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ABSTRACT

Two models of azoic and anthraquinone dyes, Acid Orange 8 (AO8) and Alizarin Blue Black
B, were chosen to study their electrochemical oxidation on boron-doped diamond electrode
separately and in mixture on different proportion. The influence of the initial pH (2 and 8),
current density (20, 40, and 80mAcm-²) and their mixture were investigated on discoloration
and oxidation kinetics. The results obtained show that the structure of the dyes has an effect
on the performance and efficiency of the electrochemical process. Alkaline pH increases
anthraquinone dye oxidation rate, while the AO8 azo dye shows a maximum degradation in
acidic medium. Moreover, an increase in the current density enhances the rate of degrada-
tion of two dyes solution. Study of dyes mixture attests the dependence of the color removal
on the nature of predominant dye. Results also show the presence of two kinetic steps, with
the first one, which lasts for 30min, being faster than the second one.
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1. Introduction

Industrial effluents contain many types of dyes
that are characterized by a strong color, highly fluctu-
ating pH, high chemical oxygen demand (COD), high
biological oxygen demand (BOD), and severe biotoxic-
ity [1–3]. In fact, of the 450,000 ton of organic dyes
annually produced worldwide, more than 11% is lost
in effluents during manufacture and application
processes [4]. The most extensively used dyes in
textile industry are azo and anthraquinone. Azo dyes
account for some 60–70% of the 10,000 commercial

dyes currently in use [5]. Their chromophoric system
consists of azo groups (–N=N–) in association with
aromatic systems and auxochromes (–OH, –SO3, etc.)
[6]. Anthraquinone dyes belong to the group of most
resistant dyes, so they are often used in products that
must satisfy strict requirements concerning resistance
to solar radiation and ambient conditions. This useful
feature of these dyes becomes a problem for their
degradation [7].

The conventional treatment processes for the
removal of dyes from most effluents before release
into the natural system is necessary, but it is very
difficult due to their synthetic origin, the high*Corresponding author.

Presented at the Third Maghreb Conference on Desalination and Water Treatment (CMTDE 2011)
Hammamet, Tunisia, 18–22 December 2011

1944-3994/1944-3986 � 2013 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment
www.deswater.com

doi: 10.1080/19443994.2013.812950

52 (2014) 1735–1744

February



stability, resistance, and large degree of aromatic rings
[8–10]. Electrochemical process is very efficient, as
sources of production of reactive species (hydroxyl
radicals OH�), able to degrade highly resistant
pollutant molecules and does not require additional
chemicals or catalysts [11,12]. One of the most promis-
ing processes is certainly the anodic oxidation process
[13,14]. Recently, there exists an increasing interest in
the use of this technique to decontaminate dyestuff
solutions. The effectiveness of this method has been
well proven for some persistent dyes including azoic
and anthraquinone by using different types of anodes
like Pt, RuO2, RuO2-TiO2, SnO2, and doped and
undoped PbO2. Better mineralization has been found
with the boron-doped diamond (BDD) anodes [15–17].

The great efficiency of BDD electrode to the
oxidation of organics pollutant is due in fact to their
desirable properties such as a great chemical and
electrochemical stability which enhances the average
lifetime, high resistance to corrosion, good electrical
conductivity, and higher efficiency to electrogenerate
hydroxyl radical OH� [18,9,19].

BDD electrodes have proven high efficiency in
mineralizing of phenol [20], carboxylic acids, 2-naph-
thol [21], bisphenol [22], benzoic acid [23], and several
dyes, such as Orange II [5,15,24], erichrome black T
[25], alizarin red S [7,26], amido black [27], and real
industrial effluent [28,29].

Real effluents often include more than one compo-
nent and investigate of the possible interaction
between different chromophores will be very useful.
However, few authors have focused their research to
study the effect of mixture dyes on anodic oxidation
[30,31].

Our investigation moved with a twofold aim. First
of all, we intended to shade light on the treatment
efficiency of aqueous solutions of two dyes separately
as anthraquinone and azoic by electrochemical
oxidation on BDD electrode. A second purpose was to
explore the effect of mixture of these dyes in different
proportions in order to study the applicability of this
process on industrial field. The effect of pH and
applied current density was examined in terms of
color removal and organics oxidation.

2. Materials and methods

2.1. Pollutant dye

The oxidation process was investigated using two
types of dyes: Acid Orange 8 (AO8, C17H13N2NaO4S;
MW=364.35 gmol�1, purity = 65%) as a model of a
mono azoic dye and Alizarin Blue Black B (ABB,
C26H16N2Na2O9S2; MW=610.52 gmol�1, purity = 97%))

as a model of an anthraquinone dye. The initial
concentration of the two dyes was 35mg L�1 in all
experiments, corresponding to the same COD equal to
60mg O2 L�1. The mixtures were prepared based on
dyes solutions at the following molar ratio: 20% AO8
+80% ABB, 40% AO8+60% ABB, 50% AO8+50%
ABB, and 60% AO8+40% ABB. The chemical
structure and absorption spectra of these dyes and
their mixtures are reported in Figs. 1(a) and (b).

Absorption spectra in Fig. 1a show that AO8 has
two absorption bands (488 and 405nm) in the visible
region related to chromophore-containing azo linkage
and two in the UV region (320 and 256nm) which
could be attributed to the p–p⁄ transition of the
aromatic ring attached to the –N=N– group in the dye
molecule [1,15]. The UV–visible spectra revealed that
ABB presents a maximum absorption at 520 nm within
the visible range for the presence of carbonyl group
and two peaks in the ultraviolet region at 280 and
240 nm for benzenoid and/or quinoid absorption [7].
The UV spectra of the mixture 50% AO8+50% ABB
(Fig. 1(a)), shows a maximum absorption in the visible
region (kmax = 490 nm) and two absorbance in the UV
region at 230 and 310nm. Results show that the
decrease in intensity band is not due to effect of
diluted of parental solution but on the effect of the

Fig. 1. Absorption spectra of 35mg L�1 (a) AO8 and ABB
dyes and (b) their mixture at different proportions.
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mixture of two dyes (data not shown). The general
aspect of the spectra is the same at different composi-
tion of AO8 and ABB dye solutions (Fig. 1(b)) and
shows a large absorption band (450–550 nm) with two
characteristic peaks of the parent constituents AO8
and ABB dyes (at 488 and 520nm). However, for the
mixture containing 80% ABB, the trend of the spectra
tends to be similar to ABB spectra and the UV band
appears at 280 nm.

2.2. Chemicals

Distilled water was used throughout for the
preparation of aqueous solutions. Na2SO4 (99.5%) at
0.1mol L�1 was selected as the support electrolyte. The
electrolytic medium was made basic or acidic as
required by the addition of aqueous NaOH (0.1mol L�1

[32–35]) or H2SO4 (0.1mol L�1), respectively.

2.3. Electrolysis cell

Electrolysis was conducted in a mini DiaCell (type
500) single-compartment electrolytic cell with parallel
plate electrodes manufactured by Adamant Technolo-
gies. The anode is a mono-polar Si/BDD, and the
cathode is a stainless steel. The active surface area is
12.5 cm2, and the electrode gap is 3mm. The current
intensity was provided by a power supply.

Before each experiment, the BDD electrode was
subjected to auto cleaning procedure in H2SO4

(1mol L�1) for 30min. This cleaning is essential for the
regeneration of anode because it can remove any
possible organic polymer formed at the electrode
surface causing reactivity failing [17]. A washing with
distilled water is recommended to neutralize the
medium. All experiments were performed under
galvanostatic mode. The dye solution was stored in a
glass tank (1 L) and circulated through the electrolytic
cell by means of a peristaltic pump working in
recycling mode. The flow rate is fixed at 2.38 Lmin�1

and the temperature at 25˚C.

2.4. Analytic procedure

The degradation of the dye solution was
monitored by the color and COD removal. The
discoloration of the dyes solutions was followed from
the drop of their absorbance at the maximum visible
wavelength (kmax) of 488 and 520nm for AO8 and
ABB, respectively. The oxidation of the two dyes was
then deduced by the (COD) removal of the solution,
determined by an open reflux, dichromate titrimetric
method as described in standard methods [36].

Color and COD removal ratios were calculated as
follows [18]:

X removal ð%Þ ¼ X0 � Xt

X0

� 100 ð1Þ

where X0 is the initial absorbance values (ABS0) at
kmax and the COD0 values before treatment,
respectively.

Xt is the absorbance values (ABSt) at kmax and the
CODt values after treatment, respectively.

Electrochemical treatment is undoubtedly an
energy-intense process. It is usually assessed in terms
of current efficiency (CE) and energy consumption
(EC). The CE is defined as the percentage of applied
current utilized to reduce COD. It was calculated from
COD values using the following relationship [18]:

CE ¼ ½COD0 � CODt�FVs

8It
� 100 ð2Þ

where I is the applied current (A), F the Faraday
constant, and Vs is the solution volume (L).

The EC is defined as the amount of energy
consumed per unit mass of organic load (e.g. dye or
COD) removed. The EC per unit COD mass (kWh
(gCOD)�1) at time t was determined as follows [18]:

EC ¼ IVt

½COD0 � CODt�Vs

ð3Þ

where V is the average cell voltage (V) and t is the
electrolysis time (h).

Results were expressed by relatively EC to the
lowest value as follows:

Relative EC % ¼ ECt � EC1

EC1

� 100 ð4Þ

where ECl is the lower value of EC and ECt is the EC
at time t.

3. Results

3.1. Effect of operating conditions on the degradation of
AO8 and ABB

To test the effect of solution pH on dyes oxidation,
experiments are conducted at pH values 2 and 8.
Fig. 2(a) and (b)) shows the evolution of the color and
COD removal of 35mg L�1 of AO8 and ABB dyes
solution at pH 2 and 8 during the anodic oxidation
process.

As observed in Fig. 2(a), the complete dye discol-
oration of AO8 solution is reached approximately at
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pH 2 and 8, respectively, in 90 and 120min. At these
times, the COD removals achieve only 55 and 51%.
The degradation pathway of AO8 dye starts by the
cleavage of the most active site by attack of radicals
OH. Several papers [37,38] have reported that the
fragile group in the azoic dyes is the NH group,
which results from an equilibrium between two tauto-
meric forms, where an H atom is exchanged between
O and N as shown in Fig. 3.

Indeed, the abstraction of H atom (carried by an
oxygen atom in the azo form and by a nitrogen atom
in the hydrazone form) by OH radicals is the main
degradation pathway of the azoic dyes. Moreover, the
increase in the percentage of color removal with the
electrolysis time is not proportional with the increase
in COD removal. This behavior can be explained by
the fact that the oxidation of the azo group is
accompanied by the formation of several aromatic
by-products and later their oxidations continue [39].

For ABB solution dye, 88 and 94% of color
removal and 52 and 66% of COD reduction at pH 2
and 8, respectively, are attained after 180min. Only
few papers discussed the oxidation mechanism of
anthraquinone dye. The cleavage of the aromatic ring
in the C=C bond near the C=O group to form
colorless intermediates (mainly phthalic acid, small
carbonyl species) was proposed as first step [40], these
intermediates are completely mineralized to carbon
dioxide. The production of acidic intermediate is
verified by following pH in solution during anodic

oxidation process which remains constant at initial
pH=2, while at initial pH equal to 8, the pH
decreases to 5 (Fig. 4).

The ABB color and COD percentages removal are
lesser than obtained in the case of AO8. This result
reveals that the ABB molecule which includes five
benzoic groups and a high degree of aromaticity is a
more recalcitrant compound than the AO8.

The kinetic analyses of the above results have
good linear correlations when they were fitted with a
pseudo-first-order reaction rate equation. Pseudo-first-
order rate constants are summarize in Table 1.

According to Fig. 2 and Table 1, the degradation
kinetics notably depends upon the basic molecular
structure of the dyes and the pH of solution dye.

The degradation of AO8 is favored at acidic condi-
tions (kdiscoloration (pH 2) = 0.030min�1 kdiscoloration
(pH 8) = 0.026min�1). It should be noted that the pH
of dye solution strongly affect the production of
reactive radicals at the surface of BDD electrode. The
generation of radical hydroxyl is favored in acidic
medium. Therefore, the degradation rate of AO8
enhances in pH 2. On the other hand, alkaline
conditions appear to favor color and COD reduction
in the case of ABB dye. This suggests that the basic
medium favors the production of structures that are
more easily oxidizable by the hydroxyl radical [41].
Moreover, the results obtained by Sun et al. [26] show
that the alkaline medium seems to favor the deproto-
nation of groups adjacent to quinine function (NH
and OH). Then, at the beginning of the electrolysis,
the cleavage of the bonds responsible for the color
occurred so that the molecule of dye loses the
conjugated transition absorbing in visible region.

The following of the evolution of pH during the
oxidation of the two dyes at pH 2 and 8 confirm these
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hypotheses. Indeed, Fig. 4 shows that at pH 2, the pH
remains constant in the two cases during the electroly-
sis time; however, at pH 8, the behavior is different.
For ABB dye, the pH increase at the first 20min is jus-
tified by the production of alkaline species, and then,
it decreases to 5 due to the presence of acidic species.
Concerning AO8 dye, the pH decreases slowly from 8
to 4 indicating the formation of acidic by-products.

As seen also in Table 1, the degradation of AO8 is
favored at pH 2. The CE and the relative EC required
to mineralize 35mgL�1 of AO8 and ABB dyes
solution (V= 1L) at pH 2 for AO8 and 8 for ABB have
been investigated (Fig. 5).

At the beginning of electrolysis, a high current
efficiency is observed for the two dyes (Fig. 5). This is
related to the quick decomposition of AO8 and ABB
on aromatic derivatives [42] which are more easily
oxidizable than the ring opening products reached at
the end of electrolysis and requiring more energy.

The percentage of current efficiency of AO8 after
discoloration of solution (90min), decrease three times
compared with the initial value of CE due to the
production of colorless and recalcitrant intermediates.
The relative EC is enhanced 133% of lower initial EC.
This behavior, characteristic of electrochemical treat-
ment, is also explained in terms of mass transfer
limitations [43].

As seen also in Fig. 5, the oxidation of ABB dye
presented lower current efficiencies and required
more energy compared with the oxidation of AO8.

Nevertheless, it is clearly that the difference between
the CE values of AO8 and ABB at the first times of
electrolysis, and particularly before the total discolor-
ation time, is significant. Indeed, the oxidation of ABB
required more than twice the energy required for the
oxidation of AO8 due to the recalcitrant nature of
ABB. At the end of electrolysis, the trend of CE of two
dyes is expected to be similar. In fact, several studies
on several dyes molecules mineralization prove the
formation of carboxylic acids at this final stage. How-
ever, in this stage, the EC gap between the two stud-
ied dyes is still important due to the quantity of
residual COD of ABB which still higher (35%) [26].
This result confirms again that the azoic bond is more
easily degraded by hydroxyl radicals than the
chromophore anthraquinone compound ABB dye with
high molecular weight and higher degree of conjuga-
tion formed a recalcitrant compound compared with
the azoic dye.

The effect of current density value (20, 40, and
80mAcm�2) in the oxidation of the two dyes at pH
which proved to be more efficient for the oxidation
was investigated in order to add more insights
(Fig. 6).

As seen in Fig. 6, for AO8 solution, the increase in
current density from 20 to 40mAcm�2 decreases the
time necessary for total discoloration, while a
negligible effect is observed when current density
increases from 40 to 80mAcm�2. Moreover, the COD
removal increases from 56% at 20mAcm�2 to 90% at
80mAcm�2.

For ABB solution, the behavior is different. The
increase in current intensity increases always the color
removal. At 120min of electrolysis, 86, 93, and 99% of
discoloration and 38, 53, and 65% of COD removal
can be observed for 20, 40, and 80mAcm�2,
respectively. This trend can be accounted for the
increased production of hydroxyl radicals OH� and
other oxidants such as ozone, peroxodisulfate ion

S2O
2�
8 and hydroxide peroxide H2O2 at the surface of

BDD anode and/or in the solution [18].
The generation of these oxidants species can be

greatly improved with increasing current density,

Table 1
The pseudo-first-order rate constant (k) values for anodic oxidation of the AO8 and ABB solution dyes at different pH,
[Dye]0 = 35mg L�1, 40mAcm�2

ABB AO8

pH 2 pH 8 pH 2 pH 8

kdiscoloration 10�3min�1 14.2 (R2 = 0.99) 23.1 (R2 = 0.98) 30 (R2 = 0.99) 26(R2 = 0.98)

kglobal degradation 10�3 min�1 5.2 (R2 = 0.95) 6.4 (R2 = 0.98) 8 (R2 = 0.97) 4.3 (R2 = 0.98)
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which enhances the destruction of the dye and hence,
enhances the discoloration and oxidation rate of the
solution.

The constants rates thus obtained for three differ-
ent current densities are summarized in Table 2. The
percentage of discoloration, the CE discoloration of
AO8 dye solution at pH 2 (90min), used as reference,
are also shown in Table 2.

As seen in Table 2, a progressive increase in color
and COD rate removal is obtained when current
density rises in all cases studied. In fact, an increase
in the current density enhances the degradation rate
of ABB and AO8, this behavior is characteristic of
mass transfer control [24]. A decrease in the current
efficiency CE is noted also when applied current
density increases. This is due to the fact that part of
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Fig. 6. The variation of the color (a) and COD (b) removal of AO8 and ABB dyes with electrolysis time at different
current density: (�) 20, (r) 40 and (▲) 80mAcm�2.

Table 2
The pseudo-first-order rate constant (k) values for discoloration and oxidation of the AO8 and ABB solution dyes, the
percentage of color, COD removal, CE at 90min at different current density, [Dye]0 = 35mg L�1

Current density mAcm�2 20 40 80

ABB AO8 ABB AO8 ABB AO8

kdiscoloration 10�3 min�1 14.8 10 23.1 30 45.2 39

(R2 = 0.98) (R2 = 0.98) (R2 = 0.98) (R2 = 0.99) (R2 = 0.99) (R2 = 0.98)

kglobal degradation 10�3 min�1 4.1 4 6.4 8 9.1 10

(R2 = 0.91) (R2 = 0.94) (R2 = 0.98) (R2 = 0.97) (R2 = 0.99) (R2 = 0.98)

Color removal % at 90min 69 58 86 98 98 100

COD removal % at 90min 32 37.5 43 54 55 58

CE % at 90min 18 21 12 13 5 6
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the electrogenerated radicals are wasted to side reac-
tions such as O2 evolution [44] but also in the case of
ABB to the generation of more recalcitrant compounds
as concluded by the precedent results and observed in
previous study for oxidation of Alizarin Red S [15,26].

3.2. Effect of mixture of dyes

Real textile effluents often contain multiple dyes
and the study of the possible interactions between dif-
ferent chromophoric groups during the treatment may
be useful. In this paper, the effect of mixture in differ-
ent proportions of the azoic and anthraquinone dyes
already studied was investigated at pH 2 and 8. The
color removal of the mixture of different composition
of AO8 and ABB dye solutions was determined at the
two characteristic peaks of each dye, at k= 488nm
(wavelength characteristic of AO8 dye) and 520 nm
(wavelength characteristic of ABB dye) [45]. Investiga-
tion was made at the two pHs 2 and 8 (Fig. 7).

As seen in Fig. 7, dependence of the color removal
on the nature of predominant dye in mixture solution
is observed. Indeed, almost the same behavior is
noted if we follow the removal of AO8 dye at 488 nm
in mixture solution especially for pH 2. At this pH,
the time of discoloration decreases when the propor-
tion of AO8 dye increases. In all proportion of dyes
mixture, total discoloration is reached after 180min of
treatment except that containing 20% AO8 and 80%
ABB which achieve only 90% of color removal. ABB is
acting as inhibitor to AO8 discoloration.

It was noted that the increase in AO8 proportion
increases the removal of its color at corresponding
wavelength maximum. This can be explained by the
predominance of the AO8 dye and its by-products
compared with ABB. The predominant species influ-
ences the discoloration rate of the solution. Thus, the
presence of AO8, which is more easily oxidized,
favors the degradation of the dye solution. This
behavior is less pronounced at pH 8 and especially
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when we follow the color removal at 520 nm,
wavelength characteristic of ABB dye. This can be
explaining by the fact that at this wavelength, the
AO8 dye shows also an important intensity band
which can interfere with the results and make the
color removal calculated not corresponding at removal
of ABB alone.

At the beginning of the electrolysis, it should be
noted that the trend of the evolution of color removal
is approximately similar. This behavior reveals the
production of competitive reactions between species
present in solution including; oxidative species
electrogenerated at the surface at BDD electrodes,
AO8 and ABB dyes, as well as their by-products. In
fact, the OH� produced attack generally the most
active site. Results obtained show that this site is
probably the azoic bond since that the AO8 dye
presents a synergic effect.

In the case of mixture containing the same
proportion of AO8 and ABB dyes, the rate showed at
488 nm is higher than the rate obtained at 520 nm.

The kinetic analysis is investigated at pH 2 (Fig. 8).
Two distinct disappearance rates are showed at each
wavelength (488 nm for AO8 and 520nm for ABB)
and might be connected with different mechanisms.

Two successive first-order kinetic steps are
involved in the overall degradation process, and the
first one lasts less than 30min.

The constant kinetic rates of each step measured at
488 and 520nm for all studied mixtures at pH 2, as
well as the rate of oxidation are illustrated in Table 3.

Results show the presence of two kinetic steps,
with the first one, which lasts for 30min, being faster
than the second one. The increase in the rate of discol-
oration at 488 and 520 is observed with the increase in
AO8 dye but its more pronounces at 520 nm. This fact
seems to be due to the lower absorption of ABB at
this wavelength compared with AO8. Therefore, the
decrease in its intensity bands is faster.

It should be noted also that the rate of the
oxidation is not affected significantly by the variations
of the proportion of dye in the mixture solution.
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Table 3
The pseudo-first-order rate constant (k) values for anodic oxidation of the different mixture of AO8 and ABB solution
dyes at pH 2, [AO8+ABB]0 = 35mg L�1

k 10�3 (min�1)

AO8/ABB (%) 0–30min 30min-tdiscoloration kCOD

k= 488nm k= 520nm k= 488nm k= 520nm pH 2 pH 8

20/80 9.3 8.8 9.1 8.8 6.2 4.1

(R2 = 0.96) (R2 = 0.99) (R2 = 0.98) (R2 = 0.97) (R2 = 0.99) (R2 = 0.99)

40/60 10 10.4 19.1 20.6 5.9 4.1

(R2 = 0.98) (R2 = 0.97) (R2 = 0.98) (R2 = 0.95) (R2 = 0.99) (R2 = 0.99)

50/50 13.3 15 23.2 24.3 6.1 5

(R2 = 0.98) (R2 = 0.96) (R2 = 0.97) (R2 = 0.99) (R2 = 0.99) (R2 = 0.99)

60/40 19.7 17 24.6 30.2 6.3 4.9

(R2 = 0.98) (R2 = 0.92) (R2 = 0.99) (R2 = 0.99) (R2 = 0.99) (R2 = 0.99)
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Whereas the initial COD; composed of ABB or AO8
dye; is maintained constant with the different propor-
tion, the same degradation of COD is obtained. This
result is consistent with a non-selective oxidation of
organic compounds (dyes) on BDD electrode which is
mainly due to the reactivity of OH�.

4. Conclusion

The present study demonstrates that the structure
of the dyes affects the discoloration and the oxidation
of dye solution treated by anodic oxidation on BDD
electrodes. The results obtained show that the degra-
dation of AO8 is clearly favored at acidic conditions,
whereas the alkaline conditions, improve the ABB oxi-
dation. So, the complete dye discoloration of AO8
solution is reached approximately in 90 and 120min
at pH 2 and 8, respectively, and the COD removal
achieves about 62 and 78% after 180min of electroly-
sis. For ABB dye solution, 88 and 94% of color
removal and 52 and 66% of COD reduction at pH 2
and 8, respectively, are attained after 180min. More-
over, an increase in the current density leads to an
increase in the rate of degradation of ABB and AO8.
The current density equal to 40mAcm�2 is sufficient
to achieve a completely discoloration of AO8 dye
solution at pH 2 with 80% of COD removal. Study of
dye mixture reveals the dependence of the color
removal on the nature of predominant dye. Results
show also the presence of two kinetic steps with the
first one which being 60 times faster than the second
one.
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