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a b s t r a c t

The electrochemical oxidation of phenolic wastewater in a lab-scale reactor, packed into granular acti-
vated carbon (GAC) with Ti/SnO2 anodes and stainless steel cathodes, was interpreted in this study. GAC
saturated rapidly if it was only used as sorbent, but application of suitable electric energy for the system
simultaneously could recover the adsorption ability of GAC and maintain the continuous running effec-
tively. The titanium dioxide (TiO2) as catalyst and airflow were also applied to the electrochemical reactor
eywords:
inetics
lectrochemical oxidation
eration
acked bed reactor (PBR)

to examine the enhancement for phenol oxidation process. Results revealed that the electrochemical
degradation of phenol could be reasonably described by first-order kinetics. In addition, it was illustrated
that acid region, increased voltage, more dosage of TiO2 and higher aeration intensity were all benefi-
cial parameters for phenol oxidation rates. By inspecting the relationship between the rate constants (k)
and influencing factors, respectively, an overall kinetic model for phenol oxidation was proposed. The
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ate constants kinetics obtained from th
an accurate estimation of

. Introduction

The hydroxyl radicals (OH•) with an exceptional oxidizing power
1,2] have been considered as an effective oxidant for complete
ombustion of organic pollutants, especially for both phenol and
ts derivates. Based on the chemical structures and characters of
ollutants, many methods such as Fenton oxidation [3,4], photo-
hemical oxidation [5–7] or direct electrochemical oxidation [8–10]
ere used to eliminate these types of contaminations from raw
ater of several chemical industries. The processes are presented

s effective, selective, economical, and clean alternatives for deal-
ng with wastewaters bearing high loads of organic compounds,
specially for some bio-refractory organic pollutants such as phe-
ol and its derivates with privileges of fewer or no reagents, simple
ater disposal, less acreage, running conveniently and less sludge,
tc. [11]. However, only low removal yields can be achieved by
hese ways. Furthermore, others problems, which are related to the
igh stability of most organic matters in water and to the hindered
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eriments under corresponding electrochemical conditions could provide
ol concentration effluent and better design of the packed bed reactor.

© 2008 Elsevier B.V. All rights reserved.

ass transfer to the hydroxyl radicals, are responsible for rather
ow space-time yields and high costs for wastewater treatment.
onsiderably better results may be achieved using indirect electro-
hemical oxidation, where the pollutants are oxidized in the bulk
y a mediator in a high oxidation state. On the other hand, materials
ave high overpotential for oxygen evolution as anodes is the key
ontrolled way for enhancing the current efficiency during electro-
hemical oxidation process in packed bed reactor (PBR). Since the
iscovery of dimensionally stable anodes (DSAs) that could obtain
he retardation of oxygen evolution, much works have been carried
ut on preparing new type of DSAs for electrochemical applica-
ions [12]. For the semiconductive character of coated layer on DSAs,
eactive hydroxyl radicals are produced by water discharge at high
verpotentials, as interpreted by Eq. (1) [13,14]:

2O → OH• + H+ + e− (1)

s for the highly destructive ability of OH•, a proposed pathway for
henol degradation was suggested as follows [12,15]:

henol → benzoquinone → maleic acid + CO2 (2)
t is easier for maleic acid to be oxidize to carbon dioxide, thus the
verall reactions are interpreted as Eq. (3) [16].

6H5OH
28OH•
−→ 6CO2 + 17H2O (3)

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wlzh0731@126.com
mailto:ymzhao@cumt.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.03.034
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t is considerably pointed out that benzoquinone (shown in Eq. (2)),
hich is more hazardous than phenol, is easily formed and should

e completely oxidized to CO2 and water by adequate OH•.
From analysis above, the problem is to be recognized that some

ays, including catalyst must be conducted to enhance the genera-
ion of OH•. The purpose of this study was to provide effective ways
or enhancement of the generation of hydroxyl radicals to obtain
ompletely oxidation of phenol using PBR. Ti/SnO2 anodes with
igh overpotential were used for resisting water oxidation so as
o increase the current efficiency. For increasing the oxidation rate
f phenol, TiO2 as catalyst and airflow for speeding mass transfer
nd supplying the essential oxygen were also used. Using different
osage of TiO2 and aeration intensity (described by air–liquid ratio,
LR), kinetic modeling incorporate with variety of voltage, dosage
f TiO2 and applied ALR was obtained to determine the oxidation
ate of phenol. The acquirement of relationship between removal
fficiency and applied voltage, dosage of TiO2 or applied ALR could
ive an integrated estimation of phenol concentration effluent.
he expected advantages from this modification were as follows:
imultaneous reaction of adsorption by granular activated carbon
GAC) and completely oxidation by hydroxyl radicals generated
uring electrode process; utilization of DSAs anodes for lowering
xygen evolution in order to increase current efficiency; lowered
nergy consumption using catalyst and airflow for enhancing the
henol oxidation efficiency; selection of reaction conditions on the
asis of higher phenol elimination in both stages of the operation;
n accurate estimation of phenol concentration effluent by the
ffective kinetics.

. Experimental
.1. Materials and chemicals

Distilled water was used for the preparation of synthetic
astewater and phenol was obtained from Merck (99.5% pure). The

s
s
2
w
b

Fig. 1. Schematic design of an electrolysis labo
Materials 160 (2008) 608–613 609

eagents containing sulphuric acid (H2SO4) and sodium hydroxide
NaOH) used for the experiments and analysis were obtained in
xtra pure condition. TiO2 (Degussa P25) purchased from Aldrich
as used in suspension as catalyst. Ti/SnO2 material and stainless

teel were used for anodes and cathodes, respectively. Titanium
lectrodes with high congregation of OH• [17] have an area of
0 cm × 20 cm doped SnO2 with thickness of 3 �m [18] used in the
uns were manufactured by Flag Corporation, China. The DC electric
otor from Huatai Company, China, with type of WWL-LDX could

rovide voltage ranged between 0 and 30 V. The granular activated
arbon with iodine adsorption value of 1000 mg/g, purchased from
uaxin Company, China, has an average particle size of approxi-
ately 2 mm, a specific surface of 1028 m2/g according to the BET
ethod and a specific weight of 0.375 kg/L. The 5.25 kg GAC was

eethed in distilled water for the discharge of air filled in interstices
f all the particles.

.2. Experimental set-up

A continuous electrochemical reactor constructed by poly-
ethyl methacrylate plastics was designed in our laboratory with
orking volume, length, breadth and height of 14 L, 20 cm, 20 cm

nd 35 cm, respectively. Anodes and cathodes were fixed in the
eactor with the gap of 5 cm. GAC filled between anode and cathode
ith the height of 35 cm is easily repolarized as another electrode

ecause of the electric field with high gradient. A micropore
late was installed in the reactor for homogeneous distribution
f raw water, TiO2 suspension and air; it also could support the
eight of GAC and electrodes. Fig. 1 shows a schematic view of the

lectrolysis cell. Our reactor is characterized by very high specific

urface areas and space-time yields, and can be operated as bipolar
ystem. Electrolyses were carried out at constant temperature,
5 ± 1 ◦C. Two water-jacketed reservoirs (8 L) were used for raw
ater and TiO2 suspension, and the temperature was controlled
y circulating water recycled from a temperature controlled water

ratory plant for wastewater treatment.
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Table 1
Design of the experiments

Test Description U (V) Current (A) pH value ALR, air–liquid ratio TiO2 concentration (g/L)

1

A (adsorption) 0 0 6.5 0 0
B (U) 20 40 6.5 0 0
C (U + ALR) 20 40 6.5 1.2 0
D (U + TiO2) 20 40 6.5 0 0.5
E (U + ALR + TiO2) 20 40 6.5 1.2 0.5

2

pH 3.4 20 40 3.4 0 0.5
pH 6.5 20 40 6.5 0 0.5
pH 8.2 20 40 8.2 0 0.5
pH 10.3 20 40 10.3 0 0.5

3

U = 8 8 14.5 6.5 0 0
U = 12 12 22.3 6.5 0 0
U = 16 16 30.7 6.5 0 0
U = 20 20 40 6.5 0 0
U = 25 25 47.2 6.5 0 0

4

ALR = 0 20 40 6.5 0 0
ALR = 0.6 20 40 6.5 0.6 0
ALR = 1.2 20 40 6.5 1.2 0
ALR = 3.0 20 40 6.5 3.0 0
ALR = 4.2 20 40 6.5 4.2 0

TiO2 = 0 20 40 6.5 0 0
TiO2 = 0.25 20 40 6.5 0 0.25
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ning until the increasing trend gets very slow, which indicates that
the GAC bed is close to reaching its maximum adsorption capac-
ity. Seen from the curve (A), it is obvious that the phenol removal
efficiency is independence of the residence time of wastewater but
5 TiO2 = 0.40 20 40
TiO2 = 0.50 20 40
TiO2 = 0.60 20 40

ath monitored with glass thermometers. Pumps were used to
ump wastewater, TiO2 suspension and air to the PBR in trickle
ode.

.3. Experimental procedure

During the experimental period, a total of five sets of tests were
esigned (Table 1) with different purposes under constant initial
henol concentration of 1603.5 mg/L. The first set of tests was con-
ucted under different experimental conditions including applied
oltage, aeration intensity and addition of catalyst (TiO2) under
onstant pH value of 6.5 of raw water while the secondary set
f tests was carried out under the varied pH values which were
djusted by adding H2SO4 or NaOH in the reservoir before pumped
nto the PBR. The third set of tests was performed with various
pplied voltage of 8, 12, 16, 20 and 25 V to identify the effect on
henol electrochemical oxidation efficiency with pH 6.5. In order to
etermine the enhancement of phenol degradation by the addition
f air and catalyst, the fourth and fifth sets of the tests were carried
ut to obtain the relationship between different air–liquid ratios,
osage of TiO2 and rate constants. The airflow rate and flow rate
f TiO2 suspension could be calculated by different reaction times.
ll the experiments were operated without any pH adjustment of
ffluent. The resulting solutions were filtered to remove any traces
f GAC and then were analyzed for phenol concentration.

.4. Analytical methods

Concentration of phenol was measured by standard method
ased on spectrophotometric analysis at 510 nm of the devel-
ped color resulting from the reaction of phenol with 4-

minoantipyrence and the phenol removal rate was calculated by
(C0 − Ct)/C0] × 100%, where C0 and Ct are phenol concentration of
aw water and at time t. The pH value of all solutions and samples
ere determined according to standard methods for the examina-

ion of water and wastewater [19].

F
c
[
U

6.5 0 0.40
6.5 0 0.50
6.5 0 0.60

. Results and discussion

.1. Electrochemical oxidation of phenol under different
xperimental conditions

Fig. 2 illustrates the results of the reduction of phenol concen-
ration under various experimental conditions. Curve (A) in Fig. 2
hows the dependence of phenol concentration outlet on different
esidence time in GAC bed without applied cell voltage, airflow or
iO2. In other words, it is a type of adsorption curve for phenol
limination under continuous water flows. At the beginning of the
dsorption process, most of phenol numerators could be adsorbed
y fresh GAC particles and the removal efficiency reaches 55%. The
henol concentration rapidly increases with the continuous run-
ig. 2. Changes of phenol concentration with time under different experimental
onditions [operating conditions: pH 6.5, temperature = 25 ± 1 ◦C, (A) U = 0, ALR = 0,
TiO2] = 0; (B) U = 20 V, ALR = 0, [TiO2] = 0; (C) U = 20 V, ALR = 1.2, [TiO2] = 0; (D)
= 20 V, ALR = 0, [TiO2] = 0.5 g/L; (E) U = 20 V, ALR = 1.2, [TiO2]=0.5 g/L].
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0.0164 min under the cell voltage of 25 V. The latter is about two
times higher than the former. These enhancement effects are for
the increase in the driving force for the electrons transfer of the
electrode reaction, in addition to the increase of current, which is
attributed to the increase of ionic transport so as to increases the
L. Wang et al. / Journal of Haza

ffected by the adsorption characteristic of the fresh GAC. The other
urves in Fig. 2 show the electrochemical oxidation results of phe-
ol with applied voltage U, U and catalyst TiO2 of 0.5 g/L, U and ALR
f 1.2, U and catalyst TiO2 of 0.5 g/L and ALR of 1.2, respectively,
nder constant voltage of 20 V. The curves (B)–(E) all demonstrate
he phenol concentration effluent decreases with the increase of
eaction times under the constant cell voltage of 20 V, and the
ddition of TiO2 or airflow could obtain perfect enhancement of
henol removal efficiency. These experiments indicate that if the
henol removes only by adsorption of the GAC bed, the removal rate
ecreases rapidly and finally approaches zero due to the saturation
f the GAC. In contrast, the application of GAC as a bed electrode can
e expected to keep high phenol removal efficiency for wastewater
reatment during the continuous use of the bed electrode as long
s adsorption velocity and electrochemical oxidation velocity are
qual.

.2. Kinetic modeling for electrochemical oxidation of phenol

It is obvious that the curves (B)–(E) in Fig. 2 indicate the elec-
rochemical oxidation of phenol follows the first-order kinetic

odeling as expressed by Eq. (4) and these results are in accordance
ith previous literatures [11,20,21].

Ct

C0
= e−kt (4)

here C0, Ct are phenol concentration of raw water and at time t
mg/L), k is the first-order reaction rate constant (min−1), and t is
he reaction time (min).

During the oxidation process, electrochemical conditions play
he leading roles in phenol degradation even if without any catalyst
r airflow. In a word, the oxidation rate of phenol could be increased
y the function of TiO2 and airflow, but the efficiency of phenol
limination is controlled only by voltage and current applied to
he reactor in essence. Many previous papers reported that there
s a linear relation between applied current and phenol removal
ate under constant reaction time [15,16,22,23], furthermore, the
oltage and current could not be given a linear description [24,25]
ut a power relationship, which indicates the electric resistance of
he system is not a constant with the variety of applied voltage from
hese experiments.

Since the electrochemical oxidation of phenol could be
escribed by first-order kinetics even under the application of TiO2
nd airflow, as well as the proof in the cited literatures, it is assumed
hat the reaction rate constant (k) is considered being affected by
everal key factors, including voltage (U), dosage of TiO2 ([TiO2])
nd aeration intensity ([ALR]). A pure empirical form of Eq. (5) is
hen used to present their relations:

= f (U, TiO2, ALR) = m[U]a e(b[ALR]) e(c[TiO2]) (5)

here m, a, b and c are constants.
By Eq. (5), without addition of TiO2 and airflow, k is only affected

y applied voltage. The value for constant m could be obtained by
he data analysis of the relation between k and U.

.3. Effect of pH on electrochemical oxidation of phenol

The effect of different pH value of 3.4, 6.5, 8.2 and 10.3 on the oxi-
ation of phenol and the relationship between ln (Ct/C0) and time

t) was shown in Fig. 3. It can be seen that the reduction of phenol
oncentration in electrochemical solution is more efficient under
cidic environment than that of the alkaline ones and this phenom-
na was reported by Fockedey and Van Lierde [24] and Iniesta et al.
26].

F
u

ig. 3. Kinetic effects of pH on electrochemical oxidation of phenol under applied
oltage U = 20 V, pH 6.5, temperature = 25 ± 1 ◦C and [TiO2] = 0.5 g/L.

It could be interpreted that oxygen evolution reduces the overall
urrent efficiency for both direct and indirect oxidation of organic
ollutants, which decreases the rate constants for phenol degrada-
ion [27]. Therefore, the acidic region is easily to control the oxygen
volution so as to decrease the power loss. In other words, lower
H could enhance the oxidation degree for phenol removal.

Such increase of phenol removal efficiency is for the increase
f undissociated molecules of phenol under acidic region, which
ausing the enhancement of adsorption ability of GAC [28]. The
lectrochemical oxidation of phenol occurs subsequently by bipolar
AC leading to the oxidation rate be more rapid at pH 3.4 than that
f pH 10.3.

.4. Effect of voltage on electrochemical oxidation of phenol

For inquisition of effect of varied voltage of 8, 12, 16, 20 and
5 V with corresponding current of 14.5, 22.3, 30.7, 40 and 47.2 A
n reaction rate constant of phenol oxidation, these experiments
ere conducted with the description of their relation in Fig. 4 under

onstant pH value of 6.5. Accordingly, a considerable increase of
he rate constant with the increasing voltage can be observed from
his figure. For an applied voltage of 8 V, i.e. under the condition
f open circuit, the rate constant is only 0.0068 min−1, while it is

−1
ig. 4. Kinetic effects of applied voltage U on electrochemical oxidation of phenol
nder pH 6.5 and temperature = 25 ± 1 ◦C.
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ig. 5. Kinetic effects of ALR on electrochemical oxidation of phenol under applied
oltage U = 20 V, pH 6.5 and temperature = 25 1 ◦C.

ate of generation of OH• responsible for the phenol oxidation pro-
ess, with increasing voltage. This indicates potential is the major
riving force for the respective phenomena of interest in electro-
hemical oxidation process [29]. It is proposed in this study that
he exponential dependence of the first-order kinetic constant (k)
n the voltage can be expressed as Eq. (6).

= m[U]a (6)

ccording to the experimental results, m = 0.0008 and a = 0.9376
R2 = 0.9988), Eq. (6) can be represented in the form of

= 0.0008[U]0.9376 (7)

.5. Effect of airflow on electrochemical oxidation of phenol

For the purposes of agitating the GAC in order to speed
ass transfer and supply the essential oxygen for electrochemical

eactions, the air was sparged by a micropore plate in the elec-
rochemical reactor [30]. Fig. 5 gives a description of the phenol
xidation rate constants with different air–liquid ratios at constant
pplied voltage of 20 V and pH of 6.5. This figure clearly shows that
he higher the ALR, the greater reaction rates would be obtained
rom the experiments.

In this study, it was proposed that the rate constant affected by
he ALR can be expressed as Eq. (8):

= k1 eb[ALR] (8)

here k1 is constant. Computed data of current experiment shows
hat k1 = 0.0145, b = 0.0946 (R2 = 0.9064). Therefore, the above equa-
ion might be rewritten as Eq. (9):

= 0.0145 e0.0946[ALR] (9)

een from Eq. (9), the degradation rate constant is slightly affected
y ALR, which means the aeration process is not an economical
hoice for the enhancement of phenol removal efficiency regardless
f accelerating of mass transfer and sufficing the oxygen demand
or the reaction process.

.6. Effect of TiO2 concentration on electrochemical oxidation of
henol

TiO2 with energy bandgap of 3.2 eV acts not only as a catalyst
upport, but also interacts with the supported phase as a promoter

31] and can be easily activated during photochemical process
7,32]. Ti anodes coated SnO2 might help to develop convenient
hannels for electrons transition and help to enhance the electro-
atalytic characteristics and it is perhaps for the additional energy
ands could be induced in the structure of coating metal oxides [12].

o

k

W
c

ig. 6. Kinetic effects of TiO2 concentration on electrochemical oxidation of phenol
nder applied voltage U = 20 V, pH 6.5 and temperature = 25 ± 1 ◦C.

urthermore, addition of semiconductor of TiO2 could decrease the
nwanted power loss to oxygen generation because of its high oxy-
en evolution potential and be likely to increase the generation of
ydroxyl radicals just as the application of DSA. The mechanism is
ossible interpreted as follows [33]:

iO2 + H2O → TiO2(OH•) + H+ + e−

6H5OH + 11TiO2(OH•) → 6CO2 + 11TiO2 + 17H+ + 17e− (10)

lectrochemical oxidation of phenol expressed by Eq. (10), con-
rasted to Eq. (3), is more likely to occur on higher oxygen
verpotential surfaces that contain SnO2 material. For the rare
eport of TiO2 catalyst applied in PBR, we proposed the possible
echanism, further investigation is still required to understand

etter all the roles played by these metal oxides.
The test was performed with varied of TiO2 concentration of

.25, 0.40, 0.50, 0.60 g/L respectively at pH 6.5 while voltage of
0 V to test the catalytic ability by the oxidation rate constants. The
esults were displayed in Fig. 6. It is seen from this figure that the
ddition of TiO2 was an effective way to improve the electrochemi-
al oxidation of phenol. When the concentration of TiO2 was ranged
etween 0 and 0.50 g/L, the increase of TiO2 concentration made
he rate constant increased rapidly; but when the concentration of
iO2 reached up to 0.50 g/L, the rate constant increased slightly. In
his study, a relationship between [TiO2] and k was proposed as the
orm in Eq. (11).

= k2 ec[TiO2] (11)

here k2 is constant. According to current experimental results,
2 = 0.0126 min−1 and c = 1.4803 (R2 = 0.9354). The above equation
an be represented as Eq. (12):

= 0.0126 e1.4803[TiO2] (12)

.7. Development of rate constant equation

A series of experiments were conducted in this study to inspect
he effects of key factors, including voltage, pH, catalyst and aer-
tion intensity on the oxidation of phenol. From previous section,
he constants of m, a, b and c with the values of 0.0008, 0.9376,
.0946 and 1.4803, respectively, have been determined. By substi-
uting these values to Eq. (5), a comprehensive form of k can be

btained:

= 0.0008[U]0.9376 e(0.0946[ALR]) e(1.1803[TiO2]) (13)

hen electrochemical oxidation of phenol was under the
onditions of U = 20 V, [TiO2] = 0.5 g/L, ALR = 1.2 with constant tem-
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ig. 7. Comparison of the estimated data with the experimental data under applied
oltage U = 20 V, ALR = 1.2, [TiO2] = 0.5 g/L, pH 6.5 and temperature = 25 ± 1 ◦C.

erature and pH value of 25 ◦C and 6.5, Eq. (4) could be arranged as
q. (14).

Ct

C0
= e−0.0008[U]0.9376 e0.0946[ALR] e1.4803[TiO2]t (14)

sing Eq. (14), the calculated results and the experimental data
re plotted in Fig. 7 (R2 = 0.9931). This figure demonstrates that the
esults obtained from kinetic modeling are in good agreement with
xperimental data although the estimated value of phenol concen-
ration is slightly lower than that of the experimental data when
he reaction time is less than 20 min and between 70 and 90 min
ut slightly higher than the experimental data when the time is
rom 30 to 60 min.

. Conclusions

Experimental investigation has demonstrated that the phe-
ol can be eliminated continuously by electrochemical oxidation
rocess using Ti/SnO2 anodes. Seen from the experiments, GAC
as saturated rapidly without the assistance of electric energy.
hen voltage of 20 V was applied under different reaction condi-

ions with constant temperature of 25 ± 1 ◦C, pH 6.5, respectively,
he adsorption ability of GAC all could be recovered. The acid
egions could increase the oxidation of phenol. The operational
actor of applied voltage played the most important roles in deter-

ining the oxidation rate of phenol, the addition of TiO2 and
irflow could obviously increase the reaction process. Hence, cor-
esponding experiments were conducted to obtain the effect on
ate constants by different applied voltage, dosage of TiO2 and ALR.
sing first-order kinetics to describe the electrochemical oxida-

ion process of phenol, a kinetic model of phenol oxidation process
as proposed to calculate the phenol concentration effluent: Ct =

0 e−0.0008[U]0.9376 e0.0946[ALR] e1.4803[TiO2]t . The results calculated from
he kinetic model are in good agreement with experimental data
nd the rate for phenol oxidation could be easily estimated under
he given electrochemical conditions.
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