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ABSTRACT

The iipparent valence of pure zinc dissolving anodically
in 3% KNO 3 was determined as a function of current density,
temperature,

and ultrasonic agitation.

The apparent valence

of zinc dissolving anodically at 240 C at current densities
< 30 ma.cm-

2

is 2.01 t 0.11.

From 3n-40 na tVe valence dimin-

ished and from 42 ma up to about P0 ma cmat about 1.87.

2

It remains constant

The valence is to sore extent a function of

the previous history of sam'1e preparation in that the value
is affected by polishing of the electrode.

Under the influence

of ultrasonic vibrations, the a'narent valence at high current
densities is approximately the Rame as with no ultrasonic vibrations.

In both cases a black fil?

(corrosion product)

saalls off the anode but to i larcer extent with ultrasonics.
At elevated timperatures the apparent valence aaain decreases
with increasing current density and appears to vary as a
function of metal history.
the corrosion product.

Metallic particles are found in

The average size of the particles in-

creases with increasing temperature.

On the basis of the

above, it is consluded that the normal valencey of zinc ions,
V) does not change during anodic dissolution in nitrate
solutions, but the apparent valence of less than 2 arises as

-2-

a consequence of partial disintegration of the anode.

The

dissolution of zinc aggregates outside the electrical circuit
thus accounts for the lower coulombic equivalent.

INTRODUCTION
Whan eithtr zinc or cadmium (having a normal valence of
+2) is dissolved anodically in aqueous neutral salt solutions,
containing nitrate or chlorate ions, the number of coulombs
required to dissolve one gram equivalent of metal is less than
the faradaic weight equivalent, especially at high current densities.

Other metals, beryllium, magnesium,

aluminum, indium,

gallium, thallium, iron and tin also exhibit this phenomenon.
The implication here is that these metals dissolve with a mean
valence lower than the normal oxidation state.
One mechanism which has received wide acceptance is the
concept of the "uncommon valence ion" as proposed by Epelboin
for zinc undergoing anodic dissolution in perchlorate solution.
Later work on zinc, cadmium and other metals by Davidson and
co-workers2-6 has supported this mechanism and attributed the
results to the expulsion of univalent ions.
Another mechanism suggested by Hoey and Cohen 7 proposes
the corrosion rate as film controlled.

The film of hydroxide

or hydrated oxide containing small metallic particles spalls
off the surface.

The small particles are then slowly oxidized

by water or an oxidizing agent.

This film controlled mechan-

ism has received much support from Robinson and King 8,

-3Higgins 9 . Roald and Beck 10113
and Straumanis and co-workers 1 1 1 3

The purpose of this study was to obtain experimental data
for the anodic dissolution of zinc in 3% aqueous KNO 3 as a
function of: 1.

current density, 2.

tvnaperature, and 3.

ultrasonic vibrations, and to establish a mechanism consistent
with the results.

EXPERIMENTAL
The Effect of Current Density
Apparatus.

The apparatus consisted of a 400 ml. cell,

a zinc electrode made of either a polycrystalline bar (99.99%
purity) or of a single crystal (exposed surface nearly parallel
to the basal plane, 99.95% purity),

a sensitive milli a

ter,

a decade type resistance box, dry cells, a knife switch, and
a platinum cathode,

all connecte& in series.

A 'nicro burette

of 10 ml. capacity with 0.02 ml. graduations was used to titrate the zinc content of the electrolyte following electrolysis.
Procedure.
before each run.

The zinc electrodes were polished immediately
Two hundred ml. of a 3% KNO 3 solution was

transferred to the thermostated cell.

A mounted metal anode

and the platinum cathode were then inserted and connected in
series with the external circuit and the circuit closed.

A

timer and millianmeter were used to measure the number of
coulombs passed (checked by a copper coulometer).

After a

sufficient time interval the circuit was broken and the 31ectrodeo removed from the beaker.

Any adhering film or. the anode

-4was remewed by scrubbing with a rubber policeman and the elec-

Two dros of 6 rl HCl were added

trolyte tteated as follows.

and the solution was quantitatively transferred to a volumetric flask whero it was diluted to 500 ml. with distilled water.
Aliquots of 100 ml. volume were withdrawn,

heated to about

900 C, buffered to pH of 10, and titrated with standard disodiwm EDTA using Erichrome Black T as indicator.
Data and results.
24.0 t 0.5

0C

The apparent valence was determined at

over a current density range of 0.5 to 85 ma.cm-2

with a possible error range of t1 percent.

Since the behavior

of polycrystalline and single crystal anodes were apparently
the same at this temperature,

the resulting data were combined

and results are presented graphically in Fig.

1.

At low current densities (< than 30 ma.cm- 2 ) a very thin,
usually spotty, black film was observed on the face of the
anode.

Upon removal from the electrolyte the film turned

grayish• "hite 3fter about five minutes exposure.

Tests at

higher current densities (, 30 ma.cm- 2 ) resulted in a thicker
and continuous black film.

Also a white precipitate was ob-

served directly bilow the vertical electrode.
lysis of the deposit revealou it
On one occasion,

An X-ray ana-

to be ZnO.

four valence measurements were performed

in consecutive order on each zinc electrode.

The zinc anodes

were not polished between runs; the electrodes were merely
transferred

(after cleaninq with distilled 'water) to a fresh

solution and another run started.
in Table 1.

The results are tabulated
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Table 1
Effect of Successive Valence Measurements of Zinc Ions Goinq
into Solution from Zn Anodes (no polishing between runs).
Time
sec.

C.d.
maocm"

Monocrystal 2500

28.40
14.20
14.20
28.40
39.70
19.85
19.85
39.70

,S

le.

Polycrystal

2500
2500
1800
2500
2500
2500
1800

2

Wt. of Zn
Exptl.

(q)
Calcd.

Apparent
valence

0.04234
0.02082
0.02424
0.03209
0.04333
0.02123
0.02562
0.03457

0.04239
0.02117
0.02117
0.03049
0.04239
0.02117
0.02117
0.03049

2.00
2.03
1.75
1.90
1.95
2.00
1.65
1.76

Provided polishing was performed between successive runs,
the reproducibility of apparent valence was better than t0.03.
The Effect of Ultrasonic Vibrations on Aparent Valence of
Zinc Dissolved Anodically in
AMratus.

a 3t KNO

Solution.

The apparatus was ,issentially the same as

previously described except that the 400 ml.

cell was replaced

with an ultrasonic cell of equivalent diameter.
connected to a G.V.
Procedure.
tern as t

fore.

401 Ultrasonic generator.

The procedure followed the same general patUltrasonic vibrations were pasiod through the

r3action cell during the complete test.
centra'

•

The readinqs on the

of the generator corresponded to the maximum vis-

ible agitation in
sound.

The cell was

the nitrate solution and the maximum audible

This energy input occurred at 32,500 kilocycles per

seoad,
"settinq.

mplitude of 10 (maximum possible) and "G" impedance

"-7-.

Data and Results.

The data shoved little

difference from

those found for zinc in t.he absence of ultrasonic vibrations.
The average values for tCe apparent valence of zinc in

30

KNOS are 1.84 1 0.n3 and 1.86 t 0.03 with and without ultrasonics respectively.
During electrolysis accompanied by ultrasonic aqitation
the black film still
became turbid.

formed on the surface and the solution

The gelationous Zn(OH)

2

film generally present

during electrolysis was not present to any large degree.
tho zinc anode was etched slightly with dilute H2 S,0

If

before

a run, the black film spalled from t~he anode surface.

After

about five minutes the solution turned a gray-black murky color
and the electrodes were barely visible.

Upon terminating the

ultrasonic Pgitation the dark particles settled to the bottom.
Upon adding two drops of concentrated HCl to the electrolyte
from which the electrodes had been removed, the solid dissolved and hydrogen gas was evolved.

Titration of solutions

from both etched and non-etched samples gave the same apparent
valence.
A sample of the gray !lack material was collected by
decanting the liquid and filtering the dark matter using dry
acetone as a wash.

Part of the sample turned white during

and after filtering
Portions of the sample were viewed under a microscope
using oil imnersion at 1430 X.

In reflected light,

the grayer

parts of the sanple revealed a multitude of bright metallic
p

-8particles in a matrix of corrosion product.
the particles averaged about 10"cm.

The diameter of

A sample taken from

the darkest part of the material revealed a similar structuzc3
but more metallic particles.

A few large chunks of metal

(about 10"-cm) could be seen floating in the oil.

In trans-

mitted light certain portions of the sample were black or
opaque to light whereas in reflected light the corresponding

portions appeared as bright reflecting particles.
As another means of identification, the darkest parts of
the sediment were subjected to X-ray analysis.
pattern revealed the presence of zinc, ZnO,

The diffraction

and Zn(01l

2.

These results are identical to those found by James and
Stoner.

14

Effect of Temperature on Apparent Valence.
Apparatus and procedure.
similar to previous studies.

The apparatus and procedurc were
The cell was opened to the atmos-

phere and any evaporation which occurred durinq electrolysis
was corrected by addition of water at the same temperature
to the electrolyte.
Data and Pesults.
temperatire is
It

The apparent valence as a function of

shown in Fig.

2.

was speculated that this temperature dependency could

be related to an activation energy by assuming that the overall
rate

vonstant k was proportional to the normal valence less

the ipparent valence.

Accordingly,

an Arrhenius plot of
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lcg(2 minus apparent valence) versus reciprocal temperature
was made as 4]lustrated in Fig. 3.
An activation energy of 4.2 kcal was found from the slope
of the straight line.

At the elevated temperatures an appre-

ciable amount of gray corrosion product containinq larger
particirs than were observed at lower temperatures settled
to thi bottom of the reaction cell.

The electrolyte was de-

canted and a few drops of concentrated HCl were added.

The

material evolved hydrogen.
A sample of this material viewed under the microscope at
1430 X apeared similar to that previously described except
that the number of metallic particles was considerably lower.
The electrolyte contained after the experiments nitrite ions,
the amount of which was proportional to the decrease in apparent
vdlenc:.

DISCUSSION AND CONCLUSIONS

At current densities,

50 to 80 ma.cm- 2 , the apparent valence

of zinc was found to be 1.86 ± 0.01.

This value is in agree-

ment with the results of previous works cited.

2

when the current density dropped below 40 ma.cmstarted increasinq and below 30 ma.cr-

2

"14

However

2

the valence

values clo3e to the

normal oxidation state of two were obtained.
These results are more in accord with the concept of anodic
disintegration since the rate of mass loss duo to anodic breakdown must be a function of instantaneous current density.
On this basis one would expect a decrease in the apparont

15

-11valence with increasing current density possibly to soe
ing value.

Furthermore it

ct-crent densities,

is

limit-

noteworthy that at extremly low

< 10 mat the metal surface was in most cases

completely free of the black surface film.
At room temperature where the current density studies were
made,

there was no difference between monocrystalline and poly-

crystalline zinc within experimental error.

This proves that

the mechanism does not involve the preferential attack of the
electrolyte at grain boundaries to produce chunks of metal,

which is in accord with the small size of the particles observed
by Stoner.

14

An interesting occurrence was the change in apparent valence during four consecutive tests performed without polishing the electrodes.

It would be difficult to apply the con-

cept of "uncommon valence ion" to explain these results.

In

any event the danger of attaching quantitative signific-ance
of deviations from normal valence without strict adherence to
technique is apparent.
The results of the ultrasonic studies proved most interesting.

The black film was formed on the anode surface as

usual but the white gelatinous film of Zn(OH)
out ultrasonics, did not appear.

2,

observed with-

Apparently the gf~latinous

film did not adhere well to the surface under ultrasonic agi-

tation and was largely spalled off.

If the anode surface is

etched prior to electrolysis the spalling is more pronounced,
The flakes which are continuously formed contain many metallic

-1-i

particles originating from disintegration of the zinc anode.
These particles appear very active and are oxidized by nitrate
or water as follows:
Zn° + NOS" + H20 -----. Zn(OH)
Sn0 + 2HI20 N03'" + 2H0

Zn(OW)

2

2

(1)

+ N02-

(2)

+ 211

,H20 + N02-

The last equation accounts for the presence of NO - in
the anolyte.
The similarity of behavior of the anodes in the presence
or absence of ultrasonic agitation suggests the controlling
step of anodic disintegration to be independent of this influence.

In somc way the current density is

the breakdown of the anode.

responsible for

The active particles detached

from the surface of the anode then react with the oxidizing
electrolyte as proposed in equations 1 and 2 forming an oxide
or hydroxide film around the particlcs.

The resulting non-

coducting film effectively insulatcs the unroacted metallic
particles from electrical contact with the electrode thus
accounting for the lower valence.

As the film thickens a com-

bination of compressional stress between the fil'n and an
undefined interface coupled with hydrogen pressure (reaction 2)

cause the film to spall.

The exposed metallic particles are

thus free to undergo further hydrolysis to evolve hydrogen;
those still

protected by inclusion in the hydroxide matrix are

preserved sufficiently long to allow their removal and subsequent observation in a water-free environment.

-13The fact that larger metallic oarticles could be obtained
at higher temperatures together with lowor apparent valences
suggest that the extent of disintegration is

increased.

Alter-

natively the rate at which the particles are attacked at the
surface of the metal might be expected to increase with temperature.

The activation energy of 4.2 kcal suggests a possible

rate determining step of adsorption or some physical process
but this is

only speculative.

The exact mechanism of anodic disintegration is
cidated in this work,

but it

is

not elu-

suggested on the basis of

limited information that certain areas or protrusions i.e.,
active sites, on the surface of the zinc anode adsorb the NO3 "
ion leading to the formation of ZnO as given by:

Zn + N03-

ZnO + •02-

The ZnO could then passivate these points allowing normal
anodic dissolution to remove zinc from Around the point which
eventually would break off.

This mechanism of undermining is

also in accord with the current density effect in that the
adsorption of the "03-

ion would be expected to increase with

the increase of the positive potential and hence of current
density until the surface was effectively saturated with the
adsorbed ion.
This investigation shows again that the deviation from
Faraday's law can be explained by disintegration of the anode
because the particles are visible, their composition proved

-14by X-ray diffraction, and their reactions,
observed.

e.g. with reducers,

The assumption of formation of lower valence ions,

the presence of which cannot be proved, is

not necessary and

does not account for the experimental data in all respects.
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