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Electrochemical Hydrodehalogenation of Chlorinated Phenols
in Aqueous Solutions
I. Material Aspects

H. Cheng,a K. Scott,a,* ,z and P. A. Christensenb,*
aDepartment of Chemical and Process Engineering andbDepartment of Chemistry, University of Newcastle
upon Tyne, Newcastle upon Tyne, Northumberland NE1 7RU, United Kingdom

Pentachlorophenol~PCP!and 2,4-dichlorophenol~DCP! have been hydrodehalogenated by electrochemical reduction in aqueous
solutions at ambient and elevated temperatures. Galvanostatic and/or potentiostatic hydrodehalogenation~HDH! was carried out in
conventional H-cells or solid polymer electrolyte cells operated in batch or/and batch-recycle modes. The processes were moni-
tored by both chloride ion analysis and high performance liquid chromotography product analysis. The effect of the cathode,
separator, and cell type on the rate and efficiency of HDH of 1 mM DCP and 0.071 mM~saturated!PCP in 0.05 M
Na2SO4 /H2SO4 ~pH 3! and/or pure water are reported. Several types of cathodes,e.g., Fe gauze and foil, Pd/Fe gauze, Pd/Fe foil,
carbon cloth, and Pd/carbon cloth, were tested. Palladized cathodes showed high catalytic activity and long term stability for the
HDH processes. Both cation and anion exchange membranes were employed to separate the divided H-cells and solid polymer
electrolyte cells. Complete HDH of 1 mM DCP with a current efficiency of 70% and an energy consumption below 20 kWh/kg
DCP, was realized in an H-cell with a Pd cathode at ambient temperature. Similar results were obtained for HDH of 0.071 mM
PCP but with lower current efficiency,e.g., 16% and higher energy consumption,e.g., 80 kWh/kg PCP. The cell gave a current
efficiency of 15% and an energy consumption of 11.6 kWh/kg DCP for complete HDH of 1 mM DCP in pure water solution. For
complete HDH of 0.071 mM PCP in the SPE cell, current efficiency and energy consumption were 10% and 90 kWh/kg PCP.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1531971# All rights reserved.
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Halogenated liquid wastes are routinely produced in indust
processes,e.g., approximately 1 million tonnes of such wastes
generated annually in the U.K.1 Until very recently, the disposa
practice for these wastes was landfill for short-chain chlorina
organics, incineration for resistant and intractable compounds s
as polychlorobiphenyls~PCBs! and pesticides, and use as a fu
supplement in cement kilns where a high calorific value of the
ganic made this a practical proposition. Disposal to landfill is n
virtually precluded by the Environment Agency. Incineration ha
number of serious drawbacks, such as high capital costs of p
processing, and transport, production of harmful substances,e.g.,
dioxin and adverse public reaction. Therefore, other routes h
been explored, such as bioremediation,2 chemical and electrochemi
cal dehalogenation.2-4

Bioremediation has been applied to dehalogenate a wide
iety of halogenated compounds using the metabolism
microorganisms.2 Bioremediation greatly depends on the ability
microorganisms to survive in an environment containing halo
nated compounds. A more challenging issue is that the produc
bioremediation are often toxic and, in some cases, may be m
harmful to human health than the parent compounds.4 Microorgan-
isms can evolve relatively quickly to develop biochemical traits
in some cases, long-term operation is necessary,e.g., months for the
bioremediation of PCBs.5

Hydrodehalogenation~HDH! was considered as a low-was
technology for detoxifying organic halogenated waste and regen
tion of the initial raw materials.6 Chemical dehalogenation has be
developed as an alternative to incineration for disposal of halo
nated organic compounds, which can proceed several ways,e.g.,
catalytic and reactive procedures. The reactive dehalogenatio
volves the use of relatively expensive chemicals, such as LiAlH4 or
NaBH4 , as hydrogen donors, and is therefore considered only
preparative synthesis.7 Catalytic HDH of organic halogenated com
pounds is accepted as a practical choice at the moment and c
carried out in the gas8 or liquid phase.9 As there are harsh condition
in catalytic HDH, e.g., high temperature~above 400°C in most
cases!,10 there are requirements for thermal, mechanical, and che
cal stability of catalytic reactor components. More severely, catal
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HDH often takes place at a gradually decreasing rate through
gressive poisoning of the catalyst in some cases. This is accom
nied by a rapid deactivation of the catalyst. Low-temperature c
lytic HDH of bromobenzene was performed,e.g., at 40°C, but the
results and other reaction conditions are unacceptable for indus7

More competitive ways of chemical HDH have been develop
based on zero-valent metals such as iron, known as dissolving m
reductions.2,3 Over the last few years, it has been shown that th
metals can effect the HDH of a range of chlorinated organic co
pounds in contaminated groundwater.2,3,11,12Chemical HDH using
iron alone suffered from slow reaction rates, particularly for a
matic halogenated compounds, under ambient temperature
pressure.5 Partial HDH of PCBs by iron was only achieved und
high-temperature and high-pressures,e.g., 250°C, 10 MPa.13

Interestingly, the deposition of small amounts,ca. 0.05 wt %, of
Ni or Pd onto the iron has been found to significantly enhance
rate of HDH,e.g., one to two orders of magnitude for trichloroet
ylene ~TCE!, compared to the rate at Fe alone which extends
range of halogenated organic compounds amenable to treat
from TCE to polychlorinated biphenyls.14,15

Recently, the electrochemical HDH of chlorinated organic co
pounds has been explored as another means to replace incine
for disposal of halogenated organic wastes.16-21 The cathode mate-
rial has been found to have a major effect on the efficiency of
electrochemical HDH of organic halogenated compounds. A typ
example is the HDH of 1,2,3,5-tetrachlorobenzene~TCB! and chlo-
robenzene~CB! in methanol or dimethylsulfoxide and acetonitri
~with 0.25 M tetraethylammonium bromide! at a cathode potentia
of 23.3 V vs.Ag/AgCl.17 More than 95% conversion of 12 mM CB
was achieved with a current efficiency of 15-20% on the carb
cloth or Pb cathodes. On the other hand, Pt, Ti, and Ni cathodes
gave current efficiencies ofca. 5% and lower conversions.

The electrochemical dechlorination of 153 ppm 4-chlorophe
to phenol in 0.05 M sodium acetate-acetic acid solution has b
reported. A conversion, up to 100% dechlorination, of 153 p
4-chlorophenol was achieved by using palladized carbon c
or graphite cathodes after 15 h electrolysis.18

The majority of work examining the effect of cathode materia
even using Fe as a cathode, concentrated on mechanistic an
rather than practical applications. Moreover, environmentally un
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 

http://ecsdl.org/site/terms_use


th
for

ni
d a
ted
d

t. I
e
.

it is
me
d.
or
nic
bo
ha
ca
t a
tro
p

ns

we

as
in

00
hlo
er
40
CP
he

lop
co

ctr
ls
th

nce

l

%,

8.2
w
on-
were
first
ons
were

17

iled
ter

a
for
CP

f 80
r a
part-
ll at
ec-
tro-
ess
cir-
n-

id
y. 2.
etic

Journal of The Electrochemical Society, 150 ~2! D17-D24 ~2003!D18

Dow
ceptable materials, such as Hg and Pb, have been used as ca
materials,17,19 which makes such techniques unattractive
industry.

Based on the above work on the HDH of halogenated orga
compounds, the aim of the work reported in this paper is to fin
technical way to effect the electrochemical HDH of halogena
organic compounds in aqueous solutions. The first stage focuse
the HDH of 2,4-dichlorophenol~DCP!and pentachlorophenol~PCP!
because of their importance in industrial waste-water treatmen
Europe, the acceptable level of PCP in wastewater is in the rang
0.1-1 ppm, and that of its reduction product, DCP, is 4 ppm20

In drinking water, the acceptable level is extremely low,i.e., only 1
ppb.21 In common with many halogenated organic compounds,
not possible to treat PCP and DCP routinely by common biore
diation techniques, due to their toxicity to the bacteria employe5

One accepted approach to eliminate PCP from water is abs
tion using granulated activated carbon, which causes some tech
and economic problems in the disposal of PCP-containing car
materials.21 Anodic dehalogenation of PCP in aqueous solutions
been examined as an alternative to adsorption, via electrochemi
initiated condensation reactions at high-surface-area carbon fel
odes. In the best case, a current efficiency of 100% for the elec
chemical condensation process was achieved in the controlled
tential electrolysis of 0.35 mM PCP in 1 M acetate buffer solutio
However, at potentials less than 0.79 Vvs. RHE, PCP was only
partially dehalogenated, and at higher potentials,e.g., 1.9 V vs.
RHE, the products were chlorinated compounds,e.g., 2,3,4,5,6-
pentachloro-4-pentachlorophenoxy-2,5-cyclohexadienone and
essentially insoluble and caused anode passivation.21

Another option is electrochemical HDH of DCP and PCP

Cl2C6H3OH 1 4e2 1 2H1 → C6H5OH 1 2Cl2 @1#

Cl5C6OH 1 10e2 1 5H1 → C6H5OH 1 5Cl2 @2#

The only reported work on the electrochemical HDH of PCP w
using a flow-through cell with carbon fiber cathodes operated
batch-type recycle mode.20 The HDH was performed in 0.1 M
Na2SO4/0.1 M NaOH solution at constant current densities. At 5
mA cm22, complete dehalogenation of the PCP to phenol and c
ride ions was achieved. However, the current efficiency was v
low, about 1%, and the energy consumption was high, about
kWh/kg PCP for 90% conversion. At lower current densities, P
was only partially dehalogenated to tetrachlorophenol, dichlorop
nol, or monochlorophenol, respectively.20

The overall aim of the work reported in this paper was to deve
a technical process for the dehalogenation of aqueous solutions
taining chlorophenols, including PCP and DCP, based upon ele
chemical HDH. This paper deals with the effect of cell materia
e.g., cathode, anode, and cell separator, on the efficiency of
HDH of PCP and DCP. The following paper examines the influe
of operational parameters.

Experimental

Materials and chemicals.—The following materials were al
used as received: Iron gauze~99%, BDH!, iron wire~diameter 0.25
mm, 99.9%, Aldrich!, iron foil~99.5%, 2.53 2.5 mm, Aldrich!,
mild steel mesh~wire diameter 0.15 mm, open area 35%!, stainless
steel mesh~AISI 304, wire diameter 0.25 mm, open area 37
Goodfellow!or foil ~AISI 316, thickness 0.25 mm, Goodfellow!, Ti
mesh~99.6%, open area 37% wire diameter 0.2 mm!, carbon cloth
~GC-14, E-TEK Inc.!, iron powder~99.0%, maximum particle size
60 mm, Goodfellow!, palladium-charcoal~5% or 10% Pd, BDH!,
and palladium activated carbon powder~30% Pd, Aldrich!. Reagents
were K2PdCl6 ~99%, Aldrich!, PdCl2 ~99%, Aldrich!, pentachlo-
rophenol~PCP, 98%, Aldrich!, 2,4-dichlorophenol~DCP, 99%, Ald-
rich!, 4-chlorophenol ~CP, 99%, Lancaster Synthesis!, phenol
~99.9%, Aldrich!, Na2SO4 ~97%, Aldrich!, KCl ~99%, Aldrich!, and
NaCl ~99%, Aldrich!, NaBH4 ~99%, BDH!, FeSO4 ~99%, Aldrich!,
 address. Redistribution subject to ECS te134.71.135.75nloaded on 2015-03-18 to IP 
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(NH4)2SO4 ~99%, Aldrich!, NiSO4 ~98%, Aldrich!, H3BO3 ~99%,
BDH!, NaOH ~AnalaR, BDH!, HCl ~37%, BDH!, H2SO4 ~98%,
AnalaR, BDH!, Nafion solution~5%, Aldrich!, CH3OH ~HPLC-
grade, Fisons!, and acetic acid~99.9%, Aldrich!.

All solutions were prepared using water with a resistance of 1
MV cm obtained from a Millipore-Q system. Due to the very lo
solubility of PCP in acidic and neutral aqueous solutions, the c
centrated PCP solutions, above the saturated concentration,
prepared by dissolving the desired amount of PCP in methanol
and then diluting that to the required concentration. PCP soluti
with less than 1% methanol, above the saturated concentration,
in the form of emulsions.

Two types of membranes were used in this work: Nafion 1
membrane~DuPont!and FuMATech FT-FKE-S membrane~FuMAT-
ech!. Pretreatment of the Nafion 117 membranes is deta
elsewhere.22 The FuMATech FT-FKE-S membranes were used af
immersion in water for at least 2 h.

Cells and apparatus.—Two cells were used, an H-cell and
solid polymer electrolyte zero gap flow cell. The H-cell, used
voltammetric measurements and the electrochemical HDH of P
and DCP, consisted of two compartments, each with a volume o
cm3. Nafion 117 membrane, FuMATech FT-FKE-S membrane, o
glass frit was employed as the separator between the cell com
ments. Nitrogen was bubbled through the catholyte of the H-ce
the start of the voltammetric experiments. The solid polymer el
trolyte cell, operated in a batch recirculation mode for the elec
chemical HDH of PCP and DCP, was made from either stainl
steel or graphite blocks with machined flow channels. The flow
cuit of the solid polymer electrolyte cell, as shown in Fig. 1, co
sisted of a laboratory scale two-electrode cell, two pumps~H. R.
Flow Inducer, England!, two reservoirs~1 dm3 in volume each!for
anolyte and catholyte, respectively, and thermostatic baths~B-480
Waterbath, Buchi, Switzerland! for temperature control.

Figure 1. Flow circuit for the electrochemical reductive HDH using a sol
polymer electrolyte reactor in the batch recycle mode. 1. Power suppl
Catholyte reservoir. 3. Cell. 4. Thermostatic bath. 5. Catholyte. 6. Magn
stirrer. 7. Pump. 8. Cathode. 9. Membrane. 10. Anode. 11. Anolyte.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 
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In operation, the catholyte and anolyte, each with a volume
100 cm3, were pumped through the cell and then returned to
reservoirs for recycling. All electrolyses were carried out under g
vanostatic control, ranging from 5 to 100 mA cm22, for a period
between 30 min and 20 h. The concentrations of chloride ion w
measured with an ion analyser and the concentrations of reac
intermediates, and products were monitored using HPLC. The
was used to determine the process efficiency, as a function of t

Various materials,i.e., iron gauze, iron wire, iron foil, mild stee
mesh or sheet, stainless steel mesh or plate, Ni foam, nickel, p
dium, and nickel-palladium on Ti mesh, Pd/carbon cloth, Pd-
carbon cloth, and Pd-Ni/stainless steel mesh, with geometric a
between 2 and 10 cm2, were tested as cathodes. The anode wa
platinum mesh~about 10 cm2!. Commercial saturated calomel ele
trode~Russell!or Ag/AgCl electrode~Radiometer model K801! was
used as the reference, although all electrode potentials are rep
on the reversible hydrogen electrode~RHE! scale. For the measure
ments using three electrodes, a Luggin probe was used to me
the electrode potential.

Electrode preparation.—Several catalyzed electrodes,i.e., Fe/Ti
mesh, Ni/Ti mesh, Pd/Ti mesh, Pd-Ni/Ti mesh, Pd/stainless s
mesh, Pd-Ni/stainless steel mesh, Pd/Fe gauze, and Pd/carbon
with geometric areas between 2 and 10 cm2, were prepared by
electrodeposition.17,22

Deposition of Pd onto iron~gauze, wire, or foil! and mild steel
from K2PdCl6 was carried out spontaneously via the reaction5

2Fe1 PdCl6
22 5 2Fe21 1 6Cl2 1 Pd @3#

by exposing to 20 mL of a 2.5 mM solution of K2PdCl6 ~20 mg
K2PdCl6 in 20 mL water!for 5 to 15 min. The amount of palladium
deposited on the iron surface was assumed to be the result
100% completion of Reaction 3, which was determined by comp
ing the substrate weights before and after deposition and was
tween 2 and 5 mg/cm2 geometric area.

Preparation of metal/membrane cathodes used the ion exch
method.23 The sandwiched membrane electrode assemblies w
prepared by the hot press method from Nafion-bonded iron pow
or Pd/carbon powders.22

A number of electrodes were deposited under identical co
tions to check reproducibility.

Voltammetric measurements.—All voltammetric measurement
were performed in an H-cell using a Ministat precision potentios
~Thompson Electrochemical, Ltd.! with a PCI-100 MK3 computer
interface~Sycopel Scientific, Limited! controlled by Sycopel Scien
tific electrochemistry software~Sycopel Scientific, Limited!. All of
the solutions studied were thoroughly degassed using oxygen
nitrogen~BOC, Ltd!. To obtain stable and reproducible voltamm
grams, it was necessary to treat the cathode electrochemically b
collecting data,e.g., three scans between 0.4 and21.2 V vs.RHE at
a scan rate of 50 mV/s.

Batch electrochemical HDH.—Batch electrolyses were pe
formed in the H-cell and the solid polymer electrolyte cell to det
mine the HDH efficiency. Galvanostatic electrolysis was gener
used, and the constant currents were provided by a Farnell LS
power supply. Potentiostatic electrolyses were also performed,
the total charges passed in the experiments were monitored.
catholytes in the H-cells were magnetically stirred.

Product analysis.—Chloride concentrations were determined
ing a pH/ion meter~Corning model 135, Corning Glass Works o
Orion model 920A, Orion Research, Inc.! and a combination chlo-
ride electrode~model 96-17B, Orion Research, Inc.!. Calibration
curves were obtained from standard solutions, 53 1026 to 0.1 M
NaCl in pure water or in 0.05 M aqueous Na2SO4 solution, before
and after each experiment.

High-performance liquid chromatography~HPLC! was used to
determine concentrations of starting material, intermediates,
 address. Redistribution subject to ECS te134.71.135.75nloaded on 2015-03-18 to IP 
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products of the dechlorination during the course of the electroly
The HPLC apparatus consisted of a PU 4010 pump~Pye Unicam,
Ltd., England!, a Discovery™ C18 column~5 mm particle size and
25 3 0.46 cm, Supelco!, PU 4020 UV detector~Pye Unicam, Ltd.,
England!, and a LY 16100-11 X-Y recorder. The wavelengths u
in HPLC measurements were determined using UV-vis spectrosc
~UV-160A UV-visible recording spectrophotometer, Shimadzu,
pan!. Normally, the PU 4020 UV detector was set to 270 nm
phenol, 280 nm for DCP and CP, and 300 nm for PCP. The mo
phase was a 0.1 M acetic acid aqueous solution/methanol mix
~60/40 by volume!with flow rate of 1.0 mL/min. The peaks fo
phenol ~retention time t r 5 10.0 min), CP ~retention time,
t r 5 23.9 min), DCP~retention time,t r 5 32.0 min), and PCP~re-
tention time,t r 5 42.3 min) were characterized by using standa
solutions. Quantification of phenol production and distributions
the chlorophenols was accomplished by the use of calibration cu
with standards. A sample volume of 20mL was generally employed
The detection limit of this method was 0.1 ppm for phenol, CP, a
DCP and 0.5 ppm for PCP.

Parameter definitions.—Energy consumption was calculate
according to the following equation24,25

Energy consumption~ECN! 5 nFECell /wM @4#

wheren is the number of electrons passed during the reaction,F is
the Faraday constant,ECell is the cell voltage,w is the current effi-
ciency, andM is the molar mass.

The current efficiency of the HDH reaction was calculated as
part of current~or charge!passed that was used to convert the sta
ing PCP or DCP to the products according to Eq. 1 and 2.

Results and Discussion

Voltammetric data.—Voltammetric data were collected on
range of cathodes. Typical linear sweep voltammograms~LSV! ~Fig.
2! using Pd/Fe gauze as the working electrode showed that the
dition of PCP and DCP to the electrolyte caused an increas
cathodic current densities, although all curves showed flat profile
potentials less negative than21.0 V vs.RHE. The rapid increase in
current density with potential more negative than21.25 V was ac-

Figure 2. Linear sweep voltammograms for electrochemical HDH of P
and DCP on palladized cathodes. Cell: H-cell divided by a Nafion 117 m
brane. Cathode: as shown in the figure~2 mg Pd/cm2, 4 cm2!. Anode: Pt
mesh~10 cm2!. Catholyte: 0.05 M Na2SO4 ~pH 3! solution without~blank!
or with saturated~0.071 mM! PCP and saturated~20 mM! DCP. Anolyte:
0.05 M Na2SO4 ~pH 3! solution. Scan rate: 5 mV s21. Temperature: 21.5
6 0.5°C.
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companied by rapid evolution of gas~hydrogen!bubbles at the cath
ode. The striking feature of the voltammetric responses using P
mesh is that higher cathodic current densities were observed
more positive potentials than those at the Pd/Fe gauze in both
and DCP solutions~Fig. 2!. Under conditions used in this work, bo
HDH and hydrogen evolution reactions occurred simultaneou
even at less negative potentials, so it was impossible to disting
the characteristics of these processes from the voltammetric m
surements only. Moreover, the voltammetric data could not co
pletely show the effectiveness of cathode materials for relea
chloride ion. This was demonstrated by the electrolysis data sh
later. For example, stainless steel mesh and plate cathodes sh
different cyclic and linear sweep voltammograms in the blank o
the PCP and DCP solutions. But when these cathodes were us
attempt HDH of PCP and DCP by preparative electrolysis, no ch
ride ions were detected. Regardless of this, the preliminary volt
metric data suggested that the Fe, Pd/Fe, Pd/carbon cloth, and
mesh were potential cathodes for the HDH process. The progra
research thus focused on quantitative preparative electrolysis.

Comparison of chemical and electrochemical dechl
ination.—The rates of HDH of DCP and PCP using Fe or Pd
electrodes at open circuit were very small, and significantly less t
those observed during electrolysis, see Fig. 3. For example, afte
min, 16.6 and 5.9 ppm chloride ions were detected from the e
trochemical HDH of 1 mM DCP and PCP, respectively. Only 2
and 0.97 ppm chloride ions were released from the chemical dec
rination of 1 mM DCP and PCP, respectively~Fig. 3!.

Chloride ion release.—The principal analytical method used t
measure performance was chloride ion release as this provid
reliable and instantaneous measurement of the HDH process.

Several cathode substrates and catalysts were evaluated in
of chloride ion release from the HDH of DCP and PCP, and the la
was found to have the most significant effect upon the efficiency
the HDH process. Figure 4 shows chloride ion release data obta
during the electrolysis of 1 mM DCP in the H-cell using a Nafi
membrane as the separator and three catalyzed cathodes. In te
the release of chloride ions, the Ni/Ti mesh gave virtually the sa
result as the Ti mesh substrate, whereas the Pt/Ti mesh showe
almost fourfold increase in chloride ion release compared to the

Figure 3. Comparison between the chemical and electrochemical HDH
DCP and PCP in terms of chloride ion release. Cathode: Pd/Fe gauze~2 mg
Pd/cm2, 4 cm2!. Reaction conditions: ‘‘Chemical HDH’’ at the open circui
‘‘Electrochemical HDH’’ at a potential of21.20 V vs. RHE. Electrolyte
volume: 60 mL. Other conditions: see Fig. 2.
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Ni/Ti mesh and Ti mesh alone. The best performance was obta
using the Pd/Ti mesh, which dehalogenated 1 mM DCP comple
within 75 min. No improvement in HDH efficiency was observe
with a Fe/Ti mesh~not shown in the figure for clarity!, due to the
rapid corrosion of the Fe deposit. The inactivity of Ni with respect
the HDH process was something of a surprise given the increa
activity of Fe metal with Ni, and Ni itself towards chemical HDH
reported in the literature for liquid phase14,15 and gas phase26 pro-
cesses, respectively. Moreover, the deposition of Ni onto Pd/Ti m
cathode produced the same HDH characteristics as for the P
mesh cathode~not shown in the figures for clarity!.

It was found that hydrogen plays a key role in the HDH and t
both platinum and palladium are excellent materials for elec
chemical evolution of hydrogen. More important, palladium has
ability to absorb hydrogen into its lattice and to maintain a hi
surface concentration of hydrogen, and platinum lacks this abi
Consequently, palladium gave higher HDH rates than platinum.18,27

Our data can be explained on these observations, although fu
research is necessary to understand the data thoroughly.

The effectiveness of HDH greatly depends on the cathode s
strate, as shown in Fig. 5 as a comparison of different catho
during the electrochemical HDH of 1 mM DCP in an H-cell with
Nafion membrane. As expected, uncatalyzed substrates,e.g., Ti, re-
leased very few chloride ions,e.g., below 7 ppm within 2 h elec
trolysis ~Fig. 5!. Fe gauze gave a slightly greater chloride ion
lease, but still less than 10 ppm. The Pd/Fe gauze cathode~5 mg
Pd/cm2! gave more than a twofold increase in chloride ion relea
Higher activities were obtained using the Pd/carbon cloth cathod~5
mg Pd/cm2!, e.g., about 50 ppm at 120 min. This value was ev
better than that achieved at a 30% Pd/activated carbon powder
ode, although the latter had higher Pd loading~15 mg Pd/cm2!. The
use of stainless steel as an alternative metal support for Pd prod
a performance similar to that of Pd/Ti mesh, although the time
complete HDH was increased by some 25%. Both the metal m
supported cathodes gave significantly better performances
those of the carbon cloth electrodes, as shown in Fig. 5.

A similar cathode effect was observed for the HDH of 0.071 m
PCP, as shown in Fig. 6. The poor performance at the iron catho
mainly resulted from material instability. It was observed that the
gauze and the Pd/Fe gauze cathodes formed surface oxides~rusted!
after 15 min electrolysis and rusting was severe after 2 h. In c

f Figure 4. Effect of catalyst on chloride ion release during electrochemi
HDH of 1 mM DCP. Cathode: shown in the figure~5 mg catalyst cm22, 6
cm2!. Controlled cathode potential:21.0 V vs. RHE. Other conditions: see
Fig. 2.
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trast, the Pd/carbon cloth, Pd/stainless steel mesh, and Pd/Ti
cathodes showed great stability under the HDH conditions. Part
larly, there was no visual damage of the Pd/Ti mesh cathode a
more than 50 h of use. The palladized mesh cathodes have m
more open areas, which led to better mass transport between
and the catalysts and thus higher HDH rates, compared to the
ladized carbon cloth. In the case of the stainless steel-suppo
cathodes, loss of Pd from the surface was observed after use.
the stainless steel supported cathode would not seem to be a v
cathode for long term HDH, at least not with the particular pre
ration procedure used.

In this work, the Pd/carbon cloth was formed by electroche
cally depositing palladium onto the carbon cloth substrate and

Figure 5. Effect of cathode substrate on chloride ion release during elec
chemical HDH of 1 mM DCP. Cathode: shown in the figure~5 mg catalyst
cm22, 6 cm2, except for the ‘‘Pd/C powder’’ with 15 mg Pd cm22!. Con-
trolled current density: 10 mA cm22. Other conditions: see Fig. 2.

Figure 6. Effect of cathode material on chloride ion release during elec
chemical HDH of 0.071 mM PCP. Cathode: shown in the figure~5 mg
catalyst cm22, 6 cm2!. Controlled cathode potential:21.0 V vs.RHE. Other
conditions: see Fig. 2.
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Pd/carbon powder was made using bonded palladized carbon
der. For the Pd/carbon powder, quite severe mass-transport lim
tions could occur in the carbon cloth substrate and the bonded c
lyst region, especially when a large amount of hydrogen gas
generated. The system also relied on good ionic contact betwee
Pd and Nafion membrane. As a consequence of these factors
Pd/carbon powder cathode showed poorer HDH efficiency than
Pd/carbon cloth cathode.

In this work, an objective was to explore for possible cell co
figurations for electrochemical HDH. Two types of cells were co
pared, an H-cell and solid polymer electrolyte zero-gap flow c
~solid polymer electrolyte cell!. Figure 7 shows data obtained from
galvanostatic HDH~22 mA/cm2! of 1 mM DCP solutions in these
cells with Pd/carbon cloth cathodes~5 mg Pd/cm2!. The solid poly-
mer electrolyte cell gave good performance for the HDH of 1 m
DCP solution, although the best result was obtained using
H-cell, e.g., in terms of total amount of released chloride ions, a
3 h of electrolysis,ca. 0.174 and 0.14 mmol of chloride ions wer
released using the H-cell and the solid polymer electrolyte c
respectively.

One aspect of the work was a preliminary evaluation of two so
polymer membranes, a cation exchange, and an anion exchan
comparison of chloride ion in the cathode chamber of the H-c
with three types of separator, using the Pd/carbon cloth cathode~5
mg Pd/cm2! under identical conditions for HDH of 1 mM DCP, i
shown in Fig. 7. After 3 h of electrolysis at 200 mA, the tota
released chloride ions were 0.093, 0.132, and 0.174 mmol in
cells with the glass frit, the FuMATech membrane and Nafion 1
membrane, respectively. The Nafion proton conductor effectiv
excludes chloride ion transport and thus exhibits the highest chlo
content. The anion exchange~FuMATech!membrane, however, al
lows a significant amount of chloride ion transport into the ano
chamber,i.e., lower chloride ion content. Thus with the anion e
change membrane the simultaneous dechlorination and separati
phenol from chloride ion is possible. The use of a simple poro
glass frit enables a greater chloride ion transfer into the anode ch
ber, but this is at the expense of some chlorophenol transfer.

Product distribution.—In order to confirm the effectiveness o
the electrochemical HDH approach as demonstrated by chloride

-Figure 7. Effect of cell and separator on chloride ion release during elec
chemical HDH of 1 mM DCP. Cell and separator: shown in the figu
Cathode: Pd/carbon cloth~5 mg Pd/cm2, 9 cm2!. Anode: Pt mesh~10 cm2!.
Controlled current: 200 mA. Catholyte solvent and anolyte: 100 ml 0.05
Na2SO4 ~initial pH 3! solution. Flow rate for the solid polymer electrolyt
cell: 150 mL/min. Temperature: 20.56 0.5°C.
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analysis, product distributions were determined by HPLC with U
detection at 270 nm for phenol, 280 nm for CP and DCP, and
nm for PCP. Figure 8 shows product distributions, including DC
the intermediate 4-chlorophenol~CP! and phenol, obtained from
HPLC measurements during the electrochemical HDH of 1 m
DCP in aqueous solution. As expected, a rapid decrease in the
centration of DCP and corresponding increase in the concentra
of phenol due to the effective dechlorination of DCP can be se
Small amounts of 4-chlorophenol were also detected. As mentio
previously, the electrochemical HDH of DCP involved the remo
of chloride ions and the addition of four or two electron~s! to the
phenol ring, depending on the product, phenol or chlorophenol.
above product distribution agreed well with the results obtain
from analysis of chloride ion concentrations~see Fig. 7!. The mas
balances in the above HPLC measurements were close to 1
when DCP, CP, and phenol were considered.

Current efficiency.—The influence of the cathode material on
current efficiency of the HDH process is shown in Fig. 9. For
H-cell, the current efficiency of dechlorination of 1 mM DCP sol
tion varied from 0.75 to 65%, depending on the materials and e
trolysis time. The best current efficiencies, 60-65%, were achie
using the Pd/Ti mesh cathode. The high surface area deposits,
onstrated by the SEM measurements~not shown here!, and ope
structure of the Pd/Ti mesh cathode gave very high efficiency.
Pd/carbon cloth and Pd/Fe gauze cathodes gave lower current
ciencies, around 10 and 8%, respectively. With other materials,
rent efficiencies were very low,i.e., less than 3%. As stated abov
the poor performance of the iron cathodes was mainly a resu
their instability. The mass-transport limitations of the Pd/carb
powder cathode led to the lower efficiency for the HDH proce
although it had three times the Pd loading as those of the Pd/Ti m
and Pd/carbon cloth cathodes. It must be stated that these elec
structures were not optimized and represent our adapted meth
manufacture. For HDH of PCP solutions, lower efficiencies w
observed,e.g., below 10%, even using a Pd/Ti mesh catho
~Fig. 10!.

Current efficiencies varied greatly in the different cells, as sho
in Fig. 10. Current efficiencies obtained in the solid polymer el
trolyte cell were lower than those obtained in the H-cell for t
HDH of PCP and DCP solutions. The current efficiencies were
range of 60-65% and 14-28% in the H-cell and 3.1-7.5% and

Figure 8. HPLC concentration profiles of reactant and product during e
trochemical HDH of 1 mM DCP. Conditions: same as those in Fig. 7 for
H-cell.
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3.5% in the solid polymer electrolyte cell for the HDH of 1 mM
DCP and 1 mM PCP, respectively. However, no supporting elec
lyte was used for the operation of the solid polymerelectrolyte c
This feature should be beneficial for practical applications of t
type of cell provided that operating conditions are optimized. T
preferred cell for HDH should be an solid polymer electrolyte ce

Energy consumption.—A key parameter when designing an ele
trochemical process is energy consumption.24,25 Not surprisingly,
energy consumption varied with cell types and cathode materials
the electrochemical HDH of DCP and PCP. Figure 11 shows the
for the HDH of 1 mM DCP in the H-cell using the Pd/Ti mes
cathode or in the solid polymer electrolyte cell using different ca
odes. The solid polymer electrolyte cell gave lower energy c

- Figure 9. Effect of cathode on current efficiency for the electrochemic
HDH of 1 mM DCP in 0.05 M Na2SO4 solution. Palladium loading for the
palladized cathodes: 5 mg cm22. Other conditions: same as those in Fig.
for the H-cell.

Figure 10. Effect of cell type on the current efficiency of HDH of 1 mM
DCP and PCP solutions. Conditions: same as those in Fig. 7.
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sumption than the H-cell,e.g., 30 and 59 kWh/kg DCP after 3 h for
the solid polymer electrolyte cell and the H-cell, respectively.

In the solid polymer electrolyte cell, the Pd/Ti mesh and t
Pd/carbon cloth cathodes showed much lower energy consump
than other materials for the HDH process, which can be attribute
their high effectiveness and stability during the HDH process.
example, the energy consumption was 400, 350, 32, and 30 kW
for the Pd/Fe gauze, 30% Pd/activated carbon powder, Pd/ca
cloth and Pd/Ti mesh cathodes, respectively. High energy consu
tion observed at the Pd/Fe gauze, as mentioned above, mainl
sulted from its low current efficiencies. The Pd/activated carb
powder gave lower energy consumption than the Pd/Fe gauze.

Catholyte pH change.—An interesting observation during
HDH of DCP and PCP was that the catholyte pH greatly depen
on cell type. Figure 12 shows such a typical change in pH dur
HDH of 1 mM DCP in 0.05 M Na2SO4 with the Pd/Fe gauze cath
ode ~5 mg Pd/cm2!. The pH increased due to the accumulation
OH2 ions from the electrolysis of water in the H-cell. In the sol
polymer electrolyte flow cell, protons formed at the anode cros
the Nafion membrane into the catholyte, which partly cancelled
effect of the hydrogen evolution and led to a small catholyte
change.

Conclusions

1. The chemical HDH of DCP and PCP was not effective
reducing metals, such as Fe and Pd. However, DCP and PCP
effectively hydrodehalogenated by electrochemical reduction u
iron and palladium cathodes, which provides a new technology
treatment of wastewater containing halogenated organic co
pounds.

2. HDH could be performed with H-cell or/and solid polym
electrolyte cells and cathode material, including catalyst and s
strate, had a decisive influence on HDH regarding both reaction
and efficiency. Palladized cathodes were much more effective
the HDH of DCP and PCP than iron and platinized cathodes. E
trochemical HDH using iron cathodes was effective with alm
complete HDH possible at low concentrations of DCP and PCP.
use of palladized iron electrodes in both the solid polymer elec
lyte cell and the H-cell markedly improved the HDH efficienc
which, with 1.0 mM DCP and PCP solutions, gave current effici
cies up to 14 and 8%, respectively, at 94% chloride removal. H

Figure 11. Effect of cathode on energy consumption for the electrochem
HDH of 1 mM DCP-pure water solution in the solid polymer electrolyte c
with different cathodes. Cathode: shown in the figure~palladium loading: 5
mg/cm2!. Other conditions: same as those in Fig. 7.
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ever, the corrosion of these iron-based materials was severe, pa
larly during long-term operation. As technically more accepta
electrodes, carbon cloth, and titanium mesh supported Pd electr
showed high catalytic activity and stability for HDH process. Usi
these cathodes good HDH performance of DCP and PCP w
achieved with dilute solutions. In particular, using a simple ba
H-cell with pH 3, 0.05 M sodium sulfate/H2SO4 supporting electro-
lyte, electrolysis resulted in virtually complete HDH of DCP an
PCP with current efficiencies up to 70 and 16%, respectively.
the low concentrations of organics treated the current efficien
were quite respectable and energy consumptions were reasona
and 21 kWh kg21 for DCP and PCP, respectively. Pd/stainless st
also hydrodehalogenated PCP and DCP efficiently, although the
posit stability needs to be improved.

Although either cation or anion exchange membranes could
used for HDH, the use of an anion exchange membrane may
particularly useful when the simultaneous removal of chloride ion
desirable.

To scale-up the electrochemical HDH to industrial applicatio
optimization of electrode fabrication, HDH cells, and operation p
rameters is necessary and is in progress in this laboratory.
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