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An original chlorate cell system equipped with an oxygen cathode, a DSA ® and a separate reactor was 
set up. A method for determining the current efficiency by means of  measuring the flow capacity of  cell 
gas in the chlorate cell process has been proposed. This method is simple and convenient as well as 
accurate in evaluation of  the chlorate current efficiency in the chlorate cell with an oxygen cathode, 
compared to the traditional method of  analysis. The current efficiency of  the anode can be estimated 
with the gas analysis method. 

List o f  symbols  

CO, Ct 

F 
i 
I 
Mc 
Po 
Qi 
t 

To 
Tc, Tr 
Ts 
u 

v0 

initial or final concentration of chlorate 
respectively (M) 
Faraday constant (96 487 As mo1-1) 
current density (Am -2) 
constant current (A) 
molecular weight of chlorate (kg mo1-1) 
pressure at standard state (Pa) 
loss of coulombs (As) 
time (h) 
temperature at standard state (K) 
temperature of cell or reactor (° C) 
room temperature (K) 
linear velocity of electrolyte through the cell 
(m S -1) 

volume at standard state (m 3 mo1-1) 

V(t) 

Vi 

volume of electrolyte which cools to room 
temperature (dm 3) 
volumetric flow rate (ml min -1) 

Greek symbols 

~a 

9 

value of ~5a/£ j 

overall current efficiency for chlorate forma- 
tion according to Equation 9 
differential current efficiency for chlorate for- 
mation calculated, respectively, from Equa- 
tion 26 or 25 

Subscript 

i 02 or C12 
j A o r B  

I. Introduction 

In an industrial chlorate cell process, mild steel is 
often used as cathode and RuO2/Ti (DSA ®) as 
anode. The overall chemical reaction in the tradi- 
tional chlorate cell process can be written as 

electro- 
NaC1 + 3H20------77---~. NaC103 + 3H2 T (1) 

synmesls 

The cell voltage is 3 ~ 4 V and there are some side 
reactions resulting in loss of current efficiency. Electric 
energy is wasted in hydrogen evolution. When oxygen 
or air is used as a depolarizing agent, the evolution of 
hydrogen at the cathode surface can be suppressed 
and the main reaction is oxygen reduction (3). The 
main reactions in the chlorate cell process with a 
porous gas-diffusion cathode are as follows: 

Anode: 

2C1- 

Cathode: 

Solution: 

C l2+2e-  E °=1 .359V (2) 

0 2 + 2H20 + 4e- ~ 4OH- 

E2 ° = 0.401V (3) 

C12 -q- H20 ~ HC10 + H + + C1- (4) 

HC10 ~ C10- + H + (5) 

2HC10 + C10- > C10~- + 2C1- + 2H + (6) 

H + + O H -  , H 2 0  (7) 

* Author to whom correspondence should be addressed at the Institute of Chemical Metallurgy, Chinese Academy of Sciences, Beijing, 
100080, China. 

0021-891X © 1994 Chapman & Hall 503 



504 Y. BAOLIAN AND Z. WENHUA 

Cell I gas 

Cell 

~ Oxygen 

Tail gas 

c 

"r" 

+ 
U 
+ ~ 

0 - -  + 

o 
" 1 -  103 
o4 0 

U 

R e a c t o r  

Fig. 1. Reactor system (a) anode (b) oxygen cathode (c) pump. 

Overall reaction: 

e lec t ro-  
NaCI + 302 - -  NaC103 (8) 

synthesis 

Thus the cell voltage may be lowered considerably 
with the possibility of  saving 1.23V [1]. Such an 
oxygen cathode approach can both eliminate the 
possibility of explosion and dichromate pollution 
and save energy. 

2. Gas analysis method 

A sketch of  the chlorate cell system with an oxygen 
cathode is shown in Fig. 1. The active chlorine (C12, 
HC10 and C10-)  is formed in the chlorate cell and 
then sent to the reactor in which the chemical reaction 
(6) takes place at a higher temperature. 

2.1. Chemical analysis method of  chlorate current 
efficiency 

The chemical efficiency in the chlorate cell process 
may be formulated as follows: 

V(t) Ct - V(°)Co Me (9) 
ea = 0.662/t 

The number 0.662 stands for the sodium chlorate 
electrochemical equivalent, where six electrons are 
involved in the formation of 1 molecule of  NaC103. 
The current efficiency in a batch process may change 
with time. The rate of  chlorate formation may be 
analysed by a chemical method and the instantaneous 
efficiency at constant current may be determined as 
follows: 

v(,) (dCc,o '  (10) 
e-0.662------)\ dt J 

where V(t) and I may be assumed constant. However, 
in both methods it is difficult to determine the value of  
current efficiency. 

2.2. Analysis of the loss of chlorate current efficiency 

Side reactions at the anode may take place as 

follows: 

6C10- + 3H20 

2CIO 3 + 4C1- + ~O 2 + 6H++6e - 

E ° = 0.46 V (11) 

2H20 ) 0 2 -~- 4H + + 4e- 

E ° = 1.23V (12) 

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

E ° = -0.401 V (13) 

The anodic loss of  current efficiency is mainly caused 
by the hypochlorite oxidation reaction (11) in regular 
conditions. When the chloride concentration is too 
low, the oxidation of  water (12) at the anode surface 
may occur. If  the solution becomes too alkaline, the 
oxidation of O H -  ions (13) at the anode surface 
may increase. 

Side reactions at the cathode surface may occur as 
follows: 

HCIO + 2e- ) C1- + O H -  

E ° -- 1.30V (14) 

C10- + H 2 0  + 2e- ~ C1- + 2OH-  

E7 ° = 0.94V (15) 

C10~- + 3H20 + 6e- ~ C1- + 6OH-  

E ° = 0.62V (16) 

An asbestos diaphragm may be used to restrain the 
cathode side reactions (14 ~ 16) in the chlorate cell 
with an oxygen cathode, and the resultant cathode 
loss of current efficiency of less than one percent is 
negligible [2]. 

In electrolyte solutions, the higher temperature may 
accelerate the decomposition reaction of  hypochlor- 
ous acid and chlorine volatilization [6, 7]. The two 
processes can be expressed as follows: 

HC10 --+ H + + C1- --I-10 2 (17) 

C12(dis.) , C12(gas ) (18) 

Several reactions mentioned above can evolve gases 
such as oxygen and chlorine. But Reactions 12, 13, 17 
and 18 play a minor role with respect to the loss of  
current efficiency, compared to Reaction 11. How- 
ever, side reactions evolving gases result in a loss of  
chlorate current efficiency if the cathode side reactions 
are neglected. 

2.3. Gas analysis method of chlorate current efficiency 

A simple way of  obtaining a measure of  the instanta- 
neous current efficiency is a gas analysis method. 
Jaksi6 et al. [3] have given a formula for gas efficiency 
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in a chlorate cell with a hydrogen evolving cathode as 
follows: 

100 - 2[C12%] - 3[02%] 
_ (19) 

100 - [C12%]- [02%] 

However, the above formula does not adequately 
represent a chlorate cell with an oxygen cathode. 
Neglecting the loss of  cathode, the loss of  current effi- 
ciency may be divided into two parts: oxygen and 
molecular chlorine escaping from the solution accord- 
ing to the reactions above. There exist four reactions 
(11, 12, 13, 17) which evolve oxygen. No matter  
which side reactions take place at constant current, 
n moles evolving oxygen needs 4nF coulombs in the 
interval dt. I f  the volumetric flow rate of  oxygen is 
expressed by V% at standard state and the loss of  
coulombs caused by the evolution of oxygen may be 
written by 

dQo2 = 4rV%dt /V  o (20) 

By the same reasoning the escaping chlorine (18) from 
the cell is given by 

dQc12 = 2FV°12 dt/1Io (21) 

where V°12 is the volumetric flow rate of  escaping 
chlorine at standard state. Considering the difference* 
in gas volume between room temperature and 
standard state we may write 

V°2 : -  (To/rs)V% 

V°12 = ( To/Ts) Va2 (22) 

consumption of coulombs may be The overall 
expressed as 

dQ = Idt (23) 

And the gas current efficiency in the chlorate cell 
system with an oxygen cathode can be defined as 
follows: 

dOoz + dOcl2 (24) 
eB = 1 dQ 

Combining Equations 20 to 23 with Equation 24 the 
expression for gas current efficiency is 

- 2 F  (T--£°~ ( 2V°2 ÷ Vc1L) (25) 
~ =  l Z kTs/ \ 

I f  the volumetric flow rate of  chlorine is small, a simple 
equation may be obtained as follows 

eA = 1 - 78.4 Vo2 (ml min -1) (26) 
I (A)  Ts(K) 

Owing to the more direct and accurate measure- 
ment for the flow capacity of  cell gas, Equations 25 
and 26 are easier than Equations 9 and 10 when the 
current efficiency has to be determined in the electro- 
lyte system with an oxygen cathode. 

* Gas temperature in the bubble meter is identical to room tempera- 
ture when the gas volumetric flow rate is lower than 15 ml min -1 . 
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Fig. 2. Apparatus for gas current efficiency determination in a chlo- 
rate cell with an oxygen cathode. (1) pH meter, (2) soap bubble 
meter, (3) DSA ®, (4) drying tube, (5) ampere-hour meter, (6) pres- 
sure gauge, (7) gas flow control valve, (8) oxygen cathode, (9) mag- 
netic pump, (10) gas wash bottle (20% KI) with ceramic rings, (11) 
automatic stirring tube of horizontal bend, (12) chemical reactor, 
(13) electric heater, (14) feeder for addition of dilute HC1 or 
NaOH, (15) thermometer, (16) temperature controller, and (17) 
electrolyte entrance or outlet. 

3. Experimental details 

The experimental apparatus is shown in Fig. 2. The 
total volume of  electrolyte in the cell system was 
1.2dm 3. The laboratory cell was equipped with an 
oxygen cathode, a DSA ® (dimensionally stable 
anode) and a separate reactor. All materials of  con- 
struction in the cell were either glass, rubber or 
PVC. The anode to cathode spacing was approxi- 
mately 5mm.  The electrolyte was recirculated 
through the cell with a magnetic pump (CXB-30) 
whose outlet pressure was about  0.02 MPa. The flow 
rate of  the electrolyte was 3.85 x 10 -5 m 3 s -1 and the 
linear velocity of  electrolyte through the cell was 
0.23 m s -1 . 

The oxygen cathode was made of  Teflon, active 
carbon, a nickel screen and appropriate electro- 
catalysts. The temperatures in the cell and reactor 
were almost identical and the pH was maintained 
constant at ±0.1 p H  unit. It  was relatively steady 
when the chlorate cell was equipped with an oxygen 
cathode [2]. 

At constant current, the flow rate of  cell gas was 
measured by a soap bubble meter. The cell gas was 

OoOO 

1 
Fig. 3. Schematic construction of the electrolyte cell. (1) Plank 
r ® £ ame, (2) DSA , (3) asbestos diaphragm, (4) porous gas-diffusion 

cathode. 
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Table 1. Chlorate efficiency by the gas and chemical analysis methods 

[NaCI]200 ~ 300 pH 6.5 [NaCl]3OO/g dm -3 [NaCi]200 ~ 300 

DSA-1 

/g dm -3, pH 6.5 /g dm -3, pH 6.5 

t/h [NaC1]/g dm -3 pH  *[NaC103]/g dm -3 

2.1 4.7 7.2 50 150 300 6.0 6.5 7.2 8.0 16 102 205 300 

4- 
Vo~ f. 4.22 3.90 3.46 8.56 4.73 3.90 4.11 3.95 4.56 10.77 4.22 3.91 3.12 3.12 
Vcl~ T 0.59 0.95 0.99 0.58 0.57 0.95 1.83 0.95 0.23 0.38 0.59 0.36 0.31 0.18 

cA/% 91.8 92.4 93.3 83.4 90.8 92.4 92.0 92.4 91.2 79.1 91.8 92.4 94.0 94.0 

~B/% 91.2 91.9 92.3 82.8 90.3 91.9 90.3 91.9 90.9 78.8 91.2 92.1 93.7 93.8 
ea/% 88.9 89.6 90.9 80.7 88.0 89.6 87.1 89.6 89.5 80.9 89.2 90.1 91.6 91.7 
fl,~ 0.968 0.970 0.974 0.968 0.969 0.970 0.947 0.970 0.981 1.02 . . . .  
fib 0.975 0.975 0.985 0.975 0.975 0.975 0.965 0.975 0.985 1.03 . . . .  

t/h [NaC~/g dm -3 

DSA-2 2.2 4.1 6.1 7.9 65 100 200 300 6.0 

pH * [NaClO3]/g dm -3 

6.5 7.0 8.0 20 150 300 

Vo2 t 3.22 3.35 3.65 3.61 5.18 3.79 3.22 2.77 4.18 3.22 3.27 9.13 3.22 2.74 2.56 
Vcl2 ~ 0.17 0.11 0.18 0.29 0.32 0.23 0.17 0.40 0.96 0.17 0.34 0.19 0.17 0.13 0.11 

CA/% 93.8 93.5 93.0 93.0 90.0 92.7 93.8 94.6 91.9 93.8 93.7 82.3 93.8 94.7 95.0 

eB/% 93.6 93.4 92.8 92.8 89.7 92.4 93.6 94.2 91.0 93.6 93.3 82.1 93.6 94.6 94.9 
%/% 91.3 90.1 91.4 90.5 89.3 90.1 91.3 91.8 87.8 91.3 91.0 80.0 91.5 92.5 92.8 
/3 A 0.973 0.964 0.983 0.973 0.992 0.972 0.973 0.970 0.955 0.973 0.971 0.972 -- -- - 
/3 B 0.975 0.965 0.985 0.975 0.996 0.975 0.975 0.975 0.965 0.975 0.975 0.975 -- -- - 

~ The chemical efficiency ea in the varied concentration of  chlorate is calculated by Equation 29, Ts = 291 K. 
Vow, Vcl2 in m l m i n  -1 . 

bubbled through 20% KI to remove traces of chlorine 
and then passed through a drying tube. The remaining 
gas was oxygen (Fig. 2). The cell was generally 
operated for two to four hours at a current density 
of 1000Am -2 until steady-state cell gas was 
obtained. 

A sketch of the chlorate cell is shown in Fig. 3. Two 
different kinds of anodes were used in the experiment. 
DSA ®- 1 (provided by Factory 724 of Shenyang) was 
more active and produced more oxygen than DSA®-2 
(provided by Factory 4805 of Shanghai). The elec- 
trode area was 140 cm 2. 

The electrolyte was periodically sampled during 
each experiment. The concentration of hypochlorite 
was determined by iodiometric titration. The chloride 

concentration was determined by titration with an 
AgNO3 standard solution and indicator K2CrO4. 
The concentration of chlorate was determined by self 
oxidation to the excessive FeSO 4 and back titration 
with KMnO 4 solution. Here FeSO4 solution was 
used as a reducing agent. The volumetric flow rate 
of cell gas was measured by bubble meter. 

4. Results and discussion 

4.1. Comparison of current efficiency between the 
chemical and gas analysis method 

The chemical current efficiency was obtained by 
Equation 9 and the gas efficiency by Equations 25 
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Fig. 4. Compar ison  of  curves of  current efficiency as a function of  
time [NaC1] 200 ~ 3 0 0 g d m  -3, i =  1000Am -2, T o =  Tr = 60°C, 
pH  6.5, u = 0 .23m s -1. 
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Fig. 5. Curves of current efficiency at different pH values [NaC1] 
3 0 0 g d m  -3, i = 1000Am -2, T c = Tr = 60°C, u = 0.23 m s  -1 . 
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Fig.  6. C u r r e n t  efficiency curves  as a f u n c t i o n  o f  ch lo r ide  c o n c e n t r a -  
t ion  i = 1 0 0 0 A m  -2,  T e = T r = 6 0 ° C ,  p H  6.5, u = 0.23 m s  - l .  

and 26. The experimental data are found in Table 1. 
The comparative experiments were operated for dif- 
ferent times and concentrations of  chloride as well 
as pH to verify the identical results between the gas 
and chemical efficiency (Figs 4-6). From Table 1 for 
DSA®-I, [NaC1] = 200 ~ 300gdm -3, pH = 6.5, the 
average efficiency for chlorate formation is 0.889 for 
the period 0 ~ 2.1 h, 0.896 for the period 2.1 ~ 4.7h, 
and 0.909 for the period 4.7 ~ 7.2h. Comparing 
these results with e~ for these periods, it can be 
concluded that both results agree. In particular the 
pilot plant experiments proved that e a was almost 
equal to CA, which will be discussed in a future 
paper. 

4.2. Effect o f  chlorine loss on current efficiency 

The water vapour in the cell gas was small because 
room temperature was about 291 ~ 295K and the 
flow rate of cell gas was not large. It is possible to con- 
sider that the cell gas through the tube (a ~ c ~ b) 
(Fig. 2) was the sum of oxygen and chlorine [4]. The 
value of the ratio of  chemical efficiency to gas current 
efficiency may be defined as follows 

/~j = Ea/f.j (j = A, B) (27) 

Then/3j can be obtained from the following equation 1 / 
flA = n ~ (flA)i = 0.973 

1 (28) 
fib = n Z (flB)i = 0.978 

Table 2. Effects of  foreign additives on gas efficiency 

95 ^ ~ ~ .  n 

90 T / 1  ~ ' ~ ' - ~  
1 / 

DSA-1 I:3 EA T eB • Ea 

DSA-2 O e  A X e B • ~ a  

85 . . . . . . . . . . . . .  ' ' i , , , 
0 65 130 195 260 32! 

[NaCIO 3] / g dm -3 

Fig.  7. G a s  efficiency (exper imenta l  d a t a )  a n d  chemica l  efficiency 
(Ca lcu la t ed  values)  as a f u n c t i o n  o f  c h l o r a t e  c o n c e n t r a t i o n  
[NaCI]200 ~ 3 0 0 g d m  -3,  p H  6.5, i = 1 0 0 0 A m  -2,  T c = Tr = 6 0 ° C ,  
u = 0.23 m s -1 . 

325 

The difference between /3A and /~8 is only 0.5% 
a n d  hence the effect of  escaping chlorine may be 
neglected. 

4.3. Error analysis for  the two kinds o f  current 
efficiency 

It seems, generally, that eA and en are systematically 
higher than Ca, and also that Ea remains practically 
constant over a long period [5]. From Figs 4-6,  there 
is clearly a discrepancy between the gas current effi- 
ciency en and the chemical efficiency Ca. The causes 
of the error may be (i) the electrolyte is inclined to 
alkalinity when the system starts to operate; (ii) par- 
tial acidity of the electrolyte may be higher than other 
places in the course of adjusting pH values, which may 
temporarily result in the decomposition of  active 
chlorine; (iii) the active chlorine may oxidize organic 
substances in the system and the cathode loss of 
efficiency has been neglected. It is likely that the reduc- 
tion of hypochlorite occurs at the cathode especially at 
the beginning of system operation. Therefore, chemical 
efficiency, ca, is an average efficiency over a period of 
time and always lower than the steady-state gas 
current efficiency e A or e B. 

Since the value of/3j, which varies from 0.973 to 
0.978, is approximately 1.0, the gas efficiency may be 
considered to be identical with the chemical efficiency 
when current efficiency for chlorate formation needs 
to be determined. 

[NaCI ] / g  d m  -3 200 50 Conditions 

Buffer e(o2)/% ~(o2)/% 
/g  d m  -3 

Na2 HPO 4 Na2 Cr2 07 NaF Na 2 H P 0  4 N a  2 Cr 2 0 7 NaF D SA-2 

0 94.1 93.8 93.9 89.9 89.9 89.5 

1 93.6 94.1 94.8 89.9 89.0 92.2 

3 93.5 94.6 95.0 89.6 89.6 92.6 

5 93.6 94.8 95.0 89.4 89.6 92.1 

7 93.5 94.8 94.8 89.6 89.7 92.2 

i = l O 0 0 A m  -2 

Te = Tr = 6 0 ° C  
u = 0.23 m s -1 

p H  6.7 

T s = 295 K 
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4.4. Current efficiency in concentrated chlorate and 
performance of anode 

When the chlorate cell system is operated for a short 
time or over several hours, the error of chemical ana- 
lysis is larger and the current efficiency may be dis- 
torted in the high concentration chlorate because the 
formation of chlorate is too small to compare with 
the chlorate in the solutions. The results suggest that 
the chemical efficiency may be evaluated by the gas 
analysis method. By Equation 27 we may substitute 
/Jj for/3j and obtain 

ea = t3jej (j  = A, B) (29) 

where/3A = 0.973,/~s = 0.978, eA or eB may be deter- 
mined by Equations 26 or 25. Hence the chemical effi- 
ciency in the concentrated chlorate can be determined 
by the gas analysis method (Fig. 7). 

From Figs 4-7 the current efficiency of anode 
DSA®-2 is slightly higher than that of anode 
DSA®-I. Not considering the decomposition of 
active chlorine (HC10) and neglecting the molecular 
chlorine in the cell gas, as well as the cathode loss of 
efficiency, the gas current efficiency, es, is identical 
with the instantaneous efficiency of the anode. 
Therefore the electrochemical performance of the 
anode may be estimated by the gas analysis method. 

4.5. Application of the gas analysis method 

The current efficiency in the chlorate cell process with 
an oxygen cathode can be approximately determined 
by measuring the flow capacity of oxygen. Useful 
results in different conditions can be easily obtained 
by the gas method. Although the new-type chlorate 

cell system needs no addition of dichromate, the 
action of foreign salts to the process (Table 2) can 
also be investigated. 

5. Conclusions 

The current efficiency in a chlorate cell with an oxygen 
cathode can be determined by measuring the cell gas 
in the recycling electrolyte. The results of the gas 
method are identical with those of chemical analysis. 
This constitutes a simple and convenient to examine 
chlorate current efficiency. This method is useful in 
the investigation of electrochemical problems in high 
concentration chlorate and be useful for assessment 
of electrocatalytic performance of anode materials. 
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