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A Quantitative Study of Desorption in the Zinc(I1)-Thiocyanate System 
R. A. Osteryoung and J. H. Christie 

North American Aviation Science Canter, Thousand Oaks, California, 91360 

Chronocoulometric studies had indicated that Zn(II), adsorbed at the 
Hg-solution interface in thiocyanate solutions, desorbs. as the potential 
from which the experiment is initiated is made progressively more cathodic. 
As it was recognized that this "desorption effect" could have An appreciable 
effect on adsorption studies as carried out, for instance, by chronopotentio- 
metric means, an effort was made to study this desorption quantitatively. 

The amount of Zn(I1) adsorbed in thiocyanate solutions decreases rather 
linearly as the initial potential in a chronocouloeetric experiment is made 

1 more cathodic, until, at about -850 mV E. SCE, there is no adsorbed Zn(I1). 
2 Biased chronopotentiometric measurements yield qualitatively similar results. 

An initial potential can therefore be chosen at which a large amountofZn(I1) 
is adsorbed and complete desorption can he obtained just prior to the Zn(I1) 
reduction wave (at about -1.0 V). 

an oxidant 0 is adsorbed to the extent of r eoles/cm 
stepped to a potential E , at which the species 0 daaorb8. Only 0 is ini- 
tially present in the solution and E is such that no-faradaic current flows. 
We assume that the desorption is instantaneous and is complete. After atime, 
i, the potential is atepped to E2, at which the reaction 

takes place at ita diffusion limited rate.3 
t > a  is given by 1 

Chronocouloeetry. An electrode, at an initial sotential, E at whjch 
or nFr couPkbe/cm , is 

O + n e - d  (1) 

The charge-time behavior for 

where ICo is the bulk concentration of 0 and Aq 
charging the double layer from E 
electrochemical significance. 
in Figure la. If a = 0, Equation 2 redu e to the familiar chronocoulometric 
equation for the presence of adaorption. 

is the charge consumed in 
to E2. The o?ger symbols have their usu81 

Tge E-t function and a Q-t response are shown 

B ,e 

Qualitatively, the longer the time, a, that the el ctrode potential is at E l ,  
the greater the curvature in a plot of Q x .  (t-a) . 

Chronopotentiometry. An electrode, biased at E , at which the species 0 
is adsorbed, has impresaed on it a constant current gensity, i . 
assumed that desorption takes place linearly with time in the aouble layer 
charging region, that desorption is complete prior to any faradaic reaction 
occurring, and that the faradaic reaction starts immediately upon completion 
of the desorption. (Only one chronopotentiometric wave is obaerved.) The 
resulting i - 7  behavior is given by 

a 
It is 

(4) 
where 5 is the length of tire taken for desorption and 7 is the time from the 
start of the experiment to the transition time. If we identify 2 with the 
time spent in the double layer charging region, thon a << T and Equ8tion 4 
become8 

i T = harpm 'CJT + HnPr ( 5 )  
0 

This equation is the same, except fof the factor of % in the second term On 
the right, as that derived by Lorenz for the case in which a constapt frac- 
tion of the applied current is consumed by reaction of the adsorbed speciesr 
the "conatant current efficiency" model. 
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Sweep-Step Chronocoulometry. A p o t e n t i a l  sweep i s a p p l i e d  from p o t e n t i a l  

Eo t o  E l l  f o l l o w e d b y a  s t e p  from E T h i s r o u t i r y w a s  p r e v i o u s l y  u s e d  
t o  d e m o n s t r a t e  t h e  e x i s t e n c e  o f  t h e  d e s o r p t i o n  e f f e c t .  Weassume t h a t  t h e  
d e s o r p t i o n  t a k e s  p l a c e  l i n e a r l y  w i t h  p o t e n t i a l  (or t i m e )  i n t h e  r e g i o n  E -E 
and t h a t  t h e  d e s o r p t i o n  i s  j u s t  c o m p l e t e  a t  E when t h e  s t e p  t o E 2  is appyiea .  
The Q-t b e h a v i o r  is t h e n  g i v e n  by 

t o  E2. 
1 

1 

where 5 i s . t h e  sweep t i m e  from E t o  E . The E-t f u n c t i o n  and a 4- t  r e s p o n s e  
are shown i n  F i g u r e  I b .  
metric Equat ion  3. 

0 I f  5 is zero: E q u a t i o n  6 becomes t h e  chronocoulo-  

Exper imenta l  
P o t e n t i a l  s t e p  c h r o n o c o u l o m e t r i c  measurements w e r e  c a r r i e d  o u t  w i t h  t h e  : mult i -channel  a n a l y z e r  d a t a  a c q u i s i t i o n  sys tem p r e v i o u s l y  d e s c r i b e d . 6  Eo for 

' as -1400 m V z .  
? SCE. 

\\ 

1 mated t h e  r e l a t i v e  e r r o r  i n  t h e  t r a n s i t i o n  t i m e  d e t e r m i n a t i o n  t o  b e  f 5$. 

4 

' 

' 

t h e s e e x p e r i m e n t s w a s  chosen as -300 mV, El as -900 mV,  and E 

The c h r o n o p o t e n t i o m e t r i c  d a t a  were a n a l y z e d  a c c o r d i n g  t o  t h e  "reacts 
f i r s t , "  t h e l l c o n s t a n t  c u r r e n t  e f f i c i e n c y , "  t h e  "reacts last" ( L o r e n z )  , and t 
t h e  " e q u i l i b r i u m - l i n e a r  isotherrp" models  u s i n g  t h e  weighted  l e a s t - s q u a r e s  
p r o c e d u r e  d e s c r i b e d  by Lingane.  For t h e  purpose  o f  t h i s  a n a l y s i s ,  w e e s t i -  

The 
a n a l y s i s  a c c o r d i n g  t o  t h e  " r e a c t s  l a s t "  model f a i l e d  t o  converge .  

The p o t e n t i a l  sweep-s tep  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  u s i n g  a n  updated  
v e r s i o n  of  a mul t i -purpose  e l e c t r o c h e m i c a l  ins t rument .8  The i n i t i a l  poten-  
t i a l ,  Eo, w a s  a g a i n  chosen  t o  be  -300 mV. 
t h a t  the  sweep w a s  h a l t e d  when a p r e s e t  p o t e n t i a l  (-900 m V )  w a s r e a c h e d a n d  a 
s t e p  t o  -1400 mV was t h e n a p p l i e d  t o  t h e  e l e c t r o d e .  S w e e p r a t e s o f  10 t o  100 
v o l t s / s e c o n d  were used .  The data w e r e  r e c o r d e d o n  t h e  multi-channel analyzer. 

d i s t i l l e d  w a t e r .  

d r o p  e l e c t r o d e  w a s  used.  The e l e c t r o d e  a r e a  w a s  0.032 c m  . A l l  p o t e n t i a l s  
w e r e  measured,  and are r e p o r t e d ,  w i t h  r e s p e c t  t o  t h e  s a t u r a t e d  c a l o m e l  
e l e c t r o d e  (SCE). 

The i n s t r u m e n t  w a s  a d j u s t e d  so 

A l l  s o l u t i o n s  were p r e p a r e d  from r e a g e n t  g r a d e  materials u s i n g  t r i p l y  

A commercial ly  a v a i l a b l e  (Brinkman I n s t r u m e n t s ,  1nc .a  hanging  mercury 

R e s u l t s  
The v a l u e s  of  n F r ,  D , a n d  Aq e s t i m a t e d  by f i t t i n g  t h e  e x p e r i m e n t a l  

c h r o n o c o u l o m e t r i c  d a t a  t o  g q u a t i o n  %:'are shown i n  T a b l e  1. The r e s u l t s  seem 
' t o  b e  l i t t l e  a f f e c t e d  by v a r i a t i o n  i n  t h e  d e l a y  t i m e ,  5. T h e v a l u e s o f  t h e  

d i t  u a i  n c o e f f i c i e n t  are smaller t h a n  t h e  i n f i n i t e  d i l u t i o n  v a l u e  of  7.2 x , 10 cm /sec,  but  t h e y  a r e  t h e  same as t h e  d i f f u s i o n  c o e f f i c i a n t o f C d ( I 1 )  i n  
one formal  s u p p o r t i n g  e l e c t r o l y t e .  The i n f i n i  e d ' l u t i o n  v a l u e  f o r  t h e  d i f -  

\ f u s i o n  c o e f f i c i e n t  of Cd(1I)  i s  a lso 7.2 x 10 cm /sec. 
The v a  u e s  of  nFT shown in T a b l e  1 are i n  good agreement  w i t h  t h e  v a l u e  ' o f  31 wC/cml de te rmined  i n  t h e  same s o l u t i o n  by double  p o t e n t i a l  s t e p  chrono-  

coulometry .  
The v a l u e s  of & s own in T a b l e  1 are i n  good agreement  w i t h  t h e  

-6 9 
-8  h 

a 
B 

~ t lblankl l  v a l u e  o f  4 3  p y c m  measured i n  t h e  a b s e n c e  o f  Z n ( I I )  and  w i t h  t h e  
d e t e r m i n e d  by double  p o t e n t i a l  s t e p  chronocoulometry. '  

1:' 
v a l u e  o f  31 pC/cm 
f u r t h e r  check on hO2 may be made by u s i n g  t h e  r e l a t i o n s h i p  

S i n c e  no f a r a d a i c  c u r r e n t  f l o w s  a t  E 1 l  69 

E , a c h r o n o c o u l o m e t r i c  p l o t  ( Q  z.t ) f o r  a p o t e n t i a l  s t e p  from E 

c m  , r e s p e c t i v e l y )  i s  i n  good agreement  w i t h  t h e  v a l u e s  o f  Aq shown i n  
T a b l e  1. 

A 

(7) 
h 0 2  = 0901 + h 1 2  

w i l l  be  t h e  s t e p  change  i n c h a r g e  
' when t h e  p o t e n t i a l  i s  s t e p p e d  from E & t o  e:; s i n c e  Z n ( I 1 )  is n o t  a d s o r b e d  a t  
,, t o  E2 

1 wf 1 have an i n t e r c e p t  Aq12. The sum o f  t h e s e  two v a l u e s  (25.3 a n a  9.3 pC/ 

02 
4 
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P l g u r o  2 mhowm plo t .  of Q '. ( t - a )  
(Tho doublo layor c h a r g i n g  c o n t r i b u t i o n  ham boon romorod by m u b t r a c t i n g  t h o  
a p p r o p r i a t o  r a l u o  of & from t h o  data  for a l l  oxporimontm. S i n c e ,  for a 
g l v o n  r a l u o  of ( t - a ) ,  l & m  of t h o  domorbod u t o r i a l  i m  recovorod  t h o  longor 
i t  had t o  d i f fumo away from t h o  o l o c t r o d o ,  t h o r o  is a downward t r o n d  am t h o  
d o l a y  t l m o ,  a, 1s lncroamod. 

data w i t h  t h o  prodlc t ionm of S q u a t i o n  6 wam mado. I n  o r d o r  t o  mhow tho 
c r p u l m o n  am cloarly am pommiblo, t h o  q u a n t i t y  p l o t t o d  warn t h o v a l u o o f  t h e  
t o r i  10 Bqur) ios  6 duo t o  t h o  domorbod u t o r i a l ,  d r ( l  + ( 2 / m ) [ J ? ?  - ( t / a )  ala- m]). 
t h o  ra r loum valuom of 2. 
d a t a  by s u b t r a c t i n g  & and t h o  r a l u o  of Q ( t )  ( a t  t - t - a )  f o r  a d l r o c t  
mtop from -900 to  -1c081mV from t h o  corrompoadlag r a l u o  of Q ( t  > a) for t h o  
mvoop-mtop C o l b l M t i O n .  

e H for ra r ioum dolay  timom a t  -900 mV. 

I 
A mlmilar comparlmon of t h o  ospor imonta l  mwoop-mtop chronocoulomotr ic  

Tho cumom woro e a l c u l a t o d  uming m = 33 yC/cr and 
Tho polntm woro c a l c u l a t o d  from t h o  oxporimontal  

h 0 1  

h 8 m  of tho dosorbod matorial i m  r o c o v u o d ,  for a g l r o n  r a l u o  of ( t - a ) ,  t h o  
l u g o r  t h o  r a l u o  of =. 
tho r o m l t m  of t h o  mnalymim of t h o  data a c c o r d i n g  t o  t h o  r u l o u m  chrono- 
potomt lomotr ic  modols. 

Agroomont botvoom tboory  and u p o r i m o n t  w a m  good. 
Tho c h r o s o p o t o n t l a o t r i c  romultm aro g l v o n  ira T a b l e  3 which p r e o e a t o  

,Y v 
Di8comsion 

Tho aood f l t  of t h o  chronocoulomotr lc  d a t a  t o  Kauat ion 2 ( c f .  Tablo 1) 
imdica tom-tha t  t h o  domorpt ion i 8  r a p i d  and  18 comploto whom t h o  p o t o n t l a l  l m  
8topp.d  t o  -Po0 mV. Thim warn oxprc tod  mlnco admorpt ioa o q u i l i b r i u m  is 
g o n u a 1 1 y  a t t a i s o d  at t h o  d i f f u m i o a  l i m i t 0 6  rat. m d  no Za(I1) l m  admorbod 
at o q u i l i b r l u m  a t  -900 mV. 

Tho ammumptioa of a l l n u r  domorption botwoon -300 and -900 mV i n  t h o  
mwoop-mtop o x p a i m m t m  wam lomm roll oboyod. Norortholomm, t h o  f a c t  t h a t  
t h o  u p . r i m o n t a 1  data i m  p r o d l c t o d  m o d - q u a n t i t a t l r o l y  by Bquat lon  6 
indicator t h a t  t h o  domorpt ion i m  a p p r o x l u t o l y  l l n o a r  i n  tlmo. 

c u r r o n t  e ~ f f l c l o n c y ~  modo1 giro. on.-half of t h o  chronocoulomotr ic  valuo for 
nlr, b u t  t h o  data aro n o t  m u f f l c i o n t l y  precimo t o  allow U D  t o  may that t h o  
data f i t 8  thlm modo1 b o t t o r  t h a n  any of t h o  otborm. 

motry for t h o  q u a n t i t a t l r o  mtudy of rdmorpt ion ,  minco i t  both  i l l u m t r a  om 
tho mood for largo amount. of p.ocimo data,  am p o l n t o d  o u t  by Llngano,' and 
i t  domoamtratom t h a t  t h o r o  i m  y o t  bnothor  pommiblo biam, 1 . 0 . ~  domorptlon, 
which noodm to bo commldorod. 

RTOa though t h o  Z n ( I I ) - t h l o c y a n a t o  mymtn  i m  unumual, i n  t h a t  complOt0 
domorpt ioa l m  o b t a l n o d  b o f o r o  t h o  f a r a d a i c  r o a c t l o n  mtartm, domorption, 
or rdmorpt ion,  1s t h o  doublo  layor c h a r g l n g  r e g i o n  N.t a f f o c t ,  t o  a g r o a t o r  
or Iomsor u t o m t ,  t h o  r a l u o  on a?T dotorminod by f i t t i n g  t h o  data to any 
C h r o m o p a t o b t i o ~ o t r i c  a d o 1  r a d  i s r r l i d ~ t o  amy conclumlon about  t h o  
mocbrs imm of t h o  roactloa of t h o  adsorbod u t o r l r l .  Yo aro in accord  w i t h  
Lineu~o'm c o n c l u s i o n  t h a t  chroaopoton iomotry 18 of r o r y  l l m l t o d  r a l u o  for 

f 

' 

t h o  c h r o n o p o t o n t l o m o t r l c  romultm i n  T a b l e  2 mhov t h a t  t h o  "conmtant 

Thim work l m  f u r t h e r  o r i d o n c o  for t h o  u n r o l i a b i l i t y  of chronopotont lo-  , 
' 

, 

t h o  q U U I t i t a t i V 0  mtudy of admorption. + 
S p b o l m  on l i g .  2 and t h o  d o l a y  t i m o m  are: A, 0 (a mingle s t e p  from -300 , 

t o  -1400 mV) ;  0 ,  0.b125 mmoc; 0 ,  6.600 m m e c i  , 52.8 mmoc; , 9, 1 . 0 . 9  

minglo mtop from -900 to  -1100 mV. 



Refer enc ea 
1. R. L. Myers and R. A .  Osteryoung, unpublished experiments, 1966. 
2. J. H. Christie and R. A. Osteryoung, Anal. Chem., 38, 1620 (1966). 
3. J. H. Christie, G. Lauer, and R. A. Osteryoung, J. Electroanal. Chem., 

4. J. H. christie, G. Lauer, R. A. Osteryoung, and F. C. Anson, Anal. Chem., 

5. W .  Lorenz, 2 .  Elektrochem., 2, 730 (1955). 
6. 
7. P .  J. Lingane, Anal. Chem., in press. 
8. 

- 7, 60 (1964). 
- 3 5 1  1979 (1963). 

G. Lauer and R. A. Osteryoung, Anal. Chem., 2, 1137 (1966). 
G. Lauer, H. Schlein, and R. A. Osteryoung, Anal. Chem., 35, 1789 (1963). 

Table 1: Results of Analysis of Chronocoulometric Data According 

1.0 m F  Zn(N0 ) in 0.5 F NaSCN * 0.5 F NaNO 
to Equation 2. 

3 3 2  

Delay Time 

e sec 

0.4125 

i.6500 

3.3000 

6.6000 

13.2000 

26.4000 

52.8000 

6 D x 10 

cm2/sec 

6.2 
6.2 

6.1 

6.2 
6.1 

6.0 

6.4 
6.6 

6.4 

6.3 

6-5 
6.5 

6.3 
6.4 

nF r 
yC/cm2 

32.3 
33.4 
34.3 
35.5 
32.6 
36.2 
34.2 
33.0 
33.6 
33.3 
30.9 
31.9 
27-7 
27.1 

h02 
yC/cm2 

37.5 
37.5 
37.1 
37.2 
35,. 3 
35.1 
35.9 
35-2 
35.9 
35.0 
36.0 
35.5 
34.9 
34.2 

Table 2: Results of Analysis of Chronopotentiometric Data 
According to Various Uodels 

3 1.0 mF Zn(N03)2 in 0.5 F NaSCN 0.5 F NaNO 

Uodel - 
"reacts first" 
"reacts last" 
"constant cur e t 

Ifreacts last" 
( Lor enz 1 

"equi 1 ibrium-1 inear 
isotherm" 

efficiency" faP 

x2/N - 3 6 nF r D x 10 

uC/cm 2 c m  /sec 
2 

28.8 7.6 0.86 
failed to converge 

17.0 7.4 0.76 

8.2 5.6 0.63 

19.8 7.4 0.80 

( a )  Equation 5 predicts fit to "constant current efficiency" model with 
nFr equal to one-half the true value. 




