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a  b  s  t  r  a  c  t

Dechlorination  reaction  of  1,3-dichloropropane,  a contaminant  solvent,  was  investigated  by electro-
chemical  reduction  in  aqueous  medium  using  a Ni(tmc)Br2 complex,  known  as  effective  catalyst  in
dehalogenation  reactions.  The catalytic  activity  of  the complex  was  first investigated  by  cyclic  vol-
tammetry  and flow  homogeneous  redox  catalysis  using  a graphite  felt  as  working  electrode.  A total
degradation  of  1,3-dichloropropane  was  obtained  after  5  h  of electrolysis  with  a  substrate/catalyst  ratio
of 2.3.  The  concentration  of chloride  ions  determined  by ion  chromatography  analysis  showed  a dechlo-
rination  yield  of  98%.  The  complex  was  then  immobilized  on  the  graphite  felt electrode  in  a Nafion®

film.  Flow  heterogeneous  catalytic  reduction  of  1,3-dichloropropane  was  then  carried  out  with  the
®

odified electrode
i-cyclam
hlorinated solvent

[Ni(tmc)]Br2-modified  Nafion electrode.  GC  analyses  underlined  the  total  degradation  of  the  substrate  in
only  3.5 h  with  a substrate/catalyst  ratio of 100.  A dechlorination  yield  of 80% was  obtained,  as  seen  with
ion  chromatography  analyses  of  chloride  ion.  Comparison  of  both  homogeneous  and  heterogeneous  reac-
tions highlighted  the  interest  of  the  [Ni(tmc)]Br2-modified  Nafion® electrode  that  led  to a higher  stability
of  the  catalyst  with a turnover  number  of  180  and  a higher  current  efficiency.

© 2014  Published  by  Elsevier  Ltd.
. Introduction

Chlorinated compounds are the most frequently observed con-
aminants in grounds and groundwaters due to their high use as
olvents and degreasers. Pollutions by chlorinated solvents are
ften associated with paint and metal industries or with small com-
anies, such as garages, printing offices and dry cleaning shops.
ince they are characterized by a density higher than water, they
enetrate the full depth of the aquifer and accumulate within its
ottom. Chlorinated solvents are difficult to eliminate because they
re generally non-biodegradable, and destructive methods such as
ncineration are very expensive and can produce more toxic by-
roducts like dioxins [1].

As a general point, electrocatalytic abatement of volatile organic
ompounds (VOCs) has been investigated by anodic oxidation on

recious metals such as Pt [2–4] and by photoelectrocatalytic sys-
ems [5]. A few articles deal also with electroreduction of VOCs for
echlorination on Ag, Au and Cu in dimethylformamide [6–8].

∗ Corresponding author.
E-mail address: Florence.Geneste@univ-rennes1.fr (F. Geneste).

ttp://dx.doi.org/10.1016/j.electacta.2014.06.043
013-4686/© 2014 Published by Elsevier Ltd.
Since halogenated hydrocarbons are in an oxidized state relative
to their non-halogenated derivatives, methods based on reduc-
tion of halocarbons have been developed for chlorinated solvents
degradation [9–13]. Electrochemical reduction has the advantage
to be a controllable method, allowing a selective reduction into
completely dehalogenated chemical species. Working electrodes
of different nature such as metals, carbon and conductive ceramics
have been studied to achieve this goal [14–17]. Indirect electrolyses
that involve a molecular catalyst/mediator are particularly attrac-
tive since they allow selective electrochemical reductions at less
cathodic potentials than direct electrolyses, thus reducing energy
consumption. The electrochemical reductions of carbon-halogen
bonds in the presence of a catalyst/mediator have been widely
studied in organic media [18], while only few studies have been
performed in aqueous media [19–23].

Nickel(I)-cyclam (1,4,8,11-tetraazacyclotetra-decane)nickel(I))
derivatives are well-known for their catalytic activity
towards dehalogenation reactions [24,25]. More recently,

[Ni(tmc)]+ (1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetra-
decane)nickel(I), prepared by electrochemical reduction of
Ni(tmc)Br2 has shown its efficiency for the reduction of bromo
alkyl compounds in hydroalcoholic medium [21,22,26–28].

dx.doi.org/10.1016/j.electacta.2014.06.043
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2014.06.043&domain=pdf
mailto:Florence.Geneste@univ-rennes1.fr
dx.doi.org/10.1016/j.electacta.2014.06.043
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Fig. 1. Flow electrochemical cell used for electrolysis.

The dehalogenation reaction in the presence of Ni(tmc)Br2, of
 chlorinated alkyl compound, 1,3-dichloropropane, that has been
etected as contaminant in source water [29] was therefore inves-
igated in this work. The immobilization of the complex onto a
raphite felt electrode was achieved by polymer coatings using
afion®, a perfluorinated anionic polyelectrolyte which exhibits
ermselectivity towards cations. The catalytic activity of the immo-
ilized complex was first investigated by cyclic voltammetry
nalyses. Electrolyses of 1,3-dichloropropane were then performed
n the Ni(tmc)Br2-modified Nafion® electrode in a flow electro-
hemical cell.

. Experimental

.1. Reagents and materials

Graphite felt was obtained from MERSEN (Paris La Defense,
rance). Its specific area measured by the BET method is 0.7 m2 g−1

nd its density is 0.088 g cm−3. 1,3-dichloropropane was pur-
hased from ACROS and 5% solution of Nafion® 117 from Aldrich.
Ni(tmc)]Br2 (1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetra-
ecane)nickel(I) dibromide) was prepared according to a literature
rocedure [30]. All solutions were prepared with ultrapure water
18.2 M�,  Millipore Simplicity) and absolute ethanol (> 99.7%) was
urchased from VWR  chemicals.

.2. Instrumentation

Controlled potential electrolyses were performed in a divided
ow cell, fitted with a graphite felt electrode (10 mm diameter,
2 mm thickness) located between two counter electrodes (Fig. 1)
31,32].

Fig. 1 Two cationic exchange membranes (Ionac MC  3470 from
icou environnement, France) were used for cell division. The

eference electrode (Saturated Calomel Electrode, SCE, purchased
rom Radiometer analytical) was positioned at an equal distance
rom the entry and the exit of the porous electrode. Voltammet-
ic experiments were carried out using an EDAQ potentiostat unit,
ith the EChem software package. A platinum wire working elec-

rode, a platinum wire auxiliary electrode, and a saturated calomel
eference electrode were used in a standard three-electrode con-

guration. The graphite felt sample (∼ 1 cm3) was  fixed to the
latinum wire before analysis. Cyclic voltammetry analyses of

mmobilized complexes were performed under a dinitrogen atmo-
phere.
ca Acta 137 (2014) 511–517

Analysis of chloride ions was performed with a DIONEX DX-120
ion chromatography equipped with a DIONEX AS19 (4 × 250 mm)
ion-exclusion column. Potassium hydroxide was used as eluant and
the flow rate was 1 mL  min−1. The detection was carried out by
conductivity with a Self Regenerating Suppressor (ASRS®-Ultra II
4 mm).

GC/FID analyses of 1,3-dichloropropane were performed using
a Varian CP-3380 GC equipped with a GC-CP-Chiral-Dex column.
Injector temperature: 200 ◦C (pulsed split mode), FID detector tem-
perature: 220 ◦C, oven temperature: 50 ◦C, pressure: 15 psi. The
retention time of 1,3-dichloropropane was 4.5 min  in these condi-
tions.

TOC was  measured by means of a TOC-VCPH/CPN Total Organic
Analyzer Schimadzu. Organic carbon compounds were combusted
and converted to CO2, which was  detected and measured by a
non-dispersive infrared detector (NDIR), TOC values were always
obtained using the standard NPOC (Non Purgeable Organic Carbon)
method.

2.3. Modification of the electrodes

2.3.1. Glassy Carbon electrode
50 �L of a 5% solution of Nafion® were added to 450 �L of

absolute ethanol. 3 mg  of [Ni(tmc)]Br2 were then solubilized in
the Nafion® solution using an ultrasonic bath. 10 �L of this solu-
tion were deposited on the electrode surface and air-dried at air.
The modified electrode was  dipped in 0.1 M Na2SO4 under stir-
ring overnight. Before use, the electrode was air-dried and carefully
washed with distilled water.

2.3.2. Graphite felt electrode
800 �L of a 5% solution of Nafion® were added to 4.2 mL  of abso-

lute ethanol. 20 mg  of [Ni(tmc)]Br2 were then solubilized in the
Nafion® solution using an ultrasonic bath. The graphite felt was
dipped in the solution for 30 min, pressed and air-dried overnight.
The modified graphite felt was  then washed with water and dipped
in 0.1 M Na2SO4.

2.4. Flow electroreduction of 1,3-dichloropropane

Flow electrolyses were carried out in the flow electrochemical
cell (Fig. 1) with a fresh graphite felt or a [Ni(tmc)]Br2-modified
Nafion® electrode (10 mm diameter, 12 mm thickness) at a poten-
tial of -1.1 V/SCE in 21 mL  of a hydroalcoholic medium or water. All
the flasks were closed to avoid evaporation of 1,3-dichloropropane
and the electrolyte flowed through the porous electrode with
recycling (flow rate: 1 mL  min−1). The concentration of catalyst and
substrate are given in the text.

3. Results and discussion

3.1. Cyclic voltammetry analyses

The catalytic activity of the active form of the catalyst [Ni(tmc)]+

toward the reduction of 1,3-dichloropropane was first studied
by cyclic voltammetry in ethanol since 1,3-dichloropropane is
well soluble in this medium. The cyclic voltammogram of 1,3-
dichloropropane (Fig. 2) in ethanol did not show any signal,
corresponding to the 4 electrons reduction of the two  C-Cl bonds
(Eq. 1).

R-X + 2e−→ R− + X− (1)
The complex presented a reversible system corresponding to
NiII/I at -0.9 V/SCE (Fig. 2).

Successive additions of 1,3-dichloropropane led to an enhance-
ment of the reduction peak (NiII to NiI), while the reverse anodic
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Fig. 2. Cyclic voltammograms of 100 mM 1,3-dichloropropane (. . .) and
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Ni(tmc)]Br2 complex (2 mM)  in ethanol + Bu4NBr 0.1 M before ( ) and after
ddition of 1,3-dichloropropane at 20 mM (. . ..), 60 mM (-----), 100 mM () and
00 mM ( ) on GC electrode (7 mm2) at 10 mV  s−1.

eak decreased significantly and was totally suppressed for con-
entrations higher than 100 mM (Fig. 2). These results underlines
he catalytic activity of the NiI complex toward the reduction of
,3-dichloropropane that is known to reduce halogen bonds via an

nner sphere mechanism (Eq. 2 and 3) [22].

[NiII(tmc)]2+ + 4e−→ 4[NiI(tmc)]+ (2)

[NiI(tmc)]+ + ClCH2-CH2-CH2Cl + 2H+→ 4[NiII(tmc)]2+

+ CH3-CH2-CH3 + 2Cl− (3)

A detailed mechanism can be proposed based on literature [33],
nvolving an oxidative addition of the substrate to the C-Cl bond,
ollowed by a reduction and a protonation by ethanol or water
Scheme 1).

However, according to cyclic voltammetry, the reaction seems
o be slower than for propargyloxy �-bromoester derivatives that
ontain a carbon in � of an ester group and exhibit a high catalytic
ffect with a substrate/catalyst ratio of only 10 [27].

In aqueous medium, the reversible system corresponding to
iII/I appeared at a more cathodic potential of -1.1 V/SCE (Fig. 3).

An increase of the cathodic peak was observed for a 20 mM solu-

ion of 1,3-dichloropropane, underlining the catalytic activity of
Ni(tmc)]+ in water (Fig. 3a). Addition of ethanol was  necessary to
ncrease the concentration of 1,3-dichloropropane in the analytical

edium due to its low solubility in water. The oxidation wave was
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ig. 3. a) Cyclic voltammograms of [Ni(tmc)]Br2 complex (2 mM)  in water + 0.1 M Na2SO
oltammograms of [Ni(tmc)]Br2 complex (2 mM)  in H2O/EtOH (90:10) + 0.1 M Na2SO4 be
lectrode (7 mm2), 10 mV s−1.
Scheme 1. Mechanism proposed for the catalytic reduction of 1,3-dichloroproane.

totally suppressed for a 60 mM solution of 1,3-dichloropropane in
a hydroalcoholic medium (Fig. 3b).

3.2. Homogeneous catalysis

To confirm cyclic voltammetry analyses, cathodic reduction
of 1,3-dichloropropane was performed at -1.1 V/SCE in aqueous
medium in the presence of [Ni(tmc)]Br2. The reaction was carried
out in the flow electrochemical cell with recycling of the solu-
tion and with a substrate/catalyst ratio of 4.8. The evolution of
the conversion (nt/n0 with n0 and nt the number of moles of 1,3-
dichloropropane initial and at the time t, respectively) and the
electrolytic current during electrolysis are given in Fig. 4a.

The reaction was fast at the beginning and then slowed down
with the decrease of substrate concentration in the medium, lead-
ing to a conversion of 90% after 5 h of electrolysis. A 100% conversion
was achieved with a substrate/catalyst ratio of 2.3 (Fig. 4b).

Chloride ions were analyzed by ion chromatography and a con-
centration of 99 mg  L−1 was  measured (after subtraction of the
concentration of chloride ions measured in the electrolyte medium
containing 1,3-dichloropropane before electrolysis), correspond-
ing to an almost total dechlorination of 1,3-dichloropropane (98%
conversion to propane).

A current efficiency of 32.2% was  estimated from the charge
passed considering a 2 electrons reduction per Cl− and a total
dechlorination. This low value can be explained by the competition
with the water reduction at the potential of -1.1 V/SCE. The turnover
number (around 4.5) was similar to other values given in litera-

ture for redox catalysis involving this complex [33,34]. Based on
these promising results, redox catalysis with [Ni(tmc)]Br2 complex
immobilized on the graphite felt was  then investigated.

)
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Fig. 4. Conversion (�) and electrolytic current (�) versus electrolysis time for
cathodic reduction performed on a graphite felt electrode at -1.1 V/SCE with
recycling of the solution of 1,3-dichloropropane (1.43 × 10−3 mol L−1) in a 0.1 M
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used for the analysis: the electrochemical signal was  slightly higher

F
N
2

a2SO4 aqueous solution with [Ni(tmc)]Br2 a) 3 × 10−4 mol  L−1 b) 6.2 × 10−4 mol  L−1.
low rate: 1 mL min−1.

.3. Immobilization of [Ni(tmc)]Br2 on the graphite felt electrode

The complex was first immobilized on a Glassy Carbon electrode
y incorporation into a Nafion® film. The Nafion® ion-exchange
olymer was chosen for its mechanical stability along with its
igh proton conductivity. To prepare the modified electrode, 10 �L
f a Nafion® solution containing the complex (600 mg  L−1) were
eposited on the electrode surface. After drying, the electrode was
nalyzed by cyclic voltammetry. A dilution of the Nafion® solu-
ion to 0.5 wt. % was necessary to obtain a well-defined reversible

ystem in cyclic voltammetry (Fig. 5).

Comparison with the complex analyzed in solution showed that
he half-wave potential of NiII/I couple was similar before and
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ig. 6. a) Cyclic voltammogram of a fresh graphite felt (----) and of a [Ni(tmc)]Br2-Nafion®

a2SO4. 20 mV s−1 b) Cyclic voltammogram of a [Ni(tmc)]Br2-Nafion® modified graphit
0  mV  s−1.
Fig. 5. Cyclic voltammogram of [Ni(tmc)]Br2 complex (2 mM)  in water + 0.1 M
Na2SO4 on GC electrode (—)  and on modified Glassy Carbon electrode ( ). 20 mV
s−1.

after immobilization of the complex. The surface concentration
of the immobilized complex was  roughly estimated (Eq. 1 and 2)
by integration of the peak using the Faraday law and was around
1.1 ± 0.2 × 10−8 mol  cm−2.

Q = nF = S/v (1)

�s = n/s (2)

with Q the electric charge (C), n the number of moles of immobilized
catalyst (mol), F the Faraday constant 96485 C mol−1, S the surface
area of the peak (A V), v the scan rate (V s−1), s the electrode surface
(cm−2) and �s the surface concentration (mol cm−2).

The optima conditions used to prepare the [Ni(tmc)]Br2 modi-
fied Nafion® electrode were then applied to the modification of the
graphite felt electrode. For the deposition step, a felt of 1 cm3 was
dipped in the Nafion® solution containing the complex for 30 min,
pressed and air-dried overnight. Cyclic voltammetry analyses were
performed after one or three successive depositions of Nafion® on
the graphite felt according to this method (Fig. 6a).

The reversible system corresponding to the NiII/I couple was less
well-defined after three baths, showing the presence of a blocking
film on the electrode surface. One bath was  therefore considered
thereafter for the modification of the graphite felt. We  also noticed
that the electrochemical response was  dependent on the solvent
in hydroalcoholic solution than in water (Fig. 6b). This behavior is
probably due to the hydrophobic character of Nafion. A volume
concentration of 3.1 ± 0.8 × 10−7 mol  cm−3 of immobilized catalyst
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modified graphite felt with one ( ) or three (....) baths in H2O/EtOH (90:10) + 0.1 M
e felt in H2O/EtOH (90:10) + 0.1 M Na2SO4 ( ) and in H2O + 0.1 M Na2SO4 (-----).
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degradation of the substrate was  observed with a conversion of 96%
after 2 h (Fig. 9b).

The cathodic reduction of 1,3-dichloropropane
(1.4 × 10−3 mol  L−1) was  then performed in the same conditions
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Fig. 7. SEM images of a) fresh graphite and b-d) Ni(tmc)]Br2-modified

as estimated (Eq. 1 and 3) from cyclic voltammetry performed
n hydroalcoholic medium using the Faraday law. This value was
educed from the analysis of 9 modified electrodes.

v = n/V (3)

ith n the number of moles of immobilized catalyst (mol), V
he electrode volume (cm−3) and �v the volume concentration
mol cm−3).

The [Ni(tmc)]Br2 modified Nafion® electrode was analyzed by
canning Electron Microscopy (Fig. 7).

As seen in Fig. 7b, the presence of an organic film on the graphite
bers was clearly highlighted compared with the fresh graphite

elt (Fig. 7a) and with Nafion-enriched regions (Fig. 7 c and d). The
eposition of the polymer seems to be well distributed inside the
elt without blocking the porosity, which is in accordance with the
ood reproducibility of the surface concentration measurements.

The catalytic activity of the modified graphite felt toward the
eduction of 1,3-dichloropropane was studied by cyclic voltam-
etry in hydroalcoholic medium, to avoid the problem of the low

olubility of the substrate in water (Fig. 8).
An increase of the cathodic peak was observed in a 20 mM solu-

ion of 1,3-dichloropropane and the oxidation wave was  totally
uppressed for a 100 mM solution. No difference in behavior was
herefore shown between the catalyst in solution and after immo-
ilization on the electrode surface.

.4. Dechlorination reaction using the [Ni(tmc)]Br2-Nafion®

odified electrode

The cathodic reduction of 1,3-dichloropropane
2.3 × 10−3 mol  L−1) was carried out at -1.1 V/SCE in the flow

lectrochemical cell with recycling of the solution (flow rate:

 mL  min−1). A blank was first performed with a bare graphite felt
s a working electrode. The conversion and the electrolytic current
ere followed by gas chromatography (Fig. 9a).
n® electrode. Magnification a) and b) × 10000, c) × 200 and d) × 1000.

No significant degradation of 1,3-dichloropropane was noticed,
showing that the substrate cannot be reduced without catalyst at
this potential. The presence of an electrolytic current (-2 mA)  was
due to the reduction of water that already occurs at -1.1 V/SCE (Eq.
1).

H2O + e- → 1/2H2 + OH− (1)

This gives rise to a pH increase during the reaction, leading to
a cathodic shift of the potential corresponding to hydrogen evo-
lution and consequently to a decrease of the electrolytic current.
The cathodic reduction of 1,3-dichloropropane (1.4 × 10−3 mol L−1)
was then performed in the same conditions on a [Ni(tmc)]Br2-
modified Nafion® electrode (substrate/catalyst ratio of 100). A rapid
Poten�al vs  SCE / V

Fig. 8. Cyclic voltammetry of a [Ni(tmc)]Br2-modified Nafion® electrode in
H2O/EtOH (90:10) + 0.1 M Na2SO4 before (. . ..) and after addition of 1,3-
dichloropropane at 20 mM (-----), 100 mM ( ).
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Fig. 9. Conversion (�) and electrolytic current (�) versus electrolysis time for
cathodic reduction of 1,3-dichloropropane (2.3 × 10−3 mol  L−1) performed at -
1.1  V/SCE in H2O/EtOH (90:10) + 0.1 M Na2SO4 (a) and for cathodic reduction of
1,3-dichloropropane (1.4 × 10−3 mol  L−1) performed at -1.1 V/SCE on a [Ni(tmc)]Br2-
Nafion® modified graphite felt in H2O/EtOH (90:10) + 0.1 M Na2SO4 (b) and 0.1 M
Na2SO4 (c). (1 mL  min−1).
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Fig. 10. Cyclic voltammogram of a [Ni(tmc)]Br2-modified Nafion® electrode a) in H2O/E
1,3-dichloropropane (1.4 × 10−3 mol  L−1) performed at -1.1 V/SCE (1 mL  min−1) b) in 0.1 M
electrode for 3 h at open circuit. 20 mV s−1.
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except that the hydroalcoholic solution was  replaced by water. A
100% conversion was obtained in 3.5 h (Fig. 9c), showing that the
reaction can also be achieved in aqueous medium. The analysis of
chloride ions by ion chromatography revealed a dechlorination of
1,3-dichloropropane with a conversion to propane of 80%.

It is noteworthy that a substrate/catalyst ratio of 2.3 was
necessary to totally degrade 1,3-dichloropropane when the cat-
alyst was  in solution, while this ratio increased to 100 with the
[Ni(tmc)]Br2 modified Nafion® electrode for a total conversion of
1,3-dichloropropane. A turnover of 180 can be calculated from the
dechlorination yield, whereas it was only 4.5 in homogeneous catal-
ysis. These results underline the interest of the flow heterogeneous
catalysis for which only a low amount of catalyst is necessary. A
current efficiency of 43.5% was calculated from the charge passed
considering 80% dechlorination, showing again a competition reac-
tion with water reduction.

3.5. Stability of the [Ni(tmc)]Br2-modified Nafion® electrode

Cyclic voltammetry analysis of the [Ni(tmc)]Br2-modified
Nafion® electrode performed after electrolysis showed a decrease
of the electrochemical signal corresponding to the NiII/I system
(Fig. 10a).

To get inside information on the stability, the electrolyte solu-
tion without 1,3-dichloropropane was  percolated through the
modified electrode at open circuit. The electrochemical signal
remained stable after 3 h (Fig. 10b), showing the absence of
mechanical leaching of the catalyst in the solution. These results
were corroborated by TOC measurements of the solution. The TOC
values were similar when the electrolyte solution flowed through
a fresh graphite felt or a [Ni(tmc)]Br2-modified Nafion® electrode
(�TOC = 0.6).

On the one hand total leaching of the catalyst in solution should
lead to an increase of the TOC value of only 1.7 mg  L−1, and on the
other hand these experiments should also allow to investigate the
degradation of the graphite felt electrode during electrolysis. Thus,
electrolyses were performed on modified and unmodified graphite
felt and the difference of TOC before and after catalysis are given
in Table 1. The value of �TOC remained low for electrolyses per-
formed without 1,3-dichloropropane, whereas it highly increased
when the reduction was carried out in the presence of the substrate.
Since the only sources of carbon that can lead to such increase of

�TOC were the graphite felt electrode and the Nafion® polymer, it
seemed that there was a degradation of the electrode during the
electroreduction of 1,3-dichloropropane. Whereas a mechanism
involving an oxidative addition of the substrate on the complex
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tOH (90:10) + 0.1 M Na2SO4 before (----) and after ( ) 3 h of cathodic reduction of
 Na2SO4 before (-----) and after ( ) flowing the electrolyte solution through the
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Table  1
TOC after electrolysis–TOC before electrolysis by flowing the solution through the
graphite felt (GF) with recycling.

Experimental conditions �TOC/mg
L−1

Electrodes Solution Time/h

Bare GF 0.1 M Na2SO4

1,3-dichloropropane
(1.4 × 10−3 mol  L−1)
[Ni(tmc)]Br2

(7 × 10−4 mol  L−1)

5 53 ± 12

[Ni(tmc)]Br2-modified
GF

0.1 M Na2SO4 7 4 ± 2
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[
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[Ni(tmc)]Br2-modified
GF

0.1 M Na2SO4

1,3-dichloropropane
(1.4 × 10−3 mol  L−1)

7 18 ± 6

as been previously proposed to explain the catalytic activity of
Ni(tmc)]Br2 [34], a possible explanation would be the formation
f radical intermediates during the electrochemical reduction of
,3-dichloropropane that would attack the electrode causing its
egradation.

. Conclusions

In conclusion, the cathodic reduction of a chlorinated solvent
as performed by redox catalysis using a [Ni(tmc)]Br2-modified
afion® electrode. The catalytic activity of the complex toward

he reduction of 1,3-dichloropropane was first checked by cyclic
oltammetry, showing that the kinetic of the catalytic reaction is
low. A good mechanical stability of the modified graphite felt was
hown by cyclic voltammetry and TOC measurements. The reduc-
ive dechlorination reaction was almost total, as outlined by ion
hromatography analysis of chloride ions. Comparison of homoge-
eous and heterogeneous catalysis highlighted a higher stability of
he catalyst giving rise to a higher turnover number and a better
urrent efficiency. An increase of the TOC value was noticed after
omogeneous and heterogeneous catalyses in the presence of 1,3-
ichloropropane, that can be explained by the formation of radical

ntermediates in the catalytic cycle.
cknowledgements
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