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Calculation of Mass Transfer Coefficients in Metal Deposition Using 
Electrochemical Tracer Techniques 

Thomas J. O'Keefe,* J. S. Cuzmar,** and S. F. Chen* 
Department of  MetaLLurgical Engineering and Graduate Center for  MateriaLs Research, University of Missouri-RolIa, 

Rolla, Missouri 65401 

ABSTRACT 

A modification of the tracer technique of Ettel et al. has been developed for determining mass-transfer coefficients in 
electrolytes for both electrowinning and electrorefining systems. The method involves the direct measurement  of the lim- 
iting current density of a more noble tracer ion at low concentration by cyclic voltammetry techniques in an electrolyte of 
choice. A Ag + tracer in acid copper sulfate is used as the example. Additional tests were made by codepositing the tracer 
with copper  to compare  the results of the two methods.  The effect of copper  ion concentrat ion and tempera ture  on the 
electrochemical and transport properties of the solution were determined. The results obtained using cyclic vol tammetry 
techniques  were found to be in good agreement  with those from the standard codeposi t ion determinations.  Addit ional  
refinement of the technique is needed to more clearly define the limitations of the technique when used for metal deposi- 
tion evaluations. 

A major l imitation of many exist ing electrometallurgi-  
cal opera t ions  is the re la t ively  low produc t ion  rate per 
uni t  vo lume  of the reactor  vessel.  Any increase in the 
dai ly ca thode  tonnage  usual ly  is equa tab le  to substan- 
tially improved economics.  Thus, a primary thrust  in the 
industry is directed toward increasing the operat ing cur- 
rent  densi ty without  sacrificing metal quality. The latter 
is most  often gauged in terms of  deposi t  smoothness ,  
s ince rough,  i r regular  growth occurs  when  the cur ren t  
density becomes excessive. 

Recen t  theore t ica l  and appl ied s tudies  (1, 2), ranging 
from bench scale to full sized pilot cells, have shown the 
impor tance  of enhanced mass transfer in improving the 
pe r fo rmance  of many  e lect rolyt ic  systems.  Whether  by 
means  of op t imized  a l ternat ive  cell des ign or improved  
forced convec t ion  in exis t ing plants,  the key feature  in- 
volves  min imiz ing  the de le ter ious  inf luence of the low 
diffusivities of the plating ions. 

A rather simple and convenient ,  but  useful, t echnique  
for obta in ing quant i ta t ive  data on mass- t ransfer  coeffi- 
c ients  in e lec t rowinn ing  cells was deve loped  by Et te l  
et al. (3). The l imit ing current  density of a tracer ion was 
de t e rmined  in the e lec t ro lyte  of in teres t  and the mass- 
transfer coefficient (k) was calculated. The mass-transfer 
coeff ic ient  of the main cation, for a forced laminar  con- 
vect ion flow regime, could then be determined using the 
expression (3) 

kmetal  ion = k t  . . . . .  (Dmeta l  ion/Dt  . . . . .  )2/3 [1 ]  

where  D is the diffusion coefficient.  For  concen t ra t ion  
d r iven  natura l  convec t ion  (such as is l ikely to occur  in 
electrorefining cells) the dependence  is on the diffusivity 
ratio to the three-quarters power. 

The t racer  ion is more  noble  than the bulk meta l  cat- 
ion, which  allows plat ing at the t racer  l imi t ing current  
densi ty,  whi le  normal  depos i t ion  occurs  for the major  
species. After a desired t ime of codeposi t ing the two spe- 
cies, the depos i t  is chemica l ly  analyzed,  a l lowing the 
l imit ing current  of the tracer to be calculated. 

The  m e t h o d  to be descr ibed  is a modif ica t ion  of the 
one described above and employs vol tammetry  in the de- 
terminat ion of the l imiting current. The ability to use the 
modified version directly in large scale operations would 
be limited. However,  there do seem to be numerous  pos- 
sibi l i t ies  of  employ ing  it over  a broad range of applica- 
tions from fundamental  to applied evaluations involving 
mass transfer  in metal  deposi t ion systems in laboratory 
and pilot scale operations. 

The t echn ique  involves  combin ing  previous ly  devel- 
oped electrochemical  methodologies  and applying them 
to electrometal lurgical  systems involving cathode depo- 
s i t ion and growth.  Quite simply,  the t racer  is used in a 
sys tem of interest ,  and its l imi t ing current  is measured  

*Electrochemical Society Active Member. 
**Electrochemical Society Student Member. 

us ing cyclic v o l t a m m e t r y  at potent ia ls  more  noble  than 
required for deposi t ion of the major metal  ion. Thus, the 
l imi t ing  current  density,  iL, of the t racer  is de t e rmined  
di rec t ly  under  qu iescen t  condi t ions  in the absence  of 
any of the more extensive convect ive or area change ef- 
fects which occur during plating at normal  current  den- 
sity. The mass-transfer coefficient is calculated from the 
express ion 

k t  . . . . .  : iLt . . . . .  /(nFCt . . . . .  ) [ 2 ]  

F is Faraday's  constant, C is the concentrat ion of the tra- 
cer (usually in the ppm range), and n is the va lence  
change of the reacting ion. The mass-transfer propert ies 
of the major metal  ion are then calculated using Eq. [1]. 
In this case, copper  sulfate e lec t ro ly tes  were  evalua ted  
using Ag + tracer  in order  to de t e rmine  the feasibi l i ty  of 
the technique.  

Experimental 
A one liter cylindrical cell with a separate anolyte com- 

pa r tmen t  for the Pt  coun te re lec t rode  was used. A Hg/ 
Hg2SO4 in 200 g/1 HzSO4 (-~0.664V vs. SHE) served as the 
reference electrode. Usually the working electrode was a 
Pt  ro ta t ing disk of  0.476 cm 2 area and was prepared  by 
polishing with 0.05 ~m gamma alumina. Other electrode 
materials were also evaluated and included silver, stain- 
less steel, and glassy carbon. A Pet ro l i te  Po t en t iodyne  
Model M-4100 analyzer and a Pine Rotator Sys tem were 
used for the vo l t ammet ry  test. Deposi ts  made  
potentiostat ical ly and galvanostatically were chemical ly 
analyzed (Atomic Absorp t ion  Spec t ropho tomete r )  to 
ver i fy  and compare  with resul ts  obta ined  using the po- 
larization procedure.  The viscosi ty  measurements  were 
made using a Cannon-Fenske viscometer.  

Unless  o therwise  specified, 500 cm 3 of  solut ion (25 g/1 
Cu z+, 100 g/1 H2SO4 with desired amounts  o fAg  + added as 
Ag2SO4) sparged with N~ gas for 30 min were used for the 
tests.  Dur ing  all measu remen t s  a n i t rogen  a tmosphere  
was main ta ined  over  the surface of the solution.  The 
scan rate used was 5 mV/s and the scan range was -0.05 
to -0.30V vs. Hg/Hg2SO4/200 g/1 H2SO4 to genera te  the 
vol tammetr ic  curves. 

Results and Discussion 
Polarizat ion curves . - -Typical  polarizat ion curves ob- 

tained for exper iments  at 23~ for 10 rag/1 silver concen- 
trat ion in a sulfuric acid electrolyte of 100 g/1 are shown 
in Fig. 1. Us ing  the l imi t ing currents  from these  curves  
the diffusion coefficient for silver ions can be calculated 
according to Levich 's  theory for mass t ransport  by con- 
vect ive  diffusion using the relationship (4) 

iL = 0.62 nFDAgZ/3v 1/6co~Cs [3] 

where  iL is the l imi t ing cur ren t  density,  o~ the e lec t rode  
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Fig. ]. Polarization curves for an electrolyte containing 100 9/I 
H2SO4, 10 mg/I Ag+; Pt electrode (0 .476 cm ~ area) for various rota- 
tional velocities at 23~ 

r o t a t i o n a l  v e l o c i t y ,  a n d  v t h e  k i n e m a t i c  v i s c o s i t y  of  t h e  
so lu t i on .  

F i g u r e  2 s h o w s  t h e  s t r a i g h t  l ine  p lo t s  of  iL/CAg VS. O~ ~ re- 
s u l t i n g  f r o m  s i m i l a r  e x p e r i m e n t s  u s i n g  v a r i o u s  o t h e r  
s u p p o r t i n g  e l ec t ro ly tes .  E x t r a p o l a t i o n s  of  t h e  l ines  pa s s  
t h r o u g h  t h e  o r i g i n  w h i c h  i n d i c a t e s  t h a t  t h e  p r o c e s s  is 
d i f f u s i o n  c o n t r o l l e d .  T h e  d i f f u s i o n  c o e f f i c i e n t s  ca l cu -  
l a t ed  for  s i lve r  f r o m  t h e s e  s t r a i g h t  l ines  a re  p r e s e n t e d  in  
T a b l e  I. T h e  r e s u l t s  a re  in  f a i r ly  g o o d  a g r e e m e n t  w i t h  
v a l u e s  r e p o r t e d  in  t h e  l i t e r a t u r e  (3, 5-14), t h e  v a r i a t i o n s  
p r o b a b l y  r e s u l t i n g  f r o m  d i f f e r e n c e s  in  t h e  s u p p o r t i n g  
e l e c t r o l y t e  a n d  t h e  i o n i c  s t r e n g t h  of  t h e  s o l u t i o n  u s e d .  
T h e  r e s u l t s  r e p o r t e d  b y  E t t e l  (3) a t  r o o m  t e m p e r a t u r e  
w e r e  m u c h  l o w e r  t h a n  t h o s e  o b t a i n e d  in  t h i s  s tudy .  T h e  
l ow  v a l u e s  a re  t h o u g h t  to  b e  d u e  to s o m e  i n h i b i t i o n  to  
d e p o s i t i o n .  Also ,  o n l y  l i m i t e d  t e s t i n g  w a s  c o n d u c t e d  a t  
t h e  l o w e r  t e m p e r a t u r e  s i n c e  t h e  e l e v a t e d  t e m p e r a t u r e s  
w e r e  of  p r i m a r y  i n t e r e s t  in  h i s  a p p l i c a t i o n s .  

Tes t s  w e r e  a lso m a d e  a t  d i f f e r e n t  Ag + c o n t e n t s  (10, 15, 
50, a n d  100 mg/1 Ag +) in  a s u p p o r t i n g  e l ec t r o l y t e  of  100 g/1 
H~SO4 a n d  25 g/1 Cu ~+. T h e  DAg+ v a l u e s  c a l c u l a t e d  r a n g e d  
b e t w e e n  11.4 a n d  12.2 • 10 -6 cm2/s. T h e s e  t e s t s  s h o w e d  
t h a t  t h e  Ag + c o n c e n t r a t i o n  d i d  n o t  a p p r e c i a b l y  a f fec t  t h e  
m e a s u r e d  d i f f u s i o n  coeff ic ient .  

F i g u r e  3 s h o w s  t h a t  a t  c o n s t a n t  a n g u l a r  v e l o c i t y  t h e  
l i m i t i n g  c u r r e n t  d e n s i t y  is  p r o p o r t i o n a l  to  t h e  A g  + con -  
c e n t r a t i o n .  T h e  d i f f u s i o n  c o e f f i c i e n t  for  Ag  +, c a l c u l a t e d  
f r o m  t h e  s lope ,  is 12.7 x 10 -0 cm2/s, a v a l u e  s i m i l a r  to  t h e  
o n e s  s h o w n  in  T a b l e  I. T h e  A g  + d i f f u s i o n  c o e f f i c i e n t  is 
a l so  c a l c u l a t e d  b y  f i n d i n g  t h e  l i m i t i n g  c u r r e n t  d e n s i t y  
u s i n g  F a r a d a y ' s  law. A n  e x a m p l e  of  t h e  r e s u l t s  o b t a i n e d  
w h e n  o n l y  s i lve r  is p l a t e d  at  c o n s t a n t  v o l t a g e  ( - 0 . 2 V  vs. 
Hg/Hg2SO4),  a n d  w h e n  Ag a n d  Cu  a re  p l a t e d  s i m u l t a n e -  
o u s l y  a t  a f ixed  c u r r e n t  d e n s i t y  of  35 m A / c m  2 or  
p o t e n t i o s t a t i c a l l y  a t  - 0 . 4 5 V  vs.  Hg/Hg2SO4, a re  g i v e n  in  
Fig.  4. T h e  DAg+ f o u n d  s h o w s  good  a g r e e m e n t  w i t h  t h e  re- 
s u l t s  o b t a i n e d  u s i n g  t h e  p o l a r i z a t i o n  t e c h n i q u e .  T h e  
c o d e p o s i t i o n  of  s i l v e r  a n d  c o p p e r  d i d  n o t  a f f e c t  t h e  ex-  

2 0  ] I i ! 

�9 10 g/I  KNO 3 
�9 ioo  ~ s o ,  

. :  100 ii " +25 g/I Cu 2§ 

4 

0 I i L i 
0 4 12 2 0  

i/2 .1/2 
( A n g u l a r  v e l o c i t y )  ( r a d / s )  

Fig. 2. Levich plot for various supporting electrolytes containing 
Ag+; Ag electrode at 25~ 
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Fig. 3. Levich plot at a constant angular velocity of 400  rpm for 100 
g/I H2SO4, 25 g/I Cu2+; Pt electrode at 23~ 

p e r i m e n t a l l y  m e a s u r e d  v a l u e  o f  DA~+; t h i s  is n o t  t h e  ca se  
w h e n  t h e  t e m p e r a t u r e  was  r a i s e d  to 55~ as wi l l  b e  
s h o w n  later .  

Table I. Comparison of diffusion coefficients of Ag + ions 

DA,+ • 10 ~ Temperature 
Electrolyte Ag § concentration (cm2/s) (~ Reference 

0.1M KNO~ 25 ppm a 17.3 25 Present work 
2.0M KNO~ 40 ppm 12.6 23 Present work 
1.0M H2SO4 15 ppm 13.2 23 Present work 
0.4M Cu, 1M H2SO4 25 ppm 12.2 23 Present work 
0.4M Cu, 1M H2SO4 10 ppm 4.3 25 (3) 
0.05M H2SO4 5 ppm 16.0 25 (5) 
6.1M KNO~ 539 ppm b 16.9 25 (6) 
Aqueous solution 16.6 25 (7) 
0.2M KNO3 2.2 to 80.6 ppm h 14.2 25 (8) 

Ag § from Ag2SO4. 
b Ag§ from AgNO3. 
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Fig. 4. DAg+ values from electrolyte containing 100 g/I H2504, 25 g/I 
Cu 2+, 10 mg/I Ag+; Pt electrode, at 23~ (vs. Hg/Hg2SOJ200 g/I H2504 
reference electrode). 

S u b s t r a t e  e f f e c t . - - T h e  s u b s t r a t e  u s e d  in  m a k i n g  t h e  
l i m i t i n g  c u r r e n t  m e a s u r e m e n t s  for  t h e  t r a c e r  ion  d i d  
i n f l u e n c e  t h e  v a l u e s .  S i n c e  r e l a t i v e l y  s m a l l  c u r r e n t s  a re  
i n v o l v e d ,  a n y  r e s i d u a l  c u r r e n t  d u e  to s i de  r e a c t i o n s  
c o u l d  c a u s e  s u b s t a n t i a l  e r r o r  a n d  a l so  p r o b l e m s  w i t h  
r e p r o d u c i b i l i t y .  

O x y g e n  r e d u c t i o n  c u r r e n t s  are  a p r o b l e m  on  p l a t i n u m  
a n d  s t a i n l e s s  s tee l ,  b u t  t h e s e  c o u l d  b e  e l i m i n a t e d  b y  
s p a r g i n g  t h e  e l e c t r o l y t e  w i t h  n i t r o g e n .  G l a s s y  c a r b o n  
w o r k e d  s a t i s f a c t o r i l y  in i t i a l ly ,  b u t  w i t h  t ime ,  d e p o s i t  
r o u g h e n i n g  o c c u r r e d  w h i c h  c a u s e d  v a r i a t i o n s  in  resu l t s .  
A s i l v e r  e l e c t r o d e ,  or  p l a t i n u m  or  s t a i n l e s s  s t e e l  e lec-  
t r o d e s  p l a t e d  w i t h  a t h i n  l a y e r  of  s i l v e r  p e r f o r m e d  t h e  
bes t ,  as  t h e  o x y g e n  r e d u c t i o n  r e a c t i o n  is n o t  o b s e r v e d .  

Effect  o f  Cu 2+ concentrat ion  on DAg+.--The p r e s e n c e  of  
c o p p e r  ions  in  t h e  s o l u t i o n  c a u s e s  a s h o r t e n i n g  of  t h e  po- 
t e n t i a l  r a n g e  in  w h i c h  t h e  s i l v e r  l i m i t i n g  c u r r e n t  is ob~ 
s e rved ,  as i n d i c a t e d  b y  t h e  o n s e t  of  a c u r r e n t  i n c r e a s e  at  
a m o r e  a n o d i c  po t en t i a l .  T h e  speci f ic  p o t e n t i a l  a t  w h i c h  
t h e  c u r r e n t  i n c r e a s e  o c c u r s  is a f u n c t i o n  of  t h e  c o p p e r  
c o n c e n t r a t i o n  a n d  t h e  t e m p e r a t u r e ;  t h e  l a t t e r  wil l  b e  ex-  
p l a i n e d  l a t e r .  F i g u r e  5 s h o w s  t h e  e f f e c t  o b t a i n e d  w h e n  
t h e  Cu 2+ c o n c e n t r a t i o n  is i n c r e a s e d .  
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r  
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I,,,, 
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2 S g / I  C 2+ 
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- 0 . 2  - 0 . 3  - 0 . 4  

P o t e n t i a l  ( v o l t s )  -vs- H g I H g 2 S O  4 

Fig. 5. Effect of Cu 2+ concentration on the Ag limiting current pla- 
teau for a 100 g/I H2504, 20 mg/I Ag + solution at 23~ 

Table II. Silver mass-transfer coefficient and diffusion layer 
thickness for a 100 g/I H2504, 25 g/I Cu ~+, and 15 mg/I A9 + solution, 

DAg+ = 12.2 x 10 8 cm~/s, v = 0 .0117 cm2/s at 23~ 

oY 2 iJC Ag+ kAg+ SAg+ 
rpm (rad/s) 1/2 (A cm/g) (cm/s) (~m) 

400 6.4721 4.200 0.00470 26.1 
900 9.7081 6.200 0.00693 17.7 

1600 12.9442 8.200 0.00917 13.4 
2500 16.1802 10.200 0.01140 10.7 

Electrode radius = 0.564 cm. 

A c c o r d i n g  to M a t t s s o n  a n d  B o c k r i s  (15), c o p p e r  depo -  
s i t i o n  f r o m  a p u r i f i e d  ac id  s u l f a t e  s o l u t i o n  is a t w o - s t e p  
r e a c t i o n  w i t h  t h e  c u p r i c  to  c u p r o u s  s t e p  b e i n g  ra t e -  
d e t e r m i n i n g  (Cu2+/Cu +, E ~ = - 0 . 5 1 V  vs. Hg/Hg2SO4). F o r  
a v e r y  low Cu § c o n c e n t r a t i o n  ( a s s u m i n g  10 .6 M), t h e  t a k e  
of f  p o i n t  s h o w n  in  Fig.  5 for  2 g/1 Cu  2+ c o n c e n t r a t i o n  
c o u l d  b e  d u e  to t h i s  s u r f a c e  r e a c t i o n  ( m e t a l l i c  c o p p e r  
wi l l  d e p o s i t  on  t h e  e l e c t r o d e  a t  a m o r e  n e g a t i v e  p o t e n -  
t ial :  - 0 . 4 0 V  vs. Hg/Hg~SO4 for  2 g/1 Cu ~+ at  23~ 

L e v i c h  p l o t s  for  Ag  § in  s o l u t i o n  c o n t a i n i n g  v a r i o u s  
C u  ~+ c o n c e n t r a t i o n s  a t  23~ i n d i c a t e  t h a t  a n  i n c r e a s e  in  
C u  2+ c o n c e n t r a t i o n  p r o d u c e s  a s l i g h t  d e c r e a s e  in  DAg+ 
f r o m  13.2 • 10 -6, w h e n  no  Cu ~+ is p r e s e n t ,  to  10.9 • 10 .6 
for  40 g/1 Cu 2+ p r e s e n t .  I t  h a s  no t  b e e n  d e t e r m i n e d  if  t h e  
ion ic  s t r e n g t h  of  t h e  s o l u t i o n  or t h e  Cu  ~§ ion  is t h e  m o s t  
i n f l u e n t i a l  on  t h e  d i f f u s i o n  coef f ic ien t .  

U s i n g  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  Ag § d i f f u s i o n  
coef f ic ien t ,  t h e  Ag  § m a s s - t r a n s f e r  coe f f i c i en t  a n d  t h e  dif-  
f u s i o n  l aye r  t h i c k n e s s  c an  b e  c a l c u l a t e d  f r o m  Eq.  [2] a n d  
t h e  r e l a t i o n s h i p  

~Ag+ = DAg+/kAg+ [4] 

T a b l e  II  s h o w s  t h e  r e su l t s  c a l c u l a t e d  for  a 100 g/1 H2SO4 
a n d  25 g/1 Cu  2§ s o l u t i o n  a t  23~ DAg+ = 12.2 x 10 ~ cm2/s, 
a n d  v = 0.0117 cm2/s. T h e  h i g h e s t  R e y n o l d s  n u m b e r  esti-  
m a t e d  for  2500 r p m  is 34,960, a n d  it is b e l o w  t h e  l i m i t  for  
o~ g o v e r n e d  b y  t h e  o n s e t  of  t u r b u l e n t  f low w h i c h ,  for  a 
w e l l - c e n t e r e d  e l e c t r o d e ,  o c c u r s  a t  a b o u t  (16) ReCr = 2 x 
105. T h i s  i n d i c a t e s  t h a t  Eq.  [3] is a p p l i c a b l e  in  t h e  f low re- 
g i m e  i n v e s t i g a t e d .  

T h e  kcu2+ is c a l c u l a t e d  f r o m  t h e  kAg+ t r a c e r  d a t a  u s i n g  
Eq.  [1] w i t h  Dc,2+ b e i n g  d e t e r m i n e d  f r o m  t h e  e x p r e s s i o n  
(13, 17) 

Dcu2+. ,~oc = 47 • 10-8/(5.0 + F) [5] 

r is  t h e  ion ic  s t r e n g t h .  F o r  a 100 g/t H2SO4, 25 g/1 Cu 2+ so- 
l u t i o n ,  Dcu2+ is 4.88 • 10 -8 cm2/s a n d  DAg+ is 12.2 • 10 -6 
cm2/s. A t  400 r p m ,  kAg+ = 0.00470 cm/s  as g i v e n  in  T a b l e  II  
a n d  u s i n g  t h e s e  v a l u e s  for  s o l v i n g  Eq.  [1] g ives  kco2+ = 
0.00254 cm/s.  

T e m p e r a t u r e  e f f e c t . - - A s  t h e  t e m p e r a t u r e  is i n c r e a s e d  
for  s o l u t i o n s  c o n t a i n i n g  coppe r ,  t h e  o n s e t  of  a c u r r e n t  in- 
c r e a s e  is a t  m o r e  p o s i t i v e  p o t e n t i a l s  a n d  m a y  re f l ec t  a 
p o s s i b l e  t e m p e r a t u r e  e n h a n c e m e n t  of  t h e  c u p r i c  to  cu-  
p r o u s  r e a c t i o n .  To m e a s u r e  t h e  Ag  § l i m i t i n g  c u r r e n t  
a b o v e  30~ it  was  n e c e s s a r y  to i n c r e a s e  t h e  s i l v e r  con -  
c e n t r a t i o n  in  o r d e r  to  s h i f t  t h e  i n i t i a l  d e p o s i t i o n  p o t e n -  
t ia l  to  a m o r e  p o s i t i v e  v a l u e  of  t h e  Ag/Ag  + c o u p l e  a n d  to  
f a c i l i t a t e  t h e  m e a s u r e m e n t  of  iL b y  l e n g t h e n i n g  a n d  
s t a b i l i z i n g  t h e  l i m i t i n g  c u r r e n t  p l a t eau .  

A t  55~ se t s  of  v o l t a m m o g r a m s  w e r e  o b t a i n e d  a t  dif-  
f e r e n t  s i lve r  c o n t e n t s  ( f rom 25 to 100 rag/l)  in  s u p p o r t i n g  
e l e c t r o l y t e s  of  100 g/1 H2SO4 a n d  25 g/1 Cu 2+. T h e  DAg+ 
v a l u e s  c a l c u l a t e d  f r o m  Fig. 6 r a n g e d  b e t w e e n  19.1 • 10 -6 
a n d  21.4 • 10 4 cm2/s. T h e s e  r e s u l t s  a re  in  g o o d  agree -  
m e n t  w i t h  t h e  e l e v a t e d  t e m p e r a t u r e  v a l u e s  r e p o y t e d  pre-  
v i o u s l y  b y  E t t e l  (3). 

A t  c o n s t a n t  a n g u l a r  ve loc i t y  of  t h e  d i sk  e l ec t rode ,  t he  
d i r e c t  p r o p o r t i o n a l i t y  b e t w e e n  iL a n d  CAg+ was  o b s e r v e d  
w h e n  t h e  s i lve r  c o n c e n t r a t i o n  was  i n c r e a s e d  g r a d u a l l y  in  
a 100 g/1 H2SO4, 25 g/1 Cu 2+ e l e c t r o l y t e  at  55~ T h e  DA~+ 
v a l u e  o b t a i n e d  f r o m  t h e  s l o p e  w a s  s i m i l a r  to  t h e  a b o v e  
re su l t .  
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Fig. 6. Effect of Ag + concentration on DAg+ for 100 g/I H2SO4, 25 g/I 
Cu2+; Pt electrode at 55~ 

V e r i f i c a t i o n  of  t h e  v o l t a m m e t r i c  r e s u l t s  a t  55~ w e r e  
a l so  m a d e  b y  c h e m i c a l l y  a n a l y z i n g  t h e  s i l v e r  d e p o s i t  as 
m e n t i o n e d  p r ev ious ly .  W h e n  on ly  s i lve r  was  p l a t i n g  a t  a 
c o n s t a n t  p o t e n t i a l  b u t  u s i n g  d i f f e r e n t  r o t a t i o n a l  speeds ,  
t h e  DAg+ v a l u e  o b t a i n e d  was  in  good  a g r e e m e n t  w i t h  t h e  
o n e s  c a l c u l a t e d  u s i n g  t h e  p o l a r i z a t i o n  t e c h n i q u e .  H o w -  
eve r ,  w h e n  t h e  e l e c t r o c h e m i c a l  c o n d i t i o n s  w e r e  s h i f t e d  
to a r e g i o n  in  w h i c h  s i lve r  a n d  c o p p e r  p l a t e d  s i m u l t a n e -  
o u s l y  a t  - 0 . 3 7 V  a n d  - 0 . 4 5 V  vs. Hg/Hg2SO4 or  
g a l v a n o s t a t i c a l l y  at  35 m A / c m  2, t h e  DAg+ v a l u e s  w e r e  
n e a r l y  t w o  to t h r e e  t i m e s  g r e a t e r  t h a n  o b t a i n e d  w h e n  
o n l y  s i l v e r  w a s  d e p o s i t e d .  I n i t i a l l y ,  i t  w a s  t h o u g h t  t h a t  
t h e  e n h a n c e d  Ag r e m o v a l  c o u l d  b e  d u e  to a n  a rea  e f fec t  
r e s u l t i n g  f r o m  a r o u g h  or d e n d r i t i c  c o p p e r  sur face .  But ,  
i n  o t h e r  e x p e r i m e n t s ,  t h e  e l e c t r o d e  was  p o t e n t i o s t a t e d  a t  
v a l u e s  s l i gh t ly  m o r e  p o s i t i v e  a n d  n e g a t i v e  t h a n  t h e  cop-  
p e r  d e p o s i t i o n  p o t e n t i a l  ( - 0 . 3 3 V  vs. Hg/Hg2SO4 for  25 g/1 
Cu  ~+ a t  55~ a n d  t h e  d e p o s i t  was  t h e n  c h e m i c a l l y  ana -  
lyzed .  T h e  r e s u l t s  s h o w e d  a m u c h  h i g h e r  s i l v e r  e x t r a c -  
t i o n  t h a n  e x p e c t e d  in  b o t h  cases ,  t h e  c a l c u l a t e d  DA~+ be-  
i n g  s ix  t i m e s  g r e a t e r  t h a n  t h a t  o b t a i n e d  f r o m  l i m i t i n g  
c u r r e n t  m e a s u r e m e n t s .  U l t i m a t e l y ,  in  s e e k i n g  o t h e r  ex-  
p l a n a t i o n s  for  t h e  o b s e r v a t i o n ,  a n  S E M - E D X  a n a l y s i s  of  
t h e  e l e c t r o d e  s u r f a c e  was  m a d e  a n d  r e v e a l e d  t h a t  t h e  
s i lve r  h a d  also d e p o s i t e d  on  t h e  n o n w o r k i n g  a rea  (Fig. 7) 
w h e n e v e r  a l a rge r  t h a n  e x p e c t e d  DAg+ was  o b t a i n e d .  O n e  
p o s s i b l e  c a u s e  for  t h e  s i l v e r  d e p o s i t  w a s  t h o u g h t  to  b e  
t h e  r e s u l t  of  a r e d o x  r e a c t i o n  of  t h e  t y p e  

Ag + + Cu +-*  Ag + Cu ~+ 

T h e  r e a c t i o n  was  a p p a r e n t l y  l e s s  p r e v a l e n t  a t  r o o m  
t e m p e r a t u r e ,  a n d  so t h e  p h e n o m e n o n  was  n o t  o b s e r v e d  
u n t i l  t h e  h i g h e r  t e m p e r a t u r e  tes ts .  

T h e  e x p l a n a t i o n  also s e e m e d  r e a s o n a b l e  in  l i g h t  of  pre-  
v i o u s  s t u d i e s  (3) w h e r e  i t  was  n o t e d  t h a t  t h e  c o d e p o s i t i o n  
t e c h n i q u e  g a v e  r e l i a b l e  a n d  r e p r o d u c i b l e  r e s u l t s  for  
e l e c t r o w i n n i n g  s o l u t i o n s ,  b u t  t h e  d a t a  w e r e  v e r y  i n c o n -  
s i s t e n t  for  e l e c t r o r e f i n i n g  so lu t i ons .  P a r t i c u l a r  d i f f i cu l ty  
was  n o t e d  in m a i n t a i n i n g  a p r o p e r  m a s s  b a l a n c e  b e t w e e n  
b u l k  s i l v e r  c o n t e n t  a n d  t h e  d e p o s i t e d  s i l v e r  c o n c e n t r a -  
t i o n  in  t h e  e l e c t r o r e f i n i n g  mode .  T h e  l a t t e r  m i g h t  b e  ex-  
p l a i n e d  b y  t h e  a p p a r e n t  i n f l u e n c e  of  Cu  + o n  c a u s i n g  
s i l v e r  r e d u c t i o n  b y  s p o n t a n e o u s  r e a c t i o n  in  s o l u t i o n .  

Fig. 7. Photomicrograph showing the Cu and Ag deposit in the work- 
ing and nonworking area of a Pt electrode plated at a constant poten- 
tial of -0.4V vs. Hg/Hg2S04/200 g/I H2SO4 at 55~ 

T h e  Cu  § w o u l d  r e m a i n  v e r y  l o w  in  a n  e l e c t r o w i n n i n g  
e l e c t r o l y t e  b e c a u s e  of  t h e  Fe  3+ a n d / o r  02 p r e s e n t .  H o w -  
ever ,  in  t h e  a b s e n c e  of  t h e s e  ox id ize r s ,  as w o u l d  o c c u r  in  
e l e c t r o r e f i n i n g ,  t h e  Cu + w o u l d  i n c r e a s e  a n d  c o u l d  s p o n -  
t a n e o u s l y  r e a c t  w i t h  t h e  Ag § 

Conclusions 
T h e  cyc l i c  v o l t a m m e t r i c  t e c h n i q u e  for  m e a s u r i n g  t h e  

l i m i t i n g  c u r r e n t  of  a t r a c e r  ion  m o r e  n o b l e  t h a n  t h e  b u l k  
m e t a l  c a t i o n ,  u s i n g  a R D E  s y s t e m ,  is a c o n v e n i e n t  a n d  
r a p i d  m e a n s  for  o b t a i n i n g  q u a n t i t a t i v e  d a t a  o n  
d i f f u s i v i t i e s .  T h e  u t i l i z a t i o n  of  a s i l v e r  i o n  t r a c e r  for  a 
l a m i n a r  f low r e g i m e  u n d e r  f o r c e d  c o n v e c t i o n  a l l o w s  us  
to  c a l c u l a t e  t h e  m a s s - t r a n s f e r  c o e f f i c i e n t  for  c o p p e r .  
S i l v e r  a n d  p l a t i n u m  w o r k i n g  e l e c t r o d e s  g ive  b e t t e r  re- 
s u l t s  t h a n  s t a i n l e s s  s t ee l  a n d  g l a s s y  c a r b o n ;  a n d  
i n c r e a s i n g  Cu 2+ c o n c e n t r a t i o n  p r o d u c e s  a s l i g h t  d e c r e a s e  
in  DAg+. 

T h e  e l e c t r o c h e m i c a l  m e t h o d  e m p l o y i n g  Ag  + is con-  
f i r m e d  b y  c h e m i c a l l y  a n a l y z i n g  t h e  t r a c e r  ion  p l a t e d  gal- 
v a n o s t a t i c a l l y  or  p o t e n t i o s t a t i c a l l y .  Al l  g ive  r e p r o d u c i -  
b l e  r e s u l t s  w h i c h  a re  in  g o o d  a g r e e m e n t  w i t h  o t h e r  
r e p o r t e d  v a l u e s  in  t h e  l i t e r a tu re .  Care  m u s t  be  e x e r c i s e d  
w h e n  p l a t i n g  b o t h  ions  at  h i g h  t e m p e r a t u r e  d u e  to s o m e  
p o s s i b l e  r e d o x  r e a c t i o n  in  t h e  n o n w o r k i n g  a r e a  of  t h e  
e l ec t rode .  

A d d i t i o n a l  r e f i n e m e n t  of  t h e  t e c h n i q u e  a n d  i n - d e p t h  
r e s e a r c h  is n e e d e d  to m o r e  c lea r ly  de f ine  t h e  l i m i t a t i o n s  
of  t h e  t e c h n i q u e  w h e n  u s e d  for  m e t a l  d e p o s i t i o n  eva lua -  
t i o n s  w h e r e  a d d i t i v e s  a re  p r e s e n t .  
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ABSTRACT 

In this paper, the mathemat ical  model ing in three dimensions of the local current  density distr ibution on a planar 
cathode is analyzed by using potential theory and Green's theorem for a uniform Wagner polarization parameter, k~, and a 
uniform exchange current density on the cathode surface. The resultant Fredholm integral equations of the second kind 
are solved numerically by computer. Both large and small kr are considered. The ratio of the local current density to the 
average value is computer  plotted in three dimensions for different k,. values and positions on the electrode. The results 
are in accord with the trends in current density established by Wagner based on a similar two-dimensional analysis. Cor- 
ner effects and variations along the edge are predicted from the three-dimensional analysis. 

Curren t  densi ty  d is t r ibut ion  is a major  factor in the 
successful e lectrodeposi t ion of metals and alloys as well 
as in o ther  e lec t rode  processes  such as ca thodic  protec- 
t ion and e lec t ropol ishing.  Wagner (1), using potent ia l  
theory and Green's  theorem, has previously presented a 
genera l  two-d imens iona l  mode l  of current  d is t r ibut ion  
in e lec t ro ly t ic  cells based on a l inear  po ten t ia l -cur ren t  
approach.  In the present  paper, which  is a more  com- 
plete  descr ip t ion  of earl ier  work  (2), this approach  is 
used in a three-dimensional  analysis of the current  distri- 
but ion on a planar cathode. 

Because  the local cur ren t  dens i ty  is closely related to 
the polar izat ion behavior  of  the e lect rode,  Wagner 's  po- 
larization parameter  is used for obtaining the solution of 
the resul tan t  in tegral  equa t ion  of the local current  den- 
sity. Hence,  the slope of  the polar izat ion curve,  specific 
electrical conductivity,  and certain linear dimensions de- 
te rmine  the current  distribution, as explained by numer- 
ous authors  (1-6). Impl ic i t  in this s t a tement  are the as- 
sumpt ions  that  the e lec t rode  surface is homogeneous  
and is suppor t ing  only the react ion of interest .  Other- 
wise, other considerations arise such as a variable slope 
of the polar izat ion curve  (7) or a var iable  exchange  cur- 
rent  densi ty (8-10). 

A l though  the mode l  is based on a l inear  relat ion be- 
tween  cur ren t  densi ty  and potential ,  it is appl icable  to 
nonl inear  sections of the polarization curve, being more 
accurate the closer the approach to linearity. Some indi- 
cation of the applicabili ty of the model  is available in the 
resul ts  of  o ther  researchers  (11) who calcula ted the cur- 
rent  d i s t r ibu t ion  for the Tafel region using an integral  
equa t ion  based on Tafel polar izat ion kinetics,  and com- 
pared the resul t ing  current  d is t r ibut ion  with that  pre- 
d ic ted  by the Wagner integral  equat ion.  The two calcu- 
lated d is t r ibut ions  were  essent ia l ly  identical .  A similar  
appl ica t ion  of  the l inear mode l  to a nonl inear  region of 
the  polar izat ion curve  has been  shown by N e w m a n  
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(12, 13), who also calculated similar current  distr ibutions 
for the Tafel region using the integral  equa t ion  of 
Wagner (1) and the integral equat ion of Gnusin et al. (11). 

Thus, the Wagner model ing approach has general util- 
ity, being applicable in the Tafel and other nonlinear  re- 
gions of  the polar izat ion curve. Its genera l i ty  also ex- 
tends  to nonplanar  e lec t rodes  of var ious  shapes (1), an 
impor t an t  cons idera t ion  in commerc ia l  e lec t rop la t ing  
and other  processes.  It appl ica t ion is great ly  faci l i ta ted 
by use of a computer  to accomplish the numerical  analy- 
sis for obta in ing  the solut ions of the integral  equa t ions  
and for obtaining the current  distr ibution plots. Solut ion 
of  the th ree -d imens iona l  analysis provides ,  for the first 
time, the current  distr ibution at corners for planar cath- 
odes and the trends in current  density for nonplanar  sur- 
faces at other three-dimensional  features. 

Mathematical Analysis 
In this analysis of cur ren t  d i s t r ibu t ion  on a planar  

cathode,  the Laplace  equat ions  are solved by means  of 
potential  theory (14-17), and using also Green 's  theorem 
(15-18) the resul tant  F redho lm integral  equa t ions  of the 
second kind are solved numer ica l ly  usi/ lg a compu te r  
(18-21). Both large and small  polar izat ions are consid-  
ered. The ratio of  local cur ren t  dens i ty  to the average  
value is computer  plotted for different Wagner polariza- 
t ion parameters  and positions on the electrode. Al though 
the par t icular  e lementa ry  solut ion of the Laplace  equa- 
t ion used in this paper  is d i f ferent  from that  used by 
Wagner, the charging density solution for the two dimen- 
sional analysis is the same, and the resul ts  obta ined by 
numer ica l  in tegra t ion  using a compu te r  give val id i ty  to 
Wagner 's  two-dimensional  analysis. This analysis is pre- 
sented in the Appendix.  In what  follows, the mathemat-  
ical mode l ing  of the th ree -d imens iona l  p rob lem using 
the approach  deve loped  for two dimensions ,  provides  
the cur ren t  d is t r ibut ion  on planar  surfaces,  inc lud ing  
along the edges and at the corners. 

Four  assumptions are made in the analysis: (i) uniform 
specific electrical conduct ivi ty  in the electrolytic cell, (ii) 
the slope of the polarization curve in a narrow range does 
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