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Polychlorobenzenes can be re duced elec tro lyt i cally to dichlorobenzenes by us ing ei ther lead or cop per as
the elec trodes in a MeOH/THF so lu tion. Among the re sul tants of dichlorobenzenes, 1,4-dichlorobenzene is a
ma jor prod uct that might be due to a low enthalpy of for ma tion. A chlo rine atom sit u ated at the ortho po si tion
of an other chlo rine atom in the ben zene ring is re moved prior to oth ers. How ever, the se quence of re ac tiv i ties
of the polychlorobenzenes for electroreducing by lead elec trodes in this study is as fol lows: 1,2,3,4-C6H2Cl4 > 
1,3,5-C6H3Cl3 > C6HCl5 ~ 1,2,4,5-C6H2Cl4 > 1,2,3,5-C6H2Cl4 ~ 1,2,3-C6H3Cl3 > 1,2,4-C6H3Cl3 > C6Cl6.

Di verse or ganic chlo rides, which are wide in dus trial
use ful but toxic and non-biodegradable, have been widely
used as or ganic sol vents, pes ti cides, and trans former oils, etc. 
Num bers of those com pounds are sta ble un der am bi ent con -
di tions and are clas si fied as per sis tent or ganic pol lut ants
(POPs). The pro cess that con verts those com pounds into less
toxic struc tures or ren ders them bio de grad able is a cru cial is -
sue in en vi ron men tal remediation. Hydrodehalogenation of
ar o matic chlo rides has been in ten sively stud ied by us ing
chem i cal re duc tion,1 electroreduction,2 photodegradation,3

and deg ra da tion us ing mi cro or gan isms.4 In her ent ad van tages 
of the cath odic dehalogenation are: (a) treat ment at am bi ent
tem per a ture and (b) se lec tive re moval of chlo ride while the
or ganic skel e ton re mains to be di gested by the bi o log i cal
route.5 This method is of ten cheap, tech ni cally flex i ble and
readily al lows dechlorination of dif fer ent chlo ri nated or ganic 
com pounds. How ever, no work has been re ported in de tail re -
gard ing dechlorination of polychlorobenzenes. In the pres ent
study, we at tempt to search for the dissolvable elec trodes in
or der to re move the chlo rine atom from polychlorobenzenes.
The ini tial rates for electrodechlorination of the var i ous
polychlorobenzenes in the pres ence of LiClO4 as an elec tro -
lyte are also in ves ti gated.

RE SULTS AND DIS CUS SION

The sol u bil i ties of the polychlorobenzenes in MeOH
de crease upon the in crease of the chlo rine at oms on the ben -
zene. THF is added to MeOH as a cosolvent to en hance the
sol u bil i ties of polychlorobenzenes. Even in the MeOH/THF

(1:1 vol ume ra tio) so lu tion, low sol u bil ity of hexa chloro ben -
zene leads to pres ence of sus pen sion solid in this study. Car -
bon fi ber, graph ite, mag ne sium, alu mi num, cop per, and lead
were ap plied as the elec trodes to ex am ine their abil ity to re -
move chlo rine at oms. Dur ing the elec trol y sis, an al ter na tive
po lar ity on elec trodes (change ev ery 30 sec) was ap plied to
avoid electrodeposition on the elec trodes. Among them, car -
bon fi ber and graph ite are un able to re move any of the chlo -
rine at oms from pentachlorobenzene un der 15 V ap plied volt -
age; how ever, mag ne sium and alu mi num are readily dis -
solved in MeOH/THF dur ing elec trol y sis to form the col lide
re sul tants. Lead and cop per elec trodes dem on strate their abil -
ity to re move chlo rine at oms from polychlorobenzenes.
How ever, the dichlorobenzenes are in tact dur ing elec trol y sis
un der the same con di tions for more than 600 min.

The re ac tion rates of electrodechlorination of eight
polychlorobenzenes us ing cop per and lead elec trodes are
sum ma rized in Ta ble 1. The cop per elec trodes dis played less
ac tiv i ties to re move chlo rine at oms from tri- and tetra chloro -
benzenes than lead elec trodes, while the re ac tion rates were
com pa ra ble to lead in the case of penta- and hexa- chloro -
benzene. There fore, the lead elec trodes were used for this
study. The amount of cur rent de pended on the con cen tra tion
of elec tro lytes. High con cen tra tion of elec tro lyte pro vides
more ionic spe cies and forms high cur rent den sity. Higher
cur rent den sity pro duced more elec tron flow for the re duc -
tion of polychlorobenzenes and led to higher re ac tion rates
(Ta ble 1) as well as gen er at ing more heat. The con cen tra tions
of LiClO4 of 30 mM were used for this study. The rel a tive re -
ac tion rates and the half-wave po ten tials for chlo ri nated
benzenes are sum ma rized in Scheme I, where the larger ar -
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rows rep re sent the higher ini tial rates. Ac cord ing to the lit er a -
ture, the half-wave po ten tials were ob tained by cy clic vol -
tametry in 0.1 M (C2H5)4N+Br- in dimethylsulfoxide. The re -
duc tion po ten tials were de ter mined from the dif fer en tial i-E
curve against SCE.9 From the scheme, we could find that the
ini tial rates for re mov ing the chlo rine atom from chlo ri nated
benzenes strongly de pended on the half-wave po ten tials. The
half-wave po ten tials for dichlorobezenes and chloro ben zene
are smaller than -2.00 volts and were in ert dur ing the electro -
reduction in this study. 

The prog ress of re ac tions were mon i tored by GLC anal -
y ses. Un der our an a lytic con di tions, all the chlo ri nated ben -
zenes along with n-dodecane were well sep a rated ex cept for
1,2,3,5- and 1,2,4,5-tetrachlorobenzenes (Fig. 1). In this cir -
cum stance, only an un cer tainty could be en coun tered in the
elec trol y sis of pentachlorobenzenes. The amounts of con -

sumed polychlorinated benzenes were in bal ance with those
of the prod ucts, in di cat ing that stoichiometric dechlorination
oc curred in this sys tem. No other by-products other than the
par tially dechlorinated ben zene de riv a tives were de tected,
in di cat ing that this elec tro chem i cal re ac tion was very se lec -
tive. The prod uct dis tri bu tions from elec tro lytic hydrode -
chlorina tion of polychlorobenzenes for 300 min are sum ma -
rized in Fig. 1 us ing bar graph ics. It is found in the fig ure that
the pre dom i nant prod ucts were 1,4-dichlorobenzene de riv a -
tives and 1,2,4-trichlorobenzene de riv a tives, sug gest ing the
for ma tion of com mon in ter me di ates in the dechlorination
pro cess for elec tro chem i cal sys tems.

Dur ing the elec trol y sis of trichlorobenzenes, 1,3-di -
chlo ro benzene was formed as the sole prod uct from 1,3,5-
 troichlorobenzene, while 1,4-dichlorobenzene formed as a
ma jor with 1,3-dichlorobenzene as a mi nor, and 1,3- dichlo ro -
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Table 1. Rate of Hydrodechlorination of Polychlorobenzenes in MeOH/THF Function on the Concentration of LiClO4
a

reactantsElectrode LiClO4

(mM) 1,2,3-
C6H3Cl3

1,2,4-
C6H3Cl3

1,3,5-
C6H3Cl3

1,2,3,4-
C6H2Cl4

1,2,3,5-
C6H2Cl4

1,2,4,5-
C6H2Cl4

C6HCl5 C6Cl6

Cu 10 0.008±0.002 0.004±0.001 0.007±0.002 0.015±0.004 0.020±0.003 0.010±0.002 0.030±0.003 0.016±0.002
Pb 10 0.032±0.004 0.023±0.004 0.042±0.003 0.047±0.003 0.033±0.003 0.037±0.003 0.037±0.002 0.020±0.003
Pb 30 0.078±0.004 0.057±0.004 0.070±0.004 0.110±0.007 0.072±0.004 0.071±0.003 0.070±0.003 0.062±0.002
Pb 50 0.102±0.006 0.072±0.003 0.103±0.008 0.147±0.006 0.110±0.006 0.090±0.002 0.150±0.004 0.115±0.008
a Reactant (10.0 mmol), internal standard (n-dodecane, 5.0 mmol) in 100 mL (50/50: MeOH/THF) solution, initial electrode area in the
solution is 100 mm2, the average reaction rates (mM/min) were determined at first 10% consumed from three experiments.
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Scheme  I Rel a tive rates of elec tro lytic dechlorination of polychlorobenzenes. The heavier ar rows in di cate higher rates
in that path ways and the dot ted ar rows in di cate no re ac tion in that path way. The val ues in the pa ren the sis rep -
re sented the half-wave po ten tials9



benzene formed as the ma jor with 1,2-dichlorobenzene as a
mi nor for 1,2,4-, and 1,2,3-trichlorobenzenes, re spec tively.
In the lat ter two cases, it is sug gested that the chlo rine at oms
pos sess ing a chlo rine atom at the ortho-po si tion will be ac ti -
vated by each other. Al though a chlo rine at po si tion-2 of
1,2,3-trichlorobenzene will have more steric hin drance than
oth ers and with 1/3 pos si bil ity com pared to the 2/3 pos si bil ity 
for oth ers by ac count ing for the num ber of at oms, it seems to
be more likely due to the ac ti va tion by two chlo rine at oms.
This ac ti va tion phe nom e non is the same as the ob ser va tion
from elec trol y sis of polyfluorobenzenes us ing mer cury elec -
trodes.6

The chlo rine pos sess ing an ortho-chlorine atom is more 
eas ily re moved as the sit u a tion of trichlorobenzenes is also
ob served in the tetrasubstituted com pounds. That 1,4-dichlo -
ro benzene was formed along with the for ma tion of 1,2,4-
 trichlorobezene dur ing elec trol y sis of 1,2,3,4-tetrachloro -
benzene might sug gest that two chlo rine at oms were re moved 
be fore the chlo ri nated benzenes desorbed from the elec -
trodes. (Fig. 3) The same re ac tion re sults were re ported on
dechlorination of 1,2,3,4-tetrachlorobezene photocatalyzed
by ZnS un der UV light.7 Ac cord ing to the prod uct dis tri bu -

tion pat terns from elec trol y sis of 1,2,3-trichlorobenzenes,
dechlorination of 1,2,3,5-tetrachlorobenzenes may yield the
pro duc tion of 1,3,5-trichlorobenzene. (Fig. 4) How ever, a
chlo rine atom is able to ac ti vate the meta-po si tion, an electro -
philic sub sti tu tion of ben zene ring, to form 1,2,4-trichloro -
ben zene as an ini tial prod uct. 

Elec trol y sis of pentachloro- and hexachlorobenzenes
led to the same prod uct dis tri bu tion, while 1,2,4,5- tetra chlo ro-
and 1,2,4-trichlorobenzenes were formed at the ini tial time
and 1,4-dichlorobenzene was a fi nal prod uct. (Figs. 5, 6)
Elec trol y sis of hexa chloro ben zene led to 1,2,4-trichloro -
benzene and 1,2,4,5-tetrachlorobenzene as the ini tial prod -
ucts fol lowed by for ma tion of 1,4-dichlorobenzene. No
pentachlorobenzene ob served from GC anal y sis with for ma -
tion of trichlorobenzene as an ini tial prod uct might in di cate
that the polychlorobenzenes are ab sorbed on the elec trode
sur face and can re move more than two chlo rine at oms be fore
be ing desorbed by chang ing the elec trode po lar ity. Penta- and 
hexa chloro ben zene were se lec tively and step wise de -
chlorinated to form less-chlorinated homo logues, through
tetrachlorobenzene, and trichlorobenzene to dichloro ben -
zene as the fi nal prod ucts.
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Fig. 1. Chlo ri nated benzenes were an a lyzed by gas chro ma tog ra phy (Hewlett Packard 6890 Se ries with the autosampler; col -
umn: Alltech ECONO CAPTM #19657 SE-54, 30 m length, 0.53 mm i.d. with 1.2 m film thick ness and FID). The flow
rate of the car rier gas (ni tro gen) was 26.3 mL/min, the tem per a ture pro gram started at 50 C (con stant for 3 min),
ramped at 5 C/min up to 110 C (con stant for 3 min), at 3 C/min up to185 C (con stant for 1 min), and at 60 C/min
up to 200 C. (1) to lu ene; (2) monochloro ben zene; (3) 1,3-dichlorobenzene; (4) 1,4-dichlo ro benzene; (5) 1,2-dichlo -
ro benzene; (6) 1,3,5- trichlorobenzene; (7) 1,2,4-trichlorobenzene; (8) n-dodecane; (9) 1,2,3-trichlorobenzene;
(10,11) 1,2,3,5-tetrachlorobenzene+1,2,4,5- tetra chlorobenzene; (12) 1,2,3,4-tetra chloro benzene; (13) pentachloro -
benzene; (14) hexa chloro ben zene.



CON CLU SION

Dur ing the elec trol y sis of polychlorobenzenes, the ac -
tiv i ties of chlo ri nated benzenes to ward electroreduction de -
pended on their half-wave po ten tials. The half-wave po ten -

tials must be larger than -2.00 volt for the re duc tion to take
place. That 1,4-dichlorobenzene is al ways formed as a fi nal
prod uct might be due to the low est enthaphy of for ma tion
among three iso mers (7.89, 6.72, and 5.88 Kcal/mol for 1,2-,
1,3-, 1,4-dichlorobenzene, re spec tively)8 which, in turn, in di -
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Fig. 2. Prod uct dis tri bu tion from electroreductive de chlorination of var i ous polychlorobenzenes for 6 hrs on lead cath ode in
the so lu tion con tain ing 30 mM LiClO4 as an elec tro lyte (cur rent den sity = 10 mA/mm2).
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Fig. 3. Electroreductive dechlorination of 1,2,3,4- tet -
ra chlorobenzene on lead plate cath ode in the so -
lu tion con tain ing 30 mM LiClO4 as an elec tro -
lyte.
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cates a ther mo dy namic con trol pro cess is op er ated for the
prod uct dis tri bu tion. Strong ab sorp tion of polychloro ben -
zenes by elec trodes lead to more than two chlo rine at oms be -
ing re moved be fore the prod ucts desorbed dur ing the change
of elec trode po lar ity.

EX PER I MEN TAL

Elec trol y sis of Polychlorobenzenes
Typ i cal pro ce dure (pre cau tions must be taken against

spark for ma tion of lo cate over heat ing caused by faulty elec -
tri cal con nec tions. Dur ing elec trol y sis, po ten tial ex plo sive
mix tures of gases may be formed (H2, O2, Cl2 etc.). Pro tec tive 
mea sures must be taken to elim i nate the dan ger of ex plo -
sions. Dried per chlor ates are po ten tial ex plo sive com pounds; 
over heat ing a mix ture con tain ing per chlor ate must be avoided.
All re ac tions were per formed in an un di vided glass cell with
a mag netic stir rer and a wa ter-circulation sys tem to con trol
the tem per a ture at 25  3 C. So lu tions of polychloro ben -

zene, n-dodecane (as in ter nal stan dard) and LiClO4 were well 
mixed by means of ul tra sonic ir ra di a tion for 5 min be fore
elec trol y sis. The elec trodes were pol ished with sand pa per
(400 mesh) and then washed with wa ter, ac e tone, and fol -
lowed by dry ing. The ter mi nal po ten tial of 15 volts was ap -
plied on a pair of lead elec trodes (10 mm  1 mm  40 mm,
dis tance be tween two elec trodes 2.0 cm, sur face area im mer -
sion in the so lu tion about 400 mm2) and the elec trode po lar i -
ties were changed ev ery 30 sec. The aliquots (1.0 mL) were
sam pled for trac ing the prog ress of re ac tions ev ery 30 min.
The sam ples were di rectly an a lyzed with a Hewlett Packard
6,890 se ries II gas chromatograph (col umn Alltech Econo-
 CapTM SE-54, 30 m  0.53 m  1.2 m film thick ness). The
flow rate of the car rier gas (ni tro gen) was 26.3 mL/min; the
tem per a ture pro gram started at 50 C, (held for 3 min), heated 
at 5 C /min to 110 C, (held for 3 min), heated at 3 C /min to
185 C, (held for 1 min), heated to 200 C, (held for 1 min).
The prod uct ra tios were cal cu lated based on the peak ar eas
and cor rected with re sponse fac tors of prod ucts. The in jec tor
and the FID de tec tor were held at 250 C. A Finnigan MD-
 800 GC/MS was used to con firm peak iden tity. The re ac tion
rates were mea sured ac cord ing to the di min ish ing of re ac tant
at first 10% con sump tion.
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