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Cañizares, M.A. Rodrigo

PII: S0304-3894(17)30442-9
DOI: http://dx.doi.org/doi:10.1016/j.jhazmat.2017.06.021
Reference: HAZMAT 18642

To appear in: Journal of Hazardous Materials

Received date: 6-3-2017
Revised date: 7-6-2017
Accepted date: 10-6-2017
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Highlights 

 Lindane can be drained from soil by SASW using high surfactant/soil ratios 

 Quality of the effluent of SASW depends strongly on the surfactant/soil ratio 

 Lindane can be oxidized from SASW wastes by electrolysis with diamond anodes 

 SDS is oxidized more slowly than lindane opening the possibility of re-use of the 

SWF 

 

Abstract 

In this work the complete treatment of soil spiked with lindane is studied using surfactant-

aided soil-washing (SASW) to exhaust lindane from soil and electrolysis with diamond 

anodes to mineralize lindane from the soil washing fluid (SWF) waste. Results 

demonstrated that this technological approach is efficient and allow to remove this 

hazardous pollutant from soil. They also pointed out the significance of the ratio 

surfactant/soil in the efficiency of the SASW process and in the performance of the later 

electrolysis used to mineralize the pollutant. Larger values of this parameter lead to 

effluents that undergo a very efficient treatment which allows the depletion of lindane for 

applied charges lower than 15 Ah L-1 and the recovery of more than 70 % of the surfactant 

for the regeneration of the SWF.  
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1. Introduction 

Removal of hazardous species from soils is an environmental priority, in order to avoid 

the further magnification of the problem with the later pollution of water reservoirs [1-3]. 

Electrochemical technologies tailored to reach this target are gaining special attention in 

the recent years [4-6]. Among them, the combination of surfactant-aided soil-washing 

(SASW) and advanced electrochemical oxidation processes (EAOP) have been the 

objectives of many research works[7-10] including several recent papers of our group 

[11-16], in which it has been pointed out a rather good performance with the exhaustion 

of the target compounds from both the soil matrix and the waste soil washing fluid (SWF). 

With respect to SASW, great effort has been made in the recent years to understand the 

mechanisms involved and to reach high performance in the removal of pollutants [17-

21], and even to add reagents that can treat onsite the pollutant [22]. Among the advanced 

oxidation processes, electrolysis with diamond anodes has reached a special level of 

interest, because of the outstanding performance of the technology as compared with 

other Advanced Oxidation Processes (AOPs) [23, 24].  

-Hexachlorocyclohexane (or lindane) is a very controversial but effective pesticide [25]. 

Nowadays, it is banned as agricultural pesticide in the numerous group of countries that 

signed the Stockholm Convention on Persistent Organic Pollutants. However, it is still 

produced and used as a pharmaceutical product for the treatment of lice and scabies in 

such countries and as an effective pesticide in non-signing countries. Both, health and 

environmental considerations are behind its inclusion in the Stockholm Convention. 

Regarding its effects on human health, it is known to harm the nervous system and 

suspected to be carcinogen. Regarding environment, lindane has a great persistence (large 

lifetime) and the potentiality to be transported at long distances and to be accumulated in 

the food chain. Despite being banned in many countries, it has been used massively for 

more than 50 years all around the World. Even in countries in which it is banned, there 

are many polluted sites [26], which cause great social alarm, being a very representative 

example the case of the pollution produced by an already closed down lindane-

manufacturing factory in the region of Sabiñañigo in the North of Spain [27].  

The removal of lindane has been faced by several authors, using not only biological 

technologies [25, 28] but also different types of AOPs, including hydrogen peroxide [29] 

and activated peroxymonosulfate [30]. The treatment of this hazardous pollutant can also 

be obtained by reductive dehalogenation and recent works, in which Zerovalent Iron 



(ZVI) is used as reductive agent, are of a great interest [31, 32]. Regarding the application 

of electrolysis, it is important to note that more attention has been paid to the cathodic 

dechlorination [33-36] than to the mineralization of the lindane, which has been faced by 

mediated oxidation with highly powerful inorganic cationic oxidants [37]. This 

dechlorination is highly efficient and, even, it was proposed for being combined with 

biological treatment in a pioneering manuscript published more than forty years ago [38]. 

Therefore, the objective and main novelty of this work was to study the complete 

treatment of soil spiked with lindane using (1) SASW with sodium dodecyl sulfate (SDS) 

to exhaust lindane from soil and (2) electrolysis with diamond anodes to mineralize 

lindane from the SWF waste. To do this, firstly the optimum ratio SDS/soil required to 

extract the maximum amount of lindane from the spiked soil is evaluated, paying attention 

to the influence of the washing conditions and SDS concentration in the SWF generated. 

In a second step, the study is focused on the destruction of the lindane contained in the 

SWF by electrolysis, evaluating the role of the SDS/soil ratio in the treatability of the 

effluents generated by the SASW process. 

 

2. Materials and methods 

Chemicals. Lindane (C6H6Cl6, 97%), Sodium Dodecyl Sulfate (SDS) (used as 

solubilizing agent) and Hexane (Sigma Aldrich, Spain) were analytical grade and used as 

received. Ethyl Acetate high pure were obtained from Sigma Aldrich and used for GC-

ECD. Methanol was obtained from VWR. Double deionized water (Millipore Milli-Q 

System, resistivity: 18.2 MΩ cm at 25ºC) was used to prepare the SWF. 

Analytical techniques. To determine lindane concentration in the liquid phase, an L–L 

extraction process was used before the analysis. This process was carried out in separator 

flasks of 10 mL, using ethyl acetate as extraction solvent (ratio lindane 

solution/solvent = 1 v/v is required to extract 100% of lindane contained in the aqueous 

phase). After that, all samples extracted from electrolyzed solution were filtered with 

0.25 μm nylon filters before analysis by Gas Chromatography-Electron Capture Detector 

(GC ECD) (Thermo Fisher Scientific) using a TG-5MS capillary column (30m x 0.25mm 

0.25mm) and 63Ni micro-electron capture detector, a split/splitless inyector and 

ChromCard Software. Under the conditions used, the quantification limit of the GC ECD 

was 0.02 mg L-1. The flow rate of gas He was 1.0 mL min-1. The temperature of the 

injector was 210 ºC. The total organic carbon (TOC) concentration was monitored using 

a Multi N/C 3100 Analytik Jena. Measurements of pH and conductivity were carried out 



using a CRISON pH25+ and CRISON CM35+. The colorimetric method used to 

determine the concentration of the SDS surfactant has been elsewhere [39] . The anions 

present in the target wastewater were characterized using ion chromatography by means 

of a Shimadzu LC-20A system. 

Preparation of polluted soil and soil-washing fluid (SWF). The soil used in this study 

was from a quarry located in Toledo (Spain). This soil is characterized by its inertness, 

low hydraulic conductivity (10-8 cm s-1) and lack of organic content. Samples of polluted 

soil were prepared by dissolving lindane (0.2 mg) in hexane (100 mL) and then by mixing 

this lindane/hexane solution with soil. The soil-hexane-lindane mixture was stirred and 

blended homogeneously. The spiked clay was aerated for 1 day, in order to promote 

evaporation of the hexane. The resulting lindane concentration in the soil was around 100 

mg kg-1 of soil.  The preparation of SASW effluents was carried out in a stirred batch tank 

as described elsewhere [11, 13].  Low-permeability soil (amount ranging from 100 to 400 

g) polluted with 100 mg lindane kg-1 of soil and 1.0 L of SWF (concentration ranging 

from 100 to 20000 mg L-1) were mixed in the reactor for 24 h. Then, the same tank acted 

as a settler (for 24 h) to split up the soil from the washing effluent. Both magnetic and 

paddle stirrers were used with stirring gradients of velocity (G) of 4900 in the case of the 

magnetic stirrer and 3160 s-1 in the case of the paddle stirrer, in order to evaluate harsh 

and soft mixing conditions in the SASW.  

Experimental setup. The SASW effluents were treated by electrolysis with diamond 

anodes using a bench-scale electrochemical setup described elsewhere [40]. Boron doped 

diamond (BDD) and stainless steel electrodes were used as anode and cathode, 

respectively. Both electrodes were circular (100 mm diameter) covering a geometric area 

of 78 cm2. The characteristics of the BDD used were: 100 mΩ of resistivity of the Si 

wafers, 2–3 μm of BDD-coating thickness, 500 ppm of boron concentration and 250 of 

sp3/sp2 ratio. The SASW effluent was stored in a thermo-regulated glass tank (1 L) and 

circulated through the cell using a peristaltic pump at a flow rate of 60 L h−1.  The 

electrical current was applied using a Delta Electronika ES030 (0-30 V, 0-10 A). The 

electrolysis was carried out galvanostatically at 50 mA cm−2. Prior to use in galvanostatic 

electrolysis assays, the electrode was polarized for 10 min in a 0.035 M Na2SO4 solution 

at 15 mA cm−2 to remove any impurities from its surface. Temperature was kept constant 

(25ºC) by means of a thermos-regulated water bath. 

 



3. Results and discussion 

The first step for the treatment of soils polluted with lindane by the combined 

technologies proposed in this work, is the application of SASW process [41, 42]. In this 

case, SDS was selected as surfactant and different amounts were dosed in order to extract 

the pollutant. Because of the existence problems of reproducibility, found in previous 

experiments, and after detecting that mixing conditions had a paramount significance on 

results, two different mixing conditions were tested and extraction of lindane for both 

settings is shown in Figure 1. In the first series of tests, the velocity gradient applied was 

4900 s-1 with a magnetic stirrer while in the second this values was only of 3160 s-1 and 

a paddle stirrer was used. The stirring in the case of the magnetic stirrer was not only 

more powerful because of the use of a higher G, but also because due to its position it 

moved up the soil from the bottom of the tank producing a vortex and great turbulence, 

observable just at naked eye.  

As it can be seen in Figure 1, in using the right dose and harsh mixing conditions, it is 

possible to exhaust this hazardous pollutant from soil and to transfer it to the flushing 

fluid completely. This efficient removal of the lowly hydro-soluble pollutant from soil 

was expected according to the results shown in previous works of our group [11-13, 43], 

for which the removal of atrazine and oxyfluorfen was studied. In those cases, the 

optimum ratio SDS/soil was 0.08 mg/g, which was similar to the one required for lindane. 

As pointed out before, efficiency of the process is not only limited by the dose of 

surfactant added but also for the mixing conditions, because when mixing conditions are 

not intense enough, the formation of micelles is not favored.  

These results confirm SASW as a very efficient technology to exhaust hazardous 

pollutants from soil and SDS as a highly recommended surfactant for this target, when 

the solubility of the pollutant in water is low, as it was also previously demonstrated for 

hydrocarbons [16, 44]. At this point, it is important to take into account that after the last 

sedimentation stage of the SASW process, three phases can be clearly observed: a 

clarified liquid in the top, the washed soil in the bottom and a turbid interphase between 

both phases. In Figure 2, it is shown how lindane is distributed between both liquid phases 

and, for the sake of clarity, it is also included a picture in order to illustrate how they are 

distributed. It can be seen how the concentration of the SDS in the raw soil washing fluid 

influences the amount of lindane contained after the SASW process. The higher this 

concentration, the higher is the percentage of lindane extracted for the same ratio SWF 



/soil in both the interphase and the clarified liquid. It can also be seen that when large 

volumes of SWF are applied, the amount contained in the turbid interphase is much lower 

and opposite, the percentage contained in the clarified liquid increases almost linearly. It 

is in this range of surfactant/soil ratios where the most important differences were found 

between applying harsh and soft mixing conditions. Hence, these differences may be 

explained in terms of the impact of this turbid interphase in the overall washing process. 

After the SASW, the SWF becomes a highly polluted wastewater, which does not only 

contain the pollutant extracted but also the surplus surfactant not retained into the treated 

soil. It has to be taken into account that the doses of SDS required to remove the lindane 

are pretty large and, hence, the waste flushing fluid will contain a very high concentration 

of this organic, which would become a handicap for an efficient treatment. Thus, as it can 

be seen in Figure 3, where the amounts of lindane and SDS contained in the resulting 

liquid waste are shown, lindane and SDS amounts increase with the ratio SDS/soil applied 

in the SASW.  

 

Obviously, the amount of both species cannot be compared (note that they are in different 

y-axis) because the surfactant is contained in a concentration which is 3 log-units above 

the organo-chlorinated pollutant.  This will explain the high TOC of these effluents, which 

is not directly associated to the hazardousness of the lindane contained the wastewater 

(which in fact is a rather low concentration) but to the presence of the necessary amounts 

of surfactants required to remove the lindane. Dispersion in data indicates that this 

extraction is not a simple process and it can be influenced by many parameters, being the 

most important the concentration of the SDS in the raw soil-flushing fluid used. Again, 

the turbid interphase formed after the SASW process seems to play an important role and 

this is reflected in Figure 4, where it is shown the distribution of SDS in the soil, liquid 

clarified phase and turbid interphase for different ratios SDS/soil and different initial 

concentration of the SWF.  

 

As it can be observed, the amount of SDS contained in the interphase decreases with the 

ratio volume of SWF used/ mass of soil treated while it increases in the clarified liquid 

phase. Soil retains small amounts of SDS which do not seem to be related to the 

concentration of SDS in the SWF or to the dose of this fluid applied in the SASW process. 

At this point, not only the concentration of chemicals is important but also it is important 

to know how these species are aggregated into micelles. Figure 5 shows for the clarified 



liquid and for the interphase, the average particle size (50%) and the limits of the 10 and 

90% which, as it may be observed, are very narrow, in particular if they are compared 

with the variation of the mean size of the micelles with the ratio SDS/soil. Regarding this 

variation, the average size of the particles changes in almost a linear way with the ratio 

SDS/soil in the clarified liquid and it is maintained in a value slightly below 20 m in the 

interphase. This constant value observed in the interphase, and for low SDS/soil ratios, 

corresponds to the size of the soil particles, which are contained in large amounts as the 

samples did not undergo any type of filtering in these tests. 

Once the separation of the lindane from the soil has been evaluated, the next step in the 

development of the combined treatment technology is the destruction of the lindane 

contained in the waste soil-washing fluid by electrolysis. To study this remediation, four 

different wastes were electrolysed. Each of then was obtained by treating the soil with a 

different SDS/soil ratio, ranging from 0.05 to 0.20 mg g-1 by mixing different amounts of 

a 20 mg L-1 solution of SDS with soil. Variation of lindane, TOC and concentration of 

the lone intermediate detected by GC ECD (operated under the conditions shown in the 

Materials and Method section) are shown in Figure 6.  

As it can be observed, the lower the SDS/soil ratio, the higher was the resulting 

concentration of lindane and the lower the concentration of SDS contained in the raw soil 

washing waste. However, despite this variation in the concentration, results point out that 

lindane can be exhausted in the four wastewaters electrolyzed, with required charges as 

low as 15 Ah L-1 in the case of the effluent obtained at 0.20 mg g-1, which needs to be 

increased up to 80 Ah L-1 for the complete removal of lindane in the effluent obtained 

with a ratio 0.05 mg g-1. In every case, intermediate is depleted before this point and the 

lack of other intermediate species (in GC ECD detectable concentrations) again points 

out the harsh oxidation conditions generated in the electrolyte during the electrolysis with 

diamond anodes, which favor the almost direct mineralization of the pollutant molecules 

contained in the waste. This observation is consistent with previous observations made in 

the electrolysis of other effluents polluted with a wide variety of pollutants [45, 46]. 

A very interesting point to be remarked in the Figure is the variation of the TOC. As it 

was pointed out before, this TOC can be almost exclusively associated to the surfactant 

SDS added during the SASW process. This concentration decreases during the four 

electrolysis, indicating the subsequent oxidation of the SDS molecule. However, when 

the lindane is completely depleted, very high concentrations of SDS still remain in the 

waste (over 70% of the initial concentration) and no other intermediate is present in 



detectable concentrations. This means that the treated effluent can be reused again for the 

SASW process minimizing the production of wastes.  

It is interesting to see also how the micelles formed decreased in size from the initial value 

in which they are contained in the SASW effluent down to the mean size of soil particles, 

giving very relevant mechanistic information about the electrochemical oxidation, as they 

clearly point out how the micelles are attacked and reduced in size progressively. This 

information is presented in Figure 7. Due to the huge size of the micelles, this 

phenomenon can only take part in the bulk and, in addition, it may be only caused by 

oxidants reagents produced on the surface of the electrodes [47]. Likewise, taking into 

account the changes in the concentration of TOC and the evolution in the size of the 

micelles, once the micelles are completely destroyed, SDS should remain in solution as a 

soluble species. 

 

A last important point is the variation in inorganic species during the electrolyses. In 

particular two parameters are of interest: sulfate ion and pH and the trends are shown in 

Figure 8. As it can be observed in part a of Figure 8, there is a growing concentration of 

sulfate in the treated SASW waste, which can be explained in terms of the release of this 

ion from the molecules of SDS during the electrochemically assisted oxidation of these 

molecules.  

 

The concentrations released do not seem to depend on the initial concentration of SDS in 

the raw effluent but, opposite, it seems to be produced almost at a constants rate. In 

comparing this change with the changes observed in the TOC (plotted in Figure 5 semi-

logarithmic graph in order to allow see a constant oxidation rate), it may be concluded 

that the oxidation of the SDS takes part at a constant rate and that opposite to it was 

pointed out for oxyfluorfen and atrazine, the increasing presence of sulfate does not have 

an appreciable influence on the rate of the process (the rate remains constant during the 

complete duration of the tests)[11-13]. In the degradation of oxyfluorfen and atrazine, it 

was observed that the increasing presence of sulfate could be correlated with the 

increasing ratio in the degradation of organics, and it was explained in terms of the 

formation and performance of peroxodisulfates. Differences observed here point out that 

this oxidant is not as efficient in the degradation of lindane as it was in the degradation of 

oxyfluorfen. 



A last important piece of information about the electrolyses can be obtained by comparing 

the variation of the pH values in the four wastes tested. The pH becomes acidic during 

the electrolysis, which is not a good news because it means that in a real application a 

neutralization operation could be required. In comparting the four effluents tested, it 

seems clear that the variation becomes much slower when the ratio SDS/soil decreases 

and this lower decrease has to be explained in terms of the buffering effect of the salts 

extracted from soil during the first SASW process. 

 

4. Conclusions 

From this work, the following conclusions can be drawn: 

 Lindane can be efficiently removed from spiked soils by SASW. Characteristics 

of the effluents of this process largely depends on the SDS/soil ratio. As the 

SDS/soil ratio increases, so does the TOC and the mean size of the micelles.  

 Effluents of the SASW process can be effectively mineralized by electrolysis with 

diamond anodes. Oxidation of lindane is very rapid and only one intermediate was 

detected by GC ECD and it was removed fast. On the contrary, SDS is removed 

more slowly with the release of sulfate ions but concentrations after the depletion 

of lindane are still high enough (more than 70%) to regenerate the SWF for further 

use.  
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Figure 1. Percentage of lindane extracted from soil by the surfactant-aided soil washing 

process using different ratios surfactant soil under harsh () and soft () mixing 

conditions.  

 

Figure 2. Distribution of lindane in the clarified liquid and in the interphase formed after 

the application of the SASW process. Concentration of SDS in the SWF used for the 

SASW:  ▲5 g L-1;  10 g L-1; 20 mg L-1. Full points: clarified liquid; Empty points 

interphase. Picture in the right illustrates the three phases formed with the application of 

the soil washing process 
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Figure 3. Amounts of lindane (empty symbols) and SDS (full symbols) extracted by the 

SWF during the treatment of soil polluted with 100 mg kg-1 of lindane at different 

SDS/soil ratios. Concentration of SDS in the raw SWF: ▲ 5.0 g L-1;  10 g L-1; 20 g 

L-1 

 

Figure 4. SDS distribution after the application of the SASW process among the soil (), 

turbid interphase () and clarified liquid () during the treatment of soil polluted with 

100 mg kg-1 of lindane at different SDS/soil ratios. Concentration of SDS in the raw SWF: 

5.0 g L-1; 10 g L-1; 20 g L-1 
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Figure 5. Particle size distribution in the two phases of SWFs: () clarified liquid, () 

turbid interphase. 

 

0

20

40

60

80

100

120

140

0 0.05 0.1 0.15 0.2 0.25

M
ea

n
 p

a
rt

ic
le

 s
iz

e 
(µ

m
)

Ratio SWF/soil (g SDS g-1 soil)

0

5

10

15

20

25

10

100

1000

10000

0 50 100 150

L
in

d
a

n
e

(m
g

 L
-1

)

T
O

C
 (

m
g

 L
-1

)

Q (A h L-1)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100 120

A
re

a
d

et
ec

te
d

(º
/1

)

Q ( Ah L-1)

0

0.2

0.4

0.6

0.8

1

0 10 20 30

A
re

a
d

et
ec

te
d

(º
/1

)

Q ( Ah L-1)



Figure 6. Removal of Lindane (empty symbols), intermediates (grey symbol) and TOC 

(full symbols) during the electrolysis of soil washing effluents carried out at 0.20 (), 

0.15 (), 0.10 () and 0.05 (▲) mg SDS g-1 soil. 

 

Figure 7. Changes in the mean particle size (and limits 10%-90%) observed during the 

electrolysis of soil washing effluents carried out at 0.20 (), 0.15 (), 0.10 () and 0.05 

(▲) mg SDS g-1 soil. 
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Figure 8. Production of sulfate (part a) and changes in pH and conductivity (part b) during 

the electrolysis of soil washing effluents carried out at 0.20 (), 0.15 (), 0.10 () and 

0.05 (▲) mg SDS g-1 soil 
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