EFFECT OF IODIDE IONS ON THE KINETICS
OF THE DISSOLUTION OF NICKEL IN ACID
ELECTROLYTE SOLUTIONS
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The kinetics of the dissolution of nickel in acid sulfate solutions containing potassium iodide
were studied by means of polarization and adsorption measurements.

We studied the retarding action of iodide ions on the anodic dissolution of nickel in solutions of (1—x)
N K380 + x N HpSOy with various pH values, This action was characterized by a retardation factor Ty
equal to the ratio of the dissolution rates (at each specified potential) before and after introducing traces of
KI, In the same experiments we measured the adsorption of the iodide ions on the nickel surface radiomet-
rically over a wide range of potentials (by reference to the loss ofiodine, indicated by the amount of the ra-
dioisotope I'®! in the solution).

The electrodes, with a visible surface of 25 cm?, were made from nickel of the NO type, rolled into
strip 0.1 mm thick. The methods of initially cleaning the surface of the electrodes and preparing and puri-
fying the solutions were exactly the same as described earlier [1]. Before the measurements the electrodes
were usually subjected to cathodic polarization for an hour. In one series of experiments the measure-
ments started immediately after immersing the electrodes in the solution, All the measurements were
carried out in an atmosphere of purified nitrogen at room temperature (25°),

RESULTS AND DISCUSSION

The addition of KI retards the anodic dissolution of nickel over a wide range of potentials, including
both the region corresponding to an active state of the metal surface and the region of passivation (Figs.1
and 2), Over the same wide potential range iodide ions are adsorbed on the nickel (Iig. 3). The extent of
the observed effects depends greatly on the potential. A displacement of the potential in the positive direc-
tion (away from the stationary value) is accompanied first by a rise and then by a fall in both the adsorption
T"and also the retarding factor of the dissolution process, It is also an important point that the position of
the maximum on the ¢ —I' and ¢ —Tq curves in each case exactly corresponds to the potential represen-
ting the onset of passivation * for nickel in a pure sulfate solution with the same pH. Thus, in the regions
respectively corresponding to the active and passive states of the nickel surface, thel” ions have very differ-
ent effects on the kinetics of the dissolution process. For this reason the effects typifying each of these
regions will be considered individually. .

Region Corresponding to the Active State, For a constant pH and sulfate concentration, the retarding
factor T4 increases with the concentration of KI; this appears as a displacement of the polarization curve
in the direction of positive potentials. However, this kind of displacement only occurs until we reach a cer-
tain particular concentration of KI, roughly equal to 1-10~'N, Further raising the concentration fails to in-
crease the retarding effect any more,

The addition of KI to the sulfate solution also leads to a rise in the slope of the polarization curve,
from 33 to 83 mV, This fact should indicate a rise in Ty with increasing potential. The relation between
these quantities may be expressed by the equation

¢ =a+ nlg Ty (1
where a and u. are constants.

* We are considering the potential corresponding to the first current-density maximum,
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Fig. 1. Anodic polarization Fig. 2, Anodic polarization
- curves obtained for nickel curves obtained for nickel
in solutions: 8) 1,0 N H,SO; in solutions: C) 0,01 N H,SO,
) 10NH,80,+5-10"¢ N +0,99 NK,80,;P) the same
KI, +5:10~8 NKI,

Considering the rise in the adsorption of I” with potential observed in this region (Fig. 3), it would be
natural to suppose that the observed rise in Tq4 was entirely due to the increase in the degree of coverage
of the surface with these ions, However, this supposition is not supported by the results of Fig. 4, in which
the horizontal axis indicates the potential and the vertical indicates the ratio of the degree of retardation to
the adsorption for each specified potential, We see that this ratio, which would remain constant if the suppo-

sition in question were valid, in actual fact rises regularly with potential, reaching a maximum at the pas-
sivation potential,

In order to understand the mechanism responsible for this effect of the iodide ions, it is particularly
important fo consider that, in the presence of these ions, the relation between the velocity of the process
and the pH value changes substantially. For a constant sulfate concentration, the effect of pH on this ve-
locity inpure sulfate solutions only appears at pH > 2,* while in solutions containing 5.10~% N KI it appears .
at pH > 3.2, Any increase in pH above the values indicated increases the velocity of the reaction, the rela-
tionship between these quantities being expressed (in semilogarithmic coordinates) by a straight line, the
slope of which depends substantially on both the method of previously treating the surface of the metal and
also the presence of KI in the solution (Fig.5). For pure sulfate solutions and electrodes not subjected to
preliminary cathodic polarization, this slope is approximately 1.65.1 Preliminary cathodic polarization of

the electrode reduces the slope to 1,36, In the presence of 5-10°% N KI in the solution the slope falls to
0,70,

It follows from these data that, under the conditions envisaged (pH > 2), the inhibiting action (Ty) of the
iodide ions on the anodic dissolution of nickel increases with increasing pH of the solution. Considering
that a rise in pH is accompanied by an appreciable reduction in the adsorption of the iodide ions on the nickel

(Fig. 3), we may conclude that for higher pH a smaller quantity of adsorbed iodide ions has a stronger inhi-
biting action,

A transition from solutions with pH > 2 to solutions with pH < 2 is accompanied by a sharp fall (over
ten times) in the maximum degree of retardation, referred to the same degree of coverage of the surface

* This result agrees excellently with the data of V, I, Kravtsov and Yang-P'ien-Chao [2]. Working with
heat-treated electrolytic nickel and sulfate solutions of the same (1.0 N) concentration, these authors show-
ed that the dependence of the rate of dissolution on pH only started from pH 2.3.

t This result agrees closely with the recently-published data of Heusler [3],accordingto which, in acid sol~
utions of perchlorates; the order of the reaction (nickel dissolution) equals 1,75 with respect to the OH ~ ions,
At the same time, according to the results of Kravtsov and Yang-P'ien-Chao and also Sato and Okamoto [4]
obtained in sulfate solutions, this quantity is close to unity, g




with adsorbed iodide ions ( Fig.4). This difference in the effectiveness

1w 2
10" tons/em of the inhibiting action of the iodide ions in solutions with pH > 2 and

75t ) pH < 2 is evidently associated with the different mechanisms responsible
! for the dissolution of nickel in acid and weakly acidic sulfate solutions
551 : respectively. The observed dependence of the rate of dissolution on pH
| naturally leads to the conclusion that, in weakly acidic solutions (pH > 2)
S5t ! the process involves the direct participation of OH ™ ions. However,
since the volume concentration of OH ions in the pH range under consid-
45t eration is low, we must assume that a dissociative adsorption of HyO
molecules may take place on the surface of the nickel [5]. This kind of
35t ° adsorption is due to the chemical affinity between the surface atoms of
the metal and the oxygen of the water. However, this is not equivalent
2,5t to a discharge of OH-ions, as some authors appear to think [4,6~8],
We may suppose that only a certain proportion (o) of the charge of each
. . ‘ . . adsorbed ion is transferred to the metal, while the remainder (1 -0)
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%, V(n.h.e.) is retained on the surface complex so formed and hence in the compact

part of the double layer.
Fig.3. Adsorption of iodide
ions as a function of poten-

tial in solutions with differ-
ent pH: #)0.4; @) 2.1; 0)2.2.

Considering the foregoing arguments and (to a first approximation)
assuming the independence of ¢ of the potential, the mechanism of the
process may be represented thus:

Ni -+ 11,0 == Ni(OU) LRI | % -+ uoe (2)
Ni(OH) (-4 == Ni(OH), [ -t-ou] 4 ¢ (3)
Ni(OH) Y L Ni011) 2™ - (V — au— 1)e &)
Ni(OI) "™ 4wl == Ni+Y 4 ull,0. (5)

In accordance with the laws of electrochemical kinetics we must write the following for the velocity
of the limiting stage (4)

I t=(t=ayul i~ (V—Gll— 1)ﬁ‘ﬁ -X G
K, [Ni(OH), Juw[——————m, 3t (6)

It follows from the equilibria (2) and (3) that
< {l--0)u - NI
[Ni(OI) L™ " = K [111] oxv(—“((mzj} “e) (7)

Substituting (7) in (6) we obtain:

fou(1 —p)+B(V— 1)+ 1]F }* (8)

i — K. JH+]-%e
i= K;3[H*] (,xp{ T

Qualitatively this equation correctly represents the observed dependence of the rate of dissolution on pH,
However, the equation fails to explain certam leading aspects of the kinetics, in particular the fractional
order of the reaction with respect to H' ions. A satisfactory explanation of this feature may very well be
secured on allowing for the inhomogeneity of the surface of the dissolving solid metal.

It follows from Eq, (8) that the slope (by) of the straight line indicated is a function not only of thetrans-
fer coefficient 8 and the temperature but also of the values of u and . Only in the limiting case, i.e,,
when ¢ =0, will this effect of u and o be absent and will the slope b, have a maximum value,

2.303-RT
=}, Inour case

The ¢ in Egs.(2) to (8) may be calculated from the relation: Fr =T =Nt

ba =33 mV, V=2.00, and u=1,36, Thus we obtain 58/(1,5 +0.680) = 33. Hence ¢ ~0.383.



Tq0" g™ Physically the quantity o should characterize the strength

25 a M: b of the adsorption bond in the transitional complex. Judg-
| ing from available published data, mainly obtained when
" 4o} studying the adsorption of anions on metals, this strength de~
| pends greatly on time [9,10], As a rule, a long time is re~
\ 20 quired for the strength of the adsorption bond to reacha steady
J T value. Hence the value of o and consequently the slope of
—a,'/ o,'o 17;/ 17,'2 —ér 0;0 o;/ y',z the straight line in question should depend substantially on thy
' # V(n.h.e.) rate of taking the polarization measurements, Evidently a
Fig.4. Degree of retardation, reduced cl.w.nge from rapid to slow measurements should be accompa~
to the same degree of coverage (T 'medbyasharp rise in o, and this should appear as a reductian
for solutions of 1N H,SO, + 5:10~% N in the slope of the straight line,
KI with different pH: a) 9) pH 3; ) pH 4; According to many published results and also the results |
b) ~) pH 0.4; ®) pH 2. of our own measurements, this conclusion agrees closely with

experimental observations, both for nickel and for other metx

als. This kind of change in b, clearly cannot be explained by
an increase in the true surface of the metal as the period of measurement increases (attempts have been
made to do this) [2, 11], : '

The mechanism under consideration [(2)to (8)]is clearly not the only one possible, It may nevertheleys
be asserted that in 1.0 N sulfate solutions with pH > 2 the dissolution of nickel is effected predominantly by |
way of chemical-adsorption interaction with water molecules. The action of the iodide ions is evidently as-
sociated with the displacement of reactive Ni (OH)GU—U yu particles from the surface. In the potential ran-
ge considered we can hardly expect dissolution of the nickel involving the participation of I ~ ions, inview of
the increase in Ty with rising [KI]. {

The position changes on passing to acid solutions (pH < 2). The absence of any pH effect in this casc
indicates that the rate of dissolution by the mechanism under consideration becomes lower than that attrib-
utable to other mechanisms. As shown earlier [1], the rate of dissolution of nickel in acid solutions de- {
pends greatly onthe sulfate concentration, We may suppose that in this case the dissolution of the nickel is ‘
affected mainly by way of chemical-adsorption interaction with the SO42 ~“ions. The experimentally observed :
fall in the inhibiting action of iodide ions on passing to acid solutions is evidently associated with the fact
that, on adsorption at low pH, these compete less effectively with the SO,*" than with the OH~ ions.

Passivation Region. The appearance of a sharp maximum (Fig. 4) on the Tg—¢ curves is apparently a
result of the fact that, on reaching a certain potential, the oxygen in the water starts taking part in retarding
the dissolution process, in addition to the iodide ions, The deposition of passivating oxygen is accompanied ;
by a certain slight desorption of iodide ions, as indicated by the weak maximum on the I'— ¢ curves (Fig. 3),
coinciding in potential with the maximum on the Ty—¢ curves. Itisa characteristic feature that these pot~
entials practically coincide with the passivation potential determined from the polarization curve in a pure
sulfate solution with the same pH., This means that the presence of iodide ions in the solution has no effect
on the potential corresponding to the onset of nickel passivation by the oxygen in the water. It is important
to note, however, that in weakly-acidic solutions (pH > 2) the retarding effect of the iodide ions weakens on
further raising the potential, and the rate of nickel dissolution approaches still closer to the values charac~
teristic of pure sulfate solutions., This fall in T4 is not associated with the desorption of the iodide ions.
As indicated by Fig. 3, the adsorption of these ions remains practically constant over quite a wide range of
potentials, lying to the positive side of the potential representing the onset of passivation. It follows from
this that, as the potential increases and the Ni~O bond becomes stronger, the retarding effect passes all
the more to the oxygen. Appreciable (almost complete) desorption of the jodide ions is only found in this
case on approaching the region of stable passivation, It is a characteristic feature that this desorption is
not accompanied by a rise in the rate of dissolution.

A different picture arises in acid solutions. As indicated by Fig. 4b, in this case there is a reduction
in the retarding action of the iodide ions over a very narrow potential range as the potential moves in the
positive direction from Ponset pass,; On the positive side of this, T4 again starts rising and thenfalls sharp-
ly. This rise is evidently associafed with the fact that the presence of iodine in the passivating layer pre-

vents the penetration of SO42 ~ions {which accelerate dissolution in acid sulfate solutions) into this layer.



TABLE 1 On the other hand, the ensuing sharp fall in the retarding effect of the
iodide ions, coinciding in potential with the beginning of the nonpolari-

K :%r;c?;;;m- mV (n.h.e.) zability region, is associated with a sharp rise in the rate of dissolution
- of the nickel.
5.10-¢ +212,5 We see by comparing the curves in Figs. 1,3, and 4 that the onset
1072 T of nonpolarizability and the sharp fall in the retarding action of the I”
1-10-3 -+ 397 ions is accompanied by a considerable increase in the adsorption of these
ions (Fig.3, broken line), However, this effect is only observed if the
~1q¢ adsorption curve is measured slowly; on taking the curve rapidly a
! sharp reduction in the retarding effect is accompanied by an equally
sharp desorption of the iodide ions (continuous line in the same figure).
3t From this we may conclude that the increase in the adsorption observed
7 on slow measurement is due to the sorption of the iodide ions by nickel
#r dissolution products.
st Judging from the results of our own investigations and the data of
other research workers [12,13], the appearance of a region of nonpolar-
e izability, characterized by a sharp rise in the dissolution rate on reach-
! 1 L . ing a certain potential (@), is one of the most important features char-
! 2 I “ pH acterizing the action of iodide ions on the anodic behavior of iron-group
Fig. 5. Rate of dissolution metals, Our experiments show that the value of ¢, depends both on the
of nickel as a function of pH concentration of iodine and on the concentration of sulfate. As indicated
for ¢=-0.025 V in sulfate by Table 1, for constant pH and sulfate concentration (0,4 and 1.0 Nre-
solutions with [SO,*7]= 1 N: spectively), arisein the KI content is accompanied by a systematic dis-
O) without cathodic polariza- placement of ¢ in the positive direction. The relation between these
tion; ©) with previous catho- two quantities may be represented as follows:
dic polarization; @) in the
presence of 5-107% N KI. Go = O0.11g (K1) —K) for K=47-10"¢

A rise in the sulfate concentration for constant pH and KI content has the opposite effect, i. e., it dis~
places ¢g in the negative direction. Visual observations also showed that, at a potential of ¢, the dis-
solution of the nickel was accompanied by pitting corrosion,

The existance of a connection between the sharp rise in the rate of dissolution and the desorption of
iodide ions gives grounds for supposing that this kind of desorption is an intrinsic and necessary condition
for the activation of the surface. However, this condition is not sufficient, since desorption may also be
related to the passivation of the surface, as indicated by the data presented,

We may thus conclude that the desorption of iodide ions only leads to the freeing and depassivation of
individual, microscopic parts of the metal surface, and that the subsequent fate of these regions depends on
the acidity of the solution. In weakly acidic solutions these parts are again passivated quite rapidly by the
oxygen of the water; this leads to less sharply expressed activation, In acid solutions, however, where
this kind of passivation takes place more slowly, pitting is able to develop on the more active parts. The
observed dependence of ¢, on the concentration of the sulfate suggests that the SO42 = ions take a direct
part in the generation, development, and steady-state functioning of the pitting corrosion,

CONCLUSIONS

On the basis of polarization measurements we have studied the kinetics of the anodic dissolution of
nickel in sulfate solutions with various acidities and various KI contents, At the same time we have deter-
mined the adsorption of iodide ions under the same conditions, using the 13 isotope.

The results obtained may be explained on the basis of the chemical-adsorption interaction of the compo-
nents of the solution, and also the possibility that these may transfer some of their charge to the electrode
metal. In this connection, the inhibiting action of the iodide ions may be explained by the face that these
dislodge the activating ions, while the development of a region of nonpolarizability on the electrode may be
explained as being due to the effects of pitting, in the generation and development of which the sulfate ions
play a direct part.,
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