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A B S T R A C T

Surface water contamination by dyes released from a variety of industries is an environmental problem of great
concern. However, electrochemical oxidation is a promising alternative for water treatment. In this paper, we
studied the electrochemical oxidation of Rhodamine B (RhB) dye on the Ti/RuO2–IrO2 (DSA®) and SnO2 anodes
comparing their efficiencies. The effect of some parameters, such as current density, initial pH (pH0), nature,
concentration of electrolyte and temperature at the electrochemical oxidation was investigated evaluating the
decolorization and the chemical oxygen demand (COD) removal at optimal conditions. Complete decolorization
of RhB was achieved in the presence of chloride ions at different times using both electrodes. An optimum
efficiency was obtained at pH 6.5, T= 25 °C. Also, the current density of 40mA cm−2 using the DSA electrode in
NaCl 0.05mol L−1+ Na2SO4 0.1 mol L−1 mixture solution as a supporting electrolyte, 100% color removal and
61.7% chemical oxygen demand removal after 90min of electrolysis were achieved. DSA showed better per-
formance than SnO2 in wide operating conditions and was proved to be more cost-effective and more efficient.
The effectiveness of the degradation is explained by indirect electrochemical oxidation, where in the presence of
chlorides electrolyte leads to the electro-generation of strong oxidant species, such as Cl2 and ClO− ions, im-
proving the efficiency of treatment at both electrodes.

1. Introduction

Surface water contamination by wastewater from paper and textile
industries are greatly colored due to the existence of dyes and harmful
compounds. Textile and printing industries are important causes of
water pollution in developing countries, since its discharged waste-
water could not only contain persistent organic dyes but also toxic
byproducts. Residual dyestuffs are characterized by a strong color, high
organic content and stable chemical structure due to the presence of azo
functional groups. Therefore, they have affected serious menaces for
environmental pollution [1,2]. Various methods are commonly used to
dye removal from wastewater such as biological degradation method
[3], adsorption [4,5], coagulation–flocculation [6], Fenton’s oxidation
[7], membrane separation [8] and ozonation [9]. The literature also
recommended the use of electrochemical processes as an advanced al-
ternative for removing dyes from colored effluents [10–14]. The elec-
trochemical treatment is commonly based on the elimination of pollu-
tants directly on the anode surface, via production of OH% [15–17], or/
and other oxidants such as chlorine, persulfate, and others. It has been

demonstrated that the anode material plays an essential part in the
electro-degradation of organic pollutants. Various materials have been
tested and assessed for dye removal from effluents. The dimensionally
stable anode (DSA®) is made of a titanium base metal covered with a
thin conducting ruthenium or iridium oxide. The DSA anode exhibits
the high chemical and electrochemical stability even at high current
densities, longer operating lifetime, commercially available and com-
paratively low cost [18,19]. These anodes are mainly used in the pre-
sence of Cl− to produce active chlorine oxidants (Cl2, HOCl and OCl−)
via the following equations:

2Cl−→ Cl2+ 2e− (1)

Cl2+H2O→HClO+H++Cl− (2)

The concentration of the weak acid: HOCl and its conjugate base
OCl− depends on the pH solution:

HClO⇆OCl−+H+ (3)

The DSA has been classified as ‘active’ or ‘non-active’ depending on
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the electrode nature [20]. The active electrodes type mediate oxidation
of organic compounds by the formation of metal oxide (MOx

+1), where
the highest state of oxidation available leads to selective oxidation (e.g.,
IrO2 or RuO2). In the case of non-active electrodes, there is no higher
oxidation state existing and the organic compounds are oxidized di-
rectly by an adsorbed OH%, which gives a complete mineralization. The
SnO2 electrode is a promising non-active anode material, which ex-
hibits a high over-potential for the oxygen evolution reaction and a
large accumulation of hydroxyl radicals on its surface. However, SnO2

has a short lifetime and improvements are necessary to make it suitable
for that purpose [21,22].

In the last years, several papers have compared the treatment of
some wastewater containing dye with active chlorine produced at DSA
type anodes. The addition of NaCl as supporting electrolyte in the
wastewater improves the oxidation capacity of DSA electrodes [23]. In
comparison to other electrodes, DSAs have high chemical and me-
chanical, and higher current density. Many workers have been used
DSA as an efficient material for degradation of glyphosate formulations
[24], Reactive Blue 4 [25], Methyl orange [26] and mixtures of phe-
nol–formaldehyde [27]. In these studies, the efficiency depended on
several parameters, like pollutant concentration, initial pH, supporting
electrolyte, cathode material, current density and temperature.

The application of these anode materials has been proposed due to
the electro-catalytic features to produce the in-situ strong oxidant
species, mainly active chloride. For our best knowledge, there is not yet
a comparative study on the electro-degradation by using DSA and tin
oxide (SnO2) anode. In addition, the Rhodamine B dye was poorly
studied as a target pollutant for the electro-degradation process. For
this purpose, it is chosen as a pollutant to carry out this comparing
study.

Thus, the aim of this paper is to compare the electrochemical oxi-
dation of the Rhodamine B dye (RhB) on DSA and SnO2 electrodes as an
active and non-active model of electrode. The effect of the main oper-
ating parameters, such as current density, pH0, electrolyte support and
temperature on color removal are investigated to determine the op-
timum conditions for each electrode.

2. Experiment

2.1. Chemicals compounds

The chemicals were of the highest purity grade and were employed
without any treatment. H2SO4, Na2SO4 and NaCl were of analytical
grade with purity level> 98% from Sigma–Aldrich. The dyestuff

solution containing Rhodamine B used without any further purification
(Table 1) was prepared by dissolving the dye ([RhB]=50mg L−1) in
distilled water containing a suitable amount of the chosen supporting
electrolyte (NaCl and Na2SO4).

2.2. Electro-oxidation experiments

The electrolysis was performed in a conventional three-electrode
cell (100mL) using a computer controlled with VersaSTAT 3 po-
tentiostat/galvanostat. The dimensionally stable anodes, DSA (De Nora
Company) and the commercial electrode SnO2 (ESC International
Company) were used as working electrodes, while saturated calomel
(SCE) was used as a reference electrode and a Pt plate was used as the
auxiliary electrode. The inter-electrode distance was fixed at approxi-
mately 1 cm. The exposed apparent area of the working electrodes was
1 cm2. The solution was stored in a 100mL thermoregulated glass re-
servoir containing 50mg L−1 (RhB) with an electrolyte support
(Na2SO4 and NaCl). The solutions were stirred by a magnetic stirrer
under constant rotation speed. For stabilizing the electrode surface and
to obtain reproducible results, the electrodes were pre-treated by means
of anodic polarization in 0.5mol L−1 H2SO4 at 30mA cm−2 for 10min
before each experiment.

2.3. Analytical methods

During the electrolysis, the sample solutions were withdrawn from
the cell at regular intervals conveniently analyzed. The absorbance of
the solution was determined spectrophotometrically on the model 6800
UV–visible spectrophotometer Jenway at the maximum visible wave-
length using 1 cm path-length cells. The percentage dye decolorization
was calculated from the expression:

= − ×Color Removal A A
A

% 100t0

0 (4)

Where: A0 and At are the absorbance at an initial time and time t for
λmax= 554 nm, respectively.

The chemical oxygen demand (COD) was determined using a di-
gester (Lovibond RD 125) and a colorimeter (Lovibond Checkit direct
COD VARIO, Germany), the percentage of COD removal value was
calculated as follows:

= − ×COD COD COD
COD

% 100i t

i (5)

Where CODi and CODt are the values of COD (mg L−1 of O2) at an initial

Table 1
Molecular structure of Rhodamine B dye and its chemical properties.

Molecular structure Chemical properties

Chemical Formula C18H31ClN2O3

RhodamineB Molecular weight 479.02 gmol−1

Absorption maximum 554 nm
Class Triphenylmethane

A. Baddouh et al. Journal of Environmental Chemical Engineering 6 (2018) 2041–2047

2042



time and at time “t”, respectively.

3. Results and discussion

3.1. Voltammetric characterization

Fig. 1 shows linear polarization curves of Ti/RuO2-IrO2 (DSA) and
SnO2 electrodes obtained in 0.5 mol L−1 Na2SO4 with a scan rate of
50mV s−1. In general, anodic oxygen evolution is a competitive reac-
tion in the anodic oxidation of pollutants since it causes power loss. In
addition, there is a formation of bubbles on the surface of the electrode,
which can negatively influence the reactive area.

Based on the curve, the DSA electrode had a relatively high current
response even under low potential and an increase with the applied
potential until an onset potential of 1 V vs SCE for oxygen evolution
over-potential and was consequently good electro-catalysts for the
oxygen evolution reaction. While SnO2 electrode had almost no current
response until the applied potential was higher than 1.4 V vs SCE. In
addition, the SnO2 is a catalyst for oxygen evolution as well but not as
DSA–because the difference in the current density, comparing to the
DSA is small–and it is not to be effective for the hydroxyl radicals
generation. This behavior indicates that the anode could prescribe good
electro-catalytic properties for the degradation of the organic pollutants
in solution due to a low adsorption of oxidizing species generated at the
anode surface in the form of the hydroxyl radicals [28,29].

3.2. Effect of current density

Fig. 2 shows the effect of the applied current densities (range
20–40mA cm−2) on color decay in accordance with the time during the
electrolysis of the synthetic dye at 25 °C, using DSA (Fig. 2(a)) and SnO2

(Fig. 2(b)) anodes, respectively. During the electrolysis treatment of
RhB (50mg L−1) in all cases, total decolorization occurred with both
electrodes at j=40mA cm−2. The level of decolorization directly is
related to the electrode nature and the applied current density, and that
it could be carried out by both direct electro-oxidation. Although
complete color removal was achieved for both used anodes, the rate dye
removal was faster with the DSA electrode as compared with SnO2

electrode.
Decolorization time decreased with an increase in j from 20 to

40mA cm−2. It was found that the degradation of the RhB dye removal
efficiencies increased (Fig. 2) on both electrodes with increasing the
applied current densities due to the increased rate of production of
oxidants, such as chlorine/hypochlorite at higher current densities. In
the experimental conditions,the anodic oxidation of RhB occurs

heterogeneously, and must be transported to the anode surface first,
and then be oxidized there. The dye degradation may be controlled by
the current or mass transfer [30].

At 20, 30 and 40mA cm−2 using SnO2 electrode, 72.9%, 98.6% and
100% of color removal were achieved respectively (Fig. 2(a)) at 90min
of treatment. Under similar conditions, the color was almost completely
removed on DSA anode after 40min of treatment, while for the SnO2

electrode the removal ratio was less than 64%. The color was elimi-
nated for all the applied current intensities in different times of elec-
trolysis (Fig. 2(b)). Consequently, the rate of RhB electro-degradation
reaction depends on the current densities applied.

3.3. Effect of electrolyte support

Fig. 3 displays the decolorization efficiency using two supporting
electrolytes (Na2SO4 and NaCl) and their concentration on decoloriza-
tion efficiency on both electrodes. The NaCl concentration strongly
influences the rate of color and organic removal.

It can be observed from Fig. 3 that the decolorization rate of dye
during the electrochemical degradation is much better when NaCl is
added to the supporting electrolyte for both electrodes due to the re-
actions between the generated species chlorine/hypochlorite and the
dye molecules. This observation can be attributed to the electro-oxi-
dation by active chlorine, where direct anodic oxidation of Cl− ion
present in the solution leads to in-situ production of chlorine (Cl2) at
the anode and then formation of dissolved free chlorine species, which
contributes to a better efficiency in the degradation of the dye in so-
lution and other organic substances (Eqs. (1)–(3). The indirect elec-
trochemical action implicates the application of an electrical current to
the wastewater containing chloride ions to transform it to chlorine/
hypochlorite.

Szpyrkowicz et al. [31] reported a study on three dyes degradation
at pH=2 in presence of NaCl (0.1M) as supporting electrolyte and
T= 25 °C. The color removal with different electrode combination was
found in the following order: Ti/MnO2-RuO2 > Ti/RuO2-TiO2. In an-
other study, Mohan et al. [32,33] found that the removal of acid brown
14 dye using three different electrodes in presence of 0.01M NaCl at
pH=7 followed the sequence: Ti/TiO2–RuO2 > Ti/TiO2–SnO2 > Ti/
TiO2–RuO2–PbO2.

Fig. 3 shows that, on both electrolytes, the decolorization on DSA
performed much better than that on SnO2 electrode in the presence of
chloride at different concentration. Color removal on the DSA electrode
increased from about 19.6% in the Na2SO4 electrolyte to almost 100%
in NaCl medium after one hour. Similarly, on the SnO2 electrode, the
color removal increased from about 14.3% to 90.3%. The concentration
of RhB declined exponentially with time and the degradation rate could
be expressed by the equation 6, in literature, the decolorization beha-
vior was found to fit well the pseudo-first order kinetics [2,34].

⎜ ⎟
⎛
⎝

⎞
⎠

=Ln C
C

k t
t

app
0

(6)

Where, C0 and Ct are the dye concentration (mg L−1) of the solution dye
at the beginning and at time t, respectively, and kapp (min−1) is the
apparent observed rate constant. As the correlation coefficient values
shown in Table 2, the decolorization at different concentration of NaCl
on both electrodes were found to fit this kinetics model. The apparent
rate constants kapp reported in Table 2 is calculated from the plot slope
of ln(C0/Ct) (Eq. (6)), and shows that the quickest RhB removal was
achieved by anodic oxidation with DSA within 0.079min−1 at
40mA cm−2 current density, but on SnO2 anode in the same condition
is 0.04min−1.

3.4. Effect of initial pH

pH is a very important factor for wastewater treatment during the

Fig. 1. Linear polarization curves recorded in 0.1mol L−1 Na2SO4 at 25 °C using a scan
rate of 50mV s−1. The reference electrode was SCE and the counter-electrode was Pt.
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anodic oxidation. There are several reports on the effect of pH, never-
theless the results are dissimilar and even opposing due to different
organic molecules and electrode material [30,35,36]. Anodic oxidation
experiments were done within the pH range of 3–9 and Fig. 4 shows the
decolorization efficiency under different pH values. The color of RhB
solution depends upon the concentration of H+ and HO− ions.

The color removal efficiencies were higher in neutral pH (6.5) and
acid pH (3) when compared to alkaline conditions with both electrodes.
In the case of SnO2 anode, when the pH of the solutions was adjusted to
9, more hydroxyl radicals in the system were gathered at the anode
surface and competed with the anode materials to produce oxygen,
resulting in a degradation effect decrease [37]. However, for DSA
electrode, total decolorization was achieved after 40min (pH=3 and
pH=6.5) due to the main reaction of indirect chlorine oxidation, since
this type of anode was capable of efficient formation of HOCl and Cl2
species in acidic solution resulted in the best removal rates. This can be
attributed to the higher standard potential of Cl2 and HClO than ClO−.
Furthermore, the order of the species formation at various pH ranges is
as follows: ClO− (pH > 8) > HClO (8 > pH > 3) >Cl2 (aq)
(pH∼ 3) [38,39].

In alkaline medium, ClO− ions are possibly present with greater
concentration than other chlorine species. The removal of the dye de-
creases in alkaline medium, which can be attributed to the low oxida-
tion potential of ClO− species compared with Cl2 and HOCl. As

Fig. 2. Effect of current density on color removal efficiency of a 50mg L−1 RhB dye solution using (a) DSA and (b) SnO2 electrode during electrochemical oxidation. Support electrolyte
was 0.1mol L−1 Na2SO4+ 0.05mol L−1 NaCl, under pH 6.5 at 25 °C.

Fig. 3. Effect of electrolytes on color removal of 50mg L−1 RhB solution, using (a) DSA and (b) SnO2, (▼) 0.1mol L−1 Na2 SO4; (■) 0.1mol L−1 Na2SO4+0.01mol L−1 NaCl; (●)
0.1 mol L−1 Na2SO4+0.03mol L−1 NaCl and (▲) 0.1mol L−1 Na2SO4+ 0.05mol L−1 NaCl.Conditions: T= 25 °C; current density: 40mA cm−2 under pH 6.5.

Table 2
Energy per order of treated RhB solution, calculated from Eq. (7), and apparent constant
during oxidation at DSA and SnO2 electrodes for different applied current densities and
temperature in 100mL dye solution. [RhB]0= 50mg L−1, Electrolyte=0.1 mol L−1

Na2SO4+0.05mol L−1 NaCl.

Parameters R kapp (min−1) Average cell
voltage (V)

Energy (kW hm−3

ordre−1)

DSA a

20mA cm−2 0.86 0.042 2.7 8.229
30mA cm−2 0.95 0.070 2.8 7.680
40mA cm−2 0.96 0.079 2.9 9.397
Temperature b

25 °C 0.89 0.079 2.7 8.749
30 °C 0.93 0.049 2.6 13.584
35 °C 0.96 0.079 2.3 7.453
SnO2

a

20mA cm−2 0.84 0.012 2.2 23.467
30mA cm−2 0.87 0.029 2.4 15.890
40mA cm−2 0.92 0.040 2.5 16.000
Temperature b

25 °C 0.86 0.041 2.2 13.737
30 °C 0.91 0.034 2.0 15.059
35 °C 0.89 0.040 1.9 12.160

a T= 25 °C.
b j=40mA cm−2.
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reported by Prasad et al. [40], in alkaline medium, the hypochlorous
acid was converted to ClO4

− and ClO3
− species and as a consequence

decolorization rate was decreased. The formation of ClO4
− and ClO3

−

species is likely to occur during the electrolysis process using this anode
type (i.e. DSA), but their low concentration might be attributed to the
competition between the reactions of chloride oxidation and oxygen
evolution. Possibly the powerful species oxidants get formed in acidic
pH range. In addition, the active chlorine generation is controlled by
the solution pH via Eq. (3). Regardless of the initial pH values, the color
removal efficiency was higher by DSA electrode than the SnO2 elec-
trodes.

3.5. Effect of temperature

The variation of color removal and RhB concentration throughout
the electrolysis treatment at 25, 30 and 35 °C when applying a current
density of 40mA cm−2 is shown in Fig. 5. As can be seen, the tem-
perature increase has a little effect on the color removal efficiency of
the solution. Furthermore, the total color removal was achieved with
both DSA and SnO2 anode materials. A possible enhancement of de-
colorization efficiency of RhB could be attributed to the improvement
of the charge transfer rate and the rate reaction of the active chlorine
with RhB in the bulk solution. Nevertheless, these effects are counter-
balanced by decomposition reactions of the oxidants, as indicated in the

work of Panizza et al. [41], also with the loss of chloro-oxidant species
in the gaseous phase under acidic conditions (mostly hypochlorous acid
HOCl(g)).

The small difference between the results obtained at different
temperatures is only due to an increase of the diffusion rate with in-
creasing temperature owing to the decrease of the medium viscosity
[42]. Temperatures values changes had slight influence on the de-
gradation of RhB dye by hydroxyl radicals, since similar removal per-
centages were attained. This can be explained by the raise in the che-
mical reactions rates, which is in agreement with the results reported by
Tavares et al. [43], and maybe due to the self-decomposition of the
active chlorine [44]. While, the values of the apparent first order kinetic
constants remained very close for the temperature levels investigated.
Thus, the working temperature selected for further experiments was
25 °C.

3.6. Comparison between SnO2 and DSA electrodes

Fig. 6 shows the comparison of the trend of the COD and color re-
moval during the electro-degradation of RhB on SnO2 and DSA elec-
trodes. DSA anode provided an oxidation rate and a current efficiency
that is higher than SnO2 in the same operating condition
(j=40mA cm−2, pHi= 3, [RhB]=50mg L−1 and T= 25 °C). After
3 h of electrolysis on a DSA, the COD value was 92.4% very close to

Fig. 4. Effect of pH on color removal during electrochemical oxidation of 50mg L−1 RhB solution using (a) DSA and (b) SnO2electrode. Conditions: T= 25 °C; current density of
40mA cm−2; electrolyte (Na2SO4=0.1 mol L−1+NaCl= 0.05mol L−1).

Fig. 5. Influence of temperature on color removal during electrochemical oxidation of 50mg L−1 RhB solution using (a) DSA (under pH 6.5) and (b) SnO2 electrode (under pH 3).
Operating conditions: 0.1 mol L−1 Na2SO4+ 0.05mol L−1 NaCl electrolyte, and current density of 40mA cm−2.
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100%. Under the same conditions, the SnO2 anode hardly achieved
57.6%. The presence of chloride is one of the best attractive media in
the area of indirect oxidation. The great difference in COD removal rate
can be explained by the quantity of Cl2 evolution on the both elec-
trodes. So far as it is known, the DSA electrodes are very active for
chlorine evolution and have a higher conductivity of the medium,
which leads, in turn, to a faster reaction between the oxidant species
and RhB. The Cl2 in the solution results in the formation of reactive
species such as (HClO/ClO−), as described elsewhere, and which is
responsible for promoting faster compounds organic degradation [24].

The UV–vis spectrum of the RhB solution before and after de-
gradation exhibited four bands, one in the visible region (∼554 nm)
that is associated with color removal and three bands (∼350, 305 and
255 nm) in the UV–visible region are associated with π–π* transitions in
aromatic moieties [45]. The Fig. 6(c) and (d) shows the spectrum of the
electrolyte solution plotted as a function of the time electrolysis by
applying 20mA cm−2 as a current density with the both electrodes. At
the beginning of the electrolysis, a continuous and synchronous de-
crease in band intensity could be observed with both electrodes, which
resulted in a decay in the maximum absorbance of 99% after 30min of
degradation for DSA. In contrast, a 62.3% decay in absorbance at this
wavelength was achieved in the same degradation time on the SnO2

electrode, indicating that DSA is more suitable for the degradation of
wastewater containing dye RhB.

Electrical energy efficiency is one of the key factors in determining
the feasibility of the electrochemical removal of organic compounds
from wastewaters. Since the degradation of RhB followed pseudo-first-
order kinetics, the appropriate figure of merit was energy per order,
noted EEO, defined as the number of kWh of electrical energy required
to reduce the concentration of contaminant in 1m3 of water by one

order of magnitude. The values of EEO (kW hm−3 order−1) can be
calculated from the following equation [46]:

= ×
×

E P38.4
k V

EO
1
' (7)

Where P is the electrical power input (kW), V is the solution volume
(m3), and k1

' (s−1) is the pseudo-first order rate constant.
Table 2 presents the variation of the energy per order for the elec-

trochemical degradation on SnO2 and DSA anodes. According to these
results, it can be observed that the value of EEO decreased when the DSA
anode was employed. The value of EEO is at least three times lower at
20mA cm−2 for the DSA anode than for the SnO2 and down to two
times lower at 40mA cm−2. It can be observed that the lowest value of
EEO obtained is at 40mA cm−2 at T=35 °C using DSA anode. However,
the value is not substantially changed (between 8.229 and 9.397 kW h
m−3 order−1) for 20 and 40mA cm−2. The EEO values presented here
demonstrate that the use of a DSA anode was energy savings against
SnO2 anode.

4. Conclusion

Electrochemical oxidation of an aqueous solution of Rhodamine B
(RhB) dye was investigated under different experimental conditions by
using Ti/RuO2-IrO2 (DSA) and SnO2 anodes. Our findings revealed that
both anodes evidenced great oxidation abilities to treat synthetic so-
lutions containing this dye. When the process was operated at pH of 6.5,
at 25 °C and under a current density of 40mA cm−2 on the DSA elec-
trode and NaCl supporting electrolyte at 0.05mol L−1, 100% color re-
moval and 61.7% COD removal after 90min of electrolysis were
achieved. The Rhodamine B decay reaction follows pseudo-first-order

Fig. 6. Influence of electrode nature on (a) COD removal and (b) color removal, as a function of time, during electrochemical oxidation of a 50mg L−1 RhB solution. Spectra of solution
samples at different time by using (c) DSA and (d) SnO2 anodes. Operating conditions: 0.1 mol L−1 Na2SO4+ 0.05mol L−1 NaCl electrolyte, current density of 40mA cm−2, and
T=25 °C.
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kinetics, and the rate constant increases with applied current at SnO2

anodes, whereas it is essentially independent of the current at DSA. In
the other hand, under the same operating conditions for both elec-
trodes, the oxidation rate of the DSA is greater than that of the SnO2

anode, which requiring a shorter time of electrolysis to reach completed
decolorization of treated solution dye. The influence of applied current
density, as a function of time, showed that the electro-generated species
from the anodic oxidation of chloride ions play a significant role in the
efficacy of the electrochemical process. Our results showed the ap-
plicability of electrochemical technology, which proposes, as an alter-
native for dye removal from textile wastewater, eliminating their strong
color and mitigating their eco-toxicological consequences for the
aquatic environment.
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