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A B S T R A C T  

T h e  i n t e r d e p e n d e n c e  of  e l ec t rode  w e t t i n g  a n d  e l ec t rode  co r ros ion  ra te  was  s t u d i e d  for  t h e  i ron  a n o d e  in  a q u e o u s  sul- 
fur ic  ac id  so lu t ions .  T h e  ef fec ts  of  ac id  so lu t i on  c o n c e n t r a t i o n  a n d  sur face -ac t ive  a g e n t s  o n  t h e  c o r r o s i o n  ra t e  a n d  pass ive-  
ac t ive  t r a n s i t i o n  c u r r e n t  osc i l la t ion  a m p l i t u d e  were  m e a s u r e d .  The  re su l t s  s h o w  t h a t  b o t h  a re  d e p e n d e n t  on  t he  e l ec t rode  
wet t ing .  T h e  e l ec t rode  we t t ab i l i t y  is s h o w n  to c h a n g e  as a f u n c t i o n  of  t i m e  w h i c h  re su l t s  in  c o n v e c t i v e  l iqu id  d isp lace-  
m e n t  a r o u n d  t he  e l ec t rode  a n d  o n  va r i ab l e  co r ro s ion  rates .  

Organ ic  s u r f a c t a n t s  are  wide ly  u s e d  as po l i sh ing  a g e n t s  
in  e lec t rop la t ing ,  as co r ros ion  inh ib i to r s ,  a n d  in polarogra-  
phy.  T h e  i nves t i ga t i on  of  s u r f a c t a n t s  on  sol id sur faces  is 
t h u s  i m p o r t a n t  for u n d e r s t a n d i n g  t he  i n t e r ac t i on  m e c h a n -  
i s m s  b e t w e e n  t h e  e lec t ro ly te  a n d  t h e  c o r r o d i n g  m e t a l  sur-  
face. Ini t ial ly,  one  ha s  to c o n s i d e r  t h a t  s u r f a c t a n t s  m a y  
wel l  s t r e n g t h e n  or w e a k e n  t he  p a s s i v a t i n g  layer  of  m e t a l s  
(1). One  of  t h e  m a i n  po in t s  of  d i s c u s s i o n  he re  is t he  n a t u r e  
a n d  s t r u c t u r e  of  t he  p ro t ec t i ve  fi lm f o r m e d  in a q u e o u s  en- 
v i r o n m e n t s  at  t h e  e lec t rode-e lec t ro ly te  in t e r f ace  (2, 3). 
F i l m s  of  r eac t ion  i n t e r m e d i a t e s  and /o r  i n h i b i t o r s  are  
fo rmed .  T h e s e  layers  act  as so-cal led i n t e r p h a s i c  i n h i b i t o r s  
(4) r e t a r d i n g  m a i n l y  t he  m a s s - t r a n s f e r  con t ro l l ed  ca thod i c  
co r ros ion  reac t ion .  

A s e c o n d  p o i n t  to  b e  c o n s i d e r e d  is t he  ef fec t  of  sur-  
f a c t an t  o n  t he  d i s so lu t i on  ra te  of  e l ec t rodes  in  t he  ac t ive  
s ta te  (5). M a n y  s u r f a c t a n t s  are  low m o l e c u l a r  w e i g h t  sub-  
s t ance s  w h i c h  affect  t h e  w e t t i ng  a n d  s p r e a d i n g  b e h a v i o r  of  
l i qu ids  w i t h o u t  n o t i c e a b l y  c h a n g i n g  e i the r  t he  l iqu id  vis-  
cos i ty  or  o the r  so lu te  d i f fus ion  coeff ic ients .  T he  u s e  of  sur-  
f a c t an t s  a l lows  a n  a s s e s s m e n t  of  t h e  re la t ive  c o n t r i b u t i o n s  
of  t h e  d i f fus ion- l imi t ed  r eac t i ons  a n d  of  cap i l l a ry  p h e n o m -  
ena,  as a f fec t ing  t he  i ron  e l ec t rode  d i sso lu t ion .  

S i n c e  s u r f a c t a n t s  m o d i f y  t h e  so l id- l iquid  in te r face ,  w e  
h a v e  d e c i d e d  to e x a m i n e  t h e  i n t e r d e p e n d e n c e  of  e l ec t rode  
we t t ing ,  pass ive -ac t ive  t r a n s i t i o n  po ten t ia l ,  a n d  e lec t ro-  
d i s so lu t i on  rate.  Th i s  was  d o n e  b y  m e a s u r i n g  e l ec t rode  
co r ro s ion  rate,  pass ive -ac t ive  t r a n s i t i o n  c u r r e n t  osc i l la t ion  
a m p l i t u d e ,  a n d  e l ec t rode -e l ec t ro ly te  c o n t a c t  ang les  for  
i ron  e l ec t rodes  in  c o n t a c t  w i t h  a q u e o u s  su l fur ic  ac id  solu- 
t i ons  of  d i f f e ren t  c o n c e n t r a t i o n s .  T he  e l ec t rode  co r ro s ion  
ra t e  was  also m e a s u r e d  in  t he  p r e s e n c e  of  va r ious  
d e t e r g e n t s  in  1M H2SO4 solu t ions .  

Experimental 
Corrosion curren t  m e a s u r e m e n t s . - - V o l t a m m o g r a m s  a n d  

co r ro s ion  ra te  e x p e r i m e n t s  were  p e r f o r m e d  in a n  air  t ight ,  
t w o - c o m p a r t m e n t  glass  cel l  s h o w n  s c h e m a t i c a l l y  in  Fig. 1. 
The  c o u n t e r e l e c t r o d e  c o m p a r t m e n t  was  s e p a r a t e d  f rom 
the  m a i n  c o m p a r t m e n t  b y  a glass  frit. A cy l indr ica l  plat i-  
n u m  gauze  10 • 5 c m  2 was  u s e d  as t h e  c o u n t e r e l e c t r o d e .  A 
s a t u r a t e d  ca lome l  e l ec t rode  (SCE) was  u s e d  as t he  refer-  
e n c e  e lec t rode .  All  po t en t i a l s  a re  r e f e r r ed  to SCE.  T h e  ref- 
e r e n c e  e l ec t rode  was  p l aced  c lose  to t he  w o r k i n g  elec- 
t rode .  T h e  w o r k i n g  e l ec t rodes  we re  p ieces  of  0.15 m m  
d i a m  i ron  wi re  (99.99% p u r e  f rom Carlo  Erba) ,  w a s h e d  w i t h  
m e t h a n o l  a n d  b i -d is t i l led  w a t e r  p r io r  to use,  T he  (fully im- 
m e r s e d )  e l ec t rode  h e i g h t  was  0.1 cm,  p l a c e d  1 c m  b e l o w  
t h e  l iqu id  level.  In  t h e s e  e x p e r i m e n t s ,  t h e r e  was  n o t  any  
i ron-a i r  in ter face .  U l t r a p u r e  a r g o n  (grade  U) f rom Whi te  
M a r t i n s  was  b u b b l e d  t h r o u g h  t he  cell  a t  all t i m e s  e x c e p t  
d u r i n g  t he  co r ros ion  ra te  m e a s u r e m e n t  a n d  v o l t a m m o -  
g r a m  record ing .  Su l fu r i c  ac id  was  f rom Merck.  T h e  follow- 
ing  sur face-ac t ive  s u b s t a n c e s  were  used:  CTAB (ce- 
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t y l t r i m e t h y l a m m o n i u m  b romide ,  H o p k i n  & Will iams);  
T T A B  ( t e t r a d e c y l t r i m e t h y l a m m o n i u m  b r o m i d e ,  S igma) ;  
BDHAC1 ( b e n z y l d i m e t h y l  n - h e x a d e c y l  a m m o n i u m  chlo- 
r ide,  BDH);  SOS ( sod ium octyl-sulfate ,  cou r t e sy  of  Dr. I. 
R o b b  f r o m  U n i l e v e r  Resea rch ,  P o r t  Sun l igh t ) ;  S D S  (so- 
d i u m  dodecy ldu l fa t e ,  Aldr ich) .  The  p o l y a c r y l a m i d e  
s a m p l e  was  CFN-10, a h i g h  MW, n o n i o n i c  p r o d u c t  f rom 
Crosfield.  All  m e a s u r e m e n t s  we re  c o n d u c t e d  at  25~ The  
so lu t i ons  were  b u b b l e d  w i th  u l t r a p u r e  a r g o n  for  30 m i n  
p r io r  to  use.  A i r - fo rmed  ox ide  f i lms on  i ron  wi res  we re  re- 
m o v e d  b y  ca thod i c  po la r i za t ion  at  -0 .50  vs. SCE for  30 m i n  
u n d e r  argon.  Af te r  c leaning ,  a pas s ive  fi lm was  fo rmed ,  by  
m e a n s  of  a po t en t i a l  s tep  f rom - 0 . 5 0 V  to +400 m V  vs. SCE. 
T h e  co r ro s ion  ra tes  were  r e c o r d e d  at  - 150 m V  vs. SCE, ob- 
t a i n e d  b y  m e a n s  of  a po ten t i a l  s tep  f rom 400 m V  vs. SCE;  
t he  p o t e n t i o s t a t  u sed  in th i s  work  ha s  b e e n  d e s c r i b e d  pre-  
v ious ly  (6). The  e l ec t rode  c u r r e n t  was  r e c o r d e d  b y  a Hew-  
l e t t - P a c k a r d  7100 B M  s t r ip  cha r t  r e c o r d e r  a n d  a Hewle t t -  
P a c k a r d  7004 X-Y recorder .  Ca thod i c  s c a n s  were  o b t a i n e d  
for  va r ious  c o n c e n t r a t i o n s  of  H2SO4 so lu t ions ,  to w h i c h  
s u r f a c t a n t s  we re  added .  T h e s e  cu rves  we re  o b t a i n e d  w i t h  
a sweep  ra te  of  - 2  mV/s  s t a r t i ng  at  ca. 400 m V  vs. SCE. 

Contac t  angle  m e a s u r e m e n t s . - - C o n t a c t  ang le  m e a s u r e -  
m e n t s  we re  d o n e  in a n  a i r t igh t  P lex ig las  box ,  as s h o w n  in 
Fig. 2, u n d e r  a pos i t ive  a r g o n  p r e s s u r e  (20 m m  of  water) .  
I n s i d e  th i s  c o m p a r t m e n t  t h e r e  was  a cy l indr ica l  cell  (1) 
w i t h  a d i a m e t e r  of - 5  cm a n d  10 c m  h e i g h t  w h i c h  con-  
t a i n e d  d e a e r a t e d  H2SO4 so lu t ions  as  s h o w n  in  Fig. 2. A 
coi led  p l a t i n u m  wire  was  u s e d  as a c o u n t e r e l e c t r o d e ,  a n d  a 
s a t u r a t e d  ca lome l  e l ec t rode  (SCE) was  t he  r e f e r ence  elec- 
t rode .  T h e  a i r - fo rmed  ox ide  fi lm was r e m o v e d  by  a n  in i t ia l  
e l e c t r o c h e m i c a l  r e d u c t i o n  at  -0 .50V vs. SCE for  10 min .  
Af te r  t h e  ox ide  r e m o v a l  t h e  e l ec t rode  was  r e m o v e d  f rom 
th i s  so lu t ion  a n d  r i n s e d  i n t ens ive ly  w i th  d e a e r a t e d  twice-  

Fig. 1. Air tight two-compartment glass cell with a diameter of - 5  
cm and 15 cm height used for voltammograms and corrosion rate exper- 
iments. 
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Fig. 2. Airtight Plexiglas box containing a cylindrical cell (1) with a 
diameter of - 5  cm end 10 cm height used for removal of oxide formed 
under air; a reservoir (2) for collecting the rinsing solution; and an U- 
shaped cell (3) for contact angle measurements. 

dist i l led water.  After  e lec t rode  r ins ing and optical  observa-  
t ion of  its surface,  the  e lec t rode  was dr ied ins ide  the  box  in 
an a rgon a tmosphe re  for 30 min.  Microscopic  observa t ions  
at the  e lec t rode- l iqu id  interface were  also p e r f o r m e d  us ing 
an Olympus  52-TR-BR s te reoscope  wi th  a m a x i m u m  mag- 
nif icat ion of  160X. 

The  e lec t rode-e lec t ro ly te  contac t  angles  were  m e a s u r e d  
in cell  (3) as s h o w n  in Fig. 2. This  cell  has  been  prev ious ly  
desc r ibed  (6). I t  consis ts  of  a U-shaped  P y r e x  glass cell. At  
one  end  the re  is p l a t inum gauze 10 • 5 cm 2 shaped  into a 
cyl indr ica l  surface  act ing as a countere lec t rode ;  a satu- 
ra ted  ca lomel  e lec t rode  (SCE) acts as the  re ference  elec- 
t rode.  At  the  o ther  end  of  the  U-shaped  cell  a men i scus  is 
f o rmed  and ad jus ted  by m o v i n g  the  l iqu id  at the  first end.  
All  e x p e r i m e n t s  were  p e r f o r m e d  wi th  solut ion deaera ted  
wi th  U-argon  for at least  30 min~ and  at a t e m p e r a t u r e  of  
20~ 

The  con tac t  angle  at the  i ron t ip as a func t ion  of  elec- 
t rode  vol tage  is ob ta ined  via m e a s u r e m e n t s  of  the  l iquid  
in ter face  image  pro jec ted  on a wall, 5m away  f rom the  ap- 
paratus.  The  pro jec t ion  sys tem is ad jus ted  so that  it gives a 
magni f ica t ion  of  100X, resul t ing  in a prec is ion  in the  meas-  
u r e m e n t  of  men i scus  d i sp lacements  of  a round -+ 10 -4 cm. 

Results and Prel iminary Discussion 
Sur fac tan t  effect on current-potentiaL curves.--Iron elec- 

t rode  v o l t a m m o g r a m s  were  ob ta ined  in aqueous  1M 
H2SO4, to wh ich  surfactants  were  added,  in order  to inves-  
t igate  the  pass ive-act ive  t ransi t ion vol tage  region. Cat ionic  
surfactants  have  a drast ic effect  on these  vo l t ammograms ,  
as shown  in Fig. 3. In  the  case of  0.5% TTAB (Fig. 3a), oscil- 
la t ions are suppressed;  on the  o ther  hand,  the  effect  of  
0.25% CTAB is to decrease  osci l la t ion ampl i tude  (Fig. 3b). 
In  the  p resence  of  this surfactant ,  osci l lat ions separa te  two 
ac t ive  regions,  ins tead of  separa t ing  act ive  f rom pass ive  
potent ia l  regions  (compare  to Fig. 3c). I ron  e lect rodes ,  in 
the  p resence  of  bo th  surfactants ,  are still ac t ive  at poten-  
tials wel l  above  280 mV, which  is the  ac t ive-pass ive  transi-  
t ion potent ia l  in aqueous ,  1M H2SO4. 

As the  act ive- to-passive e lec t rode  t ransi t ion is due  to the  
fo rmat ion  of  an iron oxide  layer  at the  e lec t rode  surface,  
we  conc lude  that  cat ionic  de te rgents  des t roy  this coat ing 
or, at  least,  requi re  h igher  potent ia ls  for thei r  format ion.  
Anion ic  and nonionic  de te rgents  have  lit t le effect, on  the  
e lec t rode  v o l t a m m o g r a m s .  

Sur fac tan t  effect on the iron electrode anodic currents at 
constant  voltages.--Iron elec t rodes  were  ca thodica l ly  de- 
ox id ized  and polar ized at -150  m V  vs. SCE. The  cur ren t  
was  m e a s u r e d  as a func t ion  of  t ime:  it decreases  slowly, as 
desc r ibed  in Fig. 4a. When t h e  same p rocedure  is fo l lowed 
bu t  de te rgen t s  are added  to 1M H2SO4 solution,  a d i f ferent  
behav io r  is obse rved  (Fig. 4a, b): (i) initial anodic  cur rents  
are  lower  (3-4 mA, as compared  to 11 mA), in the  p resence  
of  var ious  detergents ,  and  show litt le d e p e n d e n c e  on the  
d e t e r g e n t  type  used;  (ii) anodic  cur ren ts  t e n d  to increase,  
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Fig. 3. Voltammograms of Fe in IM H2$04 aqueous solutions at 
25%; scanning initiated at 500 mV vs. SCE with a sweep rate of 2.0 
mV/s; (a, top) 0.5% TTAB; (b, center) 0.25% CTAB; (c, bottom) no 
detergent added. 

in the  first minu tes  of  react ion;  (iii) anodic  cur ren t  vs. t ime  
curves  d e p e n d  on the  de te rgen t  concent ra t ion .  F igure  5 
shows  a plot  of  the  d issolu t ion  cur ren t  for var ious  concen-  
t ra t ions  of  CTAB; and (iv) a m a x i m u m  is observed  in elec- 
t rode  cur ren t  vs. de te rgen t  concen t ra t ion  plots, at f ixed re- 
act ion t imes  as shown in Fig. 6, d rawn  f rom data in Fig. 4 
for t = 2 min.  

These  resul ts  (i-iv) clearly indicate  that  the  act ive i ron 
anode  cur ren t  is affected by de te rgents  in a c o m p l e x  way. 
Dec reased  cur ren t  at zero t ime  is due  to surfactants  ad- 
sorb ing  at the  e lectrode:  this should  decrease  the  meta l  ex- 
posed  area, thus  decreas ing  the  react ion rate. As the  reac- 
t ion proceeds ,  its rate depends  on the  rate of  reac tant  and 
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Fig. 4, Electrodissolution current for iron electrode polarized at 150  
mV vs. SCE in 1M H2S04 aqueous solutions and for various surfactants. 

p r o d u c t s  m o v e m e n t ,  to a n d  f rom t he  e l ec t rode-e lec t ro ly te  
in te r fac ia l  region.  We shal l  c o m e  b a c k  to t h i s  poin t ,  a f te r  
e x a m i n i n g  s o m e  o t h e r  resul ts .  

S u r f a c t a n t  ef fect  on curren t  sp ike  a m p l i t u d e . - - D e t e r -  
g e n t s  also af fec t  t he  c u r r e n t  sp ike  a m p l i t u d e  at  t he  act ive-  
pa s s ive  t r a n s i t i o n  vol tage.  T he  va r i a t i on  of  t h e  first  c u r r e n t  
osc i l l a t ion  p e a k  h e i g h t  as a f u n c t i o n  of  s u r f a c t a n t  concen -  
t r a t i o n  for  T T A B  is p l o t t ed  in  Fig. 7a a n d  for  CTAB in 
Fig. 7b. P e a k  a m p l i t u d e  is a m e a s u r e  of  r eac t i on  e x t e n t  
and ,  ind i rec t ly ,  of  me ta l -e lec t ro ly te  c o n t a c t  area. There -  
fore, we  a s s u m e  t h a t  pos s ib l e  fac tors  d e c r e a s i n g  p e a k  
h e i g h t  are: i n c o m p l e t e  m e t a l  coa t i ng  r emova l ,  d e p l e t i o n  of  
r e a g e n t  (sul fur ic  acid) in  t he  meta l -e lec t ro ly te  in terface ,  ef- 
f ec t i venes s  of  t h e  n e w l y  f o r m e d  ox ide  layer  as a ba r r i e r  a t  
l ow t h i c k n e s s e s .  

Effec t  o f  su l fu r i c  ac id  concen t ra t ion  on iron d i sso lu t ion  
r a t e s . ~ T h e  effects  o b s e r v e d  in t he  p r e s e n c e  of  d e t e r g e n t s  
i n d i c a t e  t h a t  in te r fac ia l  t e n s i o n s  or s t r e s ses  ( cons i de r i ng  
t h a t  one  of  t he  p h a s e s  is a solid) p lay  a n  i m p o r t a n t  role, in  
c u r r e n t  osc i l la t ions  a n d  d i s s o l u t i on  rates .  S i n c e  meta l /  
e l ec t ro ly te /me ta l  (oxide)  coa t ing  in te r fac ia l  t e n s i o n s  
s h o u l d  also be  a f fec ted  by  ac id  concen t r a t i on ,  we h a v e  ex- 
a m i n e d  th i s  ef fec t  on  t he  t i m e - d e p e n d e n t  d i s s o l u t i on  cur-  
r e n t  a m p l i t u d e  at  +150 m V  vs. SCE. T he  ini t ia l  con t ac t  
a rea  (e lec t rode-e lec t ro ly te)  was  4.7 • 10 3 c m  2. T he  re su l t s  
a re  s h o w n  in  Fig. 8. C u r r e n t  a m p l i t u d e  (at f ixed t i m e  t = 0) 
vs. c o n c e n t r a t i o n  c u r v e s  d i sp lay  a m a x i m u m .  F i g u r e  9 
s h o w s  t h a t  i ron  co r ros ion  ra tes  are g rea t e s t  at  i n t e r m e d i a t e  
ac id  c o n c e n t r a t i o n s .  
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Fig. 5. Electrodissolution current for iron electrodes polarized at  150  
rnV vs. SCE in 1M HzS04 aqueous solutions for various concentrations 
of CTAB. 

Effect  o f  su l fur ic  ac id  concen t ra t ion  on the curren t  oscil- 
la t ion  a m p l i t u d e . - - V o l t a m m o g r a m s  were  o b t a i n e d  for  
va r i ous  H2SO4 a q u e o u s  so lu t ion  c o n c e n t r a t i o n s .  F i g u r e  10 
s h o w s  a p lo t  of  a m p l i t u d e s  of  t he  m o s t  a n o d i c  c u r r e n t  
sp ike  o b t a i n e d  in  t h e  v o l t a m m o g r a m s  vs. H2SO4 so lu t ions  
c o n c e n t r a t i o n s .  C u r r e n t  a m p l i t u d e  d e p e n d e n c e  on  con-  
c e n t r a t i o n  s h o w s  t he  s a m e  f u n c t i o n a l  r e la t ions  o b t a i n e d  
for  t h e  co r ros ion  cur ren t .  

Effec t  o f  su l fur i c  ac id  concen t ra t ion  on  electrode wet-  
t i n g . - - I r o n  e l ec t rode  we t t ab i l i t y  was  e v a l u a t e d  b y  m e a s u r -  
ing  c o n t a c t  ang les  b e t w e e n  e lec t rode  a n d  e lec t ro ly te  as a 
f u n c t i o n  of  t i m e  for  va r ious  H2SO4 so lu t i on  c o n c e n t r a -  
t ions .  Ini t ial ly,  t he  ox ide  f o r m e d  u n d e r  air  was  r e m o v e d  b y  
po la r i z ing  t he  e l ec t rodes  at  - 6 0 0  m V  vs. SCE, in a s epa ra t e  
cell. The  r e m o v a l  of  the  ox ide  f o r m e d  u n d e r  air  is impor -  
t a n t  for o b t a i n i n g  t he  con t ac t  ang le  b e t w e e n  ba re  i ron  
m e t a l  a n d  t he  solut ion.  As t he  r eac t i on  goes  on, t he  elec- 
t r o d e  su r face  is b e i n g  c o n s t a n t l y  r enewed .  

T h e  re su l t s  are  s h o w n  in Fig. l l a - e  for  0.1, 0.3, 0.5, 1, a n d  
2M H2SO4 solu t ions ,  respec t ive ly .  T h e  m e a s u r e m e n t s  are 
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Fig. 6. Electrodissolution current for iron polarized at  + ] SO mV vs. 

SCE, 2 min after the reaction onset. 
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Fig. 7. First current oscillation peak height as a function of sur- 
factant concentration in ]M H2S04 aqueous solution, obtained in a ca- 
thodic scan starting at + 5 0 0  mV vs .  SCE with a scanning rote of 2 
mV/s; (a, top) TTAB, (b, bottom) CTAB. 

v e r y  r e p r o d u c i b l e  e x c e p t  for ve ry  h i g h  ac id  c o n c e n t r a t i o n s  
(2M). At  t h e  o n s e t  of  t he  e x p e r i m e n t  (t = 0) we  o b t a i n  t he  
c o n t a c t  ang le  for  t he  b a r e  m e t a l  a n d  t h e  e lec t ro ly te  solu- 
t ions .  As  t h e  r eac t i on  goes  on,. i t  modi f ies  t h e  r eg ion  
a r o u n d  t h e  e l ec t rode  b y  t he  p r e s e n c e  of  t he  r e a c t i o n  p rod-  
uc t s  a n d  c o n s e q u e n t l y  t h e  c o n t a c t  ang le  changes .  T h e  con-  
t a c t  ang l e  c u r v e  was  m o n i t o r e d  u p  to 10 m i n  a f te r  t h e  pro- 
cess  in i t ia t ion .  T h e  m a x i m u m  v a r i a t i o n  of  w e t t ab i l i t y  w i t h  
t i m e  is for  0.5M H2SO4 solut ion.  

Discussion 
P r e v i o u s  w o r k  f rom th i s  g roup  p o i n t e d  to t h e  correla-  

t i o n s  b e t w e e n  e l ec t rode  ac t iv i ty  a n d  e l ec t rode  cove rage  
w i t h  Tef lon  (7), a n d  to e lec t r ica l  a n d  cap i l la ry  p h e n o m e n a  
in t h e  i r o n / a q u e o u s  su l fur ic  ac id  a n o d e  (6); in  th i s  paper ,  
w e  s h o w  t h a t  t h e r e  is an  i n t e r d e p e n d e n c e  b e t w e e n  elec- 
t r o d e  co r ro s ion  ra t e  a n d  e l ec t rode  wet t ing .  

We be l i eve  t h a t  t h e s e  co r re l a t ions  m a y  b e  u n d e r s t o o d ,  i f  
we a c k n o w l e d g e  t h a t  e l ec t rode  r eac t ions  are  in te r fac ia l  re- 
a c t i ons  w h o s e  ra te  d e p e n d s  p r imar i l y  o n  t he  e x t e n t  of  elec- 
t r o d e  me ta l - e l ec t ro ly te  contac t .  R e a g e n t  access  is en-  
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Fig. 8. Electrodissolution current for iron polarized at + 150 mV vs .  

SCE in various sulfuric acid concentrations, as o function of time. 

h a n c e d  b y  fas t  r e ac t i on  p r o d u c t  r e m o v a l  f r o m  t h e  in te r -  
face as th i s  p r e v e n t s  t h e  access  of  f r e sh  reagen t .  Re- 
a g e n t  a n d  p r o d u c t  m a s s  t r a n s f e r  to a n d  f r o m  the  in t e r f ace  
are  i n c r e a s e d  if  any  k i n d  of  c o n v e c t i v e  l iqu id  d i sp lace-  
m e n t  se ts  on  a r o u n d  t he  e lec t rode ,  w h i c h  can  be  c r ea t ed  
b y  in te r fac ia l  t e n s i o n  g r ad i en t s  h~ a c c o r d i n g  to t he  Maran -  
gon i  effect:  t h i s  effect  is t he  ca r ry ing  of  b u l k  ma te r i a l  
t h r o u g h  m o t i o n s  ene rg i zed  by  sur face  t e n s i o n  g r a d i e n t s  
(8). We p lo t t ed  in Fig. 11 t h e  va r i a t i on  of  t he  sur face  ten- 
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Fig. 9. Electrodissolution current for iron polarized at + 150 mV vs .  

SCE in various sulfuric acid concentrations, obtained from Fig. 8 for t = 
0 (reaction onset). ~Y/~I is plotted as a function of sulfuric acid concen- 
trations where A~y = cos (}1 - cos f12; cos ~1 is the electrode wettability 
at the reaction onset, cos 02 is the electrode wettability 1 min after 
(from Fig. 11 ), and ~1 is the solution kinematic viscosity. 
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Fig, 10. Most anodic current spike (obtained in cathodic scans 
starting at + 5 0 0  mV vs.  SCE and a sweeping rate of 2 mV/s) as a func- 
tion of sulfuric acid concentrations. 

s ion  as a f u n c t i o n  o f  sul furic  acid concentra t ion  d iv ided  b y  
the  k i n e m a t i c  v i scos i ty .  This  curve  s h o w s  the  s a m e  func-  
t ional  behav ior  as the  e l ec trocorros ion  current  as a func-  
t ion  o f  sulfuric  acid concentrat ion ,  ind ica t ing  that  h-y is the  
dr iv ing  force  for so l id  and  so lut ion  m a s s  transfer  around 
the  e lec trode .  It is thus  a d e c i s i v e  factor in the  rate o f  the  
corros ion  reaction.  Th e  s a m e  funct iona l  behav ior  is ob- 
ta ined  by  p lot t ing  the  current  sp ike  a m p l i t u d e  as a func-  
t ion  o f  molar i ty  (Fig. 10). 

Interfacial  t e n s i o n  at an i m m e r s e d  e l ec t rode  surface  m a y  
be  n o n u n i f o r m  (and thus  a gradient  m a y  ex i s t )  d u e  to three  
reasons:  e l ec t rode  (chemical ,  morpho log ica l ,  and  electri-  
cal) i n h o m o g e n e i t y ,  e l ec tro ly te  c o m p o s i t i o n  nonuni -  
formi ty  (due  to n o n u n i f o r m  product  a c c u m u l a t i o n  and 
convect ion) ;  and e l ec trode  coat ing  w i th  so l id  or co l lo ida l  
react ion  products .  Interfacial  t e n s i o n  gradients  are thus  to 
be  e x p e c t e d  and s h o u l d  lead to m o v e m e n t  o f  so l id  parti- 
c les  and l iquid,  in the  interfacial  region.  We can eva luate  
t h e s e  gradients  by  o b s e r v i n g  the  contac t  ang le  v s .  t ime  
curves ,  in Fig.  11. T h e s e  curves  refer to bare, c l ean  meta l  
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Fig. 11. Iron electrode sulfuric acid solution contact angles as a func- 
tion of time; (a, top left) 0.1; (b, top right) 0.3; (c, middle left) 0.5; 
(d, middle right) 1 ; (e, left) 2M H2SO 4. 
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surfaces being transformed by contact with reagent. Zero- 
t ime contact angles are 50~ ~ and drop to values below 30 ~ 
in a few minutes. As wetting changes with time, we have to 
acknowledge that it will also change from point to point, at 
the electrode surface, because the extent of reaction and 
the degree of product accumulation at different points 
cannot be the same. Two contiguous regions may thus pre- 
sent differences in 0 amounting to some tens of degrees, 
depending on their actual compositions. 

Now, we should consider the concentration effects. 
Added surfactants or acid will adsorb at the existing solid 
surfaces: both bare metal and reaction products (iron 
oxide, iron sulfate). Extent  of adsorption will depend on 
the nature of the surface and on absorbate concentration. 
In the case of surfactants, we should expect  that high con- 
centrations will lead to saturation or to hemimicelle forma- 
tion, so that the various solid surfaces will have their sur- 
face tension differences covered up. This means that low 
detergent  concentration may both increase or decrease in- 
terfacial tension gradients; high concentrations should de- 
crease them. Liquid circulation around the electrode and 
corrosion rates should vary accordingly, as indeed we 
found in this work. 

Regarding sulfuric acid concentration changes, there is a 
major difference: we should not expect  cover up of solids, 
due to the fact that at least bare patches of metal should 
not be saturated with the reactive acid. Indeed, the corro- 
sion rates vs. acid concentration curve has a maximum, 
but the corrosion rate is still high at the higher acid con- 
centration. 

A major difficulty which is already seen in the process of 
creating a detailed model to evaluate convective liquid dis- 
placement around the electrode is that we need values for 
A~ and thus for interfacial tensions; since we are looking at 
reaction transients, the relevant ~'s are dynamic, not equi- 
l ibrium ones. 

Manuscript submitted April 6, 1987; revised manuscript  
received Feb. 26, 1988. 
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A Mathematical Model for the Electrodeposition of Alloys on a 
Rotating Disk Electrode 
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ABSTRACT 

A general multiple electrode reaction model for electrodeposition of alloys on a rotating disk electrode is presented. 
Included in the model  are mass transport equations with the effect of ionic migration, Butler-Volmer kinetic rate expres- 
sions, and the mole fractions of the individual components  in the solid state. The model  shows that the effect of ionic mi- 
gration is important and that plating variables such as applied potential, pH, and bulk concentration can be included. Two 
examples (Ni-P and Ru-Ni-P) are used to illustrate the predictions of the model. 

One of the less expensive and most popular techniques 
for preparing alloys is electrodeposition (1). Electrodeposi- 
tion from aqueous electrolyte solutions has considerable 
advantages over the other means of production of alloys 
because the technique is relatively easy, technically sim- 
ple, fast and productive, and for certain systems is the only 
method of preparation. Therefore, it is desirable to deter- 
mine the operating conditions under which a certain alloy 
can be made. A mathematical  model  which includes the ef- 
fect of ionic migration is presented here as an aid to do 
this. 

Two purely theoretical cases are presented here as ex- 
amples of how the model may be used. These are the elec- 
trodeposition of Ni-P and Ru-Ni-P. Nickel-phosphorus al- 
loys have received considerable attention (2-10) due to 
their ferromagnetic and metallic properties. The structure 
of Ni-P was investigated by Tya n and Toth (7); they found 
that alloys with a phosphorus composition greater than 
Ni-P0144 appeared to be amorphous. The dependence of the 
amorphous structure on the coritents of the plating bath is 
supported by the work of Okamoto and Fukushima (5) and 
by Vafaei-Makhsoos (6). Analys!s of the data from these ex- 
perimental  studies suggests that a theoretical model  may 
be helpful in determining the o~'erating conditions of a cell 
*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 

to produce such an alloy. The electrochemical reactions 
that are used here for electrodeposition of Ni-P are shown 
in Table I. The chemical species added are assumed to be 
NiSO4, H3PO2. The evolution of hydrogen is included and 
is written as shown because it is the reaction that occurs as 
the potential of  the working electrode is made more and 
more negative. To demonstrate the versatility of the 
model, the electrodeposition of a tertiary system Ru-Ni-P 
is also studied theoretically. The plating bath for this alloy 
contains NiSO4, NiC12, H3PO2, and RuC13. Table II lists the 
electrochemical reactions that are assumed to participate 
in the deposition of Ru-Ni-P. The electrochemical system 
used to model  these processes is that for a rotating disk 
electrode (RDE), which is used because of the simplicity of 
the system and its well-understood hydrodynamics 
( l i ,  i2). 

Table I. Reactions for Ni-P deposition 

Standard electrode 
No. Electrochemical reaction potential, (V) a 

1. Ni 2§ + 2e --* Ni -0.23 
2. H3PO2 + H § + e- --* P + 2H20 -0.51 
3. 2H + + 2e- ~-~ H2 0.00 

aTaken from Ref. (30). 
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