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The objective of this study is to oxidize arsenite, which is denoted as As(III), into arsenate, which is denoted
as As(V), with an in-situ-generated hypochlorite, using metal-oxide-coated titanium and stainless steel as the
insoluble anode and cathode, respectively. The cells were operated at different pH values (pH 3-8),
temperatures (300-333 K), concentrations of chloride (50-500 mg/L), and current densities (0.02-0.22
mA/dm2). The oxidation of As(III) (3 mg/L) to As(V) with in-situ-generated hypochlorite proceeds efficiently
(by achieving a oxidation efficiency of 100%) when 125 mg/L of chloride (pH 7.00) is electrolyzed at a
current density of 0.04 mA/dm2 and a temperature of 300 K. It is proven that oxidation by electrolytically
formed hypochlorite is a more convenient method/process than dosing the solution with other oxidants.

Introduction

Arsenic is a contaminant of well-known toxicity and carcino-
genicity in the drinking water in many parts of the world, includ-
ing the Bengal delta (in Bangladesh and West Bengal, India). As
a water contaminant, arsenite (As(III)) is more toxic and mobile
than arsenate (As(V)). Unlike the arsenate anions (H2AsO4

- and
HasO4

2-), the dominant As(III) species, up to pH 8.0, is the
nonionic (H3AsO3), which does not adsorb as strongly to mineral
surfaces as As(V).1 Thus, As(III) is more mobile in groundwater
and is also more difficult to remove in arsenic removal
treatments.2 Therefore, many conventional arsenic removal
procedures involves the oxidation of As(III), followed by the
adsorption or coprecipitation of the As(V) formed using
adsorbents or coagulants, such as metal oxyhydroxides.

Much research has focused on methods for the oxidation of
As(III) (including studies that involve oxidation by air and pure
oxygen, ozone, activated carbon, iron, and manganese com-
pounds; microbiological oxidation; H2O2, Fenton’s reagent and
photochemical oxidation. It is observed that only a few percent
of As(III) were oxidized within 7 days in the presence of air,3

and 8% of As(III) was oxidized within 60 min in solutions that
have been purged with oxygen.4 The oxidation rate of As(III)
increases in the presence of oxidants such as ozone and chlorine
dioxide, and it is observed that5 the oxidation of As(III) with
ozone is too expensive for use in developing countries, because
of the high energy input. As(III) can be oxidized catalytically
in the presence of activated carbon and oxygen, and 90% of
the As(III) was oxidized with 5-10 g-1 activated carbon within
20-30 min in water that initially contained 40 ppb As(III).
Manganese oxides6-11 and KMnO4

12 is also used to oxidize
arsenite to arsenate. If Fe(II) and Mn(II) are present in
groundwater, As(III) is often oxidized, because of the presence
of bacteria.6 Hambsch et al.13 showed that bacteria could oxidize
As(III) in the presence of 1 mg/L of oxygen. The oxidation of
As(III) in the presence of H2O2 was investigated,14 and it is

determined that15 the oxidation of As(III) by H2O2 is a highly
pH-dependent reaction. It is reported that14 arsenite is photo-
catalytically oxidized under alkaline conditions (pH 9) in the
presence of oxygen.

The oxidation of As(III) has also been studied by other
researchers, using a variety of techniques, including oxidation
by electrogenerated iodine,16 oxidation by peroxodisulfate,17

oxidation by perchloric acid,18 oxidation by chromic acid,19 and
oxidation by hexacyanoferrate(III).20

Although many oxidants are available for the oxidation of
As(III) to As(V), ozone, hypochlorite, permanganate, chlorine
dioxide, hydrogen peroxide, etc., are the effective oxidants that
are used in the oxidation of As(III) to As(V) in drinking water.
Because of the disadvantages such as higher cost of production,
poor oxidation efficiency, and color formation in the case of
oxidants such as ozone, chlorine dioxide, and permanganate,
respectively, hypochlorite is observed to be the best oxidant
for the oxidation of As(III) and not much work was conducted
for the in situ generation of hypochlorite to oxidize As(III) to
As(V) in drinking water.

Therefore, the main objective of this study is to oxidize
arsenite (As(III)) to arsenate (As(V)) with the in-situ-generated
hypochlorite, using the oxide-coated titanium and stainless steel
as the insoluble anode and cathode, respectively. To optimize
the parametric conditions, the cells were operated at different
pH, temperatures and current densities.

Materials and Methods

Cell Design and Electrolysis.The electrolytic cell (Figure
1) consisted of a 0.25-L glass vessel that was fitted with a poly-
(vinyl chloride) (PVC) cell cover with slots to introduce the
electrodes, a pH sensor, a thermometer, and the electrolytes. A
stainless steel (SS304; SAIL, India) plate with dimensions of
0.009 m2 was used as a cathode. A noble metal oxide (RuO2/
TiO2/SnO2) coated titanium plate (0.009 m2) of 99.8% purity
(Mithani(I) Limited, India) acted as the anode with an inter-
electrode distance of 0.5 cm. The mixed-oxide electrodes were
prepared by the thermal decomposition process, as described
in the literature.21 The coating solution for the preparation of
the anodes was prepared from the chlorides of the three metals,
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viz., RuCl3‚xH2O (38.4% ruthenium; Johnson Mathey, U.K.),
TiCl4 (25.1% titanium; Riedel De Haan AG) and SnCl4‚5H2O
(33.9% tin; J. T. Baker Chemical Co., USA). The salts of the
aforementioned three metals were taken in the ratio of 30 RuO2/
50 TiO2/20 SnO2, dissolved in 2-propanol (Johnson Mathey,
U.K.), and then painted over the pretreated titanium mesh (which
was polished, degreased, and etched in a 10% oxalic acid
(Johnson Mathey, U.K.) solution at 363 K for 30 min) to
produce a uniformly spread layer. The paint layer was dried at
353 K in an air oven for 10 min to evaporate the solvent. The
samples were then transferred to a muffle furnace kept at 673
K for 10 min. During this period, the heating zone of the furnace
was maintained with a good supply of air from a compressor.
The electrode was then removed from the furnace and cooled.
The process of brushing the coating solution, drying at 353 K,
and then heating in the presence of air at 673 K was repeated
six to eight times. After the final coating, the electrode was
heated at 723 K for 1 h and allowed to cool in the oven itself
over a period of 8 h.

Sodium arsenite (Analar Reagent) was dissolved in water for
the required concentration; a 0.20 L portion of solution was
used for each experiment, which was used as the electrolyte.
The concentration of chloride present in the water is in the range
of 125-150 mg/L. Different concentrations such as 1, 3 and 5
mg/L of the sodium arsenite were simulated and it was oxidized.
Oxidation efficiency was calculated as a function of experi-
mental variations, such as pH, concentration of hypochlorite,
temperature, etc. The concentration of arsenite, and hypochlorite
were all analyzed before and after oxidation of As (III) with
standard analytical procedure. Regulated direct current was
supplied from a rectifier (25 A, 0-25 V, Aplab Model).

Analysis. Chloride was estimated using a standard silver
nitrate (Analar Grade, Ranbaxy, India) solution.22 Hypochlorite
was estimated using standard thiosulfate (Analar Grade, Ran-
baxy, India) solution and Starch (Analar Grade, Ranbaxy, India)
as an indicator.22 The presence of arsenite and arsenate was
determined by ion chromatography (Metrohm, Ltd.).

Results and Discussion

Hypochlorite ions are generated during the electrolysis of
chloride ions present in the water (electrolyte) itself. The

reactions involved during the electrolysis of chloride ions are
given as follows.

The chloride ions are converted to chloride at the anodic
surface,

while water is ionized at the cathode to give the hydroxyl ion
and hydrogen:

In the bulk, the liberated chlorine reacts with water to produce
hypochlorous acid:

The generated hypochlorous acid further dissociates to give a
hypochlorite ion and a hydrogen ion.

The hydroxyl ion reacts with hydrogen to form a water
molecule:

Reactions 1-5 give the mechanism for the generation of the
hypochlorite ion. As mentioned previously, the generated
hypochlorite ion acts as the main oxidizing species in the
oxidation of As(III) present in the water.

The As(III) present in the water reacts with the OCl- species,
according to the reaction

and becomes oxidized.
Effect of pH of the Electrolyte. Increasing the pH from 3

to 8 resulted in an increase in the amount of hypochlorite (from
2.2 mg/L to 6 mg/L; see Table 1). Chlorine was generated from
Cl- ions at the anode surface and diffused to the bulk solution
hydrolyzed to hypochlorite. As indicated by reactions 3 and 4,
the hydrolysis of chlorine in the bulk phase is inhibited under
acidic conditions. From reactions 3 and 4, the hydrolysis of
chlorine increases when the concentration of OH- ions in-
creases.23 The maximum hypochlorite generation by the anodic
oxidation of chloride ions was determined when the pH
exceeded 7.0. Thus, the pH was maintained atg7.0. These
results favor the practical use of As(III) oxidation, because the
pH of the groundwater in most of the places is near neutral pH
values.

Effect of Temperature of the Electrolyte. Table 2 shows
the variation of hypochlorite concentration and the oxidation
of As(III) with temperature. The table reveals that the concen-
tration of hypochlorite was steady in the temperature range of
300-313 K and decreased beyond 313 K. Correspondingly, the
oxidation efficiency for the oxidation of As (III) also decreased
beyond 313 K. Nevertheless, it is always necessary to operate
the cell at lower temperatures to prevent the formation of
chlorate,24 per reactions 7 and 8, given below:

Figure 1. Laboratory-scale cell assembly. Legend is as follows: (1) cell,
(2) thermostatic water, (3) stainless steel cathode, (4) anode, (5) electrolyte,
(6 & 7) holes to introduce the pH sensor and thermometer, (8) dc source,
(9) inlet, (10) outlet, and (11) thermostat.

2Cl- f Cl2 + 2e- (1)

2H2O + 2e- f H2 + 2OH- (2)

Cl- + H2O f HOCl + H+ + 2e (3)

HOCl f OCl- + H+ (4)

H+ + OH- f H2O (5)

H3AsO3 + HOCl f H2AsO4
- + 2H+ + Cl- (6)

2HOCl + ClO- f ClO3
- + 2H+ + 2Cl- (7)

6ClO-+ 3H2O f 2ClO3
-+ 6H++ 4Cl- + 1.5O2 + 6e (8)

ClO- + H2O + 2e- f Cl- + 2OH- (9)
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If the available hypochlorite is converted to chlorate, the
oxidation efficiency will be decreased. In addition to the

formation of chlorate, higher temperatures would favor the
cathodic reduction, as per reaction 9, and self-decomposition
of hypochlorite. Therefore, to avoid the formation of chlorate,
the reduction of hypochlorite at the cathode, and the self-
decomposition of hypochlorite, the cell should be operated below
313 K for better generation of hypochlorite and As(III)
oxidation.

Effect of Current Density. Figure 2 depicts the dependence
of the hypochlorite production on current density at 300 K with
a chloride concentration of 125 mg/L. There is an increase in
the generation rate with increasing current density.24 In the
practical use of the oxidation of As(III), this linear increase in
the hypochlorite production rate with current density could be
used to adjust the hypochlorite production rate, in relation to
different concentrations of As(III) (i.e., changing the hypochlo-
rite demand). Table 3 shows the effect of current density relative
to the production of hypochlorite and As(III) oxidation ef-
ficiency.

Effect of Concentration of Chloride. The effect of the
hypochlorite generation rate on the chloride ion concentration

Table 1. Effect of pH for the In Situ Generation of Hypochlorite with Oxidation Efficiency of As(III) a

Initial Concentration (mg/L) Final Concentration (mg/L)
sample
number pH hypochlorite As(III) hypochlorite As(III)

oxidation
efficiencyb (%)

1 3.0 2.2 3 0 0.8 40 (95)
2 5.5 3.5 3 0.5 0 100 (95)
3 6.0 5.0 3 2 0 100 (95)
4 7.0 5.0 3 2 0 100 (95)
5 8.0 6.0 3 3 0 100 (95)

a Conditions: concentration of chloride in the electrolyte, 125 mg/L; temperature, 300( 1 K; current density, 0.04 mA/dm2; and duration, 10 min.
b Values given in parentheses show the time required for oxidation (in seconds).

Table 2. Effect of Temperature for the In Situ Generation of Hypochlorite with Oxidation Efficiency of As(III) a

Initial Concentration (mg/L) Final Concentration (mg/L)
sample
number

temperature
((1 K) hypochlorite As(III) hypochlorite As(III)

oxidation
efficiencyb (%)

1 300 5.0 3 2 0 100 (95)
2 313 4.5 3 1.5 0 100 (95)
3 323 2.2 3 0 0.8 40 (95)
4 333 1.0 3 0 2 33 (95)

a Conditions: concentration of chloride in the electrolyte, 125 mg/L; electrolyte pH, 7.0; current density, 0.04 mA/dm2; and duration, 10 min.b Values
given in parentheses show the time required for oxidation (in seconds).

Figure 2. Effect of current density on the generation of hypochlorite.
Conditions: concentration of chloride in the electrolyte, 125 mg/L;
electrolyte pH, 7.0; electrolyte temperature, 300( 1 K; and duration, 10
min.

Table 3. Effect of Current Density for the In Situ Generation of Hypochlorite with Oxidation Efficiency of As(III) a

Initial Concentration (mg/L) Final Concentration (mg/L)
sample
number

current density
(mA/dm2) hypochlorite As(III) hypochlorite As(III)

oxidation
efficiencyb (%)

1 0.02 1.2 1 0 0 100 (95)
2 0.02 1.2 3 0 2 34 (95)
3 0.02 1.2 5 0 4 21 (95)
4 0.04 5 1 4 0 100 (95)
5 0.04 5 3 2 0 100 (95)
6 0.04 5 5 0 0 100 (95)
7 0.06 13.5 2 11.5 0 100 (95)
8 0.06 13.5 5 8.5 0 100 (95)
9 0.06 13.5 10 3.5 0 100 (95)

a Conditions: concentration of chloride in the electrolyte, 125 mg/L; electrolyte pH, 7.0; electrolyte temperature, 300( 1 K; and duration, 10 min.
b Values given in parentheses show the time required for oxidation (in seconds).

Table 4. Effect of Concentration of Chloride for the In Situ Generation of Hypochlorite with Oxidation Efficiency of As(III) a

Initial Concentration (mg/L) Final Concentration (mg/L)
sample
number

concentration of
chloride (mg/L) hypochlorite As (III) hypochlorite As (III)

oxidation
efficiencyb (%)

1 50 1.0 3 0 2 34 (95)
2 125 5.0 3 2 0 100 (95)
3 250 9.0 3 6 0 100 (95)
4 500 13.5 12 1.5 0 100 (95)

a Conditions: electrolyte pH, 7.0; electrolyte temperature, 300( 1 K; current density, 0.04 mA/dm2; and duration, 10 min.b Values given in parentheses
show the time required for oxidation (in seconds).
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(ranging from 50 to 500 mg dm-3 at 300 K) , relative to the
oxidation efficiency of As(III), is presented in Table 4. It can
be seen that the hypochlorite generation increases as the chloride
concentration increases. As observed in the current density, in
the present case also for the practical use of oxidation of As-
(III), the increase in the hypochlorite generation rate with
chloride ion concentration (varies with different places) could
easily be used to adjust the hypochlorite generation rate, in
relation to the As(III) concentration of a particular area.

Conclusion

The oxidation of As(III) (3 mg/L) to As(V) using in-situ-
generated hypochlorite proceeds efficiently (by achieving a
oxidation efficiency of 100%) when chloride (125 mg/L, pH
7.00) is electrolyzed at a current density of 0.04 mA/dm2 and
a temperature of 300 K.
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