
S
i

K
D

a

A
R
R
A
A

K
C
E
U
U
O

1

h
p
f
[
o
c
N
d
a
t
n
w
w
f
a
[
i

(

0
d

Journal of Hazardous Materials 164 (2009) 812–819

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

tudies on process parameters for chlorine dioxide production using IrO2 anode
n an un-divided electrochemical cell

. Chandrasekara Pillai, Tae Ouk Kwon, Bo Bae Park, Il Shik Moon ∗

epartment of Chemical Engineering, Sunchon National University, #315 Maegok Dong, Suncheon 540-742, Chonnam, Republic of Korea

r t i c l e i n f o

rticle history:
eceived 12 June 2008
eceived in revised form 21 August 2008
ccepted 21 August 2008
vailable online 2 September 2008

eywords:

a b s t r a c t

Chlorine dioxide is potentially a powerful oxidant with environmentally compatible application in several
strategic areas relating to pollution control typically for water disinfection, and its sustained production is
a key factor for its successful application. Although increased attention has been paid for on-line chlorine
dioxide generation by several chemical and electrochemical methods, the details are mostly confined as
patents. We studied in this work the electrochemical generation of chlorine dioxide from an un-buffered
solution of sodium chlorite and sodium chloride mixture in an un-divided electrochemical cell under con-
hlorine dioxide
lectrochemical generation
n-divided electrochemical cell
n-buffered solution
ptimization of process parameters

stant current mode, with a view to optimize various process parameters, which have a direct bearing
on the chlorine dioxide formation efficiency under laboratory conditions. The effect of feed flow rate
(10–150 ml min−1), feed solution pH (2.3–5.0), concentration of sodium chloride (0–169.4 mM), concentra-
tion of sodium chlorite (0–7.7 mM), and the applied current (100–1200 mA) on the formation of dissolved
ClO2 gas in solution and the pH of the product-containing solution was investigated by performing single
pass experiments, with no circulation, in a cell set-up with Ti/IrO2 anode and Ti/Pt cathode. The current
efficiency and the power consumption were calculated for the optimized conditions.
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. Introduction

Chlorine dioxide (ClO2) is one of the most powerful oxidants
itherto known, and has been used widely in various industrial
rocesses for the drinking water purification [1], disinfection [2],
ood processing [3] and odor elimination from rotten food wastes
4], medical treatment and sanitation [5], aquiculture [6], removal
f phenol [7] and cyanides from industrial wastewater [8], fouling
ontrol in sea water [9], pulp bleaching [10], simultaneous SO2 and
O removal from fuel gas [11], etc. The main features of chlorine
ioxide are that it functions not as a chlorinating compound but as
very strong oxidizing agent; it is freely soluble in aqueous solu-

ions and, unlike Cl2, it remains as a gas when dissolved and does
ot ionize to form weak acid; it has high selectivity and reactivity
ith regard to a number of specific environmentally objectionable
aste materials, including phenols, sulphides, cyanides, thiosul-
ates, mercaptans, and structures including secondary and tertiary
mines; also, it is highly effective in a wide range of pH (5–9.5)
12,13]. The major advantages of chlorine dioxide in the drink-
ng water treatment are that, in contrast to more frequently used
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hlorinating agent Cl2, the ClO2 does not form trihalomethanes
THMs), haloacetic acids (HAAs) [14], and organo-bromine com-
ounds [15], which are considered cancer promoters in humans.
oreover, ClO2 is a highly effective microbiocide at concentrations

s low as 0.1 ppm over a wide pH range. A recent study showed
hat ClO2 is a powerful disinfectant for controlling even the most
esistant Mycobacterium avium microbial pathogen [2]. Therefore,
lO2 is being increasingly employed as an alternative oxidant and
isinfectant for water treatment.

Generally, chlorine dioxide is generated by several chemical
ethods always from acid solutions of either chlorite or chlorate.

eaction of sodium chlorate (NaClO3) involves relatively concen-
rated sulfuric acid solution with a reducing agent, such as, sulfur
ioxide [16], methanol [17], hydrogen peroxide [18], or sodium
hloride [19,20], etc. Chlorate–chloride process yields Cl2 gas as
major by-product, and thus it has been traditionally used in

pplications that do not require high purity water, such as, pulp
nd paper industry, which also need large quantities of chlorine
ioxide [20]. On the other hand, several chlorite-based meth-
ds have been reported for generation of relatively high purity

i.e., Cl2-free) ClO2. Some of the efficient operational processes
re (i) chlorite–acid process, (ii) chlorite–chlorine process, (iii)
hlorite–hypochlorite process, (iv) chlorite–peroxydisulphate pro-
ess, (v) chlorite–acetic anhydride process, and (vi) chlorite–carbon
ioxide process. Chlorite-based processes are mostly used in small

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:kc_pillai@yahoo.com
mailto:ismoon@sunchon.ac.kr
dx.doi.org/10.1016/j.jhazmat.2008.08.090


rdous Materials 164 (2009) 812–819 813

s
m
t
t
f
b
a

d
g
a
d
t
g
t
t
t
h
s
r
u
i
t
m
p
w
r
e
[
t
o
b
r
m
c
o
m
a
p
a
[
l
c
t

e
s
u
r
f
l
e
c
a
a
N
t
t
s
a
a
o
t
e
u

F
c
c
s

2

2

s
K
f
w
P
c
0
S

2

s
t
a
w
u
n
e
t
w

K.C. Pillai et al. / Journal of Haza

cale- and medium-scale generators particularly for water treat-
ent, chemical oxidation, and disinfection applications because

hey require high purity water. Further to this, it has been reported
o be more easy to control the conditions for the production of ClO2
rom sodium chlorite than from sodium chlorate. A recent review
y Deshwal and Lee [21] gives a comprehensive account of various
spects of these processes.

Certain difficulties are encountered with the use of chlorine
ioxide, however. It can be toxic to humans at concentrations
reater that 1000 ppm, and it can be explosive at partial pressures
bove about 0.1 atm. Additionally, it is quite unstable and easily
ecomposed by UV light; all of which make it inconvenient to
ransport or storage over a long period. For these reasons, on-site
eneration, at the point of use, which allow for controlled and sus-
ained release of ClO2 gas has been preferred. Although some of
he chemical methods discussed above have been developed for
his purpose [22,23], electrochemical methods for ClO2 generation
ave been considered more suitable, and attractive especially as a
mall scale generator. Moreover, electrochemical processes do not
equire the use of any chemical activators, and do not generate any
nique impurities or by-products, since “electron”, a clean reagent,

s used to achieve oxidation and reduction. All the more, regula-
ion and automation are easier to achieve with electrochemical

ethods in comparison to the chemical techniques. The electrolytic
roduction of ClO2 is widely conducted by three methods starting
ith the anodic oxidation of chlorite or cathodic treatment of chlo-

ate or electrolysis of chloride containing solutions [24]. Several
lectrochemical generation methods have indeed been reported
25–29] using divided electrochemical cells in which the anode and
he cathode compartments are separated by a porous diaphragm
r an ion exchange membrane, which could permit ion transport
ut prevent mixing-up of anolyte and catholyte solutions and the
eaction products generated at the two electrodes. Considering the
embrane cost and the complex cell set-up involved in divided

ells, simple and inexpensive systems for generating ClO2 with-
ut membranes and resigns have also been reported [30,31]. The
ain difficulty concerning with these studies is that all of them

re as patents, and explicit details on cell design, experimental
arameters and conditions, etc., are not accessible. Some of the
vailable literature from publications by Gordon and his co-workers
32–36] and Bergmann group [24,37–39] are mainly related to ana-
yzing chlorine chemistry and problems of by-product analysis for
hlorination, or in liquors of chlorine disinfectants produced elec-
rochemically.

Thus, we have undertaken detailed systematic studies on the
lectrochemical generation of ClO2 oxidant from an aqueous
olution of sodium chlorite and sodium chloride mixture in an
n-divided electrochemical cell under galvanostatic constant cur-
ent mode with a view to optimize the experimental parameters
or optimum generation of dissolved ClO2 gas in solution under
aboratory conditions. In the present work, the effect of various
xperimental parameters ca. the feed flow rate, initial feed pH, the
oncentration of NaCl salt, the concentration of NaClO2 precursor,
nd the applied current on the generation of ClO2 was studied at
IrO2-coated–Ti as the anode. Un-buffered solutions of NaCl and
aClO2 mixture as feed in single pass mode were employed in

he present work, and buffered solutions were not used in order
o avoid possible interference by the buffering agents. Separate
tudies are being conducted with various buffers in order to gain
step-by-step insight into possible interference by the buffering
gents, and these results will be communicated later. The results
f the present study allowed us to derive useful information on
he efficiency of the electrochemical experimental set-up and the
ffect of each individual parameter in achieving ClO2 generation
nder laboratory conditions.

s
c
e
t
C

ig. 1. Schematic view of the experimental set-up and details of electrochemical
ell design used in this Study. (A) Anode; (C) cathodes; (G) rubber gaskets; (T) teflon
ell housing; (R′ , R′ ′) silicon rubber sheets; (P′ , P′ ′) teflon plates; (S′ , S′ ′) stainless
teel plates; (X) clamps.

. Materials and methods

.1. Materials

Sodium chlorite (79%) from Kanto Chemical Co. Inc., Japan, and
odium chloride (99%) from DaeJung Chemicals & Metals Co. Ltd.,
orea, were used as received. Solution pH was adjusted using sul-

uric acid (95%) from DC Chemicals Co. Ltd., Korea. All solutions
ere made using water purified by reverse osmosis (RO) (Human

ower III plus, Korea). Mesh type IrO2-coated–Ti (Ti/IrO2) and Pt-
oated–Ti (Ti/Pt) plates of dimensions 2 cm×3.7 cm×0.2 cm with
.8 roughness factor were purchased from Wesco Electrodes and
ystems, Korea.

.2. Equipment

The electrochemical cell was an un-divided filter press type as
hown in Fig. 1. The anode and cathode were 2 mm thick mesh
ype Ti/IrO2 and Ti/Pt plates, respectively. Two cathodes (C) were
rranged on either side of an anode plate (A), and rubber gaskets (G)
ere used to maintain an inter-electrode gap of 1 mm. The C–A–C
nit was set in side a Teflon cell housing (T) provided with chan-
el medium by which the electrolyte solution flowed across the
lectrode assembly. The two cathodes were hard-pressed against
wo 3 mm thick (5 cm x 14 cm) silicon rubber sheets (R′, R′ ′), which
ere in turn clamped tightly to Teflon plates (P′, P′ ′) and outer

′ ′ ′
tainless steel plates (S , S ) with the help of clamps (X) at four
orners of the rectangular module. The effective surface area of the
lectrode was 11.84 cm2. The other accessories of the experimen-
al set-up consisted of a peristaltic pump (Cole-Parmer Instrument
ompany-MasterFlex® Model 7518-10), a reservoir and silicon
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ubing. A schematic diagram of the experimental set-up is also
hown in Fig. 1.

.3. Experimental procedure

Feed solution containing a mixture of NaClO2 and NaCl was
irectly introduced in to the electrolytic cell assembly by the peri-
taltic pump, and ClO2 generation experiments were performed
y single-pass system without recirculation. Constant current elec-
rolyses were performed by a locally made constant current source
rom Korea Switching Instrument. All the measurements were con-
ucted at 19±1 ◦C.

Chlorine dioxide formation experiments for optimization of
rocess parameters were conducted by varying them as fol-

ows: feed solution flow rate = 10–150 ml min−1; feed solution
H 2.3−5.0; NaCl concentration = 0–169.4 mM; NaClO2 concentra-
ion = 0–7.7 mM; applied current = 100–1200 mA.

Prior to each experiment, the electrodes were cleaned by dip-
ing in 1 M HNO3 for 30 min duration followed by profuse washings
ith RO water. During the continuous electrolysis, 20 ml aliquots

f samples were collected at the drain at regular intervals, and
oncentration of chlorine dioxide electrochemically produced was
easured by UV–vis spectrophotometer model HACH DR/2500

� = 445 nm). The outlet samples were also analyzed for pH.

. Results and discussion

.1. General electrochemical reactions in ClO2 formation

The formation of chlorine dioxide from chloride (Cl−) and
hlorite (ClO2

−) containing aqueous solution by electrochemical
echanism can be considered to occur according to the following

quations [24,33–36]:
The Cl− ions in solution can be oxidized at the anode directly to

lO2 (Eq. (1)).

l− +2H2O → ClO2+4H+ +5e− (E0= 1.599 V) (1)

imilarly, ClO2
− ions in solution can be directly oxidized to ClO2 at

he anode (Eq. (2)).

lO2
−→ ClO2+ e− (E0= 1.039 V) (2)

owever, there are several additional electrochemical and chemi-
al reactions occurring probably as consecutive or in parallel, also
roducing ClO2. For example, Cl− ion can be oxidized at the anode to
arious inorganic by-products, e.g., chlorous acid (HClO2) (Eq. (3)),
ypochlorous acid (HClO) (Eq. (4)), Cl2 (Eq. (5)), etc., as follows:

l− +2H2O → HClO2+3H+ +4e− (E0= 1.659 V) (3)

l− +H2O → HClO + H+ +2e− (E0= 1.579 V) (4)

Cl−→ Cl2(g)+2e− (E0= 1.447 V) (5)

nd, each of the products of the above reactions can become a
ource of ClO2 by their electrochemical oxidation. For instance,
ClO2 can be electro-oxidized to ClO2 (Eq. (6)), and Cl2 can be
lectro-oxidised to ClO2 (Eq. (7)).

ClO2→ ClO2+H+ + e− (E0= 1.277 V) (6)

l2(g)+4H2O → 2ClO2+8e− (E0= 1.540 V) (7)
he product of the reaction (4) ca., HClO, is known to get oxidized
o HClO2 as in Eq. (8) [24], which can form ClO2 following reaction
6).

ClO + H2O → HClO2+2H+ +2e− (E0= 1.645 V) (8)
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A typical chemical reaction well known in ClO2 generation in
olution is that the dissolved ClO2 can take part in reactions forming
lO2
− and ClO3

− preferably in alkaline solution [40] as follows (Eq.
9)):

ClO2+2OH−→ ClO3
− +ClO2

− +H2O (9)

he ClO2
− ion on protonization can form HClO2, which, as described

n reaction (6), can form a cycle of newly produced ClO2. Similarly,
hlorate ion is known to undergo electroreduction to ClO2 gas (Eq.
10)).

lO3
− +H2O + e−→ ClO2+2OH− (E0= 1.645 V) (10)

owever, the electrogeneration of ClO2 from chlorate electrolysis
as minimal [24] due to low rate constant for the ClO3

− electrore-
uction reaction [33,35].

Yet another chemical complexity that may arise is from a rapid
eaction between liberated Cl2 with ClO2

− ion in solution producing
lO2 gas (Eq. (11)) or ClO3

− ions (Eq. (12)) depending on the pH of
he solution [21,41].

ClO2
− +Cl2→ 2ClO2+2Cl− (11)

lO2
− +Cl2+H2O → ClO3

− +Cl− (12)

cidic solutions were reported to favor the formation of chlorine
ioxide, while alkaline conditions tending to produce chlorate [41].

Note that the above electrochemical reaction schemes are pre-
icted from thermodynamic consideration, and the real mechanism
an be different based on the electrode kinetic factors, such as,
olarization characteristics, overpotential, exchange current den-
ity and transfer coefficient of the individual electron transfer
eactions [42,43]. Apart from these factors, the solution pH is of
aramount importance in the electrochemical reactions of ClO2
ormation, since the type of the species and their distribution
n solution are deeply decided by the pH. Moreover, with the
sage of traditional industrial oxide-based electrodes, which con-
ain outermost surface covered by layer of hydroxyl groups forming
ydroxylated species in aqueous solutions [44,45], electrode sur-
ace charge and their consequent interaction with reactant species
re highly pH dependent, which could lead to much larger com-
lexity of reactions.

.2. Effect of feed flow rate

In the first instant, a set of measurements was conducted with
arious feed flow rates in the range 10–150 ml min−1, keeping all
ther conditions constant: [NaClO2] = 3.5 mM, [NaCl] = 169.4 mM,
nitial pH 2.9, applied current = 600 mA. Fig. 2 shows the concentra-
ion of dissolved ClO2 gas electrochemically generated in solution
s a function of electrolysis time for various feed flow rates. In all
he cases, ClO2 generation was initiated instantly with an increase
p to 5 min, and then remained constant until 30 min studied.
he steady state concentration of ClO2 was found to increase with
ow rate, and maximum at 90 ml min−1, as shown in the inset of
ig. 2. Beyond 90 ml min−1 flow rate, the ClO2 production decreased
omewhat, which might be a consequence of lesser contact time
or the reactants with the electrode for the reaction. The maximum
mount of ClO2 generated at the highest optimized 90 ml min−1
ow rate was 284 ppm.
The formation of chlorine dioxide from chloride and chlorite

ontaining aqueous mixture solution by electrochemical mech-
nism could be from several of the steps considered above
24,33–36].
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Fig. 2. ClO2 concentration versus time at different feed flow rates (ml min−1): (�)
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0; (♦) 30; (�) 60; (©) 90; (*) 120; (+) 150. Inset: dependence of ClO2 concentra-
ion measured at 20 min as a function of feed flow rate. (Electrolysis conditions:
NaClO2] = 3.5 mM; [NaCl] = 169.4 mM; initial feed pH 2.9; current = 600 mA).

.3. Effect of feed pH

The pH of the solution is well known to play a key controlling
ffect in the generation of ClO2 both in chemical and electrochem-
cal methods [24,40]. In order to understand the relation between
olution pH and dissolved ClO2 gas generation in solution, electrol-
sis to generate ClO2 was carried out at 90 ml min−1 flow rate with
olutions of different initial feed pH in the range 2.3–5.0. In this set
f experiments, the concentration of NaClO2 and NaCl was kept to
value of 3.5 and 169.4 mM, respectively, and 600 mA current was
sed. Both ClO2 concentration and the pH of the outlet solution (pH
f the product-containing solution) were measured under steady
tate condition at 20 min, and the results are plotted in Fig. 3.

It can be noticed in Fig. 3 that the steady state values of ClO2 con-
entration produced and the pH of the product-containing solution
aried with initial feed pH showing three characteristic zones. Now,
he quantity of ClO2 evolved and the pH of the product solution as

he electrolysis proceeded were plotted as a function of time for a
pecific initial feed pH in each zone, and are shown in Fig. 4.

When the feed solution was highly acidic, say, pH 2.3 in zone
, the ClO2 quantity continuously increased up to 5 min and then

t
C

2

ig. 4. ClO2 concentration (-�-) and solution pH (-©-) versus time for various initial feed
n zone 3. (Electrolysis conditions: [NaClO2] = 3.5 mM; [NaCl] = 169.4 mM; feed flow rate =
easured after 20 min electrolysis, on initial feed pH (Electrolysis condi-
ions: [NaClO2] = 3.5 mM; [NaCl] = 169.4 mM; feed flow rate = 90 ml min−1; cur-
ent = 600 mA).

emained constant around 276 ppm, whereas there was an insignif-
cant change in product solution pH which remained at its initial
alue around 2.6 (Fig. 4a). As opposed to this behavior, for the feed
H 2.9 in zone 2, along with ClO2 the product pH also increased

nitially up to 5 min and then remained constant at 9.8 (Fig. 4b).
or the solution in the zone 3 with feed pH 3.5, similar increases
n both ClO2 and product pH were observed against time (Fig. 4c);
ut, the final pH were high around 10.7, while the ClO2 generated
ere quite smaller around 187 ppm, as is evident in Fig. 3.

The drastic increase in product pH towards alkaline values dur-
ng ClO2 formation at the anode for feed solutions in zone 2 and
one 3 can be understood as due to the H+ reduction at the cath-
de (Eq. (13)) and the usage of un-buffered solution in the present
ork.

H+ +2e−→ H2 (13)

s the solution became alkaline for these feed solutions, the elec-
rochemically generated ClO2 could immediately disproportionate

o chlorite and chlorate, as described in Eq. (9) [40], leading to lesser
lO2 yield, as in Fig. 3.

ClO2+2OH−→ ClO3
− +ClO2

− +H2O (9)

pH in different zones of Fig. 3: (a) pH 2.2 in zone 1; (b) pH 2.9 in zone 2; (c) pH 3.5
90 ml min−1; current = 600 mA).
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Fig. 5. Influence of NaCl concentration on measured parameters: (a) steady
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tate ClO2 concentration; (b) steady state cell voltage; (c) steady state solution
H. (Electrolysis conditions: [NaClO2] = 3.5 mM; initial feed pH 2.9; feed flow
ate = 90 ml min−1; current = 600 mA). (←) Indicates ClO2 concentration chemically
roduced from a clean 3.5 mM NaClO2 solution with no NaCl.

Note that the pH range in which ClO2 could be stable and free
rom self-decomposition was cited differently by different authors,
.g., Junli et al. [46] reported that ClO2 could be stable at pH
.5, whereas Jin et al. [11] indicated that ClO2 disproportionation
tarted right from the neutral pH.

.4. Effect of NaCl concentration

In order to investigate on the relationship between the concen-
ration of NaCl and the quantity of dissolved ClO2 gas generation
n solution, specific galvanostatic electrolysis of 3.5 mM of NaClO2
olution of feed pH 2.9 were carried out at different NaCl con-
entrations, 0–169.4 mM, at 600 mA current and 90 ml min−1 flow
ate. Steady state concentration of ClO2 produced was measured at
0 min for each NaCl concentration, and Fig. 5a depicts the trend of
hese concentrations of ClO2 as a function of NaCl concentration.
s can be observed, the electrochemically generated ClO2 concen-

ration increased gradually from 125 to 253 ppm with a tendency
or saturation, when Cl− concentration in the bulk solution was
ncreased from 0 to 169.4 mM.

Note that both chloride and chlorite ions in solution were
he source for the ClO2 formation via electrochemical reactions
escribed above in Section 3.1. However, it was possible to eval-
ate the contribution by the single component, in this case chlorite

on, by considering the first solution consisting of 3.5 mM of NaClO2
ith [NaCl] = 0 mM and acidified with H2SO4 (for pH maintenance).

t is obvious from Fig. 5a that the very low concentration of ClO2
−

a. 3.5 mM was able to produce appreciable amount of ClO2 around
25 ppm by electrolysis. A qualitative idea about the individual
lectrochemical contribution by NaCl could be obtained in the next
ection involving experiments with fixed amount of NaClO2 but
arying NaCl concentration.
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Fig. 5a also shows that the pH 2.9 solution containing 3.5 mM
aClO2 alone (free of NaCl) showed around 15 ppm ClO2 before
lectrolysis. This was due to acidification of chlorite with sulfuric
cid according to Eq. (14) [32,41].

ClO2
− +2H+→ 2ClO2+ClO− +Cl− +H2O (14)

he negligibly small quantity of ClO2 around 15 ppm produced by
hemical reaction of NaClO2 compared to the large quantities of the
as electrogenerated from the NaClO2 and NaCl mixture (Fig. 5a)
learly demonstrate that the contribution by the chemical route to
he electrochemical processes was only meager at room tempera-
ure.

For each of the NaCl concentrations, the cell voltage and the
H of the outlet stream were also measured under steady state
ondition at 20 min after electrolysis started, and the values are
lotted in Fig. 5b and c, respectively, as a function of salt concen-
ration. Fig. 5b shows that there was a dramatic fall in cell voltage
rom 17.7 to 4.5 V with the first addition of 33.9 mM NaCl, as a
esult of increased solution conductivity. There after the cell voltage
emained constant around 3.4 V up to 169.4 mM of salt concentra-
ion. This beneficial effect of higher salt concentration in terms of
ow cell voltage was, however, off-set by a raise in the pH of the
roduct-containing solution to 10.1 at the highest NaCl concentra-
ion studied, as shown in Fig. 5c. Note that the initial feed pH in
hese studies was 2.9.

At this point, it can be noticed that when NaCl concentration
as in the range 70–100 mM, (i) the pH of the product-containing

olution was in the safer region, 5.1–7.9, for stable ClO2 free
rom self-decomposition (Fig. 5c), and (ii) the cell voltage already
ttained its low value ≈3.4 V. Realizing that above this 70–100 mM
aCl concentration range, there was only a marginal gain in the
lO2 concentration (Fig. 5a), and also the product solution pH rose
o unsafe alkaline region (8–10), where ClO2 could be unstable
Fig. 5c), the NaCl concentration in the moderate range, 70–100 mM,
ould be considered as optimum.

.5. Effect of NaClO2 precursor concentration

The effectiveness of the NaClO2 precursor on the dissolved ClO2
as formation in solution was studied by means of continuous flow
90 ml min−1) galvanostatic electrolysis (600 mA) experiments:
69.4 mM of NaCl solutions of feed pH 2.9 were tested with different
aClO2 concentrations, 0–7.7 mM. Results are illustrated in Fig. 6,
here the ClO2 concentration liberated, the cell voltage and the pH

f the product-containing solution, all measured under steady state
ondition, are plotted.

Results in Fig. 6a show that the electrochemically generated
lO2 concentration initially increased somewhat sharply, e.g.,
rom 165 to 233 ppm (�c = 68 ppm) for an addition of 0–3.5 mM
aClO2. But, in the later part, for the addition of a similar amount
f NaClO2 from 3.5 to 7.7 mM (3.4 mM), the gas concentration
ncreased by a smaller amount, �c = 47 ppm (from 233 to 280 ppm),
uggesting a tendency for saturation at higher NaClO2 addi-
ions.

Fig. 6a also shows that the pure NaCl solution (169.4 mM) with
o chlorite ([NaClO2] = 0) gave 165 ppm ClO2 by electrolysis. By
omparing this situation with the performance of pure NaClO2, we
lready saw in Fig. 5a that even if the NaClO2 concentration was
nly 3.5 mM, it was able to produce a substantially large quantity of
lO2 (125 ppm) under similar electrolysis condition. Reaching such

igh concentrations of ClO2 gas with minute amounts of chlorite
ould clearly demonstrate that the electro-oxidation reactions of
hlorite anion (reaction (2)) and its acidic form (reaction (6)) were
inetically more facile at the IrO2 anode; also, the direct electro-
hemical oxidation of Cl− to ClO2 (reaction (1)), as well as the other
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From Fig. 7a and b, we see that even though higher current pro-
duced higher concentration of chlorine dioxide, it was associated
with increased power consumption due to the regular increase
in cell voltage. Judging from the fact that beyond 600 mA, there
was only a marginal increase in gas output, this current could be
ig. 6. Influence of NaClO2 concentration on measured parameters: (a) steady
tate ClO2 concentration; (b) steady state cell voltage; (c) steady state solu-
ion pH. (Electrolysis conditions: [NaCl] = 169.4 mM; initial feed pH 2.9; feed flow
ate = 90 ml min−1; current = 600 mA).

lectrochemical reactions indirectly associated with Cl− electro-
xidation leading to ClO2 gas formation (reactions (3)–(5), (7) and
8)), were much slower at the oxide electrode under the galvano-
tatic polarization conditions adopted in the present study. These
esults were a clear indication that ClO2 could easily be formed from
hlorite, and, as an efficient precursor, chlorite could contribute
ignificantly to ClO2 electrogeneration from the chloride–chlorite
ixture.
The cell voltage was almost constant at 3.1 V for all the NaClO2

oncentrations, 0–7.7 mM, as shown in Fig. 6b, because of the large
xcess of NaCl salt present in these solutions. However, the pH of
he outlet solution, Fig. 6c, increased from 6.9 to 10.0 for a change of
aClO2 concentration from 0 to 3.5 mM; but it remained constant

hereafter up to 7.7 mM NaClO2.
Now focusing on identifying optimum NaClO2 concentration,

he fact that its concentrations beyond 3.5–4.7 mM did not show
ny large gain in the ClO2 gas liberation (Fig. 6a), but increased
he pH of the product-containing solution closer to 10, where ClO2
ould be unstable, clearly implied that 3.5–4.7 mM of NaClO2 could
e employed to ensure maximum benefit.

.6. Effect of applied current

Fig. 7a shows the effect of the applied current on the dissolved
lO2 gas produced in the solution, when the current was varied

rom 100 to 1200 mA. The tendency is quite clear, the higher the

urrent applied the higher was the ClO2 that could be generated.
owever, the concentration increase followed a steep rise initially
p to around 600 mA, after which it slowed-down.

It may be recalled that such changes in ClO2 formation rate with
pplied current density was reported by Bergmann and Koparal

F
c
s
r
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24] during electrolysis of tap water containing 35 mg dm−3 of
l− (1 mM) and 201 mg dm−3 of SO4

2− (2.1 mM) at a mixed oxide
IrO2/RuO2)-coated–Ti anode. Such a behavior was explained as due
o a competition amongst several effects, such as (a) removal of
lO2 gas from solution by higher gas production of active chlorine
ClO−, HClO and dissolved chlorine [38]) under the condition that
ctive chlorine was a preliminary stage of ClO2 formation, (b) paral-
el competition for formation of both ClO2 and active chlorine, when
ctive chlorine was not a preliminary stage of ClO2 formation, (c)
eaction of ClO2 with disinfection by-products H2O2 and O3, etc.

Coming to the present system of studies, the mechanisms (a)
nd (b) could be operative for the trend observed in Fig. 7a, and
he mechanism (c) was quite unlikely; since, as well established
n the literature [24,38,39,47], active chlorine represents the main
lectrochemically generated oxidizing species at the conventional
ransition metal oxide electrodes (IrO2 in the present case), and the
ormation of reactive oxygen species, such as, H2O2, O3, HO2

− are
egligible at these electrodes. However, an identification, whether
he hypothesis (a) or (b) was responsible for the trend in Fig. 7a,
s difficult to be envisaged with the limited results available in the
resent work.

The cell voltage monitored as a function of the applied current
s depicted in Fig. 7b. The cell voltage continuously increased from
.4 to 4.0 V with increase in the applied current, 100–1200 mA.
ig. 7. Influence of current density on measured parameters: (a) steady state ClO2

oncentration; (b) steady state cell voltage; (c) steady state solution pH. (Electroly-
is conditions: [NaClO2] = 3.5 mM; [NaCl] = 169.4 mM; initial feed pH 2.9; feed flow
ate = 90 ml min−1).
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onsidered as maximum for optimum power consumption and
aximum quantity of ClO2 gas produced. The selection of 600 mA

s optimum current was further supported from the pH of the
utlet stream, Fig. 7c, which indicated that under steady state
ondition beyond 600 mA the outlet pH moved to enlarged basic
H, 9.8–11.0, which is well known to have adverse effect on the
tability of dissolved ClO2 gas in solution.

The current efficiency and the power consumption under
he optimized conditions ([NaClO2] = 3.5 mM, [NaCl] = 100 mM,
nitial feed pH 2.9, feed flow rate = 90 ml min−1, and applied
urrent = 600 mA) were calculated to be 67% and 2.0 Wh g−1,
espectively. The following values from Fig. 5, viz., the steady
tate ClO2 concentration corrected for chemical reaction = 187 ppm
202–15 ppm), the steady state cell voltage = 3.4 V, and the time
f steady state measurements = 20 min, experimentally measured
nder the optimized conditions, were used in the above calcula-
ion. The reason for the current efficiency less than 100% for ClO2
ormation may be related to the concomitant occurrence of oxy-
en evolution reaction (OER) at the IrO2 electrode, which is a well
nown efficient catalytic electrode for OER in acid [48] as well as
n alkaline [49] solutions. Our further work in the direction of opti-

ization of experimental conditions for consistently higher ClO2
lectrogeneration is presently underway with a view to achieve
igher current efficiency for ClO2 formation using highly efficient
atalytic electrode for the generation of chlorine and its related
pecies, e.g., pure RuO2 electrode and mixed oxide electrodes [50],
nd also using NaClO2–NaCl mixture solutions sufficiently buffered
o prevent self-decomposition of ClO2 in solution. These findings
ill be communicated elsewhere.

. Conclusions

The following can be concluded from our present work con-
erning the optimization of process parameters for dissolved ClO2
as electrogeneration from an un-buffered NaClO2–NaCl mix-
ure solution in an un-divided electrolytic cell using Ti/IrO2 anode
nder laboratory conditions: (1) the constant current electroly-
is of NaCl–NaClO2 mixture solution by single-pass arrangement
ffers an easy way for on-line generation of ClO2 gas in solution.
2) Feasible and optimal operating conditions were investigated
ncluding feed flow rate, initial feed pH, NaCl salt concentration,
aClO2 precursor concentration, and the applied current. (3) Even
hen the initial feed pH was slightly acidic or neutral in the range

.5–5.0, the pH of the ClO2 product-containing solution during
lectrolysis was driven to enlarged basic pH range, 10–10.7, affect-
ng the ClO2 stability. (4) Based on the observation that the pH of
he ClO2 product-containing solution was shifted to safer regions
.1–7.9 for stable ClO2 free from self-dissociation, and the cell
oltage was shifted to minimum values around 3.4 V, the opti-
ized values for the experimental parameters were evaluated as:

eed flow rate = 90 ml min−1; initial feed pH 2.9; NaCl concen-
ration = 70–100 mM; NaClO2 concentration = 3.5–4.7 mM; applied
urrent = 600 mA. (5) Under the optimized experimental condi-
ions, the steady state ClO2 concentration generated after correct-
ng for chemical reaction = 187 ppm, the current efficiency = 67%,
nd the power consumption = 2.0 Wh g−1. (6) An analysis of process
haracteristics indicated the necessity for further detailed system-
tic work towards enhancing the current efficiency by using highly
fficient chlorine generating anodes ca., pure RuO2 electrode and
ixed oxide electrodes, and also by using buffer solutions.
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