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c Institute of Technical Science, Serbian Academy of Science and Arts,
Knez Mihailova 35, 11020 Belgrade, Serbia and Montenegro

Received 19 January 2006; received in revised form 10 August 2006; accepted 17 August 2006

bstract

Electrochemical oxidation of iodide on DSA (Ti/RuO2) anode was investigated in laboratory cell and semi-industrial electrochemical reactor.
nodic polarization curves in the laboratory cell were obtained in solutions contained 0.10, 0.25 and 0.40 mol dm−3 KI in order to determined

urrent densities for electrolysis in the semi-industrial electrochemical reactor. Parameters of the electrolysis were estimated using semi-industrial
lectrochemical reactor in which concentration of KI and current density were varied. pH and reactor voltage, were measured as a function
f time, as well. The electrolysis was carried out until stationary concentration of equivalent iodine was reached. It was concluded that optimal

lectrolysis conditions based on current efficiency, concentrations of equivalent iodine, and the other parameters, was achieved in solution contained
.40 mol dm−3 KI and with current density of 10 mA cm−2. Based on the theoretical analysis of the iodine–iodide–water equilibria, it was concluded
hat at pH 11.6 main electrolysis products were triiodide, hypoiodite and IOH2

−.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Iodine species or equivalent iodine (I2)eq refers to all spices
eacting with thiosulphate, such are I2, I3

−, IO−, HOI2
− and

OI formed by hydrolysis of iodine generate by electrochemical
xidation of iodide:

I− + 2e → I2 (anode) (1)

2 + nH2O + mI− → (I2)eq (solution) (1a)

here n = 0–2 and m = 0 or 1, see Eqs. (2)–(5).
Equivalent iodine can be used in disinfections, as interme-

iates in iodate and periodate production, as well as in indirect
lectroorganic synthesis.
Indirect electroorganic synthesis is based on anodic electro-
hemical production of a halide active species in situ, which react
n solution with organic reactants. Examples of these reactions
nclude the production of gluconic acid or calcium gluconate
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nic synthesis

y glucose oxidation [1–6] or xylonic acid from xylose [7]
ith hypobromite or hypobromous acid, or indirect oxidation
f cyclohexanole to cyclohexanone with iodine [8], as well as
he formation of iodoforme and bromoforme.

Depending on pH elementary iodine or iodine produced by
lectrochemical oxidation of iodide hydrolyses in reaction with
ater, and various products can be obtained. The main products
f iodine hydrolysis are I2, I3

−, IO−, HOI2
− and HOI [9–12],

nd the basic reactions and equilibrium constant can be given as
ollows [9]:

2 + 2H2O
Kθ

1
�HOI + H3O+ + I− (2)

θ
1 = K1 = a(HOI)a(H3O+)a(I−)

a(I2)a2(H2O)
= 5.4 × 10−13 (2a)

Kθ
2

OI + H2O�IO− + H3O+ (3)

θ
2 = K2 = a(IO−)a(H3O+)

a(HOI)a(H2O)
= 2.5 × 10−11 (3a)

mailto:BNGrgur@tmf.bg.ac.yu
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2 + 2H2O
Kθ

3
�I2OH− + H3O+ (4)

θ
3 = a(I2OH−)a(H3O+)

a(I2)a2(H2O)
= 1.41 × 10−11 mol−1 dm3 (4a)

2 + I−
Kθ

4
�I−3 (5)

θ
4 = a(I−3 )

a(I2)a(I−)
= 729 mol−1 dm3 (5a)

In some extreme conditions, like strong acidic media and at
irtual absence of iodide, formation of the iodine cation (H2OI+)
ould be neglected [9]. Formation of iodate by disproportiona-
ion of I2, HOI, I2OH− or IO− via overall reaction given by:

I2 + 3H2O = IO3
− + 5I− + 6H+ (6)

uring the short time and modest temperature could be neglected
oo, since so called pre-equilibrium conditions which are valid
n indirect electroorganic synthesis [8,9].

In this article the influence of iodide concentrations of aque-
us solutions and current densities are presented for electro-
hemical oxidation in laboratory and semi-industrial use in order
o estimate the optimal conditions for electrolysis and distribu-
ion of iodine species in the electrolyte.

. Experimental

Polarization measurements in solutions contained 0.10, 0.25
nd 0.40 mol dm−3 KI (p.a., Merck) were investigated in tree
ompartment electrochemical cell. Dimensionally stabile anode
DSA) based on Ti/RuO2 [13], with surface area of 2 cm2, was
sed as anode, saturated calomel electrode was used as refer-
nce electrode (while all potentials are referenced to standard
ydrogen electrode), and platinum foil was used as counter elec-
rode. Solution mixing was accomplished by nitrogen inlet. All
xperiments were performed at temperature of 20 ◦C. A circu-
ating constant temperature bath maintained the temperature of
he electrolyte within 0.5 ◦C. Temperature control was done by
hermometer with accuracy of 0.1 ◦C. Potentiostat/galvanostat
AR 273A was used in all measurements, while ohmic drop
sed for corrections of the polarization curves between work-
ng and reference electrode was determined by electrochemical
mpedance spectroscopy at high frequency range, using phase
ensitive Lock-in Amplifier PAR M5031.

Semi-industrial charge electrochemical reactor with volume
f 700 cm3, given in Fig. 1, was used for determination of elec-
rolysis parameters. Electrochemical reactor made of Plexiglas,
as consisted of electrolyzer and reaction tank. Electrolyzer
imensions was 55 cm × 13 cm × 1 cm, while dimensions of
eaction tank was 8 cm × 22 cm × 8 cm. Reaction tank served
or product collection, in order to diminish the time of con-
act between products and cathode and anode that could lead to

ide reactions and lower reaction yield. Dimensionally stabile
itanium anode activated by RuO2 coating [13] and mild steel
athode with surface area of 50 cm2 and with electrode gap of
mm, was used. Mixing of the electrolyte was accomplished by

i
p
c
(

ig. 1. Schematic representation of the semi-industrial charge electrochemical
eactor (a) front and (b) side view.

ifting effect of evolved hydrogen. Electrolyte temperature was
aintained using spiral glass cooler in the range of 20 ± 1 ◦C.
very 10 min of electrolysis, 2 cm3 of electrolyte were taken for

itration. Also, voltage of the electrolyzer and pH were measured
s a function of time. Electrolysis was performed with constant
urrent density until stationery state of product concentration
as reached.
The amount of equivalent iodine in reactor was determined

y potentiometric titration, every 10 min of electrolysis, using
tandardized solution of 0.002 mol dm−3 sodium thiosulphate
Na2S2O3), p.a., Merck. Saturated calomel electrode and plat-
num sheet was used as reference and indicator electrode, respec-
ively, while magnetic stirrer was used for stirring of the solution
uring titration.

. Results and discussion

.1. Polarization measurements

Polarization measurements in electrochemical cell were per-
ormed in order to estimate current densities in different con-
entrations of iodide that could be further used in electrochem-
cal reactor. Slow potentiodynamic polarization curves (v =
mV s−1) for solutions contained 0.10, 0.25 and 0.40 mol dm−3

I in non-mixed electrolyte are shown in Fig. 2.
Polarization curves are characterized by two well-defined

egions. At low potentials follow exponential Tafel low, see
ig. 4, but at higher potentials, decrease of the current density
without reaching the limiting value) was observed. In the for-
er case, near the electrode dark coloring, probably as a result of

volved elementary iodine was observed. Decrease of the current
ensity at higher potentials could be associated with imbalance

n the rate of elementary iodine production (as a low soluble
roduct, Eq. (1)), which increase with electrode potential, and
hemical formation of iodine hydrolysis products in solution
as a soluble products, Eqs. (2)–(5)). Second reason could be
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ig. 2. Anodic polarization curves for iodide oxidation on Ti/RuO2 anode in
on-mixed solutions contained 0.10, 0.25 and 0.40 mol dm−3 KI.

he electrochemical formation of iodate with the overall reac-
ion and standard reversible potential, Eθ

r , given by:

− + 3H2O = IO−
3 + 6H+ + 6e, Eθ

r = 1.085 V (7)

The reversible potential of the reaction given by Eq.
7) is ∼0.65 V for approximated concentration of iodate of
× 10−6 mol dm−3 and at pH ∼7. Taking into account over-
oltage for this reaction of minimum ∼0.2 V, critical potential
t electrochemical formation of iodate can occur is ∼0.85 V at

H 7.

To distinguish these two processes, Fig. 3 shows comparison
f polarization curves obtained at potentiodynamic and steady
tate conditions in solution contained 0.10 mol dm−3 KI where

ig. 3. Potentiodynamic anodic polarization curve for iodide oxidation on
i/RuO2 anode in non-mixed (—) and mixed (©) solutions contained
.10 mol dm−3 KI. Numbered points represents steady state polarization curve
n non-mixed electrolyte extrapolated from steady state current density from
nsert of figure. Insert: Hronoamperometric response at potentials of (1) 0.54,
2) 0.62, (3) 0.69, (4) 0.77, (5) 0.87 and (6) 0.97 V.
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ig. 4. Anodic polarization curves for iodide oxidation on Ti/RuO2 anode in
ixed solutions contained 0.10, 0.25 and 0.40 mol dm−3 KI.

ormation of elementary iodine was most pronounced. Steady
tate measurements were conducted in freshly prepared elec-
rolyte to avoid influence of products at a constant potential
chronoamperometry), as shown in insert of Fig. 3. Up to poten-
ial of ∼0.77 V steady state current density was reached within
0 s. At the higher potentials, initial decrease and further increase
f the current density is observed and steady state conditions
ere reached after prolonged time. By plotting steady state cur-

ent density as a function of applied potential corrected for the
hmic drop, the polarization curve (shown with numbered points
n Fig. 3), with well-defined limiting current density plateau
s obtained. Hence, it is reasonable to conclude that decrease
f current density in the potentiodynamic conditions at higher
otentials is a consequence of accumulation of low soluble
odine near electrode and slow hydrolysis, rather than electro-
hemical formation of iodate which theoretically can occur at
otential higher than 0.85 V. But, possibility of electrochemical
ormation of iodate at higher potentials cannot be excluded, so
lectrolysis should be carried out at anodic potentials smaller
han ∼0.7 V.

Assuming that diffusion controlled chemical formation of
oluble ions is slow, it is reasonable to conclude that mixing
f the electrolyte will have significant effect, note: in electro-
hemical reactor intensive mixing of the electrolyte occurred as
result of evolved hydrogen at the cathode (lifting effect). Fig. 3
lso shows potentiodynamic polarization curve (v = 1 mV s−1)
n solution contained 0.10 mol dm−3 KI in mixed electrolyte.
s it can be seen in Fig. 3, mixing of the electrolyte has sig-
ificant effect on increase of the current density with poten-
ial, and limiting like current density plateau has been reached.
t is important to note that limiting diffusion current density
n mixed electrolyte was reached at potential of 0.6 V, where
heoretically, electrochemical formation of iodate cannot be

xpected.

In order to estimate anodic current density for electrolysis,
eeping in mind that concentration of iodide decrease during
lectrolysis, and to avoid possible anodic oxygen evolution or
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odate formation as side reactions, optimal current density value
s approximately 30% lower than limiting diffusion current den-
ity. Based on polarization curves in mixed solutions contained
.10, 0.25 and 0.40 mol dm−3 KI (shown in Fig. 4 as Tafel plot)
t can be estimated that optimal values of the current densities are
0, 20 and 30 mA cm−2, respectively. Although, based on these
xperiments, the nature of species that limit the reaction can-
ot be distinguished, Tafel slope, b+, of 33 mV dec−1 indicates
iffusion control of the reaction.

.2. Iodide oxidation in the semi-industrial electrochemical
eactor

In order to determined concentration of equivalent iodine and
arameters of electrolysis as a function of time, iodide oxida-
ion was performed in semi-industrial electrochemical reactor.
ig. 5 shows dependence of steady state current density as a
unction of reactor voltage for solutions contained 0.10, 0.25 and
.40 mol dm−3 KI. Comparing Figs. 4 and 5 it can be concluded
hat determined optimum current densities in the laboratory cell
re in good agreement with values in the semi-industrial elec-
rochemical reactor.

Fig. 5 also shows that reactor voltage, U, increase with
ecrease of KI concentration from 0.40 to 0.10 mol dm−3. Reac-
or voltage can be given by the following equation:

= U0 + I
∑

R +
∑

|η| (8)

here U0 represent differences of reversible potentials of anodic
nd cathodic reaction, I current, �R sum of the ohmic drops
n the system, and �|η| sum of the absolute values of anodic
nd cathodic overvoltages. Hence, increase of the reactor volt-
ge with decrease of KI concentration is mainly connected with

ncrease of the conductivity of the solution, and overvoltages
ith decrease of KI concentration in the system.
To determine concentration of equivalent iodine as a function

f time at the constant current density, potentiometric titration

ig. 5. Dependence of steady state current density as a function of reactor voltage
or solutions contained 0.10, 0.25 and 0.40 mol dm−3 KI in the semi-industrial
lectrochemical reactor.
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ig. 6. Dependence of electrode potential on volume of added sodium thiosul-
hate (�) and its derivate (©).

ith standardized solution of thiosulphate presented by the fol-
owing simplified equation:

S2O3
2− + (I2)eq = S4O6

2− + 2I− (9)

as used.
In Fig. 6, characteristic dependence of potential on added

olume of thiosulphate in solution contained 0.40 mol dm−3 KI
fter 10 min of electrolysis is given. From the maximum of its
erivate, Veq was obtained and used for calculation of concen-
ration of equivalent iodine.

The time dependence of equivalent iodine in solutions con-
ained 0.10, 0.25 and 0.40 mol dm−3 KI at current density of
0 mA cm−2 is given in Fig. 7. Dash line refers to the theoreti-

al value of equivalent iodine concentration as a function of time
hich is calculated using Faraday law and assuming that every

ig. 7. Dependence of concentration of equivalent iodine as a function of time
or electrolysis of solutions contained 0.10, 0.25 and 0.40 mol dm−3 KI at a
urrent density of 10 mA cm−2 (I = 5 A).
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Table 1
Characteristic main values of electrolysis parameters in solutions contained 0.10,
0.25 and 0.40 mol dm−3 KI at a current density of 10 mA cm−2 (I = 0.5 A)

c(KI)
(mol dm−3)

c(I2)eq,ss

(mmol dm−3)
ηin (%) U (V) pH wsp

(W h mol−3 dm3)

0.10 1.81 33 2.71 11.6 621

a

n

a
D
t
m
t
t
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o
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t

s
s

F
c

F
c

c
a
e
s

2

0.25 2.75 55 2.06 11.6 312
0.40 3.91 73 1.84 11.6 196

ctive species requires two electrons:

(I2)eq = It

2F
(10)

Concentration of the equivalent iodine increased over time
nd after approximately 30 min stationary state was reached.
epending of concentrations of KI, stationary concentra-

ion of the equivalent iodine was in the range of 1.85–3.91
mol dm−3, see Table 1. During electrolysis in solution con-

ained 0.10 mol dm−3 KI precipitation of elementary iodine at
he bottom of the reactor was observed.

Stationary state concentration of equivalent iodine, c(I2)eq,ss
ould be accomplished with specific balance between rates
f electrochemical oxidation of iodide, chemical reactions of
odine hydrolysis (equivalent iodine formation), electrochemical
eaction in which formed equivalent iodine is reduced to iodide
n the cathode and the chemical reaction in solution of equiva-
ent iodine disproportionation to iodide and iodate, as shown in

he simplified scheme in Fig. 8.

Assuming that rate of the first step (oxidation of iodide) is the
ame for all investigated concentrations, increase of the steady
tate concentration of equivalent iodine with increase of iodide

ig. 8. Schematic representation of equivalent iodine formation in electrode
ompartment.
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ig. 9. Time dependences of pH and voltage for the electrolysis of solutions
ontained 0.10, 0.25 and 0.40 mol dm−3 KI at 10 mA cm−2 (I = 5 A).

oncentration at the constant current density could be explained
s follows. For low concentration of iodide (0.10 mol dm−3),
lementary iodine cannot easily form soluble triiodide, and low
oluble elementary iodine is formed near anode:

I− + 2e = I2 (1)

Evolved iodine partially precipitates as an insoluble product
nd partially undergo to the formation of triiodide and hydrolysis
ith formation of HOI, I2OH− and IO−, which can be reduced
n cathode to iodide. Increasing the concentration of iodide from
.10 to 0.25 and 0.40 mol dm−3 accelerate formation of triiodide
hat leads to decrease in concentration of HOI, I2OH− and OI−
see Section 3.3). Hence, increase of steady state concentration
f equivalent iodine with increase of iodide concentration can
e mainly attributed to the iodine–triiodide equilibria. As it can
e seen from Fig. 7 for the times shorter than 15 min calculated
heoretical line closely follows experimental points in solutions
ontained 0.25 and 0.40 mol dm−3 KI. Hence, it is reasonable
o conclude that chemical formations of iodate do not occur in
hat period of time.

During electrolysis pH from the initial value of ∼6, after
0 min increased to stationary value of ∼11.6 in all investigated
olutions, as shown in Fig. 9. This can be attributed to the imbal-
nce in consumption of evolved OH− at cathode:

2O + 2e = H2 + 2OH− (11)

y chemical reaction of iodine hydrolysis near anode, as shown
n Fig. 8. Fig. 9 also shows that steady state reactor voltage,
ncreased from 1.8 up to 2.7 V with decreased concentration of
I from 0.40 to 0.10 mol dm−3 as explained by Eq. (8).
Calculated current efficiency as a function of time for pro-

uction of equivalent iodine in solutions contained 0.10, 0.25

nd 0.40 mol dm−3 KI is shown in Fig. 10. For the solutions
ontained 0.25 and 0.40 mol dm−3 KI, the initial efficiency was
00% after 10 min of electrolysis. On the contrary, for the
olution contained 0.10 mol dm−3 KI, the initial efficiency was
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Fig. 10. Dependence of calculated current efficiency as a function of time in
s
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olutions contained 0.10, 0.25 and 0.40 mol dm−3 KI at a current density of
0 mA cm−2 (I = 5 A).

55%, which is probably connected with formation of insoluble
lementary iodine. Decrease of the current efficiency after pro-
onged electrolysis was a result of stationary state conditions,

ainly reduction of equivalent iodine on the cathode and possi-
le chemical formation of iodate.

The value of the integral current efficiency, defined as the ratio
f experimentally determined (ex) and theoretical (T) values of
oncentration as a function of time is given as:

in =
∫ t

0 c(I2)eq,ex∫ t

0 c(I2)eq,T
100 (12)

Based on above results, characteristic main values of elec-
rolysis parameters in solutions contained 0.10, 0.25 and
.40 mol dm−3 KI are summarized in Table 1.

From the results summarized in Table 1 it could be con-
luded that increase of iodide concentration lead to increase
f stationary concentration of equivalent iodine, as well as
ncrease of integral current efficiency, decrease of the voltage
oss and specific energy consumptions (wsp). According to pre-
ented results, optimal value of iodide concentration would be
0.40 mol dm−3.

The influence of the current density, i.e. current, on the con-

entration of equivalent iodine for electrolysis of 0.40 mol dm−3

I is shown in Fig. 11, and characteristic electrolysis parameters
re summarized in Table 2.

able 2
alues of integral current efficiency and mean voltage for electrolysis of solution
ontained 0.40 mol dm−3 KI at different current densities, i.e. current

(mA cm−2) I (A) c(I2)eq,ss (mmol dm−3) ηin (%) U (V)

0 0.5 3.91 73 1.84
0 1.0 3.26 34 2.01
0 1.5 2.23 17 2.18
Fig. 11. The influence of current density, i.e. current, on concentration of equiv-
alent iodine for electrolysis of solution contained 0.40 mol dm−3 KI.

From Fig. 11 and Table 2 it could be clearly seen that increase
of current density lead to decrease of integral current efficiency,
decrease in concentration of equivalent iodine and increase of
the electrolysis voltage. This is mainly resulted in acceleration
of undesirable cathodic reactions of equivalent iodine reduction
with increase of the current density and increase of overvoltages.
According to Fig. 11 and Table 2, optimal value of current den-
sity would be 10 mA cm−2. Even the integral current efficiency
for higher current densities is rather small, for some indirect
electroorganic reaction that could be accomplished over short
time, higher current densities (e.g. 25–30 mA cm−3) can be used
due to the initially high current efficiency of equivalent iodine
production.

3.3. Distribution of iodine species in aqueous solution in
the preequilibrium conditions

The distribution of iodine species (free iodine, triiodide,
hypoiodus acid, I2OH− and hypoiodite) in a solution contained
iodide as a function of pH can be calculated starting from the
chemical equilibria, given by Eqs. (2)–(5).

Assuming that concentration corresponds to activity and that
water has unit activity, the following procedure was used to
determine the distribution of iodine species as a function of pH.
The mass-balance equation with respect to free iodine, c(I2)s, in
the solution can be given by:

c(I2)s = c(I2)T–c(I3
−)–c(HOI)–c(IO−)–c(I2OH−) (13)

where c(I2)T is the total analytical concentration of iodine in the
solution.

Dividing Eq. (13) by c(I2)s, the following is obtained:
1 = c(I2)T

c(I2)s
− c(I3

−)

c(I2)s
− c(HOI)

c(I2)s
− c(IO−)

c(I2)s
− c(I2OH−)

c(I2)s
(14)
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This on rearrangement gives:

c(I2)s = c(I2)T

[
1 + c(I3

−)

c(I2)s
+ c(HOI)

c(I2)s
+ c(IO−)

c(I2)s
+ c(I2OH−)

c(I2)s

]−1

(15)

In order to solve Eq. (15), it is necessary to rearrange Eqs. (2a)–(5a) in the following manner:

c(HOI)

c(I2)s
= K1

c(H3O+)c(I−)
(2b)

c(IO−) = K2c(HOI)

c(H3O+)
(3b)

c(I2OH−)

c(I2)s
= Kθ

3

c(H3O+)
(4b)

c(I−3 )

c(I2)s
= Kθ

4c(I−) (5b)

Introducing Eqs. (2b)–(5b) into Eq. (15), the following equation is obtained:

c(I2)s = c(I2)T

[
1 + Kθ

4c(I−) + c(HOI)

c(I2)s
+ K2c(HOI)

c(I2)sc(H3O+)
+ Kθ

3

c(H3O+)

]−1

= c(I2)T

{
1 + Kθ

4c(I−) + c(HOI)

c(I2)s

[
1 + K2

c(H3O+)

]
+ Kθ

3

c(H3O+)

}−1

= c(I2)T

{
1 + Kθ

4c(I−) + K1

c(H3O+)c(I−)

[
1 + K2

c(H3O+)

]
+ Kθ

3

c(H3O+)

}−1

(16)

From Eq. (16) the pH dependence of the free iodine in the solution can be calculated.
Once the pH dependence of the free iodine concentration is known, it is also possible to calculate, by a similar procedure, the

pH dependence of the concentrations of every other species in the solution. Thus, for hypoiodus acid, after the introduction of Eqs.
(3b), (4b) and (5b) into Eq. (14):

1 = c(I2)T

c(I2)s
− Kθ

4c(I−) − c(HOI)

c(I2)s
− K2c(HOI)

c(I2)sc(H3O+)
− Kθ

3

c(H3O+)
(17)

the pH dependence of the hypoiodus acid in the solution can be obtained by rearrangement:

c(HOI) = c(I2)s

(
1 + K2

c(H3O+)

)−1
(

c(I2)T

c(I2)s
− 1 − Kθ

4c(I−) − Kθ
3

c(H3O+)

)
(18)

For the determination of the concentration of hypoiodite, Eq. (14) must be modified in the following manner:

−c(IO−)

c(I2)s
= 1 − c(I2)T

c(I2)s
+ c(I3

−)

c(I2)s
+ c(HOI)

c(I2)s
+ c(I2OH−)

c(I2)s
+ (19)

After the introduction of Eqs. (2b), (3b) and (5b) into Eq. (19) and rearranging, the concentration of hypoiodite as a function of pH
is given by:

c(IO−) = c(I2)s

(
c(I2)T

c(I2)s
− 1 − Kθ

4c(I−) − K1

c(I−)c(H3O+)
− Kθ

3

c(H3O+)

)
(20)

Applying a similar procedure, the concentrations of I2OH− and triiodide in the solution as a function of pH can be obtained from
a modified form of Eq. (14). Thus, for I2OH− rearranged Eq. (14) can be given by:
c(I2OH−) = c(I2)s

{
c(I2)T

c(I2)s
− 1 − Kθ

4c(I−) − K1

c(H3O+)c(I−)

[
1 + K2

c(H3O+)

]}
(21)
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ig. 12. Calculated distribution of equivalent iodine spices in solutions con-
ained (. . .) 0.10, (- - -) 0.25 and (—) 0.40 mol dm−3 KI as a function of pH.

nd for tribromide, by:

(I3
−) = c(I2)s

{
c(I2)T

c(I2)s
− 1 − K1

c(H3O+)c(I−)

×
[

1 + K2

c(H3O+)

]
− Kθ

3

c(H3O+)

}
(22)

rom Eqs. (16), (18), (20), (21) and (22), it is possible, using
simple mathematical program, to obtain the distribution of

odine species in solution containing iodide as a function of pH.
Based on above given analysis, calculated distribution of

quivalent iodine spices in solutions contained 0.10, 0.25
nd 0.40 mol dm−3 KI as a function of pH are given in
ig. 12. The equivalent iodine concentration of approximately

.0 mmol dm−3 has been assumed for the 5 min electrolysis
which is time in all organic should react) and 100% current
fficiency of equivalent iodine production in practically all con-
entrations of KI.

ig. 13. Concentration of equivalent iodine species at pH 11.6 extrapolated from
ig. 12.

a
1

R

[
[
[
[
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As it can be seen, at pH smaller than 10, main pre equilibrium
roducts are triiodine and small amounts of free iodine. Increase
f the pH above 11 lead to decrease in concentration of triiodide
nd free iodine, and increase of hypoiodus acid, I2OH− and
ypoiodide.

In Fig. 13 dependence of calculated concentrations of iodine
pecies for different iodide concentrations at pH 11.6 are shown.

Increase of concentration of triiodide, and decrease of free
odine, hypoiodus acid, I2OH− and hypoiodide with increase of
odide concentration, as a consequence of chemical equilibria,
re in agreement with explanations given in Section 3.2.

. Conclusion

Based on the experimental investigations in laboratory cell
nd semi-industrial electrochemical reactor, it has been con-
luded that optimal current density for electrolysis of solutions
ontained 0.10, 0.25 and 0.40 mol dm−3 KI was 10 mA cm−2.
oncentration of the equivalent iodine (I2, I3

−, IO−, HOI2
− and

OI) increased over time and after approximately 30 min sta-
ionary state, was reached. Depending of concentrations of KI,
tationary concentration of the equivalent iodine was in the range
f 1.85–3.91 mmol dm−3. Increase of iodide concentration lead
o increase of stationary concentration of equivalent iodine,
s well as increase of integral current efficiency, decreases of
he voltage loss and specific energy consumptions. Based on
he theoretical analysis of the iodine–iodide–water equilibria
he highest amount of the most active species (I2OH−, HOI
nd OI−) are obtained in solution contained 0.10 mol dm−3

I at pH 11.6, but due to the smaller voltage loss and better
urrent efficiency, higher concentrations of potassium iodide,
.4 mol dm−3, should be used.

cknowledgment

This work is financially supported by the Ministry of Science
nd Environmental Protection, Republic of Serbia, contract No.
42044.

eferences

[1] H. Li, W. Li, Z. Guo, D. Gu, S. Cai, A. Fujishima, Collect. Czech. Chem.
Commun. 60 (6) (1995) 928–934.

[2] J.C. Yu, M.M. Boizer, K. Nobe, J. Electrochem. Soc. 135 (1988)
1400–1406.

[3] P.N. Pintauro, D.K. Johnson, K. Park, M.M. Baizer, K. Nobe, J. Appl.
Electrochem. 14 (1984) 209–220.

[4] H.S. Isbell, H.L. Frush, J. Res. Natl. Bur. Stand. 6 (1931) 1145.
[5] H.S. Isbell, H.L. Frush, F.J. Butes, Ind. Eng. Chem. 24 (1932) 375–378.
[6] C.G. Fink, D.B. Summers, Trans. Electrochem. Soc. 74 (1938) 625–629.
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