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The Oxidation Potential of Codbaltouns-Cobaltic
Salts in Nitric Acid Solution

The present determination of the cobalious-cobal-
tic oxidation potential represents a continuation of &
serles of investigations, begun in this labyratory under
the direotion of Professor Hoyes, on the oxidation poten-
tials of strong oxidizing agents in anitric scid solution}‘g's
Previous work on this potential hass been done by Gberer.4
by Jahn,® and by Temb snd Lerson.® 111 these investiga-
tors studied the same type of cell:
Pt+ Hy(1 atm.), HyS0,(e), {sto‘&(e) * zzs("g;“a).)m )} , Pt

2'7¥4'3 Vg

Jahn states that Oberer found that mixtures of
cobaltous and cobaltie sulfates in dilute sulfuric acid
give & potentlal "far above 1.7 volta" against the hydro-
gen electrode, In the cell studied by Jahn himself, the
acld concentration {c¢) was & u and the total cobalt con-
centration {¢1+ 22) 0.1 £. The potentials thus obtained
were not corrected so ss te refer the wvalues to the stan-
dard molal hydrogen electrode., However, lLamb and Larson
have estimated the activity of the hydrogen ion in 3 n
sulfuric acid to be 1.2, and, applying this to Jahn'e
neasuremenis, they have computed a value for the single

cobaltous-cobasltic potential from his data.



In their own work Lamb and Larsgon used 4 n acid:
they do not state the total cobalt concentration em~
ployed. Io order to obtain the single cobaltous-cobaltic
potential from messurements of this cell, it is necessary
to eliminate the potential of the hydrogen electirode in
4 n sulfuric acld, 7This was done by measuring the elee~
tromotive force of a normal calomel cell againgt this
hydrogen aleotrode, & saturated solution of ammonium
nitrate being enployed as a bridge btetween the two half-
cells. However, nc corrections were msade for the liquid-
Junction potentiala of this cell.

In order to svold excessive decomposition of the
cobaltic salt, all mesasurements were made at 0°. How-
ever, Leab and Larson also made measurements at 16° and,
by extrapolation, obtained a value for the potential
st 28°,

The work of Noyes and Garner2*5 indicstes, &t
lesst in the case of ceric and thallie ions, that the
tendency to form anion complexes ie raduced to a nini-
mam in nitrate solution; snd sccordingly, thas potential
obteined in such golutions repreasents more nearly the
molel oxidation potentisl. In view of these facts and
glso of the faet that in the vresent series of inves-

1,2,3 nitrie aecid solutions have besn used,

tigations
it seemed desirable to study the cobaltous-cobaliie

potential in the same scid. Moreover, the present



study is made under more varied conditions than those
of previcus workers.

Therefors, there are desorided in thig paper the
measurements et 0° and 25° which have been made on cells
of the type

30‘11(32)

GQII(G }
Pt 4—82(1 atn), Hﬂlﬁéie' Yy HE:!%{&} + 1’ ., Ptlor Au).
3ince the codbaliic salt decomposes at a measurable rate
at OQ. i% hag been »osgible 0 cobisin scme information on
the kinetles of its decompositvion. <These results will dbe

disoussed briefly.

Apparatus and Materials

Preparation snd Analysis of the Solutionas. -

A stock solution approximately 0.5 ¥ in cobaltous nitrate
was prepared by dissolving Merck's Resgent Co(ﬂ&s)z*ﬁ Hp0
{nickel free) in the prover quentity of distilled water.
This solution was etanderdized gravimetrically (as CoSO,).
It wae found to be U.0L23% f.

A stock solution of nitrie acid was trepared by
diluiting c.p. nitric acid {(ep. gr. 1.,42). The resulting
solution was standardized ssainst 2 sodium hydroxlde
solution and was found to be 4,99 f.

Stock solutions containing cobaltous nltrate and
nitric acid in different proportions were prepared dy
weighing out those quantities of thess laiter two solu-

tions and of distilled water calculated to give the



concentrations desired.

Thes cobalt in these stock solutions wse par-
tially converted into the trivalent form by electrolysis.
The electrolytic cell used for thls purpose was Qquipped
with a rletinum stirrer, which served also as the anode.
The cathode, & small strip of platinum, was enclosed in
a vessel resemtling a smsll Cooch funnel inverted. A
sintered glass plate prevented diffusion between the
anode and cathode compartments. A current of about §
ampere &t 6-8 volis was passed for a perlod 10-20%
longer than that theoretically required to convert the
cobalt entirely into the oxidized form. Since the
electrolysis resulted in the transfer of some of the
cobalt into the e¢sthode compartment, 1t was necesssry
to blow the cathode solution back into the anode com-
partment after the current was turned off., 0Of course,
gsince hydrogen ions wers reduced at the cathode during
the electrolysis, the seidity of the solution wes no
longer that which it was made up t0 be. Accordingly,
if the resuliing solution ware dasgired to be, asay,
0,000 £ in total cobalt and 3.0 f in nitrie acid,
the solution was made up inltially 0.1000 £ in codalt
and 3.1 £ in acid.

The sclutions of perchloric acid for the hydro-
gen half-cnrlls ware preparsd by diluting the c.p. 605
acid, and they were standardized against = sodium

hydroxide solution.



Calomel was prepared electrolytically by the
method employed by @1113.7

Tonk hy8rogen was purified by pessing it first
through & concentrated potassium hydroxide solution,
then over solid potassgiwa hydroxide, and finelly over
an eleetrically heated platinum wire,

The Hydrogan ialf-lell. ~ The hydro.en helf-cell
used was sBimilar to that daesorided by Iloyes ond Garner.z
Pefore entering the cell the hydrogen g9 was passed
through a slsess coll and then 1t wes bubbled {through
rerchlcric acid of the seme concentration as that in the
half-cell. The apparetve was ivmerssd in thermostats
at 0.15%0.16° or 25.00:0.06°,

Eethod of Totentlsl Leasursments. - A Student's

iype leeds and Forthrup potentiometer waes used together
with a high~sensitivity galvanonater,

After the completion of the elsatrolysis of s
cobalt solution, the hyérogcen half-cell was immersed in
the solution. PFPraviously the hydrogen electrode had
been checked against a 1 n HC1 calcomel cell at the
game temperzture. Potentisl measurements wers made
over a period varying fron 256 to 120 hours, depending
upon the rate of decomposition of the trivalent cobalt,
this belng the greater the more dilute the aocld., A%
frequent intervals samples wers pipetted into previous-
ly welghed flasks containing sn excess of ferrous sul-
fats. The flasks were again welighed and the excess

ferrous sulfate titrated with permanganste. 3ince the



pink color of the divalent cobalt interfered with the
permenganate end-point, this was determined potentio-
metricelly, using a vacuum Sube volimeter. The concen-
tration of trivalent cobalt theredy deternined was sub-
tracted from the Zunown totel cobalt concentration in
order %o cobtain that of the divalent form. In the case
of the runs mefe at €%, the pinettss used in withirawing
the cobelt solution had been chilled previously, a9 were
the flssks conteining the farrous sulfete. Fotentinl
maasurements were made immedinisly preceding the ramoval
of the sample and agsin immediastely sfferwardés. For the
0° exverinents these chscked t0 C.1 mlillivolt. However,
at 250, where these Trecuently differed by as much as
1.5 millivolt, B mesn was taken as correspending to the
potentisl at the time of withdrswael of the sanmple,

After the conpletion of the yun, the hydrogen
half~call was removed from the remaining cobalt solution

and again checked agsinst the calomel cell.

The Obssrved and Calouluted Tlectromotive Forces

®aoh of the following tables presents the data
for one run. There ares recorded the observel potential
measurements, the correcticns to be a2pplied to these
observed potentisis, and the formal eslectrode potentials
regulting iherefron.

In each table the firgt four columns present the

concentrations of the various substances in the cells
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expressed in formula-veigints per 1000 grams of water
(thet is, thelr weight-formalities). In the fifth
column are given the ratios of divalent to trivalent
¢obalt., The sixth and seventh columug give the observad
rotentiaels against platinum end gold, respectively. Che
activity coefficients {(X¥and O') of the two scids are
given below their concentrations. The valuves at 250

are those of Abel, Redlich, and v. Langyela Tor nitric
scid and those of Pearce and Eelson9 for perchloriec
acld. Inasmuch & there a2re no data available st OO.
these same velues are used at this latter temperature.

The columns labelled ™ aﬂd‘@tcantain the

¢’ RL’ H
corrections which are added to the observed potential
Qobs to give the formal electrode otential =°,

The cuentity T, = {r7/2F) ln(cl/cz) is applied
80 &8 t¢ provide for equiformal concentrations of co-
baltous end cobaltic eobalt. Gince their activities
are not known, the totsl coneentrations ¢y and ¢, are
uged.

The quentity 7 = (20,=1)(RZ/F) lolae/a'e")
is applied in order to eliminate the liguid potentisl
t¢ the extent that this arises frﬁm the diflnrent
ion activitiesc and o'e¢' of the two ameids. fThe ion
20bilitles are here consldered to be ecual. The mean
trensference humber QH of the cation of ths {tvo zclds

nos basn estimntaed 1o ve .65 at 2FPand 0.87 at o°.

18
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> aantity B o= (/2 5 LA I N 5 )
The quentity W nT/7) inld'e ;/Ipﬁﬁ is sdded
in order tc refer the value to the standord molal hydro-
.- . o+ .
gen electrode &, (1 atin. ), E (octivity 1 m).
7 - 0. - 0 A 3 2
The fornal eleectrclde potentlal W thusg odbielnad

is convidered 40 be egual to that of the cell

+ ,II \
P+H,(1 atn), H (1 m)j' {mmg(l to 4 )¢ C0 (35 2 Pilor Au).

| Co” (1 D))

-

Discugsion of the Iotentlel llcasurements

The WIF in Relation to the Type of Tlectrcde. -

J&hnﬁ axperienced conslderadble diffieulty in obtaining
constant and reproducible results. Different platinum
electrodes of the same ares and thickness which nad
been cleasneé in the same menner, were found to glve
potentigls differing by several centivolts. Iorecver,
the time recuired to resch ecullibrium with the solu-~
tion varied from a few hours to several days. ioWever,
he found that if sn electrode were removed from a cobalt
solution, the molsture nlhering to 11 allowed 10 evayo-
rate, and the residue remsining on the elocirode ignited
tc form cobalt oxide {protstly :9354)’ reproducible and
fairly constant results could be obleined with it.
Hiekel oxlde behaved similarly.

Lanmbh and Earﬂon% likaise used a vlatinum foil
coeted with cobalt oxice, »Lowever, they found that &

-

2old elecirode gave o higher otentlal.

2l LY

£

Ir the rreseut invesiigation the



countered the same trouble as did Jahn. The diZfliculty
lay largely in the faet that electrodes were very slow
in coming to equilibrium. However, 1t was found that the
platinum stirrer, which functioned sz the anode in the
electrolytic oxidation of the cobaltous solution, gave a
reproducible and constant @9 if 1t were lightly platinlzed.
Table I presents the data from a itypical run using the
pletinun atirrer as the electirode.

Knowing that silver establishes 1ts potential
quits readily, Dr. C. D. Coryell suggested 1is use as a
potential meciator. Accordingly, & drop (1/28 ml) of 1n
AgRC, was added to about 225 ml of the oxidized cobalt
solution. ‘The observed potential Immeiistely increased.
A second drop caused & further increase. After the addi-
tion of about ten drovs, the potential no longer rose.
The sane effect was observed for s gold electrode, sxcept
that only about half as much Agﬁﬁg wag recuired to attain
the meximum potential. Figures 1 snd £ show graphically
these effects. It will be noted that this maximum poten~
tial for gold is somewhat higher than that for platinum.
In 1 n acid this difference at 0° is about 20 millivolts,
while in 4 n scid 1t amounts to sbout § millivolts.
Strangely enougk, the difference at 25° in the latter acid
ig about 25 millivolts., As the trivalent cobalt decom-
posed, thls difference increased slightly.

It is interesting to note that 1f not enough

AgNOz were sdded to resch the maximum potentisl for plati-

20
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num, but yet sufficient to attaln that for gold, the
observed potentiasl for pletinum inereased over & certain
period as the trivalent cobalt decomposed, whereas the
observed potential for gold decresssd in acoeordanca with
the Fernat esquation.

Before the additicn of Agﬂag the potential ob-
gerved for tha gold electrode was usually, bui not al-
weys, higher than thet for platinom. In the csse of 1 n
nitric ecid, the gold electrode gave & ootentisl slightly
lower than that for platipum. In 2 n acid the former was
sbout 10 millivolte higher; in 3 n acid, sbout 26 milli-
wvolte; and in 4 n acid, about 40 millivoltae.

In order to note the effect of the added Agﬁéﬁ
upon Ra; Tahla I should be comparsd with Tables IX and X.

The amount of agﬁ0$ golution which was added
varied from 8 to 13 dvops {1/28 ml) to s volume of about
286-256C ml of cobelt solution. The stronger the acid and
the more rapidly the drove wers added, the greater was
tha total number of dropsg raguired to reach the maximum
potantial.

n2fest of Stirring upon the Jbserved Potemtisl. -

Before the addition of the silver nitrate, the observed
potential with platinum was from onme to two millivolts
lower when the golution was stirred. After it was added,
the potential with stirring was from three to five milli-
volts higher than without. In the case of the gold eleo-
trode, 8tirring increased the potentiel helf a millivolt,
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both before nnd after the addition of the silver nitraste.

Bffect of Addlne Rickel Hitrate. - It was thought

that nickel nitrate night have an effact similar to that
of gilver nitrate. Aceordingly, one drop of 1 n nickelous
rdtrete was 8dded to s cobalt golution., The notential im-
ma8istely @rﬁypaﬁ about 20 millivolts in the case of plat-
inum, while with g01€ the decrezse wos only sbout £ millie
volts, After the solution wes allowed to stand about 20

minutes, tha notantisle ceme back to thelr previous values.

In view of the facts that the gold slecivode gives
& £lightly more sonsiant %" then platinum, that stirring
is practically without effect upon the poteniisl, that 1t
comes to equilibrium more repidly {ss indicated by the
faot that less silver nitrate is recuired to attaln the
maximun potentiel), and Pinally, thet it gives & higher
potential then platinum, the vaives resuorded Loy gold
are beliaved to represent more mearly the cobalious~
cobaltie potential. Horeover, the smaller difference
in 70 4n going from 1 n t0 4 n eoid (50 willivelte fLor
platinug and 16 mi&li#alta for gold) favors the use of
the values obtulped with the wold slectivode.

“he existence of this dliference may be sceounted
for iu suy of several weys. In the lower acid strangths
there wey oeenr o hydrolysiz of the cobaltic salt by a
resction like Co' + Hy0 = o0’ + £3'. Or with ine

creasing lonic strength the activity coefficient of the
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oobaltic ion may Iinerease more rapldly than does that of
the cobaltous ion. Or the cobaltous lon may form nitrate
complexes more rapidly than does the cobaltic ion with
incressing nitrate concentration. However, since the
complexss of the cobsltous ion are 8o unstable,lo this
last explanation does not ssem to be a very probable
one.

It might be thought that a large part of this
difference may be due to the inadequacy of the liguid

Junetion correction W_. Accordingly, in one run in

w

Ad
which J n nitric scid was enployed, potential measure-

ments were made first with a 1 n Hcm4 hydrogen elec~
trode and then with a 2 n ﬁGlOﬁ slectrode. The aversge
of the 7’5 caloulated from the potentials observed
with the latter electrode was only hsalf & millivolt
higher than those obtained using the 1 n electrode.
Hoyes and Koasiakoffl have tested the relisbility of
the correction when the nitrie and perchloric acids
are both 1 molal (activity).

In the following tadble are summarized the re-
sults of the present investigation, the values recorded

being those for the gold electirode.

Temperature o Qe , ()‘3 0° OQ 25° 25“

HNOs 1.0 2.0 3.0 3.0 k.0 3.0 4.0

Total Co 0.05  0.075  0.05 0.1 0.1 0.l 0.1
Co /0o 0.36-11.4% 0.575.1 0.86=%.7 0.52-5.4 0.31-2.5 3.6=22.8 3.9-15.4
E 1.600  1.806  1.808 1,811  1.£16  1.84%2  1.850

Kean devietion 30.002 30.002 .00 10.001 20.001 30,002 30.002
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The values at 00 obtained by Lamb snd Larsané
from Jahn’ss data in 3 n sulfuric acid and by themselves
in ¢ n sulfuric aecid are 1.779% and 1.775 volts, respec-
tively. At 25° Lamb end Larson obtained 1.817 volts.

It is possible that the difference between these results
and those of the present investigation may be sccounted
for on the basis of complex formastion bhetween the cobal~
tic ion and the sulfate or hydrosulfate ion. However,
due to uncertainties in eliminating the potential of the
hydrogen electrode in 3 n and 4 n sulfuric aecid, too
much significance cannot be attached to this relatively
small differsnce of 25 or 30 nmillvolts.

The kinetic activity of the argentic ion ajpears
t0 be considerably grester than thut of the cobaltic ion.
When solutions containing approximately egquivalent cuan-
tities of cobaltic snd mengenous salts are mixed, there
immediately eappears s brown color in the solution, in-
dicating the formastion of vanganese dioxide. After hall
an hour, the color of permenganate is appurent. However,
if o drop of silver nitrate solution is addec after the
two solutions are mixed, the color of permanganate im=
medictely sppears. In the case of chromic and cobaltic
salts, the color of the solution after 24 hours appears
t0 have changed l1little, 1f any, from the gresnish Dblue
of the cobaltic ion. If & drop of silver nltrate is then
added, the color soon becomes a yellowish green ané after

about 3C minutes the color is almost the pure yellow of
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dichromate.

Digeoussion of the Kinetics of the Decomposition

of Cobaltic Hitrate by Nster

Pigures 3, 4, 5 and 6 present graphiocslly the
dates of Tables VII, IX, X and XI. 7The abscissae repre-
gent the time in hours at which samples were withdrawn,
the time of removal o0f the first one being taken as zero.
The ordinates represent the reciprocals of the cobaltic
concentrations and the logarithms of these quantities.
It was found that, in general, the rate of decomposition
is second order with respsct to the cobaltic concentra~
tion during the first part of the run, snd first order
during the latter, this beilng the cuse whether or not
gilver is present.

Flgures 4, b and 6 are typleal of the results
obtained. However, there are exceptions. In the case
of Figure I the deconposition is first order throughout.
In contrast the dais of Table VI give 8 good straight
line when 1/(Co ' ) is plotted szeinst time, indicating
second order throuchout.

In en attempt to find a Tunction which fits the
date, varlous ones were tried. The following ecuations

were investigated.

+++ + -
d“"&uot = ky Lo + kj feo ) (1)

2
d(Go GO-H-(- COM
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e

- & G°t = X, (Cos++) + ky (Goﬁ*)2 (3)
a(co™ +44- o’
dt 1w RPN
o ®

- d 4 % ) = k’l (COM) * kz w‘?’a (5}
(Co™)
4+ b, @

- EJE§€-1 =k, (C0™Th + k@"%ﬁ";;i (6)

o

¥#ith the limited dats at hand, sll were elim~
inated excevt (5) and {6). The cobaltic concentrations
of Tsble IX (Figure 4) were plotted sgainst time. Then
tangents were taken from the curve {to give the values
of a(Co™ " )/at at various cobaltiec concentrations) and
the values thus obtained divided by the corresponding
cobaltic concentrations. These are the ordinates of
the pointas of Figure 7. The upper curve correcponds to
the ratio (Ca“k)/(ﬁo”‘)2 as abscissa, and the lower
curve to the ratio (Co*""}/(Co™ ). The former sppears
t0 give a slightly bYetter fit to a stralght line. These
are equationsg (5) and {6) respectively. Table XI (Pig-
ure 6) gives a similar greph, eyuation (5) slso giving
the better Fit. The data of Table X (Figure &) do not
glve a good f£it to any of these ecuations. It is by
an anslysis such as this that ecuations (1) to {4) were
eliminated.

Prom such a graph kl is obtained as the y-inter-~

eept and kg as the slope 0f the line.
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However, equations {(5) and (6) are inadequate,
for if they represent the true state of affairs, then
both lines should have a common y-intercept.

In order to explain the exlstence of the first
order reaction, 1% seems necessary to postulate a free
hydroxyl radical. The following reactions would then

express the mechanisnm.

o™ + o = 0o + om (slow)
Ho = ¥ + o {rapid squilibrium)
co** + B = G0t ¢ HY & 30q {rapid)

200™* a4 m0 = ™ + 28* 4+ d0,

The rate 1s then glven by
;}L...:”z:’ = k] (N (0F) = X, (Co™/ (@Y.
#hether this is thermodynsmlcally possible, 1t
is difficult to say, since the free energy of formation
of the hydroxyl radical in solution 1s not known.
The second order reaction is expleined by the
following mechaniem.

oo™ 4 H0 = Co™t + H0, (slow)

200t & Ha0 = Coo™ + Gov" + m* (rapid eq&ilidvrium)

HaCp + 200 = 2wt o+ 200" 4 Qg (rapid)

hoot ¢ 28,0 = W™ + un* + o,
Assuning that the rate is simply proportional
to (Co0™") ana substituting for it the eguilibrium ex-

ression s
P ( Co Qﬁ) = X Co 2
o™ (&
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one obtalns the reaction rate expression

o b A,

(Go**) (5% °

It is to be noted that there is an inverse
hydrogen ion dependence in both of these rate expres-
gsions, which is in accord with experiment.

It is to be emphasized that the date are too
limited to permit a satisfactory study of the kinetics
of the decomposition. The main puryose of this inves-
tigation has been the determiration of the cobaltous~
cobaltic potential. The reasction rate study has been
ineidental. However, 1t seems sufe t0 say that the
kinetlcs are rather complex and a more thorough study
than the present one 1s necessary to permit any defin-
ite coneclusions to be drawn.

In view of this fact further speculations re-

garding the mechanism of the decoumposition are omitted.

sSummary
This paper describes mecsurements of the elec-

tronotive force of the combination couzprising as one
half-call a solution of cobaltous and cobaltic nitrates
in 1 to 4 n nitric acid and as the other half-cell 1 to
2 n perchloric acid kept saturated with hLydrogen gas.
The formal oxidation potential of the reaction colld 4

71 = 001l hes been computed to have values at 0O
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ranging from 1.801 to 1.816 volts with incressing
seid concentrstion. At 25° it has the value 1.842
in & n acid and 1.850 volts in 4 n acid., In s given
zeld concentration, the 7° has been found to remsin
constant within 2 niilivelts when the ratio CQIE/COIII
is varied several fold.

A preliminary investigation of the decomposi-
tion rate of cobaltic sslts in nitric acid solution in

the presence of silver nitrate has been nade.
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