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Abstract 8 

Purpose of Review 9 

This review is focused on the removal of chlorinated hydrocarbons (as representative of 10 

persistent pollutants) from soil by soil- washing techniques, paying special attention to 11 

the application of electrochemically assisted technologies for the treatment of the liquids 12 

and gases produced during this treatment. It considers the degree of maturity of the 13 

technologies and suggests challenges for future research. 14 

 15 

Recent Findings 16 

Electrochemical technologies can help to improve the overall efficiency of soil washing 17 

processes in the removal of chlorinated hydrocarbons, contributing to the depletion of 18 

these hazardous species from the soil washing liquid and gaseous effluents generated 19 

during the treatment of the soil.  20 

 21 

Summary 22 

Chlorinated hydrocarbons are a good example of persistent organic pollutants which can 23 

be found in very high concentrations in polluted soil, specially in industrial sites. Because 24 

of its fast action, soil washing can be efficient for preventing the spreading of chlorinated 25 



hydrocarbons after accidental spills. Recent progress about fundamentals of this process 26 

and key parameters involved is discussed at the light of competing technologies, paying 27 

special attention to the liquid and gaseous wastes produced during this treatment, in the 28 

search of holistic approaches. For these liquid and gaseous wastes, electrochemical 29 

technologies are focusing the attention of many researchers and, because of that, recent 30 

progress in electrochemical technologies capable to deplete the pollutants is also 31 

discussed, within a comparison context with other competing technologies, indicating the 32 

technology readiness level of each electrochemical process and the challenges that must 33 

be overcome in order to reach full-scale applicability.  34 
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Introduction 45 

Soil is a very complex element, which is continuously interacting with the two other 46 

important components of the natural environment: water and air. Because of this 47 

interaction, when soil becomes polluted, contaminants may be propagated fastly, 48 

affecting ecosystems and human health. Among the large variety of compounds that can 49 

be found in soils as pollutants, it is worth to mention chlorinated hydrocarbons (CHCs), 50 

chemicals associated to important industrial products such as pesticides, solvents, thermal 51 

fluids, metal degreaser, and raw matters of the chemical industry [1]. Because of their 52 

anthropogenic nature and negative properties, such as high volatility and strong 53 

recalcitrance to degradation, the potentiality of damage that they can cause in the 54 

environment is extremely high. Their hazardousness is frequently related with the 55 

presence of chlorine atoms which favors the production of many chlorinated 56 

intermediates even more dangerous than the parental compound. 57 

Recently, the development of treatment technologies related to the remediation of soils 58 

has gained lots of attention, because Society has started to be conscious of the importance 59 

of solving the problem of pollution into soils as soon as it is generated, preventing the 60 

spreading of the pollutants to avoid low efficient remediations [2, 3]. The success of 61 

technologies developed in the last century does not only depend on the technology itself, 62 

but also on the origin and physical properties of the pollutants (such as water solubility 63 

and sorption characteristics) and the structure and soil composition. 64 

Soil treatment technologies have been classified according to the location of the soil 65 

during the treatment in: 1) in-situ techniques, that are applied directly in the soil 66 

placement where the pollution is originated without implying excavation, and 2) ex-situ 67 

techniques, that require the excavation of the polluted soils to be treated in the same place 68 

(on-site) or another different place (off-site). 69 



In situ treatments usually involves the movement of air or water (frequently including 70 

additives) throughout the polluted soil, which is favored by more permeable media. For 71 

soils with low permeability, these technologies are also useful, but applications of electric 72 

fields are required to mobilize pollutants. The application of these in-situ technologies is 73 

recommended for long-term treatments, although some technologies can also be used to 74 

prevent the spreading of the pollutants. 75 

Ex-situ treatments generally offer greater scope for managing conditions such as 76 

temperature, humidity, stirring speed in order to optimize the treatment efficiency and to 77 

control fastly the potential spreading of pollutants when accidental spills of hazardous 78 

compounds happen. Normally, these processes treat less volume of soils with higher 79 

concentration, which normally reduces the overall costs concerning a soil in which 80 

pollution has been spread for a long time. 81 

Generally, soil treatments can be classified attending the type of technology as 82 

thermal, biological and physicochemical, although in many cases, not a single but a 83 

synergetic combination of the process may offer the most effective remediation strategy 84 

for a given case [4]. Several examples of thermal remediation techniques were applied 85 

with heavy metals and organic compounds but nowadays, these techniques have been 86 

applied to increase the volatilization rate of the volatile and semi-volatile target pollutants, 87 

promoting their extraction throughout wells, for later treatment of the gaseous polluted 88 

streams [5]. 89 

Regarding the biological process, most of them are focused on the degradation of 90 

organic pollutants under controlled conditions using different microbial communities 91 

adapted to each particular type of pollutant (such as petroleum, oils sludge, and CHCs) 92 

[6-8]. The long treatment times required for significant removals motivate the necessity 93 



of coupling these technologies with other processes such as desorption extraction [9], 94 

adsorption onto activated carbon [10], or electrochemical processes [11].  95 

Numerous studies were carried out with persistent organic pollutants (POPs) such as 96 

polycyclic aromatic hydrocarbons (PAH) [12] and pesticides such as lindane or 2,4, 97 

Dichlorophenoxyacetic acid (2,4-D) [13], although it is important to consider that the 98 

combination with other technologies obtained generally more efficient results than the 99 

application of the biological treatments alone [14, 15].  100 

However, biological treatments are not always successful. There is a large variety 101 

of potential anthropogenic pollutants and it is not always possible to find microorganisms 102 

adapted to their degradation cost-effectively [16]. In this line, physicochemical treatments 103 

can be applied to remove pollutants dragged with liquid or gaseous effluents, to transform 104 

the pollutants into less hazardous compounds, or to concentrate or isolate them for further 105 

treatment. 106 

Thus, applications of in-situ electrochemical techniques, such as electrokinetic 107 

remediation (EKR) alone [17] or combined with permeable reactive barriers (PRB), have 108 

been shown to behave as good alternatives. These technologies require less modification 109 

of the environment and less transport; however, the efficiency was sometimes limited, 110 

and long-term treatment is required [18-20]. Soil properties, such as particle size, 111 

stratification, humidity, pH, and organic content, determine the viability of different soil 112 

remediation technologies, so a previous analysis would help to apply successful 113 

techniques [21]. Anyhow, they are not normally suitable for rapid contention of pollutants 114 

after an accidental spill.  115 

In this context, to control main parameters of soil remediation and apply faster 116 

treatments to remove pollutants such as heavy metals and CHCs preventing their 117 

spreading, ex-situ soil washing (SW) emerged as a technology capable of improving the 118 



removal of contaminants into soil, especially when accidental acute pollution happens, 119 

employing chemical-physical extraction and separation to remove or transfer pollutants 120 

to a liquid stream [22]. The study of this technology, their possible improvements, and 121 

couplings with other techniques is treated in the next section of this work. 122 

 123 

Soil-washing remediation techniques 124 

The use of an extracting solution to recover soil pollutants could be materialized 125 

with an in-situ process, known as soil flushing (SF), that consists of the movement of the 126 

groundwater and/or an aqueous solution with suitable chemicals throughout the soil to 127 

drag pollutants up to extraction wells where they are pumped out for further treatment 128 

and an ex-situ process, known as soil washing (SW), that involves the excavation of the 129 

affected land before the treatment in an external extraction tank where the pollutants are 130 

transferred from the soil to a liquid solution that later should be further treated. 131 

For the very first moments after acute discharges, ex-situ treatments are rather 132 

preferred because of the shorter treatment time and the capability to easily combine with 133 

other technologies. SW employs chemical-physical extraction and separation process to 134 

remove or transfer organic and inorganic contaminants from the soil into a liquid stream 135 

and it operates at a certain solid/liquid ratio frequently between 5 and 40% [23]. Then, 136 

after sedimentation, it is required the filtration of effluents to separate from the solid 137 

fraction a liquid stream to be further treated. Nowadays, within a context of increasing 138 

concern about the total sustainability of processes, it has also to be considered the gaseous 139 

fraction that is generated in these processes due to the potential presence of volatile and 140 

semi-volatile compounds in soils which are barely mentioned in other related reviews. 141 

Related with gaseous treatments, previous studies carried out mainly consider the 142 



emission of volatile or semi-volatile pollutants contained in soils and it was reported 143 

technologies as thermal desorption, [5], composting [24], advanced oxidation processes, 144 

and electrochemical technologies [25, 26], but there is very short information about the 145 

generation of gaseous pollutants during the treatment of soil polluted. In these systems,the 146 

capture of gaseous effluents must be carried out during the mixing with the extracting 147 

solution, so three phases of a very complex product have to be taken into account to 148 

understand completely the process in the design of a full remediation treatment (Figure 149 

1).  150 

 151 

Figure 1. Scheme of an industrial ex-situ soil washing process with the complete 152 

recovery of all polluted phases (gaseous stream, liquid effluent, and solid fraction). 153 

The ex-situ SW process enhances the contact between the extracting agents and soil 154 

pollutants as the mixture can be energetically stirred. However, the transference of 155 

pollutants to a liquid solution sometimes requires the use of additives.  156 

Hence, these reagents can reduce the time necessary to treat a polluted site, as 157 

compared to the use of water alone, while reducing the necessity of water, leading to more 158 



sustainable processes. Nevertheless, the formulation used must be of low ecotoxicity for 159 

the soil and, also, of high biodegradability [27]. 160 

Surfactants are the most important extractant agents used to improve the solubility 161 

of organic pollutants. They consist of amphiphilic molecules, composed of two main 162 

components, the hydrophobic tail group, and the hydrophilic head group, and are 163 

characterized by their chemical structure, hydrophilic-lipophilic balance, and critical 164 

micellar concentration (CMC). 165 

Synthetic surfactants are continuously being developed, and their selection is an 166 

important feature to reach the final success of SW technology. Among the different types 167 

of surfactants available in the market, it is worth to highlight anionics (such as sodium 168 

dodecyl sulphate, SDS or sodium dodecyl benezenesulphonate, SDBS), cationics (such 169 

as quaternary ammonium derivatives), amphoterics and nonionics (such as Tween 80 or 170 

Triton 100) [28]. For ionic surfactants, a high concentration is required to overpower the 171 

electrostatic repulsion among ionic head groups, through micellization [29]. Additionally, 172 

it had been developed new products with higher biodegradability and less affected by the 173 

precipitation or sorption onto the soil. Among these compounds, it is worth to mention 174 

the biosurfactants, which are amphiphilic compounds able to form micelles and have 175 

higher extraction efficiency. As examples saponin or alkyl polyglycoside were used to 176 

enhance the remediation of soil polluted with o-dichlorobenzene (o-DCB) and p-177 

dichlorobenzene (p-DCB)[30] or surfactin and rhamnolipid were applied to remove high 178 

quantities of crude-oil accidentally spilled in soil [31]. The main advantages of 179 

biosurfactants include higher biodegradability, ecological safety, lower toxicity, and the 180 

possibility to be produced in situ [4, 32]. 181 



Other less common alternatives to be used as extracting agents are the humic acids, 182 

which have amphiphilic properties and their carboxylic groups may bind with several 183 

hazardous metals after their deprotonation [33, 34], or the use of organic acids (such as 184 

oxalic, citric and tartaric acids) coupled with and EDTA derivates which have been 185 

proposed for the remediation of vanadium contaminated soils [35]. 186 

Regarding the further treatment of the different SW solutions produced with 187 

extracting agents, Trellu et al. [36] summarized in a detailed review the wide variety of 188 

extracting agents (synthetic surfactants, biosurfactants, cyclodextrins, organic cosolvents, 189 

vegetable oils, and other acidic compounds or polymers) and then, the different options 190 

of advanced oxidation process (AOPs) suitable for the treatment of SW wastes generated, 191 

including the electrochemical ones. 192 

Recently, the successful treatment evaluations carried out in lab-scale studies have 193 

encouraged to scale-up the technology, to develop in a pilot-scale system and, then, even 194 

go further in a commercial scale to treat a real portion of soil polluted. In real samples 195 

treatment, a pretreatment to remove large objects from the soil is required to obtain a 196 

homogeneous soil ready for the washing step. Removal is done through scalping, 197 

mechanical screening, jigging, and tabling. The oversized materials may be from 198 

construction wastes to large pieces of rock or gravel. These materials are usually not 199 

contaminated; however, if treatment is necessary the size of these pieces must be reduced. 200 

Then, different soil washing systems are designed considering the different remediation 201 

conditions as the presence of metallic pieces, larger solid masses, or sands. The most 202 

common SW process applied to remove persistent organic matter requires the use of 203 

hydrocyclons after control of the size of particles to ensure good mixing. In this step, it is 204 

proposed to collect the possible gaseous currents emitted from the SW systems to be 205 

further treated [37] which would help to attain a more sustainable process. 206 



The size of industrial extractors for soil polluted depends on the needs of a specific 207 

remediation site. As a thumb rule, the space requirement needed for a typical plant will 208 

range from approximately 100 x 200 ft to 125 x 250 ft for a plant that can process 25 or 209 

50 tons h-1, respectively [38]. This area contains the soil and contaminated piles and the 210 

equipment for the washing plant. Some treatment facilities that are installed in Glasgow 211 

(Scotland) [39] have a maximum capacity of 100 tons h-1 and it also can recover the 212 

aggregates, sand, clay, top soil to provide this material back into the 213 

construction/agriculture sector. An option to separate the washing solution (liquid phase) 214 

from the solid fraction might be the use of a screw decanter centrifuge. This device rotates 215 

at high speed (2000-6000 rpm) helping the solids settle further down by centrifugal force, 216 

and the solid fastly accumulates onto the inner surface of the tube. Then, an endless screw 217 

pushes the solid accumulated, which is moved, dewatered, and discharged by the bottom 218 

part. The washing fluid is converted into clarified liquid and discharged from the outlet 219 

on the side plate. The liquid obtained can be recovered to reuse in further SW processes 220 

and the solids aggregates, depending on their size, can be used in road construction, 221 

building foundations, pavement sand, and as pipe bedding. 222 

 223 

• Recent progress in the ex-situ soil washing treatment 224 

The relevance of SW technologies for the treatment of soil contaminated with 225 

organic pollutants has enhanced the publication of relevant works in the last five years. It 226 

is highlighted the use of anionic surfactants as sodium dodecyl sulphate (SDS), not only 227 

because of their lower sorption into the soil but also because of their low cost and higher 228 

extraction efficiency. In this line, Dos Santos et al. studied the removal of petroleum from 229 

low conductivity soils using SDS in a concentration ranged from 500 to 5000 mg L-1 with 230 

an efficiency higher than 92%. [40]. Removal of several refractory pesticides has been 231 



also evaluated, including pendimenthaline [41] or oxyfluorfen [42] aiming to produce 232 

SWWs with high organic load, that enhance the performance of a further treatment to 233 

completely remove these contaminants. To enhance the soil washing process, other 234 

authors have proposed the use of different structures to remove organic compounds. Kim, 235 

Nahae et al. [43] applied an ex-situ SW process in soil contaminated with large quantities 236 

of petroleum using novel core-crosslinked amphiphilic polymer nanoparticles that have 237 

low sorption onto the soil particles as compared with the conventional non-ionic 238 

surfactants as Triton X-100 and Brij 30, obtaining the highest efficiency (96%) with these 239 

new nanoaggregates. To remove soil polluted with PAH such as acenaphthene (ACE), 240 

phenanthrene (PHE), fluoranthene (FLA) or pyrene (PYR), it was coupled the extraction 241 

effect of a non-ionic surfactant as Tween 80 with a CD as Hydroxypropyl-beta-242 

cyclodextrin showing extraction efficiency higher than 80 % [44]. However, high loads 243 

of soil polluted with diesel were extracted using a different concentration of a single non-244 

ionic surfactant (Tween 80) obtaining an efficiency close to 90%, which confirms the 245 

strong influence of physical properties of hazardous hydrocarbons in the viability of the 246 

process [45]. In recent years these surfactants have been applied in the treatment of heavy-247 

metal polluted soils because of their potential risk to human health due to their detection 248 

in abandoned industrial soils. Eco-friendly washing agents are very demanded for 249 

practical applications of SW to remediate these contaminated sites. As an example, there 250 

are different artificial chelating agents, such as EDTA, which can bind multiple heavy 251 

metals to form soluble and stable complexes and generates large molecules with the 252 

pollutants that are easily further removed. 253 

Recently, the combined utilization of multiple SW reagents has become a clear 254 

objective to improve the process. However, sometimes, it is required different sequential 255 

extraction with alternative washing reagents that increase the total costs. Thereby, new 256 



formulations with the capacity of treating high concentrations of heavy metals and a 257 

reduction of toxicity and mobility were required. As an example, it is mentioned the 258 

removal of Cu, Ni, and Zn from an industrial soil that was recovered with a low 259 

concentration of EDTA and three organic acids (citric, oxalic, and tartaric acid) with an 260 

efficiency higher than 80% [46]. 261 

Also, a new and interesting concept called ‘technology readiness level’ (TRL) firstly 262 

applied by NASA in 1974 has appeared to evaluate the level of maturity that a technology 263 

has reached. Thus, during the last quarter of the last century, the TRL applied to soil 264 

washing technology for the remediation of soils polluted with hazardous organic 265 

compounds increased from very low values (3-4) to almost level 7-9, with all elements of 266 

the required value chain in full operation for the simpler technologies and, even, 267 

companies that are selling key-on-hand solutions to real problems. However, there is still 268 

a lot of work to be done regarding the optimization in the combination of processes and 269 

the effect of the formulation of the washing fluids, with many studies whose TRL should 270 

still need to be largely improved [47] to reduce the big gap in their development and scale-271 

up which it has to be considered in future research.  272 

 273 

• Ex-situ soil washing treatment for the removal of CHCs 274 

Many technologies have been developed to remediate soils polluted with CHCs 275 

using SW techniques, being differentiated in terms of the different strategies faced and/or 276 

the combination with other processes. Thus, the identification of the type of surfactants 277 

and the most useful concentration according to the target pollutants have been studied. 278 

Laha et al. [48] described the selection of the appropriate surfactant concentration with 279 

different CHCs and the influence of surfactant sorption onto soils that appears with the 280 

increasing surfactant concentration until the onset of micellization. It was provided a 281 



discussion of equilibrium partitioning theory to account for the distribution of CHCs 282 

between soil, aqueous phase, sorbed surfactant, and micellar surfactant phases. In this 283 

line, more studies were reported using different surfactants, types of soils, and pollutants. 284 

Zhang et al. [49] applied a coupled process with non-ionic surfactant (Triton X-100) and 285 

powdered activated carbon (PAC) to remove chlorine pesticides such as Chlordene, 286 

Chlordane, Mirex, with the aim to extract the maximum quantity from soil polluted and 287 

later retain in the PAC for a further treatment.  288 

 Among typical surfactants used, anionic surfactants, such as sodium dodecyl 289 

sulphate (SDS), or non-ionic, such as Tween 80 and Triton X-100, are less likely to be 290 

adsorbed onto the soil and initially, they were used in works to confirm the efficiency to 291 

extract the pollutants from soils [50]. CHCs such as lindane [51], clopyralid [52], and 292 

trichloroethylene [53] have been removed from low permeability soils with good results 293 

in a concentration that ranged from 1 mg kg-1 to 100 mg kg-1 soil. However, later it was 294 

necessary to enhance the treatment to remove contaminants from the soil washing wastes 295 

(SWW) generated. The aim of these studies was not only the study of the remediation of 296 

soils but also the study of properties of the resulting SWWs, such as their regeneration 297 

capacity to create an environmentally friendly process, the degree of sorption onto soil 298 

and the evaluation of biological parameters of washing solutions as biodegradability, 299 

enzyme activity or toxicity to avoid the use of large amount of surfactants that can cause 300 

possible harms to the soil ecosystem. 301 

Thus, many technologies are still being developed to extract pollutants in a cost-302 

efficient way. In this line, the coupling of SW with other processes and technologies 303 

seems to be the most valuable alternative to face the problem of spiked soils, not only 304 

with CHCs compounds but also, with other non-chlorinated hazardous hydrocarbons and 305 



other toxic inorganic compounds such as heavy metals. Therefore, new perspectives of 306 

the ex-situ treatment of spiked soils would be focused on:  307 

1) the improvements of extracting agents applied to be more environmentally friendly for 308 

soils, to increase their final recovery and  309 

2) to determine an efficient coupling with EAOPs technologies to remove the more 310 

refractory and hazardous compounds. 311 

The alternatives could be biological processes which would be focused on the 312 

reduction of their final toxicity and the removal of a biodegradable fraction or with 313 

processes that consist of a separation step that enhance a previous recovery of the 314 

extracting agent and further complete removal of pollutants, but these processes should 315 

be applied as a coupled treatment.Table 1 summarizes most relevant works published in 316 

the last five years and with informative purposes, the approximate TRL of these works. 317 

 318 

Table 1. Soil washing experiments conducted for remediation of different hazardous 319 

hydrocarbon- polluted soils. 320 
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 330 

 331 

Treatment of liquid soil-washing wastes by improved degradation 332 

processes 333 

Oxidation technologies are very important for the removal of CHCs from liquid 334 

wastes. Several recent reviews show that these technologies produce outstanding results 335 

[54, 55], although the operating conditions must be carefully evaluated to obtain high 336 



efficiencies and to avoid the formation of byproducts that can be even more dangerous 337 

than the original pesticides, from a viewpoint of potential toxicity, mutagenicity, and 338 

carcinogenicity. 339 

Technologies that are related with the generation of hydroxyl radicals are called 340 

advanced oxidation process (AOPs) and they can be classified depending on the 341 

mechanism that promotes the formation of these radicals. Thus, technologies based on 342 

the production of hydrogen peroxide [56] or other species have attracted considerable 343 

attention due to their simplicity, high efficiency, and easy application. As a example, 344 

Fenton process was used to treat high load of non-aqueous liquids produced in the 345 

treatment of soils polluted with lindane and other CHCs using novel formulations of 346 

surfactants as E-mulse 3 (a mixture of non-ionic surfactants and citrus terpenes) [57]. To 347 

increases efficiency, instead of using AOPs as a single treatment, it is preferred to 348 

combine them with other processes. In this line, the light irradiation coupled with the 349 

addition of a photocatalyst increases the efficiency in the production of hydroxyl radicals, 350 

and many works have reviewed the application of this process for the treatment of 351 

hazardous organic compounds in effluents [58]. Titanium dioxide was the most used 352 

semiconductor photocatalyst, due to its good properties as cost-effectiveness, inert nature, 353 

photostability and the efficiency of this process, which mainly depends on the adsorption 354 

capacity of target pollutants onto the photocatalyst because their oxidation is promoted 355 

by hydroxyl radicals formed on the surface of the photocatalyst. Thus, higher doses of 356 

surfactants may generate the production of micelles that cannot react or adhere at the 357 

surface of catalysts, pointing out a paramount influence on the process of the 358 

concentration and type of extracting agent used [59]. 359 

To treat SW effluents, technologies that use Fenton reaction has been widely 360 

reviewed. This process consists of the catalytic decomposition of H2O2 in acidic media to 361 



generate the hydroxyl radicals using ferrous salts. It can be enhanced by its combination 362 

with heterogeneous photocatalysis [60], dehalogenation processes [61, 62], or irradiation 363 

using sono- [63] and photo-energies [64, 65]. These approaches can be used to achieve 364 

complete or almost complete removal of organics in the treatment of polluted solutions. 365 

Some of the drawbacks of chemical Fenton processes, in which the H2O2 and the 366 

iron salts are added externally, arise from the cost, storage, transport, and environmental 367 

impact of decentralized H2O2 production, as well as the use of high amounts of iron salts 368 

with further sludge formation [66]. 369 

• Electrochemical advanced oxidation processes (EAOPs) 370 

In the last decades, electrochemical advanced oxidation processes have emerged as 371 

a new class of AOPs to treat polluted effluents  [55, 67]. The main feature of those 372 

processes is the use of the electron as an efficient, versatile, cost-effective, and clean 373 

reagent. However, today the market share of EAOPs for the treatment of polluted 374 

effluents on an industrial scale is relatively small and most of their applications remain 375 

on a bench/pilot plant scale [68]. Some of the main drawbacks that prevent the widespread 376 

application of those technologies are the electrode lifetime, the costs associated to energy 377 

supply [69], or the reaction rate limited by the heterogeneous nature of charge 378 

transference processes. 379 

The simplest and, probably, most popular EAOP is anodic oxidation (AO). In the 380 

70´s studies demonstrated that the reactions occurring during AO could be used for the 381 

degradation of organic pollutants in wastewater [70, 71]. During an AO treatment, 382 

pollutants can be removed by two different mechanisms, direct and mediated oxidation 383 

explained in many researching works [68]. Innovations over the last decades lead to the 384 

discovery of more efficient and stable coatings, such as boron-doped diamond [72] and 385 

sub-stoichiometric titanium oxide [73], which paved the way for the development of 386 



robust AO reactors for wastewater treatment [74-76]. Particularly, for the treatment of 387 

SWW, the high carbon content (extracting agent, target pollutant, and soil organic matter) 388 

leads to a competition for the oxidation of pollutants and extracting agents, and the 389 

behavior and efficiencies depends on the nature of all these organics, pollutants and 390 

extracting agents used. 391 

To remove persistent hydrocarbons from SW effluents using EAOPs, the coupling 392 

of electrooxidation was carried out with alternative processes to overcome one of the 393 

significant drawbacks of this technology, which are related to the mass transfer 394 

limitations of pollutants to the electrode surface where most of the generated hydroxyls 395 

are concentrated (they have a low lifetime to be transported to the bulk). In this line, the 396 

coupling with ultrasounds or UV-light irradiation, trying to promote the production of 397 

large amounts of oxidants and free radicals in the bulk, favors the removal of organic 398 

pollutants by mediated oxidation mechanisms and reduces the competition effect of soil 399 

organic matter and target pollutants [77, 78].  400 

Synthetic SWWs polluted with pendimentalin were treated, using sono and 401 

photoelectrolysis processes and SDS as a surfactant, obtaining removal percentages 402 

higher than 75% [41]. Likewise, effluents polluted with phenantrene were studied using 403 

different coupled processes as the addition of persulfate to the photoelectrolysis using 404 

active electrodes as mixed metal oxide anodes [79] or  also with the addition of an easily 405 

biodegradable complex as Fe (III) -EDDS (ethylendiamine-N-N-disuccinic acid) using 406 

simulated solar light irradiation [80]. In all studies evaluated the aim was the development 407 

of coupled processes to improve the EAOPs and to reduce the reagents and energy 408 

consumption. 409 

CHCs are another specific group of hydrocarbons that should be considered in the 410 

development of efficient EAOPs technologies. to remove these refractory compounds. 411 



BDD electrooxidation is a well-known technology that promotes suitable reactive 412 

conditions to remove these compounds and also their intermediates, but it is necessary 413 

for the transport of CHCs to a liquid phase. In the case of an extended herbicide as 414 

atrazine, that it has polluted many groundwaters, it was studied their removal from a SW 415 

fluid using a single electrooxidation process with different electrode material as BDD, 416 

Mixed Metal Oxide with Ir and Ru and carbon felt to confirm the full removal only using 417 

BDD[81] 2,4-Dichlorophenoxyacetic acid was removed from aqueous solutions using a 418 

hybrid process based on the combination of electrooxidation and ozone for the integration 419 

of hydroxyl and sulfate radicals. 2,4-D was removed in 90 minutes and 68.9% of total 420 

organic matter was removed within 3 hours [82]. Table 2 summarizes some of the most 421 

relevant treatments carried out in SWW polluted with CHCs using EAOPs technologies. 422 

Table 2. Treatment of SW effluents polluted with CHCs compounds using coupled 423 

processes with EAOP technologies. 424 



 425 

 426 

 427 

Treatment of gaseous emissions from soil washing wastes 428 

To end up, it should be considered the development of novel technologies related 429 

with the efficient treatments of gaseous compounds generated during soil treatments. In 430 



this context, recent studies of VOCs using advanced oxidation process coupled with other 431 

technologies have reached relevant results.  432 

Processes such as thermal oxidation, photocatalytic oxidation (PCO) are promising 433 

technologies after VOCs are captured because the pollutants can be oxidized to H2O and 434 

CO2. However, thermally catalytic oxidation requires temperatures higher than 200 ºC 435 

and a relative high concentration of pollutants for an efficient operation, and, hence, it is 436 

not always economically feasible when combined with soil washing [83]. Thus, integrate 437 

removal processes have been proposed which combine the mediated electrochemical 438 

oxidation (MEO) and an absorption column into an electrochemically assisted-scrubbing 439 

process [84]. In these processes, the pollutants are oxidized through the mediation of some 440 

electrochemically generated redox reagents (eq 1 and 2), which act as mediators for 441 

electron transfer between the electrode and organics [85]. These mediators can be metallic 442 

redox couples, such as Ag(II/I), Ce(IV/III), Co(III/II), Fe(III/II) and Mn(III/II), or strong 443 

oxidizing chemicals, such as active chlorine species, ozone, hydrogen peroxide, 444 

persulphate, percarbonate, and perphosphate. The optimum temperature and pH depend 445 

on the metallic redox pair used (M(n+)/M(n)). Additionally, the role of efficient TiO2 or 446 

BDD electrodes and electrolytes is key to promote the production of these mediators from 447 

precursors. 448 

 449 

𝑀𝑥+ − 1𝑒− →  𝑀(1+𝑥)+    Eq. 1 450 

𝐶𝑥𝐶𝑙𝑦 + 𝑛 𝑒− → 𝐶𝑥𝐶𝑙𝑦−𝑛 + 𝑛 𝐶𝑙−           Eq. 2 451 

 452 

Thus, Muthuraman et al. studied the removal of some gaseous pollutants as carbon 453 

tetrafluoride [86] and nitrous oxide [87], both very recalcitrant greenhouse gases, using 454 



wet scrubbing methods with an in-situ electrogenerated Co and Ni mediators in a high 455 

alkaline medium. 456 

 Lately, novel studies applied coupled technologies with EAOPs also to treat VOCs. 457 

In this line Chen et al. [88] removed gaseous pollutants, such as ethyl acetate or toluene, 458 

using a novel continuous system integrating UV-assisted photo-electrochemical catalysis 459 

with a microbial fuel cell. In the cathode, it was used as a metallic catalyst of CeO2 and 460 

TiO2 loaded on the activated carbon fibers felt substrate, obtaining high elimination 461 

capacities for both pollutants.  462 

All these previous studies were related to the direct treatment of gases, but it is 463 

worth to take in mind that very few studies about gaseous compounds emitted during SW 464 

processes were carried out. Most of them aimed to quantify the gaseous emissions but 465 

they are not focused on the capture and treatment of these pollutants. These processes are 466 

characterized by a low TRL, commonly in level 2 or 3 with manuscripts related to the 467 

technology formulation or experimental proofs of concepts. Huang-Ping Chao et al. [89] 468 

reported in 2006 the high influence of parameters as soil organic matter, water solubility 469 

and surfactant concentration in the volatilization of VOCs with low solubility after 470 

applying SW technologies.  471 

Then, because of their particularity, chlorinated VOCs have been considered as a 472 

specific group of toxic gaseous compounds that are removed using catalytic oxidation 473 

with temperatures ranged from 200 to 500 ºC. In these processes are more important the 474 

complete oxidation pathways without generating byproducts than the oxidation efficiency 475 

of the target compound. In a very recent document, Lin et al. [90] explained some critical 476 

aspects related to the formation routes of chlorinated byproducts in gaseous treatments to 477 

achieve their complete destruction including some strategies focused on the inhibition of 478 

chlorinated intermediates and the improvements of further oxidation to final products. 479 



Regarding to the treatment of specific gaseous compounds produced from CHCs, some 480 

recent works removed perchloroethylene in gaseous streams to evaluate the capacity of 481 

different electro-absorbers to remove it obtaining a surprising reactivity with different 482 

reaction pathways depending of the system and experimental conditions applied [91, 92]. 483 

Likewise, carbon tetrachloride and trichloroethylene [93, 94] were removed from a 484 

synthetic gas current using in situ electrogenerated Co mediators from an electrode of 485 

Co(OH)2 in a divided cell using an electrolyzer. Other efficient redox pairs are Ce(IV/III) 486 

that were applied to remove CHCs such as chlordane, Ambush, and 2,4 D with an 487 

efficiency higher than 85% [95, 96]. Some examples with the main parameters of the 488 

removal of chlorinated VOCs are summarized in Table 3, but the authors have not found 489 

any real studies of these compounds with high TRL produced during the SW treatments 490 

yet. Thus, there is still slot for the improvement to be carried out in terms of the capture 491 

and treatment of VOCs generated during treatment processes using electrooxidation. 492 

Therefore, future works related with a whole treatment of soil polluted have to be focus 493 

on developing a cost-efficient technology to combine the recovery and removal of all 494 

gaseous currents generated in SW processes and the treatment of solids and liquids 495 

effluents generated. 496 

Table 3. Studies related with the Cl-VOCs promoted from SW treatments of spiked 497 

soils with CHCs. 498 



 499 

Conclusions 500 

This review identifies the key aspects carried out in the soil treatments using ex-501 

situ techniques coupled with electrochemical processes and remarks a very important 502 



treatment technology for the remediation of soils, especially when this treatment is faced 503 

immediately after an acute discharge of pollutants occurs, because it may help to prevent 504 

diffusion of the pollutants. A suitable formulation of the soil washing fluid has a 505 

paramount influence to obtain an efficient transfer of the pollutants from the soil to the 506 

selected washing fluid, which can be further treated by different efficient technologies 507 

including very efficient electrochemically assisted processes. This type of process can 508 

also be used for the treatment of the gases emitted during the soil washing and the 509 

treatment of the liquid SWFs, being especially important the use of homogenous catalyst 510 

salts to promote the efficiency in the removal of the volatile and semi-volatile pollutants. 511 

In this work it has reviewed the most recent and important works in all these topics, 512 

allowing to shed light on the future perspectives of application of all these technologies. 513 
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