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Abstract

Continuous decomposition of ppb level halocarbons in tap water using an electrochemical method was attempted.
Using a flow cell in which electrical contact with the column-type Ag impregnated activated carbon electrode was
improved, the concentration of chloroform in tap water decreased to about 1 ppb. The concentration of other
halocarbons also decreased to below ppb levels. Using a two-stage treatment, the concentration of chloroform
decreased to below the ppb level.

1. Introduction

Halocarbons in water, represented by trihalomethane,
trichloroethylene and tetrachloroethylene, are signifi-
cant toxic substances in drinking water. It is well known
that these compounds are toxic and/or suspected car-
cinogens [1, 2]. The contamination of tap water and
ground water by these compounds has been reported by
several investigators [3, 4]. However, the definitive
method for the removal of these halocarbons from
water has not yet been established. The conventional
method for the removal of such chlorinated compounds
are air stripping or adsorption onto activated carbon.
These methods cause phase transfer rather than decom-
position, thus requiring a secondary treatment. On a
laboratory scale, decomposition of chlorinated com-
pounds has also been carried out by photocatalytic [5, 6],
catalytic [7] and biological methods [8, 9]. Such methods
are not appropriate for the treatment of flowing water
that contains only ppb levels of chlorinated compounds.
The electrochemical method would be one of the most
appropriate methods for the treatment of drinking water
for the following reasons: (i) the electrochemical reac-
tion proceeds in water at room temperature; (ii) sec-
ondary pollution scarcely occurs, because reactive
chemical agents are not used in the treatment; (iii) the
continuous treatment of flowing water can be achieved
using a column type electrode and a flow cell; and (iv)
pollutants with very low concentration can be decom-
posed using an electrode with very large surface area.

The electrochemical decomposition of chlorinated
compounds in water using a flow system was attempted
at a metal plate electrode [10] and a carbon felt electrode
[11]. The electrochemical activity of these system was
not high and required recirculation of the water. In
previous papers, we reported that chloroform in water is
electrochemically decomposed to methane and chloride
ion, both of which are harmless to human health, at
metal plate electrodes [12] and attempted to continu-
ously decompose halocarbons in water (ppm level) using
a column-type metal impregnated carbon fibre electrode
[13, 14]. This column-type carbon fibre electrode was
originally developed for electrochemical analysis of
heavy metal ions in water [15] and, therefore, has large
surface area and high suitability for electrolysis. Using
this electrode, chloroform in water, containing K2SO4

as a supporting electrolyte, was decomposed with an
efficiency of almost 100%. However, the decomposition
efficiency of chloroform in water without a supporting
electrolyte decreased with increase in flow rate. This
decrease in activity was thought to be caused by defects
in the flow cell structure.
In this work, we used a fibrous activated carbon with

larger surface area (5.8 · 106 cm2 in a column; obtained
from Osaka Gas Chemical Ltd.) than carbon fibres
(2000 cm2 in a column) [16], as the material for the
column-type electrode and developed three new types of
column electrodes for the flow cell system. Using these
systems, the electrochemical removal of ppb levels of
halocarbons in tap water was attempted.
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2. Experimental details

2.1. Electrolysis

A Hokuto model HX-201 flow cell (L 75 mm, W
38 mm, H 50 mm) was used. [16] The details of the flow
cell system were described previously [13]. This flow cell
consisted of a working electrode compartment and a
counter electrode compartment, separated by an ion
permeable Vycor glass tube (Corning Vycor-7930). In
the working electrode compartment, 300 carbon strings
(about 0.5 mm dia.) (Nihon Carbon GF-20-P7) or

0.28 g of fibrous activated carbon (Osaka Gas Chemical
A-20) were packed as the working column electrode
(cathode). The counter electrode compartment was filled
with 0.5 mol dm)3 K2SO4 solution (this solution does
not directly contact the flowing water), and the counter
electrode (Pt spiral wire) and the reference electrode
(Ag/AgCl) were located near the Vycor tube. A graphite
carbon rod (original cell), 12 straight Pt wires (12W), 24
straight Pt wires (24W), a spiral Pt wire or a spiral Ag
wire (SW) were inserted into the column for electrical
contact. The structures of (a) the original cell, (b) a SW
ACE cell and (c)12W are illustrated in Figure 1. Water

Fig. 1. Structure of (a) original CFE cell, (b) SW ACE cell and (c) 12W.
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flowed through the column electrode and drained from
the water outlet. The flow rate was controlled by a
minichemical pump (Nihon Seimitsu Kagaku model
NP-KX-120 or Shimazu model LC-10AT). Microparti-
cles of metal were impregnated on the carbon fibres and
the fibrous activated carbon by an impregnation meth-
od [17]. Water was sampled from the tap water of Tokyo
Institute of Technology at Midori-ku, Yokohama or the
Osaki factory of Meidensha Corporation at Shinagawa-
ku, Tokyo, Japan. The concentration of halocarbons in
the tap water largely depended on the location and
season of sampling. In the experiment for comparison of
the carbon fibre electrode (CFE) and the activated
carbon electrode (ACE), the stored tap water sampled at
the same time was used in the experiment. In subsequent
experiments, 4 dm3 of tap water was sampled in every
run and was stored in a refrigerator. Before electrolysis,
a negative potential ()1.2 V vs Ag/AgCl) was imposed
on the working electrode overnight to decompose and
remove adsorbates on the electrode surface (pre-elec-
trolysis). When the ACE was used as the working
electrode, tap water was pumped through the column
electrode during the pre-electrolysis. Electrolysis was
carried out potentiostatically at )1.2 V vs Ag/AgCl
using a potentiostat–galvanostat (Hokuto model
HABF-501) and at a tap water flow rate of 10 ml min)1,
unless otherwise noted.

2.2. Analytical methods

Analysis of the volatile organic compounds (VOC),
including halocarbons, was carried out by a head space
sampler (Perkin–Elmer HS-40) equipped GC-MS
(Shimazu QP5000). The column was CP. Silica Plot
(0.32 mm · 30 m, df ¼ 40 lm) (GL Science). A mixed
standard solution for the analysis of tap water (GL
Science Inc.) was used as the standard for VOC. The ion
analysis in the solution was carried out using an ion
chromatograph (Toha Denpa model ICA-3000)
equipped with an anion exchange column PCI-201S
(Toha Denpa) and a electrical conductivity detector,
using a phthalic acid eluent (2.5 · 10)3 mol dm)3) and
tris-buffer. K2SO4 (GR Wako Pure Chemical) was used
for the supporting electrolyte without further purifica-
tion.

3. Results and discussion

3.1. Effect of adding electrolyte

In Table 1, the concentration of halocarbons before and
after the electrochemical treatment at Ag impregnated
CFE and ACE in the original flow cell are summarized.
In all electrolyses, the current efficiency for decomposi-
tion was not high; the base current was higher than the
current for pollutant decomposition, because the con-
centration of the pollutants is very low (ppb level). The
concentration of chloroform in the solution without a
supporting electrolyte decreased to 2–3 ppb at the CFE
and ACE. Other halocarbons were not detected. By
adding 0.01 mol dm)3 of K2SO4, the conductivity of the
solution increased from 0.15 mS to 1.53 mS and the
concentration of chloroform in treated water decreased
to below 1 ppb. This increase in activity caused by
addition of supporting electrolyte may be explained as
follows. Without addition of electrolyte, the potential is
not homogeneously distributed over the entire electrode
because of its high electrical resistance. In the original
flow cell (Hokuto model HX-201 flow cell) that we are
using for the continuous treatment of water, electrical
contact to the column-type working electrode is ob-
tained by inserting a graphite carbon rod in the column.
[13] This partial contact to the large column electrode
seems to cause an uneven distribution of potential.

3.2. New column electrode

To overcome this uneven potential distribution, we
developed a new type of column electrode. We made
three types of column electrode. To distribute the
potential all over the column electrode, we inserted (a)
a spiral Pt wire (SW), (b) 24 parallel Pt wires (24W) and
(c) 12 parallel Pt wires (12W). The structure of the
original cell, a SW ACE cell and 12W are illustrated in
Figure 1. In subsequent experiments, we used activated
carbon as the electrode material in the column due to its
large surface area and packing flexibility. Both sides of
the column were capped with glass filters.
In Table 2, the concentration of halocarbons before

and after the electrochemical treatment at a Ag impreg-
nated ACE are summarized. The initial concentration of
halocarbons in tap water largely depended on the

Table 1. Concentration of halocarbons before and after the electrochemical treatment at an Ag impregnated CFE and ACE

Column Concentration of

K2SO4/mol l)1
*Concentration of halocarbons in water/ppb

CHCl3 CHBrCl2 CHBr2Cl CHBr3 CH3CCl3 CHClCCl2 CCl2CCl2

No treatment 0 11.08 3.29 1.37 ND ND ND ND

Carbon fibre 0 3.46 ND ND ND ND ND ND

Carbon fibre 0.01 0.58 ND ND ND ND ND ND

Activated carbon 0 2.57 ND ND ND ND ND ND

Activated carbon 0.01 0.79 ND ND ND ND ND ND

*Tap water was sampled at Tokyo Institute of Technology at Midori-ku, Yokohama in Japan.

ND = not detected.
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location and the season of sampling. That of water
sampled from the Osaki factory in the summer season
(the second run in Table 2) was especially high. This
high concentration of halocarbons would be caused by
the environment of the factory where tap water is hardly
used. The general concentration of halocarbons in tap
water in this area cannot be estimated from this result.
The SW ACE, 12W ACE and 24W ACE cells showed a
higher efficiency for the decomposition of halocarbons
than the original CFE cell. This result demonstrates that
the above assumption is correct. The SW ACE cell
showed the highest activity for both the first and second
runs. For the second run, an increase in the trichloro-
ethylene concentration (from 0.40 to 11.83 ppb) was
observed in the SW ACE cell, whereas this was not
observed for the first run. This increase in the concen-
tration of trichloroethylene was not observed in experi-
ments other than the SW ACE system for the second run
in Table 2.
Figure 2 shows the relationship between flow rate of

the tap water and the concentration of halocarbons
in the treated water at the SW ACE for the second run.
The concentration of halocarbons other than chloro-
form and trichloroethylene was independent of flow rate
and was almost zero. The concentration of trichloro-
ethylene increased with increase in flow rate, whereas the
dependence of chloroform concentration on flow rate
was not very high. These results suggest that trichloro-
ethylene is produced from electrochemical reduction
of chloroform at the SW ACE. For the first run,
no formation of trichloroethylene was observed. This
indicates that formation of trichloroethylene occurs
only when the concentration of chloroform in tap water
is very high. If the concentration of chloroform in the

Table 2. Concentratibn of halocarbons before and after electrochemical treatment at an original Ag impregnated CFE and SW, 12W and 24W

Ag impregnated ACEs

*RN Type of electrode �Concentration of halocarbons in water/ppb

CHCl3 CHBrCl2 CHBr2Cl CHBr3 CH3CCl3 CHClCCl2 CCl2CCl2

1 Original CFE Before electrolysis 26.33 15.39 6.96 0.75 ND 0.06 0.03

After electrolysis 5.43 ND ND 0.07 ND ND ND

SW ACE Before electrolysis 25.43 13.16 5.56 0.46 ND 0.08 0.05

After electrolysis 1.42 ND 0.02 ND ND 0.05 0.03

12W ACE Before electrolysis 30.40 16.30 6.87 0.54 ND 0.07 0.05

After electrolysis 2.91 0.15 0.05 ND ND 0.02 ND

24W ACE Before electrolysis 26.60 13.94 6.07 0.55 ND 0.05 0.04

After electrolysis 1.80 0.11 0.05 ND ND ND ND

2 Original CFE Before electrolysis 91.99 37.06 9.62 ND 0.19 0.45 0.37

After electrolysis 22.06 0.11 ND ND 0.03 ND 0.61

SW ACE Before electrolysis 97.55 38.23 10.10 0.72 0.15 0.40 0.31

After electrolysis 1.64 ND 0.05 ND ND 11.83 0.07

12W ACE Before electrolysis 72.38 30.72 8.76 ND ND 0.25 0.23

After electrolysis 19.09 1.73 0.21 ND ND 0.05 0.03

24W ACE Before electrolysis 72.38 30.72 8.76 ND ND 0.25 0.23

After electrolysis 10.05 0.31 0.11 ND 0.05 0.17 0.06

*Run number.
�Tap water was sampled at Osaki factory of Meidensha Corporation in Shinagawa-ku, Tokyo.

ND = not detected.
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tap water is not high, the produced trichloroethylene is
electrochemically decomposed before it is drained. In
the case that the concentration of chloroform is high, the
trichloroethylene produced is drained before it is fully
decomposed. Therefore, formation of trichloroethylene
will be prevented by using a longer column electrode.

3.3. Effect of the length of column electrode

As discussed previously [13], the efficiency for decom-
position of the chlorinated compounds decreases with
increase in water flow rate. However, a low flow rate will
prevent a stable supply of drinking water. This dilemma
can be solved using a flow cell with a longer column-type
electrode. To investigate the effect of the column length,
we used a two-stage electrolysis system. The cell
structure, the electrode material and the electrolysis
conditions for each stage were the same. For the two-
stage treatment, we used a Ag spiral wire instead of a Pt
spiral wire in order to reduce the cost. The concentration
of halocarbons in water before and after the treatment
at the double SW ACEs at a flow rate of 10 ml min)1

and a single 24W ACE, which showed the highest
activity at lower flow rate among the electrodes we used
in this study, at flow rates of 1, 5 and 10 ml min)1 are
summarized in Table 3. For the single stage treatment
system, the concentration of residual halocarbons in-
creased with increase in flow rate. By the two-stage
treatment system, the efficiency of treatment was im-
proved compared with that of the single stage system,
though the time necessary for treatment by the single
treatment system at 1 ml min)1 is much longer than the
time by the double treatment system at 10 ml min)1.
This suggests that the treatment efficiency is largely
dependent on the number of encounter times with Ag
particles.

3.4. VOCs in tap water

In Table 4, the VOC concentrations before and after the
first and the second electrochemical treatment at the Ag
impregnated SW ACE are summarized. Halocarbons,

except for dichloromethane, could not be detected from
the treated water, whereas the concentration of di-
chloromethane increased with treatment. No increase
in dichloromethane concentration was observed using
the flow cell so far. This formation of dichloromethane
seems to be caused by the Ag spiral wire used for
electrical contact; some chloroform reacting on the
surface of a Ag wire would be converted to dichlorom-
ethane. In previous studies, we have reported that
dichloromethane was produced by electrolysis of chlo-
roform at a Ag plate electrode with a current efficiency
of 6.2% [12], whereas a Ag impregnated CFE hardly
produces dichloromethane during electrolysis of chlo-
roform [13]. Dichloromethane produced at a Ag wire
would be drained from the column electrodes before it is
electrochemically decomposed, due to the low activity of
a Ag impregnated electrode for the decomposition of
dichloromethane [13]. These results suggest that the

Table 3. Concentration of halocarbons before and after electrochemical treatment at a single Ag impregnated 24W Ag impregnated ACE and

double SP Ag impregnated ACE

*FR Type of electrode �Concentration of halocarbons in water/ppb

CHCl3 CHBrCl2 CHBr2Cl CHBr3 CH3CCl3 CHClCCl2 CCl2CCl2

1 Single 24W Before electrolysis 26.60 13.94 6.07 0.55 ND 0.05 0.04

After electrolysis 0.14 ND ND 0.12 ND 0.02 ND

5 Single 24W Before electrolysis 26.60 13.94 6.07 0.55 ND 0.05 0.04

After electrolysis 1.36 0.11 ND ND ND ND ND

10 Single 24W Before electrolysis 26.60 13.94 6.07 0.54 ND 0.05 0.04

After electrolysis 1.80 0.11 0.05 ND ND ND ND

10 Double SP Before electrolysis 17.45 10.25 4.55 0.53 0.23 0.11 0.15

After electrolysis 0.09 ND ND ND ND ND ND

*Flow rate.
�Tap water was sampled at Osaki factry of Meidensha Corporation in Shinagawa-ku, Tokyo.

ND = not detected.

Table 4. Concentration of VOC before and after electrochemical

treatment by a single column treatment and double columns treatment

Compound *Concentration/ppb

Before

electrolysis

Single

column

treatment

Double

columns

treatment

Chloroform 17.45 1.17 0.09

Bromodichloromethane 10.25 ND ND

Dibromochloromethane 4.55 ND ND

Bromoform 0.53 ND ND

1,1,1-trichloroethane 0.23 ND ND

Trichloroethylene 0.11 ND ND

Tetrachloroethylene 0.15 ND ND

Dichloromethane ND 1.30 2.49

Benzene 0.04 0.05 0.09

Toluene 0.65 0.41 0.44

m, p-Xylene 0.04 0.03 0.03

o-Xylene 0.04 0.02 ND

1,4-Dichlorobenzene 0.04 0.02 ND

Total 34.1 3.0 3.1

*Tap water was sampled at Osaki factory of Meidensha Corpora-

tion in Shinagawa-ku, Tokyo.

ND = not detected.
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structure of the metal surface affects the electrolysis
products; at a metal plate electrode, electrochemical
reaction proceeds on the surface of the Ag polycrystal,
whereas reaction occurs on fine grains of Ag at an Ag
impregnated electrode. Hoshi et al. also reported that
the structure of the electrode surface influences electro-
catalytic activity in carbon dioxide reduction using
various single crystal metal electrodes. [18, 19] Changing
the Ag spiral wire to Zn, which selectively produces
methane from chloroform [12], will prevent formation of
dichloromethane.
The concentration of benzene was also increased by

the treatment. Considering the result that the concen-
tration of toluene was hardly changed by the electro-
chemical treatment, this method seems to have low
activity for decomposition of aromatic hydrocarbons.
On the other hand, the concentration of 1,4-dichloro-
benzene decreased under electrochemical treatment to
below the detection limit. These results suggest that 1,4-
dichlorobenzene was electrochemically dechlorinated
and was converted to benzene, as reported by Rusling
et al. [20]. The increase in the concentration of benzene
is not very high compared to the concentration of
toluene in the tap water. For the actual removal of these
aromatic hydrocarbons in tap water, an adsorption
process will have to be simultaneously used.

3.5. Concentration of ions before and after
electrochemical treatment

Results of the ion analysis in water before and after the
electrochemical treatment for the first run in Table 2 are
summarized in Table 5. The result of the second run
showed the same tendency. The concentration of Na+,
Cl), SO2�

4 ions hardly changed with electrolysis. During
the electrolysis, halocarbons were decomposed to Cl)

ion and hydrocarbons, as previously reported [13]. In
tap water, the electrochemically produced Cl) ion is
negligible, because the concentration of halocarbons is
at the ppb level. NO�

2 , that was not detected in the raw
water, was detected from all electrochemically treated
water in this study. On the other hand, the concentra-
tion of NO�

3 decreased with electrolysis and the total of

concentration of NO�
2 and NO�

3 before and after the
electrochemical treatment was almost the same for all
the four cell types. In the two stage treatment, the
concentration of NO�

2 ions was increased from below
the detection limit to 0.90 ppm by the first treatment
then to 1.05 ppm by the second treatment. These results
suggest that NO�

2 was produced from reduction of NO�
3

ion in the tap water. Formation of NO�
2 ion by

electrochemical reduction of NO�
3 ion was reported by

Kvaratskheliya [21]. A high level of nitrate in drinking
water (excess 10 mg dm)3 of NO�

2 and NO�
3 ) is reported

to cause infant methemoglobinemia [22]. The concen-
tration of NO�

2 after electrolysis is above the WHO
guideline (0.2 mg l)1). Therefore, formation of NO�

2 is a
problem that needs to be solved in order to develop this
method for a practical use.
One of the NO�

2 treatment methods is reoxidation to
NO�

3 by the column-type electrode. This method is very
simple and reformation of halocarbons by oxidation will
scarcely occur because hydrocarbons produced from
halocarbons are electrochemically stable. However,
NO�

3 ion is said to be reduced to NO�
2 in the human

body and exhibits toxicity [22]. Considering this, it is
desirable that NO�

3 should also be removed from the
drinking water. Generally, the removal of NO�

3 from
water is very difficult due to its high solubility in water.
At the present time, only the distillation method, the ion
exchange method and the reverse osmosis method can
remove NO�

3 ion from water. The reverse osmosis
method removes ions in water by passing through the
semipermeable membrane to the reverse direction ap-
plying pressure on the water. Such methods require a
long treatment time and also remove useful ions from
water. Bouzek et al. reported that NO�

3 ion can be
finally reduced to ammonia at a Cu electrode [23]. If the
selective electrochemical reduction of NO�

3 to ammonia
is possible, NO�

3 may be removed from water by
reduction at the column-type electrode and the follow-
ing adsorption process. This needs further investigation
in order to develop this method.
For practical use, improvement in current efficiency

will be needed. To improve the current efficiency,
decreasing the base current is necessary. At the CFE,

Table 5. Concentration of ions in water before and after the electrochemical treatment at various type electrodes

*RN Type of electrode �Concentration of ions in water/ppm

Na+ K+ Cl) NO�
2 NO�

3 SO2�
4 NHþ

4 Br�

1 Original CFE Before electrolysis 17.99 2.50 28.30 ND 9.36 33.86 ND ND

After electrolysis 18.45 37.31 28.10 2.55 5.91 36.21 ND ND

SW ACE Before electrolysis 18.02 2.74 28.42 ND 9.39 34.03 ND ND

After electrolysis 18.22 32.58 28.26 2.51 6.01 36.14 ND ND

12W ACE Before electrolysis 17.90 2.81 28.60 ND 9.46 34.07 ND ND

After electrolysis 18.15 32.89 28.60 1.14 7.91 35.55 ND ND

24W ACE Before electrolysis 17.80 2.64 28.49 ND 9.50 33.99 ND ND

After electrolysis 15.52 29.34 28.16 1.31 7.63 33.79 ND ND

*Run number.
�Tap water was sampled at Osaki factry of Meidensha Corporation in Shinagawa-ku, Tokyo.

ND = not detected.
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which has a more homogeneous and clean surface, the
base current was lower than at the ACE. Therefore,
development of homogeneous and clean material for
large surface area electrodes is necessary.

4. Conclusion

Using metal-impregnated ACEs with a spiral metal wire
contact in a flow cell, halocarbons in tap water, as well
as trihalomethanes, were decomposed to below the ppb
level. However, at the same time, NO�

2 was produced at
a ppm order by electrochemical reduction of NO�

3 . This
study demonstrated that almost all the toxic halocar-
bons in tap water can be continuously decomposed by
the electrochemical method.
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