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* Simultaneous Reactions at Disk and Porous Electrodes 

John Newman 
. -  

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, 
and Department of Chemical Engineering, University of California, 

Berkeley, California 94720 

November, 1976 

Abs tract 

Advances in electrochemical engineering are reviewed,and the 

methodology of the analysis of electrochemical systems is outlined. 

Examples illustrative of current research concern simultaneous 

reactions for flow-through porous electrodes and the more fundamental 

system of a rotating-disk electrode. Here the undesirable side reaction 

is the formation of dissolved hydrogen,and the main reaction is the 

deposition of copper from sulfuric acid solutions. 

reaction rate, concentration, and potential describe the detailed 

system behavior. The s i d e  react ion is  responsible  for the poorly 

Distributions of 

defined limiting-current plateau on the disk electrode and provides 

a limit for the maximum flow rate at which good recovery can be 

achieved with the porous electrode. 
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Electrochemical  Engineering 

We should l i k e  t o  begin t h i s  conference wi th  a d e f i n i t i o n  of 

e lec t rochemica l  engineer ing.  

our i n d i v i d u a l  concept of t h e  scope of t h e  f i e l d .  

avoid gene ra t ing  cont roversy ,  I s h a l l  emphasize t h e  thoughts  of 

Wagner! H e  says  t h a t  e lec t rochemica l  engineer ing  d e a l s  w i th  t h e  problem 

of scale up -- t h a t  i s ,  t h e  design of commercial systems from l abora to ry  

da ta .  We should g e t  t h e  impression t h a t  w e  can focus a t t e n t i o n  on a 

c e r t a i n  l eng th ,  c h a r a c t e r i s t i c  of t h e  c e l l  i n  ques t ion .  

P l ease  real ize  t h a t  many of us  have 

I n  an a t tempt  t o  

Other d e f i n i t i o n s  of e lec t rochemica l  engineer ing  can come t o  

mind. For example, i t  might encompass t h e  concept ion,  des ign ,  and 

opt imiza t ion  of e l e c t r o d e  processes .  O r  it could involve  t h e  s y n t h e s i s  

of known p r i n c i p l e s  and processes  f o r  u s e f u l  purposes.  

be s t a t e d  t h a t  t h e  c e n t r a l  theme is  t h e  t rea tment  of complete systems, 

inc luding  t h e  many f a c t o r s  which f i n d  s imultaneous importance i n  

p r a c t i c a l  opera t ions .  

Wagner a l s o  l a i d  down a s p e c i f i c  program whereby one should 

O r  i t  could 

c a r r y  out  t h e  gene ra l  o b j e c t i v e s  of e lec t rochemica l  engineer ing.  Cen t ra l  

t o  t h e  e f f o r t  toward scale up of processes  is  t h e  r o l e  of t h e o r e t i c a l  

% .  c a l c u l a t i o n s  confirmed by experiments.  W e  should never neg lec t  t h e  

powerful i n f luence  which t h e  a p p l i c a t i o n  of t h i s  b a s i c  premise of t h e  

s c i e n t i f i c  method can have i n  t h e  r ap id  progress ion  of s c i ence  and 

technology. We should expect  t o  see t h i s  p r i n c i p l e  app l i ed  i n  day-to-day 

i n v e s t i g a t i o n s ,  n o t  j u s t  t o  r evo lu t iona ry  advances such as t h e  wave- 

p a r t i c l e  d u a l i t y  of matter. We can be p a r t i c u l a r l y  de l igh ted  when 

both of t hese  important  s t e p s  -- theory and experiment -- can be included 

i n  an ind iv idua l  s tudy  and i t s  subsequent r e p o r t .  

" - 
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In some cases, the system is too complex to permit convenient 

theoretical calculations. 

engineering can be useful first in the identification of relevant 

variables and second in the development of empirical correlations. 

might cite as examples here the characterization of mass transfer 

with rotating cylinders in turbulent flow, mass transfer in free con- 

vection, and mass transfer with simultaneous evolution of gas bubbles. 

Then the approach of electrochemical 

We 

In reading his paper, we feel that Wagner is defining electro- 

chemical engineering in its distinction from electrochemistry. 

emphasizes that the electrochemical engineer is supposed, in carrying 

out his work, to draw upon all the fundamentals of electrochemistry. 

particular, he mentions Faraday's law, electrolytic dissociation and 

He 

In 

conduction, the thermodynamic treatment of the potential of galvanic 

cells, and electrode kinetics. 

Wagner distinguishes two principal problem areas for detailed 

treatment, and indeed much of the effort in electrochemical engineering 

can be fruitfully regarded on the basis of this classification. 

The first basic problem is mass transfer, principally by means of 

convection and diffusion. Here he cites work on free convection in 

laminar flow at a vertical electrode. 

exemplified by the fact that the limiting current density is inversely 

proportional to the one-fourth power of the distance from the leading 

edge of the electrode. 

variables, he points out that this conclusion can be reached by a 

contemplation of the governing equations even though their detailed 

The problem of scale up is 

In terms of the identification of relevant 
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s o l u t i o n  t o  ob ta in  t h e  c o e f f i c i e n t  mul t ip ly ing  t h e  d i s t a n c e  f a c t o r  

i s  n o t  t r i v i a l .  

were achieved q u i t e  e a r l y .  

2 Experimental  confirmation and empi r i ca l  c o r r e l a t i o n  

3 

The second b a s i c  problem area Wagner i d e n t i f i e s  as one of 

p o t e n t i a l  d i s t r i b u t i o n  -- a p p l i c a t i o n s  of p o t e n t i a l  theory according 

t o  s o l u t i o n s  of Laplace 's  equat ion ,  app l i cab le  i n  t h e  absence of con- 

c e n t r a t i o n  v a r i a t i o n s .  How does t h e  c u r r e n t  d e n s i t y  depa r t  from t h e  

primary d i s t r i b u t i o n  t o  y i e l d  a f i n i t e  va lue  a t  t h e  edge of an e l ec t rode?  

A n  important  problem of scale up is  involved here, governed by the  

r a t i o  of t h e  s o l u t i o n  conduc t iv i ty  K t o  t h e  s lope  d i /dn  of t h e  

p o l a r i z a t i o n  curve of e l e c t r o d e  k i n e t i c s  and a c h a r a c t e r i s t i c  l eng th  

L of t he  system. 

Union of Pure and Applied Chemistry i s  t ak ing  s t e p s  t o  des igna te  

K/L(di/dq) 

Even a t  t h e  t i m e  of t h i s  conference,  t h e  I n t e r n a t i o n a l  

as t h e  p o l a r i z a t i o n  parameter o r  Wagner number. 

From t h e s e  examples, i t  i s  apparent  t h a t  r e l a t i n g  e lec t rochemica l  

engineer ing  wi th  scale up p u t s  an emphasis on t h e  t r a n s p o r t  p rocesses  

of conduction, d i f f u s i o n ,  migra t ion ,  and convect ion,  whereas e l e c t r o -  

chemistry d e a l s  p r imar i ly  wi th  e l e c t r o d e  processes  a t  t h e  s u r f a c e  i t s e l f .  

While a l l  t h e  t r a n s p o r t  p rocesses  do occur s imultaneously and can 

sometimes be t r e a t e d  s imultaneously,  t h e  two b a s i c  problem areas 

i d e n t i f i e d  by Wagner d e a l  wi th  two l i m i t i n g  cases which provide a conven- 

i e n t  b a s i s  f o r  de f in ing  t h e  behavior  expected i n  a s p e c i f i c  e l e c t r o d e  

geometry. Consider two e l e c t r o d e s  i n  t h e  w a l l s  of a flow channel ,  as 

depic ted  i n  f i g u r e  1. 

along t h e  upper cathode ( f ac ing  downward s o  t h a t  n a t u r a l  convect ion 

F igure  2 r e p r e s e n t s  t h e  cu r ren t  dens i ty  d i s t r i b u t i o n  
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Anode 

XBL- 67 3- 2 38 2A 

Figure  1. Plane e l e c t r o d e s  in t h e  w a l l s  of a 
f low channel. 
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- o h m i c  drop 

L =  2 h  
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Figure  2. Current  d i s t r i b u t i o n s  along an e l e c t r o d e  embedded 
i n  t h e  w a l l  of a flow channel.  
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II * .  

w i l l  have a minimal e f f e c t  on the  flow p a t t e r n ) .  The curve l abe led  

" l imi t ed  by convect ion and d i f fus ion"  decreases  cont inuously from t h e  

l e f t  t o  t h e  r i g h t  a long  t h e  e l ec t rode .  

even i n f i n i t e  -- a t  t h e  l e f t  where f r e s h  s o l u t i o n  reaches t h e  e l e c t r o d e  

and decreases  toward t h e  r i g h t  as t h e  s o l u t i o n  becomes dep le t ed  whi le  

The c u r r e n t  d e n s i t y  is  high -- 

flowing along t h e  e l ec t rode .  The d i s t r i b u t i o n  is  independent of t h e  

p o s i t i o n  of t h e  countere lec t rode .  

drop" a p p l i e s  i n  t h e  absence of s i g n i f i c a n t  concent ra t ion  v a r i a t i o n  and 

The curve l abe led  " l imi t ed  by ohmic 

e l e c t r o d e  s u r f a c e  o v e r p o t e n t i a l  and is  symmetric because t h e  counter- 

e l e c t r o d e  is symmetrically placed on t h e  oppos i t e  w a l l  of t h e  flow 

channel. This  d i s t r i b u t i o n  is independent of t h e  flow p a t t e r n ,  as long 

as t h e r e  is  s u f f i c i e n t  convect ion t o  e l i m i n a t e  concen t r a t ion  v a r i a t i o n s .  

However, i t  does depend on t h e  placement of t h e  coun te re l ec t rode ,  

inc luding  i t s  d i s t ance .  (For t h i s  example, L = 2h .) The c u r r e n t  

d e n s i t y  is h igh  near  t h e  edges of t h e  e l e c t r o d e  because of t h e  c l o s e  

spac ing  of t h e  e q u i p o t e n t i a l  l i n e s  i n  t h i s  reg ion ,  as shown i n  f i g u r e  3 ,  

and t h e  f a c t  t h a t  t h e  c u r r e n t  can flow through t h e  s o l u t i o n  i n  t h e  

channel beyond t h e  e l e c t r o d e s  and can approach t h e  e l e c t r o d e  edge from 

a l a r g e r  range of  angles  than  f o r  o t h e r  p o i n t s  a long  t h e  e l e c t r o d e  sur face .  

The average c u r r e n t  d e n s i t y ,  w i t h  which t h e  curves are normalized, 

also depends upon q u i t e  d i f f e r e n t  q u a n t i t i e s  f o r  t h e  two cases i n  f i g u r e  2. 

For t h e  ohmically l i m i t e d  curve,  t h e  average c u r r e n t  d e n s i t y  is  p ropor t iona l  

t o  t h e  p o t e n t i a l  d i f f e r e n c e  app l i ed  between t h e  e l e c t r o d e s  and inve r se ly  

p ropor t iona l  t o  t h e  ohmic r e s i s t a n c e  of t h e  system. This  imp l i e s  a 

p r o p o r t i o n a l i t y  t o  t h e  s o l u t i o n  conduct iv i ty ,  a n  inverse dependence on 

the  l eng th  c h a r a c t e r i s t i c  of t h e  system, and a q u i t e  d i f f e r e n t  va lue  f o r  
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r 1 

XBL7110-4608 

F i g u r e  3. Sketch  of c u r r e n t  l i n e s  ( s o l i d )  and e q u i p o t e n t i a l  
s u r f a c e s  (dashed)  f o r  e l e c t r o d e s  o p p o s i t e  each o t h e r  
i n  i n s u l a t i n g  p l a n e s .  

,-- . 
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a different placement of the counterelectrode. On the other hand, 

the average current density limited by diffusion and convection is 

proportional to the bulk concentration of reactant, the cube root 

of the flow rate, and the two-thirds power of the diffusion coefficient 

and is inversely proportional to the cube root of the electrode length 

in the direction of flow. 

A considerable body of literature deals with these limiting cases 

where the current distribution is determined by convection and diffusion 

on the one hand or by ohmic potential drop and surface overpotentials 

on the other hand. It is a significant advance that the distribution 

determined by all these factors simultaneously can now be calculated 

for a number of situations. Parrish and Newman treated two electrodes 

in the walls of a flow channel, as depicted in figure 1, and also the 

simpler case of a short electrode in a wall with tangential flow.5 

these situations, the primary distribution and the limiting current 

4 

For 

distribution are similar to those shown in figure 2, and one can imagine 

how the distribution below the limiting current shows simultaneously 

the influence of inhibited mass transfer, ohmic potential drop, and 

electrode polarization. 

The rotating disk is characterized by a uniform limiting 

current density and a nonuniform primary distribution (see figure 4 ) .  

The rotating sphere8 in figure 5 shows behavior intermediate between 

the uniform primary distribution and the mildly nonuniform limiting 

distribution. Free convection in a rectangular cell, treated by 

Asada et al. ,’ is another example with a uniform primary distribution 
and a nonuniform limiting current distribution (see figure 6 ) .  Alkire 
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Rotating disk __c 

r 

X8L7312-7022 

Figure 4 .  S y s t e m  schematic and current distributions for a rotating 
disk electrode. 

I 

. ’  
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Rototing sphere 
0 

0 8 90 

XBL7312-7017 

F i g u r e  5. System schemat ic  and c u r r e n t  d i s t r i b u t i o n s  f o r  a r o t a t i n g  
spherical e l e c t r o d e .  

t 
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Free convection in 
rectangular cei I 0 

0 

Limiting \ 

L 
X 

XBL7312-7021 

Figure 6.  Systen. schematic and c u r r e n t  d i s t r i b u t i o n s  f o r  e l e c t r o d e s  
comprising t h e  ends of a r e c t a n g u l a r  c e l l .  

I 
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and Miraref i10 calculated the intermediate distribution on a tubular 

electrode with the counterelectrode either downstream (figure 7)  or 

upstream. 

One is generally optimistic that these complex intermediate distri- 

butions can be calculated for any geometry for which the limiting cases 

o f  the primary distribution and the limiting current distribution can 

be obtained separately. 

Flow-through Porous Electrodes 

As examples of current research efforts to develop electrochemical 

engineering in terms of theoretical calculations confirmed by experiments, 

we should like to discuss the treatment of simultaneous reactions in 

flow-through porous electrodes and, in a later section, at a rotating- 

disk electrode. 

Flow-through porous electrodes show promise in a number of 

applications, such as: 

1. Metal ion recovery or removal from aqueous solution. Copper, 

mercury, and silver have been removed successfully, and gold should be 

no problem. Lead is more difficult to remove because of its greater 

electronegativity. 

2. Oxidation of organic pol1,utants and cyanide ion. 

3. Electro-organic synthesis. For example, adiponitrile is 

produced by the dimerization of acrylonitrile. 

Several flow arrangements for a pair of flow-through porous electrodes 

are depicted in figure 8. Configuration a has been used for removal 

of copper ions. It could also be used in a flow redox system for energy 
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Counter 
e I e c t rode 

Tubular electrode 
0 > 
0 .- 
\ 

0 

I 

Limiting 

Primory 

X- 0 

XBL7 31 2 - 70 I6 

Figure  I .  Syster.  schematic and c u r r e n t  d i s t r i b u t i c n s  f o r  a s h o r t  
t u b u l a r  e l e c t r o d e .  

. '  
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/Separator or Gap 

Porous Electrodes 

Current 
V 

Direction of Flow 

Current (b)-$lor V I V 

+ 
Direction of  Flow 

Direction of Flow 
XBL 771-7116 

Figure 8. Various configurations of electrode placement 
relative to the direction of fluid flow. 
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s torage .  The feed could con ta in  Fe( I1)  and Ti(1V) . On charging i n  

conf igu ra t ion  a , t h e  Fe( I1)  would be oxid ized  t o  Fe ( I I1 )  

i n  t h e  anode whi le  Ti(1V) would be reduced t o  T i ( I I 1 )  i n  t h e  cathode. 

These oxidized and reduced s o l u t i o n s  would flow t o  s e p a r a t e  s t o r a g e  

tanks.  

b would apply.  

could be  achieved i n  p r a c t i c e  i n  a c e l l  without  a s e p a r a t o r ,  s i n c e  t h e  

To recover  t h e  energy, t h e  flows would be reversed  and conf igura t ion  

It would be  i n t e r e s t i n g  t o  see what f a r a d a i c  e f f i c i e n c y  

unreacted T i ( I I 1 )  and Fe ( I I1 )  would be l o s t  according t o  t h e  

reaction 

T i ( I I 1 )  + Fe( I I1 )  + Ti(1V) + Fe(I1)  (1) 

when t h e  streams are allowed t o  m i x  a f t e r  f lowing through t h e  porous 

e l ec t rodes .  Conf igura t ion  c may permit  a h igh  flow rate because t h e  

app l i ed  p o t e n t i a l  d i f f e r e n c e  a p p l i e s  a long i t s  e n t i r e  l e n g t h ,  undiminished 

by t h e  ohmic p o t e n t i a l  drop i n  s o l u t i o n  which would exis t  i n  conf igu ra t ions  

a and b . However, t h e  one-dimensional s i t u a t i o n s  are easier t o  

analyze.  

Porous e l e c t r o d e s  do n o t  gene ra l ly  permi t  t h e  s e p a r a t e  t rea tment  

of t h e  l i m i t i n g  cases d iscussed  i n  t h e  l as t  sec t ion .  Here w e  should 

expect  t o  r e q u i r e  s imultaneous t rea tment  of mass- t ransfer  l i m i t a t i o n s  

t o  t h e  w a l l  from t h e  flowing s o l u t i o n ,  ohmic p o t e n t i a l  drop through 

t h e  th i ckness  of t h e  e l e c t r o d e ,  heterogeneous r e a c t i o n  k i n e t i c s ,  and 

( i n  t h e  p re sen t  a n a l y s i s )  t h e  ex i s t ence  of a s i d e  r eac t ion .  

problem of s c a l e  up i s  as c r i t i c a l  f o r  porous e l e c t r o d e s  as i n  o the r  

areas of e lec t rochemica l  engineer ing.  

t h e s e  f a c t o r s  are ou t l ined  i n  the  next  s ec t ion .  

The 

The b a s i c  equat ions  f o r  desc r ib ing  



-17- 

For t h e  problems considered h e r e ,  t h e  main r e a c t i o n  i s  t h e  

depos i t i on  of copper,  and t h e  s i d e  r e a c t i o n  i s  t h e  genera t ion  of 

d i sso lved  hydrogen. 

t h e  v e l o c i t y  p r o f i l e  w i l l  n o t  be d is turbed .  

r e a c t i o n  d i s t r i b u t i o n  through t h e  th ickness  of t h e  porous e l ec t rode .  

The condi t ions  chosen are c l o s e  t o  t h e  l i m i t i n g  c u r r e n t  f o r  t h e  

W e  hope t o  keep t h e  hydrogen i n  s o l u t i o n  so t h a t  

Figure 9 shows t h e  

depos i t i on  of copper. Consequently, t h e  r e a c t i o n  rate f o r  t h e  primary 

r e a c t i o n  decreases  i n  an almost exponent ia l  manner wi th  d i s t a n c e ,  

as t h e  s o l u t i o n  is deple ted  i n  copper whi le  flowing through t h e  e l ec t rode .  

The s i d e  r e a c t i o n ,  genera t ion  of hydrogen, responds mainly t o  t h e  

electric d r i v i n g  f o r c e  between t h e  s o l i d  matrix and t h e  e l e c t r o l y t i c  

s o l u t i o n .  

and drops t o  a nea r ly  cons tan t  va lue  near  t h e  rear. The reason f o r  

t h i s  can be  seen  i n  f i g u r e  10, which r ep resen t s  t h e  v a r i a t i o n  i n  t h e  

solut ion-phase p o t e n t i a l  f o r  a countere lec t rode  placed upstream 

of the working e l e c t r o d e ,  as i n  conf igu ra t ion  a of f i g u r e  8. The 

ma t r ix  has  a high conduc t iv i ty ,  and i t s  p o t e n t i a l  

The s o l u t i o n  p o t e n t i a l  (D2 

c u r r e n t  c a r r i e d  i n  t h e  s o l u t i o n  is s m a l l  i n  t h i s  region.  

Its rate i s  high near  t h e  en t r ance  t o  t h e  porous e l e c t r o d e  

Ql is n e a r l y  cons tan t .  

varies l i t t l e  nea r  t h e  rear because t h e  

The l o c a l  cu r ren t  e f f i c i e n c y  a c t u a l l y  goes through a s l i g h t  

maximum nea r  x/L = 0.18 i n  f i g u r e  9. The cu r ren t  e f f i c i e n c y  is low 

a t  t h e  en t rance  because t h e  h igh  electric d r i v i n g  f o r c e  l e a d s  t o  a 

r e l a t i v e l y  h igh  r a t e  f o r  t h e  s i d e  r eac t ion .  For somewhat l a r g e r  va lues  

of x , t h e  s i d e  r e a c t i o n  decreases  more r a p i d l y  than  t h e  primary 

r e a c t i o n ,  and t h e  l o c a l  c u r r e n t  e f f i c i e n c y  rises. However, t h e  primary 
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Figure  9. Current d i s t r i b u t i o n s  f o r  depos i t i on  of copper and genera t ion  
of d i s so lved  hydrogenwithina porous e l e c t r o d e  wi th  f l u i d  f l o w  
from l e f t  t o  r i g h t ,  c a l c u l a t e d  f o r  v = 0.003328 cm/sec, a = 25 c m  
E = 0.3,  L = 6 c m ,  c Rf  = 0.0105 mole/&, and VOP = -0.403 V r e l a t i v e  
t o  a calomel r e f e r e n c e  e l e c t r o d e  i n  t h e  d i lu te -product  stream. 

, 
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Figure 10. Solution-phase and solid-matrix-phase potentials, as 
functions of cathode position. 
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r e a c t i o n  ra te  cont inues  t o  decrease  w i t h  d i s t a n c e  because of t h e  

dep le t ion  of copper i o n s ,  and consequently t h e  l o c a l  c u r r e n t  e f f i c i e n c y  

even tua l ly  drops t o  about 23 percent  a t  t h e  rear of t h e  e l ec t rode .  

One might w e l l  a sk ,  "Why n o t  e l i m i n a t e  t h e  l a s t  40 percent  of t h e  

th ickness  of the  e l ec t rode?"  

F igure  11 shows t h e  concent ra t ion  of copper ions  through t h e  

th i ckness  of t he  e l ec t rode .  The h igh  e lec t r ic  d r i v i n g  f o r c e  a t  t h e  

en t rance  r e s u l t s  i n  a very low w a l l  concen t r a t ion  the re .  A s  t h e  

e lec t r ic  d r i v i n g  f o r c e  decreases  wi th  x, t h e  w a l l  concen t r a t ion  rises 

toward t h e  bulk value. With t h e  diminishing r e a c t i o n  rate through 

t h e  next  p a r t  of t h e  e l e c t r o d e ,  t h e  w a l l  concen t r a t ion  is  a b l e  t o  

decrease  a l s o ,  d e s p i t e  t h e  smaller e lec t r ic  d r i v i n g  f o r c e  i n  t h i s  

region.  

i s  deple ted  by an  a d d i t i o n a l  f a c t o r  of 20 i n  t h e  l a s t  40 percent  of 

W e  can a l s o  see from t h i s  f i g u r e  t h a t  t h e  bulk  concen t r a t ion  

t h e  e l e c t r o d e ,  d e s p i t e  t h e  lowered c u r r e n t  e f f i c i e n c y  i n  t h i s  region.  

This a d d i t i o n a l  metal i o n  removal can be achieved wi th  r e l a t i v e l y  

l i t t l e  a d d i t i o n a l  expense f o r  t h e  added e l e c t r o d e  th ickness  and 

v i r t u a l l y  no added c o s t  due t o  added ohmic p o t e n t i a l  drop. 

I n  f i g u r e  1 2  w e  show a d e t a i l e d  comparison between model c a l c u l a t i o n s  

and t h e  experimental  r e s u l t s  of Bennion and Newman. Not only are  

t h e  cu r ren t -po ten t i a l  curves  compared, bu t  a l s o  t h e  e f f l u e n t  copper 

11 

concent ra t ions  ( i n  mg/R)  are shown b e s i d e  t h e  experimental  and 

t h e o r e t i c a l  d a t a  po in t s .  The agreement should b e  regarded as s a t i s f a c t o r y .  

I n c i d e n t a l l y ,  t h e  c a l c u l a t e d  r e s u l t s  i n  f i g u r e s  9 and 11 correspond 

t o  t h e  upper curve i n  f i g u r e  1 2 ,  t h a t  i s ,  a t  a s u p e r f i c i a l  v e l o c i t y  

of 0.003328 cm/sec, and are a t  a p o t e n t i a l  of VOP = -403 mV wi th  a 

ca l cu la t ed  e f f l u e n t  concent ra t ion  of 0.28 mg/R. 
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XBL7611-9795 VOP, mV 
Figure 12. Current-potential curves for an electrode 10.1 cm in diameter 

and 6 cm deep," packed with porous carbon flakes and chips. 
Open symbols are experimental data points; closed symbols are 
calculated. Calculated effluent concentrations (in mg/R) are . 
indicated above the corresponding points in upright type; 
experimental values are given in italic type below the corresponding 
data oints. The flow rate was 8 x i n  for the circles, 
12 cm /min for the squares, and 16 cm3/min for the triangles. 5 
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The p r i n c i p a l  parameters ad jus t ed  t o  ensure  agreement between 

t h e  ca l cu la t ed  and experimental  va lues  i n  f i g u r e  12 are t h e  mass- t ransfer  

c o e f f i c i e n t  km and t h e  exchange cu r ren t  d e n s i t i e s  of t h e  p r i n c i p a l  

and s i d e  r eac t ions .  The va lues  of km are determined mainly by t h e  

e f f l u e n t  concent ra t ions  toward t h e  r i g h t  on t h e  experimental  curves ,  

and t h e  va lue  of t h e  exchange c u r r e n t  d e n s i t y  f o r  copper depos i t i on  

is governed by t h e  c u r r e n t  va lues  toward t h e  l e f t .  

dens i ty  f o r  hydrogen genera t ion  a t tempts  t o  f i t  t h e  rise of t h e  curves 

above t h e  apparent  l i m i t i n g  cu r ren t  and t h e  observed onse t  of hydrogen 

The exchange c u r r e n t  

evolu t ion .  

The f i t t e d  va lues  of km f o r  t h e  t h r e e  curves on f i g u r e  1 2  are  

d isp layed  by means of open t r i a n g l e s  on f i g u r e  13 i n  t h e  form of a 

c o r r e l a t i o n  of t h e  dimensionless  Sherwood number Ekm/aDo i n  i t s  

dependence on t h e  dimensionless  Pgc le t  number A t  t h e  low 

Reynolds numbers v/av used h e r e ,  t h e  l o c a l  f l u i d  v e l o c i t y  should 

v/aDo . 

be everywhere p ropor t iona l  t o  t h e  s u p e r f i c i a l  velocity v , and there 

should be no s e p a r a t e  dependence on t h e  Schmidt number 

t h e  r e s u l t s  are p l o t t e d  i n  t h e  manner of f i g u r e  13. 

v/Do when 

However, t h e r e  

w i l l  be  a dependence on t h e  d e t a i l e d  geometry of t h e  porous e l e c t r o d e ,  

cha rac t e r i zed  p a r t i a l l y  by t h e  void volume f r a c t i o n  o r  p o r o s i t y  E , 

a n d , i t  is  f e l t  t h a t  t h e r e  w i l l  be  a l s o  a dependence on t h e  e l e c t r o d e  

th ickness  as cha rac t e r i zed  by a L  . Figure 13 i s  an example of a 

dimensionless  e m p i r i c a l  c o r r e l a t i o n ,  a l luded  t o  by Wagner as one of 

t h e  u s e f u l  t o o l s  of e lec t rochemica l  engineer ing.  

The d a t a  of Bennion and Newman show a clear p r o p o r t i o n a l i t y  of 

k t o  t h e  0.5475 power of t h e  v e l o c i t y .  Unfortunately,  t h e r e  is an m 
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unce r t a in ty  i n  t h e  s p e c i f i c  i n t e r f a c i a l  area of t h e  e l e c t r o d e  used. 

The va lue  of may a c t u a l l y  be  h igher  by a f a c t o r  of 4 t o  12 than  

t h e  va lue  of 25 c m  

a 

-1 13 used i n  t h e  t reatment  of t h e  data,. 

Addi t iona l  c a l c u l a t i o n s  a t  h igher  s u p e r f i c i a l  v e l o c i t i e s  confirm 

the  observa t ion  t h a t  t h e  c e l l  cannot be operated i n  these  ranges 

without  l o s s  of t h e  l imi t ing -cu r ren t  p l a t eau  and ex tens ive  i n t e r f e r e n c e  

by t h e  s i d e  r eac t ion .  

t h e s e  c a l c u l a t i o n s  show t h a t  an inc rease  i n  t h e  s u p e r f i c i a l  v e l o c i t y  

inc reases  t h e  ohmic p o t e n t i a l  drop i n  t h e  s o l u t i o n  so  t h a t  t h e r e  i s  

e i t h e r  excess ive  s i d e  r e a c t i o n  a t  t h e  en t r ance  t o  t h e  porous e l e c t r o d e  

o r  a f a i l u r e  t o  maintain t h e  l imi t ing -cu r ren t  condi t ion  nea r  t h e  e x i t .  

11 
I n  harmony wi th  t h e  q u a n t i t a t i v e  design p r i n c i p l e s ,  

A decrease  i n  t h e  feed  concent ra t ion  w i l l  a l s o  i n c r e a s e  t h e  s i d e  r e a c t i o n  

r e l a t i v e  t o  the  primary r e a c t i o n  and cause t h e  l imi t ing -  

c u r r e n t  p l a t eau  t o  become less d i s t i n c t .  The a b i l i t y  t o  c a l c u l a t e  

t he  c u r r e n t  d i s t r i b u t i o n s  below t h e  l i m i t i n g  cu r ren t  and i n  t h e  presence 

of a s i d e  r e a c t i o n  permi ts  one t o  determine the  economically optimum 

ope ra t ing  cond i t ions  and even permiss ib le  ope ra t ing  cond i t ions  when 

t h e  s i d e  r e a c t i o n  accounts  f o r  a s u b s t a n t i a l  f r a c t i o n  of t he  t o t a l  

c u r r e n t ,  and t h e r e  i s  a pena l ty  f o r  making t h e  e l e c t r o d e  t h i c k e r  because 

t h e  s i d e  r e a c t i o n  does' n o t  n e c e s s a r i l y  decrease  wi th  inc reas ing  d i s t a n c e  

through t h e  e l ec t rode .  

Governing Equat ions 

While w e  don ' t  go i n t o  any d e t a i l s  of a n a l y s i s  h e r e ,  i t  may be  

u s e f u l  t o  record some of t he  fundamental equat ions  w e  use. I n  t h i s  way 

one can perce ive  j u s t  what phys i ca l  phenomena are be ing  descr ibed .  

may a l s o  be apparent  where improvements i n  t h e  d e s c r i p t i o n  would be  

f r u i t f u l .  Equations f o r  porous e l e c t r o d e s  are t r e a t e d  elsewhere 

wi th  d i f f e r e n t  degrees  of d e t a i l  and gene ra l i t y .  

It 

14,15 
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The l a w s  of t r a n s p o r t  i n  d i l u t e  e l e c t r o l y t i c  s o l u t i o n s  have been 

known f o r  many years .  The f l u x  d e n s i t y  of a spec ie s  i s  due t o  migra t ion  

i n  an e lec t r ic  f i e l d ,  d i f f u s i o n  i n  a concen t r a t ion  g rad ien t ,  and 

convection w i t h  t h e  f l u i d  v e l o c i t y :  

N./E = -z.u.Fc.V@ - DiVci + C . V / E  . ( 2 )  -1 1 1  1 2  1- 

A material balance f o r  a s m a l l  volume element l e a d s  t o  t h e  d i f f e r e n t i a l  

conserva t ion  l a w  which states t h a t  t h e  t i m e  ra te  of change of t h e  

concent ra t ion  of spec ie s  i i s  equal  t o  i t s  n e t  i npu t  p l u s  product ion:  

k C i  
- =  - 8 - N .  + a j  + Ri . a t  -1 i n  ( 3 )  

Here Ri i s  t h e  r a t e  of product ion of s p e c i e s  i through homogeneous 

r e a c t i o n s  and 

r e a c t i o n s  occur r ing  throughout t h e  volume of t h e  porous e l ec t rode .  

ajin i s  t h e  rate of product ion  by means of t h e  e l e c t r o d e  

T o  a very good approximation, t h e  s o l u t i o n  is  e l e c t r i c a l l y  

n e u t r a l ,  

c ZiCi = 0 , 
1 

and t h e  cu r ren t  d e n s i t y  i n  an  e l e c t r o l y t i c  s o l u t i o n  is  due t o  t h e  

motion of charged s p e c i e s :  

i = F z i ~ i  . 
i -2 

( 4 )  
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For a porous e l e c t r o d e ,  w e  a l s o  need t o  mention t h a t  t h e  cu r ren t  i n  

t h e  mat r ix  phase is governed by Ohm's l a w :  

-1 i = -0c7'9~ . ( 6 )  

The d i f f e r e n t i a l  equat ions  desc r ib ing  t h e  e l e c t r o l y t i c  s o l u t i o n  

r e q u i r e  boundary cond i t ions  f o r  t h e  behavior  of an e lec t rochemica l  

system t o  be pred ic ted .  

of e l e c t r o d e  r eac t ions .  E lec t rode  r e a c t i o n  j can be w r i t t e n  

symbolical ly  as 

The most complex of t h e s e  concerns the k i n e t i c s  

2 i C i s ~ ~ M ~  -+ n.e- J , (7) 

thereby d e f i n i n g  i t s  s to ich iometry .  

f l u x  d e n s i t y  of a s p e c i e s  is  r e l a t e d  t o  t h e  normal component of t h e  

cu r ren t  d e n s i t y ,  t h a t  which c o n t r i b u t e s  t o  t h e  e x t e r n a l  c u r r e n t  t o  

t h e  e l e c t r o d e ,  according t o  Faraday's l a w :  

Then t h e  normal component of t h e  

I n  equat ion  3 ,  which has been averaged over  t h e  random geometry of a 

porous e l e c t r o d e ,  t h e  t e r m  ajin appears  as an apparent  product ion 

t e r m  i n  t h e  solut ion-phase material ba lance  f o r  s p e c i e s  i , a being 

t h e  s p e c i f i c  i n t e r f a c i a l  area. 

The e x t e r n a l  e l e c t r o d e  c u r r e n t  is  a l s o  obta ined  by summing the  

c u r r e n t s  due t o  t h e  i n d i v i d u a l  e l e c t r o d e  r eac t ions :  
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The s u r f a c e  o v e r p o t e n t i a l  f o r  r e a c t i o n  j can be def ined  as 

the  p o t e n t i a l  of t h e  working e l e c t r o d e  r e l a t i v e  t o  a r e fe rence  e l e c t r o d e  

of t h e  same kind loca ted  j u s t  o u t s i d e  t h e  d i f f u s e  double l aye r .  For 

a porous e l e c t r o d e ,  w e  might express  t h i s  i n  t h e  form 

ns j  = Ql - Q2 - ujo , 

where 

The s o l u t i o n  p o t e n t i a l  Q2 

of a given k ind ,  and t h e  equ i l ib r ium p o t e n t i a l  U is  expressed 

r e l a t i v e  t o  t h e  same re fe rence  e l ec t rode .  For a s i t u a t i o n  where t h e r e  

are m u l t i p l e  e l e c t r o d e  r e a c t i o n s ,  i t  would be inconvenient  t o  have a 

mul t i tude  of s o l u t i o n  p o t e n t i a l s  r e f e r r e d  t o  d i f f e r e n t  r e fe rence  

e l ec t rodes .  Furthermore, i t  is  u n l i k e l y  t h a t  any r e fe rence  e l e c t r o d e  

i n s e r t e d  d i r e c t l y  i n t o  t h e  s o l u t i o n  could be e q u i l i b r a t e d  wi th  r e s p e c t  

t o  a c e r t a i n  e l e c t r o d e  reac t ion ,because  of t h e  presence of s i d e  

r eac t ions .  I n  equat ion  1 0 ,  ohmic p o t e n t i a l  drop and t h e  d i f f u s i o n  

p o t e n t i a l  between t h e  w a l l  and t h e  bulk of t h e  f l u i d  i n  a pore are 

e f f e c t i v e l y  ignored. 

is  t o  be measured wi th  a r e fe rence  e l e c t r o d e  

j o  

. 

* 
I n  t h i s  equat ion ,  c should be expressed i n  moles p e r  l i t e r  i o  of so lu t ion .  
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One next  needs t o  use  a k i n e t i c  express ion  r e l a t i n g  t h e  cu r ren t  

d e n s i t y  t o  t h e  s u r f a c e  o v e r p o t e n t i a l  and t h e  spec ie s  concen t r a t ions  

a t  t h e  w a l l :  io 

n j  9 ‘sj 9 
where charging of t h e  double l a y e r  is ignored. (Note t h a t  i 

and c are a l l  l o c a l  q u a n t i t i e s . )  I n  t h e  work descr ibed  h e r e ,  

t h e  Butler-Volmer equat ion  w a s  used: 

i o  

where i depends on t h e  s p e c i e s  concent ra t ions  a t  t h e  w a l l .  . 
o j  

Within t h e  porous e l e c t r o d e ,  mass t r a n s f e r  t o  t h e  w a l l  from t h e  

flowing s o l u t i o n  is determined by t h e  v e l o c i t y  p r o f i l e  i n  t h e  d e t a i l e d  

geometry of t h e  porous s t r u c t u r e .  I n  t h e  absence of a complete 

t reatment  of t h i s  problem,  t h e  f luxes  a t  the surface are related t o  

the  w a l l  concent ra t ions  by means of t h e  l o c a l  mass- t ransfer  c o e f f i c i e n t  

A single-phase e l e c t r o l y t i c  s o l u t i o n  i s  governed by similar equat ions ,  

16  which are d e t a i l e d  elsewhere. I n  equat ions  2 t o  5, one can set 

E = 1 and a = 0 . The ro t a t ing -d i sk  problem i s  t y p i c a l  of a l a r g e  

class where a p a r t i a l  s e p a r a t i o n  between t h e  mass- t ransfer  problem and 

t h e  p o t e n t i a l - d i s t r i b u t i o n  problem can be  made. 

are shown i n  f i g u r e s  1 and 4 t o  7. 

Examples of such systems 
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In  t h e s e  systems, concen t r a t ion  v a r i a t i o n s  are r e s t r i c t e d  t o  

t h i n  l a y e r s  ad jacent  t o  t h e  s u r f a c e s  of t h e  e l e c t r o d e s ,  and Laplace’s  

equat ion  a p p l i e s  i n  t h e  bulk  of t h e  s o l u t i o n  o u t s i d e  t h e s e  d i f f u s i o n  

l a y e r s .  This  means t h a t  one can devote  s e p a r a t e  a t t e n t i o n  t o  these  

d i f f e r e n t  reg ions .  S ince  t h e  d i f f u s i o n  l a y e r s  are t h i n ,  t h e  bulk  

reg ion  e s s e n t i a l l y  f i l l s  t h e  r eg ion  of t h e  e l e c t r o l y t i c  s o l u t i o n  

bounded by t h e  w a l l s  of t he  c e l l  and t h e  e l ec t rodes .  In  t h i s  region 

t h e  p o t e n t i a l  is  determined s o  as t o  s a t i s f y  Laplace‘s  equat ion and 

agree  wi th  t h e  c u r r e n t  d e n s i t y  d i s t r i b u t i o n  on t h e  boundaries  of t h e  

region.  I n  t h e  d i f f u s i o n  layers, t h e  concent ra t ions  are determined 

s o  as t o  s a t i s f y  t h e  appropr i a t e  form of t h e  t r a n s p o r t  equat ions ,  wi th  

a m a s s  f l u x  d e n s i t y  a t  t h e  w a l l  app ropr i a t e  t o  t h e  c u r r e n t  dens i ty  

on t h e  e l e c t r o d e s  (see equat ion  8) and approaching t h e  bulk  concent ra t ions  

f a r  from t h e  e l ec t rode .  The c u r r e n t  d i s t r i b u t i o n  and concent ra t ions  

a t  t h e  e l e c t r o d e  s u r f a c e  must a d j u s t  themselves so  as t o  ag ree  wi th  

t h e  o v e r p o t e n t i a l  v a r i a t i o n  determined from t h e  c a l c u l a t i o n  of t h e  

p o t e n t i a l  i n  t he  bulk reg ion  ( see  equat ions  10 t o  13) .  

The governing d i f fus ion - l aye r  equat ion  f o r  t h e  concent ra t ion  of 

a minor spec ie s  r e a c t i n g  a t  a d i s k  e l e c t r o d e  r o t a t i n g  i n  a w e l l -  

supported e l e c t r o l y t e  can be so lved  t o  y i e l d  a r e l a t i o n s h i p  between 

t h e  concent ra t ion  and t h e  f l u x  d e n s i t y  a t  t h e  su r face :  
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i .  

where x 

than r . The simultaneous s o l u t i o n  of t h i s  equat ion  wi th  i given 

by equat ion  13 ,  t he  Butler-Volmer form of t h e  k i n e t i c  equat ion ,  and 

a p o t e n t i a l  obtained from Laplace ' s  equat ion  y i e l d s  t h e  des i r ed  cu r ren t  

dens i ty  d i s t r i b u t i o n .  

i n s i d e  t h e  i n t e g r a l  denotes  r a d i a l  d i s t a n c e  a t  p o i n t s  less 

n j  

Resu l t s  f o r  t h e  Rotat ing-disk Elec t rode  

Figure 14  shows both t h e  r e a c t i o n  d i s t r i b u t i o n s  and t h e  s u r f a c e  

concent ra t ions  f o r  one case of copper depos i t i on  a t  a ro t a t ing -d i sk  

e l ec t rode .  Here t h e  copper r e a c t i o n  is n e a r l y  a t  t h e  l i m i t i n g  c u r r e n t  

( a c t u a l l y  a t  99.88 percent  of l i m i t i n g  c u r r e n t ) .  Hence, i t s  r e a c t i o n  

d i s t r i b u t i o n  is nea r ly  uniform, and t h e  concent ra t ion  of c u p r i c  ions  

a t  t h e  s u r f a c e  i s  lower by a f a c t o r  of 166 a t  t h e  edge than  a t  t h e  

c e n t e r ,  where i t  is  a l r eady  only one percent  of t h e  bulk  value.  The 

hydrogen r e a c t i o n  rate v a r i e s  by a f a c t o r  of about 164, and t h e  s u r f a c e  

concent ra t ion  of d i sso lved  hydrogen by a f a c t o r  of about 65, between 

t h e  cen te r  and t h e  edge of t h e  d i s k ,  where t h e  l o c a l  r e a c t i o n  r a t e  

amounts t o  about 54 pe rcen t  of t h e  copper depos i t i on  rate. On t h e  

average over t h e  d i s k  s u r f a c e ,  t h e  c u r r e n t  e f f i c i e n c y  f o r  t h e  copper 

depos i t i on  i s  about  94 percent .  A t  t h e  edge of t h e  d i s k ,  t h e  concent ra t ion  

of d i s so lved  hydrogen exceeds i t s  s o l u b i l i t y  by a f a c t o r  of 9. Because 

of l i m i t e d  nuc lea t ion  rates, one might specu la t e  t h a t  w e  are on t h e  

verge  of forming hydrogen bubbles.  

The reason f o r  t h e  nonuniform d i s t r i b u t i o n s  i n  f i g u r e  14  i s  seen 

i n  the  d i s t r i b u t i o n  of t h e  p o t e n t i a l  i n  f i g u r e  15. The p o t e n t i a l  i n  

t h e  s o l u t i o n  v a r i e s  by about 0.26 V from t h e  c e n t e r  t o  t h e  edge because 

of t h e  nonuniform a c c e s s i b i l i t y  of t h e  d i s k  from an ohmic s tandpoin t .  
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Figure 14. Current distributions, normalized with the limiting current 
density for copper deposition, and surface concentrations, 
normalized with the bulk cupric ion concentration, for 
reactions at a 5.74 cm diameter disk electrode rotating 
at 236 rad/s in a solution 0.1 - M in CuS04 and 1.5 - M in 
H2S04 at 25'C. The H saturation concentration is 

estimated to occur at c./c = 8.31x10 . This figure 

corresponds to a point at V-@ ref = -1.172 V on figure 16. 
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Figure 15. D i s t r i b u t i o n  of Qo, t h e  p o t e n t i a l  c a l c u l a t e d  from t h e  

s o l u t i o n  of Laplace ' s  equat ion  and e x t r a p o l a t e d  t o  t h e  
d i s k  s u r f a c e  as though t h e  conduc t iv i ty  were uniform and 
equa l  t o  t h e  bulk  va lue .  The curves  correspond t o  t h e  
same t o t a l  c u r r e n t ,  t h a t  i n  f i g u r e  1 4 ,  b u t  w i t h  d i f f e r e n t  
d i s t r i b u t i o n s  over t h e  s u r f a c e .  For t h i s  t o t a l  c u r r e n t ,  
5 t h e  primary d i s t r i b u t i o n  y i e l d s  a cons t an t  va lue  of 
Q = -0 .64  V. 
0 
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Figure 1 6  shows c u r r e n t - p o t e n t i a l  curves  f o r  a series of r o t a t i o n  

speeds.  

due t o  t h e  occurrence of t h e  s i d e  r eac t ion .  A t  s u f f i c i e n t l y  l a r g e  

d r i v i n g  f o r c e s ,  t h e  nonuniform ohmic p o t e n t i a l  drop i n  s o l u t i o n  can 

promote t h e  onse t  of hydrogen evolu t ion  toward t h e  edge of t h e  d i s k ,  

and t h i s  can occur be fo re  the  a t ta inment  of a l imi t ing -cu r ren t  condi t ion  

a t  t h e  cen te r .  Consequently, t h e  p l a t e a u  of t h e  l imi t ing-cur ren t  curve 

f o r  t h e  depos i t i on  of copper i s  shortened and t i l t e d ,  a phenomenon which 

becomes more pronounced as t h e  r o t a t i o n  speed of t h e  d i s k  is  increased .  

The absence of a c l e a r l y  def ined  l imi t ing -cu r ren t  p l a t eau  i s  

Actua l ly ,  one must p i c k  somewhat extreme condi t ions  of s o l u t i o n  

conduct iv i ty  and d i s k  s i z e  t o  i l l u s t r a t e  t h e  consequences of t h e  non- 

uniform ohmic p o t e n t i a l  drop. 

supported s o l u t i o n s  t h e r e  is  v i r t u a l l y  no e f f e c t .  However, t h e  gene ra l  

importance of s c a l e  up i n  e lec t rochemica l  engineer ing  a s s u r e s  us  t h a t  

t h e r e  are  many p r a c t i c a l  systems i n  which t h e  i n t e r a c t i o n  of nonuniform 

ohmic p o t e n t i a l  drop and s i d e  r e a c t i o n s  cannot be ignored. 

With small d i s k  e l e c t r o d e s  and w e l l  

Ac  know1 ed gmen t 

This  work w a s  supported by t h e  United States Energy Research and 

Development Adminis t ra t ion.  The au thor  is  g r a t e f u l  t o  James A. Trainham 

and Ralph White, two graduate  s t u d e n t s ,  f o r  permission t o  use  t h e i r  

r e s u l t s  be fo re  t h e  completion of t h e i r  d i s s e r t a t i o n s .  



-35- 

, 

Concentrs t ion (MI 
rprn = 2250/ 

0. I 1.5 

Disk Radius (cm) 

0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 -1.6 
01 

v - Gref ( V )  
XBL 761 1-9796 

Figure 16. Curren t -poten t ia l  curves  f o r  copper depos i t i on  on a 
ro t a t ing -d i sk  e l ec t rode .  
p o t e n t i a l  minus t h e  p o t e n t i a l  of a copper r e fe rence  
e l e c t r o d e  placed i n  t h e  p lane  of t h e  d i s k  and 6 . 3  cm 
from t h e  axis of r o t a t i o n .  

The a b s c i s s a  is  the d i s k  
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Nomenclature 

-1 s p e c i f i c  i n t e r f a c i a l  area, c m  

0.51023, cons t an t  f o r  t h e  f l u i d  mechanics of t h e  r o t a t i n g  d i s k  

concent ra t ion  of spec ie s  i, mole/cm 

concent ra t ion  of s p e c i e s  i a t  t h e  s u r f a c e ,  mole/cm 

concent ra t ion  of s p e c i e s  i far  from t h e  d i s k ,  mole/cm 

concen t r a t ion  of p r i n c i p a l  r e a c t a n t ,  cup r i c  i o n s ,  mole/cm 

3 

3 

3 

3 

3 feed  concen t r a t ion  of p r i n c i p a l  r e a c t a n t ,  mole/cm 

2 e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  of spec ie s  i, cm / s  

d i f f u s i o n  c o e f f i c i e n t  of p r i n c i p a l  r e a c t a n t  i n  a f r e e  s o l u t i o n ,  c m  / s  

symbol f o r  t h e  e l e c t r o n  

c u r r e n t  d e n s i t y  f o r  r e a c t i o n  j ,  A / c m  

Faraday’s cons t an t ,  96,487 C/equiv 

2 

2 

d i s t a n c e  between two e l e c t r o d e s  i n  a f low channel ,  cm 

c u r r e n t  d e n s i t y ,  A/cm 

s u p e r f i c i a l  c u r r e n t  d e n s i t y  i n  ma t r ix  phase,  A / c m  

s u p e r f i c i a l  c u r r e n t  dens i ty  i n  s o l u t i o n  phase,  A / c m  

l i m i t i n g  c u r r e n t  d e n s i t y  f o r  copper depos i t i on ,  A/cm 

normal component a t  an  e l e c t r o d e  of t h e  c u r r e n t  d e n s i t y  f o r  r e a c t i o n  

2 

2 

2 

2 

2 
j ,  A / c m  

2 exchange cu r ren t  d e n s i t y  f o r  r e a c t i o n  j a t  concent ra t ions  c A/cm i o  ’ 
2 average c u r r e n t  d e n s i t y  t o  a n  e l e c t r o d e ,  A/cm 

t o t a l  cu r ren t  t o  an e l e c t r o d e ,  A 

normal component a t  an e l e c t r o d e  of t h e  f l u x  d e n s i t y  of spec ie s  

2 i, mole/cm -s 
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m k 

k m i  

L 

Mi 

n 

N. 
j 

-1 

r 

r 

R 

0 

Ri 

S i j  

t 

T 

U i 

U 
jo 

V 

mass-t ransfer  c o e f f i c i e n t ,  c m / s  

l o c a l  mass- t ransfer  c o e f f i c i e n t ,  c m / s  

l eng th  o r  th ickness  of e l e c t r o d e ,  cm 

symbol f o r  t he  chemical formula of s p e c i e s  i 

number of e l e c t r o n s  t r a n s f e r r e d  i n  r e a c t i o n  j 

s u p e r f i c i a l  f l u x  dens i ty  of spec ie s  i, mole/cm -s 

r a d i a l  d i s t a n c e  on a d i s k  e l e c t r o d e ,  c m  

r ad ius  of d i s k  e l e c t r o d e ,  cm 

u n i v e r s a l  gas cons t an t ,  8.3143 J/mole-K 

product ion rate of spec ie s  i i n  homogeneous chemical r e a c t i o n s ,  

2 

3 mole/cm - s  

s to i ch iomet r i c  c o e f f i c i e n t  f o r  spec ie s  i i n  r e a c t i o n  j 

t i m e ,  s 

abso lu te  temperature ,  K 

e f f e c t i v e  mob i l i t y  of spec ie s  i, cm2-mole/J-s 

t h e o r e t i c a l  open-circui t  p o t e n t i a l  f o r  r e a c t i o n  j ,  V 

s tandard  e l e c t r o d e  p o t e n t i a l  f o r  r e a c t i o n  j ,  V 

s u p e r f i c i a l  f l u i d  v e l o c i t y ,  c m / s  

<v> average v e l o c i t y  i n  a flow channel ,  c m / s  

VOP p o t e n t i a l  of porous e l e c t r o d e  matrix r e l a t i v e  t o  a downstream 

calomel e l e c t r o d e ,  V 

X d i s t a n c e  along an e l e c t r o d e  from i t s  upstream end, c m  

z valence o r  charge number of  s p e c i e s  i 

a 

a ca thodic  t r a n s f e r  c o e f f i c i e n t  f o r  r e a c t i o n  j 

i 

anodic t r a n s f e r  c o e f f i c i e n t  f o r  r e a c t i o n  j 
a j  

c j  
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0.89298, the gamma function of 4 / 3  

porosity or void volume fraction of porous electrode 

overpotential, V 

surface overpotential for reaction j, V 

angular position on rotating sphere 
-1 -1 solution conductivity, ohm -cm 

2 kinematic viscosity of solution, cm / s  

density of pure solvent, g/cm 

effective conductivity of matrix phase, ohm -cm 

potential in the solution extrapolated to the disk surface, V 

matrix-phase potential, V 

solution-phase potential, V 

rotation speed, radianls 

3 

-1 -1 
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