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a  b  s  t  r  a  c  t

A  cerium  doped  ternary  SnO2 based  oxides  anode  that  is CeO2–RuO2–SnO2 (Ce–Ru–SnO2)  anode,  was
prepared  by  facile  thermal  decomposition  technique.  XRD  was  used  to  characterize  the  crystal  struc-
tures of  modified  SnO2 anodes.  Electrochemical  impedance  spectroscopy  (EIS)  and  accelerated  life  test
were also  utilized  to  study  the  electrochemical  property  of  Ce–Ru–SnO2 anode.  The  results  indicated  that
Ce–Ru–SnO2 anode  possessed  smaller  charge  transfer  resistance  and  longer  service  life  than  other  mod-
ified  SnO anodes.  Oxidants,  such  as  hydroxyl  radicals,  hydrogen  peroxide  and hypochlorite  ions were
eywords:
lectrochemical oxidation
ernary oxides
in dioxide
itrophenols
odification

2

determined.  Electrochemical  oxidation  of  nitrophenols  (NPs)  were  conducted  and  compared  with  previ-
ous studies.  The  degradation  of  nitrophenols  revealed  two  distinguishing  laws  for mononitrophenol  and
multinitrophenols.  The  Ce–Ru–SnO2 anode  is  considered  to be a  promising  material  for  the  treatment  of
organic  pollutants  due  to its  high  electrochemical  activity  and  benign  stability.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

The increasingly restricted limits for the discharge and disposal
f toxic and hazardous materials have required the development of
dvanced technologies to realize the effective treatment of various
astewaters. Traditional treatment methods, including biologi-

al, physical and chemical treatment are ineffective, and thus a
umber of alternative technologies have been investigated [1].
lectrochemical oxidation as a promising alternative, which can
e used for partial or total degradation of these refractory contam-

nants, has been intensively studied recently [2–4], attributed to its
any distinctive advantages including environmental compatibil-

ty, versatility, energy efficiency, safety, selectivity, amenability to
utomation and cost effectiveness.

One of the foremost parts of electrochemical oxidation is
bviously the electrode material. The major drawbacks of tra-

itional electrode materials, such as Au, Pt, graphite and glassy
arbon, include high cost and low stability, as well as slow degra-
ation rate in the electrochemical oxidation process [5].  Since Beer
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[6] developed dimensionally stable anodes (DSAs), these have been
studied due to their good stability and catalytic activity [7,8]. SnO2
is one the most widely investigated anode materials for electro-
chemical oxidation [9,10].  Pure SnO2 is an n-type semiconductor
with a band gap of about 3.5 eV and exhibits a very high resistivity
at room temperature; thus cannot be used as an electrode material
directly [11]. However, its conductivity can be improved signif-
icantly by doping antimony, ruthenium, iridium and rare earth
elements [10,12,13].  In the electrochemical application, Sb is the
most common dopant for SnO2 due to its low cost and high elec-
trochemical activity [14,15]. However, the major shortcoming of
SnO2–Sb2O5 anode is its short lifetime despite the high perfor-
mance for pollutant oxidation [16]. In the recent years, researchers
have made numerous efforts to prolong the life time of SnO2 based
anodes, including (i) addition of additive metal oxides into the coat-
ing [17] and (ii) introduction of an interlayer between the substrate
and coating [18]. It is well known that the addition of ruthenium
and iridium could enhance the life time of SnO2 based anodes but
reduce their electrochemical activity for pollutants elimination.

Rare earth oxides, as powerful oxidants, can catalytically decom-
pose organics readily [19], and have been widely employed as
catalysts for oxidation reaction in fuel cell [20]. Recently, some

rare earth oxides were introduced into PbO2 and SnO2 electrodes
to enhance their electrochemical capacities [21,22]. Together with
high catalytic activity, CeO2 is also characteristic of high ther-
mal  stability, electrical conductivity and diffusivity [23]. Ceria is a

dx.doi.org/10.1016/j.jhazmat.2012.01.090
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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373 K, followed by calcinations at 823 K for 5 min. These processes
were repeated for ten times. A final annealing was then done at
823 K for 1 h within the O2 atmosphere to complete the fabrica-
Y. Liu et al. / Journal of Hazardou

uorite oxide, whose cation can switch between +3 and +4 oxi-
ation states. From an experimental point of view, addition of a
odulating oxide (e.g. CeO2) is able to modify the redox level, thus

ermitting to modulate the electronic properties of electrocatalyst
24]. As discussed in several contributions [25], CeO2 is a promising
andidate to modulate the electrochemical properties of oxide elec-
rodes due to its high Ce(III)/Ce(IV) redox potential. This stimulates
s to think that cerium oxide together with ruthenium oxide may
e interesting candidate dopants in modification of SnO2 anode.

Nitrophenols (NPs) are among the most common and versatile
ndustrial organic compounds with extensive application as pes-
icides, pigments, dyes, pharmaceuticals and explosive materials.
hese compounds detected in urban and agricultural wastes are
nthropogenic, toxic, inhibitory and bio-refractory organic com-
ounds [26] and are considered as hazardous substances and
riority toxic pollutants by the United States Environmental Pro-
ection Agency (USEPA) [27]. The degradation of NPs by biological
reatment is difficult and requires long incubation time since the
resence of nitro-group which causes the aromatic compound a
trong chemical stability and resistance to microbial degradation
28]. Hence, it is of significant importance to develop new treat-

ent technologies for the decomposition and mineralization of
hese organic contaminants in wastewater. Up until date, alter-
ative approaches especially advanced oxidation processes (AOPs)
ave been intensively investigated [29,30]. However, limited num-
er of studies focuses on electrochemical oxidation (ECO), which is
ne of the most effective AOPs.

The present work aimed to prepare a suitable anode with high
erformance and long service time for electrochemical oxidation of
itrophenols. A cerium and ruthenium doped ternary SnO2 based
xide anode (Ce–Ru–SnO2) was carefully prepared by thermal
ecomposition technique and examined by means of SEM, XRD
nd electrochemical impedance spectroscopy (EIS). The electro-
hemical activity of Ce–Ru–SnO2 anode was investigated in terms
f oxidants yields and degradation of nitrophenols.

. Experimental

.1. Materials

High-purity (99.5%) titanium plates with a reaction area of
0 cm2 (5 cm × 1 cm)  were selected as the metal matrix. A stain-

ess steel sheet with the same area as the titanium sheet was used
s a cathode. All chemical reagents were analytical grade and used
s received without further purification. Solutions were prepared
sing deionized Milli-Q water.

.2. Analysis

The crystalline structures of modified SnO2 anodes were exam-
ned using a D/max-rB X-ray diffraction with Cu K� radiation
� = 1.5405 Å).

Electrochemical behaviors of modified SnO2 anodes were tested
ith a standard three-electrode cell using a computer control
otentiostat/galvanostat model 263A (Princeton Applied Research)
t room temperature. Modified SnO2 anodes, a platinum sheet
nd a saturated calomel electrode were used as working elec-
rode, counter electrode and reference electrode, respectively. The
xposed geometric area of the working electrode was 1 cm2. Elec-
rochemical impedance spectroscopy (EIS) measurements were
arried out in 50 mg  L−1 of o-NP as a function of frequency. At a

onstant potential, the frequencies swept from 100 kHz to 10 mHz
ith an applied sine wave of 10 mV  amplitude. The open-circuit
otential was examined in 0.1 M Na2SO4 and 0.01 M NaCl mixed
queous solution.
erials 213– 214 (2012) 222– 229 223

The stability of modified SnO2 anodes was  tested by means of
accelerated life test, which was  described as below [31]. The mod-
ified SnO2 anodes, stainless steel sheet and a saturated calomel
electrode were used as working electrode, counter electrode and
reference electrode, respectively. The test was  conducted at a con-
stant anodic current density of 1 A cm−2 in the electrolyte of 3 M
H2SO4, keeping the cell temperature at 298 K. During the test, the
variation of potential was measured. In the present work, the span
from beginning to inflexion point of the curve cell voltage vs time
was  defined as the service life of anode.

The oxygen evolution overpotential (OEP) of modified SnO2
anodes was measured by means of linear sweep in 0.5 M H2SO4 at a
scan rate of 10 mV  S−1. The potentials corresponding to the inflex-
ion point of linear polarization curves were defined as the oxygen
evolution overpotential. The detail procedure for determination of
OEP could be found elsewhere [21].

The concentration of NPs was measured with a high perfor-
mance liquid chromatograph. The detail operating parameters
could be seen elsewhere [2,32].  The determination of concentration
of phenol followed the traditional spectrophotometry. The details
about the determination of hydroxyl radicals, hydrogen peroxide
and total oxidants could be found elsewhere [32]. The concentra-
tion of hypochlorite ion was  obtained as difference between the
concentration of total oxidants and hydrogen peroxide.

COD was  measured by a titrimetric method using dichromate as
the oxidant in acidic solution at 458 K for 2 h (Hachi). According to
COD, The average current efficiency and specific energy consump-
tion were calculated.

The average current efficiency (ACE, �) of each PbO2 electrode
was  calculated as the following equation,

� = (COD0 − CODt)FVL

8I�t1000
× 100(%) (1)

where COD0 and CODt are the initial and final amount of COD
(mg  O2 L−1), F is the Faraday constant (96487 C mol−1), VL is the
volume of electrolyte solution (L), �t  is the degradation time (s),
and I is the current intensity (A).

The specific energy consumption (E) of each PbO2 electrode was
also calculated and expressed in the following equation,

E = VI�t

(COD0 − CODt)VL
(kWh gCOD−1) (2)

where COD0 and CODt are the initial and final amount of COD
(mg  O2 L−1), V is the average cell potential (V), I is the current (A),
and VL is the volume of electrolyte solution (L).

2.3. Preparation of modified SnO2 anodes

A set of modified SnO2 anodes were prepared using the ther-
mal  decomposition technique, including SnO2–Sb2O5, SnO2–RuO2,
Ce–Sb–SnO2 and Ce–Ru–SnO2. The pre-treatment of titanium
plates could be found in our previous study [33].

As for the preparation of SnO2–Sb2O5 anode, the precursor con-
tained amount of SnCl4·H2O and SbCl3 (molar ratio of Sb/Sn was
1/8) dissolved in 10 mL  of 2-proponal–HCl mixture. The precursor
was  painted onto the pretreated Ti substrates using a brush tech-
nique, with excess solvent being evaporated under infrared light at
tion process. With respect to other modified SnO2 anodes, certain
amount of RuCl3·3H2O and Ce(NO3)3 were added into the precur-
sors. The subsequent processes were the same as the above. The
molar ratios of Ce/Sn and Ru/Sn were 1/100 and 1/10, respectively.
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ig. 1. Variation of phenol removal (a) and COD removal (b) with time on different
odified SnO2 anodes.

.4. Electrochemical oxidation

The electrochemical oxidation experiments were carried out
y batch processes and the apparatus was mainly consisted of a
C power supply, a water bath equipped a magnetic stirrer and

 single-compartment glass reactor. The anode (modified SnO2
nodes) and cathode (stainless steel sheet) were positioned ver-
ically and parallel to each other with a distance of 1 cm.

As for the experiments for investigating the effect of contents of
erium and ruthenium on electrochemical activity of Ce–Ru–SnO2
nodes, as well electrochemical properties of Ce–Ru–SnO2 anodes,
he conditions included: phenol concentration was  500 mg  L−1

ith volume of 200 mL  without pH adjustment, current density was
0 mA  cm−2, reaction temperature was 303 K. In order to compare
ith our previous results, the operating parameters of electro-

hemical oxidation of NPs were identical to those of our preceding
tudy [33].

. Results and discussion

.1. Electrochemical activity of Ce–Ru–SnO2 anode

The change of phenol removal with electrolysis time on dif-
erent modified SnO2 anodes is depicted in Fig. 1a. It can be
een in this figure that Ce–Ru–SnO2 anode displayed higher phe-
ol degradation efficiency than others. As the electrolysis time
eached 300 min, complete elimination of phenol was  achieved on
e–Ru–SnO2 anode. With respect to SnO2–RuO2 anode, more than
5% of phenol was decomposed after 300 min  electrolysis. While
s for SnO2–Sb2O5 anode, the removal ratio was no more than 88%.
specially, the Ce–Sb–SnO2 anode demonstrated the worst per-
ormance for phenol degradation, only 59% of this compound was
ecomposed at the end of electrolysis. However, in the first 10 min,
ne observed that SnO2–Sb2O5 anode displayed a fine electrochem-

cal activity. During this period, the phenol removal of SnO2–Sb2O5
node was identical to that of Ce–Ru–SnO2 anode. The possible
eason might be ascribed to the fact that as the electrolysis pro-
eeding, the activity of SnO2–Sb2O5 anode decreased gradually,
Fig. 2. Variation of cell voltage with time (a), energy consumption (b) and current
efficiency (c) of different modified SnO2 anodes.

which resulted in the gradually increasing discrepancy of removal
ratio in comparison with Ce–Ru–SnO2 anode. As shown in Fig. 1b,
the trend of variation of COD removal for each SnO2 anode was
similar to that of phenol mineralization. The final COD removals
after 2 h electrolysis for Ce–Ru–SnO2, SnO2–RuO2, SnO2–Sb2O5 and
Ce–Sb–SnO2 anodes were 86%, 77%, 70% and 66%, respectively. The
time dependant COD removal of Ce–Ru–SnO2 anode was higher
than others’, which was indicative a higher activity of Ce–Ru–SnO2
anode than others. According to these results, it could elucidate that
the incorporation of cerium improved the electrochemical activity
of SnO2–RuO2 anode, but depressed that of SnO2–Sb2O5 anode.

Fig. 2a presents the variation of cell voltage of these four kinds
of modified SnO2 anodes during electrolysis. The average cell volt-
ages of SnO2–RuO2 and Ce–Ru–SnO2 anodes were lower than those
of two  others, as depicted in this figure. Furthermore, it also can
be seen from this figure that the cell voltages of SnO2–RuO2 and
Ce–Ru–SnO2 anodes kept constant in the process of electrolysis,
while the cell voltages of SnO2–Sb2O5 and Ce–Sb–SnO2 anode
ascended incessantly. It implied that the stabilities of SnO2–RuO2
and Ce–Ru–SnO2 anodes were superior to that of SnO2–Sb2O5
anode, which was characteristic of short life time as reported in
previous studies [34].
On the basis of COD removal and cell voltages, the energy con-
sumption and current efficiency of these four modified SnO2 anodes
were calculated and presented in Fig. 2b and c, respectively. One
can see from Fig. 2b that the energy consumptions of SnO2–RuO2
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Table  1
Oxygen evolution overpotentials of different modified SnO2 anodes.

SnO2–Sb2O5 Ce–Sb–SnO2 SnO2–RuO2 Ce–Ru–SnO2
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Fig. 3. X-ray diffraction patterns of modified SnO2 anodes: (a) SnO2; (b) Sb2O5; (c)
RuO2; (d) CeO2.

Table 2
Crystal sizes of modified SnO2 anodes.

Modified SnO2 anodes Crystal size (nm)

Ti/SnO2–Sb2O5 25.0347

lifetime of anodes, which was consistent of literatures [12]. What is
more, the service life of Ce–Ru–SnO2 anode was  even higher than
that of SnO2–RuO2 anode. It might be ascribed to the reason that
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SnO2-RuO2

SnO2-Sb2O5

Ce-Ru-SnO2
OEP/V/vs SCE 1.66 1.59 1.60 1.58

nd Ce–Ru–SnO2 anodes were lower. Specifically speaking, if 1 kg of
OD was treated, the Ce–Ru–SnO2 anode would cost 34 kwh of elec-
ricity, but SnO2–Sb2O5 anode would cost 62 kwh of electricity. In
ther words, it would save half of cost by using Ce–Ru–SnO2 anode
or the treatment of wastewater in comparison with SnO2–Sb2O5
node. In addition, as shown in Fig. 2c that Ce–Ru–SnO2 anode
isplayed the highest current efficiency (33.61%) among the four
nodes. Therefore, it could be inferred that the Ce–Ru–SnO2 was a
ost effective anode material.

The OEP of these modified SnO2 anodes were measured and
isted in Table 1. The OEP of SnO2–Sb2O5 anode was  the highest
f all that is 1.66 V (vs SCE), which was in agreement of literature
35]. However, the OEPs of other modified anodes were some-
hat lower. The OEPs of Ce–Sb–SnO2, SnO2–RuO2 and Ce–Ru–SnO2

nodes were 1.59 V, 1.60 V and 1.58 V (vs SCE), respectively. In spite
f the lower OEP of Ce–Ru–SnO2 anode, its phenol removal was
etter than that of SnO2–Sb2O5 (as shown in Fig. 1). The possible
eason may  be as follows. In the course of galvanostatic electrolysis,
he cell voltage was associated with the potential of electrodes and
lectrolyte resistance. The cell voltage could be simply described
s the following equation: Ecell = Etheo + Eover + Esystem, where Ecell
s the cell voltage, Etheo is the theoretic electrolysis potential, Eover

s the summary of overpotential of anode and cathode and Esystem

s the summary of voltage loss deriving from electrolyte resistance
nd wire resistance. With regard to the same electrochemical cell,
he theoretic electrolysis potential, electrolyte resistance and wire
esistance showed negligible difference among different modified
nO2 used as anodes. Therefore, the different value of cell volt-
ge originated from the different overpotential. Due to the same
athode used and same cathodic reaction took place, the cathodic
verpotential was considered as a constant among the four elec-
rolysis systems where different anodes were used. Consequently,
he different overpotential was from the different anodic over-
otential, which also implied that the different cell voltage was
esulted from the difference anodic overpotential. The cell voltage
f SnO2–Sb2O5 anode was higher than that of Ce–Ru–SnO2, herein,
he overpotential of SnO2–Sb2O5 anode was also higher than that
f Ce–Ru–SnO2. The value of anodic overpotential was related to
he extent of oxygen evolution. The larger the anodic overpotential
as, the more violent the oxygen evolution reaction would take
lace, which was a competing reaction for organics oxidation and
epressed the phenol electrochemical oxidation. The smaller cell
oltage observed when Ce–Ru–SnO2 was used as anode resulted in
ower anodic overpotential, which was in favor of the electrochem-
cal oxidation of phenol. Therefore, it could be the reason for why
he OEP of Ce–Ru–SnO2 anode was lower but the phenol removal
fficiency was higher than SnO2–Sb2O5 anode.

By the way, according to the above results, Ce–Sb–SnO2 anode
as no longer under consideration in the subsequent studies.

.2. Crystal structures of Ce–Ru–SnO2 anode

Fig. 3 presents the XRD patterns of the modified SnO2 anodes.
he diffraction peaks revealed that SnO2 was in the form of tetra-
edral crystalline. According to the XRD patterns of SnO2–RuO2

nd Ce–Ru–SnO2 anodes, the diffraction peaks corresponding to
uO2 and CeO2 were observed, which indicated that ruthenium
nd cerium existed in the form of their oxides by the present prepa-
ation technique. The crystal sizes of modified SnO2 anodes were
Ti/SnO2–RuO2 23.2659
Ti/Ce–Ru–SnO2 19.3669

calculated with Scherrer’s formula are presented in Table 2. The
result suggested that the incorporation of cerium could diminish
the size of crystals, which in turn was in favor of increasing the
specific surface area of Ce–Ru–SnO2 anode. According to the result
of literature [24], the different structure between CeO2 (cubic) and
SnO2 and RuO2 (rutile) would result in a smaller crystal size and
higher dispersion of oxides thus increasing the electrochemically
active surface area. As we  know, the electrochemical activity of
anode is related to its specific surface area. Consequently, the better
electrochemical activity of Ce–Ru–SnO2 anode was probably due to
its high specific surface area. Therefore, these would be attributed
to the higher electrochemical activity of Ce–Ru–SnO2 anode.

3.3. Electrochemical measurements of Ce–Ru–SnO2 anode

Fig. 4 presents the results of accelerated life tests of modified
SnO2 anodes. It can be seen from this figure that the service life of
SnO2–Sb2O5 anode was considerably short, i.e. 1.42 h, which was
in agreement with the results of previous studies [16]. Contrar-
ily, the service lives of ruthenium doped SnO2 anodes were 318 h
and 340 h for SnO2–RuO2 and Ce–Ru–SnO2 anodes, respectively. It
implied that the incorporation of ruthenium was able to prolong the
0 50 100 150 200 250 300 350 400

Electrolysis time / h

Fig. 4. Accelerated life tests of modified SnO2 anodes.
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ig. 5. Results of EIS (a) and equivalent circuit (b) of modified SnO2 anodes, constant
otential: SnO2–Sb2O5, 1.55 V (vs SCE), SnO2–RuO2, 1.45 V (vs SCE) and Ce–Ru–SnO2,
.4  V (vs SCE).

ompound like solid solution was formed in the course of annealing
f cerium, tin and ruthenium. It further formed a layer of compact
rotective film on the surface of anode, which was  able to allevi-
te the occurrence of corrosion, so as to enhance the capacity of
nti-corrosion of anode. The results of open-circuit potentials of
nO2–Sb2O5, SnO2-RuO2 and Ce–Ru–SnO2 anodes were 0.06, 0.11
nd 0.16 V (vs SCE, data not shown), respectively. It also indicated
hat the incorporation of cerium indeed improved the capacity of
nti-corrosion of anode.

EIS studies were employed for further investigation of elec-
rochemical properties of modified SnO2 anodes. Fig. 5a presents
he Nyquist plots for these anodes. In this figure, three well-
efined capacitance arcs for each anode were observed, which
uggested that reaction took place at its constant potential. As
hown in Fig. 5a, the plots displayed a semicircle patterns cov-
red the midfrequency and low frequency regions, which implied
hat mass diffusion control was negligible in the present systems.
s we know, all the OEPs were above the constant potentials, so

hat the reaction might include the direct oxidation of organic
ompound and/or discharge of water. EIS simulation results were
btained by fitting of experimental data using an equivalent cir-
uit model described by Adams et al. [17] as shown in Fig. 5b.
n this circuit, Rs presents the solution resistance, Q is the con-
tant phase element (CPE) for double-layer, and Rct is the charge
ransfer resistance, respectively. The simulation parameters of EIS
ata are listed in Table 3. The values of Q were all in the range
f 0.8–1.0 indicating that the CPE component was close to a
ure capacitor for all the anodes. The charge transfer resistance

ecreased in the order of: SnO2–Sb2O5 (55.88 � cm2) > SnO2–RuO2
6.623 � cm2) > Ce–Ru–SnO2 (5.095 � cm2). This indicated that the
ransfer of electrons was easier on the Ce–Ru–SnO2 anode, so that

able 3
IS simulating parameters of modified SnO2 anodes.

Rs (� cm2) Rct (� cm2) CPE (mF cm2) n

Ti/SnO2–Sb2O5 6.136 55.88 2.632 0.8533
Ti/SnO2–RuO2 6.335 6.623 19.42 0.8055
Ti/Ce–Ru–SnO2 6.056 5.095 31.13 0.8281
Fig. 6. Trends of fluorescence intensity (a), concentration of H2O2 (b), concentration
hypochlorite ion (c) with time on modified SnO2 anodes.

this anode possessed higher electrochemical activity [34]. Combing
with the results presented in Table 1 and Fig. 2a, the results of EIS
indicated that despite of the slight lower OEP of Ce–Ru–SnO2 than
SnO2–Sb2O5, the significantly smaller charge transfer resistance of
the former still guaranteed its superior electrochemical activity to
the latter.

3.4. Oxidants analysis

According to our previous study [33], the yield of oxidants would
indirectly reflect the electrochemical activity of electrodes. The
evolutions of concentrations of oxidants are presented in Fig. 6.
Above all, as shown in Fig. 6a, the yield of hydroxyl radicals of
SnO2–RuO2 anode was much less than that of two  other anodes,
which might be due to the intrinsic nature of RuO2. This oxide
has been widely investigated as the catalyst for oxygen or chlo-
rine production for a long time [36]. Incorporation of this oxide
into the film of SnO2 anode would enhance the evolution of oxygen
or chlorine, resulting in decreasing the generation of hydroxyl radi-
cals. The result presented in Fig. 6c also confirmed that SnO2–RuO2
anode was  in favor of the formation of chlorine, because one of
the ways corresponding to the formation of hypochlorite ions was

the hydrolyzation of chlorine. Therefore, an indirect implication for
easier evolution of chlorine on SnO2–RuO2 anode than other anodes
was  illustrated in terms of these data. The similar phenol mineral-
ization of SnO2–RuO2 anode to Ce–Ru–SnO2 anodes observed in
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Fig. 7. Variations of NPs removal as a function of electrolysis time at Ce–Sb–SnO2
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Fig. 8. Relationship between rate constant k and Hammett’s constant (�) of NPs at

agreement with other literatures [29], that is the larger the Ham-
mett constant was, the faster the degradation rate of NPs was.
Hydroxyl radical is characteristic of strong electrophilic, and attacks
those groups or carbon atom of the aromatic ring with high electron

Table 4
Pseudo-first-order rate constants k of NPs as well as their Hammett constants (�).

NPs k (min−1) Correlation coefficient R2 �

o-NP 0.1232 0.9937 1.24
m-NP 0.1083 0.9622 0.71
p-NP 0.1146 0.9952 0.78
nodes: (a) mononitrphenols; (b) multinitrophenols.

ig. 1 was due to fact that phenol was decomposed by hypochlo-
ite ion, which was also a strong oxidative species and able to
ecompose organic compounds, generated on SnO2–RuO2 anode.
herefore, despite of the low concentration of hydroxyl radicals
f SnO2–RuO2 anode, the higher amount of hypochlorite ion also
erified its similar electrochemical activity to that of Ce–Ru–SnO2
node.

On the other hand, ruthenium was also doped into Ce–Ru–SnO2
node, but this anode displayed the largest yield of hydroxyl rad-
cals of all the modified SnO2 anodes. This result suggested that
he incorporation of cerium resulted in a great enhancement of
lectrochemical activity of SnO2–RuO2 anode. Cerium played the
ole of active centers on Ce–Ru–SnO2 anode, so that the number
f active sites, which could adsorb water and cause them dis-
harge to form hydroxyl radicals was increased. It was probable
hat cerium and ruthenium played different roles on Ce–Ru–SnO2
node. The former was able to improve the electrochemical activ-
ty, and the latter facilitated the enhancement of stability of
node. In addition, the amounts of both hydrogen peroxide and
ypochlorite ions of Ce–Ru–SnO2 anode were higher, which also

ndicated the outperformed electrochemical performance for this
node.

.5. Electrochemical oxidation of nitrophenols on Ce–Ru–SnO2
node

The Ce–Ru–SnO2 anode was used for the electrochemical oxida-
ion of nitrophenols, and the results were presented in Fig. 7. It can
e seen from this figure that all the nitrophenols except 2,4,6-TNP
ere completely decomposed at the end of electrolysis. The regres-

ion analysis of the concentration curves versus reaction time

ndicated that the decay of these NPs could also be described by the
seudo-first order kinetics formula with respect to NP concentra-
ion: dCNP/dt = −CNP. The pseudo-first-order rate constants listed
n Table 4 suggest that the degradation of NPs lies in the order:
Ce–Sb–SnO2 anodes.

o-NP > p-NP > m-NP > 2,5-DNP > 2,4-DNP > 2,6-DNP > 2,4,6-TNP. In
the view of global reaction rates, the degradation of NPs is in
the order: mononitrophenols > dinitrophenols > trinitrophenols,
which is consistent of the results of Ti/Bi–PbO2 anode [2,32].
This result revealed a law that if the kinds of substituents on the
aromatic rings are identical, larger number of substituents would
result in smaller degradation rates.

On the basis of previous studies [32,37], nitro-group has been
testified to have effect on properties of NPs in terms of its number
and position on aromatic rings. The Hammett constant represents
the effect that the various substituents have on the electronic char-
acter of a given aromatic system [38]. Hammett constant (�) of
multi-substituted nitrophenol (shown in Table 4) was  calculated as
a sum of �’s of nitro groups, adopting the values 0.71, 0.78 and 1.24,
respectively, for meta-, para- and ortho-positions [39]. The larger
value corresponded to stronger electron-withdrawing capacity of
groups. Some researchers concluded that the degradation phenolic
compounds followed the law of Hammett constant, i.e. the degra-
dation rate had a linear relationship with the value of Hammett
constant. Ksibi et al. [40] reported their investigation on the rela-
tionship between Hammett constant and the degradation of three
NPs with different number of nitro-group on aromatic rings. They
pointed out that the smaller the Hammett constant was, the faster
the compounds were decomposed. In other words, the more the
number of substituent was, the more difficult it could be oxidized.
Zhu et al. [37] also studied the relationship between Hammett con-
stant and the nature of p-substituted phenols with different kinds
of substituents. They came out an opposite conclusion that the
degradation rate of p-substituted phenols raised with an increase
of Hammett constants.

However, in the present work, as shown in Fig. 8 and Table 4,
two  distinctive laws about the relationship between rate constants
of NPs and Hammett constant were observed. On one hand, with
respect to mononitrophenols, the result of the present work was in
2,4-DNP 0.0908 0.9476 2.02
2,5-DNP 0.0921 0.9830 1.95
2,6-DNP 0.0576 0.9934 2.48
2,4,6-TNP 0.0269 0.9954 3.26
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ensity preferentially. The electron-donating substituent, pheno-
ic OH group, increase the electron density at ortho and para
ositions, while electron-withdrawing substituent, NO2 group,

s strongly deactivating the meta position. When both these sub-
tituents ( OH and -NO2) are present, the electrophilic attack will
ccur preferentially at ortho and para positions. In addition, due
o the existence of electron-withdrawing substituent, i.e. NO2
roup, the reducibility of aromatic rings was reinforced. Therefore,
he larger Hammett constant would result in a greater reducibil-
ty of aromatic ring. As a result, the compound was more readily
o be attacked by hydroxyl radicals. Consequently, it inferred that
he attack and substitution towards hydrogen atoms on aromatic
ings by hydroxyl radicals should be involved in the first stage of
lectrochemical oxidation of mononitrophenols on Ce–Ru–SnO2
node.

On the other hand, with respect to multinitrophenols, a different
egradation law between the rate constants and Hammett con-
tants was revealed as depicted in Fig. 8. This result was completely
ontrary to that of mononitrophenols, but in agreement with previ-
us study [40]. Besides the substitution towards hydrogen atom on
he aromatic rings by hydroxyl radical, there ought to be another
ossible reaction, i.e. the substitution of nitro groups, in the course
f the attack of hydroxyl radicals to aromatic rings. As a conse-
uence, the reaction took place preferentially at those positions
ith higher electron density, including nitro groups, ortho and para
ositions of aromatic rings. The steric effect should be taken into
onsideration that it might play an important role in the course
f the attack of hydroxyl radicals to aromatic rings. For instance,
s for the molecular structure of 2,6-DNP, both nitro groups were
n the two ortho positions of aromatic ring and aside phenolic
ydroxyl group. Therefore, it was difficult for hydroxyl radicals to
ttack these nitro groups, whereas the para position of aromatic
ing. With respect to the structure of 2,5-DNP, hydrogen atoms on
rtho and para positions and nitro group on meta position would
e readily attacked by hydroxyl radicals. While for 2,4-DNP, hydro-
en atom on ortho position and nitro group on para position were
nder the potential attack by hydroxyl radicals. As for 2,4,6-TNP, it
as the largest steric resistance due to its complex molecular struc-
ure, so that it was hard to be decomposed. Generally speaking,
he substitution of hydrogen atoms and nitro groups on aromatic
ings by hydroxyl radicals should be involved in the initial stage
f electrochemical oxidation of multinitrophenols on Ce–Ru–SnO2
node.

. Conclusions

The result of XRD revealed that the incorporation of cerium
ould diminish the crystal size of modified SnO2 anode. The
esults of accelerated life test indicated that the service life of
e–Ru–SnO2 anode was longer than that of traditional SnO2–Sb2O5
node. The result of EIS suggested that Ce–Ru–SnO2 anode had
maller charge transfer resistance than others, which indicated
hat electrons were believed to transfer more readily on the
e–Ru–SnO2 anode. The amount of hydroxyl radicals generated
n Ce–Ru–SnO2 anode was larger than that of other modified
nO2 anodes, indicating that Ce–Ru–SnO2 anode has a higher elec-
rochemical activity. Nitrophenols could be effectively eliminated
n Ce–Ru–SnO2 anode. The degradation of NPs lies in the order:
-NP > p-NP > m-NP > 2,5-DNP > 2,4-DNP > 2,6-DNP > 2,4,6-TNP. The
elationship between rate constants of nitrophenols and their

ammett constants revealed two distinguishing laws for monnitro-
henols and multinitrophenols. Therefore, the Ce–Ru–SnO2 anode

s considered to be a promising material for the treatment of organic
ollutants due to its high electrochemical activity and benign sta-
ility.
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