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bstract

This work investigated the degradation of an azo dye, cationic red X-GRL, by electrochemical oxidation on a novel PbO2 anode modified by
uorine resin. The influences of treatment time, electrolyte concentration, current density, temperature and initial dye concentration on the color
nd COD removal were critically examined. This process showed a high current efficiency and competitive energy consumption for effective
reatment of dye wastewater containing a certain salt content. In the investigated electrolyte concentrations, high salt content exhibited insignificant

romotion on the color and COD removal but favored the decrease of energy consumption. During treatment, the current efficiency decreased but
he energy consumption increased with treatment time; thus, this method was more suitable for the pretreatment of high-concentrated azo dye
astewater. Based on the degradation intermediates identification, a simplified degradation pathway for cationic red X-GRL was proposed.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Azo dyes are typical pollutants found in many important
ndustries such as textile, food colorants, printing and cosmetic

anufacturing. It is estimated that approximately 800,000 t of
yes are produced annually worldwide and about 50% of them
re azo dyes [1]. Effluents refractory to conventional treatments
ause severe environmental problems due to the characteristics
f strong color, high chemical oxygen demand (COD) and low
iodegradability. Therefore, the treatment of these wastewaters
s becoming a matter of great concern in sound and cost-
ffective technologies development to reach related standards
efore being discharged to the environment.

In recent years, advanced electrochemical oxidation pro-

esses (AOPs) for the destruction of wastewater containing
oxic or biorefractory organic compounds have attracted ever-
ncreasing interests due to their easy applicability to automation,
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igh efficiency and environmental compatibility [2–4]. The
ffective and economical performance of the process is depen-
ent on electrode materials [5], and generally the non-active
lectrodes such as PbO2 and SnO2 exhibit a better perfor-
ance for organic pollutants degradation than that of the active

nes [6]. Several researchers have studied the azo dye degra-
ation by electrochemical oxidation through optimization of
perating parameters using various anodes including active car-
on fiber (ACF) [7], Pt [8], RuO2 [9], SnO2 [10], PbO2 [11]
nd diamond electrode [12,13]. Mohan et al. carried out the
lectro-oxidation of acid blue 113 using a RuO2 electrode with
he current efficiency of 0.2–0.4 and energy consumption of
1.3–131.0 kWh/kg COD [9]. Similar results were observed in
heir another work on acid violet 12, where the COD removal
as no more than 35%, and the current efficiency was less than
.4 for initial dye concentration of 140 mg/L [10]. Cañizares
t al. used a relatively expensive diamond anode for electro-
hemical oxidation of azo dyes, but observed a low average
urrent efficiency less than 0.2, and concluded the technique

neconomical for complete degradation [14]. Fernandes et al.
sed boron doped diamond (BDD) electrode to degrade C.I. acid
range 7, although high COD removal was achieved for initial
ye concentration of 360 mg/L, long degradation time (>6.6 h)
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as required due to the small electrode area of 10 cm2 [13]. In
ummary, the performances on dye removal on these electrodes
re not so satisfactory due to low current efficiency or small
lectrode area or expensive cost on electrode. Therefore, the
xploration for good performance using novel electrodes which
re relatively cheap and easy to fabricate large electrode area for
nvironmental application seems to be essential.

In our previous work, a novel �-PbO2 anode modified by
uorine resin with large electrode area (>250 cm2) was devel-
ped for phenolic wastewater treatment [15–17]. It was found
hat the electrode modification greatly improved the electrode
ife against wastewater, the electrochemical activity for organic
ollutants degradation and the electrochemical stability. Phenol
f initial concentration of 10 mM could be completely decom-
osed in 2.5 h at a current density of 12.5 mA/cm2. And the
rganic pollutants degradation on this anode was proved to be a
ree-radical mechanism where hydroxyl radical (•OH) formed
s follows:

bO2(h+) + H2Oads → PbO2(•OH)ads + H+ (1)

So in the present work, the objective was to investigate the
easibility of this electrode for the anodic degradation of azo
ye using cationic red X-GRL as a model pollutant. Such a
ye was chosen because it was widely used in textile, plastic
nd varnish industries and hardly biodegradable by conven-
ional biological processes [18]. The influences of parameters
uch as current, temperature, supporting electrolyte and initial
ye concentration were investigated to increase our understand-
ng of this process involved the novel anode. Further, taking
ccount for the facts that most of investigation paid atten-
ion to the optimization on color and COD removal while
ess information was provided for the degradation pathway
r intermediates formation, the degradation intermediates was
dentified to elucidate the dye degradation pathway, which would
elp to gain some insight into this electrochemical oxidation
rocess.

. Experimental

.1. Materials and chemicals

The dye used in the present work was purified from indus-
rial cationic red X-GRL (Jin-jiang chemical dyestuff Co.
td., China) by extraction with methanol at 50 ◦C to reach

he purity of 99.5% (the structure can be seen in Fig. 7).
he synthetic wastewater was prepared by the purified dye
nd an inert electrolyte sodium sulfate which was one of the
ost common salts used for the dyeing process excepting
aCl.

.2. Equipments and procedures
The experiments were carried out in a 2 L cylindrical
tainless autoclave. The anode used here was a novel �-
bO2 anode (Ø45 mm × 200 mm) modified with fluorine resin,
hich was located in the centre of the reactor. The anode

0
s
a
t

Materials 153 (2008) 357–363

reparation procedures were principally including chemi-
al deposition, �-PbO2 preliminary deposition and �-PbO2
eposition. More details of the anode preparation and its electro-
hemical characteristics were given in our previous work [15].
he current density calculated in the present work was based on

he effective anode area of 250 cm2. The cathode was a stainless
teel net (grid 1 mm × 1 mm) which was attached to the inert
all of the reactor and concentric with the anode with an elec-

rode gap of about 4 cm. The solution of wastewater (1.3 L) was
ed into the reactor, and when it reached the desired temper-
ture, the experiments started, maintaining current constantly
t the chosen level with only minor adjustments of the applied
oltage. During each run, the wastewater was stirred at suitable
peed (300 rpm) to maintain reactions kinetically controlled, and
amples were taken from the sampling port for analysis at appro-
riate intervals. The analysis was determined triplicately with
elative error within 3%.

.3. Analysis

Dye concentration was analyzed spectrophotometrically by
easuring the absorbance of the remaining dye at maximum
avelength 530 nm on a UV–vis spectrophotometer (Techcomp
500, China).

The COD was measured by the standard method (closed
eflux/photometry) [19]. The COD or color removal efficiency
η) was calculated by the following formula:

= A0 − At

A0
× 100% (2)

here A0 is the COD or absorbance of initial dye concentration
nd At is the COD or the remaining dye concentration at given
ime t.

The average current efficiency (ACE) was calculated by the
ollowing [14]:

CE = (COD0 − CODt)FV

8It
× 100% (3)

here COD0 and CODt are the chemical oxygen demand at ini-
ial time and the given time t (g O2/L), respectively, I the current
A), F the Faraday constant (96,487 C/mol), t the treatment time
s) and V is the volume of the solution (L).

The energy consumption (EC) was calculated by the follow-
ng definition,

C = UIt

3.6(COD0 − CODt)V
(4)

here U is the voltage applied (V), other parameters are as
efined as before.

The degradation intermediates were analyzed using a
race 2000 GC/MS system (Trace 2000, ThermoQuest, USA)
ith HP-5 capillary column (30 m × 0.32 mm, film thickness

.25 �m). The base temperature of the right SSL method was
et at 260 ◦C, the oven temperature was initially at 50 ◦C, rising
t 15 ◦C/min to a final temperature of 250 ◦C. The concentra-
ion of NO2

− or NO3
− was detected by ion chromatograph
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Techcomp 1000, China) with the mobile phase of sodium car-
onate (1.8 mM) and sodium bicarbonate (1.7 mM) at the flow
ate 1.0 mL/min.

. Results and discussions

.1. Effects of operating parameters

.1.1. Effect of degradation time
Fig. 1a shows the time dependence of color, COD removal

nd pH variation. The color removal was higher than the COD
emoval, indicating that the structure of cationic red X-GRL
specially the chromophore was broken and some acidic inter-
ediates were produced, which could also be proved by the

rop of the solution pH from the original 5.0 to final 3.27 after
reated 240 min. At that time, the color removal reached 87.4%
nd simultaneously the COD removal reached 36.3%. Both the
olor and COD removal increased with treatment time and no
bvious decay trends were observed, indicating that they could
e further removed if given much more time. However, it was

bserved that the ACE decreased while the EC almost increased
inearly with the COD removal (Fig. 1b), which might be related
ith the complexity of the intermediates formed, especially

ome hard-to-treatment products as disclosed in Section 3.2.

ig. 1. (a) Effect of degradation time on color removal, COD removal and pH
ariation. (b) Variation of ACE and EC with COD removal. Conditions—pH: 5.0;
ationic red X-GRL: 500 mg/L; current density: 2.0 mA/cm2; Na2SO4: 3 g/L;
: 25 ◦C.
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his fact suggested that it would be better to pre-treat rather than
ineralize the wastewater. At the initial stage, the ACE kept

elatively high value of 98.8%, and it decreased with the increase
f COD removal. Such a decay become insignificantly after the
OD conversion of more than 20%, holding an ACE of 54.4%
fter treated 240 min. This decreasing trend with treatment time
as similar with other reports [13,15], where they claimed that

he generated organic acids were much more difficult to be
ecomposed and thus led to the relatively lower ACE. Compared
he current efficiency with other works on azo dye degradation
less than 40%) [9,14], the present work showed a better per-
ormance, suggesting this electrochemical oxidation would be
ighly efficient using this novel anode. Though the EC increased
ith COD removal, it was no more than 30 kWh/kg COD for

bout 35% COD conversion, which was much lower than those
ther reports on azo dyes electrochemical oxidation [9]. Further,
t was reported that an electrochemical process would be com-
etitive if the EC was less than 40–50 kWh/kg COD comparing
ith other AOPs including ozonation [20]. This fact confirmed

hat the electrochemical oxidation on this electrode was one of
he most promising pre-treatment techniques for azo dye.

.1.2. Effect of electrolyte concentration
It is important to investigate the effect of electrolyte since

ctual wastewater usually contains certain amount of salts.
ig. 2 shows the effect of Na2SO4 concentration on color, COD
emoval and EC variation. It was observed that the Na2SO4
oncentration within the investigated ranges appeared to be no
ifference on color and COD removal. According to the defini-
ion, the ACE for different Na2SO4 concentrations should also be
nsignificant because the applied currents were the same. How-
ver, it was found that the EC decreased dramatically with the
ncrease of salt concentration, but further enlarged salt concen-
ration beyond 3.0 g/L seemed to be of no considerable reduction
n EC. When the Na2SO4 concentration was 0.5 g/L, the EC was

s high as 44.4 kWh/kg COD, and when Na2SO4 concentration
ncreased to 3 g/L, it dropped to 24.7 kWh/kg COD. This trend
ould be explained by the decrease of voltage, where the voltage
pplied was 7.68 V at Na2SO4 concentration of 0.5 g/L, and it

ig. 2. Effect of Na2SO4 concentration on color, COD removal and EC vari-
tion. Conditions—pH: 5.0; cationic red X-GRL: 500 mg/L; current density:
.0 mA/cm2; T: 25 ◦C; treated time: 120 min.
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Table 1
The effect of current density on color and COD removal, ACE and EC

Current density
(mA/cm2)

Color (%) COD (%) ACE (%) EC (kWh/kg COD)

0.8 43.3 13.0 97.5 12.4
2.0 63.6 21.6 64.9 24.7
4
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about 62.7% and 28.3 kWh/kg COD, respectively, while for the
one of 2000 mg/L, the ACE and EC were about 89.8% and
17.8 kWh/kg COD, respectively. Though a higher initial concen-
.8 87.1 38.2 47.8 45.6

onditions—pH: 5.0; cationic red X-GRL: 500 mg/L; Na2SO4: 3 g/L; T: 25 ◦C;
reated time: 120 min.

ropped to 4.78 V for the one of 3 g/L. These results indicated
hat a minimum amount of salt was required to start the degra-
ation and high salt improved the treatment cost-effectiveness.
herefore, this process was supposed to be cost-effective for the

reatment of wastewater containing a certain salt content.

.1.3. Effect of current density
Table 1 shows the effect of current density on color and

OD removal, ACE and EC. Obviously, high current den-
ity promoted the color and COD removal, which was similar
ith literature [15]. This result might be due to the generation

ate of hydroxyl radical increased with current density, which
ventually enhanced the dye degradation. At current density
.8 mA/cm2, the color removal was only 43.3%, while at current
ensity 4.8 mA/cm2, it was 87.1%. Simultaneously, the COD
emoval increased from 13.0 to 38.2%. The considerable pro-
otion on performance indicated that current density was one

f the key parameters determined the removal efficiency. How-
ver, the ACE decreased with the increase of current density,
ndicating that an increase in the current density led to a less
fficient process. At time 120 min, the ACE for 0.8 mA/cm2 was
7.5%, but at current density 4.8 mA/cm2, it was only 47.8%.
uch a decrease in the efficiency might be explained by the
avor of anodic side reactions including oxygen evolution at
levated currents. As a consequence, the EC increased from
2.4 to 45.6 kWh/kg COD. These outcomes supported that at
low current density the performance would be cost-effective

ut need long treatment time, while at a high current density it
as of highly efficient but costly. Therefore, according to the

emoval efficiency and current efficiency, the current density of
.0 mA/cm2 would be a good choice, where the color and COD
emoval and ACE would be relatively high, while EC would be
ffordable.

.1.4. Effect of temperature
Fig. 3 shows the effect of temperature on color removal. As

an be seen, an increase in the temperature leads to a more
fficient process. The color removal rate increased significantly
rom temperature 15 ◦C, but when the temperature above 25 ◦C
he effect was not so obvious. It was observed that when treated
20 min the color removal at the temperature of 15 and 25 ◦C was
4.3 and 63.6%, respectively, but when the temperature further
ncreased to 60 ◦C, it only increased to 79.8%. This effect might

e explained that high temperature promoted not only the dye
egradation but also the generation of some hard-to-treatment
ntermediates, which resulted in competitive reactions among
olor removal and intermediates degradation, and thus led to

F
C

ig. 3. Effect of temperature on color removal. Conditions—pH: 5.0; cationic
ed X-GRL: 500 mg/L; current density: 2.0 mA/cm2; Na2SO4: 3 g/L.

he enhancement on color removal was not so sensitive at high
emperature of 60 ◦C.

.1.5. Effect of initial dye concentration
Fig. 4 shows the effect of initial cationic red X-GRL con-

entration on color removal. When the initial concentration was
00 mg/L, the color removal was 68.9% within 120 min. With
he increase of the dye concentration, the color removal percent-
ges decreased to 18.4% for that of 2000 mg/L. This might be
xplained that the ratio of hydroxyl radical to dye concentration
ecreased with the increase in initial concentration. Although
he color removal percentage decreased with initial concen-
ration, the absolute removal amount increased. For example,
hen cationic red X-GRL concentration increased from 300 to
000 mg/L, the removal amount increased from 206.7 to about
68.0 mg/L. This also confirmed by the increase of ACE and
he decrease of EC at treated time 60 min (inset figure). For
he initial concentration of 300 mg/L, the ACE and EC were
ig. 4. Effect of initial dye concentration on color and COD removal.
onditions—pH: 5.0; Na2SO4: 3 g/L; current density: 2.0 mA/cm2; T: 25 ◦C.
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ration led to a lower COD removal, taking account for the facts
hat the ACE and EC for initial concentration 500–2000 mg/L
hanged little, the COD removal would be increased if given
uch longer time. Therefore, this process seemed to be a

ood alternative for high-concentrated dye wastewater pretreat-
ent.

.2. Possible degradation mechanism

The absorption spectra of cationic red X-GRL degradation
t typical time were investigated, as shown in Fig. 5. It can
e observed that before treatment cationic red X-GRL is
haracterized by one main bond in the visible region with
he peak absorbance at 530 nm, and the other two bonds
n the ultraviolet region situated at around 280–290 nm and
40–250 nm. Different structural groups in the dye molecules
ave unique absorbance peak, and the main conjugates of
ationic red X-GRL include azo linkage ( N N ) and benzene
ing. The chromophore containing azo bond has absorption in
he visible region, which is ascribed to the absorption of the
→ �* transition related to the N N group. The benzene

ing has absorption in ultraviolet region (240–250 nm), which
s recognized to the absorption of the � → �* transition. It
as found that the absorbency of the remaining solution at
isible light region decreased quickly, while simultaneously the
bsorbency at UV region increased, indicating that azo bond
as destroyed and many degradation intermediates containing
enzene ring generated. Accompanying the breakage of azo
roup, the absorbance at 280–290 nm was observed to be
ecreased, and that at 240–250 nm also increased a little.

To further explore the possible degradation mechanism, the
egradation intermediates of cationic red X-GRL have been
etected by GC/MS as shown in Fig. 6, and the main identi-
ed intermediates are listed in Table 2. The main degradation

ntermediates identified were N-phenylmethylene-benzenamine

M1, relative abundance 100%), benzaldehyde (M2, 13%), and
-methyl-aniline (M3, 2%).

Based on the above degradation trend and the identified prod-
cts, a simplified degradation pathway was proposed, as shown

ig. 5. Typical UV–vis spectra for cationic red X-GRL degradation by electro-
hemical oxidation.
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ig. 6. GC/MS spectra of cationic red X-GRL by electrochemical oxidation.

n Fig. 7. The breakage of the azo bond would be the initial
tep of dye degradation, which led to the rapid removal of color.
n the bond ( C N N ), the length of the bond of C(5) N(6),
(6) N(7) and N(7) C(8) is 1.456, 1.362 and 1.404 Å, respec-

ively, which indicated C(5) N(6) would be the first potential
roken bond among the three as for stability. The radical would
ttack this site and result in the release of nitrogen element
nd the formation of 2,4-dimethyl-2,4-dihydro-[1,2,4]triazol-3-
ne, which was identified in our previous work [18] though it
ight be missed in the analysis in the present work. However,

t was confirmed that NO2
− was not detected in the solution,
hile NO3
− was very low (below 2 mg/L), which was much

ess than the theoretical calculation from the breakage of azo
ond. In literatures, it was reported a degradation pathway for
zo dye through the formation of molecular nitrogen [21]. In
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Table 2
The main degradation intermediates of cationic red X-GRL

Code tR (min) m/z Molecular formula Name Structure

M1 12.0 197 C14H15N N-phenylmethylene-benzenamine

M2 5.24 106 C7H6O Benzaldehyde

M3 6.57 106 C7H8N N-methyl-aniline

tionic

t
p
s
b
t
m
M
o
T
i
t
l
t
d
d

4

d

(

Fig. 7. Possible degradation pathway for ca

he present work, we deduced that the degradation might also
roceed in this way. The breakage of azo group from the parent
ubstance would result in the formation of N-phenylmethylene-
enzenamine-diazene radical, which would be unstable and then
urned into N-phenylmethylene-benzenamine (M1) by release of

olecular nitrogen. After the breakage of the azo dye to form
1, the hydroxyl radical attack would lead to the broken down

f N(14) C(15), which led to the formation of M2 and M3.
hese products would be further degraded to light molecule

ntermediates and organic acids as confirmed by the drop of
he solution pH. Due to the relatively higher color removal and

ower COD removal, it could be deduced that the decoloriza-
ion of azo bond breakage was relatively easy but the further
egradation intermediates to organic acids would be rather
ifficult.
red X-GRL by electrochemical oxidation.

. Conclusions

The following conclusions can be drawn from the work
escribed here.

1) The color and COD removal was significantly affected
by the current density, temperature and initial dye con-
centration. At low current density, the performance would
be cost-effective but need long treatment time, while at
high current density it was of high efficiency but costly.
So that, current density of 2.0 mA/cm2 would be a good

choice. The removal rate increase with the raise of tem-
perature but decreased with the enhancement of initial
dye concentration. The color and COD removal seemed
to be independent with electrolyte concentrations, but the
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energy consumption decreased with the increase of salt
concentration.

2) Both the color and COD removal increased with treat-
ment time and no obvious decay trends were observed, and
high current efficiency (>50%) was achieved but decreased
with time. Though the energy consumption increased with
COD removal, it was not more than 30 kWh/kg COD for
about 35% COD conversion, indicating that this method was
cost-effective for the pretreatment of high-concentrated dye
wastewater containing a certain salt content.

3) The main degradation intermediates identified were
N-phenylmethylene-benzenamine, benzaldehyde and N-
methyl-aniline. Based on the identified products, a possible
degradation pathway was proposed. It disclosed that the
breakage of azo group was relatively easy while difficult to
be further degraded to organic acids, which well explained
the color removal was quite rapid while COD removal was
relatively difficult.
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