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Electrochemical Hydrodehalogenation of Chlorinated Phenols
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PentachlorophendPCP)and 2,4-dichlorophendDCP) have been hydrodehalogenated by electrochemical reduction in aqueous
solutions at ambient and elevated temperatures. Galvanostatic and/or potentiostatic hydrodehaldbi@tafioms 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(saMrated)PCP in 0.05 M

Na,SO, /H,SO, (pH 3) and/or pure water are reported. Several types of cathedgs,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 efficiencg.g., 16% and higher energy consumptierg., 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: 10.1149/1.1531971All rights reserved.

Manuscript received June 11, 2002. Available electronically December 23, 2002.

Halogenated liquid wastes are routinely produced in industrialHDH often takes place at a gradually decreasing rate through pro-
processesg.g., approximately 1 million tonnes of such wastes are gressive poisoning of the catalyst in some cases. This is accompa-
generated annually in the UXKUntil very recently, the disposal nied by a rapid deactivation of the catalyst. Low-temperature cata-
practice for these wastes was landfill for short-chain chlorinatedlytic HDH of bromobenzene was performeelg., at 40°C, but the
organics, incineration for resistant and intractable compounds suckesults and other reaction conditions are unacceptable for industry.
as polychlorobiphenyl$PCBs) and pesticides, and use as a fuel  More competitive ways of chemical HDH have been developed
supplement in cement kilns where a high calorific value of the or-pageq on zero-valent metals such as iron, known as dissolving metal
ganic made this a practical proposition. Disposal to landfill is NOW o4 ction2 Over the last few years, it has been shown that these
virtually precluded by the Environment Agency. Incineration has @metals can effect the HDH of a range of chlorinated organic com-

"ounds in contaminated groundwater**2Chemical HDH using
éron alone suffered from slow reaction rates, particularly for aro-
been explored, such as bioremediaiahemical and electrochemi- Matic halogenated compounds, under ambient temperature and
cal dehalogenatio?if‘ p'ressurer’. Partial HDH qf PCBs by iron was only achieved under
Bioremediation has been applied to dehalogenate a wide varhigh-temperature and high-pressureg., 250°C, 10 MP&’
|ety Of ha|ogenated Compounds using the metabolism of Interest|ng|y, the depOSItlon of small amouma, 0.05 wt %, of
microorganismg. Bioremediation greatly depends on the ability of Ni or Pd onto the iron has been found to significantly enhance the
microorganisms to survive in an environment containing haloge-rate of HDH,e.g., one to two orders of magnitude for trichloroeth-
nated compounds. A more challenging issue is that the products oflene (TCE), compared to the rate at Fe alone which extends the
bioremediation are often toxic and, in some cases, may be moreange of halogenated organic compounds amenable to treatment
harmful to human health than the parent compodhiicroorgan-  from TCE to polychlorinated biphenyfé:1°
isms can evolve relatively quickly to develop biochemical traits but  Recently, the electrochemical HDH of chlorinated organic com-
in some cases, long-term operation is necessagy, months for the  pounds has been explored as another means to replace incineration
bioremediation of PCBS. , for disposal of halogenated organic wast&&! The cathode mate-
HydrodehalogenatiofHDH) was considered as a low-waste (g has been found to have a major effect on the efficiency of the
technology for detoxifying organic halogenated waste and regeneragectrochemical HDH of organic halogenated compounds. A typical

tion of the initial raw material§.Chemical dehalogenation has been example is the HDH of 1,2,3,5-tetrachlorobenz€RER) and chlo-

developed as an alternative to incineration for disposal of haloge- : : . -
nated organic compounds, which can proceed several veags, robenzengCB) in methanol or dimethylsulfoxide and acetonitrile

catalytic and reactive procedures. The reactive dehalogenation in(-Wlth 0.25 M tetraethylammonium bromitiat a cathode potential

_ 17 ;
volves the use of relatively expensive chemicals, such as LiAiH of —3.3 Vvs.AgIAQCI.™ More than 95% conversion of 12 mM CB

NaBH,, as hydrogen donors, and is therefore considered only forvas achieved with a current efficiency of 15-20% on the carbon

preparative synthesisCatalytic HDH of organic halogenated com- cloth or Pb cath(_)d_es. Qn the other hand, Pt, Ti, and N' cathodes only

pounds is accepted as a practical choice at the moment and can &V current efficiencies @la. 5% and lower conversions.

carried out in the gdwr liquid phasé’ As there are harsh conditions ~ 1he electrochemical dechlorination of 153 ppm 4-chlorophenol

in catalytic HDH, e.g., high temperaturéabove 400°C in most 10 phenol in 0.05 M sodium acetate-acetic acid solution has been

cases} there are requirements for thermal, mechanical, and chemireported. A conversion, up to 100% dechlorination, of 153 ppm

cal stability of catalytic reactor components. More severely, catalytic4-chlorophenol was achieved by using palladized carbon cloth
or graphite cathodes after 15 h electroly$is.

The majority of work examining the effect of cathode materials,
* Electrochemical Society Active Member. even using Fe as a cathode, concentrated on mechanistic analysis
2 E-mail: k.scott@ncl.ac.uk rather than practical applications. Moreover, environmentally unac-

processing, and transport, production of harmful substareegs,
dioxin and adverse public reaction. Therefore, other routes hav
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ceptable materials, such as Hg and Pb, have been used as cathoc¢
materialst”1® which makes such techniques unattractive for
industry.

Based on the above work on the HDH of halogenated organic
compounds, the aim of the work reported in this paper is to find a o +
technical way to effect the electrochemical HDH of halogenated
organic compounds in aqueous solutions. The first stage focused or
the HDH of 2,4-dichlorophendDCP)and pentachlorophen@CP)
because of their importance in industrial waste-water treatment. In
Europe, the acceptable level of PCP in wastewater is in the range of 7
0.1-1 ppm, and that of its reduction product, DCP, is 4 @fm.

In drinking water, the acceptable level is extremely low,, only 1
ppb?! In common with many halogenated organic compounds, it is
not possible to treat PCP and DCP routinely by common bioreme-
diation techniques, due to their toxicity to the bacteria emplSyed.

One accepted approach to eliminate PCP from water is absorp-
tion using granulated activated carbon, which causes some technica
and economic problems in the disposal of PCP-containing carbon 5
materials?* Anodic dehalogenation of PCP in aqueous solutions has
been examined as an alternative to adsorption, via electrochemically 6
initiated condensation reactions at high-surface-area carbon felt an-
odes. In the best case, a current efficiency of 100% for the electro-
chemical condensation process was achieved in the controlled po-
tential electrolysis of 0.35 mM PCP in 1 M acetate buffer solutions.
However, at potentials less than 0.79v¢. RHE, PCP was only
partially dehalogenated, and at higher potentialg)., 1.9 Vvs.

RHE, the products were chlorinated compounds., 2,3,4,5,6- 7 8§ 9 10 11
pentachloro-4-pentachlorophenoxy-2,5-cyclohexadienone and were
essentially insoluble and caused anode passivétion. Figure 1. Flow circuit for the electrochemical reductive HDH using a solid
Another option is electrochemical HDH of DCP and PCP polymer electrolyte reactor in the batch recycle mode. 1. Power supply. 2.
Catholyte reservoir. 3. Cell. 4. Thermostatic bath. 5. Catholyte. 6. Magnetic
Cl,CeH3OH + 4e” + 2H" — CsHsOH + 2CI [1] stirrer. 7. Pump. 8. Cathode. 9. Membrane. 10. Anode. 11. Anolyte.

ClsCeoH + 10e + 5HJr — CGHsoH + 5C|7 [2]

The only reported work on the electrochemical HDH of PCP was
using a flow-through cell with carbon fiber cathodes operated in a(NH,;),SO, (99%, Aldrich), NiSQ (98%, Aldrich), HBO3 (99%,
batch-type recycle mod®. The HDH was performed in 0.1 M BDH), NaOH (AnalaR, BDH), HCI (37%, BDH), HSO, (98%,
Na,SO,/0.1 M NaOH solution at constant current densities. At 500 AnalaR, BDH), Nafion solution(5%, Aldrich), CH{OH (HPLC-
mA cm 2, complete dehalogenation of the PCP to phenol and chlo-grade, Fisons), and acetic aci#b.9%, Aldrich).
ride ions was achieved. However, the current efficiency was very All solutions were prepared using water with a resistance of 18.2
low, about 1%, and the energy consumption was high, about 40M() cm obtained from a Millipore-Q system. Due to the very low
kWh/kg PCP for 90% conversion. At lower current densities, PCPsolubility of PCP in acidic and neutral aqueous solutions, the con-
was only partially dehalogenated to tetrachlorophenol, dichlorophecentrated PCP solutions, above the saturated concentration, were
nol, or monochlorophenol, respectivéf. prepared by dissolving the desired amount of PCP in methanol first
The overall aim of the work reported in this paper was to developand then diluting that to the required concentration. PCP solutions
a technical process for the dehalogenation of aqueous solutions convith less than 1% methanol, above the saturated concentration, were
taining chlorophenols, including PCP and DCP, based upon electroin the form of emulsions.
chemical HDH. This paper deals with the effect of cell materials, = Two types of membranes were used in this work: Nafion 117
e.g., cathode, anode, and cell separator, on the efficiency of thenembranéDuPont)and FuUMATech FT-FKE-S membraEuMAT-
HDH of PCP and DCP. The following paper examines the influenceech). Pretreatment of the Nafion 117 membranes is detailed
of operational parameters. elsewheré? The FUMATech FT-FKE-S membranes were used after

. immersion in water for at least 2 h.
Experimental

. . . . Cells and apparatus—Two cells were used, an H-cell and a
Materials and chemicals—The following materials were all  gqjig polymer electrolyte zero gap flow cell. The H-cell, used for
used as received: Iron gau@9%, BDH), iron wire(diameter 0.25  y,ojtammetric measurements and the electrochemical HDH of PCP
mm, 99.9%, Aldrich), iron foil (99.5%, 2.5X 2.5 mm, Aldrich),  and DCP, consisted of two compartments, each with a volume of 80
mild steel meshwire diameter 0.15 mm, open area 3p%tainless  cm?, Nafion 117 membrane, FuMATech FT-FKE-S membrane, or a
steel mesh(AISI 304, wire diameter 0.25 mm, open area 37%, glass frit was employed as the separator between the cell compart-
Goodfellow)or foil (AISI 316, thickness 0.25 mm, GoodfellowTi ments. Nitrogen was bubbled through the catholyte of the H-cell at
mesh(99.6%, open area 37% wire diameter 0.2 )moarbon cloth  the start of the voltammetric experiments. The solid polymer elec-
(GC-14, E-TEK Inc), iron powder(99.0%, maximum particle size trolyte cell, operated in a batch recirculation mode for the electro-
60 pm, Goodfellow), palladium-charcodb% or 10% Pd, BDW  chemical HDH of PCP and DCP, was made from either stainless
and palladium activated carbon powd80% Pd, Aldrich). Reagents  steel or graphite blocks with machined flow channels. The flow cir-
were K;PdCE (99%, Aldrich), PdCJ (99%, Aldrich), pentachlo-  cuit of the solid polymer electrolyte cell, as shown in Fig. 1, con-
rophenol(PCP, 98%, Aldrich, 2,4-dichloropheno(DCP, 99%, Ald-  sisted of a laboratory scale two-electrode cell, two purtipsR.
rich), 4-chlorophenol (CP, 99%, Lancaster Synthesisphenol  Flow Inducer, Englang two reservoirg1 dnt in volume eachfor
(99.9%, Aldrich), NasQ, (97%, Aldrich), KCI (99%, Aldrich), and  anolyte and catholyte, respectively, and thermostatic bdk4e30

NaCl (99%, Aldrich), NaBH (99%, BDH), FeSQ (99%, Aldrich), Waterbath, Buchi, Switzerlandor temperature control.
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In operation, the catholyte and anolyte, each with a volume of - 10

100 cnv, were pumped through the cell and then returned to the - X- PdfFe gauze, blank
reservoirs for recycling. All electrolyses were carried out under gal- —e— PdfFe gauze, PCP
vanostatic control, ranging from 5 to 100 mA cfy for a period L8

—o— Pd/Fe gauze, DCP
—8&— Pd/Ti mesh, DCP
== Pd/Ti mesh, PCP

between 30 min and 20 h. The concentrations of chloride ion were
measured with an ion analyser and the concentrations of reactant, «
intermediates, and products were monitored using HPLC. The data
was used to determine the process efficiency, as a function of time.
Various materialsi.e., iron gauze, iron wire, iron foil, mild steel
mesh or sheet, stainless steel mesh or plate, Ni foam, nickel, palla-
dium, and nickel-palladium on Ti mesh, Pd/carbon cloth, Pd-Ni/
carbon cloth, and Pd-Ni/stainless steel mesh, with geometric areas
between 2 and 10 cinwere tested as cathodes. The anode was a
platinum meshabout 10 crf). Commercial saturated calomel elec-
trode (Russell)or Ag/AgCI electrodg Radiometer model K8Qiwas
used as the reference, although all electrode potentials are reported
on the reversible hydrogen electrod®HE) scale. For the measure-
ments using three electrodes, a Luggin probe was used to measure
the electrode potential. 0

L4

Current density/mA cm

03 04 91 03 08 07 09 11 13 -6

2 2 i 1 1 )

Electrode preparation—Several catalyzed electrodes., Fe/Ti Cathode potentialvs. RHEN

mesh, Ni/Ti, me.sh, Pd/Ti mesh, Pd-Ni/Ti mesh, Pd/stainless Stee|=iguro:-1 2. Linear sweep voltammograms for electrochemical HDH of PCP
mesh, Pd-Ni/stainless steel mesh, Pd/Fe gauze, and Pd/carbon cloghg pcp on palladized cathodes. Cell: H-cell divided by a Nafion 117 mem-
with geometric areas between 2 and 10°cwere prepared by prane. Cathode: as shown in the figifemg Pd/crf, 4 cn?). Anode: Pt

electrodeposition!*? _ _ _ mesh(10 cn?). Catholyte: 0.05 M NgSO, (pH 3) solution without(blank)
Deposition of Pd onto irorigauze, wire, or foil and mild steel  or with saturated0.071 mM)PCP and saturate@0 mM) DCP. Anolyte:
from K,PdCl was carried out spontaneously via the reaction 0.05 M NgSOQ, (pH 3) solution. Scan rate: 5 mV 8. Temperature: 21.5
+ 0.5°C.
2Fe+ PdCE = 2F€" + 6CI” + Pd [3]

by exposing to 20 mL of a 2.5 mM solution of,RdCk (20 mg products of the dechlorination during the course of the electrolysis.
K,PdC in 20 mL water)for 5 to 15 min. The amount of palladium The HPLC apparatus consisted of a PU 4010 pufye Unicam,
deposited on the iron surface was assumed to be the result of htd., England), a Discovery™ C18 colunis pm particle size and
100% completion of Reaction 3, which was determined by compar-25 x 0.46 cm, Supelco), PU 4020 UV detect@®ye Unicam, Ltd.,
ing the substrate weights before and after deposition and was beEngland), and a LY 16100-11 X-Y recorder. The wavelengths used
tween 2 and 5 mg/cfigeometric area. in HPLC measurements were determined using UV-vis spectroscopy
Preparation of metal/membrane cathodes used the ion exchang@V-160A UV-visible recording spectrophotometer, Shimadzu, Ja-
method?® The sandwiched membrane electrode assemblies wer@an). Normally, the PU 4020 UV detector was set to 270 nm for
prepared by the hot Ir%ress method from Nafion-bonded iron powdephenol, 280 nm for DCP and CP, and 300 nm for PCP. The mobile
or Pd/carbon powders. phase was a 0.1 M acetic acid aqueous solution/methanol mixture
A number of electrodes were deposited under identical condi-(60/40 by volume)with flow rate of 1.0 mL/min. The peaks for
tions to check reproducibility. phenol (retention time t, = 10.0 min), CP (retention time,

Voltammetric measurementsAll voltammetric measurements tr = 23.9 min), DCR(retention timet, = 32.0 min), and PCRre-
were performed in an H-cell using a Ministat precision potentiostattention time,t, = 42.3 min) were characterized by using standard
(Thompson Electrochemical, Lidwith a PCI-100 MK3 computer solutions. Quantification of phenol production and distributions of
interface(Sycopel Scientific, Limitegcontrolled by Sycopel Scien- th_e chlorophenols was accomplished by the use of calibration curves
tific electrochemistry softwaréSycopel Scientific, Limited All of ~ With standards. A sample volume of 40 was generally employed.
the solutions studied were thoroughly degassed using oxygen-fred e detection limit of this method was 0.1 ppm for phenol, CP, and
nitrogen(BOC, Ltd). To obtain stable and reproducible voltammo- DCP and 0.5 ppm for PCP.
grams, it was necessary to treat the cathode electrochemically before pgrameter definitions—Energy consumption was calculated
collecting datae.g., three scans between 0.4 antl2 Vvs.RHE at according to the following equatiéh?

a scan rate of 50 mV/s.

. Energy consumptiof ECN) = nFEgg/¢M 4
Batch electrochemical HDH-Batch electrolyses were per- 9y ptior( ) Cell’? [4]

formed in the H-cell and the solid polymer electrolyte cell to deter-
mine the HDH efficiency. Galvanostatic electrolysis was generally
used, and the constant currents were provided by a Farnell LS60-
power supply. Potentiostatic electrolyses were also performed, an
the total charges passed in the experiments were monitored. Th
catholytes in the H-cells were magnetically stirred.

wheren is the number of electrons passed during the reackas,
g1e Faraday constariEc is the cell voltageg is the current effi-
8iency, andM is the molar mass.

The current efficiency of the HDH reaction was calculated as the
Sart of current(or charge)passed that was used to convert the start-
ing PCP or DCP to the products according to Eq. 1 and 2.

Product analysis.—Chloride concentrations were determined us-
ing a pH/ion meterCorning model 135, Corning Glass Works or
Orion model 920A, Orion Research, Inand a combination chlo- Voltammetric data—\Voltammetric data were collected on a
ride electrode(model 96-17B, Orion Research, IihcCalibration range of cathodes. Typical linear sweep voltammograr8¥/) (Fig.
curves were obtained from standard solutions 807° to 0.1 M 2) using Pd/Fe gauze as the working electrode showed that the ad-
NaCl in pure water or in 0.05 M aqueous &0, solution, before  dition of PCP and DCP to the electrolyte caused an increase in
and after each experiment. cathodic current densities, although all curves showed flat profiles at

High-performance liquid chromatographiiPLC) was used to  potentials less negative thanl.0 V vs.RHE. The rapid increase in
determine concentrations of starting material, intermediates, andurrent density with potential more negative that.25 V was ac-

Results and Discussion
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Figure 3. Comparison between the chemical and electrochemical HDH of Figyre 4. Effect of catalyst on chloride ion release during electrochemical
DCP and PCP in terms of chloride ion release. Cathode: Pd/Fe ¢2umg HDH of 1 mM DCP. Cathode: shown in the figuté mg catalyst cm?, 6

Pd/cnt, 4 cnt). Reaction conditions: “Chemical HDH" at the open circuit;  ¢np). Controlled cathode potentiat: 1.0 V vs. RHE. Other conditions: see
“Electrochemical HDH” at a potential of~1.20 V vs. RHE. Electrolyte Fig. 2.

volume: 60 mL. Other conditions: see Fig. 2.

. ) i Ni/Ti mesh and Ti mesh alone. The best performance was obtained
companied by rapid evolution of gasydrogen)ubbles at the cath-  sing the Pd/Ti mesh, which dehalogenated 1 mM DCP completely
ode. The striking feature of the voltammetric responses using Pd/Tjyithin 75 min. No improvement in HDH efficiency was observed
mesh is that higher cathodic current densities were observed fronyith a Fe/Ti meshinot shown in the figure for clarily due to the
more positive potentials than those at the Pd/Fe gauze in both PCRyiq corrosion of the Fe deposit. The inactivity of Ni with respect to
and DCP solutiongFig. 2). Under conditions used in this work, both - the HDH process was something of a surprise given the increased
HDH and hydrogen evolution reactions occurred simultaneouslyactivity of Fe metal with Ni, and Ni itself towards chemical HDH
even at less negative potentials, so it was impossible to distinguisheported in the literature for liquid phaéé® and gas phage pro-
the characteristics of these processes from the voltammetric meaesses, respectively. Moreover, the deposition of Ni onto Pd/Ti mesh
surements only. Moreover, the voltammetric data could not com-cathode produced the same HDH characteristics as for the Pd/Ti
pletely show the effectiveness of cathode materials for releasingnesh cathodénot shown in the figures for clarity
chloride ion. This was demonstrated by the electrolysis data shown |t was found that hydrogen plays a key role in the HDH and that
later. For example, stainless steel mesh and plate cathodes showggth platinum and palladium are excellent materials for electro-
different cyclic and linear sweep voltammograms in the blank or in chemical evolution of hydrogen. More important, palladium has the
the PCP and DCP solutions. But when these cathodes were used ijjity to absorb hydrogen into its lattice and to maintain a high
attempt HDH of PCP and DCP by preparative electrolysis, no chlo-syrface concentration of hydrogen, and platinum lacks this ability.

ride ions were detected. Regardless of this, the preliminary VOItam‘Consequently palladium gave higher HDH rates than platiti#h.
metric data suggested that the Fe, Pd/Fe, Pd/carbon cloth, and Pdé?ur data can be explained on these observations, although further
mesh were potential cathodes for the HDH process. The program ofggearch is necessary to understand the data thoroughly.

research thus focused on quantitative preparative electrolysis. The effectiveness of HDH greatly depends on the cathode sub-

Comparison of chemical and electrochemical dechlor- strqte, as shown in Fig. 5 as a comparison qf different cthodes
ination.ﬂTLe rates of HDHI of DCP and PCP usin;;J Fe or Pd/Feduring the electrochemical HDH of 1 mM DCP in an H-cell with a

electrodes at open circuit were very small, and significantly less thargaﬁog mem?raneh,lb\s.gxpected, ugc?taly;ed SUbs.trr?I@Z'Li' rle-
those observed during electrolysis, see Fig. 3. For example, after 6(Fa5€d very few chloride iong.g., below 7 ppm within 2 h elec-
min, 16.6 and 5.9 ppm chloride ions were detected from the elec-trOIySIS (Fig. 5). Fe gauze gave a slightly greater chloride ion re-

trochemical HDH of 1 mM DCP and PCP, respectively. Only 2.4 Ieasen,%but still less than 10 ppm. '_I'he Pd/F_e gauze Ca.tfﬁ’“*ﬂg
and 0.97 ppm chloride ions were released from the chemical dechlo'—j(_j/C ) gave more than a_twofold_ increase in chloride ion release.
rination of 1 mM DCP and PCP, respectiveFig. 3) Higher activities were obtained using the Pd/carbon cloth catti®de

mg Pd/cnd), e.g., about 50 ppm at 120 min. This value was even
Chloride ion release—The principal analytical method used to better than that achieved at a 30% Pd/activated carbon powder cath-
measure performance was chloride ion release as this provided ade, although the latter had higher Pd load{hf§ mg Pd/cm). The
reliable and instantaneous measurement of the HDH process. use of stainless steel as an alternative metal support for Pd produced
Several cathode substrates and catalysts were evaluated in termasperformance similar to that of Pd/Ti mesh, although the time for
of chloride ion release from the HDH of DCP and PCP, and the lattercomplete HDH was increased by some 25%. Both the metal mesh
was found to have the most significant effect upon the efficiency ofsupported cathodes gave significantly better performances than
the HDH process. Figure 4 shows chloride ion release data obtainethose of the carbon cloth electrodes, as shown in Fig. 5.
during the electrolysis of 1 mM DCP in the H-cell using a Nafion A similar cathode effect was observed for the HDH of 0.071 mM
membrane as the separator and three catalyzed cathodes. In termsREP, as shown in Fig. 6. The poor performance at the iron cathodes
the release of chloride ions, the Ni/Ti mesh gave virtually the samemainly resulted from material instability. It was observed that the Fe
result as the Ti mesh substrate, whereas the Pt/Ti mesh showed ayjauze and the Pd/Fe gauze cathodes formed surface drirbesd)
almost fourfold increase in chloride ion release compared to the bottafter 15 min electrolysis and rusting was severe after 2 h. In con-
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Figure 5. Effect of cathode substrate on chloride ion release during electro-Figure 7. Effect of cell and separator on chloride ion release during electro-

chemical HDH of 1 mM DCP. Cathode: shown in the figufemg catalyst
cm 2, 6 cn?, except for the “Pd/C powder” with 15 mg Pd crf). Con-
trolled current density: 10 mA cnf. Other conditions: see Fig. 2.

chemical HDH of 1 mM DCP. Cell and separator: shown in the figure.
Cathode: Pd/carbon cloi#® mg Pd/cri, 9 cn?). Anode: Pt mesl{10 cn?).
Controlled current: 200 mA. Catholyte solvent and anolyte: 100 ml 0.05 M

Na,SO, (initial pH 3) solution. Flow rate for the solid polymer electrolyte
cell: 150 mL/min. Temperature: 2055 0.5°C.

trast, the Pd/carbon cloth, Pd/stainless steel mesh, and Pd/Ti mesh
cathodes showed great stability under the HDH conditions. Particu-
larly, there was no visual damage of the Pd/Ti mesh cathode aftePd/carbon powder was made using bonded palladized carbon pow-
more than 50 h of use. The palladized mesh cathodes have mudtier. For the Pd/carbon powder, quite severe mass-transport limita-
more open areas, which led to better mass transport between PQns could occur in the carbon cloth substrate and the bonded cata-
and the catalysts and thus higher HDH rates, compared to the palyst region, especially when a large amount of hydrogen gas was
ladized carbon cloth. In the case of the stainless steel-supportegenerated. The system also relied on good ionic contact between the
cathodes, loss of Pd from the surface was observed after use. Thi’d and Nafion membrane. As a consequence of these factors, the
the stainless steel supported cathode would not seem to be a viabRd/carbon powder cathode showed poorer HDH efficiency than the
cathode for long term HDH, at least not with the particular prepa- Pd/carbon cloth cathode.
ration procedure used. In this work, an objective was to explore for possible cell con-
In this work, the Pd/carbon cloth was formed by electrochemi- figurations for electrochemical HDH. Two types of cells were com-
cally depositing palladium onto the carbon cloth substrate and thepared, an H-cell and solid polymer electrolyte zero-gap flow cell
(solid polymer electrolyte cell Figure 7 shows data obtained from
galvanostatic HDH22 mA/cn?) of 1 mM DCP solutions in these
14 . cells with Pd/carbon cloth cathodé mg Pd/cri). The solid poly-
mer electrolyte cell gave good performance for the HDH of 1 mM
DCP solution, although the best result was obtained using the

12 o H-cell, e.g., in terms of total amount of released chloride ions, after
£ 3 h of electrolysisca. 0.174 and 0.14 mmol of chloride ions were
a released using the H-cell and the solid polymer electrolyte cell,
@ 10 4 respectively.

o . One aspect of the work was a preliminary evaluation of two solid

2 s - - Theoretic value polymer membranes, a cation exchange, and an anion exchange. A
5 —&— PdITi mesh comparison of chloride ion in the cathode chamber of the H-cell,
% s PAISS mesh with three types of separator, using the Pd/carbon cloth cath&des

< 6+ mg Pd/cnd) under identical conditions for HDH of 1 mM DCP, is

1 ~—&— PdIC cloth shown in Fig. 7. Afte 3 h of electrolysis at 200 mA, the total

% . —+—PdFFe gauze release_d chloride ion_s were 0.093, 0.132, and 0.174 mmpl in the
x 41 cells with the glass frit, the FUMATech membrane and Nafion 117

membrane, respectively. The Nafion proton conductor effectively
excludes chloride ion transport and thus exhibits the highest chloride
content. The anion exchangeuMATech) membrane, however, al-
lows a significant amount of chloride ion transport into the anode
chamber,.e., lower chloride ion content. Thus with the anion ex-
change membrane the simultaneous dechlorination and separation of
phenol from chloride ion is possible. The use of a simple porous
glass frit enables a greater chloride ion transfer into the anode cham-
Figure 6. Effect of cathode material on chloride ion release during electro- ber, but this is at the expense of some chlorophenol transfer.
chemical HDH of 0.071 mM PCP. Cathode: shown in the figsemg
catalyst cm?, 6 cnf). Controlled cathode potentiat:1.0 V vs. RHE. Other
conditions: see Fig. 2.

(] 20 40 60 80 100 120
Electrolysis time/min

Product distribution—In order to confirm the effectiveness of
the electrochemical HDH approach as demonstrated by chloride ion
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Figure 8. HPLC concentration profiles of reactant and product during elec- Figure 9. Effect of cathode on current efficiency for the electrochemical

trochemical HDH of 1 mM DCP. Conditions: same as those in Fig. 7 for the HDH of 1. mM DCP in 0.05 M NaSQ, solution. Palladium loading for the

H-cell. palladized cathodes: 5 mg ¢fh Other conditions: same as those in Fig. 7
for the H-cell.

analysis, product distributions were determined by HPLC with UV

detection at 270 nm for phenol, 280 nm for CP and DCP, and 3003.5% in the solid polymer electrolyte cell for the HDH of 1 mM
nm for PCP. Figure 8 shows product distributions, including DCP, DCP and 1 mM PCP, respectively. However, no supporting electro-
the intermediate 4-chlorophen¢CP) and phenol, obtained from Iyte was used for the operation of the solid polymerelectrolyte cell.
HPLC measurements during the electrochemical HDH of 1 mM This feature should be beneficial for practical applications of this
DCP in aqueous solution. As expected, a rapid decrease in the conype of cell provided that operating conditions are optimized. The
centration of DCP and corresponding increase in the concentratiopreferred cell for HDH should be an solid polymer electrolyte cell.
of phenol due to the effective dechlorination of DCP can be seen. . .

Small amounts of 4-chlorophenol were also detected. As mentioned ENergy consumptior-A key parameter when designing an elec-
previously, the electrochemical HDH of DCP involved the removal frochemical process is energy consumpfibf Not surprisingly,

of chloride ions and the addition of four or two electtsnto the energy consumptlon varied with cell types an_d cathode materials for
phenol ring, depending on the product, phenol or chlorophenol. Then€ electrochemical HDH of DCP and PCP. Figure 11 shows the data
above product distribution agreed well with the results obtained!" theé HDH of 1 mM DCP in the H-cell using the Pd/Ti mesh
from analysis of chloride ion concentratiofgee Fig. 7). The mass cathode or in the solid polymer electrolyte cell using different cath-
balances in the above HPLC measurements were close to 1009¢des. The solid polymer electrolyte cell gave lower energy con-
when DCP, CP, and phenol were considered.

Current efficiency.—The influence of the cathode material on the
current efficiency of the HDH process is shown in Fig. 9. For the 70 5

H-cell, the current efficiency of dechlorination of 1 mM DCP solu-

tion varied from 0.75 to 65%, depending on the materials and elec- l\l\.w.
trolysis time. The best current efficiencies, 60-65%, were achieved "

using the Pd/Ti mesh cathode. The high surface area deposits, dem-
onstrated by the SEM measuremef®t shown here), and open
structure of the Pd/Ti mesh cathode gave very high efficiency. The
Pd/carbon cloth and Pd/Fe gauze cathodes gave lower current effi-
ciencies, around 10 and 8%, respectively. With other materials, cur-
rent efficiencies were very lovie., less than 3%. As stated above,
the poor performance of the iron cathodes was mainly a result of
their instability. The mass-transport limitations of the Pd/carbon
powder cathode led to the lower efficiency for the HDH process,
although it had three times the Pd loading as those of the Pd/Ti mesh 2.
and Pd/carbon cloth cathodes. It must be stated that these electrode
structures were not optimized and represent our adapted method of
manufacture. For HDH of PCP solutions, lower efficiencies were 10 4

observed,e.g., below 10%, even using a Pd/Ti mesh cathode \HM___’
(Fig. 10). e S ——

Current efficiencies varied greatly in the different cells, as shown .
in Fig. 10. Current efficiencies obtained in the solid polymer elec-
trolyte cell were lower than those obtained in the H-cell for the
HDH of PCP and DCP solutions. The current efficiencies were in arigure 10. Effect of cell type on the current efficiency of HDH of 1 mM
range of 60-65% and 14-28% in the H-cell and 3.1-7.5% and 1.3-DCP and PCP solutions. Conditions: same as those in Fig. 7.
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Figure 11. Effect of cathode on energy consumption for the electrochemical
HDH of 1 mM DCP-pure water solution in the solid polymer electrolyte cell Figure 12. Change of catholyte pH values during the electrochemical HDH
with different cathodes. Cathode: shown in the fig(palladium loading: 5 of 1 mM DCP in 0.05 M NaSQ, solution. Cathode: Pd/Fe gaut® mg
mg/cn). Other conditions: same as those in Fig. 7. Pd/cnt, 6 cn?). Other conditions: same as those in Fig. 7.

sumption than the H-cele.g., 30 and 59 kWh/kg DCP aft8 h for  ever, the corrosion of these iron-based materials was severe, particu-
the solid polymer electrolyte cell and the H-cell, respectively. larly during long-term operation. As technically more acceptable
In the solid polymer electrolyte cell, the Pd/Ti mesh and the electrodes, carbon cloth, and titanium mesh supported Pd electrodes
Pd/carbon cloth cathodes showed much lower energy consumptionshowed high catalytic activity and stability for HDH process. Using
than other materials for the HDH process, which can be attributed tahese cathodes good HDH performance of DCP and PCP were
their high effectiveness and stability during the HDH process. Forachjeved with dilute solutions. In particular, using a simple batch
example, the energy consumption was 400, 350, 32, and 30 kWh/kgy_ce|| with pH 3, 0.05 M sodium sulfate4$0, supporting electro-
for the Pd/Fe gauze, 30% Pd/activated carbon powder, Pd/carbote, electrolysis resulted in virtually complete HDH of DCP and
cloth and Pd/Ti mesh cathodes, respectively. High energy consumppcp with current efficiencies up to 70 and 16%, respectively. For
tion observed at the Pd/Fe gauze, as mentioned above, mainly rene |ow concentrations of organics treated the current efficiencies
sulted from its low current eff|C|enC|.es. The Pd/activated carbonyere quite respectable and energy consumptions were reasonable, 6
powder gave lower energy consumption than the Pd/Fe gauze.  ang 21 kwh kg? for DCP and PCP, respectively. Pd/stainless steel
Catholyte pH change.—An interesting observation during the also_ hydrqqlehalogenated I_DCP and DCP efficiently, although the de-
HDH of DCP and PCP was that the catholyte pH greatly depended?©Sit stability needs to be improved.
on cell type. Figure 12 shows such a typical change in pH during Although either cation or anion exchange membranes could be
HDH of 1 mM DCP in 0.05 M NaSO, with the Pd/Fe gauze cath- US€d for HDH, the use of an anion exchange membrane may be
ode (5 mg Pd/crA). The pH increased due to the accumulation of partllcularly useful when the simultaneous removal of chloride ion is
OH" ions from the electrolysis of water in the H-cell. In the solid desirable. . . . o
polymer electrolyte flow cell, protons formed at the anode crossed tTO. sctr?\le-u? tre telzctr?cS(.emlt(_:al HHDDHHtO :lr\dustgal appltlpatlon,
the Nafion membrane into the catholyte, which partly cancelled the P |mt|za lon of electrode c?' rication, 'C?h"s’ |a% or:era lon pa-
effect of the hydrogen evolution and led to a small catholyte pH rameters Is necessary and IS In progress in this faboratory.
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