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Abstract
There is increasing concern about contamination by surfactants that are used to extract organic pollutants during remediation 
of polluted soils and aquifers. For instance, the surfactant sodium dodecyl sulfate may produce sulfate, which is a pollutant 
at high concentrations. Reports suggest that when remediation involves sodium dodecyl sulfate and electrochemical treat-
ments, SO4

2− ions could be produced then oxidized to persulfate  (S2O8
2−). However, there is few knowledge on the mechanism 

of electrochemical production of sulfate and persulfate. Here, we tested for first time the electrochemical production of 
persulfate from sulfate released by oxidation of sodium dodecyl sulfate, using anodic oxidation with boron-doped diamond. 
Results show a high efficiency of persulfate production, reaching 2.5 μM, when 500 mg/L of surfactant in 0.05 mol/L of 
 Na2SO4 was electrolyzed at 60 mA cm−2, by comparison with only 0.7 μM of persulfate without surfactant in solution. This 
efficiency is explained by electrogeneration of hydroxyl radicals and persulfate. Results also show that 97% of the surfactant 
is transformed by fragmentation and oxidation, as revealed by particle size measurements.
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Introduction

In the last years, electrochemical advanced oxidation pro-
cesses have received great attention for the scientific com-
munity as innovative alternatives for treating different 
wastewaters containing with toxic and dangerous organic 
compounds. Among electrochemical advanced oxida-
tion processes, the electrochemical oxidation is one of the 
most used technologies for removing organic from water, 
wastewater and soil as well as to produce electrochemically 
strong oxidant species. The electrochemical oxidation pro-
cess is based on the preferential use of anodic materials of 
high over-potential of oxygen evolution that yield ·OH as 

intermediate of the water oxidation from reaction (1) instead 
of releasing oxygen from reaction (2):

where M(·OH) represents the adsorbed ·OH (chemically or 
physically) onto the anode surface M. Thus, the electrogen-
erated ·OH acts as mediator on the mineralization of organic 
pollutants.

Boron-doped diamond electrodes are widely studied 
and applied in electrochemical oxidation because these can 
promote the best degradation results of organic pollutants 
in water due to the high amount of ·OH radicals produced, 
which are physically adsorbed on surface (boron-doped 
diamond (·OH)) compared with other anodes. Boron-doped 
diamond also produces electrochemically different oxidizing 
agents, such as active chlorine, ozone, hydrogen peroxide 
and persulfate.

Persulfate  (S2O8
2−) is considered a strong oxidant with 

a reduction potential (E°) of 2.1 V, which is greater than 
the value for other oxidants such as  H2O2 (E° = 1.8 V) 

(1)M + H2O → M(⋅OH) + H+ + e−

(2)H2O →
1∕2O2 + 2H+ + 2e−
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and permanganate  (MnO4
−) (E° = 1.7 V) (Araújo et al. 

2015). Therefore, many works have been published in 
recent years about the use of this oxidant for soil and water 
remediation (Chen and Su 2012; Xie et al. 2014; Fan et al. 
2015; Budaev et al. 2015).

Persulfate can be electrochemically produced via boron-
doped diamond electrolysis in the presence of sulfate ions 
in solution by direct or indirect mechanisms (Michaud 
et al. 2000; Davis et al. 2014). Alternatively, the forma-
tion of persulfate is also feasible when the sulfate ion is 
released in solution after an initial oxidation reaction. For 
example, some azo dyes with sulfate in their chemical 
structure release sulfate ions after their oxidation (Bril-
las and Martínez-Huitle 2015). In recent years, similar 
behavior has been reported (Santos et al. 2015a, b; Ban-
dala et al. 2007; Liang et al. 2008) when wastewaters con-
taining sodium dodecyl sulfate were electrolyzed, and con-
sequently, the production of persulfate from sulfate ions in 
solution due to the degradation of sodium dodecyl sulfate 
was proposed. However, no works have been published 
yet demonstrating this improvement. Here, we present the 
enhancement, for first time, on the electrochemical pro-
duction of persulfate by using diamond electrodes when 
sodium dodecyl sulfate is present in solution.

Experimental

Materials and chemicals

The water was obtained from purified water system (Milli-
Q system, with resistivity ≥ 18 MΩ cm at 25 °C). Sodium 
dodecyl sulfate (Aldrich),  Na2SO4 (Aldrich), chloroform 
 (CHCl3, P.A. by Panreac), sodium tetraborate and methyl-
ene blue were purchased from chemical companies.

Electrolysis for persulfate electrosynthesis

Electrolysis of 1 L of synthetic solution containing with 
0.0017 M (500 mg/L) of sodium dodecyl sulfate in  Na2SO4 
as supporting electrolyte (0.025 or 0.05 mol/L) was per-
formed by applying 15, 30 and 60 mA cm−2 for 360 min 
in an undivided electrochemical cell in continuous flow. 
Nb-/boron-doped diamond and Ti were used as anode 
and cathode, respectively, with an area of 63.6 cm2 (disk 
plates). The gap distance between electrodes was ca. 1 cm. 
Through the sample solutions, collected in predetermined 
time interval, were obtained the concentration profiles of 
 S2O8

2− for each one of the synthetic solutions electrolyzed.

Persulfate and sodium dodecyl sulfate 
determination

For monitoring production of persulfate at boron-doped 
diamond electrolysis, aliquots of 200 microliters were ana-
lyzed by using in situ chemical oxidation method (Liang 
et al. 2008) from 190 to 600 nm with a Shimadzu spectro-
photometer model 1800. A simplified spectrophotometric 
method for determining sodium dodecyl sulfate concen-
tration, based on the formation of the ionic pair anionic 
surfactant–methylene blue, was used (Jurado et al. 2006).

Particle size and z‑potential

To determine the micelle surface charge, the z-potential of 
several samples obtained from the electrolysis was meas-
ured using Zetasizer Nano analyzer (Malvern). It was 
equipped with a MPT-2 automatic titrator. The z-poten-
tial determination uses the Laser Doppler Electrophore-
sis technology. The movement of charged particles in an 
electric field is measured through the Doppler effect. The 
light dispersed by a moving particle undergoes a frequency 
change as a consequence of its relative rate. As the fre-
quency of the light is high  (1014 Hz), the change in the 
frequency only can be measured using an interferomet-
ric technique. One of the light beams must pass through 
the particle (dispersed beam), and the other light beam is 
guided around the cell. By comparing the frequency of 
both beams in any point after dispersed beam has crossed 
the sample, the mobility of the particles under the influ-
ence of an electrical field is measured. The particle size 
was monitored during electrochemical oxidation with a 
Mastersizerhydro 2000SM (Malvern). It measures scat-
tered light energy versus angle for samples of unknown 
size distribution. An optical model can predict the scat-
tering pattern (scattered light energy versus angle) given 
a known particle size distribution.

Chemical oxygen demand removal

Decontamination of effluent was monitored from the abate-
ment of its chemical oxygen demand (COD). Values were 
obtained, using a HANNA HI 83099 spectrophotometer 
after digestion of samples in a HANNA thermo-reactor. 
From these data, the percentage of chemical oxygen demand 
decay was estimated from the following equation:

where  COD0 and  CODf represent the values before and at 
the end of the electrolysis, respectively.

(3)%COD removal =
[(

COD0−CODf

)

∕COD0

]

× 100



649Environmental Chemistry Letters (2018) 16:647–652 

1 3

Results and discussion

Electrochemical production of persulfate 
in the absence or presence of surfactant

Figure 1 compares the production of persulfate as a function 
of applied current density and time in the absence or in the 
presence of sodium dodecyl sulfate in solution as well as 
the effect of sulfate concentration. As can be observed in 
Fig. 1a, a lower  S2O8

2− concentration is produced by applying 

15 mA cm−2 in 0.05 mol/L of  Na2SO4, achieving a plateau 
production after 60 min of electrolysis. Conversely, at and 
30 and 60 mA cm−2 (Fig. 1b, c), a significant increase on 
the production of  S2O8

2− was achieved. This behavior can be 
explained for indirect oxidation process in sulfate aqueous 
solutions (in the absence of sodium dodecyl sulfate), where 
an enough amount of reactive boron-doped diamond (·OH) 
is produced at higher applied current densities, which causes 
a sequence of reactions (Eqs. (4–6)) that are responsible for 
the formation of  S2O8

2− (Serrano et al. 2002; Cañizares et al. 
2008);

When a known concentration of sodium dodecyl sulfate 
(0.0017 mol/L ≈ 500 mg/L) was added to the solution, an 
increase on the  S2O8

2− was achieved, as a function of applied 
current density, in comparison with the results obtained in 
the absence of sodium dodecyl sulfate. At 15 mA cm−2, a 
low  S2O8

2− production is attained before 200 min (Fig. 1a). 
It could be due to the reaction of ·OH radicals with sodium 
dodecyl sulfate molecules, avoiding the reactions (5) and 
(6) in the beginning of the electrolysis, and consequently, 
producing lower concentration of persulfate. Conversely, 
at 30 mA cm−2, an increase on the production of  S2O8

2− is 
achieved in the beginning of the boron-doped diamond elec-
trolysis, increasing gradually up to 300 min. Under these 
experimental conditions, a higher amount of ·OH radi-
cals and  S2O8

2− is produced in solution, contributing with 
the degradation of sodium dodecyl sulfate to promote the 
sulfate release (Eq. 7). Subsequently, SO4

2− is oxidized to 
 S2O8

2− again (Eq. (4–6)), increasing its concentration in solu-
tion (Eq. 6).

Meanwhile, at 60 mA cm−2, a substantial increase on the 
production  S2O8

2− was obtained, when sodium dodecyl sul-
fate was added (500 mg/L). This significant increase could 
be explained by the rapid degradation of sodium dodecyl 
sulfate via ·OH radicals and  S2O8

2− (from SO4
2− in solution) 

favoring the release of SO4
2− in solution (Eq. (7)) and pro-

ducing more  S2O8
2−, as hypothesized by Santos and cowork-

ers (Santos et al. 2015a, b). Another important feature is 
that the concentration of SO4

2− from sodium dodecyl sulfate 
degradation seems to be the responsible about the increase 
on the persulfate production. The results clearly showed that 
a decrease on the concentration of sodium sulfate (from 0.05 

(4)2SO2−
4

→ S2O
2−
8

+ 2e−

(5)
boron-doped diamond(⋅OH) + SO2−

4

→ boron-doped diamond(SO−⋅
4
) + OH−

(6)boron-doped diamond(SO−⋅
4
) + SO2−

4
→ S2O

2−
8

+ e
−

(7)
sodium dodecyl sulfate

[oxidants=⋅OH and S2O
2−
8
]

������������������������������������������������������������������������������������→ SO2−
4

→ S2O
2−
8

Fig. 1  Electrochemical production of persulfate, as a function of 
applied current density (a 15, b 30, c 60 mA cm−2) and time, in the 
absence and in the presence of surfactant in solution. Sodium dodecyl 
sulfate (SDS)
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to 0.025 mol/L) can be sufficient for a high production of 
 S2O8

2−, especially when higher applied current density is 
used. However, several mechanisms seem to be present dur-
ing the electrolysis in the presence of sodium dodecyl sulfate 
because sodium dodecyl sulfate had a significant effect on 
the production of persulfate when the amount of sulfate from 
sodium dodecyl sulfate would be much lower than that of 
supporting electrolyte. In fact, it can be observed, at 30 and 
60 mA cm−2 (Fig. 1b, c), when the concentration of persul-
fate had a significant increase after a decrease on the sulfate 
concentration maintaining sodium dodecyl sulfate amount 
in solution.

Micelle formation and particle size behavior

Although the mechanism in Eq. 7 seems feasible, indepen-
dently of SO4

2− concentration, the formation of micelles or 
not in solution would be confirmed to understand the produc-
tion of  S2O8

2− from the release of SO4
2−. In order to confirm 

that critical micellar concentration was determined by using 
solutions of 0.05 mol/L of  Na2SO4 (1 L) and 3% of sodium 
dodecyl sulfate in 30 mL at 25 °C in order to measure the 
superficial tension (Fig. 2a). From the results obtained, the 
critical micellar concentration was about 198 mg/L; then, 
at higher sodium dodecyl sulfate concentrations, the forma-
tion of spherical aggregates, called micelles, is achieved. 
This aspect is of great importance, because the surfactants, 
when in the form of micelles, have different behavior of 
the free monomers in solution. According the literature 
(Holmberg et al. 2002; Maniasso 2001) in a micelle, the 
hydrophobic tails of several surfactant molecules assemble 
into a core, the most stable form of which having no contact 
with water. In our case, at 500 mg/L, the sulfate hydrophilic 
heads of sodium dodecyl sulfate are in contact with water/
sulfate solution, then, these aggregates are easily fragmented 

by ·OH radicals and persulfate (Eq. 7). After that SO4
2− is 

released in solution, contributing with persulfate formation 
again. Taking into consideration the above information, the 
behavior of the sodium dodecyl sulfate-micelle particle dur-
ing the electrolysis was investigated, then, a particle size 
distribution from electrolyzed samples was determined in 
order to estimate the mean dimension of micelles in solution. 
Figure 2b shows the behavior of particle size and z-potential, 
as a function of time during the electrolysis of 500 mg/L of 
sodium dodecyl sulfate in 0.05 mol/L of  Na2SO4 by apply-
ing 60 mA cm−2. As can be observed, the size of particles is 
higher and the superficial charge is more negative. In fact, 
in the beginning of the electrolysis, higher micelles can be 
formed due to the higher concentration of sodium dodecyl 
sulfate present in solution according its critical micellar 
concentration, after that, the particle size suffers a deple-
tion as a function of the electrolysis time. This behavior is 
related to the number of sodium dodecyl sulfate molecules 
forming the micelles. Meanwhile, the effective charge of 
the particles is also altered, passing from negative to more 
positive (Fig. 2b). These figures indicate that the surfactant 
micelles are drastically attacked during the first stages to 
form smaller particles with more negative surface charge. 
In this point, it is important to take in mind that it is used an 
anionic surfactant and thus, the expected superficial charge 
of micelles is negative. After this initial rapid reduction in 
size of the particles, size continues decreasing till the end of 
the test, although at a lower rate (Fig. 2b). Then, the increase 
in the z-potential toward more positive values confirms that 
·OH radicals and persulfate are produced by boron-doped 
diamond electrolysis; these strong oxidants promote the 
fragmentation of sodium dodecyl sulfate structure, result-
ing in a disaggregation packing density of sodium dodecyl 
sulfate and the release of sulfate hydrophilic heads, making 
the new smaller particles, more positive.

Fig. 2  Note the effect of the superficial tension as a function of sodium dodecyl sulfate concentration (a) as well as the particle size behavior and 
changes in the z-potential during the electrolysis of a solution of 500 mg/L of surfactant in 0.05 mol/L of  Na2SO4 at 60 mA cm−2 (b)
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Surfactant degradation by anodic oxidation

The last conclusions open new considerations about the use 
of sodium dodecyl sulfate as auxiliary reagent for remedia-
tion of soil and water because sodium dodecyl sulfate can 
remove the organic matter by extraction, flushing, soil-wash-
ing, water-micelles formation and after that, the new effluent 
is treated by boron-doped diamond electrolysis, producing 
 S2O8

2− from sodium dodecyl sulfate fragmentation. However, 
sodium dodecyl sulfate, itself, as a surfactant, is polluting; 
then, it is important to confirm its elimination when it is 
used. Figure 3a shows chemical oxygen demand decay of 
a solution with 500 mg/L of sodium dodecyl sulfate and 
0.05 mol/L of  Na2SO4 with boron-doped diamond electroly-
sis by applying 15, 30 and 60 mA cm−2, obtaining remov-
als of 80, 96 and 98%, respectively. These results clearly 
indicate that the sodium dodecyl sulfate can be also elimi-
nated by oxidants produced electrochemically (Eq. 7) (Bar-
reto et al. 2015). It can be also confirmed from the sodium 
dodecyl sulfate concentration decay under these conditions 
(Fig. 3b). However, the sodium dodecyl sulfate decay is very 
slow in the beginning (up to 120 min), even if the chemical 
oxygen demand removal is rapidly achieved. This behav-
ior can be related to the presence of a significant amount 
of micelles in solution, with high particle size (see Fig. 2b 
where mean size is 200 nm up to 120 min, and after that, the 
particle size decreased), avoiding a rapid fragmentation of 
the main surfactant carbon chain. But, when an important 
amount of micelles is broken in minor carbon chains, the 
elimination is more substantial. As a final point, no complete 
elimination of organic matter (Fig. 3) after 420 min can be 
explained by the reaction of oxygen evolution, which com-
petes with the formation of persulfate in aqueous solutions 
(Eq. (8)). 

Conclusions

These results indicated that the sodium dodecyl sulfate has 
influences on the electrosynthesis of  S2O8

2−. The increase 
in concentration of persulfate suggests that the degrada-
tion of sodium dodecyl sulfate generates sulfate, which 
consequently produces persulfate (Fig. 4). Although sev-
eral mechanisms seem to be present during electrolyzes 

(8)2⋅OH → O2 + 2H+ + 2e−

Fig. 3  Note the effect of the COD removal as a function of time as 
well as the surfactant concentration decay versus time during the 
oxidation of 500 mg/L of SDS in 0.05 mol/L of  Na2SO4 at different 

applied current densities (a) and at 60 mA cm−2 (b). Chemical oxy-
gen demand (COD) and sodium dodecyl sulfate (SDS)

Fig. 4  Mechanism proposal of the electrochemical production of per-
sulfate with boron-doped diamond (BDD) electrode by oxidizing sul-
fate in solution and sulfate released by surfactant after its degradation
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in the presence of sodium dodecyl sulfate, for this reason, 
more experiments as well as a mass balance are necessary. 
However, these findings open new applications of sodium 
dodecyl sulfate for remediation because it improves the yield 
of  S2O8

2− under certain conditions with boron-doped dia-
mond electrolysis. It can be consider as auxiliary reagent to 
depollute effluents, for example, with higher amount of oil 
or petroleum because emulsions can be formed to separate 
pollutants from water, and after that, these dispersed systems 
can be electrochemically treated.
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