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Abstract
The aim of this work was to evaluate the possibility of decolorization of effluents that contain structurally different azo and 
aminoantrachinone dyes. The decolorization was performed by an indirect electrochemical oxidation in a single-chamber 
laboratory electrolyzer under galvanostatic mode. Anodes used for the treatment were a planar boron-doped diamond and 
a platinum electrode. The changes in decolorization rate of model solutions were measured during indirect electrochemical 
oxidation in dependence on different initial pH in the presence of sodium sulfate, which is frequently used during the dye-
ing process. The decolorization process was compared with another abundant salt, specifically sodium chloride. The time 
intervals corresponding to chromaticity change of electrolyzed solution were measured and kinetic constants were assessed. 
Results showed that the decolorization rate is higher in the presence of NaCl than  Na2SO4 and the structure of the dye has 
a direct impact on the velocity of the decolorization process. However, the degradation evaluated by the determination of 
total organic carbon parameter showed promising results also in the presence of sulfates on the boron-doped diamond anode 
dropping from 104 to 21 mg  dm−3. Since this parameter decreased on Pt anode only to 98 mg  dm−3, boron-doped diamond 
anode showed better performance in the presence of sulfates.
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Introduction

Anodic oxidation attracts attention because of its potential to 
turn harmful substances into non-hazardous or low-toxicity 
chemicals. Unlike Fenton, photo-Fenton, ozone treatment, 
and other advanced oxidation processes it can operate under 
mild conditions, without chemical additives, formation of 

sludge and with an easiness of automatization [1, 2]. A con-
nection with sources of renewable energy poses significant 
advantage, too [3, 4].

Due to outstanding properties like a wide potential win-
dow for water electrolysis, high mechanical and chemical 
stability, non-selective oxidation of organics, the boron-
doped diamond (BDD) electrodes seem suitable for the treat-
ment of different wastewaters [5, 6]. It has been proven that 
on the surface of boron-doped diamond electrodes not only a 
direct electron transfer and hydroxyl radical formation occur, 
but also the formation of sulfate oxidants [7, 8].
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In the presence of sulfates in acidic pH, the reactions of 
sulfuric acid and its hydrogen ion with hydroxyl radicals 
take place to form sulfate radicals as shown in reactions 
(1) and (2), respectively [8, 9]. Sulfate radicals have a 
comparable oxidation potential (E° = 2.5–3.1 V vs. NHE) 
to hydroxyl radicals (E° = 1.89–2.72 V vs. NHE) but their 
half-life is by magnitudes higher. Specifically, 30–40 µs 
for sulfate radicals and  10–3 µs for hydroxyl radicals [10]. 
On the other hand, the mechanism of bond disruption is 
more selective for sulfate radicals [11], but they are effi-
cient in a wider pH range (2–9) compared to hydroxyl 
radicals.

On the opposite side of the pH scale, direct oxidation 
of sulfate ion is preferred (3) [9]. The emerging sulfate 
radicals can easily react with hydroxyl ions and give rise 
to hydroxyl radicals, while the sulfate ion is being restored 
(4) [7]. The reaction rate of hydroxyl ions with sulfate 
radicals 1.4–8.3 ×  107  M−1  s−1 exceeds the reaction rate 
with hydroxyl radicals 1.2–1.3  107  M−1  s−1, thus the degra-
dation of organics in alkaline condition is executed mainly 
by the action of hydroxyl radicals.

In all cases, the sulfate radicals are prone to form less 
potent peroxodisulfate (5). Despite its lower oxidation 
potential, it may participate in oxidation of organics after 
its activation [7, 12, 13]. The sulfate radicals can also pro-
mote the formation of hydroxyl radicals through reaction 
with water (6) or react with them to form less potent per-
oxymonosulfate (7) [14].

There have already been published studies devoted 
to application of electrochemical processes to treat real 
wastewater [15–17]. The indirect oxidation has been used 
for the pesticides [18, 19], pharmaceuticals [20–22], even 
the dyes [23, 24]. The characteristics of effluent contain-
ing dyes may vary greatly not only across different indus-
tries (textile, paper, production of dyes, etc.) but also in 
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the different stages or seasons within the same industry, 
therefore, the typical example of such water is difficult 
to define. An example of such water can be found in tex-
tile industry effluents, where pH usually ranges from 5.5 
to 11.8 and the content of salt is mostly in the order of 
0.1–10 g  dm−3 [25].

With this work, we would like to assess the potential of 
the indirect anodic oxidation in the presence of sulfates for 
the decolorization of structurally different dyes and the influ-
ence of the dye’s structure on the kinetics of the process in 
different conditions.

Results and discussion

Since many available technologies for water treatment are 
strongly dependent on initial pH, like Fenton or biologi-
cal processes, the influence of initial pH on the decoloriza-
tion process was evaluated. It was characterized by average 
kinetic constants of pseudo-first order calculated by Eq. (8).

The calibration curve of absorbance at the maximum 
wavelength in dependence of known concentration for Direct 
Blue 71 (DB71), Direct Orange 102 (DO102), Direct Yellow 
44 (DY44), Direct Red 80 (DR80), Acid Green 25 (AG25), 
Acid Red 118 (AR118), and Acid Blue 80 (AB80) was con-
structed according to Lambert–Beer’s law at first. Then, the 
actual concentration of a dye was obtained from the absorb-
ance recorded in time intervals lasting 2 or 5 min.

Even though the pH value can be controlled in labora-
tory conditions, the fluctuating character of real wastewa-
ter makes the control over pH difficult. From the techno-
logical point of view, the applicability of this approach is 
more appealing when the pH value is not corrected. As 
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Fig. 1  Dependence of kinetic constant on initial pH of structur-
ally diverse dyes measured during electrolysis of model solution on 
BDD anode with constant I = 0.16 A in the presence of sulfates with 
c0 = 7.28 g  dm−3, V = 0.25  dm3, T = 25 °C
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can be seen on Fig. 1, the decolorization differs mostly in a 
strongly acidic area. Longer time is needed for the destruc-
tion of a chromophore and can be noticed mainly for Direct 
Blue 71. The experiment was carried out repeatedly to 
exclude accidental error. The average kinetic constant was 
8.7178 ×  10–4  s−1 with standard deviation 1.9623 ×  10–5. On 
the other hand, under these conditions acid dyes, which are 
exhausted from weak acid baths during the application on 
textile fibres, can be decolorized in shorter periods. In the 
acidic pH 3, the shift to the alkaline region is very subtle. 
The final pH in this area ranged between 3.04 and 3.55. Con-
trarily, the final pH of all other initial pH values after decol-
orization shifted to 10.47 ± 0.69. The pH shift to the alkaline 
region was achieved in the range of minutes and alkaline 
surroundings remained also during the ongoing degrada-
tion. The reason behind this is most likely the formation of 
carbonate–bicarbonate buffer, which can cover the pH range 
8.9–10.8 [26, 27]. Therefore, the initial pH had relatively 
insignificant impact on the kinetic constants.

Nonetheless, noticeable differences in the decolorization 
time expressed by the kinetic constants can be observed 
amongst the structurally different dyes. Overview of the 
kinetic constants obtained at comparable conditions is 
depicted in Fig. 2.

It is obvious that the direct dyes, except Direct Yellow 44, 
are more susceptible to chromophore disintegration than the 
acid dyes. As can be seen from the structure of Direct Yel-
low 44 on Fig. 3D, by the break of carbamoylamino binding, 
products absorbing at the same region as a parent compound 
can be formed. The kinetic constant might include not only 
the chromophore disintegration but also the degradation 
of intermediates that could result in lowering the value of 
apparent kinetic constant. Interestingly, even the structurally 
similar dyes like Acid Blue 80 and Acid Green 25 (Fig. 3A, 
B, respectively) do not react with the generated oxidants at 
the same speed. Kinetic constant for Acid Green 25 being 
3.9849 ×  10–4  s−1 and Acid Blue 80 being 7.4097 ×  10–4  s−1, 
which is almost 2 times higher. Explanation can be found 

in the positive inductive effect of the methyl group. The 
electron density on the benzene ring of Acid Blue 80 is 
higher and the Hammett substituent constant σ of methyl 
group equals to − 0.069 for meta and − 0.170 for para posi-
tion, therefore, the reactive radicals attack it more willingly 
[28]. Similarly, Direct Orange 102 and Direct Red 80 with 
kinetic constants 9.6168 ×  10–4 and 1.4057 ×  10–3  s−1 have 
the same core structure as can be seen on Fig. 3F, G, respec-
tively. Therefore, the structure of organic pollutant plays an 
important role from the perspective of time and cost savings. 
However, the unselective character of anodic oxidation on 
BDD anode provides the disintegration even of structurally 
complex matrices due to the synergic effect of emerging 
hydroxyl and sulfate radicals (reactions 1–4 and 6).

The addition of salt leads to the increase of conductiv-
ity, which should be beneficial for the electrolytic process 
because of the decreased ohmic resistivity. Nonetheless, the 
increasing conductivity does not necessarily mean better 
performance of an electrolytic process as depicted in Fig. 4. 
The kinetic constant is rising until it reaches maximum 
speed at 7–9 g  dm−3, but it declines afterwards. This out-
come implies that the concentration of salt above 7 g  dm−3 
seems superfluous. Higher concentration of sulfates presum-
ably leads to prevailing parasitic reactions between radicals 
formed from salt ions which result in a decreased radical-
pollutant reaction.

Not only the decolorization, but also the degradation was 
assessed through total organic carbon as it serves as a tool 
for estimation of organic load. The results clearly showed 
that this parameter declined slowly in the beginning, mainly 
on BDD anode in the presence of sulfate ions. However, 
after 24 h, it has reached even lower value 20.96 mg  dm−3 
than in the presence of chlorides 36.91 mg  dm−3. The invari-
able character in the first 10 h followed by a sharp decrease 
in the presence of sulfates indicates that the organic structure 
of a dye is only oxidized or degraded to smaller organic 
products without the release of  CO2. Therefore, the organic 
content in terms of organic carbon remains the same and 
the disintegration to inorganic carbon compounds can be 
observed at later stages of the electrolysis. In the case of 
chlorides, the oxidation is accompanied with the release of 
small inorganic compounds from the beginning, but with 
the ongoing chlorination, products that are more resistant to 
degradation may be formed which explain the lower decline 
of total organic carbon (TOC) parameter after 24 h in com-
parison to sulfates.

On the other hand, active Pt anode was insufficient in the 
degradation of organic matter in the presence of sulfates, 
as this parameter decreased only to 97.52 mg  dm−3. The 
initial value of total organic carbon was 110.4 mg  dm−3. It 
should be noted, that the active anodes in general do not 
lead to formation of sulfate-derived radicals unlike chloride 
derived radicals [29, 30]. Therefore, the slight decrease of 
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Fig. 2  Comparison of kinetic constants of structurally diverse dyes 
measured during electrolysis of model solution on BDD anode with 
constant I = 0.16 A in the presence of sulfates with c0 = 7.28 g  dm−3, 
V = 0.25  dm3, T = 25 °C and unadjusted  pH0 = 6.93 ± 0.12
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TOC corresponds to degradation caused by direct electron 
transfer and/or nonradical oxidation of a dye. Results are 
summarized in Fig. 5. Electric consumption reached 178 
kWh  m−3 for BDD in sulfates and 169 kWh  m−3 in chlorides 
compared to 143 kWh  m−3 and 137 kWh  m−3 on platinum 
anode, respectively. However, in the presence of sulfates 

energy savings up to 35% can be achieved by the applica-
tion of intermittent current supply [31].

The expenses can be also lowered by decreasing the 
interelectrode gap as can be seen in Fig. 6. In our labora-
tory, the construction of electrodes did not allow the distance 
from the center to center of the electrode to be lower than 
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2 cm, but in the technological practice, smaller gap is achiev-
able, which would cut the expenses even more.

Conclusion

This study demonstrates an amazing potential of electro-
chemical methods for the decrease of pollution in industrial 
wastewater containing resistant organic pollutants such as 
dyes. From the economical point of view, this process is suit-
able for wastewaters with organic load up to 5000 mg  dm−3 
of chemical oxygen demand (COD) [32, 33] as well as 
with enough salts to cause the drop in ohmic resistance. 
The application to wastewaters with high concentrations of 
chlorides should be minimised since the indirect anodic oxi-
dation may contribute to the formation of toxic chlorinated 
by-products [29, 34, 35], therefore, wastewaters with natu-
rally high content of sulfates are preferred. The conditions 
do have an impact on the process performance, however, all 
structurally complex compounds in this study were success-
fully disintegrated. The initial pH was adjusted quickly to 
the similar pH value, which is beneficial for industrial waters 
with fluctuating character, when the exact pH value may be 
hardly controllable. The structure of a compound plays a 
more important role. Even the small differences like a few 
methyl groups in a structure may hinder the degradation of 
a dye. Another crucial factor is the anode material and the 
presence of other compounds, mainly salts. Not only the 
nature of a salt, but also its concentration has an impact on 
the efficiency of the electrolysis. Herein, we showed that 
different organic compounds are susceptible to oxidation 
on BDD unlike Pt anode even during the mild conditions 
with the use of sulfates, that do not enhance the formation 
of halogenated organic compounds. The complementary 
action of emerging hydroxyl and sulfate radicals is benefi-
cial for applicability of this technology across the whole pH 
range. Moreover, sulfate anions can be recycled on BDD 
anode during the electrolysis unlike chloride anions. With 
the prolonged electrolysis the TOC parameter decreased 

Fig. 4  Dependence of kinetic 
constant (left) and conductivity 
(right) on initial concentration 
of sodium sulfate measured dur-
ing electrolysis of model solu-
tion with an initial concentration 
of AB80 = 1 ×  10–4 mol  dm−3, 
V = 0.25  dm3,  pH0 = 6.35, 
T = 25 °C on BDD anode with 
I = 0.16 A
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significantly, but electric expenses were higher. However, 
intermittent current supply, narrow interelectrode gap or 
alternative sources of electrical energy may overcome this 
drawback in the future.

Experimental

The model wastewater was prepared by mixing distilled 
water, supporting electrolyte and a dye (Synthesis a.s., 
Czech Republic) with the initial concentration of textile dye 
Acid Blue 80, Acid Green 25, and Acid Red 118 equal to 
1 ×  10–4 mol  dm−3 and paper dye Direct Blue 71, Direct Red 
80, Direct Orange 102, Direct Yellow 44 with the initial con-
centration of 1.25 ×  10–5 mol  dm−3. The initial concentration 
was chosen with regard to the opacity of the dye. The elec-
trolyte, either sodium chloride (c = 5 g  dm−3) or sodium 
sulfate (c = 7.3 g  dm−3), was added to achieve a similar con-
ductivity approximately 900 mS  m−1. The influence of pH 
was monitored in the presence of  Na2SO4. The pH value 
was adjusted by addition of sodium hydroxide or sulfuric 
acid (Penta, s.r.o., Czech Republic), which were of analytical 
grade quality. All solutions were prepared in deionized water 
with the electrolytic conductivity about 1.0 μS  cm−1 and 
correspond to resistivity ~ 1 MΩ cm (Milli-Q Plus system, 
Millipore, USA). Electrochemical oxidation was carried out 
in the single-chamber laboratory electrolytic cell with a vol-
ume of 0.25  dm3 in the room temperature on a planar BDD 
anode (dimensions: 20 × 20 mm), described in detail in a 
previous monograph [29]. Figure 7 depicts the scheme of 

the experimental setup. Stabilized DC Power Supply Matrix 
MPS-3005 L-3 (Shenzen Matrix Technology Inc., China) 
was used for the electrolysis of the solution. The current was 
held constant at a value of 0.16 A. The electrolyzed solu-
tions were stirred by magnetic stirrer Heidolph MR Hei-Tec 
(100 rpm). During electro-oxidation, the actual concentra-
tion of the dye was determined using UV–Vis spectrometer 
Libra S 22 (Biochrom Ltd., UK) according to Lambert–Beer 
law at the dye’s maximum wavelength. The electrolytic cell 
was equipped with a closed circuit composed of peristaltic 
pump PP1B-05 (Zalimp, Poland), connecting tubes and 1 cm 
quartz flow cell located in the spectrophotometer. The deg-
radation was monitored in the solution of Acid Blue 80 with 
the initial concentration 3 ×  10− 4 mol  dm−3 on polished plat-
inum sheet anode (dimensions: 10 × 10 × 0.4 mm) or BDD 
anode. The cathode was made of austenitic stainless steel 
AISI 316 rod (dimensions: 30 × 3.5 mm) with a declared 
corrosion resistance in sea water. The total organic carbon 
was measured by a Formacs TOC/TN Analyzer (Skalar Ana-
lytical B.V., Nederland).
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