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a b s t r a c t

This research is intended to decompose organic substances in municipal wastewater with nano- and
nonnano-scale electrocatalytic electrodes. As an anode, the nano-scale electrodes included lab-made TiO2

and Cu2O electrodes; the nonnano-scale electrodes were a commercial TiO2 and graphite plate. According
to experimental results, the nano- and nonnano-scale catalytic electrodes can effectively remove the
eywords:
lectrocatalyst
lectrochemical treatment
ano
unicipal wastewater

organic pollutants in the municipal wastewater. The perforated TiO2 electrode is the best for eliminating
the chemical oxygen demand (COD), and its efficiency is about 90% (COD decreases from 400 to 40 mg L−1).
The conductivity of municipal wastewater and the electro-catalytic process will increase the pH and
eventually remains in the neutral range. The conductivity of municipal wastewater can be lowered to
some degrees. The most attractive discovery of electro-catalytic process is that the dissolved oxygen (DO)
in the municipal wastewater can be increased by the TiO2 electrode (nonnano-scale) around 4–6 mg L−1,
but few DO is produced by the nano-scale electrocatalytic electrode.
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. Introduction

Electrochemical techniques have been used to treat wastewater
or decades. Many metal materials have been used as the anodes
o treat different types of wastewater, and results are impressive
1–3]. In such electromechanical techniques, organic pollutants
re primarily decomposed by direct oxidation. Yet, regarding cost
ffectiveness, electrochemical techniques are still unfeasible in
omparison with traditional biological techniques. Hence, munic-
pal wastewater is generally treated by biological techniques. So
ar, electrochemical techniques are usually used to treat pollutants
hat cannot be degraded by biological techniques. However, elec-
rochemical process possesses promising remediation potentials if
he promotion of electrode materials can facilitate the degradation
fficiency of pollutants. The appearance of catalytic electrodes has
een demonstrated that anodes manufactured by new materials
resent high possibility to treat wastewater [4].
In general, electrochemical techniques apply the electric field
n the anode to oxidize the organic pollutants in wastewater. On
ontacting the anode, the organic pollutants can be oxidized to
ntermediate products (i.e., organic acids) which will be released
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nto water [5]. In theory, if there is ample time, the organic acids can
e consecutively decomposed into CO2 and H2O, and the chemical
xidation demand (COD) can be decreased so that the wastewater
s qualified to be discharged. Nevertheless, since there are double
ayers on the anode surface and organic pollutants penetrate the
ouble layers only by diffusion (molecular and convective); the
ate of the direct decomposition is limited, which results in low
egradation efficiency of electrochemical techniques. In addition to
irect oxidation, the electrochemical reaction for decomposing the
ater molecules (i.e., water electrolysis) also consumes electricity.
s the voltage of the electric field is increased, the decomposition
f the water is increased; however, the treatment rate of organic
ollutants may not increase proportionally. This extra electric
onsumption also limits the cost-effective application of electro-
hemical techniques. That is, the water decomposition will alter
astewater pH, cause the treatment difficulty, and increase the
peration cost.

In contrast to tradition electrochemical process, catalytic
lectrodes can facilitate the decomposition of organic pollutants
y producing strong oxidants (i.e., catalytic reactions) such as

•
ydroxyl radicals (OH ). Even though the tradition electrochemical
rocess can also produce oxidants (e.g., the reaction with chlorides

n the wastewater) [6]; the catalytic electrodes can produce
xidants without chemicals addition. These oxidants may be
istributed into the bulk solution and are capable of degrading

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:changjh@cyut.edu.tw
dx.doi.org/10.1016/j.jhazmat.2008.06.072
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rganic pollutants dramatically, which is called “indirect decompo-
ition”. This indirect decomposition may overcome the drawbacks
f traditional electrochemical techniques (diffusion limitation of
rganic pollutants). As a result, the development of the electro-
hemical techniques has regained momentum. Up to date, catalytic
lectrodes have successfully been used to treat organic pollutants
uch as the surfactant and pesticides [7,8]. Even more, TiO2 has
uccessfully been used to decompose E. coli in the wastewater [9].

Although details of organic pollutants decomposed by catalytic
lectrodes are not clear which is similar to the photocatalytic reac-
ion, the OH• is also regarded as the major key role to transform the
rganic pollutants into harmless water and CO2 [10]. Based on this
rinciple, there were various researches for treating different types
f wastewater [11–13], and the COD and NH4-N were decreased
o some extent. As have uncovered by Rajkumar and Palanivelu’s
esearch [14], catalytic electrodes were used to decrease the TOC
nd COD in some specific wastewater and was suitable for treating
igh-concentration wastewater. Moreover, Feng et al. used electro-
oagulation and electro-oxidation techniques to treat wastewater
nd reported that the efficiency of eliminating the T-N, NH4-N, T-P
nd COD was 73%, 81%, 99% and 86%, respectively [15]. From the
oregoing documents, it is learned that electrocatalyst techniques
catalytic electrodes application) can be widely used to eliminate
he organic pollutants in wastewater.

Most of previous researches were focused on exploring impacts
n the elimination rate of COD in some specific types of wastew-
ter and the electricity efficiency by catalytic electrodes. Not
uch is addressed about the application to municipal wastew-

ter and changes in other physical and chemical attributes such
s pH, conductivity and dissolved oxygen (DO) although these are
lso important indexes of water quality. In this study, municipal
astewater was chosen as the remediation target; simultaneously,
e not only tried to evaluate performance in decomposing the
OD but also assess the pH, conductivity and DO of the municipal
astewater during operation of catalytic electrodes.

When electrode surfaces are manufactured in nano-scale, some
haracteristics can be promoted including the transfer speed of
lectrons, reactivity and diffusion in reaction [16–18]. As con-
idering the nano-sacle materials, their specific surface area will
e increased, which results in high contacting rates and pol-

utants adsorption. Accordingly, nano-catalytic electrodes might
ontribute much higher treatment efficiencies than catalytic elec-
rodes in regular sizes. Among many catalytic electrodes, TiO2, a
ell-known photo-catalyst; many other oxides such as ZnO, Nb2O5,
O3, SnO2 and ZrO2, sulfides such as CdS and ZnS can be regarded

s catalytic electrodes. However, TiO2 has been the most common
aterial because it is excellent in oxidation and reduction, chemi-

ally stable, non-toxic, and cheap. In this research, the other goal is
o evaluate their COD degradation performance and physiochemi-
al reactions in treating municipal wastewater by using nano- and
onnano-scale TiO2 electrodes. Overall, we tried to provide infor-
ation about the nano- and nonnano-scale catalytic electrodes of

reating the municipal wastewater.

. Materials and methods

.1. Electrocatalytic reactor

In this research, a reaction tank of which the size was 15 cm
diameter) × 7.5 cm (height) and contained 1.0 L of municipal

astewater sample was used. A stainless steel plate served as the

athode. The used anodes included a graphite plate, a commercial
iO2 plate, a commercial perforated TiO2 plate (with punctured
oles), a lab-made plate with nano-scale Cu2O particles and a net-
haped plate with nano-scale TiO2 particles. The distance between
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wo electrodes was set at 7.0 cm. In addition to the net-shaped plate,
he size of all electrodes was 11 cm (length) × 5 cm (width) × 0.5 cm
thickness). A CORNING Stirrer/Hot Plate was placed below the
eaction tank and used to blend the water sample in a completely
ixed status. A direct-current (DC) power supply was used to gen-

rate the electric field for the electrocatalytic system.

.2. Preparation of the nano-scale cuprous oxide and TiO2
lectrode

The cuprous oxide electrode could be made by electroplating
ethod [19]. A copper plate was placed at the anode as a sacri-

ced electrode. A stainless plate was placed at the cathode as a
ubstrate material. The concentration of the electrolyte was NaCl of
50 g L−1 and NaOH was used to adjust the pH of electrolyte at 8.0,
.0, and 10.0. Each experiment was controlled at a constant current
f 800 mA and conducted for 90 min. The preparation process of the
ab-made TiO2 electrode will be addressed in other article, there-
ore, no statements here. In order to verify the nano-scale particles
n the electrode surface and obtain the morphological information,
he field emission scanning electron microscope (FE-SEM) was used
o observe the superficial structures of the all anodes.

.3. Experiments of decomposing municipal wastewater

The wastewater sample was collected from the wastewa-
er treatment plant at Chaoyang University of Technology. The
OD of the municipal wastewater sample ranged from 350 to
00 mg L−1. The other characteristics of municipal wastewater such
s pH, EC, and chloride concentration was 6.8–7.3, 1650 �S cm−1,
nd 52.03 mg L−1, respectively. The concentration of heavy met-
ls including Cd, Cu, Pb, and Zn was 0.0016, 0.0113, 0.0376, and
.0792 mg L−1, respectively. As conducting experiments, differ-
nt electrocatalytic electrodes were used to treat the municipal
astewater for 60 min. The major controlling factor was volt-

ge gradients such as 1.0, 3.0, 5.0 and 7.0 V cm−1. During this
lectrochemical process, the COD, pH, conductivity, and DO were
easured at each 5-min period of time. A pH meter (SUNTEX, SP-

01), a conductivity meter (SUNTEX, SC-170), and a DO meter (YSI
50A) were used to monitor the value of pH, conductivity, and DO.
o determine the COD of municipal wastewater, the closed-circuit
itration (NIEA W5175.50B) was used. Afterwards, all experimental
ata were analyzed and discussed.

. Results and discussion

.1. Classification of nano-catalytic electrodes

In order to classify the nano-scale of used electrodes, the FE-
EM images of different electrodes (Figs. 1–3) were evaluated. Fig. 1
hows the FE-SEM image of Cu2O electrode under pH 9 manufac-
uring condition as a typical sample. Actually, all FE-SEM images of
u2O electrodes can find nano-scale particles on the electrode sur-

ace under different pH manufacturing situations. In Fig. 1, one can
bserve that the cuprous oxide crystals pile on the substrate, the
tainless steel plate, and a lot of nano-class particles (presented in
ed number on the picture) concentrate on the summit. It also can
e seen that some nonnano-crystals surround these nanoparticles.
his indicates the manufacture process of nano Cu2O still needs
ome modifications. However, in comparison with electrodes at dif-

erent pH conditions, more nano-class particles are made at pH 9
ondition than others. Therefore, the Cu2O electrode was made at
H 9 condition and used to treat the municipal wastewater. Fig. 2
hows the FE-SEM image of the commercial TiO2 electrode. Accord-
ng to this figure, the texture of the TiO2 electrode is quite tight and
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Fig. 1. The FE-SEM image of Cu2O electrode under pH 9 manufacturing condition.

ncludes a small number of pores. No nano-scale particles can be
ound on the electrode surface. In contrast to the commercial TiO2
lectrode, a net-shaped TiO2 electrode made in the lab possesses
ano-scale materials. The superficial structure of the nano-scale
iO2 electrode is presented in Fig. 3a and b. Based on Fig. 3a and
, it can be found that nano-scale tips spread on the surface of the
tainless net-shaped substrate in the form of columns. As a conse-
uence, the Cu2O and net-shaped TiO2 electrode can be classified
s nano-catalytic electrodes.

.2. COD removal efficiency of the commercial TiO2 electrode

Fig. 4 shows the COD removal efficiency versus time under dif-
erent voltage applications on the commercial TiO2 electrode. It can
e seen that the COD elimination efficiencies are low when the
oltage gradients are controlled at 1.0 and 3.0 V cm−1. Since cat-
lytic electrodes decompose the organic pollutants by the direct
nd indirect oxidation, results indicate that neither could the TiO
2
node directly oxidize the organic pollutants, nor could be excited
o produce electron–hole pairs if the voltage gradients are too
mall. That is, there is few OH radical produced in the municipal
astewater so that the COD cannot be effectively eliminated. Some

Fig. 2. The FE-SEM image of commercially available TiO2 electrode.
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ig. 3. (a) The FE-SEM image of nano-class TiO2 electrode under 10,000× mag-
ifications. (b) The FE-SEM image of nano-class TiO2 electrode under 100,000×
agnifications.

atalytic materials, similar to TiO2, employed as the anode have
een proved to produce OH radicals theoretically and practically
15,19,20]. The yield rate of OH radicals of TiO has been determined
2
n our lab and attempted to be published in other paper. However,
he COD of the municipal wastewater tends to decrease dramati-
ally when the voltage gradients are raised to 5.0 and 7.0 V cm−1.
mong experiments, the commercial TiO2 electrode (with punc-

ig. 4. The COD removal efficiency versus time under different voltage applications.
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w
plate is served as the cathode at the voltage gradient of 7.0 V cm−1.
It should be noticed that all electrodes possess the same surface
area except the electrode with nano-TiO2. In Fig. 7, it can be found
that the COD removal efficiency is higher with the commercial TiO2
Fig. 5. The pH variation versus time under different voltage applications.

ured holes) effectively eliminates the COD from 400 to 40 mg L−1

the removal efficiency is as high as 90%). This reveals that the shape
f electrode could be an important factor affecting the treatment
fficiency. Additionally, the current efficiency under such opera-
ional condition was calculated to be around 20% based on the
ollowing equation [20].

E(%) = (COD0 − CODt)
8It

FV × 100 (1)

here COD0 and CODt are the chemical oxygen demands at times
= 0 and t, respectively. I is the current (A), F is the Faraday constant
96.87 C mol−1), V is the volume of the solution (L) and 8 is the
xygen equivalent mass (g equiv−1).

It also can be seen that the decomposition takes place faster
uring the first 20 min than the rest of the duration at the volt-
ge gradient of 5.0 or 7.0 V cm−1. This reaction kinetic indicates
hat the reaction rate of the electrocatalyst might be related to the
iffusion rate, that is, the decomposition rate is related to the pol-

utants concentration in the municipal wastewater. In other words,
rganic pollutants will be decomposed mainly after entering the
ouble layers of the electrode. One other reaction phenomenon is
onsidered that there is no obvious difference between the COD
emoval efficiencies under 5.0 and 7.0 V cm−1 treatments. In theory,
he amount of the OH radical should be proportionally increased
ith increasing the external electric field. The more OH radical

an decompose more organic pollutants in the municipal wastew-
ter, which is inconsistent with experimental data. This could be
ttributed to that most of the radicals exist on the surface of the
lectrode and slowly spread into the municipal wastewater. Accord-
ngly, the reaction rate is still limited by the diffusion reaction of
rganic pollutants significantly.

.3. pH and conductivity of the commercial TiO2 electrode

Figs. 5 and 6 present the pH variation and conductivity removal
ersus time under different voltage applications on the commer-
ial TiO2 electrode, respectively. Referred to Fig. 5, it can be noticed
hat the pH slowly increases during 1.0 and 3.0 V cm−1 voltage
perations. Because few OH radicals occur under such low voltage
peration (referring to Section 3.2), this implies that the hydrol-

+ −
sis reaction (water molecule split into H and OH ) is still one
f the major reactions in this system. In contrast, the pH values
f municipal wastewater under the relatively high voltage opera-
ions (5.0 and 7.0 V cm−1) are higher than those under low voltages.
his presents that the commercial TiO2 electrode indeed produces
ig. 6. The conductivity removal versus time under different voltage applications.

H radicals, which results in higher pH values. Nevertheless, the
unicipal wastewater remains pH neutral ranges (from 7.5 to 8.0)

uring electro-catalytic treatments.
Referring to Fig. 6, it can be found that the conductivity elimina-

ion efficiency is in proportion to the voltage gradient. The original
onductivity of the municipal wastewater is about 1650 �S cm−1.
xcept at 1.0 V cm−1 (the conductivity elimination efficiency is
bout 6.4%), the conductivity elimination efficiency is remarkable
6%, 19% and 29% at other voltage gradients at 3.0, 5.0 and 7.0 V cm−1

peration, respectively. Since some ions in the municipal wastew-
ter could be reduced on the electrode surface, the conductivity
f the municipal wastewater could be decreased. The conductivity
f the municipal wastewater is mostly attributed to sodium chlo-
ide and sodium ions that cannot be electroplated on the cathode
late, the conductivity of the municipal wastewater remains to be
f relatively high degree. It can be noticed that the TiO2 electrode
ith punctured holes still results in the desirable treatment per-

ormance (decreased to 32%) when the voltage gradient is set at
.0 V cm−1.

.4. COD removal efficiency of different electrodes

Referring to Fig. 7, there are shown COD removal efficiencies
ith different electrodes used as the anode while the stainless
Fig. 7. The COD removal efficiency with different types of electrodes.
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lectrodes, perforated or not, than with the graphite and Cu2O
lates. However, the COD removal efficiency is lowest with the
ano-TiO2 electrode. The COD removal efficiencies are 90% with
he perforated TiO2 plate, 62% with the TiO2 plate, 55% with the
raphite and Cu2O plates, and 53% with the nano-TiO2 net. For
ll treatments by different electrodes, the COD removal efficien-
ies increase faster in the first 30 min than in the last 30 min.
his implies that the diffusion mechanism still plays a signifi-
ant role during the electrocatalytic decontamination. The higher
OD removal efficiency with TiO2 can indirectly prove that organic
ollutants are decomposed by OH radicals in addition to direct oxi-
ation reactions on the electrode surface. As a consequence, the
lectro-catalytic process performs better COD removal than the
egular electrolytic process. For the consideration of the nano-TiO2
et, which results in the lowest COD removal efficiency among the
lectrodes; it may be attributed to its smallest electrode surface
rea. The small surface not only limits the current density but also
he contacting possibility of organic pollutants. The impacts on the
lectricity efficiency of the COD removal efficiency need further
tudies.

.5. pH and conductivity of different electrodes

Fig. 8 shows a pH trend of the municipal wastewater where
arious electrodes are used as the anode at the voltage gradient
f 7.0 V cm−1. A general trend is found that the pH rises slowly
xcept the graphite electrode. The pH rises especially fast where
he nano-scale TiO2 net is used as the anode. It is speculated that
he semiconductors, TiO2 and Cu2O, produce electron–hole pairs,
hich react with water and produce a large amount of unstable

ydroxyl radicals to cause pH rising. That is, the best electrocatalyst
ight be the nano-scale net-shaped TiO2 electrode. The reason why

he COD removal efficiency of nano-scale TiO2 electrode is rather
ow can be attributed to its smaller surface area. For graphite plate,
t is not a semiconductor (i.e., no hydroxyl radicals), which results
n the relatively low pH. In the electrochemical process, the neutral
H can be maintained between 7 and 8.5.

Fig. 9 presents a conductivity trend of the municipal wastewater
here various electrodes are used as the anode at the voltage gra-
ient of 7.0 V cm−1. It is found that the conductivity decrease with

peration time. In eliminating the conductivity, the nano-scale TiO2
et is better than other types of electrodes. The nano-scale TiO2 net,
iO2 plates, and graphite plate eliminates 42%, 28%, and 14% of the
onductivity, respectively.

Fig. 8. The pH variation with different types of electrodes.
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Fig. 10. The DO variation with different types of electrodes.

.6. DO variation of different electrodes

Fig. 10 shows a DO trend with different electrodes application.
he DO increases tremendously during the electro-catalytic pro-
ess except nano-scale TiO2 net. Most of the increase occurs in the
rst 15 min and then stops increasing. For the commercial TiO2,
he DO increases to 6 mg L−1 and maintains stably during 60-min
reatment. Where the Cu2O electrode is used, the DO increases
o 8 mg L−1 after 20-min treatment and decreases gradually. This
henomenon may result from the increasing temperature of the
unicipal wastewater because the DO solubility will decreases
ith increasing temperature. Where the nano-scale TiO2 net is
sed, the DO does not considerably increase. The speculation is
hat the oxygen produced by the water electrolysis cannot only
e consumed by the electro-catalytic process (produce hydroxyl
adicals) but also adsorbed into the nano-scale matrix (gas can
e stored in the nano-scale materials). At the voltage gradient of
.0 V cm−1 (data not shown), the perforated TiO2 electrode also

ncreases the DO to 6 mg L−1. This result implies that the factor
f voltage gradients become insignificant as the DO concentra-
ion achieve saturation. In addition, the TiO2 without holes just
ncreases the DO to 4 mg L−1. This presents the geometric structure

ndeed can affect the electro-catalytic process to some degree.

. Conclusion

Based on experimental results, some conclusions can be drawn:
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1. The nano- and nonnano-scale catalytic electrodes can effectively
remove the organic pollutants in the municipal wastewater. The
COD removal is not significant when the voltage gradient is
too low such as 1.0 and 3.0 V cm−1. However, the COD removal
is considerably enhanced when the voltage gradient is 5 .0 or
7.0 V cm−1. The perforated TiO2 electrode is the best for elimi-
nating the COD, and its efficiency is about 90% (COD decreases
from 400 to 40 mg L−1).

. The electro-catalytic process will increase the pH and eventually
stops regardless of nano- and nonnano-scale catalytic electrodes,
however, the pH remains in the neutral range.

. The conductivity of municipal wastewater can be lowered to
some degrees and the efficiency in lowering the conductivity
is proportional to the voltage gradient.

. The electro-catalytic process may increase the DO in the munic-
ipal wastewater, which is beneficial to ecosystem. The DO in the
municipal wastewater can be increased by the TiO2 electrode
(nonnano-scale) around 4–6 mg L−1, but few DO is produced by
the nano-scale electrocatalytic electrode.
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