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Abstract

A simulated wastewater containing the monoazo dye C.I. Acid Orange 7 was electrolytically treated using a three-dimensional electrode
reactor equipped with granular activated carbon as particle electrode. The activated carbon fiber cathode was more effective than either a graphite
or a stainless steel cathode due to its larger surface area which was beneficial to the electrogeneration of H,O,. Under the reaction conditions of
20 Vand 3.0 gL' Na,SO, at pH 3.0, decrease in the COD of up to 80%, and in the TOC by up to 72% were achieved and almost the complete
decolorization of the dye was secured after 180 min electrolysis. Furthermore, decay of the dye followed a pseudo-first-order reaction in the first
60 min treatment. The three-dimensional electrode system generated more hydroxyl radicals than a two-dimensional system due to the formation

of microelectrodes under applied high potential.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the first commercially available synthetic dye, Mau-
veine, was synthesized in 1875, dye industry has been playing
an important role in daily life [1]. Global annual production of
dye is estimated at >7 X 10° tonnes, azo dyes, which are char-
acterized by nitrogen-to-nitrogen double bonds (—N=N-—),
account for up to 70% of all textile dyes produced [2,3]. Dur-
ing manufacture or processing, ~ 15% of dyes is lost [4,5]. In
China, >1.6 x 10° m® of dye wastewater are generated annu-
ally [6], the disposal of which poses many problems [7,8].
In recent years, various physicochemical and biological
methods, as well as a combination of the two, have been ex-
amined for the removal of dye molecules from wastewater
[9—12]. However, as commercial dyes are intentionally

* Corresponding author. Tel.: +86 10 62751185; fax: +86 10 62756526.
E-mail address: nijinren@iee.pku.edu.cn (J. Ni).

0143-7208/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.dyepig.2007.04.004

designed to resist bio- and other degradation processes, each
of the methods mentioned above suffer inherent disadvantages
in terms of their applicability, efficiency or cost [13].

Recently, electrochemical oxidation process has attracted
an increasing scientific and technical attention due to its
high efficiency, ease of operation and environmental compati-
bility [14]. In essence, electrochemical processes involve the
heterogeneous electron transfer between a solid electrode
and the ionic species in an electrolytic solution [15]. There-
fore, the rate of electrochemical reaction is dependent on elec-
tron transfer rate, which is directly proportional to the specific
surface area of the electrode. However, enlarging the surface
area cannot readily be achieved in a conventional two-dimen-
sional electrode reactor.

The three-dimensional electrode was proposed in 1960s as
a means of overcoming this problem [16]. In comparison to
a two-dimensional electrode, many smaller particles are used
in a three-dimensional electrode reactor. Under the influence
of an electric field at an appropriate voltage, these particles
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can be polarized, forming charged microelectrodes, by means
of which, the distance between the reactant and the electrode
can be shortened thereby increasing, greatly, the specific sur-
face area of the electrode, resulting in higher electrolytic
efficiency.

Hitherto, the technology of three-dimensional electrode has
been successfully applied to the electrosynthesis of organic
compounds [17] and the removal of metal ions [18] or cyanide
[19] from solution. In recent years, several papers have re-
ported the application of this technology to eliminate organic
pollutants, such as phenol [20], oxalates [18], chlorophenols
[21] and human waste [22], from wastewater. In these investi-
gations, stainless steel was usually used as the electrode. As
several researchers demonstrated [15,23], besides direct an-
odic oxidation, the electrochemical degradation mechanism
of organic pollutants in this particular electrode system is
the electro-Fenton reaction, namely the indirect oxidation of
H,O, and hydroxyl radicals. Firstly, H,O, and Fe>" are elec-
trogenerated at the cathode and anode, respectively (Egs. (1)
and (2)) [24,25].

0, + 2H" + 2e~ — H,0,(on the cathode) (1)

Fe — Fe’" + 2e (on the anode) (2)

Then, H,O, diffuses into solution and reacts with the Fe>"
ions present in the solution, according to Fenton’s reaction
(Eq. (3)) [26]:

H,0, + Fe* + H — Fe*t + H,0 + OH (3)

The catalytic reaction (3) is propagated by Fe*" regenera-
tion, mainly by reduction of Fe’" with H,O, (Eq. (4)) [27].

.
Fe** +H,0, <> [Fe — O,H]*" & Fe?* + HO, (4)

Generally speaking, the previous studies of the three-
dimensional electrode reactor focussed on the influence of
operational parameters, such as voltage, electrolysis time,
initial pH, etc., and little attention was paid to the influence
of the electrode material, especially that of the cathode. As
the cathode material plays an important role in the electro-
Fenton reaction, it was decided to study the influence of dif-
ferent cathode materials on dye removal efficacy in the
three-dimensional electrode system. In addition, this paper
concerns the kinetics and the mechanism of dye degrada-
tion. CI. Acid Orange 7 (AO7, Fig. 1) was chosen as
a model azo dye because of its wide use in a variety of in-
dustries and stable characteristic with respect to biochemical

oxidation [3,28].
NaOﬁO N=—=N O

HO

Fig. 1. Chemical structure of Acid Orange 7 (C.I. 15510).

2. Materials and methods
2.1. Materials

Granular activated carbon (GAC, model: KC-40) with a spe-
cific surface area of 910.68 m* g~ ' and an average pore diam-
eter of 2.10nm was purchased from Beijing Kecheng
Guanghua Activated Carbon Co., Ltd. (China) and used as par-
ticle electrodes in the study. The dye was supplied by Taixue
Dyestuff Chemical Co., Ltd (China) and was used without fur-
ther purification. All other chemicals used were of analytical
reagent grade if not otherwise mentioned.

Deionized distilled water was used throughout this study.
The initial dye concentration in the simulated wastewater
was 300 mg L™, Anhydrous sodium sulfate was added as sup-
port electrolyte at a concentration of 3.0 g L™ ". The initial pH
of the solution was adjusted to 3.0 by addition of 1 M
aq H,SOy to achieve optimal conditions for the electro-Fenton
reaction [27].

A stainless steel plate (Beijing Zicheng Stainless Steel
Products Co., Ltd., China) was used as anode; three electrode
materials, namely activated carbon fiber (ACF) (Beijing
Pacific Activated Carbon Products Co., Ltd, China), graphite
(Beijing Sanye Carbon Co., Ltd, China) and stainless steel,
were used as cathode. The physical properties of ACF and
graphite are listed in Table 1.

2.2. Apparatus and procedure

Electrolysis was conducted in an undivided 1.0 dm® volume
cylindrical glass tank (Fig. 2). A microporous plate attached to
the lower part of the tank was used to support the particle elec-
trode and disperse bubbles that arose form the compressed
airy. Both anode and cathode were 7 cm X 5 cm in size and
were situated 3 cm from each other. GAC (50.0 g) was packed
between the cathode and anode to form a three-dimensional
electrode.

Batch experiments were employed in this study as previ-
ously reported [21] to preclude dye removal due to its adsorp-
tion on GAC. Each batch of GAC could be used for 10 cycles
under the same experimental conditions and each cycle lasted
for 60 min. In the electrolysis process, if not otherwise men-
tioned, compressed air was sparged at a flow rate of
3.0 Lmin"' and the three-dimensional electrode system was
supplied with a constant voltage of 20 V DC. Aliquots were
taken from the reactor at regular intervals and then centrifuged
at 10,000 rpm using a TGL-16C centrifuge (Shanghai Anting
Scientific Instrument Co., Ltd, China) for 10 min before fur-
ther analysis.

Table 1
Primary physical properties of ACF and graphite

Sample Thickness (mm) Surface area Average pore
(m2 gfl) diameter (nm)

ACF 3 764.13 1.92

Graphite 5 0.93 21.37




160 L. Xu et al. | Dyes and Pigments 77 (2008) 158—164

D.Cpower | 1
supply

Anode Cathode

GAC particle
electrodes

Compressed air

 ——

Compressed air

_'_<):|

Micropore plate

Fig. 2. Schematic diagram of the three-dimensional electrode reactor.

2.3. Analytical methods

Gas chromatography—mass spectrometry (GC—MS) was
used for organic compounds analysis. Prior to GC—MS deter-
mination, a 300 mL sample was extracted using 10 mL
CH,Cl, (chromatogram pure grade, Fisher, USA) three times
under acidic, neutral and alkaline conditions, respectively.
The three extracted layers were mixed, dehydrated with anhy-
drous sodium sulfate and dried under nitrogen. The residue
was dissolved in 1.0 mL CH,Cl, and 1 pL. was injected into
a 6890N/5973 GC—MS system (Agilent, USA) equipped
with a DB-35MS capillary column of inner diameter
0.25 mm and 30.0 m in length. The GC column was operated
in temperature programmed mode at 40 °C for 5 min, increas-
ing to 290 °C at an increment of 5 °C min~ ' and finally hold-
ing at 290 °C for 10 min. Electron impact (EI) mode at 70 eV
was used and the mass range scanned was 0—550 m/z. Analy-
sis was undertaken with reference to the NIST02 mass spectral
library database.

Hydroxyl radicals generated in the electrolysis process
were trapped with dimethyl sulfoxide (DMSO) and quantified
by HPLC [29]. DMSO (250 mM; chromatogram pure grade,
Beijing Chemical Reagent Corporation, China) was used to
generate formaldehyde quantitatively, which reacted with
2,4-dinitrophenylhydrazine (DNPH) to form the correspond-
ing hydrazone (HCHO-DNPH) that was analyzed using an
Agilent 1100 LC equipped with an Agilent Zorbax® SB-C18
column (150 x 4.6 mm, particle size 5 pm) and VWD detector
set at 355 nm. The system had an injection loop of 20 pL and
isocratic elution was carried out at a flow rate of 1.0 mL
min~ !, using a mixture of methanol and water (60:40, v/v)
as mobile phase.

Hydrogen peroxide concentration was determined spectro-
photometrically using the iodide method [30]. A RuO,/Ti

mesh was used as anode in this experiment instead of stainless
steel, with the purpose of eliminating the influence of Fenton
reaction between Fe*" and H,0, especially at pH 3. Aliquots
(6.0 mL) of the sample were mixed with 3.0 mL of 0.1 M
potassium biphthalate and 3.0 mL of iodide reagent (0.4 M
potassium iodide, 0.06 M NaOH, = 107*M ammonium
molybdate). The absorbance of the mixed solution was mea-
sured at 352 nm using a Specord 200 UV —vis spectrophotom-
eter (Analytik Jena AG, Germany).

The UV—vis absorption spectrum of the dye was carried
out in 10 mm quartz cuvettes; the UV—vis spectra were re-
corded from 190 to 800 nm using deionized water as blank.
The decolorization rate of the dye was also measured using
UV—vis spectrophotometry: from the absorbance of the sam-
ples at 484 nm, the A,,x of AO7, the decolorization rate was
calculated according to Ref. [9]. The total organic carbon
(TOC) and chemical oxygen demand (COD) of the samples
were determined using a Multi N/C 3000 TOC analyser (An-
alytik Jena AG, Germany) and COD analyser (Hach, USA),
respectively. pH was measured using a pH-201 meter (Hanna,
Italy). The specific surface area and pore analysis of the elec-
trode materials were measured by N, adsorption using a Micro-
meritics ASAP 2010.

3. Results and discussion
3.1. Dye degradation using different cathodes

Electrolysis was performed in the three-dimensional elec-
trode reactor using ACF, graphite and stainless steel cathodes.
As can be seen from Fig. 3, an increase of run number (V) par-
ticularly the first five runs, was accompanied by a decrease in
the TOC removal by the three cathodes. Virgin GAC with high
adsorption capacity was used as particle electrode in the ex-
periments. The decrease of TOC in the first five runs shows
the significant effect of dye adsorption on the GAC. However,
the rate of decrease in TOC reduced with increasing run
number as the GAC reached a saturation adsorption state.
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Fig. 3. Effect of cathode material on the removal ratio of color and TOC.
Experimental conditions: the treatment time of each run: 60 min, pH: 3.0.
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From the sixth run, TOC removal was at a constant level with
relative standard deviation (RSD) < 5%. Similar trends in dye
decolorization were observed. For the above-mentioned rea-
sons, the latter five runs were adopted in the evaluation of
the different cathodes, which made the analysis more focussed
on the electrochemical effects of the electrodes rather than the
dye adsorptive effects on the GAC. According to Fig. 3, it is
apparent that the three cathode materials had high decolorisa-
tion ability; >96% decolorisation efficiency was achieved us-
ing the three electrodes and no apparent difference was
observed between them. However, in the case of TOC re-
moval, the difference between the electrodes was more evi-
dent. After 60 min electrolysis, the average TOC removal
efficiency of ACF was ~57.4%, this being higher than that
of graphite (46.0%) and stainless steel (41.3%). Although
TOC removal could be used to evaluate the mineralization
ability of the different cathode, the power consumption for re-
duction per unit TOC (in kWhkg™") was considered to be
a better index. Based on the experimental results, the power
consumption for ACF, graphite and stainless steel cathode sys-
tem was 865, 1157, 1267 kWh kg_1 TOC, respectively, from
which ACF showed the highest mineralization ability. As the
electrogeneration of H,O, at the cathode is related to the min-
eralization ability of the three-dimensional electrode system
[30], the concentration of H,O, was measured.

3.2. Electrogeneration of hydrogen peroxide
using the different cathodes

The investigation of H,O, generation was carried out us-
ing a two-dimensional electrode reactor, in which GAC was
absent from the cell, so as to eliminate the adsorptive effect
of GAC. The effect of charge on H,O, generation is shown
in Fig. 4; H,O, generation increased with increasing applied
charge. However, the generative velocity of H,O, became
much slower in the process due to the decomposition of
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Fig. 4. Effect of charge on H,O, concentration electrogenerated with different
cathodes. Experimental conditions: 500 mL deionized water with 3 gL~
Na,SOy as the electrolyte, pH: 3.0.

H,0, to O,, or the oxidation of H,O, to HO,°[31]. Compar-
ing the three lines in Fig. 4, it is evident that there was
a distinct difference in H,O, generation between ACF and
the other two cathodes. When 5300 C of charge was sup-
plied, ~170.94 uM H,0, was electrogenerated by ACF
compared to only 12.01 and 2.64 uM H,O, produced by
the graphite and stainless steel cathodes, respectively. Both
the ACF and graphite cathodes were made from carbon,
which is widely used for H,O, generation due to its electro-
chemical activity towards oxygen reduction and its high
overpotential for hydrogen evolution [32]. Compared with
graphite, ACF showed better performance in H,O, genera-
tion by virtue of its larger specific surface area (Table 1)
and thus ACF was chosen as the most appropriate cathode
for subsequent experiments. The finding that H,O, genera-
tion was lower than that reported [30,33] may be due to dif-
ferent electrolysis conditions having been used. The high
voltage (20 V) applied in electrolysis might induce side
reactions of H>O generation at the cathode (Eq. (5)) [33,34],
and thus reduce the production of H,O5:

H202 + 2HJr + 2" — 2H20 (5)

3.3. Kinetic analysis of dye degradation

The GAC which had undergone 10 cycles was chosen as
the particle electrode in order to avoid the negative influence
of dye adsorption on GAC. The rate of dye degradation as
a function of electrolysis time is given in Fig. 5. After
180 min, ~79.3% of COD and 71.9% of TOC reduction
were achieved as well as almost complete dye decolorization
(99.3%). The results fitted a pseudo-first-order reaction well
in the first 60 min of electrolysis; the kinetic equations and pa-
rameters are shown in Table 2 from which it can be seen that
the kinetic constant of dye degradation was apparently greater
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Fig. 5. Time-course of AO7 degradation in the three-dimensional electrode
reactor with ACF as cathode. Experimental conditions: 500 mL of 300 mg L™
AO7 solution with 3 g L~" Na,SO, as the electrolyte, pH: 3.0.
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Table 2

Kinetic equations and parameters of AO7 degradation

Index Kinetic Regression Kinetic constant Half-life
equations coefficiency (min™h) (min)

Color —In(color,) = 0.9932 0.0592 11.71
0.0592¢ 4 0.095

COD —In(COD,) = 0.9895 0.0148 46.83
0.0148¢ — 5.523

TOC —In(TOC,) = 0.9816 0.013 53.32
0.0137 — 2.6989

than that of COD or TOC reduction, suggesting that the dye
was oxidized first to colourless intermediates and then to CO,.

3.4. UV—vis spectral changes

The UV—vis spectra of AO7 from 190 to 800 nm are shown
in Fig. 6. It can be seen that the absorption spectrum at pH 3.0
was characterized by a maximum peak at 484 nm and two
peaks at 229 and 311 nm. The peak in the visible region can
be attributed to the n—* transition of the azo group while
those at 229 and 311 nm are due to the w—* transition of
the benzene and naphthalene rings, respectively, bonded to the
azo in the dye molecule [4,35]. Fig. 6 reveals that all of
the adsorption peaks were weakened, indicating that the
relevant structures were destroyed. In order to compare the
degradative velocity of the three main structures mentioned
above, the normalized intensities of the absorption peaks of
the benzene ring located at 229 nm, the naphthalene ring at
311 nm and the azo group at 484 nm were plotted as func-
tions of electrolysis time in Fig. 7. It was observed that the
intensity of the peak at 484 nm decreased much faster than
those of the other two peaks. The slower decrease of the inten-
sities of the two UV peaks may be attributed to the formation of
intermediates, resulting from the degradation of AO7 in the
three-dimensional electrode system, which still contain ben-
zoic- and naphthalene-type rings [4].
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Fig. 6. UV—vis spectral change of AO7 with different electrolysis time. Exper-
imental conditions: as shown in Fig. 5.
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Fig. 7. Normalized absorbance of the three main UV—vis absorbance bands of
AO7 vs electrolysis time. Experimental conditions: as shown in Fig. 5.

3.5. Generation of hydroxyl radicals

Hydroxyl radical, a reactive oxidant with the potential of
2.80 V [36], plays an important role in the degradation of
organic compounds in electrochemical systems [37]. Due to
its high activity, low concentration and short lifetime, there
is no direct method to prove its existence and, therefore,
spin traps are commonly used for its indirect measurement
[38,39]. In this context, DMSO is conveniently used to trap
hydroxyl radicals and linearity is observed between the con-
centration of hydroxyl radicals and the peak area of the
DNPH—HCHO derivatives in the HPLC chromatogram [29].

The quantification of hydroxyl radicals generated in both
the three-dimensional and the two-dimensional electrode reac-
tors are shown in Fig. 8; differences in hydroxyl radical gen-
eration occurred in these two systems. After ~4500 C of
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Fig. 8. Generation of hydroxyl radicals in two-dimensional and three-dimen-
sional electrode system. Experimental conditions: 250 mM DMSO solution
with 3 gL ™' Na,SOy as the electrolyte, ACF adopted as cathode, pH: 3.0.
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Fig. 9. GC—MS chromatograms of samples after electrochemical treatment in three-dimensional electrode reactor. Experimental conditions: as shown in Fig. 5.
(1) Butanedioic acid, bis(2-methylpropyl) ester, (2) 2H-1-benzopyran-2-one, (3) hexanedioic acid, bis(2-methylpropyl) ester, (4) 1,2-dihydroxynaphthalene, and

(5) 1,2-benzenedicarboxylic acid, butyl 2-methylpropyl ester.

charge was supplied, the concentration of radicals generated in
the two-dimensional system was ~50puM compared to
~190 pM, in the three-dimensional system, this being nearly
four times that of the former. If the negative influence of GAC
adsorption on the hydroxyl radicals is considered, the differ-
ence between these two systems is more evident. As hydroxyl
radicals in these systems were mainly generated through the
electro-Fenton reaction, the result shown in Fig. 8 may be
due to the formation of many microelectrodes via polarization
of the GAC under the applied high potential. This observation
confirms the electrolytic principle of the three-dimensional
electrode reactor [40].

3.6. GC—MS analysis

GC—MS analysis was performed to identify the intermedi-
ate products formed in the liquid phase during the electro-
chemical treatment of the dye in the three-dimensional
electrode reactor. After 60 min electrolytic treatment, the
dominant organic compounds detected were aromatic hydro-
carbon and ester substances (Fig. 9). Although all the identi-
fied compounds were not the degradation products of AO7,
the result confirms the cleavage of the benzene and naphtha-
lene rings as a result of electrolysis. Zhang et al. [41] reported
that under oxidation conditions, AO7 was first decomposed to
aromatic intermediates and further oxidized to ring-opened
products, which were then finally mineralized to CO,, H,O
and inorganic salts. However, the degradation mechanism of
AO7 may differ depending on the different treatment methods
used [3,41]. Thus more work is needed on intermediate prod-
uct analysis so as to reveal the precise degradation mechanism
of AO7 in the three-dimensional electrode reactor.

4. Conclusions
Whilst all three cathodes showed high efficiency in the

decolorization of AO7 (>96% after 60 min of electrolysis),
the TOC removal of ACF (57.4%) was much higher than

that of graphite (46.0%) or stainless steel (41.3%). Further-
more, the power consumption of the ACF cathode system
was 865 kWh kg_1 TOC, which was smaller than the
1157 kWhkg™' TOC of the graphite system and the
1267 kWhkg ' TOC of the stainless steel system. These find-
ings can be attributed to the fact that ACF was more suitable
for H,O, generation due to its large specific surface area. Dye
degradations conformed to pseudo-first-order kinetics and the
kinetic constant of dye degradation was greater than that of
COD or TOC removal. It is proposed that more hydroxyl rad-
icals were generated in the three-dimensional electrode system
than in the two-dimensional system, because of the formation
of many microelectrodes in the three-dimensional electrode
system under the applied high potential. Some aromatic hydro-
carbon and ester compounds were observed from the electrol-
ysis process using GC—MS, indicating cleavage of the
benzene and naphthalene rings in the dye had occurred.
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