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a b s t r a c t

In this work, the electrochemical production of perchlorates with conductive-diamond electrodes is stud-
ied. The use of different chlorine raw materials, and the effect of several operation parameters (current
density and pH) are studied in order to increase knowledge about production of chlorine oxoanions.
Results show that the conductive-diamond electrolysis of different raw chlorine solutions leads to the
production of a chlorine oxospecies mixture with significant concentrations of hypochlorite, chlorite,
chlorate and also of perchlorate, and that complete conversion to perchlorate can be achieved if large
xidants
erchlorate
onductive diamond

current charges are passed through the cell. Alkaline pH and high current density seems to favor the
production of perchlorate. The very significant increase in the perchlorate production with the current
density may be related to the fact that in conductive-diamond electrolysis high current densities favor
hydroxyl radicals formation. The counter ion of the chloride salts used as raw materials does not seem
to influence the efficiency of the electrochemical process but on the stability of the perchlorate electro-
generated. On the contrary, the type of chlorine raw matter does not affect to the efficiency, but just on

t cha
the stoichiometric curren

. Introduction

The electrolysis of chloride solutions with dimensionally sta-
le anodes (DSA) is a process used presently to produce chlorine
nd hypochlorite. It is very simple and well-known, with fully
eveloped technologies, and this allows its use even on in situ appli-
ations, such as the dosing of hypochlorites to swimming pools
or disinfection purposes [1,2]. As well, DSA is also use to produce
hlorates for a long time [3–5], being a very important industrial
rocess, although chlorate synthesis has also been studied with
ypochlorite as raw material [6].

With respect to perchlorate, the majority of the studies of
erchlorate production use chlorate as raw material [7–9]. Nev-
rtheless, some studies also use chloride as a raw material to
roduce perchlorates, even with graphite electrodes [10,11] and
ecently [12–15], the occurrence of perchlorates during electroly-
es of chloride solutions with conductive diamond electrodes have
een discussed in literature. In this context, better properties of

onductive-diamond electrodes compared with other more con-
entional ones have attracted much attention in the recent years;
hese electrodes has shown a higher chemical and electrochem-
cal stability, and a higher current efficiency in many oxidative

∗ Corresponding author. Tel.: +34 902204100x3411; fax: +34 926 295256.
E-mail address: manuel.rodrigo@uclm.es (M.A. Rodrigo).
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rge needed to complete the process.
© 2010 Elsevier B.V. All rights reserved.

processes. In addition, the high overpotential for water electrol-
ysis is the more important property of conductive-diamond in
the processing of aqueous solutions. These properties character-
istic of conductive-diamond anodes are responsible of the turn of
electrochemical oxidation into a very promising technology in the
electrosynthesis of powerful oxidants [16–20].

Perchlorate ion is the least reactive oxidizer of the chlorine
oxoanions. This is apparently inconsistent, since higher oxidation
numbers are expected to be progressively stronger oxidizers, and
less stable. Perchlorate has in fact the highest redox potential and
is the least stable thermodynamically, but the central chlorine is
a closed shell atom, and well protected by the four oxygens. Per-
chlorate salts are used in pyrotechnics, in manufacture of matches,
munitions, and in the chemical analytical industry. Other perchlo-
rate compound uses include additives in lubricating oils, tanning,
fabric fixes, etc. Industrially, perchlorates are exclusively prepared
by the electrochemical method [7–11]. In the past, thermal decom-
position of chlorate has been used but since this process is very
inefficient it has been abandoned long ago. Chemical oxidation of
chlorates is currently not very economical either.

The main aim of this work is to study the electrochemical
production of perchlorates with conductive diamond electrodes

in double-compartment electrochemical flow cells from different
chlorine raw materials. To develop a realistic process, and taking
into account that high concentration of chlorine compounds may
damage the diamond layer of the electrodes in industrial processes,
diluted solutions of raw matter were used. For this reason, not

dx.doi.org/10.1016/j.cej.2010.11.037
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:manuel.rodrigo@uclm.es
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Fig. 1. Variation of the current efficiency (©) and of the conversion to chlorine
A. Sánchez-Carretero et al. / Chemica

rines but raw chlorine solutions, are used in the study. In addi-
ion, it is aimed to quantify the effect of several parameters, such
s the current density or the pH, on these processes, in order to
ncrease knowledge about production of chlorine oxoanions, with
he future aim of improving its industrial production or hypochlo-
ite disinfection.

. Experimental

.1. Analytical procedures

Chlorine species were determined by ion chromatography (col-
mn, Metrosep A Supp 4; mobile phase, 1.8 mM Na2CO3 and 1.7 mM
aHCO3; flow rate, 1 ml min−1). In the case of hypochlorite, the
eak of chromatogram interferes with the chloride peak, therefore,
he determination is realized by titration with As2O3 in NaOH 2 M.

.2. Electrochemical cell

The electrosynthesis was carried out in a double-compartment
lectrochemical flow cell. A cationic exchange membrane
STEREOM L-105) was used to separate the compartments.
iamond-based material was used as anode and stainless steel (AISI
04) as cathode. Both electrodes were circular (100 mm diame-
er) with a geometric area of 78 cm2 each and an electrode gap
f 15 mm. The anolyte and the catholyte were stored in dark glass
anks and circulated through the electrolytic cell by means of a
entrifugal pump. A heat exchanger was used to maintain the tem-
erature at the desired set point. The pH was monitored by means
f the WTW-InoLab pH meter. The pH was kept constant at the
esired set point (±0.1 units) by the continuous addition of sodium
ydroxide.

.3. Preparation of the diamond electrode (BDD electrode)

Boron-doped diamond (BDD) films were provided by CSEM
Switzerland) and synthesised by the hot filament chemical vapour
eposition technique (HF CVD) on single-crystal p-type Si〈1 0 0〉
afers (0.1 � cm, Siltronix). The temperature range of the filament
as 2440–2560 ◦C and that of the substrate was 830 ◦C. The reac-

ive gas was methane in excess dihydrogen (1% CH4 in H2). The
opant gas was trimethylboron with a concentration of 3 mg dm−3.
he gas mixture was supplied to the reaction chamber at a flow
ate of 5 dm3 min−1, giving a growth rate of 0.24 �m h−1 for the
iamond layer. The resulting diamond film thickness was about
�m. This HF CVD process produces columnar, random texture
nd polycrystalline films with an average resistivity of 0.01 � cm.

.4. Experimental procedures

Bench scale electrolyses under galvanostatic conditions were
arried out to determine the influence of the main parameters in
he process. The anolyte consisted of 0.1 M solutions of NaCl, LiCl
nd NaClO3, and 0.05 M solutions of BaCl2, Ca(OCl)2. The catholyte
onsisted of water with NaOH solutions. The range of current densi-
ies employed was 150–1000 A m−2 in the synthesis of peroxosalts.
he range of pH studied was 2–10.

. Results and discussion
Fig. 1a shows the time-course of intermediates formed during
he electrolysis of a solution containing 0.1 M NaCl in a double-
ompartment cell equipped with DSA electrodes. As it can be
bserved, the electrolysis of chloride in alkaline conditions leads to
he production of a mixture of hypochlorite, chlorite and chlorates.
species electrogenerated during (a) DSA and (b) BDD electrolysis of NaCl solutions
(�) ClO− , (�) ClO2

− , (©) ClO3
− , (�) ClO4

− (0.1 M NaCl, j 300 Am−2, T 35 ◦C, pH 10).

Conditions used are far from those typically used in the industrial
production of hypochlorite and chlorates (room temperature and
diluted raw material, not a brine) and the observed production of
perchlorate is nil. Just on the contrary Fig. 1b shows the electrol-
ysis of the same sodium chloride solution in double-compartment
cells with conductive diamond electrodes. The use of these anodes
also leads the production of a chlorine oxospecies mixture with
significant concentrations of hypochlorite, chlorite, chlorate and,
in this case, of perchlorate. As it can be observed, in both cases
the current efficiency to global oxidants generation decreases dur-
ing the experiment, being significantly greater for the electrolysis
with the conductive-diamond electrode. The continuous decrease
in the average current efficiency to global oxidants generation can
be explained in terms of mass transfer limitations because in the
batch system studied the concentration of reactant decreases con-
tinuously during operation of the process.

Likewise, the higher efficiencies obtained with BDD anodes may
be related to the presence of hydroxyl radicals (Eq. (1)). It is reported
[17,19,21] that large quantities of these radicals are formed during
electrolyses of aqueous solutions. These radicals can oxidize other
compounds in a region close to the anode surface (Eqs. (2) and (3)),
or in the presence of chlorides, they can oxidize this raw material
successively to different oxochlorinated compounds (Eqs. (3)–(7)).
This may explain the higher current efficiencies obtained during

the electrolyses, and also the occurrence of the perchlorates when
using conductive-diamond as anode material [12], and not with
DSA anodes, in which the occurrence of hydroxyl radicals during
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OH• + H2O2 → HO2
• + H2O (3)

Cl− + OH• → ClO− + H+ + e− (4)

ClO− + OH• → ClO2
− + H+ + e− (5)

ClO2
− + OH• → ClO3

− + H+ + e− (6)

ClO3
− + OH• → ClO4

− + H+ + e− (7)

The occurrence of perchlorates during the electrolyses of chlo-
rine with diamond electrodes is of a great importance. It means
that, initially, this type of electrodes should be avoided for direct
disinfestations in supplying water, at least in conditions in which
perchlorates can be formed, because perchlorates are associated
to several serious health problems. However, it opens the possi-
bility of using conductive-diamond electrolyses for the production
of perchlorates, as this anion seems to be the final product of the
oxidation of chlorine.

To check this possibility, an electrolysis at a higher current den-
sity and during a long time was carried out, using the double
compartment cell equipped with diamond anodes and the same
raw NaCl solution (Fig. 2). As it can be observed, at electric charges

around 200 Ah dm−3, oxidation to perchlorate is complete. There-
fore, electrooxidation of NaCl with conduction diamond allows
conversion of 100% to perchlorate. At initial stages, the hypochlorite
formation is more favored than that of chlorate and perchlorate, but
this compound is clearly an intermediate in the production of per-
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hlorates. Average efficiency to global oxidants generation of the
rocess is rather good, in spite of the small chloride concentration

n the raw solution used in this study.
Fig. 3 shows the effect of the pH on the oxochlorinated anions

istribution at two different specific electric current charges
assed. As it can be observed, pH influences greatly in the process
erformance and only good yields are obtained in alkaline solu-
ions. At acidic pH is favored the production of gaseous chlorine,
nd therefore there is less anionic oxochlorinated species available
o be further oxidized. For these reason, all the later experiments
hown in this work were carried out maintaining this parameter
onstant at pH 10.

Fig. 4 shows the effect of the current density on the oxichlori-
ated anion distribution, at the same specific current charge passed
hown in Fig. 3. Perchlorate production is clearly favored operating
t high current densities. In every case, hypochlorite is the more sig-
ificant intermediate; however its concentration decreases when
peration current density increases. The same behavior is observed
n chlorate case, low current density favors chlorate production.
bviously, the hypochlorite and chlorate decreases match with
erchlorate increment. One very important observation is that at

ow current densities (<300 Am−2) and low electric charges passed,
here is almost no perchlorate production. This opens the possibil-
ty of using conductive diamond in disinfection systems, only with

ery low current densities, because electrochemical disinfection
rocesses need very low electric current charge passed [22], and in
hese conditions occurrence of perchlorates can be fully neglected.
his observation can be enforced with the use of non-alkaline pHs,
Fig. 6. Variation of (a) ClO3
− and (b) ClO4

− moles with Q/Q0 during the electrolysis
of (�) NaClO3, (�) BaCl2, (©) NaCl, (�) Ca(OCl)2. (j 1000 Am−2, T 35 ◦C, pH 10).

in which the formation of perchlorates is also non-promoted. On
the other hand, the very significant increase in the perchlorate pro-
duction with the current density may be related to the fact that
high current densities favor hydroxyl radicals formation [17,19],
and it indicates that these species could be involved in chloride
oxidation to perchlorate, explaining the observed differences with
respect to other electrodes and confirming the pathways proposed
by Bergmann et al. [12,13].

The preparation of perchlorates by electrolysis of the cor-
responding chlorates has been studied in several works [7–9].
However, the electrolysis of chloride solutions to produce per-
chlorates is less studied and the effect of the counter ion on the
electrolyses results could be of interest. In this context, Fig. 5 shows
electrolysis of three different chloride salts (NaCl, LiCl and BaCl2). As
it can be observed, the perchlorate formation is favored when BaCl2
is used as raw material, and accordingly the barium chlorate for-
mation is less favored than lithium and sodium chlorates. This fact
might be related to the stability of chlorate and perchlorate salts.
The effect of the cation on the electrolysis is interesting indeed. The
electrostatic stability work out the necessity of that positive charges
and negative charges are neutralized in the structure [23]. A big

anion is more stabilized with a big cation, so, Ba(ClO4)2 will be the
compound more stable. This also explains the better performance
of sodium versus lithium salts in the production of perchlorates.
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The influence of the chlorine anion of the raw material on
he electrolyses results is also of interest. Obviously, the further
xidized is the raw oxoanion, the smaller should be the current
equired to obtain conversion into perchlorates. For this reason, to
ompare the effect of the chlorine anion, Fig. 6 shows the produc-
ion of chlorate (Fig. 6a) and perchlorate (Fig. 6b) in terms of the
/Q0 ratio, where Q0 means the stoichiometric charge necessary

o reach a 50% conversion to chlorate and perchlorate with a 100%
fficiency, and it allows normalising process efficiency with respect
o the type of chlorine anion.

As it can be observed, all experimental points lay over the same
ines (for chlorate and perchlorate production). This indicates that
n all cases the efficiency is the same and it does not depend on the
ype of chlorine raw matter, but just on the stoichiometric current
harge needed.

. Conclusions

From this work, the following conclusions can be drawn:

The electrolysis of chloride solutions with both DSA and
conductive-diamond electrodes leads to the production of a
chlorine oxospecies mixture with significant concentrations of
hypochlorite, chlorite and chlorate. Perchlorate occurrence is only
observed with conductive-diamond and it behaves as the final
product. Conversions of 100% to perchlorate can be achieved for
larger current charge passed.
The production of large quantities of hydroxyl radicals during
BDD electrolysis may explain the higher current efficiencies and
also the occurrence of the perchlorates when using conductive-
diamond as anode material, and not with DSA anodes.
Operation conditions and pH of the solutions influence greatly
in the process performance. Perchlorate production is clearly
favored operating at high current densities and at alkaline condi-
tions.
The efficiency of the perchlorate generation does not depend on
the type of chlorine raw matter, but just on the stoichiometric
current charge needed. However, the stability of chlorate and per-
chlorate electrogenerated seems to be related to the counter ion
of the chloride salts used as raw material.
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