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ABSTRACT 

The simultaneous mutua l  effect of pH, temperature,  current  density, and 
hydrodynamic factors on current  efficiency in the chlorate cell process has been 
investigated and considered. Certain practical considerations of the process 
optimization are also given. Some contributions to the scale-up of chlorate 
cells have also been introduced. It has been pointed out  that by adjust ing all 
other parameters  at their optimal values (temperature,  pH, and the l inear  
velocity of flow), the current  density is then the main  factor providing high 
current  yields. 

The basic electrode process in electrochemical chlo- 
rate production is anodic chloride ion oxidation, ac- 
companied by immediate  hydrolysis of the resul t ing 
elemental  chlorine, that yields as a fur ther  intermediate  
product hypochlorous species or available chlorine. I 
Two simultaneous parallel  ways remain  for active 
chlorine to reach the final state of chlorate formation. 
The first and the useful one (tl) would be its direct 
chemical conversion 

2HC10 + C10-  + 2H20 

kr 
---> CIO3- + 2I~O + + 2Ci- [i] 

well known as the Foerster reaction of chemical chlo- 
rate formation (i). 

The second and unavoidable path represents another 
Foerster reaction of further anodic hypochlorite oxida- 
tion to the final state 

6e 
6 c i o -  -5 9H20 . > 2C1(h- 

-5 6H~O + + 4C1 - -5 3/2 O2 [2] 

also known as the reaction of electrochemical chlorate 
formation (1), which represents an unnecessary loss 
of current  (t~). 

For the sake of Faradaic balance treatment ,  it is 
much more convenient  to present the reaction of elec- 
trochemical chlorate formation in a form of total an-  
odic oxidation process from chloride ion to the final 
s p e c i e s  

1 8 e  
2C1- + 18 O H -  ) 2C10~- + 9H20 + 3/2 O3 [3] 

In  the chlorate cell process one pract ical ly neglects 
anodic chlorine evolution and defines as efficient (tl) 
the electrode path in which the electrochemical oxida- 
tion goes to the hypochlorous species only, with chlo- 
rate as fur ther  final product of the pure chemical con-  
version. Considering the total  anodic chloride oxida- 
tion to the final state (reaction [3]) as unavoidable  
anodic current  losses (t2), it can easily be shown that  
the over-al l  current  efficiency (t) of the whole elec- 
trolytic process is the same as that of ~he first stage 
chloride anion oxidation (t l) ,  or in another  words, 
tha t  tl  -5 t2 = 1. 
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current yields,  back-mix - f low reactor,  p lug-f low reactor, instan- 
taneous current  efficiency. 

"Available chlorine" comprises  the sum of concentrations of 
hypoehlorous acid, hypochlorite  ion, and dissolved elemental chlo- 
rine. However, at the pH of usual e lectrolyt ic  chlorate production 
the latter can be neglected, so that the more convenient term act ive  
chlorine wi l l  be  used henceforth  for hypochlorous entit ies  only.  

Both reactions (Eq. [1J and [3]) are dependenr on 
each other and hence both depend on pH, temperature,  
current  density, electrolyte volume ratios, and their 
active chlorine contents, as well  as on the hydrody-  
namic conditions inside the cells. 

A chlorate production system main ly  consists of the 
cells and the holding volume usual ly  in a closed loop. 
The cell has often been considered pr imar i ly  as a gen- 
erator  of active chlorine, and the holding volume as 
a reactor for its fur ther  conversion to the final prod- 
uct. (2). 

Faradaic stoichiometry and mater ial  balance con- 
sideration have been leading to the derivat ion of an 
equation which relates the over-al l  current  efficiency 
(tl) of chlorate production to the operational param-  
eters of the process including all part ial  volume con- 
t r ibut ions of active chlorine conversion (see Appendix 
I) throughout  the system (2) 

2 2~c2"kr, c'Vc'F K'c" (aHao+)cZ'Csc 3 

t, : ~ -} I [K*c -~- (aH30+)c] 3 

+ - ~ - F  "i" " (Cse - -CsD- -~- ( t .+ tD  [4] 

or otherwise (2) 

2 25c 2. kr,c'Vc'F K'c" (all30 + ) c2"Cse 3 

tl = -~ -5 I [K*c -5 (aHao+)c] 3 

2fh2"kr,~'Vh'F K'h" (aH30+)U 2" Csh 3 
+ 

I [K*h "~- (aHao+)h] 3 

2 
- -  - -  ( t 3 + t ~ )  [ 5 ]  

3 

where I denotes ~he total  cur rent  or the cell load; kr 
is the rate constant  for the reaction [1]; q, the flow 
rate; V, the electrolyte volume; F, the Faraday con- 
stant;  y, the activity coefficient of hypochlorous acid; 
K*, the rearranged dissociation constant of hypochlo- 
rous acid (see below);  aH3o+, the  hydronium ion activ- 
ity; Ca, the active chlorine concentrat ion;  and t3 and t4, 
possible current  losses for chlorine evaporat ion and 
cathodic hypochl(~rite reduction, respectively. The last 
two terms could be neglected in common practice of the 
chlorate production, that  means tl -5 t2 + t~ -5 t4 ~ tl  
-5 t2 ---- 1. Subscripts c and h shall refer, throughout,  to 
the quanti t ies  corresponding to the cells and to the 
holding volume, respectively. In the above equations 
j2 approximately represents the BrSnsted's kinetic co- 
efficient (3, 4) for the reaction of chemical chlorate 
formation (Eq. [1]). 
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The first t e rm in Eq. [4] and [5] defines cur ren t  
yields  under  condit ions such tha t  al l  e lec t ro ly t ica l ly  
produced act ive chlorine s imul taneous ly  undergoes  Che 
fur ther  e lect rochemical  oxidat ion  to chlora te  according 
to Eq. [3]. The next  two te rms represen t  contr ibut ions  
to the ove r -a l l  cur ren t  efficiency of the  chemical  con-  
version of hypochlorous species tak ing  place inside the 
cells and  the holding volume, respect ively.  

The pH Effect of the Whole Chlorate System 
One could immedia t e ly  d raw some genera l  conclu-  

sions considering Eq. [4] and [5] by  qui te  a s imple 
analysis.  Firs t ly ,  in very  acid solutions, when hypo-  
chlorous species decompose and tend to negl igible  con-  
centrat ion,  chlorine evolut ion approaches  its ma x ima l  
cur ren t  yields  (ts --> 1), chlorate  cur ren t  efficiency 
takes  smal l  values,  and the  whole  cell  operates  as a 
chlorine producing  unit.  On the contrary ,  in a lkal ine  
solulions (aH30+) "-~ 0), hypochlorous  acid approaches  
zero concentrat ion,  and  all  act ive chlor ine  bui lds  up 
its concentra t ion and exists  in the  form of hypochlor i te  
ions. This reduces chemical  conversion of ava i lab le  
ch lor ine  to negl igible  rates,  so that  the final effect 
represents  chlorate  product ion tak ing  p lace  f rom total  
anodic oxidat ion  only (Eq. [3]) .  Therefore,  one has to 
seek an in te rmedia te  pH range provid ing  the opt imal  
opera t ing  condit ions and y ie ld ing  the max ima l  cur ren t  
efficiencies. In  the two l imit ing cases, just  discussed, 
ne i ther  the  t empera tu re s  and the cur ren t  densi ty,  nor  
any  other  opera t ing  var iab le  and pa rame te r  could 
b r ing  about  any  improvement  of the  chlorate  cell  effi- 
ciency. Hence, a cer ta in  mutua l  effect of var iab le  opt i -  
mizat ion mus t  exist  somewhere  in be tween  these two 
l imi t ing cases. 

The pH Effect of the Holding Volume 
Par t i a l  d i f ferent ia t ion wi th  respect  to (aH3o+) of 

both  te rms re la t ing  over -a l l  cur ren t  efficiency in Eq. 
[5] to the  contr ibut ions  of hypochlorous species con- 
version inside the  two volumes,  Vc and Vh, revea l s  the  
opt imal  pH region provid ing  m a x i m a l  cu r r en t  y ie lds  
to be 

priM m p K *  --  log 2 [6] 

The r ea r r anged  dissociation constant  (5), as wel l  as 
its corresponding the rmodynamic  value,  represents  
a quan t i ty  dependent  on tempera ture .  

I t  has prev ious ly  been shown e lsewhere  (5) tha t  the  
r e l evan t  equi l ib r ium constant  for  ca lcula t ing  the  ac tual  
hypochlorous  species contents  at  the  ionic s t rengths  of 
the  chlora te  cell  b r ine  and for eva lua t ing  the  over -a l l  
cu r ren t  efficiency according to Eq. [5], is 

a H 3 0 +  " CC10-- ~ " aH20 
K *  _ - " K a - - ~  10" Ka [7]  

CHclo fclo- 

where  Ka stands for its the rmodynamic  value,  and 
other  signs have the  usual  meaning.  

Caramazza  (6) revea led  the funct ional  t empera tu re  
dependence  of the  the rmodynamic  dissociat ion con- 
s tant  of the  hypochlorous  acid to obey the equat ion 

800 
p K a  - -  ~ -t- 4.892 [8]  

However ,  Morr is  (7) has  recen t ly  p resen ted  some-  
wha t  more  re l iab le  da ta  expressed  by  the  fol lowing 
re la t ion  

3000.00 
pKa -.~ - -  10.0686 -I- 0.0253 �9 T [9]  

T 

which  was asser ted  to be val id  up  to 45~ (7). 
Thus, combining Eq. [8] and [9] wi th  [6] and [7], 

one obtains the  t empera tu re  dependence  of the opt imal  
pH range (priM) for the  chlora te  cell process. Some 
exper imenta l  and calcula ted values  are  shown in Fig. 
1. One easily observes that  the h igher  the  tempera ture ,  
the lower  is the  opt imal  pH value  which  provides  
m a x i m a l  cur ren t  y ie lds  in the e lect rolyt ic  chlorate  
product ion [c]. (5)] .  This ma t t e r  has been  discussed in 
more  detai l  e l sewhere  (5). 

The pH Effect of the Chlorate Cell 
The pH effect of the chlora te  cell i tself  on the  over -  

al l  cur ren t  y ie ld  was inves t iga ted  as a funct ion of the 
holding vo lume t empe ra tu r e  at  constant  cur ren t  den-  
s i ty  (Fig. 2). I t  has again been expe r imen ta l ly  con-  
f irmed that  the  opt imal  pH range g iven  above p ro -  
vides ma x ima l  cur ren t  efficiencies. However ,  one could 
accept as much more impor t an t  the op t ima l  pH value  
to be main ta ined  inside the holding volume, whose con- 
tent  and re tent ion  t ime are  of incomparab ly  higher  
values.  Due to the  chemical  conversion of ava i lab le  
chlorine, as wel l  as the react ion proceeding (Eq. [1] ) 
the  e lec t ro ly te  tends  to be  more  acid. Hence, one needs 
a somewhat  h igher  pH va lue  of the br ine  leaving the  
cell and  en te r ing  the  holding volume, in o rder  to ma in -  
ta in  opt imal  ac idi ty  inside the  lat ter .  Of course, this  
also depends on the buffer content  (hydrochromic  acid) 
in the brine.  A t  the  same t ime one tends to reduce  and 
main ta in  an opt imal  d ichromate  concentra t ion for many  
impor tan t  reasons. Firs t ,  of all, the  l a t t e r  is pa r t i a l ly  
lost dur ing  the  crys ta l l iza t ion  of the  final product .  
Also, a l though d ichromate  enables  the cathodic hypo-  
chlor i te  reduct ion  to be effect ively suppressed, and 

I , , 

6.5 

ii 
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t ( ' C  ) . ---~.-  

Fig. I. Theoretical ( O ,  ~7) 
and experimental (O) tempera- 
ture dependence of the optimal 
pH value (pHi) providing maxi- 
mal active chlorine conversion 
rates into chlorate inside the 
holding volume [ O  and ~ ac- 
cording to Caramazza (6) and 
Morris (7), respectively]. 
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Fig. 2. Mutual effect of the cell pH (pHc) and the holding vessel temperature (th) on the current efficiency (tl) in the electrolytic chlor- 

ate process. Q ,  experimental data (pHc: 1--6.0; 2--6.5; 3--7.0; 4--7.5, and 5--8.0); other operating parameters being maintained con- 
stant, I, i, q, Vc, Vh, and tc; Z~ and A ,  theoretical and experimental values, respectively, according to Claus (12) [cf. (33)]. 

enables useful buffering of the brine, chromate ions 
s imultaneously exhibit  an undue  effect on the anodic 
cell process (8). On the other hand, however, chro- 
mate ions represent  an efficient inhibi tor  of corrosion 
for precious metals deposited on t i tanium anodes and 
hence, one may need to increase their br ine  content  
(9) for this reason. 

T h e  O v e r - A l l  T e m p e r a t u r e  Ef fect  of  the 
Ch Iorate  System 

The temperature  effect of the chlorate producing 
system is confined by a certain number  of kinetic 
parameters  encompassed by the relationships for cur-  
rent  efficiency given above, i.e., kr, K* and, as will  be 
seen below, over the rate constant for chlorine hydrol-  
ysis. In addition the simultaneous effect of increasing 
temperature  on cell voltage decrease is well known, 
thus providing for power consumption to be efficiently 
decreased as well. One tends, therefore, to increase the 
tempera ture  throughout  the whole system. However, 
the temperature  exhibits a negative effect on anode 
consumption. Thus, economical considerations define 
a ra ther  l imited level of temperature  inside the chlorate 
cells. 

One of the most impor tant  temperature  effects for the 
process would be to increase the rate of the chemical 
conversion of active chlorine (Eq. [1]), which other-  
wise represents a slow reaction. Hence, an economical 
compromise is found for cells with graphite  anodes in 
tempera ture  range of about 40~ Nevertheless, to in -  
crease chemical chlorate formation inside the whole 
system, it has been suggested that the retent ion volume 
of the reactor should be elevated to a relat ively higher 
temperature  level (2). 

Due to p la t inum metal  coating corrosion, one also 
chooses, as well  suited from an economical point  of 
view, a ra ther  compromised temperature  range  of 
about 60~ for chlorate cells with t i t an ium (DSA) 
anodes (9). This higher temperature  increases current  
yield and reduces the over-al l  power consumption. 

There exists another  impor tant  reason for l imit ing 
the tempera ture  of the chlorate producing system. I t  
appears because of the thermal  decomposition of the 
hypochlorous species resul t ing in oxygen evolution and 
revert ing active chlorine to its init ial  state of chloride 
ions (10, 11). Therefore, ~n exact der ivat ion of the re- 
lationships given before the over-al l  current  effi- 
ciency (Eq. [4] and [5]) requires that the thermal  de- 
composition rate of active chlorine should also be in-  
cluded in the whole mater ial  balance t rea tment  of the 
system [cf. (12)]. 

All the above considered reasons have resulted in a 
temperature  range for actual chlorate systems of about 
60~ 

This region has also been confirmed exper imental ly  
and assessed as the optimal and efficient one (Fig. 2 
and 3). Namely, main ly  due to the relat ively low ac- 
tive chlorine concentrat ion inside the optimal pH re-  
gion for chlorate production, a ra ther  asymptotic level-  
ing effect of tempera ture  on the current  efficiency ap- 
pears above 60~ This is much more pronounced at 
lower current  densities as could be noted in Fig. 4. 
Therefore, it could be concluded that  the heat ing effect 
of the holding volume (2) is efficient enough indeed, 
and of practical importance only for chlorate cells r un -  
ning at low current  densities (unipolar  cells with 
graphite anodes). 

The over-al l  current  efficiency (tl) dependence on 
the holding vessel tempera ture  is evident ly  not a 
straightforward one. One should consider that, in addi- 
t ion to kinetic parameters  kr,h and K'h ,  the effect of 
active chlorine content  (Csh) in Eq. [4] and [5] is also 
temperature  dependent  in a quite complex manner .  
This could be comprehended as follows. Both relat ion-  
ships (Eq. [4] and [5]) reflect pr imar i ly  the Faradaic 
stoichiometry which states that, the larger the current  
efficiency, the higher should be the accumulat ion of the 
active chlorine inside the cell (Csc -- Csh) or the lower 
the hypochlorous species content  leaving the holding 
volume (Csh --> 0). However, a quite converse require-  

1.0 
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o.g 

0 . 8  i ~ i i ! i i 

10 20 30 /~0 50 60 70 80 

t h ( ~  C ) - - - , , . .  

Fig. 3. Mutual effect of the temperature (th) and the pH inside 
the holding volume (pHh) on the current efficiency (tl) in the 
chlorate cell process: �9 and �9 experimental data at PHh 6.0 and 
6.5, respectively; other operating parameters being maintained con- 
stant: I, i, q, Vc, Vh, and tc �9 C) and ~ denote calculated values 
according to Eq. [10] for experimental values of the Csc at the 
pH~ 6.0 and 6.5, respectively. 
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Fig. 4. Mutual effect of the current density (i) and the holding 
vessel temperature (th) on the current efficiency (tl) at a constant 
pH of the cell (pHe~.0) .  Q and V denote experimental data at 
current densities 6.67 and 1.8 A/sq. dm., respectively. Other operat- 
ing parameters of the system being maintained constant are q, Vc, 
V~, and tc. 

merit arises from hydrodynamic considerations (see 
below), because the increase of the C~r leads conse- 
quent ly  to proportional current  losses due to increased 
direct anodic oxidation. 

Therefore, al though the concentrat ion difference 
(Csc -- Csh) is needed as large as possible, one should 
at the same time also t ry  to ma in ta in  the Csr as low 
as possible. This fact is in itself a praotical reason 
causing the existence of an optimal holding vessel to 
cell volume ratio (Vc and Vh), previously often con- 
sidered in terms of current  concentration. This is also 
the reason why active chlorine concentrat ion (C~h) 
enter ing the cell is never  negligible compared to the 
one leaving it or why the former does not tend to zero 
or negligible values at all, as required by Eq. [4], to 
approach the maximal  current  efficiencies. Therefore, 
the increase in the rate of active chlorine conversion 
into chlorate with temperature  must  exhibi t  an 
asymptotic tendency to a certain maximal  value, in 
spite of the fact that the rate constant  is increasing, 
because the concentrat ion factor in the rate expression 
(Eq. [5]) decreases with the third power (Fig. 3). 
Hence, both values of active chlorine content, entering 
and leaving the cell, under  practical operating condi-  
tions of chlorate production are usual ly  of the same 
order. 

Considering Eq. [4], it could be easily found that  
the higher the flow rate (q), the smaller  the difference 
of the two active chlorine contents (Csc ---> Csh) and the 
whole term reflecting the holding volume contr ibut ion 
to the over-al l  current  efficiency of the system asymp- 
totically tends to its l imit ing value. 

Quite a simple analysis would lead to the conclusion 
that, just  due to the small  active chlorine contents 
throughour the system, the plug-flow type of reactor 
(Vh), for the same volume, provides higher degrees of 
conversion to chlorate and higher current  yields, than 
does the back-mix  flow one (26). 

The Contr ibut ions of Hydrodynamic Factors to 
Over -A l l  Current  Y ie ld  

There has been an old general  acceptance in the 
chlorate cell process that  the motion of the electrolyte 
inside the cell should be reduced in order to provide 
concentrat ion polarization for the anodic oxidation of 
the active chlorine. However, Ibl  and Landolt  (13) 
were the ones to show an interest ing and complex 
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na tu re  of its anodic diffusion layer. Namely,  due to the 
subsequent  chlorine hydrolysis, which prevalent ly  
takes place wi th in  the difl'usion layer, hypochlorous 
species diffuse in both directions from and toward the 
generat ing electrode, thus creating a certain concen- 
t rat ion ma x i mum inside the diffusion layer (13). 

Hence, in  order to really provide the concentrat ion 
polarization, the diffusion layer should be cut down 
from the solution side by  increasing the l inear  velocity 
of br ine  flow increasing thereby the fraction of hypo- 
chlorous species, which then avoids a fur ther  anodic 
oxidation. 

The concentrat ion profile, the resul t ing active chlo- 
r ine flux and the concentrat ion gradient  at the anode 
surface, were also analyt ical ly  given by Ibl  and Landolt  
(13). Equat ing the Ib l -Landol t  equat ion for the flux 
with the fraction of the current  used for fur ther  active 
chlorine anodic oxidation, Despic et al. (14) were able 
to derive a quant i ta t ive expression relat ing the over-al l  
current  efficiency to the hydrodynamic,  operational, 
and kinetic parameters  of the process 

D~ �9 F 
1 . . . .  f sc  " C , c  

i . 8  
tl = [10] 

3 1 - -  e x p  ( - - 5 ~  

2 28 �9 k ,A/'~'D~ 

where 8 is the anodic diffusion layer thickness; kl, the 
rate constant for the reaction of chlorine hydrolysis; i, 
the current  density; D1 and D2 are the diffusion co- 
efficients of the elemental  chlorine and the active 
chlorine, respectively; while fsc represents the formal 
activity coefficient of both hypochlorous species taken 
together as active chlorine. This relationship differs 
from the original flux equation [cf. (13)] by the cor- 
rection introduced to extend its application to concen- 
trated solutions. In other words, instead of the con- 
centration, one relates the flux and thereby the current  
efficiency to the activity of active chlorine (14). 
Namely, one could easily find it much more con- 
venient  to use the chemical potential  as the driving 
force of diffusion in concentrated solutions and, hence, 
to relate fluxes of the considered species to their in-  
dividual  activities in the first approximation. In  gen- 
eral this is a better  approximation anyway compared 
to the application of their  concentrat ions in the Fick's 
equat ion (18). Some ions, however (and par t icular ly  
the hydronium ion is usual ly  the most impor tant  among 
them in aqueous solutions) undergo considerable, but  
regular  activity changes in concentrated solutions of 
some neutra l  salts (19). The same conclusion is found 
to be valid for the hypochlorite ion, and in concen- 
trated solutions of neu t ra l  salts also for both hypo- 
chlorous species taken formally together in the form 
of active chlorine (18). 

Certain individual  activities have recent ly appeared 
as exper imenta l ly  a t ta inable  values in the first ap- 
proximat ion at least (19,20). It wil l  be shown at 
another  instance that these activities obey the diffu- 
sion relationships much bet ter  than  their corresponding 
concentrat ions (18). 

One should not overlook the fact that  the concentra-  
t ion of active chlorine, Csc, does not represent  an inde-  
pendent  value, but  a variable  of a very complex na -  
ture. Therefore, Eq. [10] is valid for its steady-state 
values only (2, 14). 

Of course, Eq. [10] could be combined with relations 
[4] and [5], as well  as with the one expressing mater ial  
balance of the holding vessel, in  order to el iminate or 
to introduce the steady-state Csc and Csu values in  re-  
sult ing relationship [cf. (14) and (21)]. 

According to Eq. [10], the over-al l  cur rent  efficiency 
exhibits a region of maximal  values as funct ion of the 
anode diffusion layer thickness (Fig. 5). This range is 
defined by the following t ranscendenta l  funct ion 
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layer thickness (~) for various 
Csc/i ratios taken as parameter 
at 25~ (see Appendix II). Cal- 
culated values according 
Eq. [10]. 
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~ / k l  -b i ~ /  kl - -  �9 - -  �9 5M i D2F ~sc " Csc V - ~ l  D1 

or approximately by the relat ion 

D2 �9 F �9 Isc " C~e D1 
8~ ~ 2 �9 [12] 

It would be worthwhile to point out that  the current  
yields always reach their maximal  values for 5M ~ 0. 
Such a conclusion results from the consideration of 
Eq. [11]. Namely, its le f t -hand side represents a 
straight line, while its r igh t -hand  side defines an 
exponent ial  function of the diffusion layer thickness. 
Both lines, however, always cross each other for 5M 
0. Moreover, under  practical operating conditions this 
represents an easily a t ta inable  required condition. 

It is also worthwhile  to note that  the current  effi- 
ciency, according to Eq. [10] could reach values lower 
than 2/3 only for unsteady-s ta te  active chlorine con- 
tents. In  such a case, tl does not represent  the steady- 
state yield, but  the ins tantaneous one, which changes 
successively with t ime and with the active chlorine 
consumption. It  asymptotically approaches both Csc 
and tl, the final steady values. Moreover, the chlorate 
cell anode represents in itself a self-adjust ing system. 
That  means, the larger the diffusion layer  thickness the 
lower is the instantaneous current  efficiency (see Eq. 
[10]), bu t  it also means the more intensive is oxygen 
evolution. On the other hand, gas evolution represents 
an efficient short-circui t ing of the diffusion layer  [cf. 
(15, 16, and 31)] and hence, the lat ter  begins to de- 
crease in accordance with oxygen evolut ion rate, re-  
sult ing in a gradual  increase of the current  efficiency 
with time. 

As one could easily note, current  losses (1 -- tl) now 
do not represent  a direct, but  a very complex function 
of the active chlorine concentrat ion [cf. (3)].  This re-  
sults from quite an unusua l  diffusion layer s tructure 
and the very complex active chlorine profile, the la t ter  
being quite different from the Nernst  l inear  dis t r ibu-  
tion. 

Equat ion [10] has been exper imenta l ly  found well  
suited in the chlorate cell process (14) (Fig. 3). In  
conclusion, it could also be emphasized that  the hydro-  
dynamic operating parameters  and conditions of the 
cell represent  essential factors (Fig. 5) for the process 
inside the lat ter  because of the occurrence of quite un-  
usual  and specific events taking place inside the anode 
diffusion layer. 

T h e  Ef fect  of  Cur ren t  Density 
The main  characteristic of the two paral lel  anodic 

reactions taking place s imultaneously in  the chlorate 
cells represents the fact that, in common industr ia l  
practice at least, chloride oxidation abounds in  the ions 
present  (usually the steady-state  concentrat ion is 
about 2 moles/ l i ter) ,  while the  reaction of hypochlorous 
species, being ra ther  concentrat ion polarized, is sup- 
pressed (C8c is usual ly  of the order 3 -- 5 �9 10-~ moles/  
l i ter) .  Therefore, the most efficient and intrinsic pa- 
rameter  of the chlorate cell process providing higher 
current  efficiencies is the current  density itself (cf. 
below Fig. 9). However, in order to effectively use 
these common conclusions regarding concentrat ion 
polarization and to adjust  the anodic process, a suit-  
able anode mater ial  is needed. 

Figure 6 shows the current  efficiency dependence on 
the current  density. Exper imenta l  data are compared 
with data predicted by Eq. [10] as well  as with other 
values appearing from another  theory (12) for en-  
v i ronmenta l  (25~ temperatures  and common active 
chlorine concentrations. 

For more than eighty years graphite has been the 
unique  anode mater ia l  in  electrolytic chlorate produc- 
tion. Mainly due to its relat ively poor polarization 
characteristics for the anode reaction of chlorine evolu- 
tion, and also because of its re la t ively high resistance, 
one has had to reduce the current  densi ty to be- 
tween 2.5 and 5.0 A / d m  ~ for the industr ia l  cell process. 

t.0 
-O 

0.g 

l 0.8 

Z 

0.7 

0.6 

10 20 30 /.0 50 
~(Amps./sq.dm ) ~  

Fig. 6. The current efficiency (tz) of the chlorate cell as a func- 
tion of the current density (i). 0 ,  theoretical values according to 
Eq. [10] for the common active chlorine concentration (Csc = 
4.0 .. 10 - 9  reel/liter); 8, 8.2 �9 10-"  cm; fsc, 0.1; and to, 25~ [ ] ,  
experimental data; and A ,  values according to Claus (12). 
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At the same time, one had to reduce the cell tempera-  
ture to mainta in  the graphite wear to economical con- 
ditions of consumption. The graphite wear, however, 
also represents, besides other factors, an anodic prop- 
erty depending on its potential  and thereby on the 
current  density (22). Therefore, both the concentrat ion 
polarization for the active chlorine oxidation at the 
anode and its chemical conversion to the final state, 
have been inconvenient ly  restricted. The result ing cur-  
rent  efficiencies, for chlorate cells with unipolar  graph-  
ite electrodes, at least, are thereby in  practice usual ly  
ra ther  l imited to values of about 0.8 (see Fig. 6). In 
accordance with relationships [4] and [5], in  order to 
increase the current  efficiency, even in the case of cells 
using graphite anodes, some suggestions have been 
given (2) consisting of an independent  increase of the 
holding volume temperature,  while main ta in ing  the 
reasonably low temperature  of the cell. This provides 
fur ther  intensification of chemical conversion inside 
the former and, thereby its fur ther  contr ibut ion to the 
over-al l  current  yields (30). 

Recently, however, metall ic electrodes of d imen-  
sionally stable behavior  and with greatly advanced 
polarization characteristics (DSA-electrodes) (23) 
finally appeared. 

The higher the current  density, the more economical 
is the consumption of precious metals. However, the 
/R-drop severely increases l inear ly  with the current  
density and, moreover, very soon the l imit ing current  
is reached for the anode oxidation of chloride ions. 
Therefore, besides the quite advanced polarization 
properties of DSA-electrodes which results in a higher 
asymptotic effect of the current  density on the current  
efficiency (Fig. 6), a range of about 30 A / d m  2 has been 
chosen as a compromise and accepted as the most con- 
venient.  Of course, this requires an optimal pH region 
of the br ine  to be maintained,  too, because out of it, 
not only the current  density, but  also all other process 
parameters  are practically of no effect. The cell oper- 
ates either as a chlorine producer in the acid region, 
or produces chlorate as the final product of total elec- 
trochemical oxidation in the alkal ine region thus yield-  
ing the lower s teady-state  value of the current  effi- 
ciency (tl --> 2/3). 

Some Scale-Up Considerations of the Chlorate Cells 
Equation [10] relates the current  efficiency to the 

average value of the actual  s teady-state  active chlorine 
concentrat ion (Csc) for chlorate cells operating as 
back-mix-f low reactors. A different si tuation arises in 
the more f requent  case of plug-flow cells. In  the lat ter  
case one must  first integrate a mater ia l  balance equa-  
tion (2, 17, 24) for an element of the cell volume along 
the anode (Fig. 7) 

dCse i 
dl = 2Fq (3 t in )  -- 2) [13] 

where t in) denotes the local cur ren t  yield depending 
on the anode length (1). The tlr from Eq. [10] may be 
substi tuted in relationship [13], on the assumption that  
the former relates the local current  efficiency for any 
e lement  of the anode length to its par t icular  active 
chlorine concentrat ion (Cs(D). In tegrat ing from en te r -  
ing hypochlorous species content  of the cell (Csh, 1 = 

qCsc 

q Csh 

Fig. 7. Elemental cross section of the chlorate cell plug-flow 
running. 
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0), to the leaving one (Csr 1 = L), one easily comes to 
the distr ibution relat ion for the active chlorine concen- 
trat ion along the anode (17). Now, again, the over-al l  
current  efficiency of chlorate cells r unn i ng  in plug-  
flow is obtained as an average of the local current  
yields (17), i.e. 

or, finally 

2 2 
tl = - - + - - "  

3 3 

lg 
tl : -~  tm)dl  [14] 

Fq [ i(1-exp(-SX/kl/D1) ) ] 
irL 3D2FIsc ~ /k l - - '~  -- Csu 

3 irL 
1 - - e x p  - - -2-"  Fq 

D2Ffsc ) 
~8 [15] 

3 1 -- exp (--b~/kl---7-D-~D 

2 25k/kl/-~l 

where  r denotes the anode width. This relationship, as 
well as the intermediate  ones, have also been experi-  
menta l ly  tested in a r ibbon type of cell and found to 
well obey the process (17, 24). 

The final equation [15] was examined by analogue 
computer analysis in  order to relate the current  yields 
to the anode diffusion layer  thickness and cell d imen-  
sions (Fig. 8). It  could easily be found that  the rela-  
t ionship [15] reflects in essence the previous relat ion 
(Eq. [10]), which already has been discussed, and 
which is also implici t ly encompassed by the former. In  
other words, by increasing the l inear  br ine  velocity of 
flow along the anode, the cur ren t  yields first also in -  
crease, and after some maximum,  decrease again. At 
relat ively fast flow rates, the anode length exhibits 8 
more pronounced effect, but  in  its optimal range, the 
longi tudinal  cell dimension has practically no fur ther  
effect on the yields wi th in  very  wide limits. However, 
because of an intr insic effect of gas bubble  collection 
at the upper  part  of the cell (25), the anode length 
should be reduced. At the same t ime the flow rate 
along it optimized, thus providing the diffusion layer 
thickness main ta ined  within  the optimal range. The 
lat ter  requi rement  is, of course, easily at ta inable by 
the cell's own gas-l if t ing effect, known under  the term 
of the na tura l  br ine  recirculat ion (32). 

Equat ion [15] was tested exper imenta l ly  and found 
well  suited (17) (Fig. 9). As one could expect from 
the theory (cf. Eq. [10]), the current  efficiency exhibits 
its ma x i mum range as a funct ion of the diffusion layer  
thickness or of the l inear  flow velocity along the anode. 

It  should also be noted that  all the presented equa-  
tions relat ing the current  efficiency to the hydrody-  
namic parameters  (5) are based on the Ibl  and Landolt  
(13) relat ion for the active chlorine gradient  at the 
anode. However, the authors neglected the chemical 
conversion of hypochlorous species wi thin  the anode 
diffusion layer. This is correct only for their  operat ing 
conditions of high pH values and low temperatures.  
Hence, a more complete diffusion relat ion would be 
[cf. (13) and (24)] 

( d2as ) 
D~ ~ + Icx" acl~(x) - -  3fc 2" k,.,c 

K* (aHSO+)2(~) 
�9 C ~ s ~  : 0 [16] 

[K* -~- (aH30+)(z)] s 

The latter, however, could not be easily analyt ical ly  
solved. I t  would not lead to a simple analytic form of 
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equation, due to the third power of concentration de-  
pendence.  Also, the hydrogen ion distribution wi th in 
the diffusion layer is of rather a complex nature. Thus, 
it is necessary to solve s imultaneously several ra ther  
complicated differential equations, encompassing all 
equilibria, all diffusion fluxes, and also all the electrode 
reactions at the anode. This advanced and more com- 
plex mat ter  will  be reported at a lat ter  instance (27). 

It  should also be noted that, in  a view of the fact 
that  active chlorine exhibits the appearance of a maxi-  
m u m  concentrat ion wi th in  the diffusion layer, which 
exceeds that  in the bu lk  (13), its fur ther  chemical con- 

0.7 

L ~ 

I 
_. L-- - -- - -- -- 

I •  K.L/ 

I 

0 

(b) 

0.6 . . . .  
0 10 20 30 40 50 

L (dm)- - -~  

Fig. 8. The current efficiency (tl) of the chlorate cell as a func- 
tion of the cell length (L) for various the anode diffusion layer 
thicknesses (6) (5 ---- l u I . 0  �9 10-5; 2--3.0 �9 10-5; 3--5.0 �9 10-5; 
4-~I.0 �9 10-4; 5---5.0 - 10-4;  6--1.0 �9 10-3; 7--5.0 " 10-3; 8 - -  
1.0" 10-2; and 9--5.0 �9 10-2 cm). (a) and (h), Theoretical data 
according to Eq. [15] for the current density 30.0 and 3.0 A/sq. dm., 
respectively. (c), The current efficiency (tl) as a function of the 
anode diffusion layer thickness (8). Theoretical data according to 
Eq. [15] for the anode length (L) 10 dm. and the current density 
( O ,  [ ] )  30.0 and 3.0 A/sq. din., respectively. Other parameters 
used in calculation were as follows: r, 4.0 dm.; q, 0.26 liter/sec; 
and Csh, 4.0 �9 10 -3  mol/liter. 

version must  not be neglected for higher operat ing 
temperatures  at least. However, such temperatures  just  
lately characterize up- to-da te  chlorate cell industr ia l  
practice. 

The above t rea tment  might  be usefully applied as 
the one leading to the l imit ing optimal conditions. This 
implies that, just  as the thermodynamic method usu-  
ally gives the lower limits for the considered processes 
to be able to proceed at all, the present t rea tment  also 
provides operational and dimensional  l imit ing condi- 
tions for optimal cell current  yields. Namely, providing 
the above-defined optimal cell parameters  and main-  
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Fig. 9. The effect of the linear velocity of the brine flow on the over-all current efficiency in the chlorate cell plug-flow running. Experi- 
mental data for the ribbon type of the cell. 0 ,  i-], and O ,  values for pHc---6.5, 7.6, and 8.1, respectively, and at the current density 
1.97 A/sq. din.; A ,  values for pHc~6.5 and i ~ 3.61 A/sq. din. 

ta ining their mutua l  effect, i.e., the l inear  velocity of 
the brine flow, current  density, pH, and tempera ture  
(just because of the effect of the lat ter  on the decrease 
of the C~c through its fur ther  chemical conversion to 
chlorate which was neglected in all the equations based 
on diffusion layer analysis) ;  one could doubtlessly ex-  
pect bet ter  results only, than those predicted by the 
above equations and considerat ion (cf. Fig. 5). It 
should also be noted that  both relations which com- 
prise the hydrodynamic factors (Eq. [10] and [15]), 
exhibit  a very pronounced sensit ivity on the active 
chlorine concentrat ion (Ca). Hence, the higher the tem- 
perature, the lower should be the active chlorine con- 
tent, and thereby the higher the cur ren t  efficiency. 

The above consideration represents a certain scale- 
up and optimization guide for the chlorate cell process 
based on the Faradaic efficiency. Another  side of the 
medal  is represented by its voltage and power optimi-  
zation. The lat ter  has recently been developed and 
thoroughly carried out by Rousar et aL (25), par t icu-  
larly in examinat ion  of the cell dimensions and the 
gas bubble  cell effects. Both methods, the ment ioned 
one (25) and the one presented here, of course, lead 
to the mutua l  optimal point  at which two independent  
schemes cross each other and thus define the most 
suitable operating conditions for the whole electrolytic 
process. 

Exper imenta l  G u i d e  
The exper imental  data presented in this paper were 

prevalent ly  obtained by means  of the same apparatus 
as that  described elsewhere (2). The setup consisted of 

an electrolytic cell 0.6 l i ter  in volume and a holding 
vessel of 2.2 liters connected in  a loop so as to provide 
a constant  recirculation of b r ine  at a given flow rate 
(q = 8.2 • 10-4 l i ters/sec).  The pH in  the cell was 
main ta ined  constant to wi th in  • 0.1 pH uni t  by means 
of a pH-stat.  The electrolyte was st irred both in the 
cell and in  the holding volume so tha t  they operated 
as back-mix-f low reactors. The st irr ing in  the cell was 
intensified by the cathodic evolution of hydrogen and 
homogenized by an appropriate positioning of both 
the p la t inum gauze anode and the wire cathode. 

The cell load was main ta ined  at 4.5A, and with the 
electrode surface area A - :  67.5 cm 2, this implied an 
anodic current  density of 6.67 A/dm~. 

The cell temperature  was main ta ined  at 25~ while 
that of the holding volume varied be tween 15 ~ and 
80~ 

In  the described setup and under  the given hydro-  
dynamic conditions, the diffusion layer  thickness was 
exper imenta l ly  estimated to be 8.2 X 10 -4 cm by mea-  
suring the steady-state l imit ing diffusion current  of the 
ferrous-cyanide oxidation from a usual  and  appropriate 
electrolyte composition [cf. (13) ]. 

Other details of the apparatus and of the de termina-  
t ion of the current  efficiency may be found elsewhere 
(2). 

The value of the rate constant  of chlorine hydrolysis 
(kl ----- 0.17 sec -1) was obtained by  extrapolat ion of 
Spalding's data (28) for the actually existing ionic 
s t rength of the chlorate cell br ine  [cf. (14) and (18)]. 

The diffusion constants of e lemental  (Di = 6.7 • 
10 -a  cm2/sec) and active chlorine (D2 ---~ 1.2 X 10-5 
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cm2/sec) represents Chao's data (29) corrected for 
viscosity of solution at the given ionic s trength of 
chlorate production [cf. (14)]. 

The activity coefficient of hypochlorous acid was 
taken from data of Imagawa (4) to be about 2.0. The 
corresponding value for hypochlorite ion, and for active 
chlorine as well, was estimated to be about 0.1 [cf. (14) 
and (18)]. Activi ty of water  was approximately taken 
to be 0.8 (3). The rate constants for the active chlorine 
chemical conversion to chlorate as function of tem- 
perature  were taken from data of De Valera (3). 

The electrolyte consisted of 300 g/ l i ter  of NaC1 and 
about 4.0 g / l i ter  of sodium dichromate. The electrolysis 
was carried out to 30 g/ l i ter  of sodium chlorate, where-  
upon the electrolyte was renewed. 

The apparatus with a r ibbon type of cell and the 
plug-flow circulation was also described elsewhere 
(17, 24). The entire setup was very similar to the one 
described elsewhere (2) and par t ly  here, the only dif- 
ference being that  all the dimensions of the apparatus 
were enlarged. The anode was DSA-electrode supplied 
by  Oronzio de Nora, Milano, I taly (L ---- 70 din, r ---- 
4.5 cm). The current  densities were i ---- 3.61 and 1.97 
A/sq.dm., and temperature  (to) was at 14~ 
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APPENDIX I 
It  should be noted that, in deriving Faradaic stoi- 

ehiometry and mass balance equations, one has been 
considering (2) both hypochlorous species as poten-  
t ial ly equal entit ies able to take part  in both Foerster 's  
reactions of the chemical conversion and the anode 
oxidation. Hence, both species are together summa-  
t ional ly expressed in a certain mutua l  and more suit-  
able un ique  form of the active chlorine (Cs). There-  
fore, for Eq. [1], it could be wr i t ten  

d[ClO-] 1 d[HC10] 

dt 2 dt dt 

or, otherwise 

dC, d([HC10] + [C10- ] )  

dt dt dt 

d[Cl03-] 
[A-l] 

d[ClO-] 

[A-2] 

Further ,  introducing Foerster 's kinetic law for the 
chemical conversion in concentrated solutions or, in 
other words, recognizing BrSnsted's kinetic theory 
(1, 4), it could be wr i t t en  

dC, 
-- ~ = 3 - f2. k~[HClO]S. [CIO-] [A-3] 

dt 

As it is a l ready descriptively said, one implies that  
the active chlorine represents  the sum of both hypo- 
chlorous species, or otherwise 

Cs - -  [HC10] + [C10-]  [A-4] 

Two last relations could finally be combined with 
Eq. [7] tha t  leads to the more suitable form of the 
kinetic law for the chemical chlorate formation (2, 5) 

�9 d e s  K* �9 (aH30+)2 
- -  - -  3 �9 f~ �9 k r  �9 C~ 3 [ A - 5 ]  

dt [K* ~- (aH30+)] 3 

Namely, considering that both species reversibly 
interchange their states between each other over an 
extremely fast reaction of proton exchange [cf. (13)], 
the active chlorine might  be imagined as an ins tanta-  
neous mutua l  hibride form similar to an active complex 
in the t ransi t ion state. Such a conclusion seems prob- 
able for the t ransi t ion pH range at least, where both 
hypochlorous species exist in comparable conten~s. 

APPENDIX II 

Explanation ot Fig. 5 
Equation [10] could be presented in a somewhat 

more convenient  form for Iur ther  computer analysis. 
Hence, one firstly introduces another  parameter  (A) 
being 

Csc 
A = D2 �9 F �9 fsc " ~ [B-l] 

or in combinat ion with Eq. [12] the lat ter  leads to the 
relat ion 

1 ~/ D2"F',sc'Csc ~ 
A : -  [B-2] 

2 i 

Finally,  one more parameter  (X) can be introduced 

5 
X = [B-3] 

6M 

Replacing Eq. [B-2] and [B-3] into Eq. [10], one 
obtains its other form 

1 -- A / X  
tl = [B-4] 

3 1 1 - -  exp (--4AX) 

2 2 4AX  

Thus, the parameter  X in Fig. 5 represents in essence 
the variable  6 in a somewhat different and more suit-  
able form. Hence, the various curves in Fig. 5 represent  
the basic relationship (Eq. [10]), expressed in a more 
convenient  form (Eq. [B-4]) ,  for different ratios Csc/i 
used as parameter.  This is reflected here over different 
A values (1-10 -4 , 2-3.3 �9 10 -4 , 3-10 -3 , 4-3.3 �9 10 -3, 
and 5-10-2).  
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Standard Electrode Potential Measurements of Pb/PbCIJHCI and 
TI/TICI/HCI Half Cells in Dimethylformamide at 30~ 

Frank Leslie Bates' and Yeu Tsang Nee ~ 
Department ol Chemistry, The University ol Detroit, Detroit, Michigan 48221 

ABSTRACT 

The potentials of electrodes consisting of metal, solid metal chloride, and a 
solution of a soluble chloride (anhydrous HCI) in dimethylformamide (DMF) 
have been measured vs. a hydrogen electrode as the reference electrode. Half 
cells Pb/PbCIs/HCI and TI/TICI/HCI were prepared by contacting pure metal 
with its associated chloride after forming the solid phase in a glass tube. 
Elaborate and scrupulous procedure is important for preparing the hydrogen 
electrode to attain reliable and reproducible measurements in DMF. Standard 
electrode potent ia ls  of --0.3368 and --0.5994V vs. SHE in DMF, at  30~ were  
a t ta ined  in DMF for the  lead  chlor ide  and tha l l i um chlor ide  electrodes,  respec-  
t ively,  at  30~ 

Measurements  of e lec t rode  potent ia ls  in nonaqueous  
solvents have shown complicat ions since 1909, even 
though some of them were  found to be a na tu ra l  and  
s t ra igh t fo rward  extension of the corresponding mea-  
surements  in aqueous solutions. Pavlopoulous  and 
S t reh low (1) measured  the s tandard  potent ia ls  of some 
heavy  meta ls  in the solvent  formamide,  but  were  un-  
successful in using the Ag/AgC1 electrode i n  the  same 
solvent.  The Ag/AgC1 e lec t rode  in fo rmamide  was used 
for measurements  wi thout  much  difficulty by  Mandel  
and  Decroly  (2). 

Since the  unsubs t i tu ted  amides (wi th  the  except ion 
of fo rmamide)  are  al l  c rys ta l l ine  solids at room t em-  
perature ,  N ,N-d ime thy l fo rmamide  was chosen, which 
is a power fu l  solvent  for both  po la r  and nonpolar  
compounds. I t  has not  been inves t iga ted  as a non-  
aqueous solvent  (3) for the  measurement  of e lectrode 
potentials .  I t  was employed  in this paper  for the mea -  
surement  of the  s t andard  potent ia l  of e lectrodes of the  
meta l - inso lub le  salt  type  vs. the  hydrogen  electrode.  

Discussion 
In  Pavlopoulous  and S t reh low's  paper  (1) the  h y -  

drogen electrode was used wi thout  adequa te  descr ip-  

1 Deceased. 
s Present address: No. 58, Tung Hal Road, Tung Hal University, 
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t ion of opera t ional  detail .  The l i t e r a tu re  indicates tha t  
the  level  of accuracy of most  potent iometr ic  measure -  
ments  in anhydrous  solutions has been insufficient to 
w a r r a n t  any dist inct  choice be tween  a l t e rna t ive  me th -  
ods of p repar ing  the hydrogen  electrode.  The a t t a in -  
ment  of a t ru ly  reproducib le  hydrogen  e lect rode ac-  
tua l ly  holds the key  to the successful per formance  in 
its role as the  reference e lec t rode  (4) in anhydrous  
DMF solutions. 

A typica l  l abo ra to ry  p rocedure  for  p repa r ing  the  
pla t in ized hydrogen  electrode in aqueous solutions in-  
cludes c leaning the Pt  p la te  wi th  aqua regia, test ing 
the cleanliness in a 10% solution of H2804, then elec-  
t ro lyzing i t  as the  cathode in di lute  NaOH and H2SO4 
solutions af ter  e lect rolyzing it as the cathode for 5 rain 
in a 3% solut ion of chloroplat inic  acid containing 0.5 
ml of 0.1N lead acetate  in 100 ml  solution. 

The por t ion of the procedure  most  l ike ly  to cause a 
difference in behavior  of the  hydrogen  electrode in 
aqueous and nonaqueous solutions is the  process of 
plat inizat ion.  Lead  acetate  is added to the pla t iniz ing 
solution as an impur i ty .  Purif ied chloroplat inic  acid 
solutions give only br ight  P t  deposi ts  upon the p la t i -  
num plate, which as an electrode can be in i t ia l ly  ac-  
t ive but  decays in ac t iv i ty  ra the r  rap id ly .  Hence the 
lead acetate  has to be re ta ined  in the pla t iniz ing solu- 
t ion (5). The second factor  wi th  p rominen t  impor tance  




