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Abstract

Ž .The removal of chemical oxygen demand COD from wastewater containing oxalic acid was experimentally
investigated using a three-phase three-dimensional electrode reactor. The experimental results show that the
removal efficiency depends on the applied cell voltage, airflow, electrolysis time and the number of repeated runs.
The former four factors all had a positive effect while the last factor generally had a negative effect on the COD
removal in the experimental range. However, for electrolyses under the conditions of 30.0 V cell voltage, 7.0 l min�1

airflow and 60.0 min, the negative effect was negligible. After 50 runs, the electrochemical reactor could maintain a
COD removal efficiency of more than 90%. � 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The last several decades have witnessed a growing
awareness of the fragile state of the earth’s drinking

Ž .water resources Legrini et al., 1993 . The growing
pollution of our hydrosphere has stimulated the need
for developing new technologies for water and wastew-

Ž .ater treatment Mukherjee and Ray, 1999 . Elec-
trochemistry, with its unique ability to oxidize and
reduce compounds at a well-controlled electrode po-
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tential, offers many interesting possibilities in environ-
Ž .mental engineering Simonsson, 1997 . Recently, elec-

trochemical methods for the treatment of wastewater
Žhave attracted a great deal of attention Coin et al.,

.1996; Rajeshwar et al., 1994; Simonsson, 1997 . In
particular, three-dimensional electrode systems, such
as packed and fluidized bed electrodes, are gaining
increased technical importance. This is because they
have a more extensive interfacial electrode surface
ŽBockris and Kim, 1997; Brown et al., 1994; Tissot and

.Fragniere, 1994; Tennakoon et al., 1996 and allow the
application of considerably higher current density than

Ž .two-dimensional electrodes Kreysa et al., 1975 .
These electrochemical technologies have been suc-

cessfully used to remove metal ions from waste streams,
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however, their application to eliminating organic pollu-
tants from wastewater is still rarely used industrially to

Ž .date Boscoletto et al., 1994 . The main problem is that
the electrochemical oxidation of organic pollutants is
very slow, in practice, as a consequence of kinetics,
although the electrochemical oxidation of all organic
pollutants is theoretically possible before O evolution2
Ž .Zor et al., 1998 . In order to increase the elec-
trochemical efficiency of organic pollutant removal, we
are developing a new electrochemical reactor; a three-
phase three-dimensional electrode cell. The cell is
based on a combination of a packed-bed electrode and
a gas�diffusion electrode, thus differing from the re-
ported three-dimensional electrode reactor which has

Žonly solid and liquid phases Bockris and Kim, 1997;
Brown et al., 1994; Tissot and Fragniere, 1994; Ten-

.nakoon et al., 1996 .
Oxalate is one of the important intermediates in the

complete mineralization of many organic pollutants
ŽAlverez-Gallbergos and Pletcher, 1999; Huston and
Pignatello, 1999; Kotronarou et al., 1992; Liakou et al.,
1997; Pignatello and Sun, 1995; Sharma et al., 2000;
Stern et al., 1997; Vinodgopal et al., 1998; Weavers et

. Žal., 2000 , and is also resistant to oxidation Alverez-
.Gallbergos and Pletcher, 1999 . However, it also exists

in some actual industrial wastewater. For example,
oxalate is an important toxic pollutant in Bayer liquor

Žduring alumina processing Bangun and Adesina, 1998;
.Williams and Perrotta, 1998 . In addition, the elec-

trochemical oxidation of oxalate on carbon electrodes
has been reported to occur via an irreversible 2 e�

process to yield CO as the sole product and no inter-2
mediate species complicate the oxidation process
Ž .Byrne and Eggins, 1998 . As a result, it is frequently
used as a model organic pollutant in the study of the

Žtreatment of organic wastewater Alverez-Gallbergos
and Pletcher, 1999; Bangun and Adesina, 1998; Byrne
and Eggins, 1998; Byrne et al., 1999; Chollier et al.,
1999; Krysa et al., 2000; Kulas et al., 1998; Marsen et

.al., 1993 . The aim of the present work is to investigate
Ž .the chemical oxygen demand COD removal from

synthetic wastewater containing oxalic acid using the
three-phase three-dimensional electrode reactor. Spe-
cial attention is paid to observing changes in COD
removal efficiency of the electrochemical reactor in the
process of continuous use in view of practical applica-
tion.

2. Materials and methods

2.1. Materials

A commercial charcoal- and vegetable-based granu-
Ž .lated activated carbon GAC from KEBO LAB Com-

pany, Sweden, was used in this study. It has an average

particle size of approximately 3 mm, a specific surface
of 925 m2 g�1 according to the BET method and a
specific weight of 0.4375 kg l�1. Oxalic acid dihydrate
Ž .99.5�100.5% was obtained from Riedel-De Haen AG,¨
Germany. All solutions were prepared with deionized
water.

2.2. COD and surface area measurement

The COD was determined using a LP1W spec-
trophotometer, Dr Lange standard test tube and a Dr

ŽLange procedure Dr Bruno Lange GmbH, Dusseldorf,¨
.Germany . It reflects the amount of organic pollutants

in the sample. The surface area of GAC was de-
termined with a Micromeritics ASAP 2400 instrument.

2.3. Experimental set-up

The experimental apparatus is a batch rectangular
undivided three-phase three-dimensional electrode re-
actor as shown in Fig. 1. The reactor support was made

Žfrom plastic. The anode and cathode feeder elec-
.trodes , situated 11.0 cm apart from each other, were

made from stainless steel plates. The 77.0 g GAC was
packed between the two feeder electrodes as a bed
electrode with a bed height of approximately 4 cm. The
volume of the three-dimensional electrodes is 11.0�
4.0�4.0 cm3. Compressed air was sparged into the bed
electrodes by a micropore plate from the bottom of the
reactor. The electric power was supplied with regulated
DC power supply, PAC 30-6, Japan.

2.4. Experimental method

A simulated organic wastewater containing oxalic
acid was prepared to a COD concentration of 529.2
ppm. The pH value was not adjusted and no electrolyte
was added.

A total of 100.0 ml of the simulated wastewater was

Fig. 1. Schematic diagram of the three-phase three-dimen-
Žsional electrode reactor 1, cathode; 2, support; 3, micropore

.plate; 4, anode; 5, particle electrodes; 6, compressed air .
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fed into the three-dimensional electrode reactor prior
to each run. The reactor was timed starting when the
d. c. power and compressed air supply were switched
on. The resulting solution was filtered to remove any
traces of activated carbon and then was analyzed for
COD. In order to probe the behavior of the GAC bed
electrode for COD removal in the process of continu-
ous use, every GAC bed electrode was repeatedly used

Ž50 times under the same experimental conditions in
the following discussion, N is used to represent the

.number of repeated runs . The experimental results
were assessed mainly based on COD removal efficiency
Ž .% , i.e. the ratio between COD removal and initial
COD.

3. Results and discussion

3.1. Effect of cell �oltage

In aqueous medium, GAC has considerable elec-
Žtrochemical activity Kastening et al., 1997a,b; Putzien,

.1984 , in addition to its strong adsorption to a lot of
pollutants. In the present study, the GAC was em-

Ž .ployed as a bed electrode working electrode material.
Hence, it was expected that the electrochemical reactor
used in the present work could remove oxalic acid by
both electrochemical oxidation and adsorption.

Ž .Curve d in Fig. 2 shows the dependence of COD
removal efficiency on N with a constant airflow of 7.0 l
min�1 but no applied cell voltage. In other words, it is
a kind of adsorption curve for adsorption of oxalic acid
on a repeatedly used GAC bed under air bubbling. It
exhibits a typical trend relative to the number of runs
for GAC bed. When N is 1, most of the oxalic acid is
adsorbed and the COD removal efficiency reaches
85.2%. As N increases, the COD removal efficiency
rapidly decreases. But after N�40, the declining of
the curve gets very slow, suggesting that the GAC bed
is close to reaching its maximum adsorption capacity.
The other curves in Fig. 2 show the results of COD

Žremoval by electrolysis with various cell voltages 10 V,
. �120 V and 30 V and a constant airflow of 7.0 l min . It

can be seen from these curves that the COD removal
efficiencies all decrease with increase in N, but the
decrease is intensively dependent on the applied cell
voltage. The higher cell voltage, the less the decrease.
When a cell voltage of 30.0 V was applied, the decrease

Ž .in COD removal efficiency of curve a was only 9.7%,
Ž .which is much less than that of curve d , in the process

of 50 electrolysis runs. These experiments indicate that
the COD removal by adsorption on the GAC bed
decreased rapidly in the process of repeated use and
finally approached zero due to saturation of the GAC.

Fig. 2. Dependence of COD removal efficiency on the num-
� �1ber of runs operating conditions: airflow�7.0 l min , the

treatment time of each run�30.0 min and applied cell voltage
Ž . Ž . Ž . Ž .��30.0 V a , 20.0 V b , 10.0 V c and 0.0 V d .

In contrast, the three-phase three-dimensional elec-
trode cell using GAC as a bed electrode can be ex-
pected to keep a high COD removal efficiency for
wastewater bearing oxalic acid during the continuous
use of the bed electrode as long as a suitable cell
voltage is employed.

Fig. 3 gives the COD removal efficiencies for the
Ž .50th electrolysis N�50 under various applied cell

voltages. The COD removal efficiency increased sig-
nificantly with an increase in the applied cell voltages.
For a cell voltage of 0.0 V, i.e. under the condition of
open circuit, the COD removal efficiency is 23.7%
while it is 84.4% for a 30.0 V cell voltage. The latter is
60.7% higher than the former. These enhancement
effects are attributed to the increase in the driving
force of the electrode reaction, in addition to the
increase in current, with increasing voltage. This is
because potential is the major driving force for the
respective phenomena of interest in electrochemical

Ž .reactors Card et al., 1990 .

ŽFig. 3. Effect of cell voltage on COD removal operating
conditions: 50th runs, airflow�7.0 l min�1 and treatment

.time�30.0 min .
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3.2. Effect of airflow

During electrolyses, the compressed air was uni-
formly sparged into the cell by a micropore plate. The
sparged air serves two purposes. One is to agitate in
order to speed mass transfer. Another is to supply the
essential oxygen for electrochemical reactions. Some
authors have reported that the oxygen can be changed
into a stronger oxidizing agent, H O , on activated2 2
carbon electrodes by the two-electron reduction of

Žoxygen Alverez-Gallbergos and Pletcher, 1999; Foller
and Bombard, 1995; Tatapudi and Fenton, 1993; Yea-

.ger, 1984 . The three-phase three-dimensional elec-
trodes can simultaneously make use of anodic oxida-
tion and cathodic electrogenerated H O to degrade2 2
organic pollutants. As a result, it is expected that the
sparged compressed air will play an important role in
the degradation of oxalic acid.

Fig. 4 presents the COD removal efficiencies for the
electrolyses with a constant cell voltage of 30.0 V and
various airflows. As shown in the figure, the COD
removal efficiencies all decrease with increase in N in
all the runs, but to different degrees. The greater
airflow corresponds to less reduction in COD removal
efficiency. For example, COD removal efficiency pro-
gressively decreased from 94.5 to 84.4% for an airflow
of 7.0 l min�1, while COD removal efficiency dropped
from 92.7 to 68.9% in the absence of airflow. The net
reduction of the former is only 10.1% while that of the
latter is 23.8%.

With respect to the 50th electrolysis, Fig. 5 clearly
shows that the COD removal efficiency increased
rapidly below 5.0 l min�1 but changed slowly over 5.0 l
min�1, gradually approaching the limiting value. The
maximum enhanced COD removal efficiency reached

Fig. 4. Dependence of COD removal efficiency on the num-
�ber of runs operating conditions: applied cell voltage�30.0

V, the treatment time of each run�30.0 min and airflow�7.0
�1 Ž . �1 Ž . �1 Ž . �1l min a , 5.0 l min b , 3.0 l min c and 0.0 l min

Ž .�d .

15.5%. The enhancement effect of the sparged air
indicates experimentally that the three-phase three-
dimensional electrode is somewhat superior to the
common three-dimensional electrodes in COD removal
from organic wastewater.

3.3. Effect of treatment time

The experimental results for various electrolysis
times are shown in Fig. 6. It can be seen from the
figure that the COD removal efficiencies all decrease
with increasing N, but for various treatment times the
difference in the decrease is rather evident. The curve
Ž .a , corresponding to the 10-min electrolyses, declines

ŽFig. 5. Effect of airflow on COD removal operating conditions: 50th runs, applied cell voltage�30.0 V and treatment time�30.0
.min .
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Fig. 6. Dependence of COD removal efficiency on the num-
�ber of runs operating conditions: applied cell voltage�30.0

V, airflow�7.0 l min�1 , the treatment time of each run�60.0
Ž . Ž . Ž . Ž .�min a , 30.0 min b , 20.0 min c and 10.0 min d .

rapidly. During 50 runs, its COD removal efficiency
decreased from 87.7 to 56.9%, i.e. the net reduction
reached 30.8%. For 60-min electrolyses, its COD re-
moval efficiency changed from 94.2 to 91.5% and the
net reduction was only 2.7%. This variation can be
considered negligible.

Ž . Ž .Pletcher 1982 and Tennakoon et al. 1996 assessed
the performance of some three-dimensional electrodes
for the generation of carbon dioxide using space-time

Žyield, i.e. the amount of CO formed� time�cell2
.volume . In the present case, the behavior of three-

dimensional electrodes for COD removal was assessed
Ž .using a similar quantity, space-time efficiency STE :

Amount of COD removal Ž .STE� 1Time�Cell volume

where STE is the rate of COD removal per unit cell
volume. Fig. 7 presents simultaneously the dependence
of COD removal efficiency and STE for the 50th elec-
trolysis on the electrolysis time. As can be seen, the
COD removal efficiency and STE display a contrary
change trend. The former increases with time while the
latter declines with time. Based on these variations, it
is suggested that an electrolysis duration of approxi-
mately 30 min is more suitable to optimize COD re-
moval efficiency and SET during the repeated use of
GAC bed electrode.

3.4. Effect of current

Constant-current electrolyses at various currents
were carried out to investigate the effect of current on
the COD removal efficiency of the three-phase three-
dimensional electrode in the present study. It is appar-
ent in Fig. 8 that the high applied current resulted in
high efficiency of COD removal although the removal

ŽFig. 7. Effect of treatment time on COD removal operating
conditions: 50th runs, applied cell voltage 30.0 V and

�1 .airflow�7.0 l min .

efficiencies always decreased with increasing N in our
experimental range.

With respect to the 50th electrolysis, an increase in
the applied current from 0.05 to 0.20 A led to an
increase in COD removal efficiency from 37.3 to 58.1%,
as shown in Fig. 9. However, the enhancement of the
COD removal efficiency was much less than that of the
applied current. This result implies that Faradic effi-
ciencies of the COD removal may not increase with
increase in applied current, although COD removal
efficiency increased. To complement the understanding
of this phenomenon, the apparent Faradic efficiencies
of the COD removal were calculated using the fol-

Žlowing formula Polcaro et al., 1999; Szpyrkowicz et al.,
.2000 :

�COD�V �FW Ž .� � 2F 8�I�� t

where �COD is the COD change before and after the

Fig. 8. Dependence of COD removal efficiency on the num-
� �1ber of runs operating conditions: airflow�7.0 l min , the

treatment time of each run:�30.0 min and applied current �
Ž . Ž . Ž . Ž .�0.2 A a , 0.15 A b , 0.10 A c and 0.0 A d .
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ŽFig. 9. Effect of applied current on COD removal operating
conditions: 50th runs, airflow�7.0 l min�1 and treatment

.time�30.0 min .

Ž �1.treatment g l , V is the volume of the treatedW
Ž . Žwastewater l , F is Faraday’s constant 96 487 C

�1.equiv. , 8 is the equivalent weight of oxygen, I is the
Ž . Ž .applied current A and � t is treatment time s .

The calculation results for the 50th electrolyses are
Ž .presented in curve b of Fig. 9. It can be seen from the

curve that the apparent Faradic efficiency decreased
from 264.2 to 160.1% as the applied current increased
from 0.05 to 0.20 A, which is consistent with the above
analysis. This reduction in apparent Faradic efficiency
suggests that some side reactions concomitant to elec-
trooxidation of oxalic acid, such as oxygen and hydro-
gen evolution and heat generation, etc., wasted much
more current under the condition of high current than
small current. Consequently, in practical application, it
is necessary to limit the current of operation, as pro-

Ž .posed by Tennakoon et al. 1996 , to gain a high
current efficiency.

In addition, it is also observed in Fig. 9 that the
apparent Faradic efficiencies all exceed 100% in our
experimental range. Such high apparent Faradic effi-
ciencies can be attributed to the combination of pollu-
tion electrooxidation, including the direct oxidation on
the anode and the indirect oxidation of cathodic elec-
tro-generated H O , and the adsorption of the GAC2 2
bed electrode. The efficiency of the current used for
the oxidation of oxalic acid is lower than these appar-
ent current efficiencies.

4. Conclusions

A new electrochemical reactor, a three-phase three-
dimensional electrode cell, was used to remove COD
from simulated wastewater containing oxalic acid. It
was confirmed that the removal efficiency depended on
the applied cell voltage, airflow, electrolysis time and
the number of repeated runs. An encouraging result

observed is that for electrolysis with 30.0 V cell voltage,
airflow of 7.0 l min�1 and time of 60.0 min, the
electrochemical reactor could maintain a COD re-
moval efficiency of more than 90% after 50 repeated
runs. It is expected that the electrochemical technology
based on the three-phase three-dimensional electrode
can be applied to treat organic wastewater.

Acknowledgements

This project was supported by the National Natural
Ž .Science Foundation of China 29977030 , the Natural

Ž .Science Foundation of Guangdong Province 990274
and the Science Technology Project of Guangdong

Ž .Environmental Protect Agency 199914 .

References

Alverez-Gallbergos, A., Pletcher, D., 1999. The removal of low
level organics via hydrogen peroxide formed in a veticu-
lated vitreous carbon cathode cell. Part 2: the removal of
phenols and related compounds from aqueous effluents.

Ž .Electrochim. Acta 44 14 , 2483�2492.
Bangun, J., Adesina, A.A., 1998. The photodegradation kinet-

ics of aqueous sodium oxalate solution using TiO catalyst.2
Ž .Appl. Catal. A 175 1�2 , 221�235.

Bockris, J.O.M., Kim, J., 1997. Effect of contact resistance
between particles on the current distribution in a packed
bed electrode. J. Appl. Electrochem. 27, 890�901.

Boscoletto, A.B., Gottarai, F., Milan, L. et al., 1994. Elec-
trochemical treatment of bisphenol-A containing waste-
waters. J. Appl. Electrochem. 24, 1052�1058.

Brown, C.J., Pletcher, D., Walsh, F.C., Hammond, J.K., Robin-
son, D., 1994. Studies of three-dimensional electrodes in
the FM01-LC laboratory electrolyser. J. Appl. Electrochem.
24, 95�106.

Byrne, J.A., Eggins, B.R., 1998. Photoelectrochemistry of ox-
alate on particulate TiO electrodes. J. Electroanal. Chem.2

Ž .457 1�2 , 61�72.
Byrne, A.J., Eggins, B.R., Byers, W., Brown, D.N.M., 1999.

Photoelectrochemical cell for the combined photocatalytic
oxidation of organic pollutants and the recovery of metals

Ž .from wastewaters. Appl. Catal. B 20 2 , L85�L89.
Card, J.C., Valentin, G., Storck, A., 1990. The activated car-

bon electrode: a new, experimentally verified mathematical
model for the potential distribution. J. Electrochem. Soc.
137, 2736�2745.

Chollier, M.J., Epron, F., Lamy-Pitara, E., Barbier, J., 1999.
Catalytic oxidation of maleic and oxalic acids under poten-

Ž .tial control of platinum catalysts. Catal. Today 48 1-4 ,
291�300.

Coin, R.J., Niksa, M.J., Elyanow, D.I., 1996. Wastewater treat-
ment enhanced by electrochemistry. Environ. Prog. 15,
122�127.

Foller, P.C., Bombard, R.T., 1995. Processes for the produc-
tion of mixtures of caustic soda and hydrogen peroxide via
the reduction of oxygen. J. Appl. Electrochem. 25, 613�627.



( )Y. Xiong, H.T. Karlsson � Ad�ances in En�ironmental Research 7 2002 139�145 145

Huston, P.L., Pignatello, J.J., 1999. Degradation of selected
pesticide active ingredients and commercial formulations in
water by the photo-assisted Fenton reaction. Water Res. 33
Ž .5 , 1238�1246.

Kastening, B., Boinowitz, T., Heins, M., 1997a. Design of a
slurry electrode reactor system. J. Appl. Electrochem. 27,
147�152.

Kastening, B., Hahn, M., Rabanus, B., Heins, M., Feld, U.,
1997b. Electronic properties and double layer of activated
carbon. Electrochim. Acta 42, 2789�2800.

Kotronarou, A., Mills, G., Hoffmann, M.R., 1992. Decomposi-
tion of parathion in aqueous solution by ultrasonic irradia-

Ž .tion. Environ. Sci. Technol. 26 7 , 1460�1462.
Kreysa, G., Pionteck, S., Heitz, E., 1975. Comparative investi-

gations of packed and fluidized bed electrodes with non-
conducting and conducting particles. J. Appl. Electrochem.
5, 305�312.

Krysa, J., Bouzek, K., Stollberg, C., 2000. Photocatalytic degra-
dation of oxalic acid on a semiconductive layer of n-TiO2
particles in a batch plate reactor. Part III: rate determining
steps and nonsteady diffusion model for oxygen transport.

Ž .J. Appl. Electrochem. 30 9 , 1033�1041.
Kulas, J., Rousar, I., Krysa, J., Jirkovsky, J., 1998. Photocat-

alytic degradation rate of oxalic acid on the semiconductive
layer of n-TiO particles in the batch mode plate reactor2

Ž .Part I: mass transfer limits. J. Appl. Electrochem. 28 8 ,
843�853.

Legrini, O., Oliveros, E., Braun, A.M., 1993. Photochemical
processes for water treatment. Chem. Rev. 93, 671�698.

Liakou, S., Kornaros, M., Lyberatos, G., 1997. Pretreatment of
Ž .azo dyes using ozone. Water Sci. Technol. 36 2�3 ,

155�163.
Marsen, J., Hinatsu, J.T., Smith, J.W., Foulkes, F.R., 1993.

Electrochemical oxidation of oxalate in alkaline solutions.
Ž .Can. J. Chem. Eng. 71 2 , 218�225.

Mukherjee, P.S., Ray, A.K., 1999. Major challenges in the
design of a large-scale photocatalytic reactor for water

Ž .treatment. Chem. Eng. Technol. 22 3 , 253�260.
Pignatello, J.J., Sun, Y., 1995. Complete oxidation of me-

tolachlor and methyl parathion in water by the photoas-
Ž .sisted Fenton reaction. Water Res. 29 8 , 1837�1844.

Pletcher, D, 1982. Industrial Electrochemistry. Chapman &
Hall, London.

Polcaro, A.M., Palmas, S., Renoldi, F., Mascia, M., 1999. On
the performance of Ti�SnO and Ti�PbO anodes in2 2
electrochemical degradation of 2-chlorophenol for wastew-

Ž .ater treatment. J. Appl. Electrochem. 29 2 , 147�151.
Putzien, J., 1984. Network analysis of packed-bed activated

carbon electrodes with linear I�V-graphs. Electrochim.
Acta 29, 979�981.

Rajeshwar, K., Ibanez, J.G., Swain, G.M., 1994. Electrochem-
istry and the environment. J. Appl. Electrochem. 24,
1077�1091.

Sharma, A.K., Josephson, G.B., Camaioni, D.M., Goheen,
S.C., 2000. Destruction of pentachlorophenol using glow

Ž .discharge plasma process. Environ. Sci. Technol. 34 11 ,
2267�2272.

Simonsson, D., 1997. Electrochemistry for a cleaner environ-
Ž .ment. Chem. Soc. Rev. 26 3 , 181�189.

Stern, M., Heinzle, E., Kut, M.O., Hungerbuehler, K., 1997.
Removal of substituted pyridines by combined
ozonation�fluidized bed biofilm treatment. Water Sci.

Ž .Technol. 35 4 , 329�335.
Szpyrkowicz, L., Juzzolino, C., Kaul, S.N., Daniele, S., De

Faveri, M.D., 2000. Electrochemical oxidation of dyeing
Ž .baths bearing disperse dyes. Ind. Eng. Chem. Res. 39 9 ,

3241�3248.
Tatapudi, P., Fenton, J.M., 1993. Synthesis of hydrogen perox-

ide in a proton exchange membrane electrochemical reac-
tor. J. Electrochem. Soc. 140, L55�L57.

Tennakoon, C.L.K., Bhardwaj, R.C., Bockris, J.O’M, 1996.
Electrochemical treatment of human wastes in a packed
bed reactor. J. Appl. Electrochem. 26, 18�29.

Tissot, P., Fragniere, M., 1994. Anodic oxidation of cyanide on
a reticulated three-dimensional electrodes. J. Appl. Elec-
trochem. 24, 509�512.

Vinodgopal, K., Peller, J., Makogon, O., Kamat, V.P., 1998.
Ultrasonic mineralization of a reactive textile azo dye,

Ž .Remazol Black B. Water Res. 32 12 , 3646�3650.
Weavers, K.L., Malmstadt, N., Hoffmann, R.M., 2000. Kinetics

and mechanism of pentachlorophenol degradation by soni-
cation, ozonation, and sonolytic ozonation. Environ. Sci.

Ž .Technol. 34 7 , 1280�1285.
Williams, F.S., Perrotta, A.J., 1998. Removal of Sodium Ox-

alate Using Combined Adsorbents for Enhanced Alumina
ŽProductivity from Bayer Process Spent Liquor. US 5728180

.A 19980317 , p. 6.
Yeager, E., 1984. Electrocatalysis for O reduction. Elec-2

trochim Acta 29, 1527�1537.
Zor, S., Yazici, B., Erbil, M., Galip, H., 1998. The elec-

trochemical degradation of linear alkylbenzene sulfonate
Ž . Ž .LAS on platinum electrode. Water Res. 32 3 , 579�586.

Ya Xiong received his Ph.D. from Wuhan University in 1996.
After finishing his postdoctoral work, he jointed the faculty as
an Associate Professor at Zhongshan University. Currently he
is a visiting scholar in Lund University, Sweden. His present
research interest is focused on environmental engineering.

Hans T. Karlsson is a Professor of Chemical Engineering at
Lund University, Sweden. His professional interests include
wet gas desulfurization, electrochemical treatment of waste-
water and sustainable supply of chemical feed stocks.


