applied to the treatment of SW solutions (Alcantara et al., 2008;[START_REF] Bandala | Decontamination of soil washing wastewater using solar driven advanced oxidation processes[END_REF][START_REF] Contreras | Electro Fenton removal of clopyralid in soil washing effluents[END_REF][START_REF] Dominguez | Selective removal of chlorinated organic compounds from lindane wastes by combination of nonionic surfactant soil flushing and Fenton oxidation[END_REF][START_REF] Haapea | Integrated treatment of PAH contaminated soil by soil washing, ozonation and biological treatment[END_REF]Huguenot et al., 2015;Muñoz-Morales et al., 2017;Trellu et al., 2016aTrellu et al., , 2017)). EAOPs are one of the most efficient processes for the degradation of refractory organic contaminants in soil washing solution. To the best of our knowledge, only Huguenot et al. (2015) reported the combination of EAOPs with soil washing for the remediation of petroleum hydrocarbon contaminated soil with the content of TPH being 6.1 g kg 1 . There is no such application to the remediation of soil heavily contaminated with diesel.

Therefore, the aim of this study is to investigate the performance of the integrated soil washing and EAOPs for the remediation of synthetic soil heavily contaminated with diesel (as high as 50 g kg 1 ). Tween 80 was applied to extract diesel from synthetic soil, and the extracted diesel in soil washing effluent was further degraded by electro-oxidations (EO) and electro-Fenton (EF) using boron-doped diamond (BDD) anode and carbon felt cathode cell.

Since diesel contains fluorescent components (Cristescu et al., 2009), three-dimensional excitation-emission matrix fluorescence spectroscopy (3D-EEM) in combination with parallel factor analysis (PARAFAC) was used to analyze the soil washing solution before and after EAOP treatment.

Materials and methods

Reagents

C7-C40 saturated alkanes standard (CAS: 49452-U; 1000 mg L 1 each component in hexane) from Supelco was used. Polyoxyethylene (20) sorbitan monooleate (Tween 80; C 64 H 24 O 26 ; molar weight, 1310 g mol 1 ), 6-(p-toluidino) naphthalene-2-sulfonic acid sodium (TNS), hexane (HPLC grade), heptahydrated ferrous sulphate (Fe 2 SO 4 • 7H 2 O, analytical grade), Anhydrous sodium sulfate (Na 2 SO 4 , analytical grade), sulphuric acid (H 2 SO 4 , 1M) and sodium hydroxide (NaOH, 1M) were purchased from Sigma-Aldrich. Diesel was obtained from a road gas station (Paris, France). The C7-C40 saturated alkanes standard and diesel in hexane were analyzed by GC-MS as shown in Fig. 4.1(a). The composition of diesel was analyzed by GC-MS with a Thermo Finnigan PolarisQ analyzer. The C7-C40 Saturated Alkanes Standard (1000 mg L 1 ) was injected into a 25 m SE-54 column for qualitative analysis of diesel. The temperature of column was 35 °C for 2 min and 10 °C min 1 up to 250 °C. After that a gradient temperature programs (20 º C min 1 ) was applied between 250 and 320 °C, and the hold time was for 8 min. Helium (1.0 mL min 1 ) was used as carrier gas. Compared with the C7-C40 saturated alkanes standard, obvious peaks of diesel show that C8-C27 saturated alkanes are the primary composition of the diesel (Fig. 4.1b). Benzo[a]pyrene (BAP, HPLC grade) is used as internal standard substance to confirm a stable injection since samples were injected manually into the GC-MS system. Ultrapure water (UPW) from a Millipore Milli-Q system (Molsheim, France) (resistivity > 18 M cm) system was used in all experiments. The contaminated soil was artificially prepared by 79 % sand, 20 % clay and 1 % organic material (France), and then spiked with diesel (50 g kg 1 ). 

Soil washing experiments

Experiments were carried out in a 120-mL brown glass bottle and performed at constant temperature (approx. 20 º C). Soil contaminated with diesel and 100 mL Tween 80 dissolved in ultrapure water were added into it. A mechanical shaker (KS 130, IKA, Germany) was applied to provide constant shaking about 320 rpm. After soil washing experiments, soil was separated from soil washing solution by centrifuge for 5 min at 4000 rpm. Two mL soil washing solution was taken and filtered through glass fiber membrane for the analysis of Tween 80. Another 2 ml soil washing solution was mixed with hexane by whirlpool vibration to extract diesel from soil washing solution for the analysis of diesel. cylindrical glass electrochemical reactor at current controlled conditions. The electrochemical cell was monitored by a power supply HAMEG 7042-5 (Germany). The working electrode (cathode) was a 60 cm 2 carbon-felt (14 cm  5 cm  0.5 cm in width) from Carbone-Lorraine, France. The counter electrode (anode) was a 25 cm 2 boron-doped diamond (BDD) electrode that BDD thin-film deposited on a niobium substrate (CONDIAS, Germany), which was centered in the cell and surrounded by cathode covering the inner wall of the cell. An inert electrolyte (Na 2 SO 4 at 50 mM) was added to the medium. All solutions were vigorously stirred by a magnetic stirrer to enhance the contact with ambient air and dissolution of O 2 into the solution. The initial pH of solutions was set at the optimal value of 3.0 ± 0.1, which was adjusted by H 2 SO 4 (1 M) and NaOH (1 M) solution. FeSO 4 7H 2 O was added at catalytic amounts as source of Fe 2+ ion (catalyst) in EF process. Samples were taken at different time intervals and filtered with glass fiber membrane for analysis.

EAOP degradation experiments
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Analysis procedures

The concentration of diesel was determined by excitation matrix (EEM) fluorescence spectroscopy with emission wavelengths between 250 and 500 nm at fixed excitation wavelength of 265 nm (Uhmann and Aspray, 2012). The concentration of Tween 80 was measured by quantifying the micelles formed between Tween 80 and TNS at 316 nm for excitation and 442 nm for emission (Mousset et al., 2013). The 3D-EEM spectra were performed over excitation wavelengths between 200 and 450 nm in 10 nm intervals and emission wavelengths ranging from 250 to 500 nm in 10 nm intervals.

PARAFAC modeling

EEM-PARAFAC analysis was conducted in MATLAB 7.0 following a tutorial of [START_REF] Stedmon | Characterizing dissolved organic matter fluorescence with parallel factor analysis: a tutorial[END_REF]. The number and relative fluorimetric intensities in EEMs were evaluated. First of all, the EEM of a control (Milli-Q water) was deducted from each EEM of the investigated samples. The Rayleigh and Raman scatter was eliminated as in our previous reports [START_REF] Lin | Treatment of organosilicon wastewater by UV-based advanced oxidation processes: performance comparison and fluorescence parallel factor analysis[END_REF]Ye et al., 2016a,b). Then non-negativity constraints were used for each dimension and the PARAFAC models with 2-10 components were applied to compute the data. Random values and singular value decomposition (SVD) were employed for initialization of each model. The optimal number of components was diagnosed based on split half analysis, core consistency and analysis of residuals.

Results and discussion

Extraction of diesel from soil under different Tween 80 dosage

The dosage of Tween 80 has significant influence on the extraction of diesel, which is related to Tween 80 micelles for the solubilization of diesel. Tween 80 possesses hydrophilic and lipophilic groups, causing repulsion between the diesel and soil. When Tween 80 concentration is higher than critical micelle concentration (CMC), spheroidal or ellipsoidal micelles are formed. Fig. 4.2(a) indicates that the percentage of diesel extracted from soil was obviously enhanced when water was replaced by Tween 80 for soil washing. In the absence of Tween 80, only 36.6 % and 8.2 % of diesel were extracted after the first and second soil washing (total diesel removal: 44.8 %). The extraction efficiency was significantly increased to 61.7 % (first soil washing) and 13.5 % (second one) with the addition 5 g L 1 of Tween 80 (total diesel removal: 75.2 %). Further increase in the dosage of Tween 80 from 7.5 to 10 g L 1 resulted in 80.0 % and 87.9 % of total diesel removal. More spheroidal or ellipsoidal micelles would be generated with the increase of Tween 80 dosage, which would enhance mass transport of diesel from soil to aqueous phase (Cheng et al., 2017).

During the soil washing process, Tween 80 would be adsorbed on the clay minerals and SOM in soils simultaneously, which decreased the concentration of Tween 80 in soil washing solution [START_REF] Kang | Sorption of a nonionic surfactant Tween 80 by minerals and soils[END_REF]. When 5.0, 7.5 and 10 g L 1 surfactant were used, the concentrations of Tween 80 decreased to 3.3, 3.9 and 7.2 g L 1 , respectively, after the first soil washing (Fig. 4.2b). After the second one, the corresponding concentrations of Tween 80 dropped to 4.7, 6.7 and 9.3 g L 1 , respectively (Fig. 4.2b). The effluent after the first and second soil washing was mixed, which was labelled as SW1, SW2 and SW3 when 5, 7.5 and 10 g L 1 Tween 80 were used in the soil washing process. SW1, SW2 and SW3 which respectively contained 1.88, 2.00 and 2.20 g L 1 of diesel and 3.97, 6.30 and 8.25 g L 1 of Tween 80 were used for further investigation. 

Degradation of diesel in soil washing solution by EO and EF processes

The obtained soil washing solutions (SW1, SW2, SW3) were further treated by EO and EF processes. In the EO process, boron-doped diamond (BDD) anode which has high oxygen overvoltage (2.3 V/SHE) (Mousset et al., 2014b;Trellu et al., 2016b) 5.0 7.5 10.0 [START_REF] Ganzenko | Fast and complete removal of the 5-fluorouracil drug from water by electro-Fenton oxidation[END_REF]Olvera-Vargas et al., 2019b;[START_REF] Randazzo | Comparative electrochemical treatments of two chlorinated aliphatic hydrocarbons: time course of the main reaction by-products[END_REF]Trellu et al., 2016a). The use of carbon felt cathode leads inevitably to the production of H 2 O 2 and therefore the process is often called EO-H 2 O 2 . However, due to the limited oxidation power of H 2 O 2 , oxidation/mineralization of organics is mainly carried out by the powerful BDD( • OH) produced in EO process. Therefore, we use EO instead of EO-H 2 O 2 in this study to label the process.

As can be seen in Fig. 4 In EF process, the carbon felt cathode resulted in the effective generation of H 2 O 2 via Eq.

(4.3) [START_REF] Oturan | Electrocatalytic destruction of the antibiotic tetracycline in aqueous medium by electrochemical advanced oxidation processes: Effect of electrode materials[END_REF]. When Fe 2+ was further applied to the electrolytic reactor, the highly oxidizing • OH (E 0 = 2.7 V/SHE) was generated through Eq. (4.4) (Huguenot et al., 2015;Lin et al., 2017;Moreira et al., 2017;[START_REF] Sopaj | Influence of the anode materials on the electrochemical oxidation efficiency: application to oxidative degradation of the pharmaceutical amoxicillin[END_REF]Villa et al., 2010;Xu et al., 2016b). Compared with traditional Fenton process, the regeneration of Fe 2+ (Eq. 4.5) on the surface of carbon felt cathode avoiding the addition of high amount of Fe 2+ and promotes the degradation of pollutants during the electro-Fenton process (Barhoumi et al., 2016;Mousset et al., 2014b;Olvera-Vargas et al., 2019a;Wu et al., 2012). Fig. In soil washing solution, diesel is trapped in the Tween 80 micelles, and consequently quite a lot of • OH radicals are consumed in breaking the micelles prior to attacking diesel (Bai et al., 2019;Mousset et al., 2014a). As shown in Fig. 4.3, Tween 80 in the soil washing solutions was continuously removed with the reaction time in both EO and EF processes.

After 360 min of EO treatment, the removal efficiencies of Tween 80 in SW1, SW2 and SW3 reached to 54.8 %, 52.8 % and 47.9 %, respectively. The corresponding removal efficiencies by EF were 60.5 %, 56.1 % and 51.9 %. Some other methods have been applied to recover surfactant from soil washing effluent. For example, Ahn et al. (2007) showed that activated carbon selective adsorption was an effective treatment method to recover surfactants after soil washing process. Bioremediation is also an environmentally friendly and economical strategy to mineralize the contaminant and recycle surfactant [START_REF] Gharibzadeh | Reuse of polycyclic aromatic hydrocarbons (PAHs) contaminated soil washing effluent by bioaugmentation/biostimulation process[END_REF]. Trellu et al. (2017) employed anodic oxidation to recover Tween 80 from soil washing effluent, and the extraction efficiency of recovered Tween 80 was similar to that of fresh one. The reuse of the recovered surfactant by the above processes is a suitable disposal method, which reduces the cost of soil washing. 

PARAFAC analysis of EEM spectra

To analyze the transformation of fluorescent components in diesel during EO and EF processes, 3D-EEM coupling with PARAFAC was conducted. The samples of soil washing solution before and after treatment were firstly analyzed by 3D-EEM as illustrated in Fig. 4.4.

It can be seen some peaks overlapped evidently in 3D-EEM images. In split half analysis, the data is randomly divided into first and second halves and an independent model is fitted over each half [START_REF] Baghoth | Tracking natural organic matter (NOM) in a drinking water treatment plant using fluorescence excitation-emission matrices and PARAFAC[END_REF][START_REF] Stedmon | Characterizing dissolved organic matter fluorescence with parallel factor analysis: a tutorial[END_REF].

The appropriate number of components was determined by comparing the excitation and emission spectra of the components between first and second halves data. When three components were compared between the two halves data in terms of the emission and excitation (Fig. 4.6), the spectra were similar to each other and had the almost same peak positions, suggesting that three components are valid to explain the EEM results and fit to real constituents [START_REF] Lin | Treatment of organosilicon wastewater by UV-based advanced oxidation processes: performance comparison and fluorescence parallel factor analysis[END_REF][START_REF] Sanchez | Assessment of dissolved organic matter fluorescence PARAFAC components before and after coagulation-filtration in a full scale water treatment plant[END_REF]. Therefore, the results of core consistency diagnostic and residual analysis as well as split half analysis indicated that three components were appropriate to fit the PARAFAC model. with the signal of fluorene-like substances at about 304 nm [START_REF] Lá Zaro | Determination of five polycyclic aromatic hydrocarbons in aqueous micellar media by fluorescence at room temperature[END_REF][START_REF] Smith | The red-shift cascade: Investigations into the concentration-dependent wavelength shifts in three-dimensional fluorescence spectra of petroleum samples[END_REF]. C2 was referred to be naphthalene-like or methylnaphthalene-like substances with about 330 nm emission spectrum peak [START_REF] Alostaz | Soil type effects on petroleum contamination characterization using ultraviolet induced fluorescence excitation-emission matrices (EEMs) and parallel factor analysis (PARAFAC)[END_REF]. C3 was indicated to be BTEX (benzene, toluene, ethylbenzene, xylene) since they have peak of emission spectrum at about 290 nm [START_REF] Alostaz | Soil type effects on petroleum contamination characterization using ultraviolet induced fluorescence excitation-emission matrices (EEMs) and parallel factor analysis (PARAFAC)[END_REF]. The maximum fluorimetric intensities of three PARAFAC components in the nine samples are demonstrated in Fig. 4.8. After EO treatment, the removal efficiencies of C1 in SW1, SW2 and SW3 were 81.1 %, 81.6 % and 75.8 %, respectively. The corresponding removal efficiencies of C2 were 55.8 %, 51.2 % and 30.5 %, respectively.

However, the fluorescent intensity of C3 in all three soil washing solutions increased after EO process. The similar results were obtained in EF process. Specifically, the removal efficiencies of C1 in SW1, SW2 and SW3 were 87.9 %, 80.2 % and 76.8 %, respectively. The corresponding removal efficiencies of C2 were 69.2 %, 48.3 % and 33.5 %, respectively. The fluorescent intensity of C3 in all three soil washing solutions also increased after EF process.

The increase in the content of C3 might due to the fact that some components in the soil washing solutions were degraded into C3 by EO/EF process and C3 is difficult to be further degraded into the components without fluorimetric characteristics. 

Conclusion

The combination of soil washing and EO or EF process could achieve the efficient remediation of synthetic soil heavily contaminated with diesel. During soil washing process, diesel extraction efficiency was improved with increase of Tween 80 dosage. After two times of soil washing with 5.0, 7.5 and 10.0 g L 1 Tween 80, 75.2 %, 80.0 % and 87.9 % of diesel extraction efficiencies were achieved, respectively. The obtained soil washing solutions were further treated by EO or EF. The corresponding diesel degradation efficiencies were 79.7 %, 83.0 % and 72.7 % in EO system; 87.2 %, 77.8 % and 77.7 % in EF system. Three fluorescent components were determined by PARAFAC model. After EO or EF process, although the fluorescent intensity of component 3 increased (C3, Ex/Em 210/290 nm), the component 1 (C1, Ex/Em 270/310 nm) and component 2 (C2, Ex/Em 230/330 nm) were significantly removed. 
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Introduction

Soil contamination can directly lead to the contamination of water and air, posing thus potential hazard to ecosystems, human and environmental receptors (Befkadu and Chen, 2018). Soil contaminated by hydrocarbons has been a world concern for decades. Among various hydrocarbons, total petroleum hydrocarbons (TPHs) include gasoline, kerosene, diesel, etc. (Huguenot et al., 2015). The TPHs can accumulate along the food chain because of their hydrophobic properties (Huguenot et al., 2015). Due to damage caused by TPHs in soil, there is an urgent need to find efficient methods to remove them from contaminated soil.

Surfactant-enhanced soil washing has been proved to be an efficient method to extract TPHs (Ali et al., 2020;Befkadu and Quanyuan, 2018;Tsai et al., 2009). Soil washing process contains two main steps: i) the transfer of contaminants from soil to aqueous phase, and ii) the separation of soil washing solution and soil using filtration or centrifugation (Ali et al., 2020). During soil washing, the extraction of TPHs can be facilitated by surfactants that decrease the interaction intensity between TPH and water (Akpoveta et al., 2012). The surfactant, Tween 80, which is belonging to nonionic surfactants is composed of the lipophilic tail and hydrophobic head (Cheng et al., 2017;Cheng et al., 2018;Huguenot et al., 2015). It has been applied in the remediation of contaminated soil since it has more economical benefit, low toxicity to microorganisms and low adsorption onto the soil (Bai et al., 2019;Cheng et al., 2017). Although, Tween 80-enhanced soil washing could result in high removal efficiency of TPHs, effective oxidation technologies are needed for the treatment of soil washing solution to avoid a secondary pollution.

Electrochemical advanced oxidation processes (EAOPs) have been applied into the degradation of the refractory contaminants since highly active oxidizing species are generated to attack pollutants (Huguenot et al., 2015;Siré s et al., 2014;Wu et al., 2012). Sulfate radical-based EAOPs produce sulfate radicals (SO 4

•-) which has higher redox potential (E 0 = 2.5-3.1 V/SHE) and longer half-life (30-40 us) compared with hydroxyl radicals ( • OH, E 0 = 1.9-2.7 V/SHE, 10 -3 us) [START_REF] Cai | Electrochemical enhanced heterogeneous activation of peroxydisulfate by Fe-Co/SBA-15 catalyst for the degradation of Orange II in water[END_REF]Lin et al., 2014;Xu et al., 2016). The peroxydisulfate (PDS) possessing high stability and aqueous solubility appears as a good source of SO 4 •-. It can be activated easily by ferrous iron via Eq. (5.1) [START_REF] Soltani | Ultrasonically induced ZnO-biosilica nanocomposite for degradation of a textile dye in aqueous phase[END_REF][START_REF] Yang | Activated carbon catalyzed persulfate oxidation of Azo dye acid orange 7 at ambient temperature[END_REF][START_REF] Zhao | Metal-free carbon materials-catalyzed sulfate radical-based advanced oxidation processes: A review on heterogeneous catalysts and applications[END_REF]. Thanks to electrochemistry (EC), Fe 2+ can be regenerated catalytically through Eq. 5.2 (Mhemdi et al., 2013;Panizza et al., 2014). In previous studies, electro-Fenton has been applied to remedy soil contaminated by petroleum hydrocarbons (Huguenot et al., 2015). However, there is no study which investigates the cooperative effect of soil washing process and sulfate radicals-based EAOPs on the remediation of diesel contaminated soil.

Fe 2+ + S 2 O 8 2-→ Fe 3+ + SO 4 •-+ SO 4 2- (5.1) Fe 3+ + e -→ Fe 2+ (5.2)
Therefore, this study aims at investigating the application of soil washing with Tween 80 and EC/PDS/Fe 2+ treatment of soil washing solution in terms of the remediation of diesel contaminated soil. In the EC/PDS/Fe 2+ system, the influences of several parameters including anode materials, initial solution pH, PDS concentration, Fe 2+ dosage and current intensity were investigated. Furthermore, excitation emission matrix (EEM) fluorescence spectroscopy was employed to investigate the degradation of diesel in EC and EC/PDS/Fe 2+ . Electron paramagnetic resonance (EPR) was carried out to detect radicals in EC/PDS/Fe 2+ process.

Materials and methods

Reagents

Polyoxyethylene (20) sorbitan monooleate (Tween 80, C 64 H 24 O 26 ) was obtained from Sigma-Aldrich. Diesel was purchased from a road gas station (Hubei, China). The soil contains 80 % sand and 20 % clay and then the soil was mixed with diesel (20 g kg 1 ). Sodium peroxydisulfate (Na 2 S 2 O 8 ) and ferrous sulfate heptahydrate (FeSO 4 7H 2 O), ammonium thiocyanate (NH 4 SCN), cobalt nitrate (Co(NO 3 ) 2 • 6H 2 O), sodium hydroxide (NaOH), sulfuric acid (H 2 SO 4 ) and 5,5-dimethyl-1-pyrrolidine N-oxide (DMPO) were purchased from the Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The other chemicals were of analytical grade and pure water was used to prepare all aqueous solutions.

Soil washing experiments

The experiments were carried out in a 150 mL conical flask at 20 ºC . Diesel contaminated soil (10 g) and Tween 80 (2.5 g L 1 in 100 mL) were added into the flask. To maintain the homogenization of the mixture, a mechanical shaker (THZ-100, Shanghai) was used with 180 rpm shaking speed. After soil washing, soil and washing solution were separated by centrifuge with 5000 rpm. After filtration through nylon fiber, 0.3 mL soil washing solution was used for analyzing Tween 80. Two milliliter of the sample was mixed with hexane using whirlpool vibration to extract of diesel for the measure of diesel.

Experimental procedures

Batch experiments were conducted in a 100 mL undivided glass beaker which was put in a water bath to maintain 20 ºC . A 3.0 cm × 6.0 cm graphite plate was used as cathode and various alloy materials (TaO 2 -based, RuO 2 -based and Pt anodes) with the same size were used as anodes, respectively. The cathode and anode were arranged parallel at a distance of 2.0 cm. The constant current was provided by a direct current electrochemical cell (WYK-305, China). The 100 mL soil washing solution containing electrolyte (Na 2 SO 4 , 50 mM), were put into the reactor. A magnetic stirrer was applied to keep the mixing of all solutions. H 2 SO 4 (0.5 M) and NaOH (0.5 M) solution was use for adjusting the initial pH of all solutions. When ferrous iron (Fe 2+ , 0.1 mM) and PDS (10 mM) were added to the reactor, the electrochemical process was initiated. At certain time intervals, samples were obtained and filtered with nylon fiber to analyze concentration of diesel and Tween 80.

Analytical procedures

The dosage of diesel was carried out by EEM fluorescence spectrum with emission from 250 to 500 nm at fixed 265 nm excitation wavelength (Uhmann and Aspray, 2012). The 3D-EEM spectra were obtained with excitation wavelength in 200-450 nm and emission wavelengths between 250-500 nm in 10 nm intervals. The concentration of Tween 80 was determined by UV-9100 spectrophotometer using the cobalt ammonium thiocyanate color-developing method.

Results and discussion

Extraction of diesel from contaminated soil with Tween 80

The influence of Tween 80 on the extraction of diesel from soil was investigated and results were shown in Fig. 5.1. After the first and second soil washing, only 17.4 % and 2.7 % of diesel (total extraction of diesel removal, 20.1 %) were obtained with water. In the presence of 2.5 g L 1 Tween 80, the diesel extraction efficiency was obviously enhanced to 51.7 % after the first soil washing and 21.1 % after the second one, resulting in 72.8 % diesel extraction.

Micelles can be formed when concentration of Tween is higher than its critical micellar concentration (CMC, 13.1 mg L 1 ) (Alcá ntara et al., 2008;[START_REF] Zhang | Effects of Tween 80 on the removal, sorption and biodegradation of pyrene by Klebsiella oxytoca PYR-1[END_REF]. The addition of Tween 80 promoted the formation of spheroidal or ellipsoidal micelles, enhancing the extraction of diesel form contaminated soil to soil washing solution (Cheng et al., 2017).

The loss of surfactant resulted in less surfactant which could be available for the extraction of hydrophobic contaminants (Rosas et al., 2013). Therefore, the residual Tween 80 was presented in the insert of the Fig. 5.1. The results indicated that when 2.5 g L 1 Tween 80 was used, the Tween 80 concentrations reduced by 1.76 and 2.32 g L 1 after the first and second soil washing, respectively. The decrease of Tween 80 mainly resulted from the adsorption of clay minerals in soil (Li et al., 2016). The mixture solution of the first and second soil washing solution containing 0.75 g L 1 diesel and 2.04 g L 1 Tween 80 were then degraded by EAOPs as explained in the next sub-section. 

The removal of diesel under various processes

To study the removal efficiency of diesel, soil washing solution was treated by PDS alone, PDS/Fe 2+ , EC alone, EC/PDS and EC/PDS/Fe 2+ processes. As presented in Fig. 5.2(a), negligible decay of diesel was obtained with PDS alone since it is stable at 20 ºC and has limited oxidation power (E 0 = 2.01) compared to other strong oxidants (Lin et al., 2014).

During the PDS process, the elimination of diesel firstly decreased and then increased, which may result from the adsorption and desorption of diesel on the surface of the reactor. In the PDS/Fe 2+ process, 10.9 % diesel decay was obtained due to formation of SO 4 •-Eq. (5.1) from the reaction between PDS and Fe 2+ (Wu et al., 2012). The 57.9 % diesel was eliminated in electro-oxidation process, which may result from the oxidation of • OH electro-generated on Water the surface of anode from oxidation of water [START_REF] Ding | Electrochemical activation of persulfate on BDD and DSA anodes: Electrolyte influence, kinetics and mechanisms in the degradation of bisphenol A[END_REF]. The presence of PDS in electrolysis (EC/PDS) slightly promoted the removal efficiency of diesel (65.0 %). It is due to the fact that SO 4 •-could be formed through the transformation of electron as indicated in Eq.

(5.3) [START_REF] Zhao | Enhanced oxidation of 4-chlorophenol using sulfate radicals generated from zero-valent iron and peroxydisulfate at ambient temperature[END_REF]. When Fe 2+ was combined with EC/PDS process (EC/PDS/Fe 2+ ),

PDS could be further activated by regenerated Fe 2+ (Eqs. 5.1 and 5.2). Furthermore, hydrogen peroxide (H 2 O 2 ) can be generated on the surface of graphite cathode via Eq. (5.4) (Voglar and Lestan, 2012). H 2 O 2 reacts with Fe 2+ , resulting in the generation of • OH (Eq. 5.5) (Siré s et al., 2014;Mousset et al., 2013). The highest diesel decay (88.6 %) was achieved after 120 min electrolysis. Besides, the removal efficiency of diesel in EC/PDS/Fe 2+ process was higher than the total elimination of diesel obtained by EC (57.9 %) and PDS/Fe 2+ (10.9 %) processes. It is thus suggested a cooperative effect of PDS/Fe 2+ and EC/PDS through the EC/PDS/Fe 2+ process.

S 2 O 8 2-+ e -→ SO 4 •-+ SO 4 2- (5.3) O 2 + 2H + + 2e -→ H 2 O 2 (5.4) H 2 O 2 + Fe 2+ → Fe 3+ + • OH + HO - (5.5)
During elimination of diesel by EC/PDS/Fe 2+ process, Tween 80 would be decayed since reactive oxidant species can attack it to break micelles before reacting with diesel in micelles (Mousset et al., 2014). As presented in Fig. 5.2(b), 6.0 % and 10.0 % of Tween 80 were decayed in PDS alone and PDS/Fe 2+ processes, respectively. The decay of Tween 80 by EC alone and EC/PDS processes were 13.0 % and 13.8 %, respectively. In EC/PDS/Fe 2+ , 32.6 % of Tween 80 was decayed with the degradation of diesel. The trend of Tween 80 decay was almost same with that of diesel. 

The effect of experimental parameters

The anodes possessing different O 2 evolution overpotential may have influence on the generation of chemisorbed M( • OH) on anode surface (Barhoumi et al., 2016;[START_REF] Ridruejo | Electrochemical Fenton-based treatment of tetracaine in synthetic and urban wastewater using active and non-active anodes[END_REF]. Fig. 5.3(a) presents that diesel was removed by 55.9 % 72.2 % and 88.6 % with TaO 2 -based, RuO 2 -based and Pt anodes, respectively. Meanwhile, the corresponding decays of conditions. The diesel removal efficiencies were 88.6 %, 77.9 % 70.7 % and 69.4 % with pH 0 3, 5, 7 and 9, respectively. The corresponding decays of Tween 80 were 32.6 %, 31.9 %, 24.1 % and 29.1 %, respectively. In EC/PDS/Fe 2+ process, the acid condition was not benefit for the existence of HO -, since it is oxidized to O 2 via Eq. (5.6) (Lin et al., 2013). lower pH facilitated the production of • OH in solution via Eq. (5.5). In addition, higher pH promoted the conversion of SO 4 •-to • OH (Eqs. 5.7 and 5.8) [START_REF] Hou | Ultrasound enhanced heterogeneous activation of peroxydisulfate by magnetite catalyst for the degradation of tetracycline in water[END_REF]. PDS is used as the source of sulfate radicals and its influence on the diesel removal and Twee 80 decay was presented in Fig. 5.5. With the increase of PDS concentration from 1 mM to 10 mM, the diesel removal efficiencies increased from 35.8 % to 88.6 %. When PDS was further increased to 20 mM, the diesel removal efficiency declined to 66.6 %. The further increase of PDS dosage had negative effect on the elimination of diesel. High concentration of PDS lead to the formation of high amount of SO 4

4HO -→ O 2 + 2H 2 O + 4e - (5.6) SO 4 •-+ HO -→ SO 4 2-+ • OH (5.
•-generated which in the radical-radical reaction and the scavenger effect of S 2 O 8 2-(Eqs. 5.9 and 5.10) [START_REF] Hou | Ultrasound enhanced heterogeneous activation of peroxydisulfate by magnetite catalyst for the degradation of tetracycline in water[END_REF][START_REF] Ji | New insights into atrazine degradation by cobalt catalyzed peroxymonosulfate oxidation: kinetics, reaction products and transformation mechanisms[END_REF][START_REF] Liang | Influence of pH on persulfate oxidation of TCE at ambient temperatures[END_REF]. Therefore, the effect PDS concentration on elimination of Tween 80 is shown in Fig. 5.5(b). The Tween 80 removal efficiencies were 12.7, 22.0 and 32.6 % with 1, 5 and 10 mM PDS, respectively. With the further increase of PDS dosage, negligible increase (7.3 %) was obtained due to the wasting (Eq. 5.9) and scavenger effect of excessive PDS (Eq. In the EC/PDS/Fe 2+ process, Fe 2+ was applied as the catalyst to activate PDS via Eq. (5.1).

As presented in Fig. 5.6, the influence of Fe 2+ was studied at 0.25 mM, 0.5 mM, 1.0 mM and 2.0 mM, respectively. With the addition of 0.25 mM Fe 2+ , 74.9 % of diesel removal efficiency was obtained. When higher concentration of Fe 2+ was applied, 81.7 % and 88.6 % diesel elimination were achieved with 0.5 mM and 1.0 mM Fe 2+ , respectively. This is due to that more active species were formed via the activation of PDS and H 2 O 2 by Fe 2+ . While Fe 2+ increased from 1.0 mM to 2.0 mM, diesel removal declined to 78.0 %. More SO 4 •-were generated with higher catalyst, resulting in the consumption of the active species (Eq. 5.9) [START_REF] Hou | Ultrasound enhanced heterogeneous activation of peroxydisulfate by magnetite catalyst for the degradation of tetracycline in water[END_REF].

In addition, the existence of Tween 80 could result in the consumption of part of reactive radicals. As predicted in Fig. 5.6(b), Tween 80 was decayed by 17.5 %, 25.7 %, 32.6 % and 42.0 % when Fe 2+ were 0.25, 0.5, 1.0 and 2.0 mM, respectively. The decay of Tween 80 increased with the increase of Fe 2+ dosage, resulting in consumption of active species. Besides, the increase of current was benefit for the generation of reactive radicals on the surface of the anode [START_REF] Ridruejo | Electrochemical Fenton-based treatment of tetracaine in synthetic and urban wastewater using active and non-active anodes[END_REF]. However, when the intensity of current sequentially increased, the side reactions could be induced such as H 2 evolution (Eq. 5.11), inhibiting the regeneration of Fe 2+ via Eq. (5.2) [START_REF] Zhang | Degradation of 4-nitrophenol in aqueous medium by electro-Fenton method[END_REF][START_REF] Zhang | Removal of COD from landfill leachate by electro-Fenton method[END_REF].

Furthermore, some active radicals were consumed by Tween 80 in soil washing solution. In EC/PDS/Fe 2+ process, 29.1 %, 32.6 % and 38.1 % of Tween 80 were decayed after 120 min at 0.25 A, 0.50 A and 0.75 A, respectively (Fig. 5.7(b)). With 0.75 A current, the higher Tween 80 decay might result in less available reactive species or electrons for diesel removal. 

Analysis of diesel using EEM fluorescence

The fluorimetric characteristics of diesel are related with its source, resulting in different contour maps (Cristescu et al., 2009). The fluorimetric excitation-emission matrices of the diesel used in this study was shown in 

Mechanistic analysis

EPR investigations with DMPO (as a trapping agent) were applied to identify reactive radicals under various processes. As presented in Fig. 5.9, no obvious signal existed in PDS alone, suggesting its stability at ambient temperature. Besides, no signal was observed in EC process, suggesting that there was no radical species generated in this process. Therefore, the removal efficiency of diesel in EC process resulted from the direct oxidation of electrochemical process. According to the EPR spectra, were presented in PDS/Fe 2+ , EC/PDS and EC/PDS/Fe 2+ processes, respectively. It indicated that hydroxyl radicals are formed in these processes [START_REF] Yan | Hydronium jarosite activation of peroxymonosulfate for the oxidation of organic contaminant in an electrochemical reactor driven by microbial fuel cell[END_REF], resulting in the removal of diesel and decay of Tween 80. The DMPO-SO 4 signals (aN = 13.2 G, aH = 9.6 G, aH = 1.48 G and aH = 0.78 G) were not observed in EPR spectra, which may be related to the transformation of DMPO-SO 4 to DMPO-OH [START_REF] Zou | Rapid Acceleration of Ferrous Iron/Peroxymonosulfate Oxidation of Organic Pollutants by Promoting Fe(III)/Fe(II) Cycle with Hydroxylamine[END_REF]. 

Conclusions

This investigation indicated that soil washing enhanced by Tween 80 was a potential Electrochemical advanced oxidation processes (EAOPs) has been applied to remedy PAHs-contaminated soil (Bai et al., 2019;Brillas et al., 2009;Huguenot et al., 2015;Mousset et al., 2016;[START_REF] Pazos | Decontamination of soils containing PAHs by electroremediation: a review[END_REF]Siré s et al., 2014). In EAOPs, the degradation of contaminants could result from the anodic oxidation through • OH formed on the surface of the anode (M) via Eq. (6.1) (Oturan et al., 2011;Ye et al., 2016). Due to the nature of the cathode used in this study, H 2 O 2 could be generated through Eq. ( 6.2) when oxygen dissolves in treated solution.

H 2 O 2 can be transferred to the anode and oxidized there, resulting in the generation of hydroperoxyl radical (HO 2 • ) via Eq. ( 6.3) (Wu et al., 2012). The reaction between H 2 O 2 and HO 2

• leads to the formation of • OH (Eq. 6.4) [START_REF] Aravindhan | Wet oxidation of acid brown dye by hydrogen peroxide using heterogeneous catalyst Mn-salen-Y zeolite: A potential catalyst[END_REF]Wu et al., 2012). Besides, indirect oxidation also can take place in such electrochemical system from oxidation of chloride (Cl -) ion at the anode leading to the formation active chlorine species like Cl 2 , HOCl and OCl -(Eq. 6.5-6.7) (Wang et al., 2020;[START_REF] Shih | Mineralization of organic acids by the photo-electrochemical process in the presence of chloride ions[END_REF]. According to the results of Wang et al., chlorine radicals (Cl • ) was also existed in the EO/Cl -system (Wang et al., 2020). To the best of our knowledge, few studies on electrochemical (EO) oxidation coupled to chlorine ion (EO/Cl -) was investigated to the treatment of soil washing solution.

M(H 2 O) → M( 

Experimental procedures

The experiments were performed in a 100 mL undivided glass beaker with 80 mL soil washing solution containing 5 g L -1 Tween 80 and 5 mg L -1 PHE. The electrochemical process was carried out at 20 ºC using water bath and the homogeneity was kept by a mechanical stirrer.

Then 0.05 mM Na 2 SO 4 was added to the solution to maintain the ionic strength of the solution and ensure the conductivity. NaCl with different concentration was used as the source of chloride ion (Cl -). Unless specific conditions, the pH of initial soil washing solution was adjusted using NaOH (0.5 M) and/or H 2 SO 4 (0.5 M) solutions prior experiments. The size of the anode (DSA, Ti/RuO 2 -IrO 2 ) and the graphite plate cathode is same: 3.0 cm × 6.0 cm. The distance between the anode and cathode was kept at 2.0 cm. A direct current power supply was used to supply the current to the electrochemical reactor. Samples were taken at specific time intervals and then filtered with nylon fiber to quantify PHE and Tween 80.

Under specific conditions, electrochemical experiments were conducted in a divided electrolytic cell containing the same electrodes as depicted above. The anodic and cathodic chambers were separated by a cation exchange membrane (Dupont, China). The distance between the anode and cathode was the same with that of undivided reactor. The volume of treated soil washing solution containing 0.05 M Na 2 SO 4 was 70 mL. NaCl was added into the different chambers according to the experimental conditions. At time intervals, samples were obtained from the both chambers for analyzing PHE and Tween 80 concentration.

Analytical methods

The quantification of PHE was conducted by a HPLC (Shimadzu LC-20AB series) coupled with a diode array detector. The HPLC is equipped with a Shimadzu VP-ODS C18 column (150 × 4.6 mm, 5 μm). A mixture of purified water (20 %) and acetonitrile (80 %, HPLC-grade) was applied as the mobile phase at flow rate of 1.0 mL min -1 . The volume of injection was 20 μL and the wavelength 254 nm was selected for measuring PHE. The concentration of Tween 80 was measured by UV-9100 spectrophotometer (Rayleigh Co., China) based on the cobalt ammonium thiocyanate color-developing method. Chlorine was analyzed using N,N-diethyl-p-phenylenediamine (DPD) method. The measure was carried out by UV-9100 spectrophotometer based on the absorbance of the complex compound formed by the reaction between chlorine and DPD at  = 510 nm. After reaction between chlorine and DPD, the complex formed was measured by UV-9100 spectrophotometer (Fig. 6.1a). The characteristic peak of the complex is located at 510 nm and the calibration of chlorine concentration was obtained as presented in Fig. 6.1(b). EO alone. This degradation was done via electro-oxidation (or anodic oxidation) of PHE by chemisorbed hydroxyl radicals generated on the surface of the DSA anode according to the Eq. 6.1 (Lin et al., 2014;Özcan et al., 2013). When EO was coupled with NaCl, the elimination of PHE was obviously increased to 95.9 % in the same electrolysis time. The degradation of PHE was also fitted well to the pseudo-first-order kinetic model, and the rate constant (k) for EO and EO/Cl -processes were 0.004 min 1 and 0.031 min 1 , respectively. In the latter process, chemisorbed • OH and active chlorine were generated (Eqs. 6.1-6.7), therefore the anodic oxidation via • OH and mediated oxidation with active chlorine species resulted in the elimination of PHE (Wang et al., 2020;Ye et al., 2016).

With the analysis of PHE, the concentration of Tween 80 was also measured as presented in Fig. 6.2(b). In soil washing solution, PHE was trapped into hydrophobic core of micelles formed when the Tween 80 concentration is higher than its CMC (Sales et al., 2011). Before eliminating PHE in core of micelles, • OH and/or active chlorine species have to break the micelles by degrading Tween 80 (Mousset et al., 2014). Fig. 6.2(b) shows that 8.1 % of Tween 80 was decayed after 90 min in EO process. When EO was carried out in presence of chloride ions, 14.2 % of Tween 80 decay was obtained, suggesting that it is possible to recycle surfactant. = 50 mM, I = 0.5 A, V = 80 mL, T = 25 ± 2 °C, pH 0 6.14, DSA anode, graphite cathode.

Effect of experimental parameters on phenanthrene degradation

To study the influence of current on the treatment of soil washing solution, experiments

were carried out at different current (0.1, 0.3 and 0.5 A) in EO/Cl -process. As indicated in Fig. 6.3(a), 15.2 %, 63.0 % and 95.9 % PHE removal efficiencies were obtained after 90 min with The influence of NaCl concentration on the oxidation of PHE was the investigated in the range of 10 mM-50 mM as shown in Fig. 6.4. PHE was quantified and the k was also investigated. When dosage of NaCl varied from 10 mM to 30 mM, the PHE removal efficiencies rose from 63.1 % to 77.9 %. The k for PHE degradation increased from 0.01 min 1 to 0.02 min 1 after 90 min. When increasing NaCl concentration to 50 mM, the degradation efficiency and reaction rate constant of PHE increased to 95.9 % and 0.03 min 1 . The 8.8, 11.5 and 14.2 % Tween 80 decay were resulted from 10, 30 and 50 mM NaCl, respectively. The higher elimination of PHE and decay of Tween 80 could be resulted from the generation of more active chlorine species resulted from the increase of NaCl (Wang et al., 2020). To investigate the influence of pH, experiments were conducted in different initial pH (pH 0 ) and in various pHs maintained by the use of phosphate buffer. Fig. 6.5(a) indicates that the degradation of PHE is enhanced with lower pH 0 . More PHE elimination was achieved at pH 0 3 (100 %) compared with removal efficiencies obtained at pH 0 6 (95.9 %) and at pH 0 9 (80.8 %) after 90 min. The rate constants were 0.15, 0.03 and 0.02 min 1 at 3, 6 and 9 of pH 0 , respectively. This is due to the fact that the formation of chlorine via Eqs. (6.6) and (6.7) was enhanced under acid conditions (Qin et al., 2014). With lower pH, the yield of • OH and HOCl became higher compared higher pH values (Huang et al., 2017;Wu et al., 2012). Along with degradation of PHE, the decay of Tween 80 decreased from 34.2 % to 14.2 % when pH 0 increased from 3 to 6. Under alkaline condition, 11.8 % of Tween 80 was decayed after 90 min.

When experiments were conducted under phosphate buffer conditions, the degradation efficiency of PHE has same tendency with that of under different initial pH 0 . Fig. 6.5(a) 6 and 9 of pH, respectively. The corresponding PHE elimination rate constants were 0.07, 0.02 and 0.09 min 1 , respectively. The Tween 80 decay decreased from 23.1 % to 19.2 % as pH increased from 3 to 6. When pH increased to 9, Tween 80 decay declined to 4.1 %. The results of investigations conducted under phosphate buffer further indicates that acid condition was more benefit for PHE degradation compared with neutral and alkaline conditions. 

Identification of mechanism

In EO/Cl  process, active chlorine species (Cl 2 , HOCl, OCl -) were generated via Eqs. (6.5 -6.7) resulting in degradation of 95.9 % of PHE. Therefore, the evolution of the active chlorine species concentration is shown in Fig. 6.6. At certain time intervals, 1 mL sample obtained was diluted 100 times and then mixed with 1 mL DPD and 15 mL phosphoric acid buffer solution (pH 6.5). After 1 min, the absorbance of the mixture was measured by UV-9100 at 510 nm to detect the concentration of active chlorine. During the experiment, the active chlorine obviously increased to 54.3 mg L 1 after 45 min, and then slowly increased to 73.9 mg L 1 at 90 min. It is due to the fact that part of active chlorine was consumed by contaminants. Two groups of EO/Cl -experiments were carried out in a divided electrochemical cell to further investigate the effect of electrodes on the treatment of soil washing solution. When 50 mM NaCl was added into the anodic chamber, approximately 100 % PHE degradation efficiencies was obtained. Compared with the degradation of PHE in anodic chamber, a negligible amount of PHE was degraded in cathodic chamber (2.1 %). The decays of Tween 80 in anodic and cathodic cells were 9.0 % and 2.0 %, respectively. The obvious PHE degradation and Tween 80 decay in anodic chamber could resulted from the oxidation of chemisorbed M( • OH) generated on the surface of DSA anode as well as the effect of active chlorine species formed via Eqs. (6.5-6.7). On the contrary, with the addition of 50 mM NaCl in cathodic chamber (without NaCl in anodic chamber), only 1.8 % of PHE was eliminated and 2.1 % of Tween 80 was decayed. At the same time, 13.1 % PHE removal and 2.7 % Tween 80 decay were achieved in the anodic chamber. In anodic chamber, the degradation of PHE was mainly resulted from the oxidation via hydroxyl radical formed at the anode surface (without contribution of active chlorine species). Scavenging experiments were the conducted to identify the existence of reactive radicals as shown in Fig. 6.8. Benzoic acid (BA) was used as the scavenger of Cl • (k = 1.8 × 10 10 M 1 s 1 ), Cl 2 •  k = 2.0 × 10 6 M 1 s 1 ) and • OH (k = 5.9 × 10 9 M 1 s 1 ) (Buxton et al., 1988;Hasegawa and Neta, 1978). Compared with control experiment (EO/Cl -), with addition of 10 mg L 1 BA, the removal efficiency of PHE decreased by 12.3 % and the k for degradation of PHE declined from 0.03 min 1 to 0.02 min 1 . At the same time, the Tween 80 decay was 14.2 % in control group and 13.1 % in the scavenging experiment. These results suggested that there are reactive radicals generated in EO/Cl -process. Different natural and industrial processes resulted in the pollution of polycyclic aromatic hydrocarbons (PAHs) in the environment (Alcá ntara et al., 2008). Among various pollution type caused by PAHs, soil contaminated by them has been a world environmental concern due to their high toxicity and persistence characteristics in soil (Ahn et al., 2008;[START_REF] Tao | Phenanthrene degradation using Fe(III)-EDDS photoactivation under simulated solar light: A model for soil washing effluent treatment[END_REF].

The presence of PAHs has serious effects on the fauna and flora (Alcá ntara et al., 2008;[START_REF] Gomez | Remediation of polluted soil by a two-stage treatment system: desorption of phenanthrene in soil and electrochemical treatment to recover the extraction agent[END_REF]. Furthermore, PAHs also can be accumulated by food chains, resulting in health danger to humans (Alcá ntara et al., 2008;[START_REF] Zhang | Organo-layered double hydroxides for the removal of polycyclic aromatic hydrocarbons from soil washing effluents containing high concentrations of surfactants[END_REF]. Furthermore, they strongly attach to soil since they have high soil organic carbon-water partition coefficient (log K oc ) and octanol-water partition coefficient (log K ow ) (Bai et al., 2019;Mousset et al., 2016). It is very difficult to extract them from soil because of a significant potential toxicological effect (Mousset et al., 2016;Mousset et al., 2014b). Soil washing processes enhanced by surfactants have indicated as effective technologies for extracting PAHs from soil (Bai et al., 2019;Mousset et al., 2016;Yu et al., 2007). Among them, the nonionic surfactant, Tween 80, has been successfully applied to extract phenanthrene (PHE) from contaminated soil (Bai et al., 2019). Effective methods are needed for treatment of soil washing solutions highly loaded with PHE and Tween 80.

Advanced oxidation processes (AOPs), including Fenton oxidation [START_REF] Silva | Phenanthrene and pyrene oxidation in contaminated soils using Fenton's reagent[END_REF]Venny et al., 2012), ozonation [START_REF] Rivas | Ozone treatment of PAH contaminated soils: Operating variables effect[END_REF], photocatalytic degradation [START_REF] Dong | Photocatalytic degradation of phenanthrene and pyrene on soil surfaces in the presence of nanometer rutile TiO 2 under UV-irradiation[END_REF][START_REF] Zhang | Photocatalytic degradation of polycyclic aromatic hydrocarbons on soil surfaces using TiO 2 under UV light[END_REF], and electro-Fenton [START_REF] Cheng | Hydroxyl radicals based advanced oxidation processes (AOPs) for remediation of soils contaminated with organic compounds: a review[END_REF]Trellu et al., 2016) are identified as efficient methods for eliminating PAHs. AOPs based on the formation of active species such as hydroxyl radicals ( • OH), and sulfate radicals (SO 4

•-) to degrade refractory contaminants (Brillas et al., 2009;Long et al., 2013;[START_REF] Oturan | Advanced oxidation processes in water/wastewater treatment: Principles and applications. A review[END_REF]Ye et al., 2016).

Among AOPs, the electrochemical oxidation processes (EAOPs) do not need additional chemical regents since oxidizing agents could be in situ generated (Iglesias et al., 2014).

During the EAOPs, organic contaminants can be degraded by direct or indirect (mediated) oxidation processes. In direct oxidation, chemisorbed • OH formed on the surface of anodes (M) could result in the elimination of organic pollutants (Wang et al., 2020;Ye et al., 2016). Besides, the indirect oxidation can be enhanced in the case of generation of active species such as active chlorine species when Cl -are present in the treated solution. It is due to the fact that the active chlorine species (Cl 2 , HOCl and OCl -) were electro-generated according to Eqs. 7.1-7.3, promoting the degradation of contaminants through contribution of these species to oxidation of organics (Wang et al., 2020;[START_REF] Yu -Jen | Mineralization of organic acids by the photo-electrochemical process in the presence of chloride ions[END_REF] Recently, the combination of chlorine and UV photolysis has been applied as a newly potential AOP due to the formation of • OH and active chlorine species (Huang et al., 2017;Ye et al., 2016). During UV/chlorine process, active species such as reactive chlorine ( • Cl) and

• OH can be generated via the activation of free chlorine, HOCl and OCl -according to the Eqs.

7.3-7.6 (Wang et al., 2020;[START_REF] Ye | Degradation of polyvinyl alcohol (PVA) by UV/chlorine oxidation: Radical roles, influencing factors, and degradation pathway[END_REF]Ye et al., 2016). The combination of UV/chlorine and electrochemical oxidation has been proved to be efficient method for degrading organic pollutants [START_REF] Hurwitz | Degradation of phenol by synergistic chlorine-enhanced photo-assisted electrochemical oxidation[END_REF]Wang et al., 2020;Ye et al., 2016). On the other hand, there is no investigation about the treatment of soil washing solution highly loaded with PHE and Tween 80. 

Materials and methods

Chemicals

Tween 80 presented in Table 7.1 (Bai et al., 2019) was purchased from Sigma-Aldrich.

Phenantrene was obtained from the Energy Chemical Reagent Co., Ltd. Sodium sulfate (NaSO 4 ), sodium chloride (NaCl), sodium hyposulfite (Na 2 S 2 O 3 ) and benzoic acid (BA) used in this study were provided by Sinopharm Chemical Reagent Co., Ltd. China. Molecular weight (g mol -1 ) 1310

CMC (mg L -1 ) 13.0-15.7 Structural formula

Experimental procedures

The experiments were carried out in a 100 mL undivided glass beaker. The stock synthetic soil washing solution was prepared by mixing 5 g L -1 Tween 80 and 5 mg L -1 PHE. Then 80 mL soil washing solution was added into the reactor. The reactor was put in a water bath with a mechanical stirrer to maintain the homogeneity of the soil washing solution and its temperature at 20 ºC . After the dissolution of NaCl (50 mM) and Na 2 SO 4 (50 mM), NaOH (0.5 M) and H 2 SO 4 (0.5 M) solution were applied to adjust the pH of all solutions. A mixed metal oxide plate (DSA, Ti/RuO 2 -IrO 2 ) and same size (3.0 cm × 6.0 cm) graphite plate were applied as the anode and cathode, paralleling at a distance of 2.0 cm. UV lamp (3W, 254 nm) with 7 mm length and 20 mm diameter was placed vertically between electroes. Before the experiments, the UV lamp was switched on for 15 min to stabilize the intensity of the UV irradiation. At specific time intervals, 1.3 mL samples were taken and filtered by nylon fiber filter. Then 1 mL aliquot mixed with sodium hyposulfite (Na 2 S 2 O 3 ) was used for analysis of PHE. Another 0.3 mL aliquot was applied to analysis of the Tween 80 concentration.

Analytical methods

The analytical methods of PHE, Tween 80 and Chlorine have been shown in Section 6.2.3.

Results and discussion

The treatment of soil washing solution under various processes

To investigate the elimination of PHE and decay of Tween 80, different experiments were carried out. As presented in Fig. 7.1(a), when EC alone was used to treat the soil washing solution, 24.8 % of PHE was removed. It could be resulted from oxidation of PHE by heterogeneous • OH generated on the surface of the DSA anode (M) via Eq. (7.7) (Lin et al., 2014;Özcan et al., 2013). With UV irradiation alone, 32.6 % removal efficiency of PHE was obtained. It indicated that photodecomposition of PHE contributed to the PHE elimination (Bai et al., 2019;[START_REF] Jia | Effect of low-molecular-weight organic acids on photo-degradation of phenanthrene catalyzed by Fe(III)-smectite under visible light[END_REF]. When UV was combined with Cl -, almost same removal efficiency (33.4 %) as that UV alone was achieved. It suggested that Cl -could not be activated by UV irradiation. The elimination of PHE was enhanced in EC/UV process and 55.3 % of PHE was removed. It is almost same with the total removal efficiency of UV alone (24.8 %)

and EC alone (32.6 %) processes. When UV was replaced by Cl -combined with EC, 80.1 % PHE degradation was attained due to the oxidation by M( • OH) (Eq. 7.7) and the effect of active chlorine generated via Eq. (7.2) (Ye et al., 2016). The highest removal efficiencyof PHE (96.5 %) was achieved with UV assisted EC and Cl -(EC/UV/Cl -). During this process, the degradation of PHE resulted from the direct photodegradation and electrochemical oxidation via M( • OH) and active chlorine species (Wang et al., 2020). Furthermore, more reactive radicals were generated through Eqs, (7.3)-(7.6) in EC/UV/ Cl - [START_REF] Wang | Medium pressure UV combined with chlorine advanced oxidation for trichloroethylene destruction in a model water[END_REF].

M(H 2 O) → M( • OH) + H + + e - (7.7)

The Tween 80 decay under various processes was shown in Fig. 7.1(b). The negligible decay of Tween 80 was obtained under UV alone (1.0 %) or UV/Cl -(0 %). It is due to the fact that the direct photodecomposition of Tween 80 under UV irradiation is negligible [START_REF] Gupta | Photocatalytic degradation of phenanthrene in the presence of akaganeite nano-rods and the identification of degradation products[END_REF]. Under EC alone and EC/UV processes, 8.5 % and 4.8 % of Tween 80 were decayed at 60 min, respectively. The Tween 80 removal mainly resulted from the electrochemical process.

When Tween 80 concentration was higher than its micelle concentration (CMC), micelles formed and dissolved PAHs in hydrophobic core of Tween 80 aggregates (Sales et al., 2011).

Prior the degradation of PHE, micelles were attacked by active chlorines species, resulting in the decay of Tween 80 (Bai et al., 2019;Mousset et al., 2014a). The trend of Tween 80 decay was same with that of PHE removal, and 10.4 % and 35.3 % of Tween 80 were eliminated under EC/Cl -and EC/UV/Cl -processes, respectively. = 50 mM, I = 0.5 A, UV = 3W, V = 80 mL, T = 25 ± 2 °C, pH 0 6.14, DSA anode, graphite cathode.

Effect of current intensity

As presented in Fig. 7.2(a), the elimination of PHE was enhanced with the increase of current intensity in EC/UV/Cl -process. In the absence of electrochemical process, UV/NaCl = 50 mM, UV = 3W, V = 80 mL, T = 25 ± 2 °C, pH 0 6.14, DSA anode, graphite cathode.

Effect of NaCl concentration

The NaCl concentration is closely related to the amount of active chlorine species formed, and then to the PHE elimination. As shown in Fig. 7.3, the removal efficiency of PHE slightly increased from 55.3 % to 63.9 % with the increase of NaCl concentrations from 0 mM to 10 mM. The corresponding Tween 80 decays were 4.8 % and 6.7 %, respectively. When the NaCl concentrations were 30 mM and 50 mM, the PHE removal efficiencies were 87.1 % and 96.5 %, respectively. The increase in NaCl dosage also led to the higher Tween 80 decay. On the other hand, 13.8 % and 35.3 % of Tween 80 were decayed under UV-assisted electrochemical process with 30 mM and 50 mM NaCl, respectively. 

Effect of pH

The influence of initial pH (pH 0 ) on the treatment of soil washing during EC/UV/Cl - treatment was investigated and results are depicted in Fig. 7.4. The removal efficiencies of PHE were 100 %, 96.5 % and 92.2 % when pH 0 were 3, 6 and 9, respectively. The value of solution pH can have influence on the formation of chlorine such as HOCl or OCl  , resulting in the different effect on contaminants removal (Qin et al., 2014). Knowing the pK a value (7.5) of the weak acid HOCl, pH values lower than 7.5 favor the formation of the acid form rather the basic form (OCl  ). HOCl has higher quantum yields and molar adsorption coefficient compared to OCl  (Huang et al., 2017). Moreover, lower scavenging reaction rates were presented in acidic solution compared with that of in alkaline conditions (Huang et al., 2017;Wang et al., 2016). Furthermore, the generation of Cl • was inhibited with increase of pH (Wu et 

The analysis of mechanism

The concentration of active chlorine was measured under different processes as presented in Fig. 7.6(a). The results indicated that there is no active chlorine generated in UV/Cl -.

However, the active chlorine concentration reached to 73.9 mg L 1 in EC/Cl -. That means the active chlorine was generated through Eqs. (7.1-7.3). In EC/UV/Cl  process, the dosage of chlorine reached to 28.9 mg L 1 at 45 min and then decreased to 6.3 mg L 1 at 60 min.

Compared with EC/Cl -, the much lower amount of active chlorine in EC/UV/ Cl  process was resulted from the transformation of chloride to Cl • , HOCl, • OH with UV irradiation and M( • OH) (Wang et al., 2020;Ye et al., 2016). 

Vdiesel.

  The concentration of diesel was determined by using fluorescence which is a stable and fast quantification method based on the fluorimetric characteristic of diesel. Besides, Tween 80 was quantified by fluorescence based on the formation of micelles between 6-(p-Toluidino) naphthalene-2-sulfonic acid (TNS) and Tween 80. During soil washing process, the use of Tween 80 enhanced the removal of diesel from soil. The effects of various parameters, including clay content, soil washing time, Tween 80 concentration, the soil dosage and washing times, indicate that the percentage of diesel extraction declined with the increase of clay content and soil dosage. When the washing time varied from 30 min to 180 min, the percentage of diesel extraction increased from 66.7 % to 88.2 %. The percentage of diesel extraction declined to 83.5 % when the washing time further increased to 240 min. Diesel extraction percentage was also improved with increase of Tween 80 concentration. Under conditions of 20 % clay, 180 min washing time, 10 g soil with 100 mL soil washing solution,

  3 % of Tween 80 was decayed at 60 min. The removal of PHE increased with the increase of current intensity or NaCl concentration. It was enhanced with lower initial pH. Moreover, the analysis of chlorine concentration and scavenger experiments in electrochemical processes indicated that the active chlorine in situ and reactive radicals generated in EC/UV/NaCl process achieved the degradation of PHE in soil washing solution. Keywords: Electrochemical advanced oxidation processes, remediation of contaminated soil, surfactant, petroleum hydrocarbons, polycyclic aromatic hydrocarbons VIII Ré sumé Le sol contaminé par les hydrocarbures pé troliers constitue un sé rieux problè me environnemental puisqu'il est toxique pour l'agriculture, pour la flore et la faune, et pour l'homme. En particulier, les hydrocarbures aromatiques polycycliques (HAP) pré sents dans les hydrocarbures pé troliers, possè dent les caracté ristiques telles que la té ratogé nicité , la cancé rogé nicité , la mutagé nicité . Ils sont aussi une faible volatilité , une faible solubilité dans l'eau, une persistants à la dé gradation dans le sol. Par consé quent, des mé thodes de traitement efficaces sont né cessaires pour remé dier aux sols contaminé s par les hydrocarbures pé troliers et en particulier par les HAP. Parmi les diverses méthodes d'assainissement, le lavage des sols (SW) combiné avec un surfactant est une technique prometteuse car il est é conomique et assez efficace. Cette technologie favorise la transformation des contaminants du sol à la solution aqueuse, et en particulier appliqué e aux sols fortement contaminé s. Né anmoins, la solution de lavage ainsi obtenue est gé né ralement trè s chargé e de surfactant et de contaminants du sol. Par consé quent, un traitement efficace de la solution de lavage des sols constitue un dé fi pour promouvoir l'application des surfactants et l'assainissement des sols contaminé s. La combinaison du procé dé de lavage du sol (SW) et des processus électrochimique d'oxydation avancé (PEOA)

  ré sultats indiquent que le pourcentage d'extraction du diesel diminue avec l'augmentation de la teneur en argile et de la posologie du sol. Le temps de lavage est observé comme un paramè tre fortement influent : avec la variation du temps de lavage de 30 min à 180 min, le pourcentage d'extraction de diesel est passé de 66.7 % à 88.2 %. Ensuite ce pourcentage est tombé à 83.5 % lorsque le temps de lavage a encore é té augmenté à 240 min. Aussi, le pourcentage d'extraction de diesel a été amélioré avec l'augmentation de la concentration de Tween 80. Dans des conditions de 20 % d'argile, 180 min de temps de lavage, 10 g de sol et 100 mL solution de lavage du sol, environ 75.2 %, 80.0 % et 87.9 % d'extraction diesel ont été atteints avec 5.0, 7.5, 10.0 g L 1 Tween 80, respectivement, aprè s deux lavages du sol,.(2) Les procé dé s EO et EF ont é té utilisé s pour le traitement des solutions de lavage du sol fortement chargé e avec Tween 80 et diesel. Sous les conditions de lavage de : 180 min, 10 g de sol avec une solution de surfactant de 100 mL et deux lavages du sol, environ 75.2 %, 80.0 % et 87.9 % du diesel a é té extrait du sol avec 5.0, 7.5 et 10.0 g L -1 Tween 80. La dé gradation du X diesel dans les effluents de lavage du sol a é té effectué e par deux PEOA, précisément l'EO et l'EF, à l'aide d'anodes de diamant dopé au bore (BDD) et de cathode en feutre de carbone.Aprè s 360 min de traitement EO, 72.7-83.0 % du diesel a été retiré de l'effluent après lavage du sol avec 5.0-10.0 g L -1 Tween 80 tandis que des gains d'efficacité de degradation (77.7-87.2 %) ont été atteints avec le processus EF. Les résultats de l'analyse parallèle des facteurs (PARAFAC) de la spectroscopie de fluorescence de la matrice d'émission d'excitation (EEM) indiquent que l'intensité fluorescente du composant BTEX a augmenté , les substances semblables au fluorè ne et les substances semblables à la naphtalè ne et à la mé thylnaphtalè ne ont é té significativement supprimé s suite au traitement de l'EO et de l'EF.(3) Les radicaux de sulfate, générés par l'activation de peroxydisulfate (PDS) par é lectrochimie (EC) et l'ion ferreux (Fe 2+ ), nommé procé dé EC/PDS/Fe 2+ , ont é té appliqué s aux traitement de la solution de lavage du sol qui contenant Tween 80 et diesel. L'ajout de Tween 80 à l'eau favorise clairement l'efficacité d'extraction du diesel 72.8 % de diesel a é té extrait avec 2.5 g L 1 Tween 80 et un rapport sol/liquide constant (1:10 g mL 1 ) aprè s 180 min. Au cours de l'application du procé dé EC/PDS/Fe 2+ , l'utilisation de l'anode de platine a entraîné un taux de dé gradation plus é levé e du diesel comparativement aux anodes de tantale ou de ruthé nium. La dé gradation du diesel a é té favorisé e par la diminution du pH initial et l'augmentation de l'intensité du courant. La dé gradation de diesel a é té initialement favorisé l'augmentation de la concentration de PDS ou Fe 2+ jusqu'à une certaine valeur mais les concentrations plus é levé es ont conduit à un taux de dé gradation plus faible. Dans des conditions optimales, 88.6 % d'élimination du diesel a é té obtenue à 120 min et 67.4 % de Tween 80 a pu être recyclé. En outre, la spectroscopie de fluorescence de la matrice d'émission d'excitation (EEM) indique que l'efficacité d'élimination du diesel dans le procédé EC/PDS Fe 2+ est plus é levé e que celle du procé dé EC seul. Les ré sultats de la ré sonance paramagné tique é lectronique (EPR) ont indiquent la formation de

  PAHs have teratogenic, carcinogenic and mutagenic characteristics. According to the Environmental Protection Agency, 16 kinds of PAHs including acenaphthene (ACE), acenaphthylene (ACY), anthracene (ANT), benz(a)anthracene (BaA), benzo(a)pyrene (BaP), benzo(b)fluoranthene (BbF), benzo(ghi)perylene (BghiP), benzo(k)fluoranthene (BkF), chrysene (CHRY), dibenz(a,h)anthracene (dB(ah)A), fluoranthene (FLA), fluorine (FLE), indeno(1,2,3-cd)pyrene (I(123-cd)P), naphthalene (NAP), phenanthrene (PHE), and pyrene

(

  [START_REF] Karsa | Biodegradability of surfactants[END_REF].Joo et al. investigated the implication of sodium dodecyl sulfate (SDS) with electrokinetic-Fenton to remove PHE in soil. The presence of SDS promoted the performance of electrokinetic-Fenton, which resulted in the efficient PHE degradation[START_REF] Park | Switching effects of electrode polarity and introduction direction of reagents in electrokinetic-Fenton process with anionic surfactant for remediating iron-rich soil contaminated with phenanthrene[END_REF].Chun et al. (2002) studied the effect of three kinds of anionic surfactants, dodecylbenzene sulfonate (DBS), monoalkylated disulfonated diphenyl oxide (MADS-C12), and dialkylated disulfonated diphenyl oxide (DADS-C12) in the solubilizaition of PAHs mixtures including naphthalene, phenanthrene and pyrene. During the process, the solubilization of PAHs was influenced by species of PAHs. Besides, the combination of anionic and nonionic surfactants was used for remedation of soil contaminated with HOCs.

Fig. 3

 3 Fig. 3.1(b). The intensity at 316 nm excitation and 440 nm emission was used for contributing

Fig. 3 . 1

 31 Fig. 3.1 Fluorescence of (a), TNS with Tween 80 (5 mg L 1 ), and (b) Tween 80 with TNS

  Fig. 3.2 Standard calibration curve of Tween 80 in presence of 2.5  10 5 M of TNS.

  analyzer. The C7-C40 Saturated Alkanes Standard (1000 mg L 1 ) was injected into a 25 m SE-54 capillary column for qualitative analysis of diesel. The temperature of column was 35 °C for 2 min and 10 °C min 1 up to 250 °C. After that a gradient temperature programs (20 ºC min 1 ) was applied between 250 and 320 °C, and the hold time was for 8 min. Helium (1.0 mL min 1 ) was used as carrier gas. The composition of commercial diesel in hexane was analyzed by GC-MS (Fig.3.3). As shown in Fig.3.3(a), C7-C40 saturated alkane standard is injected into the GC-MS instrument under the specific temperature-raising conditions. Different components of C7-C40 saturated alkane standard are divided and they have specific retention time. With the same conditions of GC-MS, the diesel dissolved in n-hexane was injected into the GC-MS. According to the spectrum of the C7-C40 saturated alkanes standard, obvious peaks of diesel inFig. 3.3(b) show that C8-C27 saturated alkanes are the primary composition of the commercial diesel.

  Fig. 3.3 The GC-MS spectrum of (a) C7-C40 ([C7-C40] = 1000 mg L 1 ) and (b) diesel with

Fluorimetric

  method was used for quantifying the diesel in samples, since diesel presented in hexane has strong fluorimetric irradiation(Uhmann and Aspray, 2012). Hexane has no obvious fluorimetric property as shown in Fig.3.4(a). When diesel was dissolved in hexane, strong fluorimetric irradiation was presented because of the fluorimetric characteristics of

Fig. 3 . 4

 34 Fig. 3.4 Excitation-emission matrix spectra of (a) hexane and (b) diesel in hexane (Excitation:

  Fig. 3.5 Standard calibration curve of (a) low diesel concentration and (b) high diesel

  Fig. 3.6 The effect of clay content on (a) the diesel extraction efficiency and (b) the adsorption of Tween 80 during washing process. Experimental conditions: [Tween 80] = 10 g L 1 , [diesel]

  Fig. 3.7 The effect of washing time on (a) the diesel extraction efficiency, (b) the adsorption of Tween 80 during washing process. Experimental conditions: [Tween 80] = 10 g L 1 , [diesel] =

  shown in theFig. 3.8(a), almost same extraction efficiencies of diesel (88.3 %

Fig. 3 . 8

 38 Fig. 3.8 The effect of soil dosage on (a) the diesel extraction efficiency and (b) the adsorption of Tween 80 during washing process. Experimental conditions: [Tween 80] = 10 g L 1 , [diesel]

  Fig. 3.9(a) indicates that the total diesel extraction efficiency was obviously increased from 55.6 % to 75.2 % when Tween 80 increased from 1.0

  Fig. 3.9 The effect of Tween 80 concentration on (a) the diesel extraction efficiency and (b) the adsorption of Tween 80 during washing process. Experimental conditions: [diesel] = 50 g kg 1 ,

Fig. 4 . 1

 41 Fig. 4.1 The GC-MS spectrum of (a) C7-C40 ([C7-C40] = 1000 mg L 1 ) and (b) diesel with

Fig. 4

 4 Fig. 4.2(a): The effect of Tween 80 concentration on the diesel extraction efficiency during

  could generate physisorbed hydroxyl radicals BDD( • OH) to degrade pollutants via Eqs. (4.1) and (4.2)

  Fig. 4.3 The removal efficiencies of diesel and Tween 80 in SW1 (a), SW2 (b) and SW3 (c) by EO and EF. Experimental conditions: [Na 2 SO 4 ] = 0.05 M, pH 0 = 3, I = 0.5 A, V = 230 mL, [Fe 2+ ]

  Therefore, PARAFAC was employed to decompose EEMs into several individual fluorescent components. The number of PARAFAC model was determined based on the core consistency diagnostic and residual analysis. As can be seen from Fig. 4.5, three components were appropriate to fit the PARAFAC model. The split half analysis was further carried out to analyze the validation of the result.

Fig. 4 . 4

 44 Fig. 4.4 Typical EEM contour of samples before (a, d, g) and after EO (b, e, h)/EF (c, f, i) processes. Experimental conditions: [Na 2 SO 4 ] = 0.05 M, pH 0 = 3, I = 0.5 A, V = 230 mL, [Fe 2+ ]

Fig. 4 . 5

 45 Fig. 4.5 Core consistency and residual analysis for determining the number of components

Fig. 4 . 7

 47 Fig. 4.7 The PARAFAC model output with three components (a-c) and the excitation and

Fig. 5 . 1

 51 Fig. 5.1 The removal efficiency of diesel from contaminated soil by soil washing. Experimental conditions: [diesel] = 20 g kg 1 , Soil = 10 g, [Tween 80] = 2.5 g L 1 , time = 180

Fig. 5

 5 Fig. 5.2 (a): The degradation of diesel and (b): the residual of Tween 80 under different processes. Experimental conditions: [PDS] = 10 mM, [Fe 2+ ] = 0.1 mM, I = 0.5 A, [Na 2 SO 4 ] =

  P D S /F e 2+ attacked by reactive species, resulting in the decay of Tween 80. While the trend of Tween 80 decay was different from that of diesel, it may be due to that more reactive species were consumed by Tween 80 when soil washing was treated by RuO 2 or TaO 2 -based anodes. SO 4 •formed through the transformation of electron and • OH in the solution contributed to the removal of diesel and decay of Tween 80.

Fig. 5

 5 Fig. 5.3 (a): The degradation of diesel and (b): the residual of Tween 80 during electro-Fenton

  Fig. 5.4 The effect of initial solution pH on (a): the degradation of diesel and (b): the residual of Tween 80. Experimental conditions: [Fe 2+ ] = 0.1 mM, [PDS] = 10 mM, I = 0.5 A, V = 230 mL,

  Fig. 5.5 The effect of PDS concentration on (a) the degradation of diesel and (b) the residual of Tween 80. Experimental conditions: [Fe 2+ ] = 0.1 mM, I = 0.5 A, V = 230 mL, [Na 2 SO 4 ] = 0.05

  Fig. 5.6 The effect of Fe 2+ concentration on (a) the degradation of diesel and (b) the residual of

  Fig. 5.7 The effect of electricity on (a) the degradation of diesel and (b) the residual of Tween 80 during the treatment with EC/PDS/Fe 2+ process. Experimental conditions: [Fe 2+ ] = 0.1 mM,

  Fig. 5.8 (a) and (c). The peak of the fluorescence was nm excitation and 310 nm emission wavelengths. After the treatment with EC process, the fluorimetric intensity of diesel decreased (Fig.5.8a and b) in agreement with the decrease of diesel in Fig.5.2(a). Compared with EC process, EC/PDS/Fe 2+ resulted in higher elimination of diesel as shown in Fig.5.8(c) and (d).

Fig. 5 . 8

 58 Fig. 5.8 The degradation of diesel (a) 0 min, (b) 180 min under EC process (I = 0.5 A, [Na 2 SO 4 ] = 0.05 M, pH 0 3, graphite cathode, Pt anode), (c) 0 min, (d) 180 min under EC/PDS/Fe 2+ process. Experimental conditions: [Fe 2+ ] = 0.1 mM, [PDS] = 10 mM, I = 0.5 A, [Na 2 SO 4 ] =

Fig. 5 . 9

 59 Fig. 5.9 EPR spectra in the presence of DMPO in different systems. Experimental conditions: [Fe 2+ ] = 0.1 mM, [PDS] = 10 mM, I = 0.5 A, V = 230 mL, [Na 2 SO 4 ] = 0.05 M, pH 0 3, graphite

  needed to be treated to degrade pollutant and recover surfactant.

Fig. 6

 6 Fig. 6.1 (a): UV-vis spectra of active chlorine at different concentrations and (b): standard

Fig. 6

 6 Fig. 6.2 (a): Degradation of PHE and (b): residual of Tween 80 in EO and EO/Cl -processes. Experimental conditions: [PHE] = 5 mg L 1 , [Tween 80] = 5 g L 1 , [NaCl] = 50 mM, [Na 2 SO 4 ]

  Fig. 6.3 The effect of current on the (a): degradation of PHE and (b): residual of Tween 80 during application of EO/Cl -process. Experimental conditions: [PHE] = 5 mg L 1 , [Tween 80]

  Fig. 6.4 The effect of Cl -concentration on the (a): degradation of PHE and (b): residual of Tween 80 during EO/Cl -process. Experimental conditions: [PHE] = 5 mg L 1 , [Tween 80] = 5

Fig. 6 . 5

 65 Fig. 6.5 The effect of pH on the (a): degradation of PHE and (b): residual of Tween 80 during

Fig. 6 . 6

 66 Fig. 6.6 Evolution of the concentration of active chlorine species during EO/Cl -process. Experimental conditions: [PHE] = 5 mg L 1 , [Tween 80] = 5 g L 1 , [NaCl] = 50 mM, [Na 2 SO 4 ]

  Fig. 6.7 The treatment of the soil washing solution in divided electrochemical cells. Experimental conditions: [PHE] = 5 mg L 1 , [Tween 80] = 5 g L 1 , [NaCl] = 50 mM, [Na 2 SO 4 ]

  Fig. 6.8 The effect of radical scavenger on the (a): degradation of PHE and (b): residual of Tween during EO/Cl  process. Experimental conditions: [PHE] = 5 mg L 1 , [Tween 80] = 5 g

HOCl

  this study, the effect of photo-assisted electrochemical oxidation enhanced by the presence of chlorine (EC/UV/Cl -) on the degradation of PHE and decay of Tween 80 was investigated. During EC/UV/Cl -process, the influence of current intensity, NaCl concentration and solution pH was identified. The concentration of chlorine was tested under different processes. Furthermore, scavenger experiments and degradation mechanism were analyzed.

Fig. 7 . 1

 71 Fig. 7.1 Degradation of PHE (a) and residual of Tween 80 (b) in different systems. Experimental conditions: [PHE] = 5 mg L 1 , [Tween 80] = 5 g L 1 , [NaCl] = 50 mM, [Na 2 SO 4 ]

Fig. 7 . 2

 72 Fig. 7.2 The effect of current on the degradation of PHE (a) and residual of Tween 80 (b). Experimental conditions: [PHE] = 5 mg L 1 , [Tween 80] = 5 g L 1 , [NaCl] = 50 mM, [Na 2 SO 4 ]

  Fig. 7.3 The effect of Cl  concentration on the degradation of PHE during EC/UV/Cl  process

  Fig. 7.5 The effect of pH on the degradation of PHE (a) and residual of Tween 80 (b) in EC/UV/Cl  process. Experimental conditions: [PHE] = 5 mg L 1 , [Tween 80] = 5 g L 1 , [NaCl]

  Fig. 7.6 Active chlorine concentration under different processes. Experimental conditions: [PHE] = 5 mg L 1 , [Tween 80] = 5 g L 1 , [NaCl] = 50 mM, [Na 2 SO 4 ] = 50 mM, I = 0.5 A, UV

  Fe 2+ . Ces radicaux sont responsable de la dé gradation du diesel dans la solutuion de lavage du sol.(4) EO combiné avec NaCl (EO/NaCl) a é té appliqué pour le traitement de la solution de lavage du sol contenant PHE (5 mg L 1 ) et Tween 80 (5 g L 1 ). Sous les conditions optimales de : 50 mM NaCl, un courant de 0.5 A, pH 0 de 6.14, Ti/RuO 2 -IrO 2 anode et graphite cathode, 95.9 % PHE a é té dé gradé avec une dé composition de Tween 80 d seulement 14.2 % à 90 min.En outre, les influences de plusieurs paramè tres, y compris le courant, la concentration de NaCl, le pH et les maté riaux cathodiques ont é té é tudié s. La dé termination de la concentration active de chlore et des expé riences de pié geage ont suggé ré que le chlore actif (HOCl/CLO Procé dé s d'oxydation avancée électrochimique, Remé diation du sol contaminé , Surfactants, Hydrocarbures pé troliers, Hydrocarbures aromatiques polycycliques.

	1.1 Background
	1.1.1 Targeted contaminants
	Petroleum hydrocarbon is an essential resource and important raw material for light
	industries. Petroleum hydrocarbon is made of various components, aliphatic, cycloaliphatic,
	aromatics and other compounds as shown in Table
	Chapter 1: Introduction
	2

• OH et SO 4 •-au cours du procé dé XI EC/PDS/-) et les radicaux • OH é taient des espè ces actives conduisant à la dé gradation de PHE. Deux groupes d'expériences avec EO/NaCl, mené es dans un ré acteur é lectrochimique divisé dont les chambres anodique et cathodique é taient divisé es par une membrane d'échange de cations. Les ré sultats ont indiqué que l'anode DSA joue un rôle importante sur la dé gradation des contaminants organiques.

(5) L'irradiation ultraviolette (UV) assistée par électrochimie et le chlorure de sodium (NaCl) a é té appliqué pour dé grader le PHE dans le lavage du sol. La dé gradation de PHE et de Tween 80 a é té analysé e. Sous les conditions optimales suivants: 50 mM NaCl, 50 mM Na 2 SO 4 , courant appliqué de 0.5 A, 3W puissance UV, pH 0 de6.14, anode Ti/RuO 2 -IrO 2 et cathode en graphite, 96.5 % de PHE et 35.3 % de Tween 80 ont é té dé gradé s en 60 min de traitement. La dé gradation de PHE a é té augmenté avec l'augmentation de l'intensité de courant et la concentration de NaCl. La dé gradation a é té plus efficace aux faibles valeurs de pH. Par ailleurs, l'analyse de la concentration de chlore et les expé riences de pié geage durant le traitement é lectrochimique a ré vé lé que les espè ces de chlore actif et les radicaux ré actifs gé né ré s in situ dans le procé dé EC/UV/NaCl é taient responsable de la dé gradation de PHE contenu dans la solution de lavage du sol.
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Table 1 .1

 1 Components and classes of petroleum hydrocarbons(Ossai et al., 2020) 

	Hydrocarbons	Components	Examples
	aliphatics	alkanes	methane, propane;
		alkenes	
		alkenes cycloaliphatics	
	cycloaliphatics	cycloalkanes aromatics	cyclohexane, methylcyclopentane;
		monoaromatics BTEX	
		PAH	benzene, phenanthrene;
	other components	asphaltenes	
		waxes and tar	phenols, fatty acids, ketones
		resins	
		non-hydrocarbon compounds	

Table 1 .2

 1 Properties and chemical structures of PAHs[START_REF] Pazos | Decontamination of soils containing PAHs by electroremediation: a review[END_REF] 

	PAHs	CAS	Chemical	Formula	MW	Water-solubility	Log Kow Log Koc	Vapor pressure	Henry constant (H)
			structure		(g mol -1 )	at 25 º C (mg L -1 )			(20 º C)(Pa)	at 25 º C (Pa m 3 mol -1 )
	NAP	91-20-3		C 10 H 8	128.2	3.2  10 1	3.4	3.15	3.7  10 1	4.9  10 1
	ACY	208-96-8		C 12 H 8	152.2	3.9  10 0	4.1	1.40	4.1  10 0	-
	ACE	82-32-9		C 12 H 10	154.2	3.4  10 0	4.3	3.66	1.5  10 0	1.5  10 1
	FLE	86-73-7		C 13 H 10	166.2	1.9  10 0	4.2	6.20	7.2  10 -1	9.2  10 0
	PHE	85-01-8		C 14 H 10	178.2	1.3  10 0	4.4	4.15	1.1  10 -1	4.0  10 0
	ANT	120-12-7		C 14 H 10	178.2	7.0  10 -2	4.5	4.15	7.8  10 -2	5.0  10 0
	FLA	206-44-0		C 16 H 10	202.3	2.6  10 -1	5.2	4.58	8.7  10 -3	1.5  10 0

Chapter 2: Literature review Remediation of soils contamination caused by hydrophobic organic compounds based on soil washing and electrochemical advanced oxidation processes 2.1 Introduction

  

	solution by EAOPs is investigated. The effect of electrode materials, initial pH, and washing/flushing treatments of organic pollutants enhanced by cyclodextrins and
	1 is "Introduction". It includes the characteristics and background on pollution peroxydisulfate concentration on the diesel decay is evaluated. The active radicals are integrated treatments: state of the art. Crit. Rev. Env. Sci. Tec. 44, 705-795. With the development of agriculture and industry, stringent strategies are applied to treat
	and information on targeted organic contaminants. The advantages and disadvantages of identified by electron paramagnetic resonance (EPR). Ossai, I.C., Ahmed, A., Hassan, A., Hamid, F.S., 2020. Remediation of soil and water environmental pollution, including water, atmosphere and soil pollutions
	various soil remediation technologies were compared. The research goals, objectives and Chapter 6 is entitled "Electrochemical degradation of phenanthrene in soil washing contaminated with petroleum hydrocarbon: a review. Environ. Technol. Inno. 17,
	organization of the thesis are presented. solution in chloride electrolyte". This part is the post treatment of soil washing solution and 100526.
	Chapter 2 is a "Literature review". It presents a review of recent research about focus on the investigation of synthetic effect of electrolysis and chlorine. It also studies the Pazos, M., Rosales, E., Alcantara, T., Gomez, J., Sanroman, M.A., 2010. Decontamination of
	surfactants which are applied in the remediation of soil contaminated by organic effects of operation parameters on the removal efficiency of the contaminant. The activities soils containing PAHs by electroremediation: a review. J. Hazard. Mater. 177, 1-11.
	contaminants. Then the characteristics and application of Tween 80 is presented due to its and contributions of active agents and radicals are analyzed. Puglisi, E., Cappa, F., Fragoulis, G., Trevisan, M., Del Re, A.A., 2007. Bioavailability and
	applied in the remediation of contaminated soil, in this thesis. The combination of soil Chapter 7 is about the "Degradation of phenanthrene in soil washing solution with degradation of phenanthrene in compost amended soils. Chemosphere 67, 548-556.
	washing and post-treatment technologies such as EAOPs, are presented. reactive chlorine species generated by electrochemical process combined with UV". This part Samaksaman, U., Peng, T.-H., Kuo, J.-H., Lu, C.-H., Wey, M.-Y., 2016. Thermal treatment of
	Chapter 3 is entitled "Effect of different operating parameters on the Removal of is focused on the treatment of soil washing solution loaded with PHE and Tween 80. Batch soil co-contaminated with lube oil and heavy metals in a low-temperature two-stage
	petroleum hydrocarbons (Diesel) from contaminated soil by soil washing enhanced with experiments are performed to investigate the effect of applied current, chlorine concentration fluidized bed incinerator. Appl. Therm. Eng. 93, 131-138.
	surfactants". In this part, Tween 80 is used as surfactant to extract diesel from contaminated and initial pH. The study of active chlorine and radicals is an important part of this chapter. Song, Y., Cang, L., Fang, G., Ata-Ul-Karim, S.T., Xu, H., Zhou, D., 2018. Electrokinetic
	soil. The qualitation and quantification of diesel and Tween 80 are presented. The effect of Chapter 8 is in relation with "General conclusion and perspectives". It is about the overall delivery of anodic in situ generated active chlorine to remediate diesel-contaminated
	experimental parameters is discussed and the optimum soil washing conditions are results of the thesis and perspective of the future work. sand. Chem. Eng. J. 337, 499-505.
	determined. Xu, J., Deng, X., Cui, Y., Kong, F., 2016. Impact of chemical oxidation on indigenous bacteria
	Chapter 4 is entitled "Soil washing in combination with electrochemical advanced and mobilization of nutrients and subsequent bioremediation of crude oil-contaminated
	oxidation for the remediation of synthetic soil heavily contaminated with diesel". It is about soil. J. Hazard. Mater. 320, 160-168.
	the remediation of synthetic soil heavily contaminated with diesel using the integrated soil Yeh, C.K.J., Wu, H.M., Chen, T.C., 2003. Chemical oxidation of chlorinated non-aqueous
	washing and EAOPs. The diesel in soil washing solution is further degraded by phase liquid by hydrogen peroxide in natural sand systems. J. Hazard. Mater. 96, 29-51.
	electro-oxidation (EO) and electro-Fenton (EF). Three-dimensional excitation-emission
	matrix fluorescence spectroscopy (3D-EEM) in combination with parallel factor analysis
	(PARAFAC) is used to analyze the degradation of different components of diesel.
	Chapter 5 is entitled "Degradation of diesel in soil washing solution by electrochemical
	process combined with peroxydisulfate and Fe 2+ ". The removal of diesel in soil washing

  During the EF experiments, H 2 O 2 was in situ produced on the surface of carbon felt cathode and FeSO 4 • 7H 2 O was as the source of Fe 2+ . The biodegradation and toxicity between HPCD/PHE and Tween 80/PHE were compared after 2 h of EF treatment

	Fe 2+	(2.6)

Mousset et al. investigated 

the extraction of PHE from contaminated soil and eliminated the pollutant from soil washing solution by EF process. Two kinds of surfactants, hydroxypropyl-beta-cyclodextrin (HPCD) and Tween 80, were applied in SW process.

Effect of different operating parameters on the extraction of petroleum hydrocarbons (Diesel) from contaminated soil by soil washing enhanced with surfactants

  Various kinds of surfactants applied in soil washing or soil flushing treatments are detailed in this review. And the combination of SF/SW with EAOPs for eliminating contaminants in soil was also discussed. In general, the application of SF/SW enhanced the extraction of pollutant from soil contaminated by HOCs. However, SF/SW solution highly loaded with surfactants and pollutants was produced and need the further treatment to prevent the secondary pollution. AO and EF features generation of active species to enhace the removal of HOCs in soil washing solution. In addition, persulfate, which is stable oxidizing agents, could be activated by various methods, achieving formation of SO 4•-and • OH. The activation methods of persulfate includes heating, UV irradiation, electroylsis and use transition metals. The introduction of electrolysis overcomes the limitation of iron in the activation of persulfate. The combination of EF and UV promotes the formation of active Baziar, M., Mehrasebi, M.R., Fazli, M.M., Assadi, A., 2014. Efficiency of non-ionic surfactants-EDTA for treating TPH and heavy metals from contaminated soil. J. AOPs) for remediation of soils contaminated with organic compounds: a review. Chem. Eng. J. 284, 582-598. Cheng, M., Zeng, G., Huang, D., Yang, C., Lai, C., Zhang, C., Liu, Y., 2017. Advantages and Treatment of ex-situ soil-washing fluids polluted with petroleum by anodic oxidation, photolysis, sonolysis and combined approaches. Chem. Eng. J. 310,

	Enzyme Microb. Tech. 27, 709-713.				
	581-588.						
	Environ. Health. Sci. 11, 41. challenges of Tween 80 surfactant-enhanced technologies for the remediation of soils ElSayed, E.M., Prasher, S.O., Patel, R.M., 2013. Effect of nonionic surfactant Brij 35 on the
	Befkadu, A.A., Chen, Q., 2018. Surfactant-enhanced soil washing for removal of petroleum contaminated with hydrophobic organic compounds. Chem. Eng. J. 314, 98-113. fate and transport of oxytetracycline antibiotic in soil. J. Environ. Manag. 116, 125-134.
	hydrocarbons from contaminated soils: a review. Pedosphere 28, 383-410. Cheng, M., Zeng, G., Huang, D., Yang, C., Lai, C., Zhang, C., Liu, Y., 2018. Tween 80 Farn, R.J., 2008. Chemistry and technology of surfactants. John Wiley & Sons.
	Befkadu, A.A., Quanyuan, C., 2018. Surfactant-enhanced soil washing for removal of surfactant-enhanced bioremediation: toward a solution to the soil contamination by Feng, M., Qu, R., Zhang, X., Sun, P., Sui, Y., Wang, L., Wang, Z., 2015. Degradation of
	petroleum hydrocarbons from contaminated soils: a review. Pedosphere 28, 383-410. hydrophobic organic compounds. Crit. Rev. Biotechnol. 38, 17-30. flumequine in aqueous solution by persulfate activated with common methods and
	polyhydroquinone-coated magnetite/multi-walled carbon nanotubes catalysts. Water
	Res. 85, 1-10.						
		are some studies which investigate the application of electrolysis with strong
	oxidants	(hydrogen	peroxide,	peroxydisulfate)	in	terms	of	remedifing
	petroleum-contaminated soil via electrokinetic process (Bernardo Sabino da Silva, 2017).
	Alcá ntara et al. (2010) studied the application of electrokinetic enhanced by surfactant
	(Tween 80) in terms of remedifing PAH mixtures from kaolin soil. There are few researches
	which investigated the effect of sulfate based EAOPs in eliminating organic contaminants
	from soil washing solution.					
	Carvalho de Almeida, C., Muñoz-Morales, M., Sá ez, C., Cañizares, P., Martí nez-Huitle, C.A., Environ. Sci. Technol. 46, 4074-4082.
	2.4 Conclusions						
	Rodrigo, M.A., 2019. Integrating ZVI-dehalogenation into an electrolytic soil-washing Dominguez, C.M., Oturan, N., Romero, A., Santos, A., Oturan, M.A., 2018. Removal of
	lindane wastes by advanced electrochemical oxidation. Chemosphere 202, 400-409.

radicals. However, few studies about the application of electrochemical activation of peroxydisulfate and photoelectro-Fenton in the treatment of soil washing solution are performed. Therefore, soil washing combined electrochemical activation of peroxydisulfate or photoelectro-Fenton could be further developed and used for remedation of soil contaminated with hydrophobic organic contaminants.

Bernardo Sabino da Silva, E., 2017. Electrokinetic treatment of polluted soil with petroleum coupled to an advanced oxidation process for remediation of its effluent. Int. J.

Electrochem. Sc., 1247-1262. Brillas E., 2014
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Chapter 3:

  Therefore this work was focused on degradation of phenanthrene (PHE) as a representative PAH, and Tween 80 was applied as the surfactant to obtain synthetic soil washing solution. This solution was treated by electro-oxidation (EO) combined with chlorine ion (EO/Cl -). The effect of different experimental variables on PHE elimination and Tween 80 decay were investigated. Besides, the degradation mechanism was analyzed by measuring the concentration of active chlorine species and carrying out quenching experiments. The effect of the anode and the cathode on the treatment of soil washing was further investigated by conducting electrochemical process in a divided electrochemical reactor.

	6.2 Materials and methods
	6.2.1 Chemicals		
	Sodium hyposulfite (Na 2 S 2 O 3 ), sodium chloride (NaCl), sodium sulfate (NaSO 4 ) and
	benzoic acid (BA) used in this study were provided by Sinopharm Chemical Reagent Co., Ltd.
	China. PHE and Tween 80 were obtained from Energy Chemical Reagent Co., Ltd. and
	Sigma-Aldrich, respectively.
		• OH) + H + + e -	(6.1)
	O 2 + 2H + + 2e -→ H 2 O 2	(6.2)
	H 2 O 2 → H + + HO 2	• + e -	(6.3)
	H 2 O 2 + HO 2	• → • OH + O 2 + H 2 O	(6.4)
	2Cl -→ Cl 2 + e -		(6.5)
	Cl 2 + H 2 O → HOCl + Cl -+ H +	(6.6)
	HOCl ⇌ H + + OCl -	(6.7)

Table 7 .1

 7 The chemical/physical characteristics of Tween 80

	Regent	Tween 80
	Formula	C 17 H 33 C 7 O 6 (OCH 2 CH 2 ) 20
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by synergetic effect of EC, Fe 2+ and PDS. With optimum conditions of 0.1 mM Fe 2+ , 10 mM PDS, 0.5 A, pH 0 3, 0.05 M Na 2 SO 4 , graphite cathode and Pt anode, 88.6 % of diesel could be removed from soil washing solution. In the meanwhile, 32.6 % of Tween 80 was decayed. The EEM spectra further suggested the better degradation of diesel in EC/PDS/Fe 2+ process compared with EC process. The result of EPR experiments indicated the formation of hydroxyl radicals and indirectly proved the existence of sulfate radicals during EC/PDS/Fe 2+ process, resulting in the treatment of soil washing solution.

Chapter 6: Electrochemical degradation of phenanthrene in soil washing solution in chloride electrolyte

With the development of industry, the use of coal and petroleum resulted in the seriously contaminated soil [START_REF] Errington | Ecosystem effects and the management of petroleum-contaminated soils on subantarctic islands[END_REF]Tsai and Kao, 2009). Among these complex compounds, the existence of polycyclic aromatic hydrocarbons (PAHs) poses serious harm to environment due to their toxicity such as teratogenicity, carcinogenicity and mutagenicity (Ahn et al., 2008;Bai et al., 2019;Lau et al., 2014;Mousset et al., 2014). Various techniques have been applied to the remediation of soil contaminated by PAHs based on the evaluation of operating time, cost and characteristics of soil (Alcá ntara et al., 2008;[START_REF] Pazos | Decontamination of soils containing PAHs by electroremediation: a review[END_REF]Venny et al., 2012). Among them, soil washing process enhanced by surfactants is regarded as effective technique for remedifing contaminated soil (Bai et al., 2019). Surfactants play an important role in soil washing process since PAHs have high soil organic carbon-water partition coefficient (log K oc ) and octanol-water partition coefficient (log K ow ) and strongly adsorbed in soil (Mousset et al., 2016).

Surfactants can be divided into anionic, cationic and nonionic species based on the property of hydrophilic part (Befkadu and Quanyuan, 2018;Paria, 2008). Compared with cationic and anionic surfactants, nonionic surfactants are preferably applied in soil washing because they have better solubilization, more economy and low adsorption characteristics (Mousset et al., 2016). Tween 80 (TW80) belongs to the nonionic surfactant possessing a hydrophobic tail and hydrophilic head (Cheng et al., 2018;[START_REF] Yeung | A review on techniques to enhance electrochemical remediation of contaminated soils[END_REF]. The hydrophilic part tends to interact with aqueous phase and the hydrophobic part clings to hydrophobic compounds (Cheng et al., 2017). When the concentration of Tween 80 is higher than its critical micelle concentration (CMC), micelles were formed and compete with soil, enhancing the solubilization of PAHs in soil washing solution (Gómez et al., 2010;Sales et al., 2011).

Although soil washing is effective method for remediation of soil contaminated, the soil oxidation of PHE was obviously enhanced from 0.002 min 1 to 0.011 min 1 . With the further increase of current, the rate constant for degradation of PHE increased to 0.031 min 1 with 0.5A. It is due to the fact that higher current promoted the generation of hydroxyl radicals and active chlorine species (Wu et al., 2012;Ye et al., 2016). The decay of Tween 80 was indicated in Fig. 6.3(b). Tween 80 degradation increased from 10.5 % to 13.4 % when current rose from 0.1 to 0.3 A. When current reached to 0.5 A, Tween 80 decay increased to 14.2 % after 90 min. al., 2017). Among different pH 0 of 9, 6 and 3, the lowest Tween 80 decay (28.1 %) was obtained under pH 0 9 due to the lower generation of active chlorine species. The Tween 80 decay was 29.7 % and 35.3 % with pH 0 6 and 3, respectively. When pHs were 3, 6 and 9, 32.1 %, 31.0 % and 22.5 % of Tween 80 was decayed after 60 min.

The results of different pHs ensured with phosphate buffer suggested that lower pH was benefit the formation of active chlorine species, resulting in the removal of contaminants. (2) The heavily diesel-contaminated soil could be effectively remedied by soil washing followed by a treatment using electrochemical advanced oxidation process. With increase of Tween 80 concentration, diesel extraction efficiency was promoted during soil washing process. After two-time soil washing, 75.2 %, 80.0 % and 87.9 % of diesel extraction efficiencies were achieved with 5.0, 7.5 and 10.0 g L 1 Tween 80, respectively. When soil washing solutions were further treated, diesel degradation efficiencies were 79.7 %, 83.0 % and 72.7 % in electrochemical oxidation (EO) process and 87.2 %, 77.8 % and 77.7 % of diesel removal in EF system. PARAFAC model was applied to determine fluorescent components. After treatment by EO or EF processes, although the fluorescent intensity of BTEX increased, the fluorene-like substances, naphthalene-like and methylnaphthalene-like substances were obviously eliminated.

(3) Soil washing solution containing diesel and Tween 80 was obtained by remedifing diesel-contaminated soil. In treatment of the soil washing solution, electro-oxidation, Fe 2+ and PDS have synergistic effect on diesel elimination and Tween 80 decay. 88.6 % of diesel and 32.6 % of Tween 80 could be degraded from soil washing solution under optimum conditions of 0.1 mM Fe 2+ , 10 mM PDS, 0.5 A, pH 0 3, 0.05 M Na 2 SO 4 , graphite cathode and Pt anode.

The EEM spectra indicate that the better degradation of diesel in EO/PDS/Fe 2+ process was obtained compared with EO process alone. The generation of reactive radical species was determined by EPR experiments.

(4) The electrochemical process combined with NaCl (EO/Cl -) achieved better PHE removal than that of EO process alone. Higher current, higher NaCl concentration and lower pH values influenced positively the treatment efficiency of soil washing solution containing phenanthrene and Tween 80. The change in concentration of active chlorine species and the effect of scavengers indicated that there is generation of active chlorine species and reactive radicals in EO/Cl -process. Moreover supplementary experiments were carried out in a divided electrochemical cell to elucidate the effect of the DSA anode and graphite cathode.

(5) The UV-assisted EO in presence of chloride ion (EC/UV/Cl -process) had effective treatment potential for soil washing solution containing phenanthrene and Tween 80. The investigations of different influential parameters indicated that current intensity and NaCl concentration were beneficial for the elimination of PHE. Also, acid condition had positive effect on the PHE degradation. Generation of active chlorine species during electro-oxidation was measured. Compared with increase active chlorine concentration in EC/UV, the dosage of active chlorine firstly increased and subsequently decreased in the EC/UV/Cl -. Results obtained showed that part of active chlorine was transformed into reactive radicals during the process.

Perspectives

Under the light of the experiments performed and results obtained during this PhD work, the following perspectives could be issued:

(1) The effect of soil washing enhanced by Tween 80 on the remediation of a real soil contaminated with highly loaded with diesel should be further investigated. The influence of soil complex components should be analyzed and identified.

(2) The possibility of recycling Tween 80 in electro-Fenton process can be further investigated after the treatment of soil washing solution to reduce cost.

(3) The further investigation can also focus on the change of toxicity to assess the effect of the influence of Tween 80 on environment. Furthermore, it is also important to modify the electrochemical reactor in order to promote a higher dissolved oxygen concentration.

(4) In EO/Cl -process, it is important to determine active species by more scavenger experiments and EPR detection. The investigation of generation/effect of different active species formed during experiments conducted in divided electrochemical cell can be further performed.

(5) During UV-assisted EC in presence of Cl -, the electron paramagnetic resonance (EPR) measurements are needed to further identify the reactive radical species. It will also be meaningful to investigate and analyze the contribution of different reactive radicals to the degradation process of diesel or PHE in washing solution.
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