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The kinetics and mechanism of  the anodic oxidation of  chlorate to perchlorate on platinum electrodes 
have been investigated. The current efficiency for perchlorate formation and the electrode potential 
have been determined as a function of  current density for various solution compositions,  flow rates 
and pHs  at 50 ° C. The results have been compared with theoretical relations between the ratio of  
the current efficiencies for perchlorate and oxygen formation,  the electrode potential, the concen- 
tration of  chlorate at the electrode surface and the current density for various possible mechanisms. 
It is concluded that the formation of  an adsorbed hydroxyl radical is the first step in the overall elec- 
t rode reaction. The mechanism proposed  for the C104 perchlorate and oxygen formation is: 

H 2 0  > (OH)a d + H + + e -  

C103 + (OH)a d > C104 + H + + e -  

2(OH)ad ' Oad + H 2 0  

2Oad , ' 02 

The ratio between the current efficiency for perchlorate and that for oxygen formation is determined 
by  the rate of  the electrode reaction involving C103 and that for the combinat ion reaction of  (OH)a d. 

List of symbols k m 
k m B,i 

electrode surface area (m 2) 
Tafel slope (mV) k m F,i 
concentration of chlorate in kmol per m 3 k m FB, i 
solution (M or molarity) (kmolm -3) or in 
mol chlorate per kg of water (m or molality) m 
(kmol kg -1) p~ 
c in the bulk of the solution (kmolm -3 or P2 
tool kg -1) q 
c at the electrode surface (kmolm -3 or R 
mol kg- 1) Rf~ 
electrode potential vs SCE (V) T 
measured potential between working electrode us 
reference electrode (V) vi 
reversible electrode potential (V) 
reference electrode potential (V) Greek 
ohmic potential drop (V) a 
Faraday constant (C mo1-1) ai 
F/RT (V -1) r 
current density (A m -2 or kA m -2) Fi 
i for the production of species i (A m -z) r/ 
current (A) Oi 
chemical reaction rate constant for reaction i 
(m s -1) 
electrochemical reaction rate constant at the 
reference potential for reaction i (m s -1) 

A e 

b 
c 

Cb 

Cs 

E 
Em 

E~ 
E; 
E~ 
F 
f 
i 

I 
ki 

k? 

mass transfer coefficient for species i (m S -1) 
k i at gas evolution and in the absence of forced 
convection (m s -1) 
ki at forced convection (m s -1) 
ki at a combination of forced and bubble 
induced convention (m s -l)  
molality 
parameter in Fig. 11 
parameter in Figs 12 and 13 
slope of log pz/log Cs curve 
gas constant (J mo1-1 K -1) 
ohmic resistance (f~) 
absolute temperature (K) 
rate of solution flow (m s -1) 
rate of reaction i (mol s -1 m -z) 

letters 
anodic transfer coefficient ( - )  
a for reaction i ( - )  
current efficiency ( - )  
F for the production of species i ( - )  
E - E ~  (V) 
fractional coverage of the electrode by species i 
(-) 
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1. Introduction 

The most common industrial method of  producing 
perchlorate is the electrochemical oxidation of 
aqueous chlorate solutions [1]. The anode material is 
crucial to obtain a high current efficiency for the per- 
chlorate formation. Only two materials, viz. smooth 
platinum and lead dioxide are used industrially [1]. 
The current efficiency for perchlorate formation at a 
platinum anode is clearly the highest [2, 3]. 

Mechanisms for the anodic chlorate oxidation on 
platinum or lead dioxide anodes have been proposed 
in the literature. Recently, a review of  the kinetics 
mechanism of  perchlorate formation has been pub- 
lished [4]. Most of  the mechanisms suggested in pre- 
vious literature are based on indirect or inadequate 
experimental support [4]. Munichandraiah and 
Sathyanarayana [4] have shown that the most prob- 
able mechanism involves the oxidation of  a water 
molecule in a one-electron transfer step to give an 
adsorbed hydroxyl radical as the rate-determining 
step for the overall reaction. After the first step, they 
have proposed two possible reaction schemes. How- 
ever, since the perchlorate formation is strongly kine- 
tically hindered there may be significant differences 
between the mechanisms on Pt and PbO2, a thorough 
study for a platinum anode is therefore required. 
Moreover, some experimental data on current effi- 
ciency and anode potential are open to discussion. 
The effect of  a number of  parameters on the current 
efficiency for perchlorate formation has been deter- 
mined in the present work. 

2. Reaction at the anode 

Chlorate is oxidized anodically to perchlorate accord- 
ing to the overall reaction: 

CIO 3 + H20  > CIO~- + 2H + + 2e- (1) 

The standard potential of  this reaction E ° ---- 0.95 V vs 
SCE and is close to that of the oxidation of  water, viz. 
E ° = 0.99V: 

2H20 ) 02 + 4H + + 4e- (2) 

Only oxygen and perchlorate are formed at the anode 
during electrolysis under the conditions used in this 
investigation [5]. In this case the sum of  the current 
efficiencies 1-'o2 and I'clo4 is equal to 1. The formation 
of  ozone can only take place under extreme electro- 
lysis conditions like high current density and low 
chlorate concentration. 

3. Experimental details 

3.1. Equipment 

The experimental setup with two separate solution 
circuits is shown in Fig. 1. The electrolysis cell has 
been described previously [6, 7]. The anodic and 
cathodic compartment of  the cell were separated by 
a cation-exchange membrane (Nation ® 117). The 
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Fig. 1. Experimental setup. WE: working electrode (anode), CE: 
counter electrode (cathode), M: membrane, SCE: saturated calo- 
mel electrode, CGC: combined glass-calomel electrode, T: auto- 
matic titrator, OV: overflow vessel, B: bell with burette to collect 
gas, P: pump, WW: heat exchanger, F: flowmeter. 

working electrode was a smooth platinum sheet, 
76.4 mm in length and 10.0 mm in width, unless other- 
wise stated. Its geometric surface area was 764 mm 2. 
In some cases, a shorter electrode was used in order 
to obtain a high current density when the potent ial-  
current measurements were carried out. The counter 
electrode was a perforated nickel plate with the 
same geometric dimensions as the standard working 
electrode. 

A Luggin capillary was placed in a hole located in 
the middle of the working electrode. This capillary 
was filled with a solution with the same composition 
as the anolyte at the start of  the electrolysis and was 
connected to a saturated calomel electrode (SCE), 
which was used as the reference electrode. A piece of  
Nylon cloth was inserted into the capillary to prevent 
entry of  gas bubbles. 

The electrolyses were carried out galvanostatically, 
using a power supply (Delta Elektronika, type D050- 
10) at 50°C. The potential between the working 
electrode and the reference electrode was registered 
by a recorder and this potential was corrected for 
the ohmic potential drop. All potentials stated are 
relative to the potential of the saturated calomel 
electrode (SCE). Polarization curves obtained by 
adjustment of  the current were called galvanostatic 
polarization curves. 

Two experimental methods were used to determine 
the ohmic potential drop, viz. the current interruption 
technique and a.c. impedance spectroscopy. For  the 
first method the current was switched off using a 
mercury relay (Eliott EB 1541) and the resulting 
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potential decay was registered on a storage oscillo- 
scope. The registration time scale was 20 ms cm -1 . 

A.c. impedance spectroscopy was carried out with a 
Solartron 1250 frequency response analyser and a 
Solartron electrochemical interface 1286, coupled 
with a HP microcomputer. This combination of appa- 
ratus was also used to measure the relation between 
current and potential. The potential was varied at a 
scan rate of  5 mV s -1 between a minimum and a maxi- 
mum value to give a potentiodynamic polarization 
curve. To maintain the pH of the anolyte constant 
during the electrolysis, viz pH 10, an alkaline solution 
was added to the anolyte. The addition of the alkaline 
solution was regulated by an automatic titrator 
(Radiometer, type TTTiC), a valve and a burette. 
The alkaline solution was a solution with the compo- 
sition of  the initial anolyte to which solid NaO H  had 
been added to yield a 4 M N a O H  concentration. 

To obtain the rate of  oxygen formation during elec- 
trolysis, the anodic oxygen gas was collected by a bell 
hanging in the overflow vessel with an inner diameter 
of 180 mm. The bell consisted of a 50 cm 3 burette and 
a tunnel with an outer diameter slightly smaller than 
the inner diameter of the overflow vessel. The bell 
was placed on a shelf on the inner port  of  the over- 
flow vessel. Both the burette and the overflow vessel 
were thermostated. 

Usually, the time to collect 10 cm 3 anodic gas in the 
same part  of the burette was determined using a 
stopwatch. To determine whether loss of  anodic 
oxygen gas occurred, electrolyses were carried out 
with a 1 M N a O H  solution as the anolyte. In this 
case the current efficiency for the oxygen formation 
was assumed to be 1. It was found that no oxygen 
losses occurred. Perchlorate formation current effi- 
ciency was calculated by subtracting the oxygen 
formation current efficiency from 1. 

4. Results 

Preliminary experiments showed that the history of  a 
platinum anode strongly affects the current efficiency 
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Fig. 2. Perchlorate current efficiency as a function of current density 
for an almost unused platinum anode in 0.47 m NaC103, at a s o l u -  

1 o tion flow rate of 0.06 m s-  , 50 C and at pH 10. The series of experi- 
ments was started at i = 0 . 7 0 k A m  -2. The arrow indicates the 
direction of the change in the applied current density. 

for perchlorate formation. A remarkable result is 
presented in Fig. 2 for an almost unused platinum 
electrode. 

To obtain reproducible results, anode prepolari- 
zation was found to be indispensable. This prepolari- 
zation was carried out at potentials where perchlorate 
was formed. The prepolarization time required to 
obtain reproducible results depends strongly on the 
history of the platinum anode and varied from some 
hours for an almost new anode to some minutes for 
an anode used many times with short intervals. It 
was found that the history of  the electrode has a 
much larger effect on the current efficiency than on 
the anode potential. This means that the current effi- 
ciency for perchlorate is more sensitive to changes in 
the condition of the platinum electrode surface than 
the anode potential. 

4.1. Polarization curves 

The industrial production of perchlorate takes place 
at high current densities (i.e., higher than 1 kAm-2).  
To obtain a true anodic polarization curve, correc- 
tion for the ohmic potential drop, Ea, between the 
Luggin tip and the working electrode is necessary. It 
was found that the potential decay curve showed an 
insufficiently sharp change in slope during the first 
20ms, so that the use of the current interruption 
method was questionable. The experimental ohmic 
potential drop obtained by the interruption method 
increased linearly with current density. However, 
this was evidently too high (about 20%) since the 
resulting polarization curve was overcompensated 
especially at high current densities. The ohmic resis- 
tance Ra between the tip of the Luggin capillary and 
the working electrode was also determined by the 
a.c. technique. The experimental Argand diagrams, 
especially at high current densities, did not show 
well formed semicircles. Correct extrapolation in the 
high frequency range was very difficult and prac- 
tically impossible. Probably, Munichandraiah and 
Sathyanarayana [4] experienced similar problems in 
determining the ohmic potential drop correctly. 
They have estimated Ea from their experimental 
E m / l n i  curve assuming that the ohmic resistance 
Ra = E a / I  is constant and E increases linearly with 
increasing In i. This method was adopted to calculate 
the ohmic potential drop in this work. 

Since E m = E + R a I  and i =  I / A  e and assuming 
the anode potential can be written as E = a + b In i, 
it can be deduced that 

dE m b 
dI  - Ra + ~ (3) 

Anodic polarization curves on smooth platinum elec- 
trodes in NaC103 solutions show a strong inflection 
[5]. This means that the adopted method to calculate 
the ohmic potential drop must be used carefully. To 
show the inflection in a polarization curve, this 
curve is given for a wide potential range corrected 
for the ohmic potential drop for three different 
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Fig. 3. Potentiodynamic polarization curves for a platinum anode in 
various solutions and at 50 ° C. Potential scan rate is 5mVs -1. (a) 
3.76m NaC103, (b) 1.64m NaC104 and (c) 3.76m NaC103 + 1.64m 
NaC104. 

solutions, viz. 3.76m NaC103, 1.64m NaC104 and 
3.76m NaC10 3 + 1.64m NaC104. These curves were 
measured at a potential-scan rate of  5 mV s 1 in the 
cathodic direction. The E/logi curves show two 
ranges of behaviour for solutions containing 3.76m 
NaC103 (Fig. 3). The first stage, occurring between 
1.3 and 1.9V, was found to correspond to oxygen 
evolution and the second stage, higher than 2.2V, 
corresponded to perchlorate formation [5]. In the 
transition range from 1.9 to 2.2V, the nature of  the 
anode surface may change strongly. For  experiments 
at very high current efficiency for chlorate forma- 
tion, it is likely that the Tafel slope will be practically 
constant. 

Constant-current electrolysis with a high concen- 
tration of  NaC103 (i.e., 3.76m NaC1Oa) at current 
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Fig. 4. Galvanostatic polarization curves for a platinum anode in. a 
3.76 m NaC103 + 1.64 m NaC104 solution at various solution flow 
rates us and at 50°C. Key: (©) u= = 0.06ms -1, (V) u= = 0.24m 
s -l and (A) u= = 0.33ms- . 

densities from 0.5 to 5 k A m  2 and with a high flow- 
rate of  solution, viz. 0 .33ms -1, satisfies the condi- 
tions for use of the calculation method for the 
ohmic potential drop, since, under these electro- 
lysis conditions, the concentration polarization for 
chlorate is practically zero and the current efficiency 
for perchlorate formation is high (i.e. > 0.95). 
Figure 4 shows galvanostatic polarization curves for 
a prepolarized electrode in a solution with a high 
chlorate concentration and at various flow rates. 
The ohmic resistance Ra was calculated from the 
Em/I curve at the highest rate of  flow (i.e., 
Us = 0 .33ms -1) using the method described above. 
It was found that Ra at Us = 0.33 m s 1 agreed with 
the value determined by the a.c. technique, when the 
inaccuracy in the experimental results was taken into 
account. Assuming Ra reaches a constant value at 
u s = 0.33ms -1. Ra at this flow rate of solution was 
used to calculate Ea at lower rates of  flow. 

To obtain reliable polarization curves for a solution 
with a low concentration of  NaC103, Ra for this 
solution was determined from Ra for the highest 
NaC103 concentration where the difference in the 
solution electric conductivities was taken into 
account. Direct application of  this method to calcu- 
late Ra for solutions with a low NaC103 concen- 
tration is incorrect, because of the occurrence of 
concentration polarization. Figure 5 shows the elec- 
trode potential as a function of current density for 
solutions with 1.64m NaC104 and various concen- 
trations of NaC103. 
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Fig. 5. Galvanostatic polarization curves for a platinum anode in 
solutions containing 1.64m NaC104 and various concentrations 
of NaC103, at a solution-flow rate of 0.06ms -I and at 50°C. 
NaC103 concentrations: Key: (+) 0.038m, (O) 0.47m, (A) 
0.94m, (V) 2.35m and ([]) 3.76m. 



130 L . J . J .  JANSSEN AND P. D. L. VAN DER HEYDEN 

1.0 

0.8 

0.6 

0.4 

0.2 

0 
0 2 4 6 8 10 

i/kA m-2 

Fig. 6. Perchlorate current efficiency as a function of current density 
for a platinum anode in solutions containing 1.64m NaC104 and 
various concentrations of NaC103 and at a solution-flow rate of 
0.06ms -1 and 50°C. NaC103 concentrations: (+) 0.038m, (~)  
0.47m, (A) 0.94m, (V) 2.35m and (D) 3.76m. 

4.2. Current efficiency 

The cur ren t  efficiency for  pe rch lo ra t e  fo rma t ion ,  PCLO4 
is 1 - I ' Q .  The  pe rch lo ra t e  cur ren t  efficiency shown 
was f o u n d  for  a p l a t i n u m  e lec t rode  p repo la r i zed  for  
a sufficiently long  pe r iod  to ob t a in  cons t an t  results.  
To  de te rmine  the mass  t ransfe r  coefficient for  
ch lora te ,  as a func t ion  o f  the ra te  o f  oxygen evolu-  
t ion,  e lectrolyses  were car r ied  ou t  for  N a C 1 0  3 -  
NaC104 so lu t ions  wi th  a low NaC103 concen t ra t ion .  
These  results  will be pub l i shed  separa te ly .  

F igu re  6 shows the effect o f  the  ch lora te  concen-  
t r a t i on  on  the re la t ion  be tween  the pe rch lo ra t e  cur-  
rent  efficiency and  the cur ren t  dens i ty  for  a p l a t i n u m  
e lec t rode  in N a C I O 3 - N a C 1 0 4  so lu t ions  wi th  va r ious  
concen t ra t ions  o f  NaC103.  The  e lec t rode  po ten t ia l s  
for  these exper iments  are  given in Fig.  5. F r o m  Fig.  
6 it  fol lows tha t  the pe rch lo ra t e  cur ren t  efficiency 
increases  wi th  increas ing  NaCIO3 concen t r a t i on  and  
increas ing  cur ren t  dens i ty  wi th  the except ion  o f  
exper iments  conduc t ed  wi th  0.038 m NaC103-  
solut ion.  Moreove r ,  the pe rch lo ra t e  cur ren t  efficiency 
app roaches  zero at  cur ren t  densi t ies  a p p r o a c h i n g  
zero.  

The  effect o f  so lu t ion  flow ra te  on pe rch lo ra t e  
cu r ren t  efficiency for  a p l a t i n u m  a n o d e  in a 4.69 m 
NaC103 is shown in Fig.  7. The  e lec t rode  po ten t i a l  
is also given in this F igure .  

The  effect o f  the  so lu t ion  flow rate  on the re la t ion  
be tween pe rch lo ra t e  cur ren t  efficiency and  cur ren t  
dens i ty  for  a p l a t i n u m  a n o d e  in a 3.76 rn NaC103 + 
1.64m NaCIO4 so lu t ion  is shown in Fig.  8. The  elec- 
t rode  po ten t i a l s  co r r e spond ing  to  these exper iments  
are  given in Fig.  4. 

The  effect o f  the  p H  was de t e rmined  for  NaC103 
so lu t ions  wi th  var ious  concen t ra t ions ,  i.e., 0.28 and  
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Fig. 7. Perchlorate current efficiency (A) and electrode potential 
(C)) as a function of solution flow rate for a platinum anode in a 
4.69m NaC103 solution at a current density of 6.55kAm -2 and 
at 50 ° C. The arrows on the curves indicate the direction of the 
change in the flow rate of solution. 

4.70M. The  o ther  cond i t ions  o f  electrolysis  were 
T = 3 2 3 K ,  u s = 0 . 0 6 m s  -1 and  i =  3 . 2 4 k A m  -2. I t  

was f o u n d  tha t  the cur ren t  efficiency for  pe rch lo ra t e  
f o r m a t i o n  does  no t  depend  on  p H  for  the investi-  
ga ted  p H  range  f rom 2 to 11. The  cur ren t  efficiencies 
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Fig. 8. Perchlorate current efficiency as a function of current density 
for a platinum anode in a 3.76 m NaC103 + 1.64m NaC104 solution 
at 50 ° C and at various rates of solution flow. Solution flow rates: 
(V) 0.06ms -I, (/k) 0.24ms -1 and (O) 0.33ms -1. 
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for perchlorate formation were 0.69 and 0.92 for 0.28 
and 4.70 m NaC103, respectively. 

5. Theory 

5.1. Mechanisms for perchlorate formation 

Several mechanisms for the anodic oxidation of 
chlorate to perchlorate in aqueous media have been 
proposed in the literature [4]. During electrolysis of 
a NaC103-NaC104 solution under industrial condi- 
tions the pH of the solution at the perchlorate produc- 
ing anode is very low. Consequently, the mechanisms 
involving OH ions are not taken into consideration. 

To elucidate the mechanism for perchlorate forma- 
tion, an important question will be the possible parti- 
cipation of the intermediates (OH)ads or (O)ads formed 
by water discharge. Hydroxyl radicals adsorbed on 
the platinum anode are produced by the discharge 
of H20 in acid-solution [8] 

( H 2 0 ) a d s  slow ( O H ) a d  s q- H+ + e -  (4) 

as the rate-determining step. This step is followed 
either by the fast combination of OH radicals, 

( O H ) a d s  q- ( O H ) a d s  , (O)ads -I- H 2 0  (5)  

or by the discharge of OH radicals 

( O H ) a d s ,  ' (O)ads q- H + + e- (6) 

to produce adsorbed O atoms. Finally, oxygen is 
evolved by the rapid combination of adsorbed atoms 

(O)ads -[- (O)ads  . ' (O2)ad  s (7)  

followed by desorption of the adsorbed 02 molecules 

(O2)ad  s • ' 0  2 (8)  

Above the limiting current region, that is, the tran- 
sition from the lower to the upper Tafel region, the 
evolution of oxygen takes place on the catalytically 
stable layer of P t -O or PtO2 [8]. This P t -O or PtO2 
does not participate in the electrode reaction but 
acts only as the catalytic surface on which oxygen 
evolution proceeds [9]. Recently, it has been estab- 
lished that a platinum anode in 0.5 m H2SO 4 at poten- 
tials in the upper Tafel region is covered by an 
oxidation layer consisting of Pt(OH)4 [10]. Since the 
pH of the solution at the perchlorate producing plati- 
num anode is very low, it is likely that this platinum 
anode is also covered by Pt(OH)4. The current effi- 
ciency for perchlorate formation is practically con- 
stant in the pH range from 2 to 11 (Section 4.2). 
Consequently, the nature of the electrode surface 
does not depend on the pH of the bulk solution in 
the pH range from 2 to 11. 

Oxygen atoms will be present on the surface of the 
platinum anode over the whole range of potentials, 
where oxygen evolution occurs (Fig. 4). The forma- 
tion of perchlorate does not occur at potentials in 
the lower Tafel region, but occurs at a detectable 
rate at potentials in the upper Tafel region. 

The platinum anode at potentials in the upper Tafel 

Table 1. Possible mechanisms for perchlorate formation 

Mechanism Mechanism steps* 

I H20  ~ (OH)ads + H + + e-  (a) 
C103 ~ (C103)ad s + e-  (b) 
(C103)ad s + H20  ~- HC104 + H + + e (c) 
HC104 ~- C102 + H + (i) 
(OH)ads ~ Odd s + H + + e- (e) 
2(O)ads ~ 02 (f) 

II H20  ~ (OH)ads + H  + + e -  (a) 
C103 ~ (C103)ad s + e- (b) 
(C103)ad s ÷ (OH)ads ~ C102 + H + (d) 
(OH)ads ~ Oads + H + + e-  (e) 
2(O)ads ~ 02 (f) 

III H20  ~ (OH)ads + H + + e-  (a) 
C10~ + (OH)ads --~ CIO4 + H + + e-  (g) 
(OH)ads --+ (O)ads ÷ H + ÷ e-  (e) 
2(O)ads ~'~ 02 (f) 

IV H20  ---+ (OH)ads + H + ÷ e-  (a) 
C103 + (OH)ads ~ CIO4 + H + + e- (g) 
2(OH)ads ---> (O)ads ÷ H20  (h) 
2(O)ads ~ 02 (f) 

* Two arrows indicate a kinetically reversible (i.e., fast) step. 

region is covered by a Pt(OH)4 layer. The fractional 
coverage of this layer by oxygen atoms is very low 
and increases with increasing potential. 

Mechanisms with a two-electron step as the rate- 
determining step are very unlikely [8] and excluded. 
Therefore, it is assumed that adsorbed oxygen atoms 
are formed by two successive reactions, Reactions 4 
and 5 or 6, and perchlorate ions are formed according 
to :  

C 1 0  3 -~- Oad ) C 1 0 2  (9)  

Since molecular oxygen is formed by a combination of 
adsorbed oxygen atoms according to Reaction 7, and 
the degree of coverage by oxygen atoms increases with 
increasing potential, it can be shown that the ratio 
rao,/ro2 decreases with increasing potential. How- 
ever, from Fig. 6 it follows that I~cl04/F02 increases 
strongly with increasing potential. Perchlorate mech- 
anisms involving Odd w e r e  taken into consideration 
and had to be excluded. 

Possible mechanisms for the anodic oxidation of a 
C103 ion to a C104 ion and their steps are shown in 
Table 1. Moreover, steps for oxygen evolution are 
also tabulated when they may be relevant for per- 
chlorate formation. For each mechanism Table 1 
shows the probable rate-determining step indicated 
by one arrow, while two arrows indicate the fast step. 

5.2. Current efficiency relations for selected 
mechanisms 

Valuable information characterising the mechanism 
of the perchtorate formation can be obtained from 
the ratio between the perchlorate and oxygen current 
efficiency. To simplify the equations for the reaction 
rates, it is assumed that the fractional coverages for 
the reacting intermediates are very small viz. 0i << 1 
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and the rate of the backward reaction is negligible. 
Moreover, a reference electrode potential, ER, is 
introduced to correlate the various rate equations. 
The difference E - ER is denoted by 7. The reversible 
electrode potential Er~ 1 at c b = 1 kmolm -3 for the 
redox reaction C103 + H20 ~- C10~- ÷ 2H + + 2e- 
is chosen as the reference electrode potential. From 
the definition of the reversible electrode potential, 
E~,a, it follows that: 

Er,1 = Er~l - ( 2 f )  -1 lnCb (10) 

where the concentrations for H20, C104 and H + are 
considered to be constant. 

5.2.1. Mechanism L The rate of (b) is given by 

v b = k~c~ exp (ab f~7) (11) 

and that of (a) by 

Va = ka e exp (OLaf/)) (12) 

Since ib = FVb, ia = Eva, iclo4 = 2 ib ,  io 2 = 4ia and 
i = ioz + icio4 it is deduced that the ratio of the 
current densities or the current efficiencies for per- 
chlorate and oxygen is 

ic104 I~C104 k~ 
-- Po2 - 2kaeCseXp{(o~b -- aa) f r /}  (13) i% 

It can be shown that the Tafel slopes of the r//ln ia and 
~/ln i b curves are (% f )-I and (c~ b f ) 1, respectively, 
where ia = 0.25 io2 and ib = 0.5iclo4. 

5.2.2. Mechan&m IL  At steady state 

V b ~-V d (14) 

and 

Va ~ - V d ÷ V  e (15)  

The rate equation for (a) is given by Equation 12, for 
(b) by Equation 11, for (d) by 

V d = kd0clO3 0OH (16)  

and for (e) by 

v e = keOoH exp (acid7) (17) 

From Equation 11 and Equations 14-17 it follows 

-- kb-~s exp {(c% -- C~a) f r /}  (18) Vd 
Vd + Ve ka 

Since ia = Fva, ib = FVb and i e = Fv e it follows that 

io2 = 4ie = 4Fve (19) 

and 

/(2104 = 2i b = 2 F v  b = 2 F v  d (20) 

The ratio of current efficiencies for perchlorate and 
oxygen is 

v d 
PClO4 /Fo  2 ---- ic lo4/ io2 = ~ (21) 

From Equations 21 and 18 it follows that 

2Pclo, k~cs 
2Fclo4 + Po2 -- ~ exp {(o~ b - O~a)fr/} (22) 

For mechanism II it follows that (a) and (b) are 
parallel reactions. Each reaction can be the rate- 
determining step. It can be shown that the Tafel slopes 
of the ~/lnia and ~/lnib curves are ( a a f )  -1 and 
(ab f ) q  for (a) and (b), respectively, as the rate deter- 
mining step, and where 

ia = i _ 1 -  • 1- ~tC104--3lO2 and ib = ~tclo4 (23/24) 

5.2.3. Mechanism III. The rate of (a) is given by 
Equation 12, for (e) by Equation 17 and for (g) by 

Vg = kgOoHCs exp (OZgf~) (25) 

From Equations 17 and 25 it follows 

- kg Cs exp {(C~g - %) fr /}  (26) 
Vg 

Ve k e 

Since ig = Fvg, ie = Fve, io 2 = 4 i e and ic104 = 2 ig the 
ratio of the current densities or the current effi- 
ciencies for perchlorate and oxygen formation is 

ic104 FC104 2kq 
io2 -- ro~ -- ke e Csexp{(C~g-C%)fr/} (27) 

At steady state 

and 

i a = i e ÷ ig (28) 

i = 4ie + 2 ig (29) 

It can be shown that if (a) is the rate-determining 
step, the slope of the ~/ln i a curve is ( ~ a f ) - I  where 
ia = 0.25 io2 + 0.5 iclo4. Moreover, from Equation 27 
it follows that the slope of the r//ln (Fclo4/CsI'Q) 
curve is ((C~g - % ) f ) - I  at a constant Cb. 

5.2.4. Mechanism IV.  The rates of(a) and (g) are given 
by Equations 12 and 25, respectively, and that of (h) 
by 

Vh = khO2H (30) 
From Equations 25 and 30 it follows that 

Vg k~c s 
Vh kh00  H exp (tyg f~]) (31) 

At steady state 

V a = Vg ÷ V h (32) 

From Equations 31 and 32 

( 2 1 4k hka ~ 2 V h +  1 -- -- exp((oe a -  2c@fr/} (33) 
\ Vg (k~cs) 2 

It can be shown that iclO4 = 2Fvg and i02 = Fv h (i.e., 
v% = 1 %  and i% = 4Fv%). Furthermore, Fc104 = 
icl04/i and F% = i%/i .  From Equation 33 there 
follows a relation between F02 and Fa04. 

(4ro2 ) 2 - 1 - - ( k ~ c s ) 2 e x p { ( C Z a - 2 o @ f r l }  (34) lnclO4 + 1 4khkC 

Table 1 shows that the possible rate-determining 
step is (a). Since ia = i - 0.5 iclo4 the Tafel slope of the 
~/ln ( i -  0.5 iao4) curve is ( a a f )  -1. From Equation 



34 it follows that the slope of ~/ln (((4I 'oJFclo4) + 
1) 2 - 1) curve is ((aa -- 2OZg)f) -1 at constant Cb. 

6. Discussion 

4 

6.1. Mechanism for perchlorate formation 

The mass transfer coefficient for chlorate in the m, 
absence of  oxygen evolution, k~,c h was determined E 
indirectly with the use of  Fe(CN) 4- as indicator ion. 
It was found that in 1.64m NaC104 and at 323 K 
k~,ch = 1.98 x 10-5 Us°'66 ms -1, where us is expressed 
in m s -1 [11]. The mass transfer coefficient for C10~ 
in the presence of oxygen evolution, kzm&ch, was deter- 
mined as a function of  the rate of oxygen evolution for 
solutions containing 1.64 m NaC104 and small con- 
centrations for NaC103 and at 323 K and a flow rate 
of  0 .06ms -1 . 

For  this series of  experiments useful experimental 
data for kVmB,ch were only obtained at io2 > 
l k A m  -2. These data are given by k~a,ch = 8.0X 
10 5 iO)85 m s - l ,  where io2 is expressed in k A m  -2 [11]. 

Various empirical correlations have been proposed 
to calculate the mass transfer coefficient k~nB for a gas- 
evolving electrode in combined forced and bubble- 
induced solution flow [12]. The correlation (k~B) 2 = 
(k~) 2 + (k~) 2 is suitable for calculation of  k~B from 
the single mass transfer coefficients k~ and k~ [13]. 
Taking into account the viscosity, the solution den- 
sity and the mass transfer due to ionic migration 
and assuming the bubble behaviour does not depend 
on the composition of the NaC103-NaC104 solu- 
tion, the overall mass transfer coefficient for chlo- 

m rate, kF&ch, has been calculated as a function of to2 
and Us for various NaC103-NaC104 solutions. 
Detailed results have been published in [11]. 

The chlorate concentration at the anode surface, % 
during electrolysis is of  great interest and has been 
calculated for relevant series of  electrolyses. Some 
calculation results are given in Fig. 9 for electrolyses 
with solutions containing 1.64 m NaC104 and various 
concentrations of  NaC103. This figure shows that in 
some cases the calculated c s is even negative. This 
means that k~B,ch used is too small. 

The series of electrolyses with a 3.76m NaC103 + 
1.64m NaC104 and at a high solution flow rate (i.e., 
0 .33ms -1) is used as a first check of  the mechan- 
ism, since the concentration difference Cb-  Cs is the 
smallest for this series. To determine the transfer coef- 
ficient for the first step of the water oxidation, the 
potential is plotted against 

In io2, In (i - 0.75 io2 - 0.5 iclo4), 

In (0.25 io: + 0.5 iclo4) and In (i - 0.5 iclo4) 

for mechanisms I, II, III and IV, respectively, in Fig. 
10. 

The experimental data have been taken from Figs 5 
and 8. From the slope of the straight line, the transfer 
coefficient aa has been calculated. The results for the 
various mechanisms are given in Table 2. 
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Fig. 9. Chlorate concentration at plat inum anode surface as a func- 
tion of  current density for electrolyses in solutions containing 1.64 m 
NaC104 and various concentrations o f  NaC103: (A)  0.47 m, (O)  
0.94m, ( ~ )  2 .35m and (+) 3.76m NaC103 at a solution flow rate 
of  0 . 06ms  -1 and in 1.64m NaC104 + 3.76m NaC103 (V) at a solu- 
tion flow rate of  0.33 m s -1 . Temperature: 50 ° C. 

The transfer coefficient for the first step of  chlo- 
rate oxidation has been obtained by plotting in Fig. 
11 the potential as a function of  ln(iclo4/2Cs) for 
mechanisms I and II, In (icl04/Csi02) for mechanism 

10 

0.1 

[] 

0.01 ' ' ' ' ' 
2.0 2.1 2.2 2.3 2.4 2.5 
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Fig. 10. Electrode potential plotted against In i a for an electrolysis at 
a plat inum anode in a solution containing 3.76 m NaC103 + 1.64 m 
NaC104 and at 50°C and a solution flow of 0.33ms -l, where 
ia=io2 (+), i-0.5iclo,-0.75io2 (/k), 0.5iclo4÷0.25io2 (O) 
and i - 0.5 ioo4 (El) for mechanism I, II, III and IV, respectively. 
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Table 2. 

Mechanism Experimental Slope q 
transfer 
coefficients Theoretical Experimental 

I c~ a = 0 . 1 3  1 fo r  (13) 1 . 3 ± 0 . 1  

c% = 0.35 

II a a  = 0 . 3 2  1 fo r  (22) ~ 0 ± 0 . 1  

o~ b = 0.35 
I I I  a a = 0 .32 1 fo r  (27) 2.0 4- 0.3 

Ctg -- O~ e = 0.38 

IV a a = 0.28 - 2  fo r  (34) - 1 . 9  ± 0.3 

OLg = 0.37 

III and 

In (c2 ( ( ~  + 1 ) 2 - 1 ) )  

for mechanism IV. 
The experimental data for E and F a o  4 are taken 

from Figs 5 and 8 and those for Cs from Fig. 9. More- 
over, iclo4 - -  I~C10, and io2 = i - iClO4- 

To show the effect of  the increase in the difference 
Cb -- Cs with increasing potential on the Tafel slope, 
in Fig. 11 the potential is also plotted against 
ln ( iao4/Csio2) .  From Fig. 11, it follows that the 
slope of  the E/ ln ( i c lo4 /2Cs )  and that of the 
E / l n  (ici04/2Cb) curve are practically the same in the 
potential range from 2.1 to 2.35 V. 

At high potentials, that is, at high current densities, 
the effect of  the chlorate concentration on the Tafel 
slope is large. It may be concluded that the calculated 

decline of  es with increasing current density is too 
high. The calculated Cs is very sensitive to the mass 
transfer coefficient for C103 ions and the contribu- 
tion of  C1Oj ions to the migration current. The 
mass transfer coefficient for C103 ions for the 
NaC103-NaC104 solution of Fig. 11, has not been 
determined directly, but obtained from an electro- 
lysis with a small NaC103 concentration and taking 
into account differences in kinematic viscosity and 
solution velocity. From Fig. 11 it can be concluded 
that the effect of  decrease in cs is 'overcompensated'. 
It may be possible to obtain from Fig. 11 a more 
correct value for Cs at high potentials or current 
densities. 

F rom the solid lines of Fig. 11 au for mechanisms I 
and II, OZg - -  O~ e -for mechanism III and OZg for mechan- 
ism IV can be obtained, respectively. The results are 
given in Table 2. Electrolyses in NaC103 + NaC104 
solutions with 1.64m NaC104 and various NaC103 
concentrations were carried out. Experiments where 
the calculated Cs is very small, or even negative, are 
left out of consideration. 

To elucidate the mechanism (1-'Cl04/I'02)exp 
{-(o~ b - -  a a ) f ( E  - 2.0)}, [2I'c104/(2Fa04 + F02)] exp 
{-(c~ b - C~a) f (E-  2.0)} and (rclo,/Po2)exp{- 
(ag - a e ) f ( E  - 2.0)} at various current densities for 
mechanisms I-III ,  respectively, are plotted against Cs 
on logarithmic scales in Fig. 12, and {[ (4FoJ  
Fclo4) + 1] 2 - 1} exp { , ( a a  - 2 a g ) f ( E  - 2.0)} at 
various current densities for mechanism IV are 
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Fig.  11. E l ec t rode  p o t e n t i a l  a g a i n s t  l n p l  fo r  e lect rolys is  a t  a p la t i -  
n u m  a n o d e  in s o l u t i o n  c o n t a i n i n g  3.76 m N a C 1 0 3  + 1.64 m N a C 1 0 4  

1 a t  50 ° C a n d  a so lu t ion  f low o f  0.33 m s -  , w h e r e  Pl  = i a o 4 / 2  cs (+ )  

a n d  icl04/2Cb ( A )  f o r  m e c h a n i s m s  I a n d  II,  p = iao4/csio2 f o r  
2 2 m e c h a n i s m  III  ( O ) ,  a n d  es {[(4ioJioo4) + 1] - 1} fo r  m e c h a n i s m  

2 IV ([Z) a n d  io2 a n d  iclo4 a re  g iven  in k A m -  a n d  cs a n d  Cb in 
k m o l  m -3 .  

+ 

+ 
/ 

A ± A ~ -- 

o 

0.1 

0.01 . o 

0.1 1 
cs/kmol m-3 

Fig. 12. Parameter P2 against Cs on a double logarithmic scale for 
electrolyses at a platinum anode in a solution containing 1.64m 
NaC104 and various NaC103 concentrations, and at 50°C and a 
solution flow rate of 0.06ms -1, where P2 is (l~ao,/Fo2)exp{ - 
(C~b -- a a ) f ( E  -- 2 .0)} a t  i=0.79 (V]) and 1.31kAm -2 (+), 
[2Pclo4/(Zrclo4 + Fo2)] exp {-(a b - aa)f(E - 2.0)} at i = 0.79 
(A) and 1.31kAm -2 (/k), (I'clo4~I'o2)exp{-(%-ae)f(E- 
2.0)} at i = 0.79 (O) and 1.31kAm -2 (C)), for the mechanisms 
I-III. 
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Fig. 13. Parameterp2 against Cs and c b on a double logarithmic scale 
for electrolyses at a platinum anode in solution containing 1.64m 
NaCIO4 and various NaCIO3 concentrations at 50°C and a solu- 
tion flow rate of 0.06ms 1 where P2 = 10-2{[(4I'o2/rClO4) + 112- 
1} exp (-(c~ a - ag) f (E-  2.0)) at c b and at i = 0.79 (&), 1.05 (O) 
and 1.31 kAm -2 (D), for mechanism IV. 

plotted against Cs and ¢b on a double logarithmic 
scales in Fig. 13. The slope q of  the linear 
l o g p 2 / l o g c s  lines from Figs 12 and 13 are given in 
Table 2. 

From Table 2 it follows that based on the results for 
the transfer coefficient for the first step of the water 
oxidation, viz. reaction (a), and on the comparison 
between the theoretical and the experimental slopes, 
the formation of  perchlorate by oxidation of  chlorate 
occurs according to mechanism IV. This means that 
the formation of  an adsorbed hydroxyl radical by oxi- 
dation of water is the first step in the overall electrode 
reaction. The hydroxyl radicals either combine to pro- 
duce an adsorbed oxygen atom or take part in an elec- 
trochemical oxidation step with chlorate ions to 
produce perchlorate ions. 

Figure 3 shows a limiting current-density region 
where the limiting current density decreases with 
increasing salt concentration. A similar result has 
been obtained for platinum electrodes in concen- 
trated perchloric acid solutions and it is suggested 
that adsorption of perchlorate ions is believed to be 
the cause of the limiting current [14]. The transition 
range between the upper and lower Tafel lines 
begins at a potential decreasing slightly with increas- 
ing perchloric acid concentration and finishes at a 
potential decreasing strongly with increasing per- 
chloric acid concentration. The overvoltage of  the 
upper Tafel curves decreases with increased per- 
chloric acid concentration at a given current density. 
Similar results have been obtained from a sodium 
chlorate electrolysis on a platinum electrode [15]. 

Analogously to an electrolysis of  a perchlorate 

solution [14], it is assumed that for an electrolysis of 
chlorate the point of  inflection of  the curve connect- 
ing the upper and lower Tafel lines represents the 
point where chlorate ion discharge begins. The poten- 
tial of the inflection point is much higher for per- 
chlorate solution than for a chlorate solution [15] 
and the current density for oxygen evolution at the 
inflection potential is much higher for a perchlorate 
solution than for a chlorate solution (Fig. 3). This 
means that for a perchlora te+chlora te  solution 
under the applied conditions the discharge of per- 
chlorate as the first step in the formation of oxygen 
[14] can be discounted. 

The shape of  the polarization curve may be related 
to the stages of oxidation of  the platinum electrode 
surface. A schematic picture of  the chemical state of  
a platinum electrode surface in 0.5 m H2SO 4 at 25°C 
as a function of  the applied potential is proposed by 
Peuckert et al. [10]. Since the total polarization 
curve in acidic sulphate solution [16] is similar to 
that in chlorate solution (Fig. 2), where the pH of  
the solution at the oxygen-evolving electrode is rela- 
tively low, depending on the current density, it is 
likely that in chlorate and sulphate solutions the 
chemical state of  the platinum anode surface is simi- 
lar. The platinum electrode surface in the upper 
Tafel region is covered completely by a multilayer of  
Pt(OH)4 and that in the lower Tafel region partly by 
a monolayer of Pt(OH)4 [10]. 

From Fig. 3 it follows that the rate of discharge of  
H20 in the lower Tafel region is hindered by the 
presence of  Pt(OH)4 on the electrode surface. This 
hindering results in a limiting current for the H 2 0  dis- 
charge in the transition range. 

It has been found that the current density at the 
inflection potential in the transition range depends 
strongly on the concentration and the nature of  the 
dissolved anion(Fig.  3). The difference in the activity 
of water for the chlorate and the perchlorate solutions 
from Fig. 3 is small. The water activity has been 
obtained from the osmotic coefficients of the electro- 
lytes [17]. Consequently, the water activity has no 
significant effect on the current density at the inflec- 
tion potential. It is possible that Pt(OH)4 layer on 
the electrode surface affects the adsorption of anions 
like chlorate and perchlorate. This adsorption inhi- 
bits oxygen evolution from water discharge and 
affects the current density at the inflection potential. 
Thus, the presence of  the multilayer of Pt(OH)4 is of  
great interest for the oxidation of  chlorate to perchlo- 
rate. The remarkable result shown in Fig. 2 supports 
this suggestion. 
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