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Abstract

The slectrodeposition behavior of e trace on an inexrt slectrode
can be described by the unsbridged form of the Nermst equation after it has
been modified by the addition of a term to account for energy differsnces
&t the deposit-electrods interface. Both the originel and the modified
Nernst equations predict that in dealing with amounts of depositable element
 insufficient to cover completely the inert electrods, the percentage of an
ion deposited at eny specific potentiel is independent of .tho amount of
element present but is depsndent upon the ares of the electrode and the

volums of the solution.

Introduction

Successful electrolytie separations of soms of the radiocactive
elements found in nature (Bi, Fb, Po) have been possible for many years (4).

The msthod has, however, been spplied to very few srtifically-produced radio-
gctive elements dospits the fact thet wmeny elemsnts can be electrodeposited
easily.

The reluctence of investigators to exploit this msthod of separatiom
appeexrs to have bssn due to their concern as to whether or not the Nernst
squation, or some comparable expression, could be used to describe the behavior
of traces. Haissinsky () has discussed the results of many potentiometric and
dsctrolytic studies in vhich the Hernst equation was tested with very dilute
solutions, and he has found statements in support of both sides of the question.
Howewer, the conclusiomns of some of the authors are not valid because the authors
overliocked the fact that two predictions cen be mede from the Nernst equation
depending upon whether the usual "active” electrode, one whose entive surface
is composed of the uatefial being deposited, or a partially coversd "inert”
electrode is in equilibrium with the solution. The chief difficulty appears to




Ko
be thet some investigators, who comcludsd that the Nernst equation did not apply,
tented the shbreviated form of the equation, which epplies only to a coversd
falectrodo » in a situation whers they wers sctually dealing with an mompleﬁcl.y
coversd inert electrode. This error has appeared guite frequently despite the
fact that Hevesy (6), in 1912, pointed out that the complete Nerunst equation
should be used in such a situstion. The basis of Hevesy's argument was that
if the Fernst relation dsfined the sguilibrium potential of a complestely coverad
electrode under a condition such that the rate of deposition equalled the rate
of diseolution, the rate of dissolution for an incaspletely covered electirode
having fewsr atcms of deposit per unit of surface area should be smaller. In
order for an incompletely covered electrode to be in equilibrium with a particular
concantretion of ion, ites potential would have to differ from that of a corered
electrode in the same sclution.

The pressnt paper is an sxtension of Hevesy's concept. It points
out that the Sernst eguation piedicts that the position of the deposition curve,
vhers one plots "percentage of elemsnt deposited” versus "potential”, should be
independont of the emount of reducible slement involved providing: (a) the
"inert” elsctrode is incompletely covered with deposit, emd (b) all other
experimental factors arxre held constent. Furthesrmors, the esquation predicts that
the deposition curves should shift with changes in slectrodes area, velums of
solution end size of the deposited atom (or aggregate). Any factor involving
changes in the nuber of deposited atoms on the surface et the sclutiocn-electrode
surface vill slro produse a shift. In couclusion; thc paper points out that
another term mmst be added to the Nermst equation to acecount for energy changes
originagting at the deposit-slectrode lnterface.




Discussion

Deposition of s Single Simple Ionic Species According to Nernst
The Nernst squation {(using the Lewis and Randall (8) convention

for signs)) has been found to describe the potemtial on an inert electrode

E = E° . % in J"‘W (1)
for a reversible reaction involving only soluble ions vhers sox is the
activity of the oxidant and apeq the activity of the reductant. Ons example
is the reaction

Foot T We3* +e. (2)

If one of the species is dsposited, 'Ehe electrode can no longer bo considered
"iner:"” but insteed is termed "sctive". In the usual cazse whers one is dealing
vith relatively large amounts of material, an inert electrode is almost
instantaneously covered with deposit by ths passage of current following which
the electrode potential for = simple reaction such as

Ag 7 a8t 4+ o, (3)
can be deseribed adequately by an abbreviated form of the Fernst equation
E = Io - -—-——g in ‘OX (h‘)

in which the activity of the deposit is assumed to be constent and is defined
as unity.

If only trace amounts of dsposit are involved and the inert elsctrode
is not campletely covered by the deposit, ths activitj of the depcsit, should,
according to Hevesy (6), vary with the fraction of the surface covered. By making
an assumption, vhich will be discussed mors fully in a later section, that the
free emergy required to deposit an atom is independent of the slectrode material,
one can write sequation 1 in the form

E o $0 B0 4. Cop f1
=5 Sl (5)




G
where fy {8 the fraction of the surface covered by the deposit and f1 and
fp are the activity coefficients of the ion and the deposited atom .

’ respectively. In an experiment, appropriate velues can easily be determined
for fl vhereas f, is indeterminate; et least for the present, and will e
considered to bs unity.

Equation 5 can be extended by using the following terms:

Ay = cross-sectional area, in ont ;, of an atom of depoeit

Ay = area of the electrcde in cm2

v = volums, in liters, of thes solution in equilibrium
with the electrods

o? = moler conceuntration of a solutiom of volume ¥V which,
if completely deposited on an electrode of aresa a
Ag, would be just sufficient to form a momolayer

¢ = 4initial mol. - concentration of reducible (or oxidizeble)
1oms

Cox = oquilibrium concentration of reducible ion

total moles of atoms on the elsctrode surfecs at
equilibrium

A
&

R
-
B

B, = Avogadro's numbsyr

B°® = .tel number of reducible ione and atoms involved

N,y = number of reducible ions in solution at squilibrium

Frgqa = number of atoms deposited at equilibrium

x = fraction of element deposited at egquilibrium

Eso4 = Dotentiel at vhich Coy = - and thevefore Ny = Npeg

The discussion can be simplified by meking the following aﬁnmptimo:

(1) The erea of the electrode is equsl to the area of a mono-
layer of deposit vhich, to a first ap,roximation, can be
oxpressed as a mathematical product of the cross-sectional
area of the deposited atom and the number of such atoms.

(2) A second lsyer of atoms is nmot formed until the surface of the

alectrode has been completely covered with a monolaysr.




A, 1
(3) A simple roaction is considersd which involves only
electron transfer without any change in complexity in
going from iom to deposit; f.e.
() — (M)™ + ne

It is then possible to express the activity of a deposit on an in-
complately covered sloctrode of "inert" material as
. ~ Nred Ag f2 (C-Cox) V Fahaf2 | (6)
fred fp 12 e g e

o
Whenever (C-Cox) i# equal to (or greater than) C , & monolayer (or more) can
be formed thereby producing a deposit with an wtivity'vhich, by definttiom,
has the limiting maximunm value of unity

o
(‘rod)mx =S V{M . X (7

In these terms, the potential of & ccuphtola covered elsctrode dipping into

4 solution of unit activity would be E° expressed as
X :

e . B @
. g s ol NoA fn £8)

For the general case, ths squilibrium potential of sn incompletely covered

electrode dipping into a solution having the concentration Cox can be obtained

by substituting equation 6 into equation 5.

c
E = g° BT 3, Ag Bl 3 f1 _RT ;, Cox (9)
oF Vv T YW B-Co

Recalling that E504 was defined as the potential at vhich Ny, = Npegq and

Cox = C-Cyox, one can write

E = i -;R.L.. —-0-95.._..
Esog o 1n C-Cox (10)

or

E = B50% ~ or x (11)

vhers

- - ve— T ——————co— b 12
Bsog = E° o B § HaAafo )
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Eguation 12 is eguivalent to
(]

- . BT C f1
Esos ~ E° ,,,.mfa (13)

Bacause equation 11 has a constant point of inflection at 3501,, the potential
at which a specific percentages of a trace will deposit on an incompletely
coversd electrods should, in a series of similar electrolyses, be independent
ot the LHILIAL concentratich of ENeIRAS T, .

Since equation 11 applies only when the inert electrode surface is
inccnplmh covered, equation 11 will describe the complete deposition curva
only vhen the total amount of depositeble alement is smaller than C°. For
amounts larger then C°, equation 11 will deseribs the dsposition only until
an amount equal to CO has dsposited following which, because equation 9 reduces
to equation 4, the deposition will be described by equaticn 4.

If the deposition takes place from a soclution having the rsducible
element in the form of a complex ion, it is necessery to take into consideration
the activity of the complex-forming ion or molecule if it differs from \mify.
An ion or molecule, g, having b groups coordinated with the reducible ion
introduces an additional term.

_ BT 1-x - bRT ‘
E = Egog ~— A S —=— 1n C, £, (1k)
vhere Cg is the moler concentration and fg the activity coefficient of the

complaxing ion. The complex-forming ion will usually be present in large axcess,
and will, therefore, be the chief factor influencing the activity coefficient
of the reducible ion.

If precipitaetion cceurs as a result of anaiic oxidation the following

set of equations can be written:

o_ BT | VNga RT f2 _ BT ,. €-C

Gl N -
E = Em = C S(.l;&ﬂ (16)
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E,E%%_Elnx (17)

nF 1-x
whers Cpeq is the concentration of the oxidizable ionm. If the cxidation
involves a complex ion, a term must be introduced in the sames way that it vas
done for a reduction except that its sign should be reversed.

An additional consideration is introduced by the fact that anodic
reactions often deposit an oxide rather than the free element. In such cases,
A, will be the area of the oxide moleculs and the scopoot&jo%, mst de
expanded to include a consideration of the activity of the hydronium fon. A
complet® squation can be developed for every reaction in a way similar to that

for the following example:

Fo't + 6 B0&Z PO, + b H30Y + 2 (18)
o .
4 c .-
E « Esop - EX (ap #)'- B 1n C- Crea (19)
50% nF .530 nF Crad
At lcmmtpn'
E = E'sog -_%T,_ in lfx (20)

vhere

taop = Bop - H- 1 (et (22)

. Any .ractor vhich affects the assumption that the rate of dissolution
of the deposit is proportional to the number of deposited atoms will produce
change in the observed activity of the deposit and consequently a chenge in the
value of Esgqd. One mechanism by which atoms can be removed from the surface

of the slsctrode is by diffusion of the deposit into the body of the slsctrode
material. Another mechanism involves the formation of aggregates or multilayers
of deposit. In both ceses, the observed activity of ths deposit would be lowered

and the overall behavior of tha trace changed to more "noble”. In actual practice
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it might be possible to ignore these consideraticns providing that chort
periods of electrolysis and amounts of deposit covering only a small fraction
of the electrods surface were involved.
Interfacial Considerations Not Included in the Nernst Equation

All of the preceding discussion has been based upan the assumption that
the energy requiraed to deposit an element is independent of the surface upon
which it is deposited. That is to say, it has been assumsd that the euergy involved
in depositing a silver atom on & silver surface is the same as for a silver =tom
on & platioum {"inert"”) surface. The literaturs contains much evidemce wvhich, if
not in direct m.zpport of this postulate, at least indicates that the deposition
behavior of a trace element on & number of different "inert" elements is the
ssme (1, 2). However, a number of exceptions have been reported by the same and
other authors (4). |

In orisr to have an equation which will describs all of the experimental

results, it is nscessary to introduce a term which will take into consideration

any difference in free ensrgy, E,, betwsen the deposition of an atom on a surface
of similar atoms and on a surface of dissimilar atoms. It is quite likely that
deposition onto a dissimiler surface might liberate additional free energy dus to
alloy formation and possibl; scrption. Equation 9 end subsequent eguations must

therefors be expanded teo

nm'x“-x,-% hﬁﬂ;}; (22)

where f3 represente the activity coefficient of the deposited atom vhose standard
state; vhere 1’3 iz unity, is the most stabls alloy form. If E, is positive, the
trace should behave more nobly than predicted from the Nernst equation (Eq. 9).

If Bg is pegative, one should observe a shift of the deposition curve in the
opposite direction thersby leading one to conclude erronecusly that the deposition
ves cbeying equation 4. A negative velus for B, might result in deposition
curves vhich would drift, with longer periods of electrolysis toward more negative

potentieis (for & reduction) due to the greatsr stability of aggregates of deposit




compared to a random distribution of atoms over the "inert” surface.

It appears that the deposition curve of a trace might undergo a shift
to more positive potentials if the surface of the "inert" electrode were dissolv-
ing. In order to gain the same net rate of deposition as that obﬁax‘ved for an
insoluble (or more slowly solubls) electrode, a more positive potential would
be required (for a reduction) in order to decrease the rate of dissolution of
thi surface and to increase the rate of deposition of the trace. IExperimesnts
vith silver tracer (3) have indicated that such a process may be an importent
consideration, but in the face of such a conclusion, one has evidence that
chemical rsplacement is a satisfactory method for the separation of a trace
olement (11, 12). Reconciliatien of these two cbssrvations appears to be possible,
but no attemp: will be made to do it here.

In reconsidering as a vhole the question of electrodeposition of a
trace by reduction, it is important to note that both the originsl and ths modified
forms of the Nernst equation predict that the Esng should be independent of the
semount of slement undergoing reaction providing the amount is insufficient to form
a monclaysr. For that reason, one must reconsider the conclusioms from esxperiments
similar to those recently reported by Heal (5). Heal concluded that the Nernst
equation did not describe the deposition of a trace because: (a) his deposition
curves did not shift with dilution, and (b) his curves egreed within expsrimental
error with those obtained by another investigator vho worked with more concentratad
soluticns of the same element. Actually, the question vhich might be raised is
vhy his data for the dsposition potential agreed with those of the other investigator
if changes in area of the elsctrode and volums of the solution are important
considerations. This agreement could be explained by assuming that the ’1nvuu-
gators accidently used Ag/, ratios which vers the same within the limits of
experimental error.
Complex "lcctrode Reactions

+ lang a8 the assumpticn is valid that the complexity of the {on and of
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the atom 1la the same, equations 11, 17, and 20 will apply to aggregates of
any complexity from sinmple ioms to colloids, providing ﬁho aggregates have a
uniform charge-to-size ratio. An interesting spacial case is encountered if n
is smaller thani i)ocause the overall result is the deposition of an atom of M
by a fraction of an electron. As sxampies of this bshavior, one might imagine
the deposition of agaregates such as MogClg'' and TegCly,™ (10). Tt ts quite
possible that the deposition of polomfum, vhaich puzzled Haissinsky (4) becsuse
it required only 1/3 of an electrom per etom, falls into this elass. In the
case of polonium, howvever, one camnot make a doﬁnito statemsnt that a polymerie
ion iz the source of the anomaly, even though polomium polymers are known, because
the conclusions were based upon data obtained by a rate-of-deposition technigue
(7,9) in which the mechanism of the resction may play an important rols. |

If the complexity of the fomn differs from that of the deposit; the
Es50¢ and tho subsequent dependent terms are norlongcr independent of the .anount
of reducible element. This conclusion can be reached easily by examining velues

of the logarithmic term (end its derivatives) containing x.

Conclusions

Although the information in most of the pspers in the literature is too
scanty to allow a definite statement to be made, it appears that some investigators
have erromecusly reported that the Nernst equation did not describe the deposition
of traces because they tested the sbridged form rather than the complete reactiom.
Neverthsless, it appears that the equation may be inadequate because it does not
include & term to describe ensrgy differences in the dspoait-oiectrodo interfece.
This ensrgy factor is undoubtedly an important ome not only in theoreticel studies
of tracs deposition, dbut also in commsrcial electroplating where ome is interested

in determining how firmly an electrodeposit will adhere to the underlying material.
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