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The Anodic Dissolution of Cadmium 
J. W .  Johnson, E. Deng ,  S. C .  Lai ,  and  W .  J. James  

Departments of Chemical Engineering and Chemistry, The University of Missouri at Rolla, Rolla, Missouri 

ABSTRACT 

The anodic dissolution of cadmium has been studied in aqueous solutions 
containing CI - ,  B r - ,  I - ,  A c - ,  SO4 =, and NO3-  ions. The normal  valence 
( + 2 )  was found in all solutions wi th  the exception of NO3-.  The apparent  
valence (calculated) of cadmium ions in ni t ra te  solutions varied f rom 1.2 to 
2.0 and was found to be a function of NO3- concentration, current  density, 
and temperature .  An anodic dissolution mechanism has been proposed in- 
volving local corrosion and disintegrat ion of the anode which is consistent 
wi th  the exper imenta l  results. 

Since ear ly  in this century,  various invest igators 
have  noted and reported discrepancies in the actual 
and theoret ical  quantit ies of Cd dissolving anodically 
in certain oxidizing electrolytes (pr imar i ly  nitrates)  
(1-3). This phenomenon has also been reported for Mg 
(4,5), Be (6,7), Zn (8,9), A1 (10,11), and Sn (12,13), 
to name a few. 

Several  theories have been proposed to explain the 
behavior.  They are: (a) complex ion (Cd �9 Cd +'~) 
formation, (b) uncommon valence ion (Cd +) fo rma-  
tion, (c) film control, (d) local corrosion, and (e) 
disintegration. The uncommon valence ion theory has 
been widely  accepted, but recent  papers have some- 
what  discounted its validity,  especially as per tains  to 
Be (7), Mg (4,14,15), and Zn (9,16). Exper iments  
carr ied out in this laboratory with amalgamated  
anodes also make it doubtful  that  the theory applies 
to Cd (17). 

This invest igation concerns the anodic dissolution of 
Cd in electrolytes (ca. neutral)  containing various 
anions both with and wi thout  Cd ions present. The 
anions selected show some variat ion in the solubilities 
of their  Cd salts and a considerable var ia t ion in their  
abili ty to complex with  Cd ions. Also, they have been 
associated with studies of the anodic disintegrat ion of 
other  metals  (18-23). I t  was hoped that  some insight 
might  be gained on the processes responsible for the 
low faradaic efficiency. 

E x p e r i m e n t a l  
The Cd anodes were  prepared  f rom ASARCO special 

h igh-pur i ty  (99.999-t-%) rod. All  solutions employed 
analyt ical  grade chemicals and distil led water.  The 
anodes were  fabricated by press-fi t t ing small  ma-  
chined Cd specimens into Teflon holders. A plat inized-  
p la t inum cathode was used. The electrolyses were  
carr ied out in the usual H-cel l  (300 ml  electrolyte  ca- 
pacity) under  an iner t  a tmosphere  (prepurif ied n i t ro-  
gen).  When no Cd ions were  ini t ial ly present in the 
electrolyte,  the Cd dissolved was de termined  by EDTA 
titration. When Cd ions were  present, a direct weight  
loss method  was used. A calomel (1N) reference  elec- 
trode in conjunction with  a salt bridge was used for 
the potential  measurements .  The apparatus and pro-  
cedure have been described (7,9). 

Apparent valence o~ Cd in nitrate electrolytes in the 
absence of Cd+2.--The anodic dissolution of Cd was 
studied in KNO3-K2SO4 solutions at tempera tures  of 
25 ~ 45 ~ and 65~ The NO3- concentrat ion was var ied  
f rom 0 to 1N, while  the total e lect rolyte  concentrat ion 
was held constant at 1N to insure good conductance. 
Apparent  valences were  calculated using the equat ion 

VW 
Vt = ~ [1] 

Wi 

where  V~ is the apparent  valence of the dissolving Cd, 
V normal  valence = 2, W is the calculated weight  of 
Cd lost f rom the anode (determined f rom coulombic 

data) ,  and W~ is the actual weight  of Cd lost f rom the 
anode (determined by t i t rat ion or weight  loss). ~ The 
apparent  valence of the Cd ions as a function of cur-  
rent  density is shown in Fig. la, b, and c for the var i -  
ous temperatures.  It may be noted that  the apparent  
valence is affected by current  density, NO8- concen- 
tration, and temperature .  In these solutions (with the 
exception of 1N K2SO4), a gray film, la ter  shown to 
be a mix ture  of Cd(OH)2 and minute  Cd particles, 
was formed very  rapidly on the anode surface on be-  

~Note also that the apparent valence is the product of the cur- 
rent efficiency of the anode and the normal valence. 

2.C 
, , , 25oC 

1.9 O o -  

1.8 tu 
o 
" '  1.7 ..J 

1.6 
F- 

1.5 

~ 1.4 

(o) 
1.3 , , , , 

0 .04 0.08 O.I 2 0.16 0.20 

i, amp,cm -2 

Fig. la. Apparent valence of cadmium dissolving anodically in 
KNO3-K2SO4 solutions at 2S~ �9 0.01N KNO3-0.99N K2S04,: 
e, 0.03N KNO3-0.97N K2SO4; A ,  0.1N KNOa-0.gN K2SO4; A, 
0.3N KNO3-0.7N K2SO4; [~, 1N KNO~. 

2.0 
45oc 

1.9 

1.8 hi 
(3 

~ 1.6 
I- 
z 
tu 1.5 

~ 1.4 

1.3 
(b) 

0.04 0.08 ),12 
I, amp.cm "2 

Fig. lb. At 45~ Symbols are the same as in Fig. la. 

424 



Vol. 114, No. 5 THE ANODIC DISSOLUTION OF CADMIUM 425 

2.C 
65~ 

1.9 

,,, 1.8 
Z 

1.7 

1.6 
I -  
z 

~ 1.4 

12 (c) 
i i .  ~ i i 

0 0.04 0.08 0.12 
i ,  a m p . c r n  - 2  
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ginning the electrolysis. The film appeared to thicken 
with some darkening as the current  density was in- 
creased. At higher  current  densities, > 0.010 amp �9 
cm -2, small  portions of the film spalled off the surface. 
These portions turned completely whi te  [Cd --> 
Cd(OH)2] wi th in  a few minutes if  a l lowed to remain  
in contact wi th  the electrolyte  or moist air. The ex-  
t reme reactiveness is bel ieved to be due to the small 
size of the metall ic particles. Numerous  at tempts  to 
de termine  quant i ta t ive ly  the amount  of particles 
formed as a function of current  density were  unsuc-  
cessful. However ,  a small  amount  of the spalled gray 
film was collected by rapidly removing  the anolyte 
from the cell during electrolysis, fi l tering with a vac-  
uum filter, and rinsing the film thoroughly with  dry 
acetone. Al though much of the gray color faded dur ing 
this operation, the remainder  was stabilized by the 
acetone rinse. An x - r ay  analysis showed the film to be 
a mix ture  of Cd and Cd(OH)2. Microscopic studies 
showed a Cd(OH)2 mat r ix  with metal l ic  particles 
dispersed throughout.  

Apparent  valence of Cd in various electrolytes in 
the presence of Cd+2. - -Apparent  valence measure-  
ments were  made in CdCI2-KC1, CdBr2-KBr, CdI2-KI, 
CdSO~-K2SO4, Cd(Ac)2-KAc,  and Cd(NOs)2-KNO3 
solutions at 25~ The ionic strength was held constant 
at 1.5. The Cd +2 concentrat ion was var ied  f rom 10 -~ to 
1N" and the current  densi ty f rom 10-8 to 10-1 amp. cm-~. 

2.0 

The normal  valence of two was obtained for Cd in all 
solutions except  those containing NOs- .  F igure  2 shows 
a plot of the apparent  valence vs. current  density for 
these lat ter  solutions. In all the electrolytes, except  
those containing NO~-,  a very  thin, t ight ly adherent,  
brownish-black  film was noted. This was bel ieved to 
be CdO as reported by Huber  (24). In N O s -  solutions, 
a gray film similar to that  ment ioned previously was 
present. 

Polarization studies.--Potentials of the Cd electrode 
were  measured  at 25~ in solutions of CdC12-KC1, 
CdBr.~-KBr, CdI2-KI, Cd(NOs)2-KNOs, CdSO4-K2SO4, 
and Cd(Ac)2-KAc.  The current  density was var ied 
f rom 10 -3 to 10 -1 amp �9 cm -2. The overpotent ials  
were  calculated as the difference between the electrode 
potential  at a given current  density and the rest  po- 
tential  (potential  at zero current  density) in the same 
solution. Very stable potentials were  obtained within  
a few minutes  in all solutions except  those containing 
NOs- .  In NO3-  solutions, the potentials  fluctuated 
widely  at current  densities greater  than 10 -2 amp �9 
cm -2. The fluctuations seemed to be associated wi th  a 
rapid passivation and act ivat ion of the electrode, pos- 
sibly caused by spalling of the gray film from the 
electrode. Rest potentials and Tafel  slopes for the Cd 
electrode in the various electrolytes are shown in 
Table I. The l inear  portions of the curves existed over  
a current  range of approximate ly  one order of mag-  
ni tude (10 -3 to 10-2 amp �9 cm-2) .  Above current  
densities of 10 -2 amp �9 cm -2, the potent ia l  rose 
rapidly,  probably due to IR drop in the reference 
and /o r  passivation of the metal. The potentials were  
not  noticeably affected by stirring. 

Discussion 
The deviat ion from Faraday 's  law of the anodic dis- 

solution of Cd is evident ly  associated with  the nitrate 
ion. Its oxidizing capabil i ty must  be impor tant  as the 
production of ni t r i te  ion in an amount  near ly  equiva-  
lent  to the deviat ion has been reported (8, 17). In this 
study, it alone of the anions present  possessed this 
capability. 

Nitrate  ions are most l ikely reduced at local cathodic 
sites on the Cd surface. That  such sites are active dur-  
ing anodic dissolution is shown by the evolut ion of 
hydrogen that  occurs s imultaneously with such proc- 
esses on certain metals. The conspicuous absence of 
evolved hydrogen during the anodic dissolution is 
probably due to the high hydrogen overpotent ia l  of 
Cd. The apparent  valence in the various electrolytes 

Table I. Rest potentials and Tafels slopes for the cadmium 
electrode in various electrolytes (ionic strength = 1.5) at 25~ 
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Fig. 2. Apparent valence of cadmium dissolving onodicolly in 
Cd(NO3)2-KN03 solutions (ionic strength = ]..5) at 25~ C), | N 
Cd (NO3)2; o, 0.001, 0.01, and 0.1N Cd(SO3)2. 

R e s t  p a t e n -  T a f e l  
E l e c t r o l y t e  t i a l ,  v ( N H S )  s lope ,  v 

0 .001N CdCI~--1,490N K C I  -- 0.599 0.036 
O , O I N  C d C I 2 - 1 . 4 8 5 N  K C I  --  0 . 5 6 0  0 . 0 2 3  
0.1N C d C I 2 - 1 . 3 5 N  K C I  -- 0 .520 0,014 
1N CdCI~ --  0.453 0.038 

0.001N CdBr2 -1 .499N K B r  --  0.609 0.036 
0.01N CdBre-1 .485N K B r  --  0.589 0.036 
0,1N CdBr2-1 .35N K B r  - -0 .557  0.020 
1 .0N CdBr2  - -0 .459  0,031 

0.001N CdI~-I.499N KI --0.687 0.032 
0.01N CdI2-1.485N KI --0.669 0.027 
0.1N Cdb.-1.35N KI --0.631 0.021 
1N Cdls --0.450 0.024 

0.001N CdSO4-0.999N K2SO~ -- 0.539 0.028 
0 .01N CdSO~-0 .987N K_r -- 0.519 0.028 
0 .1N C d S O t - 0 . 8 6 7 N  K~SO4 - -0 .484  0.024 

0 .001N C d ( A c ) s - l . 4 9 9 N  K A c  -- 0.551 0.026 
0.0 I /V C d ( A c ) 2 - 1 . 4 8 5 N  K A c  - -0 .521  0.019 
0 .1N C d ( A c ) 2 - 1 . 3 5 N  K A c  - -0 .529  0.018 
1N C d ( A c ) s  - -0 ,450  0.026 

0 .001N Cd (NOs) ~-1.499N KNO~ -- 0.418 0.065 
0 .01N Cd(NO~)2-1 .485N KNO~ -- 0.399 0,076 
0 .1N C d ( N O z ) ~ - I . 3 5 N  K N O z  --  0 . 3 4 9  0.079 
IN Cd(NOs)2 --0.264 0.060 
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can be readily explained if NOn- acts as a depolarizer.  
In solutions containing no NO3-,  local corrosion can- 
not occur and the normal  valence is observed. When 
NOn- is present,  it removes  hydrogen f rom the local 
cathodes, corrosion proceeds along with  anodic dis- 
solution, and a valence lower than normal  is observed. 
The metall ic particles appearing in the gray surface 
film probably result  f rom a dis integrat ion of the elec-  
trode caused by a combination of local corrosion and 
anodic dissolution. These two processes would under -  
mine and dislodge particles whose format ion is ini-  
t iated by the protection of an area by the local ca- 
thodic (depolarization) reaction. Also, uneven  current  
densities on the electrode surface caused by nonuni-  
form or disrupted surface films would lead to a s imilar  
situation. 

With this concept of the anodic dissolution, a model  
can be described mathemat ica l ly  to give the apparent  
valence of Cd as follows. 

Consider the total ra te  that  Cd is being removed  
f rom the electrode surface as the summat ion of sepa- 
rate rates in a manner  similar to that  proposed by 
Hoey and Cohen (15). For  this case, anodic dissolution, 
local corrosion, and dis integrat ion wil l  be considered. 
Thus 

rt  = r~ 4- rc 4- ra [2] 
but, 

W / W (  = re / r t  = r e / ( r e  4- rc 4- ra) [3] 

and f rom Eq. [1] 

Vi  = 2 r e / ( r e  4- rc 4- ra) [4] 

The rate  of anodic dissolution is proport ional  to the 
current  density in the externa l  circuit  as re la ted by 
Faraday 's  law 

re ---- kei [5] 

The local corrosion ra te  would be a funct ion of sev-  
eral  variables,  among which are the e lect ronegat iv i ty  
of the metal,  the number  of local cathodes (puri ty  and 
metall ic s t ructure) ,  hydrogen ion concentration,  de- 
polarizer (NOn-)  concentration, corrosion potential,  
and the rate  at which local cathodes are uncovered.  
Undoubtedly,  the expulsion of Cd ions f rom the elec- 
trode dur ing the anodic dissolution (passage of cur-  
rent)  ruptures  the protect ive film and exposes the 
metal  underneath.  A greater  rate  of ruptur ing  the 
film (increasing current)  wil l  expose more metal  wi th  
its associated local cathodes and al low local corrosion 
to occur faster, i.e., the rate at which local cathodes 
are uncovered is a function of current  density. This is 
essentially the concept proposed by Robinson and King 
(25) in which the corrosion rate  of a meta l  increases 
wi th  increasing current.  Thus, for  a g iven meta l  speci- 
men 

re ~---kc'i a CONO3 - C I H +  C g c d + 2  [ 6 ]  

If the local corrosion rate  is control led by the de- 
polarization reaction ra ther  than by the deposition of 
H ~ on the local cathodes, then CH+ and C c d + 2  should 
have l i t t le  influence, and 

rc = kc i a C b s o 3  - [7] 

Disintegrat ion was proposed as occurr ing as a conse- 
quence of local corrosion, so as a first approximat ion 

ra = ks '  rc  : ka i a CbNoa - [8] 
therefore  

Vi ~- 2 k e i /  ( ke i  4- kciaCbNo3 - 4- kdiaCbNo3 - ) 
= 2/(1 -t- k ' imCnNOa-)  
: 2 - -  2k ' imCnNoa- + 2 ( k ' i m C " N o a - )  2 -- . . . [9] 

Neglect ing terms with  orders of two or higher  gives 

Vi : 2 -- k 9" CnNO3 - [ 1 0 ]  

which can be convenient ly  tested with  data f rom Fig. 
1 and 2. Log- log  plots of 2 - -  V i  vs.  i and CNoa-- are 
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shown in Fig. 3 and 4. Average  values for m and n 
evaluated f rom the slopes of these plots are 0.49 and 
0.41, respectively.  The lines through the data points in 
the figures have been drawn using these slopes. This 
is seen to correlate  the data ve ry  well. 

The effect of Ccd+2 can be seen by leaving this te rm 
in Eq. [6] and reducing it in the previously described 
manner  to 

V~ ---- 2 - -  k i ~ C n N O 3  - C~Ped+2  [11] 

Figure  5 shows a log-log plot  of (2 - -  V~) C-~ 
vs.  Cca+2 for various constant current  densities. These 
plots are approximate ly  linear,  wi th  a slope p equal  to 
0.005, thus showing that  the effect of Cd +2 is slight. 

The constancy of the exponents  in Eq. [10] and [11] 
with tempera ture  compels the proport ional i ty  constant 
k to account for the tempera ture  var ia t ion of Vi. An 
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Arrhenius  plot was prepared as shown in Fig. 6 
which gave an activation energy of 810 cal and k equal 
to 8.72 exp ( - - 8 1 O / R T ) .  Inasmuch as the k-value  is a 
ratio of rate constants (see Eq. [9]),  this act ivation 
energy should be regarded more as a method of ex- 
pressing a temperature  variat ion ra ther  than as having 
any mechanistic significance. Subst i tu t ing numerica l  
values in Eq. [10] gives 

V~ -~ 2 . 0 0 -  8.72 /0.49 C0.4iNo3_ exp (--406/T) [12] 

which can be used to calculate the apparent  valence of 
Cd ions (or the current  efficiency of the Cd anode).  

Linear  regions were observed in  the overpotential  
vs.  log i plots at cur rent  densities less than  O.01 
amp �9 cm -2. Since the current  efficiencies were ap- 
proximately 100% in all the solutions except NO3-,  the 
slopes can probably be associated with the electro- 
chemical dissolution mechanism. Lake and  Casey (26) 
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Fig. 6. Effect of temperature on the apparent valence of cad- 
mimum (k from Eq. [10]).  

have suggested that Cd dissolves either as the oxide 
or as a complex and that  Cd(OH)2 precipitates when  
solubil i ty limits are reached. This, together with ob- 
servations from these studies, suggests a mechanism as 
follows 

Cd(s) -b H20 (aq) --> Cd(OH) (s) -b H + (aq) -F e [13] 

Cd(OH) (s) -> CdO (s) -t- H + (aq) ~- e [14] 

CdO (s) -}-4 X -  (aq) ~-H20 
-->,CdX4 = (aq) ~ - 2 O H -  (aq) [15a] 

o r  

CdO (s) ~- H20 (aq) -> Cd +2 (aq) -b 2 O H -  (aq) [15b] 

where X -  represents halide ions which are known to 
complex readi ly with Cd +2. For either [15a] or [15b] 
controlling, the theoretical Tafel slope would be 30 
my, approximately equal to that observed. In  ni t ra te  
solutions, the anodic dissolution is accompanied by 
local corrosion and disintegrat ion whose rates are 
varying with current  density. Therefore, the measured 
potentials are probably mixed potentials and do not  
have mechanistic significance. 

Conclusions 
The anodic dissolution of Cd has been studied in 

aqueous solutions containing various cations (K +, 
Cd +2) and anions (CI- ,  B r - ,  I - ,  Ac - ,  SO =, NOs- ) .  
The calculated valence of the Cd ions was the normal  
value ( ~ 2 )  in alI solutions except those containing 
NO3-. In  the lat ter  solutions, the calculated (ap- 
parent)  valence was less than two (anodic efficiency 
less than 100%) and was a funct ion of NO.~- concen- 
tration, current  density, and temperature.  

The low efficiency of the Cd anode in n i t ra te  solu- 
tions is explained in terms of a mechanism in which 
the anodic dissolution is accompanied by local cor- 
rosion and disintegration. The role of NO3- is that of 
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a depolarizer which removes H ~ from local cathodic 
sites on the anode surface. (Cd has a relat ively high 
hydrogen overvoltage and hence hydrogen is not 
evolved.) Momentary  protection of portions o~ the 
anode surface (local cathodic sites, uneven  film forma- 
tion, or film disruption) allows anodic dissolution to 
undermine  and ul t imately  detach metal  particles from 
the surface. These particles are noted in surface films 
on the anode and the phenomenon by which they are 
formed has been termed "anodic disintegration." This 
mechanism leads to a mathemat ical  model which is 
consistent with the exper imental  results. 
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Rate-Controlling Processes in the High-Temperature 
Oxidation of Tantalum 

John Stringer' 
Metal Science Group, Battelle Me~rmrial Institute, Columbus Laboratories, Columbus, Ohio 

ABSTRACT 

The oxidation of t an ta lum in the tempera ture  range 500~176 is approxi-  
mately linear. At atmospheric pressure, the rate constant  increases with tem- 
pera ture  in the tempera ture  range  5000-650 ~ and 800~176 but  decreases 
slightly as the tempera ture  increases from 650 ~ to 800~ The reaction rate 
depends on the square root of the oxygen pressure at low pressures and high 
temperatures,  but  at lower temperatures  the pressure dependence decreases 
as the pressure increases. On the basis of exper imental  evidence in the l i tera-  
ture, it is concluded that in the temperature  range 500~176 the ra te-con-  
troll ing process is a reaction at the interface between the atmosphere and a 
layer  of t an ta lum pentoxide growing adherent ly  on the metal  surface. This 
interface reaction is preceded by an equi l ibr ium adsorption of oxygen on the 
interface, the adsorption taking place with dissociation. In  the tempera ture  
range 800~176 the over-al l  l inear  rate is a consequence of the diffusion- 
controlled growth of adherent  pentoxide to a critical thickness, at which the 
scale fails from the metal. The corollary to this conclusion is that the rate of 
the diffusion process must  be strongly dependent  on the oxygen pressure. 

The oxidation of tanta lum,  and the not-diss imilar  
oxidation of niobium, has been studied extensively for 
both practical and theoretical reasons. The reaction 
kinetics are of considerable interest,  since the depen-  
dence of the reaction rate on both tempera ture  and 
oxygen pressure is unusual .  

After  an ini t ia l  period (a few minutes  at 950~ and 
a few hours at 500~ the reaction rate becomes ap- 
proximately  constant  ( l inear  rate law).  The l inear  
rate constant  increases with tempera ture  from 500 ~ 
to 650~ and from 800 ~ to 950~ but  decreases slightly 
in the temperature  range 650~176 The rate con- 
stant  increases with pressure, the effect decreasing as 
the pressure increases. Increasing the tempera ture  in-  

Presen t  address :  D e p a r t m e n t  of Meta l lu rgy ,  Un ive r s i t y  of L ive r -  
pool,  Liverpool ,  E n g l a n d  

creases the pressure at which the pressure-dependence 
starts to diminish. 

The principal  reaction product is t an ta lum pentoxide, 
Ta2Oj. The oxide grows adher ing to the meta l  surface 
and is formed under  compressive growth stresses. 
Eventua l ly  these cause the scale to fail from the metal  
surface. Growth of adherent  oxide recommences im-  
mediately on the freshly exposed metal  surface, and  
repeti t ion of this process produces a laminated de- 
tached scale. In  addit ion to the pentoxide, platelets of 
a suboxide are formed penet ra t ing  into the metal  from 
the sca le /meta l  interface. Final ly ,  oxygen also dis- 
solves in the metal.  

While the oxidation of n iobium has a n u m b e r  of 
points of s imilari ty to that  of tanta lum,  notably  in the 
tempera ture-  and pressure-dependence of the rate 
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