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Abstract: Oxyfluorfen is a non-polar herbicide, which may cause severe 

soil pollution. The present work, studies the possible improving effect 

of surfactant addition in the efficiency of electro-bioremediation of a 

clay soil polluted which such a non-polar low-mobility pollutant. Two-

weeks duration batch electro-bioremediation experiments were performed in 

a bench scale device. Oxyfluorfen polluted soil (20 mg kg-1) was 

inoculated with acclimated microbial culture and several experiments were 

done using different surfactant concentrations in the electrode wells (0, 

2.5, 5, 10 and 20 g L-1 of SDS, sodium dodecyl sulphate). Experiments 

were performed under 1.0 V cm-1 and electrode polarity reversal. It was 

observed that electro-osmotic flow (EOF) increased with SDS concentration 

and SDS was successfully distributed across the soil, probably improving 

oxyfluorfen mobility. Additionally, microbiological activity was fully 

maintained during the experiments. Electro-bioremediation without SDS 

removed 14% of the oxyfluorfen while under 2.5 g L-1 SDS the efficiency 

increased to 22%, because of an expected improvement in the contact 

between the different species in the soil.  However, higher SDS 

concentrations (between 10 and 20 g L-1) caused a decrease in the 

oxyfluorfen removal efficiency as SDS is an easily biodegradable compound 

and it was preferably used as substrate by the microbial culture instead 

of oxyfluorfen. Additionally, the use of high concentrations of SDS was 

clearly inefficient as high amounts of the surfactant were lost through 

the EOF, and even low amounts of oxyfluorfen were removed to the 

electrodic wells, which means that ex-situ treatment for the polluted 

water would be needed. 

 

Response to Reviewers: Revision Notes: Response to Reviewers 

 

This document shows detailed responses to the reviewer`s comments. The 

responses indicate also the changes made in the revised manuscript. The 

changes are easily identifiable in the highlighted revised manuscript 

(revised manuscript changes marked document). The location of changes 

(page/line details in the responses) always refer to the highlighted 



revised manuscript MS Word file. Please note that, after the changes, it 

is possible that the PDF generation process through the on-line editorial 

system could move the lines. 

 

COMMENTS FROM EDITORS AND REVIEWERS  

 

Reviewer #1: The present work presents interesting results on the 

electro-bioremediation process of a non-polar herbicide polluted soil, 

the authors present an introduction with details about the soil treatment 

with electrochemical methods, the methodology describes each of the 

analytical techniques used, and the results are good discussed with an 

adequate level of depth. 

 

The following improvements are proposed: 

 

1) In the introduction, add a table with the summary of the works closest 

to the study carried out by the authors, highlighting the most relevant 

parameters used by other authors. 

 

The following table has been included in the revised manuscript 

(introduction section, page 4, lines 101-103, and Table 1). It includes 

some data and relevant parameters recently reported by other authors 

regarding the use of surfactants in electrokinetic remediation, but not 

in electro-bioremediation as no similar studies to our work have been 

found. 

 

Table 1. Use of surfactants and relevant parameters in recently reported 

works about electrokinetic remediation. 

 

Gradient / V cm-1 Pollutant Surfactant Time / d Reference 

1.0 1,2,4-trichlorobenzene Triton X-100 

Tween 80 

Triton X-100 + SDS 6 (Qiao et al., 2018) 

 

1.0 Phenanthrene and 2,4,6-trichlorophenol Rhamnolipid (biosurfactant)

 15 (Sun et al., 2017) 

 

1.0 Phenanthrene and Chromium Triton X-100 

Tween 80 

Dowfax 8390 15 (Du et al., 2017) 

 

 

 

 

Du W, Zou H, Sun YC, Zhu R, Zhang GS. Surfactant-Enhanced Electrokinetic 

Remediation of Chromium and Phenanthrene Cross-Polluted Soils. 

Environmental Engineering Science 2017; 34: 908-916. 

Qiao W, Ye S, Wu J, Zhang M. Surfactant-Enhanced Electroosmotic Flushing 

in a Trichlorobenzene Contaminated Clayey Soil. Groundwater 2018; 56: 

673-679. 

Sun Y, Gao K, Zhang Y, Zou H. Remediation of persistent organic 

pollutant-contaminated soil using biosurfactant-enhanced electrokinetics 

coupled with a zero-valent iron/activated carbon permeable reactive 

barrier. Environmental Science and Pollution Research 2017; 24: 28142-

28151. 

 

Table and three new references have been included in the revised 

manuscript. 



 

 

 

2) In the results it is important to add a study of the sulfate release. 

 

Because of the partial SDS biodegradation, it is true that sulphate 

release would occur. However, it was not possible to identify this 

release as sulphate is also present in the electrolyte used in electrode 

compartments, and also present in BHB medium used as inorganic growth 

medium for microorganisms, and electromigration and electroosmotic flow 

moved sulphate towards the system. Because of such simultaneous 

mechanisms were present, it was not able to measure individually the 

sulphate release from SDS and thus the study requested by the reviewer is 

not available. This comment has been briefly explained in the discussion 

in the revised manuscript (page 13 line 317-320) and a new reference has 

been included (Muñoz-Morales et al., 2017). 

 

3) Also in the results add a table with the initial and final 

characterization of the treated soil. 

 

A new table (Table 2) has been included as a summary at the end of the 

results & discussion section according to the reviewer’s comment: 

 

Table 2. Initial and final characterization of the treated soil. 

 

 Before remediation After remediation 

 Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 1 Exp. 2

 Exp. 3 Exp. 4 

pH  7.7 7.8 7.8 7.8 7.8 7.9 8.0 8.0 

Conductivity / µS cm-1 468.0 431.0 441.0 419.0 292.6 273.1 290.1 400.8 

Moisture / % 27.1 27.4 26.3 25.3 25.6 26.1 25.4 25.8 

SDS / mg kg-1 0 0 0 0 33.3 39.3 43.2 117.8 

Microorganisms: log (CFU g-1) 4.9 1.2 7.7 3.3 0.9 2.3 4.1

 2.9 

Oxyfluorfen / mg kg-1dry soil 27.4 27.5 27.1 26.8 21.5 25.0 24.6

 24.8 

 

 

 

4) Propose a study of the cost per m3 of treated soil. 

 

Under the author’s opinion is quite difficult to propose a cost 

estimation from a bench-scale research. In the present work, in order to 

give an approximate value, the results of a previous reported full-scale 

work by the same authors have been considered, using the same technology 

and experimental conditions (Barba et al., 2018b). Also, it has been 

considered that electric power could be estimated as 15% of the total 

costs (Athmer, 2009).Taking into account these considerations, total 

costs between 80 and 100 € Ton-1 could be suggested. This paragraph has 

been included in the revised manuscript (page 15 line 369-375) and the 

new references have been included.  

 

 

5) The decimal separator used is comma or dot, please, check it and give 

all values using dot. Also, the same decimal numbers should be used for 

all data reported after the decimal separator (dot). 

 



The requested changes have been made and they can be observed in the 

highlighted revised manuscript. 

 

 

Based on this proposal, it is suggested that the work be accepted after 

minor corrections. 

 

 

 

 

 

Reviewer #2: The paper is interesting, presenting promising results that 

should be further studied. It has clear objectives and the methods used, 

as well as the data obtained, seem relevant. The assumptions and analyses 

presented seem as a whole valid, as well as the extent to which the 

interpretations are supported by the data. This paper is well organized, 

concise, clearly written, using correct grammar and syntax. The title is 

informative and a reflection of the content. Keywords are provided and 

appropriate. 

 

However, there are a number of issues that need to be dealt with before 

publication. 

 

1) If polarity reversal of the electric field was employed in the test 

the anode and the cathode are changing of position two times a day. Both 

electrode compartments are anode and cathode depending on the time. Why 

an asymmetrical set-up is used? This must be clarified. See Graphical 

abstract (Figure 1) and lines 124-125 

 

 

2) EOF is obtained in both electrode compartments and the polarity 

changes each 12 hours. Are the point of supply of electrolyte and the 

system to remove the electroosmotic volume changed each 12 hours? Please 

explain this in the text. 

 

It is true that the sentence in lines 124-125 may be confusing as the 

system is symmetrical because both compartments act as anode and cathode.  

Because of the polarity reversal every 12 h, both electrode compartments 

are anode and cathode depending on the time, and thus EOF is obtained in 

both electrode compartments as the polarity changes each 12 hours. 

Because of it, the experimental device is symmetrical: electrolyte 

reservoir supplies electrolytes to both collector compartments, and the 

EOF is collected from both collector compartments depending on the 

position of anode and cathode.  This paragraph has been included in the 

revised manuscript in order to clarify this point (page 6 line 148-154).  

 

3) 277-280 “It is important to remark that the amount of SDS removed 

by microbial activity was calculated by mass balance keeping in mind the 

amount that remained at the end of the experiments (in soil and wells), 

and the SDS amount removed by volatilization and through the 

electroosmotic flow”. Could the authors explain how they have calculated 

the amount of SDS volatilized? If the authors did not calculate this, 

better if "volatilization" is removed of the sentence. If the authors 

accept this suggestion the sentence in lines 280-281 has also to be 

changed. 

 

Authors performed a previous auxiliary abiotic test whose only objective 

was indeed to measure the oxyfluorfen and SDS volatilization. We 



previously knew that, under soil heating because of ohmic resistance, 

volatilization could occur (see for example Barba et al., 2018b, Chem. 

Eng. J., 334: 2030-2038) but in our bench-scale experiments temperature 

did not increase and no oxyfluorfen or SDS volatilization was 

experimentally observed.   

 

A sentence has been included in the revised manuscript to clarify that no 

SDS volatilization was detected because of the previous abiotic test 

(page 12 line 302). 

 

 

 

4) I suggest including a paragraph in the introduction about the role 

of surfactants in the electroosmosis and its influence on the EOF and 

specifically the articles of reference of this effect when SDS is used. 

 

 

A new paragraph, additional references and a table (table 1) including 

relevant parameters have been included regarding the use of surfactants 

in electroosmosis (revised manuscript, page 4, lines 97-103) 

 

 

 

Reviewer #3: The manuscript is innovative and the topic is of interest 

for the scientific community.  

 

Overall the interpretation/discussion of the results is not supported by 

experimental data, both for the electro-induced transport of SDS as well 

as for the biodegradation of SDS. In lines 248-249 it is stated that SDS 

was distributed from the electrode compartments to the soil because of 

the electrokinetic phenomena. However, how can the authors rule out the 

contribution of diffusion phenomena? Consequently, it is not possible to 

state, as the authors do in lines 248-252, that the surfactant moved 

through the soil because of electroosmosis towards the cathode, and 

simultaneously by electromigration towards the anode. In fact, there is 

no support of such statement, neither using the reported experimental 

results nor using theoretical background. So, a more careful 

interpretation of results needs to be carried out, as opposed to the 

interpretations/statements in lines 248-267. 

 

It is true that authors did not check and did not obtain previous 

experimental evidence of the SDS transport mechanisms. Authors’ 

discussion is based on the previous accepted knowledge about mass 

transport phenomena into the soil under the application of a low direct 

electric current: 

 

First, it is evident that no forced conventional pumped flow is passing 

through the soil. 

 

Second, as the reviewer indicates, it is true that diffusion phenomena 

should be considered (so, this statement has been included in the revised 

manuscript). 

 

Third, the contribution of electromigration/electrophoresis towards the 

anode should be considered because SDS is an anionic surfactant, while 

electroosmosis should be considered because SDS is dissolved in 

interstitial water that flows towards the cathode. Of course, no 



experimental evidences about those mechanisms were checked by the authors 

as our discussion is based on previously accepted fundamentals. 

 

According to the abovementioned, the revised manuscript now changed the 

sentences in our discussion, in order to express an opinion based in 

previous knowledge, instead of a strong statement without experimental 

evidence (see revised manuscript, page 11 lines 263-265 and lines 269-

274). A new reference that explains such SDS transport mechanisms and 

supports our opinion has been included (Kim and Lee, 1999): 

Kim J., Lee K. Effects of electric field directions on surfactant 

enhanced electrokinetic remediation of diesel-contaminated sand column. 

Journal of Environmental Science and Health - Part A Toxic/Hazardous 

Substances and Environmental Engineering. Volume 34, Issue 4, 1999, Pages 

863-877. 

 

In the same way, discussion related to the biodegradation of SDS should 

be remade, since there is no way of knowing if the disappearance of SDS 

is due to biodegradation or to other degradation mechanism, or even to 

losses in the system. For instance, even though volatilization of SDS is 

referred (line 280), it is not explained how the amount of SDS that 

volatized was experimentally measured. 

 

Regarding the SDS elimination in the system, the original manuscript 

shows data of the SDS that is removed through the EOF (figure 5). Also, 

it has been indicated in the original manuscript that SDS volatilization 

was negligible. However, as the reviewer 3 comments, it is true that no 

details about SDS volatilization measurements were provided by the 

authors in the original manuscript. As previously answered to reviewer 2, 

authors performed a previous auxiliary abiotic test whose only objective 

was indeed to measure the oxyfluorfen and SDS volatilization. We 

previously knew that, under soil heating because of ohmic resistance, 

volatilization could occur (see for example Barba et al., 2018b, Chem. 

Eng. J., 334: 2030-2038) but in our bench-scale experiments temperature 

did not increase and no oxyfluorfen or SDS volatilization was 

experimentally observed.   

 

A sentence has been included in the revised manuscript to clarify that no 

SDS volatilization was detected because of the previous abiotic test 

(page 12 line 302). 

  

 

The overall results show the efficiency of elimination oxyfluorfen is 

quite low (line 296 and figures 6a-6e). Such low values could even be due 

to analytical uncertainties (this is not discussed). The elimination 

efficiency is lower than in previous works from the same authors (line 

285), so the results of the current manuscript are not that interesting 

to publish. 

 

It is true that oxyfluorfen removal efficiencies are low. This is because 

experiments used only two weeks retention time, a relatively low 

duration, as we were just studying the influence of another variable: SDS 

amount. Two weeks is time enough to check the influence of SDS amount but 

it is clear that more time should be used for practical applications. 

Sentences in the revised manuscript (page 14 lines 331-334) have been 

briefly changed in order to better explain this statement. Authors 

consider that analytical methods offered accuracy enough to support our 

discussion. 

 



 

Even though some other aspects of the manuscript need improvement (in the 

methodology section and the correction of English in some sentences), the 

shortcomings detailed above form the basis for the proposed rejection of 

this manuscript. 

 

 

 

 

Reviewer #4: this manuscript deals with the removal of oxyfluorfen by 

electrokinetics and biodegradation. The manuscript can be considered for 

publication after some revision: 

 

 

a) English usage and style, the author should fully revise the manuscript 

to improve readability of the manuscript, in the present form the 

manuscript is difficult to read and undeerstand 

 

The revised manuscript has been corrected by a professional English 

edition service (American Journal Experts). The English edition 

certificate has been included in the new submission. 

 

b) the reference list  must include the state of the art in this topic. 

now, more than 50% of the references belong to the authors 

 

Because of the comments of different reviewers, the revised manuscript 

now includes additional background information and 7 new references have 

been included, while only one of them corresponds to the same research 

line and group of authors. See reference list and the highlighted revised 

manuscript where new citations are easily identifiable. 

 

c) the authors cannot use as hypothesis the more EOF the more oxyfluorfen 

removal, this is evident in electrokinetics and prevously proved in many 

papers 

 

Authors think that the reviewer’s comment refers to the sentence 

“According to this statement, it was supposed in the present work that 

the higher EOF (caused by higher SDS amounts according to Fig.2) would 

improve the pollutant mobility” stated in the original manuscript (lines 

223-225). 

If so, the sentence has been briefly changed in the revised manuscript in 

order to avoid that a possible evident statement was used as hypothesis 

(page 10 line 238).  

 

d) the authors should explain why SDS conc above 2.5 resulted in lower 

efficiency than no SDS test 

 

Under the authors’ opinion, the reason of why high SDS amounts decreased 

the oxyfluorfen biodegradation efficiency has been discussed in the 

original manuscript (lines 328 – 333). Of course the discussion gives 

only the authors’ opinion, based on the well-known fact that a microbial 

culture always would prefer an abundant readily biodegradable substrate 

(SDS) instead of the scarce and hardly biodegradable substrate 

(oxyfluorfen). 

 

e) complete the USEPA reference 

The references have been correctly written in the reference list. 

 



 

f) the SDS is degraded in the soil or is absorbed, so you cannot measure 

it. comment on this 

 

It is considered that SDS concentration contained in the soil-water 

multiphase system was correctly measured by the described method cited in 

the manuscript (Jurado et al., 2006). The measurement includes both the 

SDS adsorbed onto the solid surface and also the SDS suspended in 

interstitial water.  

A decrease in SDS concentration in such solid-liquid system indicates (1) 

that SDS could be transported out of the polluted soil or (2) that SDS 

could be transformed. According to our proposed discussion, the decrease 

in SDS amount into the soil-water system was caused by biodegradation and 

by transport in the EOF. 

 



Ms. Barba, S. 

Chemical Engineering Department, ITQUIMA 

University of Castilla - La Mancha 

13071 Ciudad Real 

SPAIN 

Science of Total Environment 

Editor 

18-Sept-2018 

 

Dear Editor:  

 

Attached you will find the REVISED manuscript STOTEN-D-18-06898 “Improvement 

of the electro-bioremediation process of a non-polar herbicide polluted soil by means of 

surfactant addition”, by Silvia Barba, Mireya Carvela, José Villaseñor, Manuel Andrés 

Rodrigo and Pablo Cañizares (corresponding author: silvia.barba@uclm.es), in order to 

be reviewed for a possible publication as original research paper in Science of Total 

Environment. 

 

All the technical comments from the Editor have been considered according to your 

instructions. 

 

The following items are included in the new submission: 

 

1. The “Responses to reviewers”: One MS Word document containing the 

detailed answers to each concrete reviewer’s comments. Each answer 

indicates the position of the modifications in the highlighted revised 

manuscript.  

2. The “Highlighted revised manuscript”, that is the revised manuscript 

with changes marked MS Word file, using the track changes mode, where 

you can easily find the modifications made to the text. 

3. The “Revised Manuscript”. After changes, easily observed in highlighted 

revised manuscript, the paper was revised by a professional English 

Edition service (American Journal Experts).  

4. The English Edition certificate by American Journal Experts. 

5. Revised Figures 2, 5 and 6. 

6. Tables 1 and 2. 

 

Yours sincerely  

 

 

 

Ms. Silvia Barba Piedrabuena 

 

 

 

Cover Letter

mailto:silvia.barba@uclm.es
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Revision Notes: Response to Reviewers 
 

This document shows detailed responses to the reviewer`s comments. The responses 

indicate also the changes made in the revised manuscript. The changes are easily 

identifiable in the highlighted revised manuscript (revised manuscript changes marked 

document). The location of changes (page/line details in the responses) always refer to the 

highlighted revised manuscript MS Word file. Please note that, after the changes, it is 

possible that the PDF generation process through the on-line editorial system could move 

the lines. 
 

COMMENTS FROM EDITORS AND REVIEWERS  
 

Reviewer #1: The present work presents interesting results on the electro-bioremediation 

process of a non-polar herbicide polluted soil, the authors present an introduction with 

details about the soil treatment with electrochemical methods, the methodology describes 

each of the analytical techniques used, and the results are good discussed with an adequate 

level of depth. 

 

The following improvements are proposed: 

 

1) In the introduction, add a table with the summary of the works closest to the study 

carried out by the authors, highlighting the most relevant parameters used by other authors. 

 

The following table has been included in the revised manuscript (introduction section, page 

4, lines 101-103, and Table 1). It includes some data and relevant parameters recently 

reported by other authors regarding the use of surfactants in electrokinetic remediation, but 

not in electro-bioremediation as no similar studies to our work have been found. 

 

Table 1. Use of surfactants and relevant parameters in recently reported works about 

electrokinetic remediation. 

 
Gradient / V cm

-1
 Pollutant Surfactant Time / d Reference 

1.0 1,2,4-

trichlorobenzene 

Triton X-100 

Tween 80 

Triton X-100 + SDS 

6 (Qiao et al., 2018) 

1.0 Phenanthrene and 

2,4,6-trichlorophenol 

Rhamnolipid 

(biosurfactant) 

15 (Sun et al., 2017) 

1.0 Phenanthrene and 

Chromium 

Triton X-100 

Tween 80 

Dowfax 8390 

15 (Du et al., 2017) 

 

 

 

Du W, Zou H, Sun YC, Zhu R, Zhang GS. Surfactant-Enhanced Electrokinetic 

Remediation of Chromium and Phenanthrene Cross-Polluted Soils. Environmental 

Engineering Science 2017; 34: 908-916. 

*Responses to Reviewers Comments



Qiao W, Ye S, Wu J, Zhang M. Surfactant-Enhanced Electroosmotic Flushing in a 

Trichlorobenzene Contaminated Clayey Soil. Groundwater 2018; 56: 673-679. 

Sun Y, Gao K, Zhang Y, Zou H. Remediation of persistent organic pollutant-contaminated 

soil using biosurfactant-enhanced electrokinetics coupled with a zero-valent 

iron/activated carbon permeable reactive barrier. Environmental Science and 

Pollution Research 2017; 24: 28142-28151. 

 

Table and three new references have been included in the revised manuscript. 

 

 

 

2) In the results it is important to add a study of the sulfate release. 

 

Because of the partial SDS biodegradation, it is true that sulphate release would occur. 

However, it was not possible to identify this release as sulphate is also present in the 

electrolyte used in electrode compartments, and also present in BHB medium used as 

inorganic growth medium for microorganisms, and electromigration and electroosmotic 

flow moved sulphate towards the system. Because of such simultaneous mechanisms were 

present, it was not able to measure individually the sulphate release from SDS and thus the 

study requested by the reviewer is not available. This comment has been briefly explained 

in the discussion in the revised manuscript (page 13 line 317-320) and a new reference has 

been included (Muñoz-Morales et al., 2017). 

 

3) Also in the results add a table with the initial and final characterization of the treated 

soil. 

 

A new table (Table 2) has been included as a summary at the end of the results & 

discussion section according to the reviewer’s comment: 

 

Table 2. Initial and final characterization of the treated soil. 

 
 Before remediation After remediation 

 Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 1 Exp. 2 Exp. 3 Exp. 4 

pH  7.7 7.8 7.8 7.8 7.8 7.9 8.0 8.0 

Conductivity / µS cm
-1

 468.0 431.0 441.0 419.0 292.6 273.1 290.1 400.8 

Moisture / % 27.1 27.4 26.3 25.3 25.6 26.1 25.4 25.8 

SDS / mg kg
-1

 0 0 0 0 33.3 39.3 43.2 117.8 

Microorganisms: log (CFU g
-1

) 4.9 1.2 7.7 3.3 0.9 2.3 4.1 2.9 

Oxyfluorfen / mg kg
-1

dry soil 27.4 27.5 27.1 26.8 21.5 25.0 24.6 24.8 

 

 

 

4) Propose a study of the cost per m3 of treated soil. 

 

Under the author’s opinion is quite difficult to propose a cost estimation from a bench-scale 

research. In the present work, in order to give an approximate value, the results of a 



previous reported full-scale work by the same authors have been considered, using the same 

technology and experimental conditions (Barba et al., 2018b). Also, it has been considered 

that electric power could be estimated as 15% of the total costs (Athmer, 2009).Taking into 

account these considerations, total costs between 80 and 100 € Ton
-1 

could be suggested. 

This paragraph has been included in the revised manuscript (page 15 line 369-375) and the 

new references have been included.  

 

 

5) The decimal separator used is comma or dot, please, check it and give all values using 

dot. Also, the same decimal numbers should be used for all data reported after the decimal 

separator (dot). 

 

The requested changes have been made and they can be observed in the highlighted revised 

manuscript. 

 

 

Based on this proposal, it is suggested that the work be accepted after minor corrections. 

 

 

 

 

 

Reviewer #2: The paper is interesting, presenting promising results that should be further 

studied. It has clear objectives and the methods used, as well as the data obtained, seem 

relevant. The assumptions and analyses presented seem as a whole valid, as well as the 

extent to which the interpretations are supported by the data. This paper is well organized, 

concise, clearly written, using correct grammar and syntax. The title is informative and a 

reflection of the content. Keywords are provided and appropriate. 

 

However, there are a number of issues that need to be dealt with before publication. 

 

1) If polarity reversal of the electric field was employed in the test the anode and the 

cathode are changing of position two times a day. Both electrode compartments are 

anode and cathode depending on the time. Why an asymmetrical set-up is used? This 

must be clarified. See Graphical abstract (Figure 1) and lines 124-125 

 

 

2) EOF is obtained in both electrode compartments and the polarity changes each 12 hours. 

Are the point of supply of electrolyte and the system to remove the electroosmotic 

volume changed each 12 hours? Please explain this in the text. 

 

It is true that the sentence in lines 124-125 may be confusing as the system is symmetrical 

because both compartments act as anode and cathode.  

Because of the polarity reversal every 12 h, both electrode compartments are anode and 

cathode depending on the time, and thus EOF is obtained in both electrode compartments 

as the polarity changes each 12 hours. Because of it, the experimental device is 

symmetrical: electrolyte reservoir supplies electrolytes to both collector compartments, and 



the EOF is collected from both collector compartments depending on the position of anode 

and cathode.  This paragraph has been included in the revised manuscript in order to clarify 

this point (page 6 line 148-154).  

 

3) 277-280 “It is important to remark that the amount of SDS removed by microbial 

activity was calculated by mass balance keeping in mind the amount that remained at the 

end of the experiments (in soil and wells), and the SDS amount removed by 

volatilization and through the electroosmotic flow”. Could the authors explain how they 

have calculated the amount of SDS volatilized? If the authors did not calculate this, 

better if "volatilization" is removed of the sentence. If the authors accept this suggestion 

the sentence in lines 280-281 has also to be changed. 

 

Authors performed a previous auxiliary abiotic test whose only objective was indeed to 

measure the oxyfluorfen and SDS volatilization. We previously knew that, under soil 

heating because of ohmic resistance, volatilization could occur (see for example Barba et 

al., 2018b, Chem. Eng. J., 334: 2030-2038) but in our bench-scale experiments temperature 

did not increase and no oxyfluorfen or SDS volatilization was experimentally observed.   

 

A sentence has been included in the revised manuscript to clarify that no SDS volatilization 

was detected because of the previous abiotic test (page 12 line 302). 

 

 

 

4) I suggest including a paragraph in the introduction about the role of surfactants in the 

electroosmosis and its influence on the EOF and specifically the articles of reference of 

this effect when SDS is used. 

 

 

A new paragraph, additional references and a table (table 1) including relevant parameters 

have been included regarding the use of surfactants in electroosmosis (revised manuscript, 

page 4, lines 97-103) 

 

 

 

Reviewer #3: The manuscript is innovative and the topic is of interest for the scientific 

community.  

 

Overall the interpretation/discussion of the results is not supported by experimental data, 

both for the electro-induced transport of SDS as well as for the biodegradation of SDS. In 

lines 248-249 it is stated that SDS was distributed from the electrode compartments to the 

soil because of the electrokinetic phenomena. However, how can the authors rule out the 

contribution of diffusion phenomena? Consequently, it is not possible to state, as the 

authors do in lines 248-252, that the surfactant moved through the soil because of 

electroosmosis towards the cathode, and simultaneously by electromigration towards the 

anode. In fact, there is no support of such statement, neither using the reported 

experimental results nor using theoretical background. So, a more careful interpretation of 



results needs to be carried out, as opposed to the interpretations/statements in lines 248-

267. 

 

It is true that authors did not check and did not obtain previous experimental evidence of 

the SDS transport mechanisms. Authors’ discussion is based on the previous accepted 

knowledge about mass transport phenomena into the soil under the application of a low 

direct electric current: 

 

First, it is evident that no forced conventional pumped flow is passing through the soil. 

 

Second, as the reviewer indicates, it is true that diffusion phenomena should be considered 

(so, this statement has been included in the revised manuscript). 

 

Third, the contribution of electromigration/electrophoresis towards the anode should be 

considered because SDS is an anionic surfactant, while electroosmosis should be 

considered because SDS is dissolved in interstitial water that flows towards the cathode. Of 

course, no experimental evidences about those mechanisms were checked by the authors as 

our discussion is based on previously accepted fundamentals. 

 

According to the abovementioned, the revised manuscript now changed the sentences in 

our discussion, in order to express an opinion based in previous knowledge, instead of a 

strong statement without experimental evidence (see revised manuscript, page 11 lines 263-

265 and lines 269-274). A new reference that explains such SDS transport mechanisms and 

supports our opinion has been included (Kim and Lee, 1999): 

Kim J., Lee K. Effects of electric field directions on surfactant enhanced electrokinetic remediation of diesel-

contaminated sand column. Journal of Environmental Science and Health - Part A Toxic/Hazardous 

Substances and Environmental Engineering. Volume 34, Issue 4, 1999, Pages 863-877. 

 

In the same way, discussion related to the biodegradation of SDS should be remade, since 

there is no way of knowing if the disappearance of SDS is due to biodegradation or to other 

degradation mechanism, or even to losses in the system. For instance, even though 

volatilization of SDS is referred (line 280), it is not explained how the amount of SDS that 

volatized was experimentally measured. 

 

Regarding the SDS elimination in the system, the original manuscript shows data of the 

SDS that is removed through the EOF (figure 5). Also, it has been indicated in the original 

manuscript that SDS volatilization was negligible. However, as the reviewer 3 comments, it 

is true that no details about SDS volatilization measurements were provided by the authors 

in the original manuscript. As previously answered to reviewer 2, authors performed a 

previous auxiliary abiotic test whose only objective was indeed to measure the oxyfluorfen 

and SDS volatilization. We previously knew that, under soil heating because of ohmic 

resistance, volatilization could occur (see for example Barba et al., 2018b, Chem. Eng. J., 

334: 2030-2038) but in our bench-scale experiments temperature did not increase and no 

oxyfluorfen or SDS volatilization was experimentally observed.   

 



A sentence has been included in the revised manuscript to clarify that no SDS volatilization 

was detected because of the previous abiotic test (page 12 line 302). 

  

 

The overall results show the efficiency of elimination oxyfluorfen is quite low (line 296 and 

figures 6a-6e). Such low values could even be due to analytical uncertainties (this is not 

discussed). The elimination efficiency is lower than in previous works from the same 

authors (line 285), so the results of the current manuscript are not that interesting to 

publish. 

 

It is true that oxyfluorfen removal efficiencies are low. This is because experiments used 

only two weeks retention time, a relatively low duration, as we were just studying the 

influence of another variable: SDS amount. Two weeks is time enough to check the 

influence of SDS amount but it is clear that more time should be used for practical 

applications. Sentences in the revised manuscript (page 14 lines 331-334) have been briefly 

changed in order to better explain this statement. Authors consider that analytical methods 

offered accuracy enough to support our discussion. 

 

 

Even though some other aspects of the manuscript need improvement (in the methodology 

section and the correction of English in some sentences), the shortcomings detailed above 

form the basis for the proposed rejection of this manuscript. 

 

 

 

 

Reviewer #4: this manuscript deals with the removal of oxyfluorfen by electrokinetics and 

biodegradation. The manuscript can be considered for publication after some revision: 

 

 

a) English usage and style, the author should fully revise the manuscript to improve 

readability of the manuscript, in the present form the manuscript is difficult to read and 

undeerstand 

 

The revised manuscript has been corrected by a professional English edition service 

(American Journal Experts). The English edition certificate has been included in the new 

submission. 

 

b) the reference list  must include the state of the art in this topic. now, more than 50% of 

the references belong to the authors 

 

Because of the comments of different reviewers, the revised manuscript now includes 

additional background information and 7 new references have been included, while only 

one of them corresponds to the same research line and group of authors. See reference list 

and the highlighted revised manuscript where new citations are easily identifiable. 

 



c) the authors cannot use as hypothesis the more EOF the more oxyfluorfen removal, this is 

evident in electrokinetics and prevously proved in many papers 

 

Authors think that the reviewer’s comment refers to the sentence “According to this 

statement, it was supposed in the present work that the higher EOF (caused by higher SDS 

amounts according to Fig.2) would improve the pollutant mobility” stated in the original 

manuscript (lines 223-225). 

If so, the sentence has been briefly changed in the revised manuscript in order to avoid that 

a possible evident statement was used as hypothesis (page 10 line 238).  

 

d) the authors should explain why SDS conc above 2.5 resulted in lower efficiency than no 

SDS test 

 

Under the authors’ opinion, the reason of why high SDS amounts decreased the oxyfluorfen 

biodegradation efficiency has been discussed in the original manuscript (lines 328 – 333). 

Of course the discussion gives only the authors’ opinion, based on the well-known fact that 

a microbial culture always would prefer an abundant readily biodegradable substrate (SDS) 

instead of the scarce and hardly biodegradable substrate (oxyfluorfen). 

 

e) complete the USEPA reference 

The references have been correctly written in the reference list. 

 

 

f) the SDS is degraded in the soil or is absorbed, so you cannot measure it. comment on this 

 

It is considered that SDS concentration contained in the soil-water multiphase system was 

correctly measured by the described method cited in the manuscript (Jurado et al., 2006). 

The measurement includes both the SDS adsorbed onto the solid surface and also the SDS 

suspended in interstitial water.  

A decrease in SDS concentration in such solid-liquid system indicates (1) that SDS could 

be transported out of the polluted soil or (2) that SDS could be transformed. According to 

our proposed discussion, the decrease in SDS amount into the soil-water system was caused 

by biodegradation and by transport in the EOF. 
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Abstract 13 

Oxyfluorfen is a non-polar herbicide that may cause severe soil pollution. The present 14 

work studies the possible improvement due to surfactant addition in the efficiency of 15 

electro-bioremediation of a clay soil polluted which such a non-polar, low-mobility 16 

pollutant. Two-week-long batch electro-bioremediation experiments were performed in 17 

a bench-scale device. Oxyfluorfen-polluted soil (20 mg kg
-1

) was inoculated with an 18 

acclimated microbial culture, and several experiments were performed using different 19 

surfactant concentrations in the electrode wells (0.0, 2.5, 5.0, 10.0 and 20.0 g L
-1

 of 20 

SDS, sodium dodecyl sulphate). Experiments were performed under 1.0 V cm
-1

 and 21 

electrode polarity reversal. It was observed that the electro-osmotic flow (EOF) 22 

increased with SDS concentration and that SDS was successfully distributed across the 23 

soil, probably improving the oxyfluorfen mobility. Additionally, microbiological 24 

activity was fully maintained during the experiments. Electro-bioremediation without 25 

*Revised manuscript with changes marked
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SDS removed 14% of the oxyfluorfen, while under 2.5 g L
-1

 SDS, the efficiency 26 

increased to 22% because of an expected improvement in the contact between the 27 

different species in the soil. However, higher SDS concentrations (between 10.0 and 28 

20.0 g L
-1

) caused a decrease in the oxyfluorfen removal efficiency, as SDS is an easily 29 

biodegradable compound and was preferably used as substrate by the microbial culture 30 

instead of oxyfluorfen. Additionally, the use of high concentrations of SDS was clearly 31 

inefficient, as high amounts of the surfactant were lost through the EOF, and even low 32 

amounts of oxyfluorfen were removed to the electrode wells, which means that ex situ 33 

treatment of the polluted water would be needed. 34 

Keywords 35 

Oxyfluorfen, polluted soil, electro-bioremediation, surfactant, sodium dodecyl sulphate. 36 

1. Introduction 37 

Pesticides have been commonly used in the last century, especially in the agricultural 38 

industry for pest control and weed growth. These compounds help remediate these 39 

problems, but due to their nature, they are very toxic to humans and animals. Pesticides 40 

used in agricultural fields can infiltrate soil and arrive at groundwater reservoirs, 41 

causing a significant issue in water for human consumption (Chowdhury et al., 2008). 42 

Moreover, pesticides are usually high-molecular weight compounds that persist in the 43 

environment for long periods, and they can produce serious problems for human health, 44 

such as genomic mutations, and may even cause death (Morillo and Villaverde, 2017). 45 

In this context, many pesticides are organochlorinated compounds, such as oxyfluorfen, 46 

an herbicide that is commonly used. This pesticide has low solubility in water (0.116 47 

mg L
-1

), and its vapour pressure is very low (0.026 mPa at 25 ºC). According to its 48 

chemical properties, oxyfluorfen is heavily adsorbed in soils, especially in soils which 49 

contain a high percentage of organic matter and clay ( U. S. Environmental Protection 50 
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Agency, 2002; 20122002), and consequently, the mobility of oxyfluorfen is very low in 51 

soil. Moreover, its biodegradation is highly poor because plants cannot metabolize it, 52 

and only microorganisms can assimilate oxyfluorfen slowly (Calderón et al., 2015; 53 

Sondhia, 2010). Because soil is not a renewable resource and environmental regulations 54 

usually establish maximum concentration values of these compounds in soil, 55 

remediation becomes mandatory.  56 

There are different soil remediation techniques according to the soil thermal, physical, 57 

chemical, electrochemical or biological characteristics. Electrochemical technologies 58 

are becoming more relevant in this field because their main advantage is that they allow 59 

removal of the pollutant from the soil in situ. Electrokinetic treatments (EK) consist of 60 

applying a low-voltage electric field between electrodes inserted into the soil so that it 61 

can mobilize ionic and molecular species. This transport is caused by different EK 62 

phenomena such as electrophoresis, electromigration and electroosmosis (Rodrigo et al., 63 

2014). 64 

Furthermore, it is easy to combine EK with other types of remediation technologies, 65 

looking for remediation improvement by simultaneously using both techniques. 66 

Specifically, EK technology is combined with different biological treatments, giving 67 

rise to what is known as electro-bioremediation (EBR), which has been becoming more 68 

relevant in recent years. Electro-bioremediation is an in situ technology which tries to 69 

remediate the soil by using electrokinetics to move pollutants, nutrients, and 70 

microorganisms. This effect improves the bioavailability of pesticides to the microbial 71 

population, which means more removal efficiency and higher biodegradation speed 72 

(Gill et al., 2014; Ramírez et al., 2015; Reddy and Cameselle, 2009). One possible 73 

limitation of EK treatment is that it only moves the pollutants to the electrode wells, and 74 

it is then necessary to extract and eliminate them off-site using other type of wastewater 75 



4 
 

treatment technologies, which implies an increase in cost. If electrokinetics is combined 76 

in situ with bioremediation, a synergy between the two technologies is produced, which 77 

eliminates soil contaminants in situ and accelerates the bioremediation process thanks to 78 

electrokinetic transport (Reddy and Cameselle, 2009).  79 

Nevertheless, there is an important aspect of concern in this area: the low mobility in 80 

soil of non-polar pollutants, such as oxyfluorfen, when electrokinetic technologies are 81 

applied. Despite commercial oxyfluorfen containing solvents to allow correct 82 

distribution in agricultural soils (such as xylene and cyclohexanone), these solvents 83 

evaporate very quickly, which causes the mobility of this pollutant to decrease, and at 84 

the same time, its availability for biodegradation by microorganisms also decreases. 85 

In previous works regarding electro-bioremediation of oxyfluorfen-polluted soil, it has 86 

been concluded that it is necessary to optimize the variables that affect the mobility and 87 

biodegradation of this pollutant in soil, for example, the frequency of the electrode 88 

polarity reversal, the retention time or the method used to introduce microorganisms 89 

into the soil (Barba et al., 2017). In the best case, the maximum removal efficiency 90 

reached only 40%, despite the use of highly acclimatized cultures for oxyfluorfen 91 

biodegradation (so much that the biodegradability of this contaminant was not the 92 

limiting factor in this process), and this may be related to the low mobility of 93 

oxyfluorfen in soil. Previous works reported by the authors (Mena et al., 2015) 94 

regarding EBR technology to remediate diesel polluted soils successfully used sodium 95 

dodecyl sulphate (SDS) as a surfactant to move a mixture of hydrocarbons (which are a 96 

clear example of non-polar compounds), increasing the biodegradation efficiency. 97 

Surfactants help to solubilize non-polar organic pollutants highly adsorbed in soil, and 98 

thus they improve the pollutants mobility under an electric field and also bioavailability 99 

for microorganisms. Moreover it has been reported that they cause a decrease in zeta 100 
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potential and so increasing electroosmotic flow (Qiao et al., 2018; Sun et al., 2017). 101 

Some works recently reported by other authors proposed the use of different types of 102 

surfactants and experimental conditions in electrokinetic remediation of persistent 103 

organic pollutants (Table 1). 104 

In this context, the aim of the present work is to study the possible improving effect of 105 

SDS addition in the electro-bioremediation of a clay soil polluted with a non-polar low-106 

mobility pollutant such as oxyfluorfen. The authors hypothesize that there would be an 107 

optimum SDS amount which could improve the transport of oxyfluorfen throughout the 108 

soil and, thus, could help in obtaining a higher percentage of oxyfluorfen in situ 109 

biodegradation. It is considered by the authors that the main novelty point of the present 110 

work is related to the challenge of remediating soils polluted with such a low-111 

biodegradability and low-bioavailability pollutant through an in situ technology. 112 

2. Materials and Methods 113 

The experimental devices, materials and analytical procedures used in these 114 

experiments were based on those used in previous research works described elsewhere 115 

by the same authors (Barba et al., 2017). The soil employed is a clayey real soil from a 116 

quarry in Toledo (Spain). Its mineralogical composition is smectite, 28%; kaolinite, 117 

26%; illite, 20%; feldspar, 15%; quartz, 7%; and calcite, 4%. The pesticide used to 118 

pollute the soil is Fluoxil 24, provided by Cheminova Agro (Madrid). Fluoxil 24 is a 119 

commercial herbicide, of which the composition is oxyfluorfen (24%), xylene (<60%), 120 

cyclohexanone (<13%) and calcium dodecylbenzene sulphonate (<4%) as a surfactant. 121 

The soil was polluted artificially by mixing a Fluoxil 24 suspension with the soil. In 122 

addition, an oxyfluorfen-degrading microbial consortium suspended in a microbial 123 

growth medium was simultaneously added (later explained). The concentration of 124 

oxyfluorfen in the soil at the start of the experiments was 20 mg kg wet soil
-1

, and the 125 
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moisture of the soil was 25% (saturation conditions). Then, the soil was placed into the 126 

experimental set-up.  127 

The experimental setup (Fig. 1) consisted of a methacrylate rectangular cell divided into 128 

five compartments. The polluted soil was introduced into the central cell. At both sides, 129 

there were electrode compartments where graphite electrodes were inserted. Finally, 130 

two external compartments collected the electroosmotic flow. Moreover, a flow-control 131 

system was connected in the anodic compartment to maintain a constant electrolyte 132 

level in the system. The electrolyte solution used to fill in the electrode compartments 133 

was a synthetic medium, of which the composition is similar to groundwater: 80.7 mg 134 

L
-1 

Na2SO4, 70.0 mg L
-1 

NaHCO3 and 30.4 mg L
-1

 NaNO3. 135 

The microbial consortium was collected from an oil refinery wastewater treatment plant 136 

near Ciudad Real (Spain), and it was acclimated to oxyfluorfen degradation during a 137 

period of 7 months. Bushnell-Hass Broth (BHB) was used as mineral medium to 138 

maintain and enrich the consortium. The composition of BHB per litre of Milli-Q water 139 

is 0.20 g Mg SO4, 0.02 g CaCl2, 1.00 g KH2PO4, 1.00 g (NH4)2HPO4, 0.05 g FeCl3 and 140 

1.00 g KNO3, and 200.00 mg L
-1

 oxyfluorfen was used as the sole carbon source. After 141 

the acclimation period, the biodegradability of oxyfluorfen was checked by several 142 

successful biodegradation tests using the acclimated microbial consortium (Moliterni et 143 

al., 2012).  144 

Once the polluted soil was inoculated and located in the set-up, batch electro-145 

bioremediation experiments were conducted by applying an electric field of 1 V cm
-1

, 146 

and the experiment duration was two weeks and performed at room temperature. 147 

Polarity reversal of the electric field was employed in these tests. The frequency of 148 

polarity reversal was 2 times per day (changing each 12 hours), based on previous 149 

research that studied the optimal frequency (Barba et al., 2017). It is important to note 150 
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in this point that, because of the polarity reversal every 12 h, both electrode 151 

compartments are anode and cathode depending on the time, and thus EOF is obtained 152 

in both electrode compartments as the polarity changes each 12 hours. Because of it, the 153 

experimental device is symmetrical: electrolyte reservoir supplies electrolytes to both 154 

collector compartments, and the EOF is collected from both collector compartments 155 

depending on the position of anode and cathode. To avoid nutrient limitations for the 156 

microorganisms, ammonium, nitrate and phosphate were provided through the BHB in 157 

excess concentration in the feed solution (Mena et al., 2016b). Four electro-158 

bioremediation tests were carried out using different SDS dosages: SDS was added to 159 

the two electrode compartments to obtain different concentrations (2.5 g L
-1

, 5.0 g L
-1

, 160 

10.0 g L
-1

 and 20.0 g L
-1

). Furthermore, these experiments were compared with an 161 

additional reference test without SDS. 162 

Concerning the analytical procedures, the parameters analysed in the soil and electrode 163 

wells during operation were the current intensity, pH, conductivity, nutrients 164 

concentrations and temperature. The current intensity and soil temperature were 165 

monitored daily.  166 

When the experiments were finished, a post mortem analysis of the oxyfluorfen, 167 

microorganism and SDS concentrations in the soil was conducted. To do this, the soil 168 

was divided into four longitudinal positions (1-4). Moreover, each position was divided 169 

into four axial sample points. The average values of these four axial measurements for 170 

each longitudinal position were plotted in the figures displaying the results. It is 171 

important to note that the polarity of the electric field changed during the experiments, 172 

and because of this, the soil label position 1 means near the anode and position 4 means 173 

near the cathode at day 0. These sample points were taken in accordance with 174 

previously reported works (Ramírez et al., 2015; Ramírez et al., 2014).   175 
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The pH and conductivity were measured in the electrode wells using a probe 176 

multiparameter (SENSLON, HACH). The oxyfluorfen concentration was measured 177 

using an HPLC system (Jasco, Japan). The mobile phase used was acetonitrile/water, 178 

75/25 by volume, the column used was a Kinetex 5 µm Biphenyl 100 Å, 150 x 4.5 mm 179 

column (Phenomenex, USA) with an isocratic flow rate of 0.6 ml min
-1

. A UV detector 180 

was employed (wavelength, 220 nm), and an injection volume of 20 µL was used. 181 

Ammonium, phosphate and nitrate concentrations were measured with a Gallery 182 

photometer (Thermo Scientific). 183 

To measure the pH, conductivity and nutrient concentrations in the soil, it was 184 

necessary to obtain soil dry. The moisture in the soil was calculated by taking a 25 g 185 

amount of wet soil and drying it at 105 ºC for 24 h. Afterward, the pH, conductivity and 186 

nutrient concentrations were measured by the following procedure. A 10 g portion of 187 

dry soil was taken, and 25 ml of Milli-Q water was added. The sample was mixed well 188 

by magnetic agitation for 30 minutes. Then, the sample was left to decant for 1-2 hours, 189 

and the supernatant liquid phase was retained. The last step was filtering the supernatant 190 

with 0.2 -µm nylon filters. The pH, conductivity and nutrient concentrations were 191 

measured as has been described before. To measure the oxyfluorfen concentration, it is 192 

necessary to perform an extraction of the soil. To do this, 1 g of wet soil was mixed 193 

with 2.5 ml of acetonitrile for HPLC analysis and agitated vigorously with a vortex for 194 

3 minutes. Then, the mixture was filtered using the same nylon filters previously 195 

described and measured by HPLC. Measurements of microorganisms in soil are 196 

expressed as colony forming units (CFU) per gram of dry soil. Thus, 1 g of wet soil was 197 

mixed with 10 ml of previously autoclaved NaCl solution (0.9%) using a vortex for 3 198 

minutes. Then, aliquots of 100 µL of liquid supernatant are distributed in Petri dishes 199 

containing solid LB culture media. The composition of LB medium per litre of Milli-Q 200 



9 
 

water is 5 g yeast extract, 10 g casein peptone, 10 g NaCl, 15 g of European 201 

Bacteriological Agar, and 10 g of glucose as a carbon source. Afterward, the plates were 202 

incubated for 24 h at 26.5 ºC. 203 

Finally, a simplified colorimetric method was used to determine the SDS concentration 204 

(Jurado et al., 2006). This procedure is useful for solutions in which the surfactant 205 

concentration does not exceed 2.5 mg L
-1

 (working range between 0 and 2.5 mg L
-1

). 206 

First, a sample of 5 mL was taken, and 0.2 mL of a Na2B4O7 buffer solution (50 mM 207 

and pH to 10.5) and 0.1 mL of methylene blue solution (0.1 g dissolved in 100 mL of 208 

the 10 mM tetraborate solution with pH at 5-6) were added. This sample was shaken 209 

briefly (less than 1 minute), and 4 mL of chloroform was added. Afterward, the sample 210 

was manually stirred again for 1 minute and left to rest for 4 minutes. To complete this 211 

analysis, the absorbance of the aqueous phase at 650 nm was measured in a Pharna Spec 212 

1700 spectrophotometer (Shimadzu). In the soil samples, this procedure was followed to 213 

measure SDS once the soil drying treatment had been carried out to measure the 214 

nutrients, pH and conductivity, as described above. 215 

3. Results & discussion  216 

The temperature in all cases at the start of the experiment was approximately 25 ºC, and 217 

it was kept constant throughout the experiments. Moreover, the current intensity in the 218 

soil was also maintained as approximately constant, between 50-60 mA in all cases. 219 

With these two parameters being constant, the profiles of moisture behaved in 220 

accordance. The soil moisture at the start and final of the experiments was 221 

approximately 25%. It stayed constant because the system was hermetically closed at 222 

the start, when the polluted soil was placed in the mock-up, and the level of electrolytes 223 

was controlled during all the experiments. It is important to note that the pH in the soil 224 

was controlled at approximately 7-8, which is a favourable value for keeping the 225 
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microorganisms alive during the process. This was possible thanks to the polarity 226 

reversal strategy (PRS) used in this work that allowed cushioning of the extreme pH 227 

fronts caused by the electrolysis of water. Thus, all experimental conditions involved in 228 

this process were successfully controlled, and they reached adequate values for keeping 229 

the microorganisms alive during the experiments (all these results have been included as 230 

supplementary material, Fig. S1). 231 

Fig. 2 shows the electro-osmotic flow (EOF) of water leaving the system for the five 232 

experiments carried out over 14 days. In these experiments, because of the polarity 233 

reversal strategy applied, the EOF was obtained from both electrode compartments. As 234 

can be observed, the behaviour of EOF was similar in all cases. The flow increased 235 

quickly by approximately 25 hours, and then it stayed at a constant value. Moreover, the 236 

EOF increased with the SDS concentration, i.e., higher amounts of SDS led to higher 237 

EOF values in the tests. 238 

It is well known that the electro-osmosis mechanism strongly influences the transport of 239 

different species included in the soil, so that this transport increases the possibility of 240 

interaction between different species in the treatment (Barba et al., 2017; Rodrigo et al., 241 

2014). According to this previously known statement, it was expectedsupposed in the 242 

present work that the higher EOF (caused by higher SDS amounts, according to Fig. 2) 243 

would improve the pollutant mobility. 244 

However, too-high EOF values could also damage the biological process because of 245 

inorganic nutrient electromigration to the electrode wells (Ramírez et al., 2014). It is 246 

important to note that despite the EOF being clearly increased because of the increase in 247 

SDS amount, the EOF absolute values were lower than those obtained without PRS 248 

(Mena et al., 2016a; Mena et al., 2016c). Thus, an important consequence is that the 249 

oxyfluorfen mobility could be improved while nutrients were not quickly removed, as 250 
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the amounts of ammonium, phosphate and nitrate added to the soil at the start of the test 251 

were enough for the microorganisms to degrade the pollutants in 14 days (Barba et al., 252 

2017).  253 

Fig. 3 shows the profiles of the average microbial concentrations at the start and at the 254 

end of the experiments. The horizontal axis indicates the positions of the soil from 1 255 

(near the anode at time 0) to 4 (near the cathode at time 0). Data points indicate 256 

concentration measurements at different axial positions, and lines indicate average 257 

values.  258 

As a general trend, the final microbial concentration and the homogeneous microbial 259 

distribution were maintained in the soil at levels close to the initial values in all cases, 260 

and thus, it was concluded that the microbiological activity was fully maintained during 261 

the experiments. As previously indicated, the pH, temperature and moisture levels, as 262 

well as nutrient availability in soil, were adequate for the activity of the 263 

microorganisms, as has been checked in Fig. 3.  264 

The average concentrations of SDS in soil after the treatment are shown in Fig. 4. As is 265 

well-known, oxyfluorfen is a non-polar compound, and the anionic surfactant SDS was 266 

added to improve its mobility under the effect of electric current. In these experiments, 267 

SDS was incorporated in both electrode compartments, and it was expected that because 268 

of the electrokinetic phenomena, it was distributed throughout the soil as previously 269 

reported Kim and Lee (1999). 270 

It can be observed that the higher the SDS concentration added into the electrode wells 271 

was, the higher was the SDS concentration present in the soil after the electro-272 

bioremediation experiments (note the different scales in the vertical axis in Figure 4d). 273 

According to these results and because of the previous reported works about 274 

electrokinetic movement of SDS (Kim and Lee, 1999), it is considered that the 275 
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surfactant would moved through the soil because of electroosmosis towards the cathode 276 

and, simultaneously, by electromigration electrophoresis towards the anode, and both 277 

phenomena occurred would occur in changing directions because of the polarity 278 

reversal. Also, diffusion from the electrode compartments to the soil would occur. In 279 

addition, a decreasing profile of the SDS concentration in the electrode wells towards 280 

the cathode in the case of using the lower amount of SDS can be observed in Figure 4a 281 

(2.5 g L
-1

). However, the decreasing profile gradually changed to a horizontal profile as 282 

higher amounts of SDS were used (Fig. 4b and 4c), and finally, a homogeneous SDS 283 

distribution can be observed in Fig. 4d (20 g L
-1

). It has been previously reported (Barba 284 

et al., 2017) that due to the anionic character of this surfactant, the direction of 285 

migration of the micelles towards the anode at the start of the treatment was probably 286 

predominant during all the experiment. According to the present results, this effect 287 

would be less important as the SDS concentration increased. The present results show 288 

successful SDS transport across all of the soil, and it is expected that this effect would 289 

probably influence the pollutant biodegradation compared to the reference test without 290 

SDS addition.  291 

Fig. 5a shows the initial SDS amounts used in the experiments (black bars) and the SDS 292 

amounts removed by biodegradation at the end of the experiments (grey bars). The line 293 

shows the calculated percentages of SDS biodegraded at the end of the experiments 294 

with respect to the total initial SDS amounts used.  295 

First, it was observed that only a part of the total initial amount of SDS was used, i.e., 296 

distributed through all the soil to make the mobility of oxyfluorfen easier. It can be 297 

observed that the higher the SDS concentration employed, the higher was the SDS 298 

removal by the microorganisms. Additionally, it can be observed that the SDS 299 

biodegradation percentage was slightly higher when lower SDS concentrations were 300 
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used. It is important to note that the amount of SDS removed by microbial activity was 301 

calculated by mass balance, keeping in mind the amount that remained at the end of the 302 

experiments (in soil and wells) and the SDS amount removed by volatilization and 303 

through the electroosmotic flow. In all experiments, the amount of SDS volatilized was 304 

negligible (as it was previously proved because of an abiotic auxiliary test), and the 305 

SDS removed by EOF is shown in Fig. 5b. As seen in this figure, the SDS amount 306 

removed by EOF during the experiment increased when higher initial concentrations of 307 

SDS were employed. 308 

According to the results shown in Figure 5, there was an important fraction of the SDS 309 

used removed by biodegradation. SDS is a readily biodegradable substance that has 310 

been used as surfactant in the bioremediation of hydrocarbon-polluted soils (Mena et 311 

al., 2016b) because of its non-hazardous and non-toxic characteristics. Thus, the 312 

oxyfluorfen-degrading culture was able to consume it, and consequently, this would 313 

explain how the microbiological activity was successfully maintained and why there 314 

was no apparent decrease in the soil microbial concentration, as shown in Figure 3. 315 

However, it must be taken into account that SDS is such a readily biodegradable 316 

substance that the microbial culture could preferably degrade it rather than oxyfluorfen, 317 

of which the concentration in the soil is much lower than SDS, and that oxyfluorfen is 318 

slowly biodegradable. That is, SDS is a carbon source that competes with oxyfluorfen to 319 

serve as organic matter to the microorganisms. SDS degradation would produce 320 

sulphate release, as previously reported (Muñoz-Morales et al., 2017) but such release 321 

was not individually identified in the present work because sulphate was also present in 322 

electrolyte and BHB medium, and it was moved towards the system by electromigration 323 

and electroosmosis. 324 
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Fig 6 (a-e) shows the average values of the oxyfluorfen concentration across the soil at 325 

the beginning (---) and the end (
___

) of the five experiments carried out in this work. As 326 

previously described, the horizontal axis indicates the positions of the soil from 1 (near 327 

the anode at time 0) to 4 (near the cathode at time 0), and data points indicate 328 

concentration measurements at different axial positions, while lines indicate average 329 

values. 330 

The greater the decontamination efficiency of the soil is, the lower the continuous line 331 

will be placed in Figures 6a to 6e, indicating difference from the initial value (---). It 332 

was observed that, in general, the efficiency of elimination of oxyfluorfen was low 333 

when compared with previous results obtained by our group (Barba et al., 2018; Mena 334 

et al., 2016a). This is because longer experimentation times are needed for practical 335 

applications since oxyfluorfen is not easily available to microorganisms and it has low 336 

mobility in the soil. The influence of the duration of the experiments has already been 337 

reported (Barba et al., 2018a), and while in theis present work, the intent was just to 338 

determine the influence of the use of SDS in experiments of a relatively low duration. 339 

As seen in Fig. 6a to 6e, the removal of oxyfluorfen in soil was practically 340 

homogeneous in all soil sections when using SDS, while in the case without surfactant, 341 

slight differences were appreciated depending on the soil position. The general 342 

behaviour observed confirms that the surfactant helps move the oxyfluorfen through the 343 

soil. The reference test (without SDS) shows that oxyfluorfen removal seemed to be 344 

slightly more efficient in areas near the electrodes. A possible explanation was not 345 

found, although it is important to note that no amount of oxyfluorfen was detected in the 346 

electrode wells after the reference test. 347 
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As shown in Fig. 6f, the oxyfluorfen removal efficiency showed a maximum value: the 348 

highest percentage of oxyfluorfen removal was 22%, and this was achieved when 349 

working with the lowest concentration of surfactant in the electrode wells (2.5 g L
-1

).   350 

An improvement in the removal efficiency was caused in the case of electro-351 

bioremediation without SDS (14% efficiency). Thus, the main hypothesis was 352 

successfully proven. According to the supporting evidence in Figures 1 to 4, it is 353 

considered that the efficiency increase was related to the increase in oxyfluorfen 354 

mobility and bioavailability for microorganisms. However, it is surprising that when 355 

higher SDS concentrations were used, the efficiency decreased significantly.  356 

As indicated previously, SDS is a readily biodegradable substance, and thus, there is 357 

competition between oxyfluorfen and SDS as a biodegradable substrate for 358 

microorganisms. According to our discussion in Figures 3 and 5, it is considered that 359 

microorganisms would easily consume SDS instead of oxyfluorfen, and this effect 360 

became important when high SDS amounts were used. For instance, in the last 361 

experiment, microorganisms removed 12.5 g of SDS vs only 5.7 mg of oxyfluorfen. 362 

This is not an efficient process, as an important part of SDS is not used for its desired 363 

objective, and as a consequence we would even obtain SDS-polluted soil. 364 

In addition, it is important to note that a low concentration of oxyfluorfen was detected 365 

in the electrode wells in experiments in which higher concentrations of surfactant were 366 

used, that is, 10.0 and 20.0 g L
-1

 of SDS. Therefore, introducing an excessive amount of 367 

SDS into the soil can lead to the contaminating species, oxyfluorfen in the case at hand, 368 

being dragged by the electroosmotic flow, eliminating them from the soil not by the 369 

action of microorganisms, as is the objective of electro-bioremediation technology. 370 

As a summary, Table 2 shows the initial and final characteristics of the treated soil. 371 

Regarding economical considerations, in order to give an approximate cost estimation 372 



16 
 

value, the results of a previous reported full-scale work by the same authors have been 373 

considered, using the same technology and experimental conditions (Barba et al., 374 

2018b). Also, it has been considered that electric power could be estimated as 15% of 375 

the total costs (Athmer, 2009).Taking into account these considerations, total costs 376 

between 80 and 100 € Ton
-1

 could be suggested. 377 

 378 

 379 

 380 

4. Conclusions 381 

Electro-bioremediation without using SDS as a surfactant can remove 14% of the 382 

oxyfluorfen from polluted soil in 14 days, while under low SDS concentrations in the 383 

electrode compartments (2.5 g L
-1

), the efficiency improves to 22% because of an 384 

expected improvement in the contact between the different species in the soil. However, 385 

the use of higher SDS concentrations (between 10 and 20 g L
-1

) causes a decrease in the 386 

oxyfluorfen removal efficiency, as SDS is an easily biodegradable compound and is 387 

preferably used as a substrate by the microbial culture instead of oxyfluorfen. The use 388 

of high concentrations of SDS was also clearly inefficient, as high amounts of the 389 

surfactant were lost through the EOF, and low amounts of oxyfluorfen were detected in 390 

the electrode wells, moved by the electroosmotic flow from the soil, which means that 391 

an ex situ treatment for the polluted water would be needed. 392 
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 501 

 502 

Fig 1. Experimental setup scheme. 503 

Fig 2. Electro-osmotic flow profiles. a) 0.0 g L
-1

 SDS, b) 2.5 g L
-1

 SDS, c) 5.0 g L
-1

 504 

SDS, d) 10.0 g L
-1

 SDS, e) 20.0 g L
-1

 SDS, f) average value of EOF at different SDS 505 

concentrations. 506 
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Fig 3. Microorganism concentration profiles in soil at the start (---) and the end (
___

) of 507 

the tests. a) 0.0 g L
-1

 SDS, b) 2.5 g L
-1

 SDS, c) 5.0 g L
-1

 SDS, d) 10.0 g L
-1

 SDS, e) 20.0 508 

g L
-1

 SDS. Axial positions of the sample points: upper left (●), upper right (♦), bottom 509 

left (▲) and bottom right (■). 510 

Fig 4. Average SDS concentration profiles in soil at the start (---) and at the end (
___

) of 511 

the tests. a) 2.5 g L
-1

 SDS, b) 5.0 g L
-1

 SDS, c) 10.0 g L
-1

 SDS, d) 20.0 g L
-1

 SDS. Axial 512 

positions of the sample points: upper left (●), upper right (♦), bottom left (▲) and 513 

bottom right (■). 514 

Fig 5. (a) Bars and left axis: the initial SDS amount in the system (black bars) and the 515 

SDS amount removed by microbial activity after 14 days (grey bars). Line and right 516 

axis: SDS biodegradation percentage at different initial SDS concentrations. (b) SDS 517 

removed by electroosmotic flow during the experiments. (♦) 2.,5 g L
-1

; (▲) 5.0 g L
-1

; 518 

(●) 10.0 g L
-1

; (■) 20.0 g L
-1

 SDS. 519 

Fig 6. Parts a-e: Oxyfluorfen average concentration profiles in soil at the start (---) and 520 

at the end (
___

) of the tests: a) 0.0 g L
-1

 SDS, b) 2.5 g L
-1

 SDS, c) 5.0 g L
-1

 SDS, d) 10.0 521 

g L
-1

 SDS, e) 20.0 g L
-1

 SDS. Axial positions of the sample points: upper left (●), upper 522 

right (♦), bottom left (▲) and bottom right (■). Part f: calculated oxyfluorfen removal 523 

efficiencies vs the concentrations of SDS used. 524 

 525 

 526 

 527 

 528 

Table 1. Use of surfactants and relevant parameters in recently reported works about 529 

electrokinetic remediation. 530 
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 531 

Gradient / V cm
-1

 Pollutant Surfactant Time / d Reference 

1.0 1,2,4-

trichlorobenzene 

Triton X-100 

Tween 80 

Triton X-100 + SDS 

6 (Qiao et al., 2018) 

1.0 Phenanthrene and 

2,4,6-trichlorophenol 

Rhamnolipid 

(biosurfactant) 

15 (Sun et al., 2017) 

1.0 Phenanthrene and 

Chromium 

Triton X-100 

Tween 80 

Dowfax 8390 

15 (Du et al., 2017) 

 532 

 533 
 534 

Table 2. Initial and final characterization of the treated soil. 535 
 536 
 537 

 Before remediation After remediation 

 Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 1 Exp. 2 Exp. 3 Exp. 4 

pH  7.7 7.8 7.8 7.8 7.8 7.9 8.0 8.0 

Conductivity / µS cm
-1

 468.0 431.0 441.0 419.0 292.6 273.1 290.1 400.8 

Moisture / % 27.1 27.4 26.3 25.3 25.6 26.1 25.4 25.8 

SDS / mg kg
-1

 0 0 0 0 33.3 39.3 43.2 117.8 

Microorganisms: log (CFU g
-1

) 4.9 1.2 7.7 3.3 0.9 2.3 4.1 2.9 

Oxyfluorfen / mg kg
-1

dry soil 27.4 27.5 27.1 26.8 21.5 25.0 24.6 24.8 

 538 

 539 

 540 

 541 

 542 

 543 

 544 
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HIGHLIGHTS 

 

 Oxyfluorfen polluted clay soil was treated through electro-bioremediation 

 Surfactant (SDS) addition improved electro-osmotic flow and oxyfluorfen 

mobility 

 Low SDS dosage increased oxyfluorfen removal efficiencies up to 22% in 2 

weeks 

 High SDS dosage washed out surfactant and pollutant and biodegradation rate 

decreased 
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Abstract 13 

Oxyfluorfen is a non-polar herbicide that may cause severe soil pollution. The present 14 

work studies the possible improvement due to surfactant addition in the efficiency of 15 

electro-bioremediation of a clay soil polluted which such a non-polar, low-mobility 16 

pollutant. Two-week-long batch electro-bioremediation experiments were performed in 17 

a bench-scale device. Oxyfluorfen-polluted soil (20 mg kg
-1

) was inoculated with an 18 

acclimated microbial culture, and several experiments were performed using different 19 

surfactant concentrations in the electrode wells (0.0, 2.5, 5.0, 10.0 and 20.0 g L
-1

 of 20 

SDS, sodium dodecyl sulphate). Experiments were performed under 1.0 V cm
-1

 and 21 

electrode polarity reversal. It was observed that the electro-osmotic flow (EOF) 22 

increased with SDS concentration and that SDS was successfully distributed across the 23 

soil, probably improving the oxyfluorfen mobility. Additionally, microbiological 24 

activity was fully maintained during the experiments. Electro-bioremediation without 25 

*Revised manuscript with no changes marked (double-spaced and continuously LINE and PAGE numbered)
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SDS removed 14% of the oxyfluorfen, while under 2.5 g L
-1

 SDS, the efficiency 26 

increased to 22% because of an expected improvement in the contact between the 27 

different species in the soil. However, higher SDS concentrations (between 10.0 and 28 

20.0 g L
-1

) caused a decrease in the oxyfluorfen removal efficiency, as SDS is an easily 29 

biodegradable compound and was preferably used as substrate by the microbial culture 30 

instead of oxyfluorfen. Additionally, the use of high concentrations of SDS was clearly 31 

inefficient, as high amounts of the surfactant were lost through the EOF, and even low 32 

amounts of oxyfluorfen were removed to the electrode wells, which means that ex situ 33 

treatment of the polluted water would be needed. 34 

Keywords 35 

Oxyfluorfen, polluted soil, electro-bioremediation, surfactant, sodium dodecyl sulphate. 36 

1. Introduction 37 

Pesticides have been commonly used in the last century, especially in the agricultural 38 

industry for pest control and weed growth. These compounds help remediate these 39 

problems, but due to their nature, they are very toxic to humans and animals. Pesticides 40 

used in agricultural fields can infiltrate soil and arrive at groundwater reservoirs, 41 

causing a significant issue in water for human consumption (Chowdhury et al., 2008). 42 

Moreover, pesticides are usually high-molecular weight compounds that persist in the 43 

environment for long periods, and they can produce serious problems for human health, 44 

such as genomic mutations, and may even cause death (Morillo and Villaverde, 2017). 45 

In this context, many pesticides are organochlorinated compounds, such as oxyfluorfen, 46 

an herbicide that is commonly used. This pesticide has low solubility in water (0.116 47 

mg L
-1

), and its vapour pressure is very low (0.026 mPa at 25 ºC). According to its 48 

chemical properties, oxyfluorfen is heavily adsorbed in soils, especially in soils which 49 

contain a high percentage of organic matter and clay (U., 2002), and consequently, the 50 
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mobility of oxyfluorfen is very low in soil. Moreover, its biodegradation is highly poor 51 

because plants cannot metabolize it, and only microorganisms can assimilate 52 

oxyfluorfen slowly (Calderón et al., 2015; Sondhia, 2010). Because soil is not a 53 

renewable resource and environmental regulations usually establish maximum 54 

concentration values of these compounds in soil, remediation becomes mandatory.  55 

There are different soil remediation techniques according to the soil thermal, physical, 56 

chemical, electrochemical or biological characteristics. Electrochemical technologies 57 

are becoming more relevant in this field because their main advantage is that they allow 58 

removal of the pollutant from the soil in situ. Electrokinetic treatments (EK) consist of 59 

applying a low-voltage electric field between electrodes inserted into the soil so that it 60 

can mobilize ionic and molecular species. This transport is caused by different EK 61 

phenomena such as electrophoresis, electromigration and electroosmosis (Rodrigo et al., 62 

2014). 63 

Furthermore, it is easy to combine EK with other types of remediation technologies, 64 

looking for remediation improvement by simultaneously using both techniques. 65 

Specifically, EK technology is combined with different biological treatments, giving 66 

rise to what is known as electro-bioremediation (EBR), which has been becoming more 67 

relevant in recent years. Electro-bioremediation is an in situ technology which tries to 68 

remediate the soil by using electrokinetics to move pollutants, nutrients, and 69 

microorganisms. This effect improves the bioavailability of pesticides to the microbial 70 

population, which means more removal efficiency and higher biodegradation speed 71 

(Gill et al., 2014; Ramírez et al., 2015; Reddy and Cameselle, 2009). One possible 72 

limitation of EK treatment is that it only moves the pollutants to the electrode wells, and 73 

it is then necessary to extract and eliminate them off-site using other type of wastewater 74 

treatment technologies, which implies an increase in cost. If electrokinetics is combined 75 
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in situ with bioremediation, a synergy between the two technologies is produced, which 76 

eliminates soil contaminants in situ and accelerates the bioremediation process thanks to 77 

electrokinetic transport (Reddy and Cameselle, 2009).  78 

Nevertheless, there is an important aspect of concern in this area: the low mobility in 79 

soil of non-polar pollutants, such as oxyfluorfen, when electrokinetic technologies are 80 

applied. Despite commercial oxyfluorfen containing solvents to allow correct 81 

distribution in agricultural soils (such as xylene and cyclohexanone), these solvents 82 

evaporate very quickly, which causes the mobility of this pollutant to decrease, and at 83 

the same time, its availability for biodegradation by microorganisms also decreases. 84 

In previous works regarding electro-bioremediation of oxyfluorfen-polluted soil, it has 85 

been concluded that it is necessary to optimize the variables that affect the mobility and 86 

biodegradation of this pollutant in soil, for example, the frequency of the electrode 87 

polarity reversal, the retention time or the method used to introduce microorganisms 88 

into the soil (Barba et al., 2017). In the best case, the maximum removal efficiency 89 

reached only 40%, despite the use of highly acclimatized cultures for oxyfluorfen 90 

biodegradation (so much that the biodegradability of this contaminant was not the 91 

limiting factor in this process), and this may be related to the low mobility of 92 

oxyfluorfen in soil. Previous works reported by the authors (Mena et al., 2015) 93 

regarding EBR technology to remediate diesel polluted soils successfully used sodium 94 

dodecyl sulphate (SDS) as a surfactant to move a mixture of hydrocarbons (which are a 95 

clear example of non-polar compounds), increasing the biodegradation efficiency. 96 

Surfactants help to solubilize non-polar organic pollutants highly adsorbed in soil, and 97 

thus they improve the pollutants mobility under an electric field and also bioavailability 98 

for microorganisms. Moreover it has been reported that they cause a decrease in zeta 99 

potential and so increasing electroosmotic flow (Qiao et al., 2018; Sun et al., 2017). 100 
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Some works recently reported by other authors proposed the use of different types of 101 

surfactants and experimental conditions in electrokinetic remediation of persistent 102 

organic pollutants (Table 1). 103 

In this context, the aim of the present work is to study the possible improving effect of 104 

SDS addition in the electro-bioremediation of a clay soil polluted with a non-polar low-105 

mobility pollutant such as oxyfluorfen. The authors hypothesize that there would be an 106 

optimum SDS amount which could improve the transport of oxyfluorfen throughout the 107 

soil and, thus, could help in obtaining a higher percentage of oxyfluorfen in situ 108 

biodegradation. It is considered by the authors that the main novelty point of the present 109 

work is related to the challenge of remediating soils polluted with such a low-110 

biodegradability and low-bioavailability pollutant through an in situ technology. 111 

2. Materials and Methods 112 

The experimental devices, materials and analytical procedures used in these 113 

experiments were based on those used in previous research works described elsewhere 114 

by the same authors (Barba et al., 2017). The soil employed is a clayey real soil from a 115 

quarry in Toledo (Spain). Its mineralogical composition is smectite, 28%; kaolinite, 116 

26%; illite, 20%; feldspar, 15%; quartz, 7%; and calcite, 4%. The pesticide used to 117 

pollute the soil is Fluoxil 24, provided by Cheminova Agro (Madrid). Fluoxil 24 is a 118 

commercial herbicide, of which the composition is oxyfluorfen (24%), xylene (<60%), 119 

cyclohexanone (<13%) and calcium dodecylbenzene sulphonate (<4%) as a surfactant. 120 

The soil was polluted artificially by mixing a Fluoxil 24 suspension with the soil. In 121 

addition, an oxyfluorfen-degrading microbial consortium suspended in a microbial 122 

growth medium was simultaneously added (later explained). The concentration of 123 

oxyfluorfen in the soil at the start of the experiments was 20 mg kg wet soil
-1

, and the 124 



6 
 

moisture of the soil was 25% (saturation conditions). Then, the soil was placed into the 125 

experimental set-up.  126 

The experimental setup (Fig. 1) consisted of a methacrylate rectangular cell divided into 127 

five compartments. The polluted soil was introduced into the central cell. At both sides, 128 

there were electrode compartments where graphite electrodes were inserted. Finally, 129 

two external compartments collected the electroosmotic flow. Moreover, a flow-control 130 

system was connected in the anodic compartment to maintain a constant electrolyte 131 

level in the system. The electrolyte solution used to fill in the electrode compartments 132 

was a synthetic medium, of which the composition is similar to groundwater: 80.7 mg 133 

L
-1 

Na2SO4, 70.0 mg L
-1 

NaHCO3 and 30.4 mg L
-1

 NaNO3. 134 

The microbial consortium was collected from an oil refinery wastewater treatment plant 135 

near Ciudad Real (Spain), and it was acclimated to oxyfluorfen degradation during a 136 

period of 7 months. Bushnell-Hass Broth (BHB) was used as mineral medium to 137 

maintain and enrich the consortium. The composition of BHB per litre of Milli-Q water 138 

is 0.20 g Mg SO4, 0.02 g CaCl2, 1.00 g KH2PO4, 1.00 g (NH4)2HPO4, 0.05 g FeCl3 and 139 

1.00 g KNO3, and 200.00 mg L
-1

 oxyfluorfen was used as the sole carbon source. After 140 

the acclimation period, the biodegradability of oxyfluorfen was checked by several 141 

successful biodegradation tests using the acclimated microbial consortium (Moliterni et 142 

al., 2012).  143 

Once the polluted soil was inoculated and located in the set-up, batch electro-144 

bioremediation experiments were conducted by applying an electric field of 1 V cm
-1

, 145 

and the experiment duration was two weeks and performed at room temperature. 146 

Polarity reversal of the electric field was employed in these tests. The frequency of 147 

polarity reversal was 2 times per day (changing each 12 hours), based on previous 148 

research that studied the optimal frequency (Barba et al., 2017). It is important to note 149 
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in this point that, because of the polarity reversal every 12 h, both electrode 150 

compartments are anode and cathode depending on the time, and thus EOF is obtained 151 

in both electrode compartments as the polarity changes each 12 hours. Because of it, the 152 

experimental device is symmetrical: electrolyte reservoir supplies electrolytes to both 153 

collector compartments, and the EOF is collected from both collector compartments 154 

depending on the position of anode and cathode. To avoid nutrient limitations for the 155 

microorganisms, ammonium, nitrate and phosphate were provided through the BHB in 156 

excess concentration in the feed solution (Mena et al., 2016b). Four electro-157 

bioremediation tests were carried out using different SDS dosages: SDS was added to 158 

the two electrode compartments to obtain different concentrations (2.5 g L
-1

, 5.0 g L
-1

, 159 

10.0 g L
-1

 and 20.0 g L
-1

). Furthermore, these experiments were compared with an 160 

additional reference test without SDS. 161 

Concerning the analytical procedures, the parameters analysed in the soil and electrode 162 

wells during operation were the current intensity, pH, conductivity, nutrients 163 

concentrations and temperature. The current intensity and soil temperature were 164 

monitored daily.  165 

When the experiments were finished, a post mortem analysis of the oxyfluorfen, 166 

microorganism and SDS concentrations in the soil was conducted. To do this, the soil 167 

was divided into four longitudinal positions (1-4). Moreover, each position was divided 168 

into four axial sample points. The average values of these four axial measurements for 169 

each longitudinal position were plotted in the figures displaying the results. It is 170 

important to note that the polarity of the electric field changed during the experiments, 171 

and because of this, the soil label position 1 means near the anode and position 4 means 172 

near the cathode at day 0. These sample points were taken in accordance with 173 

previously reported works (Ramírez et al., 2015; Ramírez et al., 2014).   174 
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The pH and conductivity were measured in the electrode wells using a probe 175 

multiparameter (SENSLON, HACH). The oxyfluorfen concentration was measured 176 

using an HPLC system (Jasco, Japan). The mobile phase used was acetonitrile/water, 177 

75/25 by volume, the column used was a Kinetex 5 µm Biphenyl 100 Å, 150 x 4.5 mm 178 

column (Phenomenex, USA) with an isocratic flow rate of 0.6 ml min
-1

. A UV detector 179 

was employed (wavelength, 220 nm), and an injection volume of 20 µL was used. 180 

Ammonium, phosphate and nitrate concentrations were measured with a Gallery 181 

photometer (Thermo Scientific). 182 

To measure the pH, conductivity and nutrient concentrations in the soil, it was 183 

necessary to obtain soil dry. The moisture in the soil was calculated by taking a 25 g 184 

amount of wet soil and drying it at 105 ºC for 24 h. Afterward, the pH, conductivity and 185 

nutrient concentrations were measured by the following procedure. A 10 g portion of 186 

dry soil was taken, and 25 ml of Milli-Q water was added. The sample was mixed well 187 

by magnetic agitation for 30 minutes. Then, the sample was left to decant for 1-2 hours, 188 

and the supernatant liquid phase was retained. The last step was filtering the supernatant 189 

with 0.2 µm nylon filters. The pH, conductivity and nutrient concentrations were 190 

measured as has been described before. To measure the oxyfluorfen concentration, it is 191 

necessary to perform an extraction of the soil. To do this, 1 g of wet soil was mixed 192 

with 2.5 ml of acetonitrile for HPLC analysis and agitated vigorously with a vortex for 193 

3 minutes. Then, the mixture was filtered using the same nylon filters previously 194 

described and measured by HPLC. Measurements of microorganisms in soil are 195 

expressed as colony forming units (CFU) per gram of dry soil. Thus, 1 g of wet soil was 196 

mixed with 10 ml of previously autoclaved NaCl solution (0.9%) using a vortex for 3 197 

minutes. Then, aliquots of 100 µL of liquid supernatant are distributed in Petri dishes 198 

containing solid LB culture media. The composition of LB medium per litre of Milli-Q 199 
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water is 5 g yeast extract, 10 g casein peptone, 10 g NaCl, 15 g of European 200 

Bacteriological Agar, and 10 g of glucose as a carbon source. Afterward, the plates were 201 

incubated for 24 h at 26.5 ºC. 202 

Finally, a simplified colorimetric method was used to determine the SDS concentration 203 

(Jurado et al., 2006). This procedure is useful for solutions in which the surfactant 204 

concentration does not exceed 2.5 mg L
-1

 (working range between 0 and 2.5 mg L
-1

). 205 

First, a sample of 5 mL was taken, and 0.2 mL of a Na2B4O7 buffer solution (50 mM 206 

and pH to 10.5) and 0.1 mL of methylene blue solution (0.1 g dissolved in 100 mL of 207 

the 10 mM tetraborate solution with pH at 5-6) were added. This sample was shaken 208 

briefly (less than 1 minute), and 4 mL of chloroform was added. Afterward, the sample 209 

was manually stirred again for 1 minute and left to rest for 4 minutes. To complete this 210 

analysis, the absorbance of the aqueous phase at 650 nm was measured in a Pharna Spec 211 

1700 spectrophotometer (Shimadzu). In the soil samples, this procedure was followed to 212 

measure SDS once the soil drying treatment had been carried out to measure the 213 

nutrients, pH and conductivity, as described above. 214 

3. Results & discussion  215 

The temperature in all cases at the start of the experiment was approximately 25 ºC, and 216 

it was kept constant throughout the experiments. Moreover, the current intensity in the 217 

soil was also maintained as approximately constant, between 50-60 mA in all cases. 218 

With these two parameters being constant, the profiles of moisture behaved in 219 

accordance. The soil moisture at the start and final of the experiments was 220 

approximately 25%. It stayed constant because the system was hermetically closed at 221 

the start, when the polluted soil was placed in the mock-up, and the level of electrolytes 222 

was controlled during all the experiments. It is important to note that the pH in the soil 223 

was controlled at approximately 7-8, which is a favourable value for keeping the 224 



10 
 

microorganisms alive during the process. This was possible thanks to the polarity 225 

reversal strategy (PRS) used in this work that allowed cushioning of the extreme pH 226 

fronts caused by the electrolysis of water. Thus, all experimental conditions involved in 227 

this process were successfully controlled, and they reached adequate values for keeping 228 

the microorganisms alive during the experiments (all these results have been included as 229 

supplementary material, Fig. S1). 230 

Fig. 2 shows the electro-osmotic flow (EOF) of water leaving the system for the five 231 

experiments carried out over 14 days. In these experiments, because of the polarity 232 

reversal strategy applied, the EOF was obtained from both electrode compartments. As 233 

can be observed, the behaviour of EOF was similar in all cases. The flow increased 234 

quickly by approximately 25 hours, and then it stayed at a constant value. Moreover, the 235 

EOF increased with the SDS concentration, i.e., higher amounts of SDS led to higher 236 

EOF values in the tests. 237 

It is well known that the electro-osmosis mechanism strongly influences the transport of 238 

different species included in the soil, so that this transport increases the possibility of 239 

interaction between different species in the treatment (Barba et al., 2017; Rodrigo et al., 240 

2014). According to this previously known statement, it was expected in the present 241 

work that the higher EOF (caused by higher SDS amounts, according to Fig. 2) would 242 

improve the pollutant mobility. 243 

However, too-high EOF values could also damage the biological process because of 244 

inorganic nutrient electromigration to the electrode wells (Ramírez et al., 2014). It is 245 

important to note that despite the EOF being clearly increased because of the increase in 246 

SDS amount, the EOF absolute values were lower than those obtained without PRS 247 

(Mena et al., 2016a; Mena et al., 2016c). Thus, an important consequence is that the 248 

oxyfluorfen mobility could be improved while nutrients were not quickly removed, as 249 
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the amounts of ammonium, phosphate and nitrate added to the soil at the start of the test 250 

were enough for the microorganisms to degrade the pollutants in 14 days (Barba et al., 251 

2017).  252 

Fig. 3 shows the profiles of the average microbial concentrations at the start and at the 253 

end of the experiments. The horizontal axis indicates the positions of the soil from 1 254 

(near the anode at time 0) to 4 (near the cathode at time 0). Data points indicate 255 

concentration measurements at different axial positions, and lines indicate average 256 

values.  257 

As a general trend, the final microbial concentration and the homogeneous microbial 258 

distribution were maintained in the soil at levels close to the initial values in all cases, 259 

and thus, it was concluded that the microbiological activity was fully maintained during 260 

the experiments. As previously indicated, the pH, temperature and moisture levels, as 261 

well as nutrient availability in soil, were adequate for the activity of the 262 

microorganisms, as has been checked in Fig. 3.  263 

The average concentrations of SDS in soil after the treatment are shown in Fig. 4. As is 264 

well-known, oxyfluorfen is a non-polar compound, and the anionic surfactant SDS was 265 

added to improve its mobility under the effect of electric current. In these experiments, 266 

SDS was incorporated in both electrode compartments, and it was expected that because 267 

of the electrokinetic phenomena, it was distributed throughout the soil as previously 268 

reported Kim and Lee (1999). 269 

It can be observed that the higher the SDS concentration added into the electrode wells 270 

was, the higher was the SDS concentration present in the soil after the electro-271 

bioremediation experiments (note the different scales in the vertical axis in Figure 4d). 272 

According to these results and because of the previous reported works about 273 

electrokinetic movement of SDS (Kim and Lee, 1999), it is considered that the 274 
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surfactant would move through the soil because of electroosmosis towards the cathode 275 

and, simultaneously, by electrophoresis towards the anode, and both phenomena would 276 

occur in changing directions because of the polarity reversal. Also, diffusion from the 277 

electrode compartments to the soil would occur. In addition, a decreasing profile of the 278 

SDS concentration in the electrode wells towards the cathode in the case of using the 279 

lower amount of SDS can be observed in Figure 4a (2.5 g L
-1

). However, the decreasing 280 

profile gradually changed to a horizontal profile as higher amounts of SDS were used 281 

(Fig. 4b and 4c), and finally, a homogeneous SDS distribution can be observed in Fig. 282 

4d (20 g L
-1

). It has been previously reported (Barba et al., 2017) that due to the anionic 283 

character of this surfactant, the direction of migration of the micelles towards the anode 284 

at the start of the treatment was probably predominant during all the experiment. 285 

According to the present results, this effect would be less important as the SDS 286 

concentration increased. The present results show successful SDS transport across all of 287 

the soil, and it is expected that this effect would probably influence the pollutant 288 

biodegradation compared to the reference test without SDS addition.  289 

Fig. 5a shows the initial SDS amounts used in the experiments (black bars) and the SDS 290 

amounts removed by biodegradation at the end of the experiments (grey bars). The line 291 

shows the calculated percentages of SDS biodegraded at the end of the experiments 292 

with respect to the total initial SDS amounts used.  293 

First, it was observed that only a part of the total initial amount of SDS was used, i.e., 294 

distributed through all the soil to make the mobility of oxyfluorfen easier. It can be 295 

observed that the higher the SDS concentration employed, the higher was the SDS 296 

removal by the microorganisms. Additionally, it can be observed that the SDS 297 

biodegradation percentage was slightly higher when lower SDS concentrations were 298 

used. It is important to note that the amount of SDS removed by microbial activity was 299 



13 
 

calculated by mass balance, keeping in mind the amount that remained at the end of the 300 

experiments (in soil and wells) and the SDS amount removed by volatilization and 301 

through the electroosmotic flow. In all experiments, the amount of SDS volatilized was 302 

negligible (as it was previously proved because of an abiotic auxiliary test), and the 303 

SDS removed by EOF is shown in Fig. 5b. As seen in this figure, the SDS amount 304 

removed by EOF during the experiment increased when higher initial concentrations of 305 

SDS were employed. 306 

According to the results shown in Figure 5, there was an important fraction of the SDS 307 

used removed by biodegradation. SDS is a readily biodegradable substance that has 308 

been used as surfactant in the bioremediation of hydrocarbon-polluted soils (Mena et 309 

al., 2016b) because of its non-hazardous and non-toxic characteristics. Thus, the 310 

oxyfluorfen-degrading culture was able to consume it, and consequently, this would 311 

explain how the microbiological activity was successfully maintained and why there 312 

was no apparent decrease in the soil microbial concentration, as shown in Figure 3. 313 

However, it must be taken into account that SDS is such a readily biodegradable 314 

substance that the microbial culture could preferably degrade it rather than oxyfluorfen, 315 

of which the concentration in the soil is much lower than SDS, and that oxyfluorfen is 316 

slowly biodegradable. That is, SDS is a carbon source that competes with oxyfluorfen to 317 

serve as organic matter to the microorganisms. SDS degradation would produce 318 

sulphate release, as previously reported (Muñoz-Morales et al., 2017) but such release 319 

was not individually identified in the present work because sulphate was also present in 320 

electrolyte and BHB medium, and it was moved towards the system by electromigration 321 

and electroosmosis. 322 

Fig 6 (a-e) shows the average values of the oxyfluorfen concentration across the soil at 323 

the beginning (---) and the end (
___

) of the five experiments carried out in this work. As 324 
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previously described, the horizontal axis indicates the positions of the soil from 1 (near 325 

the anode at time 0) to 4 (near the cathode at time 0), and data points indicate 326 

concentration measurements at different axial positions, while lines indicate average 327 

values. 328 

The greater the decontamination efficiency of the soil is, the lower the continuous line 329 

will be placed in Figures 6a to 6e, indicating difference from the initial value (---). It 330 

was observed that, in general, the efficiency of elimination of oxyfluorfen was low 331 

when compared with previous results obtained by our group (Barba et al., 2018; Mena 332 

et al., 2016a). This is because longer experimentation times are needed for practical 333 

applications since oxyfluorfen is not easily available to microorganisms and it has low 334 

mobility in the soil. The influence of the duration of the experiments has already been 335 

reported (Barba et al., 2018), while in the present work, the intent was just to determine 336 

the influence of the use of SDS in experiments of a relatively low duration. 337 

As seen in Fig. 6a to 6e, the removal of oxyfluorfen in soil was practically 338 

homogeneous in all soil sections when using SDS, while in the case without surfactant, 339 

slight differences were appreciated depending on the soil position. The general 340 

behaviour observed confirms that the surfactant helps move the oxyfluorfen through the 341 

soil. The reference test (without SDS) shows that oxyfluorfen removal seemed to be 342 

slightly more efficient in areas near the electrodes. A possible explanation was not 343 

found, although it is important to note that no amount of oxyfluorfen was detected in the 344 

electrode wells after the reference test. 345 

As shown in Fig. 6f, the oxyfluorfen removal efficiency showed a maximum value: the 346 

highest percentage of oxyfluorfen removal was 22%, and this was achieved when 347 

working with the lowest concentration of surfactant in the electrode wells (2.5 g L
-1

).   348 
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An improvement in the removal efficiency was caused in the case of electro-349 

bioremediation without SDS (14% efficiency). Thus, the main hypothesis was 350 

successfully proven. According to the supporting evidence in Figures 1 to 4, it is 351 

considered that the efficiency increase was related to the increase in oxyfluorfen 352 

mobility and bioavailability for microorganisms. However, it is surprising that when 353 

higher SDS concentrations were used, the efficiency decreased significantly.  354 

As indicated previously, SDS is a readily biodegradable substance, and thus, there is 355 

competition between oxyfluorfen and SDS as a biodegradable substrate for 356 

microorganisms. According to our discussion in Figures 3 and 5, it is considered that 357 

microorganisms would easily consume SDS instead of oxyfluorfen, and this effect 358 

became important when high SDS amounts were used. For instance, in the last 359 

experiment, microorganisms removed 12.5 g of SDS vs only 5.7 mg of oxyfluorfen. 360 

This is not an efficient process, as an important part of SDS is not used for its desired 361 

objective, and as a consequence we would even obtain SDS-polluted soil. 362 

In addition, it is important to note that a low concentration of oxyfluorfen was detected 363 

in the electrode wells in experiments in which higher concentrations of surfactant were 364 

used, that is, 10.0 and 20.0 g L
-1

 of SDS. Therefore, introducing an excessive amount of 365 

SDS into the soil can lead to the contaminating species, oxyfluorfen in the case at hand, 366 

being dragged by the electroosmotic flow, eliminating them from the soil not by the 367 

action of microorganisms, as is the objective of electro-bioremediation technology. 368 

As a summary, Table 2 shows the initial and final characteristics of the treated soil. 369 

Regarding economical considerations, in order to give an approximate cost estimation 370 

value, the results of a previous reported full-scale work by the same authors have been 371 

considered, using the same technology and experimental conditions (Barba et al., 372 

2018b). Also, it has been considered that electric power could be estimated as 15% of 373 
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the total costs (Athmer, 2009).Taking into account these considerations, total costs 374 

between 80 and 100 € Ton
-1

 could be suggested. 375 

 376 

 377 

4. Conclusions 378 

Electro-bioremediation without using SDS as a surfactant can remove 14% of the 379 

oxyfluorfen from polluted soil in 14 days, while under low SDS concentrations in the 380 

electrode compartments (2.5 g L
-1

), the efficiency improves to 22% because of an 381 

expected improvement in the contact between the different species in the soil. However, 382 

the use of higher SDS concentrations (between 10 and 20 g L
-1

) causes a decrease in the 383 

oxyfluorfen removal efficiency, as SDS is an easily biodegradable compound and is 384 

preferably used as a substrate by the microbial culture instead of oxyfluorfen. The use 385 

of high concentrations of SDS was also clearly inefficient, as high amounts of the 386 

surfactant were lost through the EOF, and low amounts of oxyfluorfen were detected in 387 

the electrode wells, moved by the electroosmotic flow from the soil, which means that 388 

an ex situ treatment for the polluted water would be needed. 389 
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Fig 1. Experimental setup scheme. 474 

Fig 2. Electro-osmotic flow profiles. a) 0.0 g L
-1

 SDS, b) 2.5 g L
-1

 SDS, c) 5.0 g L
-1

 475 

SDS, d) 10.0 g L
-1

 SDS, e) 20.0 g L
-1

 SDS, f) average value of EOF at different SDS 476 

concentrations. 477 

Fig 3. Microorganism concentration profiles in soil at the start (---) and the end (
___

) of 478 

the tests. a) 0.0 g L
-1

 SDS, b) 2.5 g L
-1

 SDS, c) 5.0 g L
-1

 SDS, d) 10.0 g L
-1

 SDS, e) 20.0 479 

g L
-1

 SDS. Axial positions of the sample points: upper left (●), upper right (♦), bottom 480 

left (▲) and bottom right (■). 481 

Fig 4. Average SDS concentration profiles in soil at the start (---) and at the end (
___

) of 482 

the tests. a) 2.5 g L
-1

 SDS, b) 5.0 g L
-1

 SDS, c) 10.0 g L
-1

 SDS, d) 20.0 g L
-1

 SDS. Axial 483 

positions of the sample points: upper left (●), upper right (♦), bottom left (▲) and 484 

bottom right (■). 485 

Fig 5. (a) Bars and left axis: the initial SDS amount in the system (black bars) and the 486 

SDS amount removed by microbial activity after 14 days (grey bars). Line and right 487 

axis: SDS biodegradation percentage at different initial SDS concentrations. (b) SDS 488 

removed by electroosmotic flow during the experiments. (♦) 2.5 g L
-1

; (▲) 5.0 g L
-1

; (●) 489 

10.0 g L
-1

; (■) 20.0 g L
-1

 SDS. 490 

Fig 6. Parts a-e: Oxyfluorfen average concentration profiles in soil at the start (---) and 491 

at the end (
___

) of the tests: a) 0.0 g L
-1

 SDS, b) 2.5 g L
-1

 SDS, c) 5.0 g L
-1

 SDS, d) 10.0 492 

g L
-1

 SDS, e) 20.0 g L
-1

 SDS. Axial positions of the sample points: upper left (●), upper 493 

right (♦), bottom left (▲) and bottom right (■). Part f: calculated oxyfluorfen removal 494 

efficiencies vs the concentrations of SDS used.    495 

 496 
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Table 1. Use of surfactants and relevant parameters in recently reported works about electrokinetic remediation. 

Gradient / V cm-1 Pollutant Surfactant Time / d Reference 

1.0 1,2,4-

trichlorobenzene 

Triton X-100 

Tween 80 

Triton X-100 + SDS 

6 (Qiao et al., 2018) 

1.0 Phenanthrene and 

2,4,6-trichlorophenol 

Rhamnolipid 

(biosurfactant) 

15 (Sun et al., 2017) 

1.0 Phenanthrene and 

Chromium 

Triton X-100 

Tween 80 

Dowfax 8390 

15 (Du et al., 2017) 

 

Table 1
Click here to download Table: Table 1.pdf

http://ees.elsevier.com/stoten/download.aspx?id=1980586&guid=f13bb2bc-0d41-48ff-a1ce-f615cdfa1546&scheme=1


Table 2. Initial and final characterization of the treated soil. 

 Before remediation After remediation 

 Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 1 Exp. 2 Exp. 3 Exp. 4 

pH  7.7 7.8 7.8 7.8 7.8 7.9 8.0 8.0 

Conductivity / µS cm-1 468.0 431.0 441.0 419.0 292.6 273.1 290.1 400.8 

Moisture / % 27.1 27.4 26.3 25.3 25.6 26.1 25.4 25.8 

SDS / mg kg-1 0 0 0 0 33.3 39.3 43.2 117.8 

Microorganisms: log (CFU g-1) 4.9 1.2 7.7 3.3 0.9 2.3 4.1 2.9 

Oxyfluorfen / mg kg-1
dry soil 27.4 27.5 27.1 26.8 21.5 25.0 24.6 24.8 

 

Table 2
Click here to download Table: Table 2.pdf

http://ees.elsevier.com/stoten/download.aspx?id=1980587&guid=f5fd156d-1d13-43de-bbf8-02c870d4067b&scheme=1
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