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SUR LA VALIDITE DE L'APPROXIMATION DE NERNST EN REGIME 
TRANSITOIRE LINEAIRE POUR UNE ELECTRODE A DISQUE TOURNANT 

JEAN MICHEL COUEIGNOUX 
Direction des Etudes et Techniques Nouvelles, 361 Avenue du  Prdsident Wilson,  93 L a  Plaine Saint- 
Denis (France) 

DANIEL SCHUHMANN 
Laboratoire d'Electrolyse du  C.N.R.S., Place Aristide Briand, 92 Bellevue ( f i a n c e )  

( R e p  le g septembre, 1967) 

INTRODUCTION 

Dans une prCcCdente notel, il a C t C  montrC que la formule classique de l'impC- 
dance de diffusion, dite formule de Warburg, prCvoyant une valeur infinie A frCquence 
nulle, n'est pas valable aux trirs basses frkquences. L'impCdance de diffusion ne se 
calcule simplement, par voie analytique, qu'en admettant l'approximation de Nernst, 
c'est-&-dire en nCgligeant la convection dans une couche limite de diffusion d'Cpaisseur 
finie, 6. 

LEVICH~ a montrC la 1CgitimitC de cette approximation en rCgime permanent 
pour une electrode Q, disque tournant, mais elle restait problCmatique en rCgime 
transitoire linCaire, lorsqu'un courant variable de faible amplitude est superposC au 
courant continu. 

La formule proposCe dans rCf. I a CtC vCrifiCe expCrimentalement3 et a permis de 
retrouver A 10% la valeur de S dCterminCe d'aprirs la thCorie en rCgime permanent. Si 
l'essentiel de cet Ccart provient de la formule, celle-ci ne peut servir qu'k titre de 
premiirre approximation; l'Ctat actual de la technique permet en effet de mesurer des 
impCdances Clectrochimiques avec une prCcision tr&s supCrieure. On ne peut envisager 
d'utiliser les propriCtCs du transport en rCgime transitoire de diffusion finie que si l'on 
dispose de valeurs thCoriques plus prCcises. 

D'autre part, l'impkdance de diffusion dCpend seulement de la valeur prise & 
1'Clectrode par la variation de concentration de la substance Clectro-active. La vCrifica- 
tion de la formule ne renseigne pas sur la validit6 de l'approximation pour les autres 
points de la couche de diffusion. La dktermination numCrique de la distribution 
permet de le faire et aussi d'Ctablir une table prCcise pour le spectre de lJimpCdance. 
Le prCsent article est consacrC A la rCsolution de ce problirme pour le seul systbme 
connu qui assure une distribution de concentration devant l'Clectrode, identique en 
tous les points de celle-ci, le disque tournantz. 

L'Cquation fondamentale pour dCcrire cette distribution est: 
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246 J.  M. COUEIGNOUX, D. SCHUHMANN 

la solution Ctant dCterminCe par les conditions aux limites: 

c est la concentration de la substance Clectroactive, c, sa valeur dJCquilibre, D le 
coefficient de diffusion, y la distance B 1'Clectrode i disque tournant, v ,  la composante 
de vitesse suivant l'axe correspondant, z le nombre d'Clectrons CchangCs dans la 
rCaction, F le faraday et J la densit6 du courant traversant l'klectrode. 

Pour une rCaction irrCversible par exemple, ou pour une grande surtension, J 
est donnC par l'expression : 

oh k et b sont des constantes et V la surtension. 
Si l'on superpose B la surtension continue une tension alternative de faible 

amplitude, AV=JAVl exp(jot), il apparait des composantes alternatives AJ et Ac 
pour la densit6 de courant et la concentration, telles que l'on ait, d'aprhs ( I ) ,  (2), (3) 
et (4) : 

AJ=kb(?),=o exp (b  P)AV+k(Ac),=o exp (b  8) (8) 

? reprksentant la solution stationnaire du systkme (I)-(4). 
D'aprks ( S ) ,  on a :  

AV - I AC 
-- = [kb(Z),=o exp ( b  V)]-1- - -- 
AJ b(E),=o ( AJ 

AVlAJ reprCsente llimpCdance faradique et le deuxihme terme de (9)  sa composante 
appelCe impkdance de diffusion. Les variations avec la frkquence olzn de cette imp& 
dance sont proportionnelles i celles de - (Ac/A J )  y = ~  qu'il s'agit de dCterminer. 

On se ramkne A un problkme n'impliquant que des variables et des paramhtres 
sans dimension en posant : 

comme pour le problhme en rCgime permanentz, puis: 
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$2 reprksentant la vitesse de rotation du disque et v la viscositC cinCmatique de la 
solution Clectrolytique. 

Les composantes de la vitesse du liquide au voisinage du disque tournant ont 
Ct6 'dCterminCes par YON KARMAN~ et COCHRAN~ SOUS forme de dCveloppements en 
sCrie suivant les puissances de x ou de il =exp(- Ax) si A = H(x = oo). L'Cvaluation 
numCrique des coefficients a CtC amCliorCe depuis6-7. Nous avons dCfini H ( x )  & l'aide 
des nouvelles valeurs. En limitant les dCveloppements en x6 ou 16 et en choisissant 
0.66 comme abscisse de changement de formule, nous avons pu obtenir H & quelques 
I O - ~  prhs. 

Posons X = Y - jZ. Le problhme numCrique est la rCsolution d'un systhme du 
4hme ordre dJCquations diffkrentielles aux conditions aux limites et & coefficients non 
constants : 

La rCsolution est effectuke & partir des formules de .discrCtisation classiques: 

On ddtermine d'abord l'abscisse x, pour laquelle les conditions A l'infini sont 
vCrifiCes & une constante arbitrairement petite prhs (A Pr fixC, x, varie t r b  peu avec 
v), puis on r6sout le systeme sur [o, xm] avec le nombre de pas choisi. 

L'erreur maximale est obtenue en fin de table, pour les fortes valeurs de v ,  
quand la courbure i l'origine est la plus forte. Ces memes considCrations de courbure 
expliquent que Z (0, v) soit obtenu de manihre plus prCcise que Y(o, v). 

Nous avons donc CtudiC, pour ces grandes valeurs de v ,  comment l'erreur varie 
avec le nombre de pas N. Les rCsultats obtenus A l'ordinateur montrent que les deux 
composantes de l'impCdance Y(o,v) et Z(o,v) varient LinCairement avec I/N pour N 
compris entre 550 et 3,000. Y(o,v) est fonction croissante de I /N et Z(o,v) fonction 
dbcroissante. 

Le calcul a donc MC effectuC deux fois pour toutes les valeurs de v et de Pr 
choisies, une fois avec N=550 et l'autre avec N =goo. L'erreur sur le rCsultat de 
l'extrapolation & N infini suivant la loi dCcrite peut Ctre estimCe grossihrement au 
cinquihme de l'Ccart entre ce resultat et celui du calcul pour N =goo. 

Les solutions numCriques pour v=o peuvent Ctre comparCes aux rCsultats 
acquis concernant le rCgime permanent car on peut vCrifier que X(o,o) est inverse- 
ment proportionnel AJ. La thCorie de LEVICH a kt15 amCliorCe par NEWMANE qui a tenu 
compte des trois premiers termes du dCveloppement de H(x). I1 trouve: 

et constate un accord A mieux que I ~ I O O O  pour Pr supkrieur & IOO entre les valeurs 
donnCes par (12) et celles obtenues numkriquement. Nous trouvons un accord du m&me 
ordre pour P r = ~ o o ,  1,000 et ~o,ooo entre les valeurs de X(o, Pr, o), dCterminCes 
numbriquement, et celles d'aprhs l'expression P r  f (Pr)-1 dCduite de (12). 
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I1 reste k comparer les valeurs numCriques de X pour v diffCrent de zCro avec 
les grandeurs correspondantes obtenues en adoptant l'approximation Nernst. L'Cpais- 
seur effective 6 de la couche de diffusion est dCfinie rigoureusement par: 

zFD(C,-CO)/~. On a donc: 

L'onde de concentration est donnCe par l'expression (I) 

D'aprks (I$, (14) et (II), il faut donc comparer X(x, Pr, u )  et:  

XI= + Sh {(jv)+[-x+X(o, Pr, o)]) 
(jv)"h[(jv)"(o, PY, o)l 

La Table I donne les parties r6elle et imaginaire de X(o, Pr, v) =Yo-jZ,, 

TABLE 1 
Pr = IOO 



TABLE I (Continue) Pr = 1000 

v Yoro4 AYro4 Y11o4 20r04 A2104 2 , 1 0 4  v Yo104 AYro4 Y I T O ~  2 0 1 0 4  A2104 Z1r04 
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dCterminCes par extrapolation A N infini, les Ccarts AY et AZ dCfinis plus haut et les 
composantes de Xl(o, Pr, v) = Y I  -jZl, en fonction de v ,  pour les trois valeurs de Pr 
CtudiCes, 100, 1,000 et ~o,ooo. 

La valeur centrale correspond aux solutions aqueuses dans les conditions 
normales. Pr varie rapidement avec la tempCrature suivant une loi du type exp 
(WIRT), W Ctant une constante. Le calcul effectu6 pour les deux autres valeurs de 
Pr renseigne sur la variation de comportement A prCvoir aux temp6ratures supCrieures 
ou infCrieures A la normale pour les solutions aqueuses. Il permet aussi de prCvoir le 
comportement de solutions non aqueuses, de viscositC supCrieure ou infCrieure A celle 
de l'eau. 

v=150 v = 300 v = 700 --- 

Fig. I .  

La Fig. I reprCsente, pour quelques valeurs de v et pour Pr =~,ooo,  les varia- 
tions en fonction de x, de X(x, Pr, v) =Y,-jZ, calculCes avec N =goo et celles de 
Xl(x,  Pr, v) = Y I ,  - jZ1, (en traits discontinus). 
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DISCUSSION ET CONCLUSION 

La figure montre que la distribution des variations de concentration, calculCe en 
utilisant l'approximation de Nernst, est exacte & mieux que 10% prhs pour la partie 
rCelle, et A 20% prhs pour la partie imaginaire, dans deux premiers tiers de la couche 
de diffusion au contact de 1'Clectrode; mais cette distribution devient ensuite t r b  
erronCe puisque les deux composantes ne s'annulent au millihme prhs quJ& une distance 
de 1'Clectrode Cgale environ au double de l'Cpaisseur "effective" de la couche de 
diffusion 6 .  

La comparaison des valeurs donnCes dans la table montre que l'erreur sur une 
composante de lJimpCdance de diffusion, entrainbe par l'approximation de Nernst, est 
de l'ordre de 10% (sauf pour v=o naturellement); l'erreur diminue pour les plus 
grandes valeurs de v. 

Si Yon introduit une autre frCquence rCduite u, telle que u =vXZ (0, Pr, o), on 
retrouve l'expression proposCe prCcCdemment1, l'impedance Ctant proportionnelle 
B th(1/ju)/1/ju. Le tableau permet de constater que l'erreur relative sur une des com- 
posantes de l'impkdance est infCrieure & 5% environ, pour les trois valeurs de Pr, 
dhs que zl est supCrieur & 12.5. 

Le but principal de ce travail Ctait l'obtention d'une table donnant les compo- 
santes de llimpCdance. L'erreur relative obtenue peut &tre estimCe & quelques mil- 
lihmes en milieu de table, et & un pour cent en fin de table; ceci est infCrieur aux erreurs 
expCrimentales usuelles dans 1'Ctat actuel de la technique. La table permet ainsi de 
prCvoir, avec une prCcision suffisante, la variation relative de lJimpCdance quand la 
frCquence varie, & condition de connaitre seulement les grandeurs qui dbfinissent la 
frCquence rkduite: la viscositC de la solution, la vitesse de rotation du disque et le 
coefficient de diffusion de la substance Clectroactive. Les deux premihres peuvent &tre 
mesurCes avec prCcision. La comparaison entre les valeurs issues de tables et les 
valeurs expbrimentales pourrait inversement fournir une nouvelle mCthode pour 
dCterminer le coefficient de diffusion sans avoir besoin de connattre l'aire rCactionnelle. 
Elle pourrait se comparer avantageusement & l'autre mCthode Clectrochimique, basbe 
sur la mesure de l'impCdance dans le seul domaine de frCquence oh la formule de 
Warburg est vhifiCe9. 

De plus, comme on peut le voir facilement, si on connatt la surtension B 
1'Clectrode et la concentration, la valeur absolue de l'impCdance, pour une frCquence 
donnCe, permettrait d'accCder prCcisCment B cette aire rkactionnelle. Une telle 
mCthode pour dCterminer ce dernier paramhtre serait applicable aux systhmes A 
surtension de transfert nCgligeable devant la surtension de concentration et  pourrait 
ainsi complCter une autre mCthode proposCe prCcCdemmentl0. 

On dCtermine numeriquement comment la composante transitoire de la 
concentration d'une substance Clectroactive varie au voisinage d'une Clectrode & 
disque tournant soumise & une polarisation comprenant une composante alternative 
de faible amplitude. On peut ainsi Cvaluer l'erreur due B l'approximation de Nernst en 
rCgime transitoire. On donne, avec une erreur infCrieure au pour cent, l1impCdance de 
diffusion en basse frkquence, sous forme de tables reliant les variations de paramhtres 
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sans dimension. On discute la possibilitC d'utiliser ces tables pour mesurer les coeffi- 
cients de diffusion et les aires rCactionnelles. 

SUMMARY 

The numerical variation of the transient component of the concentration of a 
electroactive substance in the vicinity of a rotating disc electrode subjected to a 
polarising potential on which is imposed an alterating component of small amplitude, 
is determined. The error due to the Nernst approximation in a transient system can 
then be evaluated. The diffusion impedance a t  low frequencies is given, with an error 
of less than I%, in the form of Tables relating the variation of the dimensionless 
parameters. The possibility of using these Tables for measuring diffusion coefficients 
and reactive areas is discussed. 
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CURRENT-TIME CURVES IN CONTROLLED-POTENTIAL ELECTROLYSIS 
AND T H E  RATES OF REACTIONS OF INTERMEDIATES 

STEWART KARP*? AND LOUIS MEITES' 

Department of Chemistvy, Polytechnic Institute of Brooklyn, Brooklyn, New York  (U.S.A.) 

(Received August 28th, 1967) 

INTRODUCTION 

The first description of the current-time curve obtained during a controlled- 
potential electrolysis was that written by L I N G A N E ~ P ~ .  For the half-reaction 

occurring under such conditions that the rate of the backward process is negligible, 
he showed that 

where PO* is a first-order electrolytic rate constant whose value depends on both the 
mass-transfer coefficient of 0 and the rate of the electron-transfer process3, while 
Cob denotes the concentration of 0 in the bulk of the solution a t  the instant under 
consideration. More complex mechanisms have since been considered by others4-12, 
who have uniformly written 

to describe the total current a t  any instant. This draws no distinction between an 
electroactive substance present originally and one formed as an intermediate during 
the course of the reaction. 

Equation (3) is an unreliable basis for predicting current-time curves, for i t  
often misrepresents the shapes of the concentration profiles for electroactive inter- 
mediates. This has been privately recognized for some timel3, but was not stated in 
print until  MASON^^ did so after the completion of the present work. MASON considered 
the mechanism : 

with special emphasis on the possibility of isolating the intermediate, I. To write 
eqn. (3) for this mechanism, as was done by GELB AND MEITES~~,  implies that in- 

* This paper is based on a thesis submitted on July 11, 1966, by STEWART KARP to the Faculty 
of the Polytechnic Institute of Brooklyn in partial fulfilment of the requirements for the Ph.D. 
degree. 

Present address: Department of Chemistry, Long Island University, Brookville, N.Y. 11548 
U.S.A. 
# To whom correspondence and requests for reprints should be addressed. 
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creasing the stirring efficiency will increase the current a t  any instant near the 
beginning of the electrolysis because it increases the rate of mass transfer of I from 
the bulk of the solution to the surface of the working electrode. In fact, it has exactly 
the opposite effect because it increases the rate at  which I is lost to the bulk of the 
solution. Thus eqn. (3) here conceals the tacit assumption that the intermediate 
cannot undergo further reduction immediately upon being formed, but must instead 
be swept into the bulk of the solution before it becomes reducible. I t  is equivalent 
to supposing that the mechanism is really an ECE mechanism 

in which the rate of the intervening chemical step, though much larger than the 
rate of bulk depletion, is so small that no appreciable fraction of the I formed at the 
electrode surface is converted into the reducible species, J, until after it has escaped 
from the diffusion layer. 

For the mechanism : 

O+nle + I  ( 6 4  

eqn. (3) predicts that increasing the stirring efficiency will increase the fraction of 
the intermediate I that undergoes further reduction to R instead of dimerizing to 
yield the electrolytically inert product, Ds. In fact, however, the effect is to increase 
the rate at  which I is carried away from the electrode surface, where the further 
reduction can take place, into the bulk of the solution, where is it likely to dimerize 
before it can return to the electrode surface and be reduced. Here, too, eqn. (3) 
contains the tacit assumptions that the intermediate I must undergo some chemical 
transformation before it can be further reduced, and that the rate of this transfor- 
mation is small by comparison with the rate of mass transfer across the diffusion 
layer. 

In general, eqn. (3) will traduce the facts whenever an electroactive inter- 
mediate can be consumed to any appreciable extent, either by further reduction or 
by any homogeneous reaction, in the time that i t  requires to traverse the entire 
thickness of the diffusion layer and escape therefrom into the bulk of the solution. 
This paper presents the results obtained by examining a number of common mech- 
anisms in the light of these ideas. No a priori assumptions about the rates of either 
heterogeneous or homogeneous processes have been made, and the extents of homo- 
geneous reactions occurring within the diffusion layer are taken into account. 

GENERAL CONSIDERATIONS 

Three assumptions are made in the following treatment: 
I. Concentration gradients within the solution being electrolyzed are confined 

to a thin layer of solution a t  the surface of the working electrode, and the volume of 
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this layer is so much smaller than that of the bulk of the solution that the quantity 
of any substance contained in it  can be described by a steady-state equation. 

2. Mass transfer within this layer takes place by diffusion alone. 
Although these assumptions are formally equivalent to the Nernst diffusion- 

layer hypothesis, they are also consistent with LEVICH'S proof15 that the mass-transfer- 
controlled steady-state flux at the surface of an electrode in a turbulent solution is 
gven by an equation of the form: 

in which the parameter c, though a complex function of the kinematic viscosity and 
turbulence of the solution and the diffusion coefficient D of the electroactive species, 
none the less has the dimensions of distance, as does the "thickness", 6, of the Nernst 
diffusion layer. This amounts to regarding the value of 6 as a distance that isequivalent 
to the thickness of the diffusion-turbulence-damping region. I t  appears here as a 
convenient algebraic symbol for an experimentally determinable parameter. 

3. Because the volume of the diffusion layer is so small, the concentration 
gradients within it are established instantaneously, and at any instant are the same 
as they would be in a steady-state electrolysis with the same current and the same 
bulk and surface concentrations. This implies that the time required to  establish 
the concentration gradients at the start of the electrolysis can be neglected, and that 
the shapes (though of course not the slopes) of the concentration profiles are invariant 
with time. 

RESULTS AND DISCUSSION 

Case I 
To illustrate the application and consequences of these assumptions we shall 

first discuss the simple case represented by eqn. (I). The current at any instant is 
given by: 

where A is the area of the electrode, ko is the heterogeneous rate constant for electron 
transfer to ions or molecules of 0 at the surface of the electrode, and COO is the 
concentration of 0 at the electrode surface a t  the instant under discussion. The rate 
of change of the concentration of 0 at any place within the diffusion layer 

may be equated to zero by the above hypotheses, yielding the ordinary differential 
equation : 

with the boundary conditions Co =Coo at x =o and Co =Cob at x = 8. At the electrode 
surface, the flux of 0 is equal to the rate at which it is reduced: 

J .  Electroanal. Chem., 17 (1968) 253-265 
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while the rate a t  which 0 is transferred from the bulk of the solution into the diffusion 
layer is given by 

Combining this with eqns. (9) and (10) yields: 

Coo =Po vCob/(Ako + Vpo) (12) 
and 

Cob = Cob,O exp {- [j30Ako/(Ako + VPo)]t) (13) 

where Cob.0 is the initial bulk concentration of 0 and PO =DoA/VG. D E L A H A Y ~ ~  has 
described the reasons why it is imprudent to attempt a priori calculations of the mass 
transfer coefficient, Po, or a posteriori correlations of it with variations of D, A ,  or 
the stirring efficiency, and no quantitative interpretation of it is recommended or 
implied here. What is demanded of it is that it be constant throughout any one 
electrolysis and, for some purposes such as the evaluation of an, by means of eqn. 
( ~ g ) ,  that it be reproducible from one electrolysis to another and independent of 
potential under otherwise identical conditions. There is much experimental proof 
that both of these demands are satisfied within the precisions of careful measurements 
in properly designed experiments, and its use for the present purpose therefore seems 
amply justified. 

Combining eqns. (IZ), (IS), and (7) gives 

i =[ponFVAkoCob~O/(Ako +Vpo)] exp {-j3oAkol(Ako+ VP0)t) (14) 

There are two extreme cases. On the plateau of the wave, where ko % VPojA, eqns. 
(12) and (13) yield: 

COO = (VPojAko) CobvO exp (-Pot) (15) 

so that the concentration of 0 a t  the surface of the electrode is always extremely 
small, while eqn. (14) becomes 

At the foot of the wave, however, ~ O Q  V/?o/A, so that eqn. (12) becomes very nearly 

coo = Cob (17) 

while eqn. (1'4) becomes 

i = nFAkoCob,O exp {-  (Akolv) t) (18) 

The potential-dependent rate constant, PO*, may be defined by writing 

Po* =PoAko/(Ako+Vpo) 

Combining this with eqn. (14) yields the familiar result 

i =j3o*nFVCoblO exp (-po*t) 

at any potential whatever, providing that the rate of the backward reaction remains 
negligible. Because 

J .  Electroanal. Chem., 17 (1968) 253-265 



i-t CURVES AND REACTION RATES IN ELECTROLYSIS 257 

where is the standard heterogeneous rate constant for the reduction of 0, it is 
easily shown that 

Ako IZT Po* 
1.2) - - In - 

VPo anaF  B* -Po 

while integration of eqn. (20) yields the expected description of the quantity of elec- 
tricity consumed in an exhaustive electrolysis: 

00 ern = lo idt = nFVCob,O (23) 

Equation (22) provides a convenient description of the difference between the 
half-wave potentials in voltammetry with stirred-pool electrodes, and in polaro- 
graphyl7.18. The former, E*,,, is the potential at which, neglecting changes of bulk 
composition during the voltammetric scan, the current described by eqn. (14) is 
half that described by eqn. (16), both at  t=o. This corresponds to Ako=VPo so 
that Po* =Poi2 Combining this with eqn. (22) and with the equation19 for the 
polarographic half-wave potential, Et,dme,  for a totally irreversible process yields, 
at 25 ', 

where t is the drop time at the polarographic half-wave potential. 
For the reduction of 2 mM hydrogen peroxide from 0.25 F potassium dihy- 

drogen phosphate-0.25 F disodium hydrogen phosphate, Et,dme was found to be 
- 0.71 V vs. the silver-silver chloride-saturated potassium chloride reference electrode 
when t was 4.5 sec, while the value ana=o.~85 f 0.005 was obtained from the slopes 
of appropriate log plots. A number of controlled-pqtential electrolyses were per- 
formed with V=3oo cm3, /?H202 =5.5.10-3 sec-1, and A=4g cm2, and ,BE202* was 
found by interpolation to be half as large as /?H202 at -1.27 V us. the same reference 
electrode. Using KERN'S value20 of 1.7.10-5 cmZ/sec for the diffusion coefficient of 
hydrogen peroxide, eqn. (24) predicts Ea,dme-E&,v=0.44 V, in fairly close agreement 
with the experimental value, 0.56 V. Closer agreement is not to be expected because 
ana could rarely remain constant throughout the whole range of potentials included 
in such a comparison. The use of eqn. (19) provides values of ko at  potentials quite 
different from those attainable polarograpllically and might be convenient in studies 
of the double-layer effect. 

Case 11 
For the stepwise reduction represented by eqns. (4), the current at  any instant 

is given by 

where ko and k1 are the heterogeneous rate constants for the first and second electron- 
transfer steps, respectively, at  the potential employed. To simplify the results we 
shall assume that the electrolysis is performed at a potential where 0 yields its 
limiting current, so that the reduction of 0 is mass-transfer-controlled. Then 
ko $ Vpo/A andPo* =Po. Mass transfer of I within the diffusion layer can be described 
by writing: 
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At the electrode surface, 

Integrating eqn. (26) with the boundary conditions, CI =CIO at x =o and CI = C I ~  at 
x =6, and combining the result with eqn. (27) yields: 

The rate of mass transfer between the bulk of the solution and the diffusion layer is 
given by : 

Equations (26), (27). and (29) are analogous to eqns. (g) ,  (IO), and (11). Combining 
them, and setting the initial bulk concentration of I equal to zero, gives: 

cIb = Cob.O[exp[- {PA~I / (A~I  + VP))t] -exp (-Pt)l 

and 

i = PFVCob.0 1 ~ 1  exp ( -Pt) + [ 
nz A kx FA k~ 

Ak1+Vj3 (- Ak,+V@ t)I 
if Po =PI =P. The corresponding expression when PO and /?I are unequal is : 

by analogy with eqn. (rg), this becomes 

On the rising part of the second wave, where k~ does not greatly exceed VPIIA, 
a plot of In i vs. t must be concave upward. Much of the I formed at the electrode 
surface will escape into the bulk of the solution during the initial part of the elec- 
trolysis, and its reduction will be slow enough to continue for some time after all 
of the 0 has been consumed. Values of PI* a t  various potentials in this region, ob- 
tained at identical mass-transfer rates, can be calculated from the slopes of the more 
slowly decaying portions of the segmented plots of In i vs. t. Values of Ak1 can be 
extracted from these and used to compute oIn, with the aid of eqn. (21). Letting Q1 
and QZ be the current integrals corresponding to the first and second segments, 
respectively, eqn. (32) yields: 
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Ql/Qz = I +2(po -/%)A k11Bop1 V (35) 
when n1 =nz. The ratio of the current integrals is equal to the ratio of the quantities 
of electricity actually consumed in the two half-reactions only if the electrolysis is 
performed at a potential very near the foot of the wave of I. 

The current-time curves obtained during controlled-potential electroreductions 
of oxygen from air-saturated solutions containing 0.25 F potassium dihydrogen 
phosphate and 0.25 F disodium hydrogen phosphate at mercury working electrodes 
were in substantial agreement with these predictions. Electrolyses were performed 
in the cell shown in Fig. I, which was designed so as to minimize the point-to-point 

Opening for loading ond 
reference electrode 

Auxilory 
compartment 

f rit 

Fig. I. All-glass cell for controlled-potential electrolysis with a mercury-pool working electrode. 

variations in the potential of the working electrode that result from asymmetrical 
placement of the auxiliary electrode21.22. By filling the cell to the brim and stoppering 
it tightly, it was possible to electrolyze a known volume of solution out of contact 
with any gaseous phase while achieving values of in the vicinity of I - I O - ~  sec-1. 
In a cell of similar design that included provision for de-aeration, measurements of 
the potential a t  various different points on the surface of the working electrode, 
made with the stirrer blades raised about I cm above this surface, showed no detect- 
able variation even with currents of 300 mA in 0.1 F potassium chloride or of 500 mA 
in I F potassium chloride. 

Plots of In i vs. t at  potentials on the rising part of the second wave had the 
expected segmented shape. In a typical electrolysis a t  -1.08 V vs. the silver-silver 
chloride-saturated potassium chloridt? electrode, dissection in the customary way10823 
gave lines having slopes of -6.75 - J;O-3 and -0.444.10-~ sec-l. At more negative 
potentials, the slope of the second segment increased, while that of the first remained 
the same within experimental error, and at -1.49 V only a single straight line was 
obtained. The total quantity of electricity consumed was always in good agreement 
with that calculated from the concentration of oxygen in these solutions (0.176 f 0.002 

J .  Electroanal. Chew.., 17 (1968) 253-265 



260 S. KARP, L. MEITES 

mM, as determined by the Winkler method) by taking (nl +n2) =4. On extracting 
values of A k ~ ~ o ~  from the slopes of the second segments of plots of In i vs. t and plot- 
ting log Ak~,o,  against the potential of the working electrode, a straight line was ob- 
tained with a slope corresponding toan, =0.32 for the reduction of hydrogen peroxide. 
As was mentioned in connection with eqn. (24), this pertains to a range of potentials 
much more negative than the one in which the previously cited polarographic value 
was obtained; the difference between the two values is easily attributed to the double- 
layer effect. At - 1.08 V, where eqn. (35) predicts QI/Qz =1.07 with the appropriate 
values of the experimental parameters, the graphical dissection led to a value of 1.11. 

At a potential where both 0 and I yield their limiting currents, k~ $ VPIIA 
and PI* =PI, and either eqn. (32) or eqn. (34) becomes, for Po#PI 

As the second term within the braces will be negligibly small regardless of the relative 
values of j3o and PI, a plot of In i vs. t must be linear under these conditions, as was 
stated by  MASON^^. The corresponding result when Po =PI =P is most readily obtained 
from eqn. (31) : 

i =PFVCob,O(nl+n2) exp(-Pt) (37) 

Case 111 
If the mechanism is: 

Ic2 
I -P  

I + m e  -+ R 

so that the intermediate I can either undergo a pseudo-first-order irreversible 
homogeneous transformation (for which the rate constant is kz) into an electrolytic- 
ally inert product P, or undergo further reduction (for which the heterogeneous 
rate constant is k~ at  the potential employed), the fundamental equations are: 

within the diffusion layer, 

a t  the surface of the electrode, and 

in the bulk of the solution and a t  the boundary between this and the diffusion 
layer. To write eqn. (27) for this mechanism is equivalent to saying that, even though 
the reaction described by eqn. (38b) may occur to an appreciable extent in the diffu- 
sion layer as a whole, i t  cannot do so a t  the plane in immediate contact with the 
surface of the electrode. These equations yield: 
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CI~-CIO C O S ~  a 
CI = 

k2 * 
sinh (z) r + Go cosh x (o 5 r 5 6) ( 4 1 ~ ~ )  

sinh a 

in which 

The concentration profile is not linear. Assuming that the rate of reduction of 0 is 
mass-transfer-controlled and that ,6o =@I =j3, we obtain: 

CIO = ( H / ( G  -@)) [exp ( -,8t) -exp ( -Gt)] 
where 

VOL@ sinh a + A ~ I  cosh a 
G = k2+afl(  

A ~ I  sinh a + Va/3 cosh a 1 
pcob~o 

H =  
[k~/(kz Dl)*] sinh mfcosh a 

The current at any instant is given by eqn. (25)) which becomes 

i = pFCob,O [(%I  + n2 ) v exp ( -@t) kr + (k2 D I ) ~  ~ 0 t h  a 

which of course approaches eqn. (31) as k2 approaches zero. If k2 is very small, I 
accumulates in the bulk of the solution and its concentration there eventually becomes 
larger than it is at  the electrode surface, so that a plot of In i vs. t is concave upward 
as in Case 11. On the other hand, if kz is very large, little or no I can escape from the 
diffusion layer, and any that does escape cannot survive long enough to return to 
the electrode surface and undergo further reduction. Hence eqn. (33) approaches 
eqn. (16) as kz increases without limit. The total quantity of electricity consumed is 
given by : 

n2 k~ Qm = FCobyO [(nl + nz A ~ I  
k1 + ( k ~  D I ) ~  coth a l7 + G { [ k ~ / ( k z D ~ ) k ]  sinh a + cosh a ) ?  ] (44) 

Consequently, the apparent value of n ,  which is defined by 

lies between nl and (nl +n2) for all finite values of kz, in agreement with a priori 
expectation. 

Case I V  
For the ECE mechanism described by eqns. (5), the fundamental equations 

for the intermediate I are: 

where k2 is the pseudo-first-order homogeneous rate constant for the transformation 
of I into J, within the diffusion layer, 
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at the surface of the electrode, and 

in the bulk of the solution. Equation (46), like eqn. (27) in Case 111, ignores the 
extent of the homogeneous reaction at the plane in immediate contact with the 
electrode. The bulk concentration of the intermediate I is given by: 

Clb ={hl(g-B)) [exp( -Bt) -exp(-gt)l 
where 

g = kz +@ tanh a 
and 

h = /ICob*O/cosh a 

if the reduction of 0 to I is mass-transfer-controlled and if 0 and I have identical 
mass-transfer coefficients, B. The parameter a is defined by eqn. (41b). 

Meanwhile, for J 

DJ (dzCj[dXZ) + kzC~ = o (0 I x 5 6)  
and 

Combining eqn. (48) with the solution of eqn. (39) yields an equation relating CJ to 
x within the diffusion layer, and from this, together with eqn. (49) and descriptions 
of the time-dependences of CIb and CrO, we obtain : 

on assuming that the reduction of J, like that of 0, is mass-transfer-controlled. The 
current at  any instant is given by: 

tanha (/3 - kz) tanh oc 

g-B a 

As expected, this yields 

on integration. What is of more interest is that'the current-time curve may be fairly 
complex. Typical plots of In i vs. t are shown in Fig. 2. They were computed with 
the aid of a program written by Mr. ROBERT RODGERS, whose help is gratefuly 
acknowledged. They approach linearity if  kz/p is either very large or very small. 
In  the former case, very little J escapes from the diffusion layer and the overall 
half-reaction 
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proceeds without visible intermediate steps: although the plot of In i vs. t is slightly 
concave downward even if kz/@ is as large as 103, it would seem to be too optimistic 
to conclude that the chemical steps could be detected under such extreme conditions. 
The value kz/B =1o2 is a more realistic estimate of the upper limit of the value of kz 
for any intervening chemical step that could be identified with certainty by this 
technique. At the other extreme, when kz/@ is very small, the transformation of I 
into J in the bulk of the solution will be very slow, and the reduction of J will give 
rise to small and slowly decreasing currents that may be difficult to separate from 
the continuous faradaic current at the same potential. 

Fig. 2. Plots of log ( i l ia )  us. t for the ECE mechanism (Case IV),  calculated from eqn. (51). I t  is 
assumed that both 0 and J yield their limiting currents a t  the potential employed, that Po = 

= /?J = ,3 = 10-3 sec-1, and that Do = DI = DJ = 1 0 - 6  VIA cm2/sec. The value of kz/B for 
each curve is given by the number beside it. The ordinate scale pertains to  the lowermost curve, 
for which k2/P = 0.01. Each successive curve above this is shifted upward 0.5 unit with respect 
to the ordinate axis. 

CONCLUSIONS 

Although the present treatment of Case I1 gives a result considerably different 
from that of GELB AND MEITES~~ ,  the curves in Fig. 2 for 0.1 5 kz/,65 10 in Case IV 
are virtually indistinguishable from theirs. I t  is easy to see why this is so. Taking 
the Nernstian definition of ,6 at  face value, the time, z, that elapses between the in- 
stant at which an ion or molecule of an electrolytically inert substance is formed at  
the surface of the electrode and the instant at  which it escapes from the diffusion 
layer into the bulk of the solution, is given by: 

t = D(A/@V)2 (53) 
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The fraction of it that can undergo any chemical reaction having the pseudo-first- 
order rate constant k, during this interval, may be described by writing 

For ordinary values of D, A ,  and V this indicates that only about 2 or 3% of the 
intermediate will be consumed in the diffusion layer even if k,ip is as large as 102, 
and in that event, as was argued in the preceding paragraph, there is only a marginal 
chance that the chemical reaction can be detected at all. In  short, the extent of a 
chemical reaction in the diffusion layer is not worth taking into account if the reaction 
is slow enough to detect. Lnder such circumstances the use of eqn. (3) is fully justified. 

On the other hand, as MASON showed, this is not true when the intermediate 
is electroactive, for the rate of its further reduction may then be so large that it can 
never leave the diffusion layer as eqn. (3) assumes it  to do. In  this case, the use of 
eqn. (3) is unjustifiable except at potentials very near the foot of the wave of the 
intermediate, where the heterogeneous rate constant for its reduction is so small 
that almost all of it can be carried away from the electrode surface before it can be 
reduced. Otherwise, the complications of the treatment outlined here must be under- 
taken in describing any mechanism involving successive electron-transfer steps. 

SUMMARY 

Taking into account the rates at which intermediates are reduced at the surface 
of the working electrode or consumed by chemical reactions in the bulk of the solution 
or in the diffusion layer, equations are written for the current-time curves obtained 
in controlled-potential electrolysis for several common consecutive and branched 
mechanisms, including the ECE mechanism. The implications of the traditional 
equation, 

where pi* is the potential-dependent electrolytic rate constant for the reduction of 
the jth electroactive species and C j b  is its bulk concentration, and the conditions 
under which this is and is not in acceptable agreement with the much more com- 
plicated exact equations obtained here, are examined in detail. 
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Studies on the structure of electrical double layers at  phase boundaries have 
proved useful for a number of purposes, notably in the fields of electrode kinetics, 
electrokinetics and colloid stability. As a result, the properties of the double layer on 
a number of relatively "simple" systems like mercury or silver iodide are now reason- 
ably well understood. 

In this article some properties of the double layer on silica are discussed. Studies 
of this kind can be useful for soil chemistry or may provide a clue to the understand- 
ing of the operative mechanism of glass electrodes. Moreover, they have the additional 
advantage that the effect of the nature of the charge-carrying material on the double- 
layer properties can be investigated by comparing the double-layer properties with 
those on mercury or silver iodide. 

The starting point of our discussion is a number of surface charge vs. pH curves. 
Plots of this type have been obtained previously by SEARS~, BOLTS, HESTON, ILER 
AND SEARS~ and LI AND DE BRUYN*. In the following study these results have been 
extended. The specific surface area was determined by two independent methods, a 
counter charge-surface charge balance was set up and analytically checked and special 
attention has been paid to the effect of the nature of the counter ion. 

EXPERIMENTAL 

Materials 
The silica powder was a B.D.H. precipitated sample used without further 

treatment. Electron micrographs showed particles of irregular shape although some 
spherical ones could be detected. The diameter of the particles lies roughly between 
500 and 1000 A. 

All salts were of AnalaR-grade and were used without further purification. 
Standard solutions were always checked gravimetrically. Distilled water was boiled 
in a nitrogen atmosphere to expel CO2, before use. 

Surface area 
This was determined by two independent methods, viz., by the BET nitrogen 

gas adsorption method and by negative adsorption (VAN DEN HUL AND LYKLEMA~). 
The surface area determined by the first method was 56 m2jg whereas the surface 
area determined by negative adsorption of sulphates was 35 + 2 m2/g. This discrepancy 
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is not surprising because negative adsorption "sees" only the outer surface5, whereas 
the BET method measures all surface irregularities larger than the cross section of a 
nitrogen molecule. Indeed, a t-plot according to DE BOER et al.7 (Fig. I )  shows that a t  
relative pressures of about 0.35, surface pores of average radius below 20 

are filled. After completion of the capillary condensation, the BET nitrogen 
adsorption measures an outer surface of about 40 m2/g which agrees reasonably well 
with the negative adsorption area. Our experimental surface charges are based on the 
BET (Nz) inner surface area. 

The point of zero charge (P.z .c . )  
In order to calculate the absolute surface charge density of silica from the 

adsorption isotherms, the p.z.c. should be known. The precise location of the p.z.c. 
of silica is still an open question, although most authors agree that it is low; values 

Fig. I. t-Plot for SiOz. 

Fig. 2. Determination of the isoelectric point of SiOz in I O - ~  N KC1 from streaming potential 
measurements. 

between pH I and 3.7 have been tabulated by PARKS~  for various forms of a-SiOz 
(quartz), silica sols and gels. The wide range obtained by various authors might be 
due to differences in surface treatment andlor presence of cationic impurities. For 
the present si!ica powder, the isoelectric point (I.E.P.) has been established by the 
streaming potential technique using an apparatus essentially the same as that 
employed by BUCHANAN AND HEYMANN~. Streaming potentials were measured by a 
Keithley amplifier, Type 603. Figure 2 shows the variation as a function of pH of 
AVlAP (mV/cm Hg) for plugs in equilibrium with 10-3 N KC1. The values of AVlAP 
were obtained as the slopes of the straight lines obtained when V was plotted against 
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P. Streaming potentials could not be measured a t  pH-values below 2.3 owing to the 
large amounts of acid needed to lower the pH further. Moreover, it was not possible 
to measure streaming potentials in higher electrolyte concentrations (say 10-2 or 
10-1 N). The data obtained when extrapolated to zero show that the I.E.P. is located 
at pH - 2 in I O - ~  N KC1. Unfortunately, the lack of data on the acid side of the 
I.E.P. makes the extrapolation procedure inaccurate. An indication about the shift 
of the p.z.c. to higher pH-values as the electrolyte concentration increases, can be 
obtained from the titration curves, as will be shown later. 

Determination of charge us. pH curves 
The basic technique consists of the potentiometric titration of asilica suspension 

in aqueous electrolyte solutions (LiC1, NaCl, KC1, CsCl or (CzH&NCl) of various ionic 
strengths (10-~-10~) with H+ or OH- ions using a glass and a silver-silver chloride 
electrode for pH determination. A sample of electrolyte solution of the same volume 
and concentration as the silica sol is then titrated with acid or alkali. The difference 
between the amounts of OH- or H+ ions that produce a given pH in the silica sus- 
pension and the corresponding pH in the blank sample of the electrolyte gives the 
amount of OH- or H+ ions adsorbed by the surface. The surface charge is defined 
throughout as, 

GO = F ( ~ H +  -  OH-) (I) 

where TH+ and r O H -  are the numbers of equivalents of H+ and OH- ions, respectively, 
adsorbed/cmz. 

Silver-silver chloride electrodes were prepared electrolyticallyl0. The average 
reading of at least 4 electrodes was used; individual readings differed always by less 
than 0.2 mV. Potentials were measured at 20 f 0.05" using a Vibret pH-meter 
(Electronic Instruments, England) with a precision of better than 0.2 mV. The 
electrodes were standardised using a number of NBS buffer solutionsll. 

The titration vessel was completely gas-tight and nitrogen purified from Oz 
and COZ was passed to avoid contamination of COz from the atmosphere. After each 
addition of acid or alkali, the e.m.f, of the cell was measured at intervals of time 
(5-15 min) until a constant potential ( f  0.2 mV at the low pH-value and + 0.5 mV 
at the high pH-values) was measured, indicating attainment of equilibrium (within 
30-60 min up to pH -- g and 60-90 min at higher pH-values). 

In the case of tetraethylammonium chloride as the indifferent electrolyte, the 
reference electrode was linked to the solution via a salt bridge containing 1.75 M 
KN03 + 0.25 M NaN03 to suppress the liquid junction. The liquid junctions wei-e 
realised with so-called van Laar capillariesl2. 

Sodium ion adsorptiorz measurements 
In order to check the charge balance of the electrical double layer, counter 

ion (Na+) adsorption in 10-2 and 10-3 N solutions was measured simultaneously with 
OH- ion adsorption. Na+ concentrations were determined with an Eppendorf flame 
photometer (with an accuracy of $. 2%). The accuracy of the determinations depends 
to a large extent on the ratio between Na+ ion adsorption and that remaining in 
solution, so that in the higher NaCl concentrations, the amount of SiOz used for 
adsorption was increased. 
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Deterwination of SiOz 
In a few instances, the concentration of SiOz dissolved during the titration 

was determined using the molybdate method described by MULLIN AND R I L E Y ~ ~ .  

RESULTS 

Reversibility of the adsorption process and effect of sol concentration 
The reversibility of the adsorption process was tested by titrating a silica 

suspension at constant ionic strength, of an indifferent electrolyte, with OH- ions to 
pH - 8.5 and reversing the titration with H+ ions. Small deviations were observed 
which became less pronounced the more quickly the titration was carried out. These 
deviations could be quantitatively accounted for by dissolution of silica. Reversibility 
of adsorption was also realised at pH >8.5 The titration was carried out rapidly to 
minimise dissolution of SiOz. 

The effect of sol concentration was studied by titrating different quantities 
of SiOz (2,1o, 20 g) in the same volume and a t  the same ionic strength of an indifferent 
electrolyte. No change in the amount of OH- adsorbedlgram of silica was observed, 
indicating that there is practically no effect of sol concentration upon the absolute 
surface charge density.  BOLT^, and HESTON, ILER AND SEARS~ working with "Ludox" 
have found the same phenomenon, although J ~ R G E N S E N  et a1.14 reported a very 
definite effect of the suspension concentration for quartz. 

Adsorption around the 9.z.c. 
In principle, i t  is possible to obtain the p.z.c. from the intersection points of 

the orpH curves at various salt concentrations. However, owing to the low accuracy 
and the low slope in the acid region, these intersection points are not distinct. The 
best results have been obtained by studying the pH change upon addition of salt. 
We found a p.z.c. of about 3 in 10-2+1o-l N KC1 and a p.z.c. of about 2.5 in 
10-~+1o-~ N KC1. The increase with increasing salt concentration would suggest 
specific adsorption of the chloride ion. The p.z.c. thus obtained is also somewhat 
higher than the I.E.P. obtained with the streaming potential technique. 

The following go-pH plots are based upon a p.z.c. of 3   BOLT^ used a value 
of 3.7 and LI AND DE B R U Y N ~  used a value below 2 ) .  Fortunately, the precise value 
accepted for the p.z.c. is not critical for the calculated surface charge since around 
the p.2.c. the isotherms are almost horizontal. 

Adsor9tion isotherms 
Examples of ao-pH curves are given in Figs. 3 and 4 for KC1 and (CzH5)4NCl 

as indifferent electrolytes. Plots with other alkali counter ions are of the same nature 
as that for KC1. Comparison of the present data in NaCl with the corresponding 
data obtained by  BOLT^ on "Ludox" and by LI AND DE B R U Y N ~  On quartz, shows 
clearly that the surface charge density on the present silica sample is much higher, 
although the qualitative appearance of the curves is similar. The specific surface 
charge density can in some cases reach a magnitude of the order of 150 ,uC/cm2 (see 
Fig. 3). With tetraethylammonium chloride as the indifferent electrolyte, the surface 
charge density is much lower (Fig. 4). Moreover, the distinct differences in surface 
charge density with change in electrolyte concentration were not observed in this 
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case. The effect of the nature of the indifferent electrolyte on the specific charge 
density is shown in Fig. 5 for 0.1 N concentrations. This figure shows a distinct 
increase of OH- adsorption on silica in the order, (CzHs)dN+ < Li+ < Na+ < K+ < Cs+, 
at least at pH > 7 (the data for NaCl are not shown in Fig. 5 ,  to avoid overcrowding). 
The sequence for the alkali-metal cations agrees well with the order of affinity of 

Fig. 3 .  Surface charge density as a function of pH for SiOz in four different conc. of I<Cl. 

Fig. 4. Surface charge density as a function of pH for SiOz in: (o), 10-l; (.), 10-z; (m), 10-s N 
(CzHs)4NCI. 
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silica gel for these cations obtained by TI EN^^ using an accurate radiotracer method 
for the determination of equilibrium selectivity coefficients. The same sequence also 
has been obtained by L Y K L E M A ~ ~  on silver iodide, and by GRAHAME on mercury17 
although in the last case the differences were extremely small. 

Fig. 5. Effect of the nature of the indifferent electrolyte on the surface charge density of SiOz in 
10-1 N: (B), CsCI; ( o),  KCI; (O), LiCI; ( A), (C2H5)4 NCI. 

DISCUSSION 

The counter charge-surface charge balance can be illustrated from the data in 
Table I which shows the relative adsorption of OH- and Na+ at  various pH-values 
in 10-3 and 10-2 N NaCl together with the amount of silicate in solution (calculated 
on the assumption of the formation of monosilicic acid and taking the equilibrium 
value for its dissociation-K = 10-9.8-according to ROLLER AND E R V I N ~ ~ ) .  The 
negative adsorption of chloride, which, as will be shown below, is a small quantity 
especially in I O - ~  or 10-2 N electrolyte concentration, is neglected. The data of 
Table I indicate that the sum of (Na+),d,. and (silicate) compares well with the 
(OH-)ads.. 

Since the surface charge is partly neutralised by positive adsorption of counter 
ions and partly by negative adsorption of co-ions, it is of interest to calculate the 
contribution of each and compare the negative adsorption with that calculated from 
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theory and that directly measured. If the method described by L Y K L E M A ~ ~  is followed, 
the ionic components of charge at the silica/aqueous electrolyte interface can be 
calculated from the relation : 

where ps is the chemical potential of the indifferent salt and F is the Faraday. The 
integral can be evaluated from the data of Fig. 3 and this enables the calculation of 
a+ and o- a t  various pH-values. I t  was found that the value of the negative adsorption 

TABLE 1 

C H A R G E  BALANCE OF T H E  ELECTRICAL DOUBLE LAYER AT T H E  SILICA/AQUEOUS ELECTROLYTE 

INTERFACE 

(OH-)  ads.  (Na+),e,.  (silicate) ( N u + )  + (silicate) 
-. 

(mequiv./g SiOz. 10%) 

10-3 N NaCl 
8.25 2.3 
8.55 5.6 
9.07 11.7 
9.23 18.5 
9.66 30.1 

10-2 N NaCl 
7.62 3.1 
8.37 9.7 
8.89 19.3 
9.00 38.3 

in 10-1 N KC1 increases with increase of pH and then attains a constant value of 
about 2 pClcm2, which agrees well with the corresponding value predicted by the 
diffuse double-layer theory (1.85 pClcm2). The directly measured negative adsorption 
gave a value of 1.62 pC/cm2. The relative low value of the negative adsorption surface 
area is, of course, due to this relatively low value. 

The process by which the surface charge is established on silica can be regarded 
as occurring in two steps: surface hydration with the formation of silanol groups 
followed by adsorption of OH- and dehydration leaving the surface with a negative 
charge. The data of Fig. 3 show that the surface charge thus formed is extremely 
high. At high pH and high salt content, there is no end to the charge build-up, the 
OH- adsorption increases beyond the surface density of silanol groups. On the other 
hand, electrokinetic potentials of silica are not particularly high4,19,20, neither is the 
SiO2 sol particularly stable21. Consideration of these facts indicates that it is likely 
that negative groups as well as counter ions are present inside the solid matrix. Thus, 
most of the charge is neutralised by cations penetrating into the pores of the gel 
structure. The extent of penetration depends mainly on the size of the counter ion. 
This picture agrees well with the experimentally observed effect of the nature of the 
counter ion (Fig. 5) on OH- adsorption, which shows a distinct increase in the order, 
(CzH&N+ < Li+ < Na+ < K+ < Cs+. Thus, from a simple geometric effect which depends 
upon the ion volume as compared to pore size, it is expected that Cs+ ions with the 
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smallest hydrated radius do fit better than Li+ ions, which have the highest hydrated 
radius of the alkali-metal cations*. With a big and more hydrophobic cation such 
as (C2H5)4N+, which cannot fit readily in the pores of the gel structure, the surface 
charge density is much lower. This assumption does not mean that the possibility of 
a specific interaction effect between the cation and the negative SiO- sites, i.e., 
specific adsorption in the usual sense, is completely ruled out. This would also work 
in the order, Li+<Na+<K+<Cs+. However, analysis by L Y K L E M A ~ ~  for the charge 
and potential distribution inside the gel has shown that the penetration depth (i.e., 
ion volume as compared to pore size) is dominant over specific adsorption and this 
explains why there are only small differences in specificity between alkali-metal 
cations on mercury although quite a pronounced specificity is found in the case of a 
porous surface like that of SiOz. 

Tetraethylammonium chloride shows an anomalous behaviour in that the 
surface charge density is nearly independent of the salt concentration (Fig. 4). This 
can be due to the presence of (C2H5)4N+ cations in the Stem layer only (i.e., not 
inside the surface gel layer), leading to a lower potential, ya, in the diffuse layer, and 
hence to a relatively insensitivity to changes in electrolyte concentration. Electro- 
capillary measurements on the surface of mercury using tetramethyl-, tetraethyl-, 
tetrapropyl- and tetrabutylammonium iodides24 have shown evidence of specific 
adsorption of all tetraalkylammonium ions. Tetramethylammonium iodide also 
behaved anomalously on mercury. In  the first place, the surface excesses were lower 
than those of the potassium ion on the cathodic side. In the second place, the surface 
excess was independent of the concentration of the salt, as was observed with tetra- 
ethylammonium ion on silica. I t  has been postulated24 that the independence of 
surface excess with respect to the concentration of tetramethylammonium iodide on 
mercury might be due to the opposing effect of specific adsorption of cation and 
anion. However, the relatively low surface charge in the presence of tetraethyl- 
ammonium salt is probably due to the fact that (CzH5)4N+ ions are too big and/or 
too hydrophobic to diffuse into the surface pores. 

In  conclusion, the double-layer properties of silica are distinctly different from 
those on silver iodide or on mercury. The surface charge density is extremely high; 
nevertheless, ya is comparable to ya on silver iodide and this suggests that surface 
and counter charge extend inside the pores of the gel structure. This makes the 
affinity of cations to  the gel largely dependent upon ion-volume to pore-size ratio 
a trend which was also observed experimentally. 
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* TI EN^^ interpreted the interaction of alkali-metal cations with silica gel in terms of ion-exchange, 
physical adsorption and ion-exclusion from the small pores. However, MA AT MAN^^ did not accept 
this picture since he calculated from a geometric effect, found a t  any solution-solid interface, 
that hydrated Al3+ ions of radius 5-7 A (much larger than any of the alkali-metal cations) could 
enter the pores of all the gels used. 
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SUMMARY 

The specific surface charge density on a silica sample of known surface area 
was measured in the presence of LiC1, NaC1, KCl, CsCl and (C2H5)4NCl. A counter-ion 
charge-surface charge balance was set up and analytically checked. Above pH--?, 
the surface charge is much higher than on silver iodide or mercury. At a fixed ionic 
strength it increases in the order, (C2H5)4N+ < Li+ < Na+ < K+ < Cs+. Notwithstanding 
the high surface charge, the diffuse double-layer potential, yla, is not particularly 
high. An explanation of these facts has been given on the basis of the presence of 
negative groups and cation penetration inside the pores of the gel layer, the extent 
of which depends to a large extent on the cation volume as compared to pore size. 
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I t  was recently shown by DEI,AHAY~-~ that for some non-steady-state and 
periodic electrode processes it is necessary to take into account simultaneously the 
charging of the double layer and the faradaic process in the solution of the mass 
transfer problem. I t  was also pointed out that the current for non-steady-state or 
periodic electrode processes generally cannot be separated into two independent parts 
corresponding to the charging of a supposedly ideal polarized electrode and to the 
pure faradaic process, respectively. The combination of these ideas, which were 
originally developed on the basis of the model of charge separation and recombination, 
was formulated in the form of three general conditions for transport (diffusion) 
equationslv2. An explicit form of the time-derivatives appearing in the general 
equations was suggested4 for small perturbations and was applied to the derivation 
of the electrode admittance with either any exchange current5 or with an infinite 
exchange current6. The same approach is followed here for non-steady-state electrode 
processes, and the differences between this treatment and previous classical treat- 
ments are noted. A general formulation is given for any galvanostatic or potentiostatic 
perturbation of small amplitude and is then applied to specific cases. 

FORMULATION AND SOLUTION 

We consider a charge transfer reaction, 

which takes place on a plane electrode. The oxidized (A) and reduced (B) species 
correspond, for example, to a metal ion in solution and the metal in the corresponding 
amalgam-electrode. The formulation will be given for this case but the results are 
also valid when both A and B are soluble in solution. Furthermore, we assume that 
the changes of concentrations of constituents other than A and B can be completely 
neglected in the analysis of the mass transfer process. 

The time-derivatives of the surface excesses (r) of A and B, which appear in 
the first two general equationsl.2 are expressed as linear functions of the potential 
E and the concentrations of A and B for a finite exchange current (irreversible 
process). The time-derivative of the charge density of the electrode (q), which appears 

* Present address: J. Heyrovsky Polarographic Institute, Opletalova 25, Prague I, Czechoslovakia. 
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in the third general equation, is expressed in the same fashion. This procedure is 
identical with that already applied in the derivation of the electrode admittance596 
and is justified for perturbations of sufficiently small amplitude. Only two of the 
above three variables are needed when the exchange current is infinite (reversible 
processes). The expression for the faradaic current is linearized, as usual, and so is 
the Nernst equation for small perturbation. The model of the double layer used here 
is only approximate. Thus, surface excesses are reduced to surface concentrations; 
the surface concentrations are assumed to be in equilibrium with the potential and 
the volume concentrations a t  the electrode. 

The problem is formulated for galvanostatic or potentiostatic pulse of any 
shape (for which the linear approximation is adequate) by the system of diffusion 
equations 

with the following initial and boundary conditions 

t=o, + x > o  
: ca=cas(sign+), cb=cbs (sign-), 

t>o ,  +x-tco 

Notations are quite conventional and need not be described except that to note that 
i is the experimental current and if represents the faradaic current. Equation (5) is 
not a boundary condition for potentiostatic perturbation; this equation allows the 
calculation of i once the diffusion problem is solved. Note also that eqn. (6) holds 
for a finite exchange current; it should be replaced by the linearized Nernst equation 
for an infinite exchange current. 

The time-derivatives of the r ' s  and q are introduced as indicated before, and 
the following notation is introduced: one of the superscripts, a, b, 7, on the symbols q, 
Fa, r b  indicates the first derivatives of q, r a  or r b  with respect to c,, cb or E. The 
symbol T z  represents r a + I ' b ,  and the superscript notation is also used for r z .  
Moreover, we have one of the two conditions 

t >o: i =i(t) for galvanostatic process (7) 

t >o : E =E (t) for potentiostatic process. (8) 

We introduce 

and obtain (see list of symbols in Appendix) 
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T=o,  + X l 0  I : a=o(sign+) ,  b=o (sign-), 
T > o ,  +X+w 

The following relationships hold in eqn. (16) for irreversible processes 

a =I, ai =yj(j  =a,b,q), i j ( j  =a,b,q) as defined in the Appendix. (17) 

For reversible processes one has in eqn. (16) 

If we choose for q, r a ,  r b ,  the independent variables ca(x=o) and E, we have 
?,=I, yb=O, kb=0, hb=0. 

Finally we have 

I = I (T)  for galvanostatic, or (19) 

v =v(T) for potentiostatic perturbation. (20) 

The system for eqns. (11)-(zo), as solved by Laplace transform, yields : 

O'= -. 
J'S I h,Vs I +halls h b v ~  ' I (21) 

where O and 3 are Laplace transform of v and I, respectively. Equation (21) can also 
be written in the form: 

0 =Is-* 5 bjsi/z/ 5 ajs,iz 
i = O  j-0 

(22) 

where the coefficients a, and bi can be easily calculated from eqn. (21). 

For galvanostatic perturbations we write on the basis of eqn. (22) the ex- 
pression for D in a more convenient form 

where Aj can be calculated from eqn. (22) and from the rj's which are the roots of 
the equation : 

The expression for f for potentiostatic perturbations, can be written on the 
basis of eqn. (22) in the form: 
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where the coefficients BI, (k =o,1,2) can be found from eqn. (22) and are the roots 
of the equation: 

Formulas (23) and (25)  can be used directly for obtaining v and I for any 
admissible (within the linear approximation) kind of perturbation. The inverse 
transform is in general 

REVERSIBLE ELECTRODE PROCESSES 

To treat reversible electrode processes we use eqn. (21) in which the coefficients 
are those of eqn. (18). We also introduce the following notation 

Q =rI(l +,MY), P = ( I  +,MY) / ( I  +PY), N = ~ l ( y  + E ) ,  M = ~ / h a ,  L =hVMN/Pe (29) 
and deduce a result similar to eqn. (22) ,  namely 

We obtain explicit forms of this result for potentiostatic or galvanostatic perturbations 
by introducing any particular perturbation and deducing the resulting inverse 
Laplace transform. Thus, for a galvanostatic perturbation 

. . . .  . .  
where 

KI =MN(x i  - P ) / [ P e ( L  - I ) ( x ~ - x z ) ] ,  Kz = K i ( P - x z ) / ( x ~ - P )  (32) 
with 

xi=p+l/pz+Q, xz=$-~'@~+Q, (33) 

p = [ P L - ( M + N ) ] / [ z ( L - I ) ] ,  Q = M N / ( L - I ) .  (34) 

Similarly we have for potentiostatic perturbation 

where 

APPROXIMATE SOLUTION 

We now solve the system of eqns. (11)-(20) by changing it into a system of 
integral equations. This approach yields an approximate solution which allows direct 
comparison with results obtained in classical treatments for T+o. This approach 
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also enables one to estimate an error affecting the approximate solution. We first 
introduce some notations. Let A be a matrix with n rows and n columns of elements 
at1 and x a column vector of n components xk. The quantities IlAIl m and llxll are 
defined by the following 

If we have7 another vector y given by the equation y = A-x then 

I I Y I I ~  IIAII~llxll. 

Let f(T) and g(T) be two functions, and let us denote by f*g the convolution 
integral 

In the same way we denote by A*x a vector y whose components yk are defined by 
the relation : 

If at1 or xl is a function of t, we define 1 \A[ 1 and 11x1 1 for a given interval, 04 t 5 T, 
by the relations : 

I I x I I =  Max 1x11, IIAll= Max Jakz*~J. 
Z,O<t<T k,O<t<T 

(40) 

Similarly we have for y=A*x IIyII< IIAII.IIxII. By noting that we have at  x=o  
(see eqns. (11) and (13)) 

(aa/aX)*~ = - (1/@7)*a, D(ab/aX) *I = 1 / m * b  (41) 

we deduce from eqn. (41) and eqns. (11)-(20) the following system of integralequations: 

We now write this system of integral equations in matrix formulation in a 
way which is different for galvanostatic and potentiostatic perturbations. In the 
first case, I*I is a known function and we must find v (and perhaps also a and b). 
Conversely, v is a known function for potentiostatic perturbation and we have to 
obtain I (and perhaps also a and b). I t  is seen immediately from eqn. (42) that we 
can directly calculate just I*I but this does not matter so much because we can 
measure the integral of the current during the perturbation just as well as the current. 
We denote for a galvanostatic perturbation 
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K I  = (1/Vz) - H I .  (45) 

The system of integral equations can be now written in the simple form: 

GX = y  - (KI  - Kz) *X (46) 

where x is the vector to be found. If we assume that det(G) # 0, we get from eqn. (42) 

X = Z - ( M I - M ~ ) * x  

where z =G-ly, Mi =G-lKi (j=1,2). 

Writing A X  instead of ( M I  - Mz)*x, we can rewrite the system of integral equations 
in eqn. (42) in the simplest form: 

The solution can be written simply in the form 

x=(E-A+A2-A3+ ...+(- ~ ) n A n +  ...) z 

where E is the unit operator, i.e., 

E z = z  

If we take a finite number of terms in eqn. (50) we obviously obtain only an approx- 
imate solution7~s. If we take for example, as n-th approximate solution 

we obtain the estimate of error 

This estimate is only useful for JIM1-M211< I but, in a given case, the solution of 
eqn. (50) is valid for any I I MI - M2li. 

For the zero-th approximation, x(0) =z,  we deduce an estimate of the error 
from eqn. (53) 

I t  is immediately seen from eqn. (54) that for T+ o we have x+z with an error of 
order p'T. 

For potentiostatic perturbation we write 
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and we use the same KI and H I  as in eqns. (44) and (45). 
We can now apply eqns. (45)-(54), keeping in mind that x, y, Kz and G have 

different meaning than for a galvanostatic perturbation. In particular, we have for 
the zero-th approximation, x ( 0 )  =z =G-ly, and we again find that the exact solution 
x+x(O) with an error of order ]IT. 

C O M P A R I S O N  W I T H  C L A S S I C A L  F O R M U L A T I O N  

We compare the present results with those derived by the classical approach, 
i.e., without consideration of the double-layer charging in the analysis of the diffusion 
problem. We start with galvanostatic perturbations, and let the current, in our 
notations, be given by 

The dimensionless potential is given in classical treatment (denoted by the subscript 
c) by: 

ve-tIIT. (~lk,) for T+o. (58) 

We have in our treatment 

VN+IIT - (b3/a4) for T+o (59) 

where the subscript N indicates our values, and b3 and a4 are coefficients from eqn. 
(22) .  The limit given by eqn. (59) can easily be obtained from eqn. (27) after integration 
and by noting that 

4 

8 Aj=b3la4. 
j= 1 

The limit can be deduced directly from x+G-ly where x and y are defined by eqn. 
(43) and G by eqn. (44). We deduce from eqns. (58) and (59) 

The potential in both treatments is a linear function of time, but the proportionality 
constant is different. This coefficient, in the classical formulation, is proportional to 
~/k,,  i.e., to the reciprocal of dq/dE. In the present treatment, the coefficient is 
proportional to a more involved expression containing drldc's, dq/dcfs and dq/dE. 

Results for large T's are obtained as follows. We deduce from eqns. (23) or 
(27) and (57) 
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The last term approaches zero when minrlrrlvT $ I, and the asymtotic expression 
of v is 

This formula gives the same relation for the proportionality coefficient between q 
and t* as the classical theoryg. The difference between the two treatments appears 
in the constant term which is now more involved than in the classical treatment. I t  
should be kept in mind that eqn. (61) is valid only when v is so small to be in the 
region of the linear approximation. Thus, there is a lower and upper value of T for 
which eqn. (62) can be applied. Finally, we note that eqn. (61) is formally the sum 
of four terms whereas the corresponding classical formula contains only two terms. 

We now turn to the potentiostatic perturbation for which we have 

vo, T >o ;  vo is a constant 
0, T s o .  

The classical treatmentlo-13 yields, with the present notations, 

I =voi, exp (iU2T) erfc ( -&IT) 
where 

i a = i a - i b / ~  

The present treatment yields on the basis of eqns. (63) and (25) or (29) 

111 =co for T =o, both for eqns. (64) and (66). The basic difference between eqns. 
(64) and (66) lies in the first term on the right-hand side of eqn. (66). We have for T-to 

whereas the classical solution gives 

We pursue the comparison between present and classical treatments by 
considering reversible processes. The classical treatment yields, with the present 
notations, 

I =  O(-l/se+sk,) 

The limit according to classical theory 

v,+IlT/k,, for T+o  (70) 

holds for a galvanostatic pulse [eqn. (57)] whereas the present treatment leads to 

vN-tI l (MNIP~) {TI(L - I)), for T-to. (71) 

Both results coincide in the functional dependence on T a t  T-to, but the proportion- 
ality constants are different. Both treatments coincide completely for minjxjlvT $ I. 

5 

The formulas for potentiostatic perturbations and reversible processes are: 
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IN = - C O ~ ( P L ~ / M A ~ ) { I / ~ / ~ +  (Lz/L1)exp(P2T)ertc(PI/T)}. (73) 

Both I, and IN depend on T-* a t  times T< LlJ(JIGL2) but with different proportionality 
coefficients. I, and IN coincide for PfT $ I. 

Comparison between this and the previous approaches can also be extended 
to coulostatic perturbationsl4. We first substitute in eqn. (27) the coulostatic per- 
turbation Q18(T) for I(T) and integrate from -0. Thus 

The classical formula is, with present notations, 

where 

,TI=-22, 22=21, 

We again find the same behavior for T+o but the constants to which the solutions 
converge are not the same. They are in the ratio ( b ~ l a d )  : (l/kv), for this and classical 
treatments, respectively. The formulas coincide in the limits for minlrjllT 9 I and 
min[zrll/T >> I. i 

3 

CONCLUSION 

The classical formulation of non-steady-state electrode processes and the 
present approach compare as follows : 

The same kind of functional dependence of the response on time prevails for 
short time in some cases but the proportionality constants are not the same, e.g., 
linear overvoltage-time dependence for a single-step galvanostatic perturbation. 
Hence, previous analyses in which dq/dE was deduced by extrapolation to t=o  for 
a galvanostatic step-perturbation are in error whenever conditions are such that the 
classical analysis is not applicable. In other cases, e.g., potentiostatic single-step 
perturbation, the functional time-dependence is not the same in both treatments. 
Thus, the present treatment yields a current which varies inversely with time whereas 
the classical formulation gives a current approaching a constant for time tending to 
zero. 

Both treatments coincide for long times, i.e., whenever charging of the double 
layer becomes of little significance. Conditions for coincidence in the solutions are 
for irreversible processes: 

minlrjlT* $1 for a single-step galvanostatic perturbation (see rj in eqn. (24)) ; 
i 

min(ejlT* 9 I for a single-step potentiostatic perturbation (see pj in eqn. (26)). 
3 

In the time-domain between the above two extreme regions the functional 
time-dependence is different in the two treatments. 
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SUMMARY 

Non-steady-state electrode processes are analyzed with simultaneous consider- 
ation of the double-layer charging and the faradaic process in the treatment of the 
diffusion problem. A treatment is given from a unified point of view for any galvano- 
static or potentiostatic perturbation. The general formulas thus derived are applied 
to galvanostatic and potentiostatic step-perturbations and to one type of coulostatic 
perturbation. Differences from the results previously derived by the classical approach 
were found in the region where the double-layer charging influences the overall 
process. 

APPENDIX 

List of symbols 
All parameters given below are dimensionless with the exception of quantity v  

and the parameters fl,  fz, f3. The superscript, a, b  or 17, on the quantities q, r a ,  r b ,  

rz, denotes the partial derivative of these quantities with respect to c,, cb, or E .  
The subscript C denotes the sum r z  = Fa + r b .  

D  =Db/Da 

f i  = (dit jaca)l(~F) 

fi = ( a i r j a c b ) l ( ~ ~ )  

f3 = ( a i f / d E ) / ( ~ F )  

= y j + k ~  (j=a,b,rl) 

i a  = fiI'za/Da 

i b  = Rf~I'zajDa 

in = f 3 r ~ ~ / ( v ~ a ~ D a )  

I = iI'za/(~FDacas) 

ka = q a / ( ~ F r z a )  

kb = R q b / ( ~ F T z a )  

k ,  = qvj(zFvrzacas) 

Q = Aq/(zFcasTza) 

r = RVD 

R = ca'lcas 

E = rzv/ (vcasrza)  

y  = R r z b / r z a  
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Constants aj and bj  in eqn. (22) 

The constants a,, bj appearing in eqn. (22) can be derived from eqn. (21). 

These constants are listed here. 
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RELAXATION OF ELECTRODE PROCESSES WITH SIMULTANEOUS 
CONSIDERATION OF DOUBLE-LAYER CHARGING AND FARADAIC 
CURRENT. PART I1 

G. G. SUSBIELLES AND P. DELAHAY 
Department of Chemistry, New York University, New York ,  N.  Y .  10003 (U .S .A . )  
(Received October 17th, 1967) 

A general treatment of the relaxation of electrode processes was recently 
formulated by H O L U B ~  without a priori separation of faradaic and charging processes 
in the solution of the diffusion problem. The approach in his work was based on the 
three previously advanced general equations2 and on the recently developed explicit 
form of the time-derivatives of the surface excesses and charge density on the 
electrode3. He expressed his result as a general current-overvoltage relationship in 
terms of Laplace transforms for any small perturbation. He also calculated upper 
limits for the difference between his results and those for a classical formulation for 
different perturbations of small amplitude. We summarize here the explicit forms of 
the current-overvoltage-time characteristics for various types of perturbation and 
point out the difference between this treatment and the classical formulation. 

GENERAL CURRENT-OVERVOLTAGE RELATIONSHIP I N  LAPLACE TRANSFORM 

HOLUB'S general current-overvoltage relationship is: 

where s is the variable in the Laplace transform, and O and f are the Laplace trans- 
forms of dimensionless quantities, v and I, proportional to the overvoltage and the 
current density, respectively. These quantities and other notations are those of 
HOLUB~. 

Equation (I) will be rewritten by transformation into partial fractions in two 
ways. The first of these forms, which expresses 8 as a function of f ,  applies to all 
types of perturbations considered here except potentiostatic control. The second form 
expresses f as a function of O and applies to potentiostatic perturbations. We start 
with the first form which is: 
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4 M j  e = i  C 
j =I st (st + mi) 

The mi's are the roots of the 4th-degree equation in s* obtained by setting equal to 
zero the denominator of eqn (I). The resulting equation, solved for instance by the 
BROWN method4, has 4 roots of which o, 2 or 4 may be complex. This equation may 
reduce to a 3rd-degree equation for particular values of the kinetic and double-layer 
parameters. There are then either 3 real roots, or I real plus 2 complex roots. Once 
mj are computed, we determine the coefficients M j  of eqn (2) by expressing that this 
equation is identical with eqn. (I). No term in s t ,  or of a higher degree, appears in 
eqn. (2) because the numerator of eqn. (I) contains terms in s+ raised to a power which 
is lower than, or a t  the most equal to, the highest power of the skterms in the de- 
nominator of eqn. (I). 

For a potentiostatic perturbation we express I as a function of v and we begin 
by writing eqn. (I) as: 

The explicit forms of the coefficients, Sj, Rj and yj, are simply obtained by calculating 
the determinants in eqn. (I). Equation (3) is now written in the form: 

where -el represents the roots of the 3rd-degree equation in s3 obtained by setting 
equal to zero the terms between parentheses in the numerator of eqn. (4). The co- 
efficients N j  follow directly from identification of eqn. (4) with (5). 

CURRENT-OVERVOLTAGE-TIME RELATIONSHIP 

We consider small perturbations for which a linearized current-overvoltage 
holds quite well and we obtain by inverse Laplace transform the following: 

v = I  C- M' [exp (mi2T) erfc (ncjT*) + 2mj 
g-1 mj2 

(single-step galvanostatic perturbation) 

4 M j  
v=I1 z- [exp ( m j 2 ~ )  erfc (mjT*) +an ,  

j=1 mj2 

T-T * 
enp[miz(T - TI)] erfc[m, (T - TI)*] + 2- (G) - I] (7) 

(double-step galvanostatic perturbation) 
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4 Mi 
v =Q z --- exp (mi2T) erfc (mjT*) 

1-1 mi' 
(coulostatic perturbation) 

Nj exp(ej2T) erfc (QjT*) I 
(potentiostatic perturbation) 

Notations in eqn. (7) are: 11 and I 2  values of I for the first and second step, res- 
pectively; TI-value of T at end of the first step. The symbol 6 in eqn. (9) represents 
the delta-function. 

Equations (6)-(9) can be applied without difficulty when the roots mi or 
ej are real. If these roots are complex, expanded forms of the function exp(il2) x 
erfc(1) are used5 or values of this function are taken directly from tables6. 

The condition for a horizontal tangent in the overvoltage-time plot, derived 
as in the classical treatment, is for a double-step galvanostatic perturbation 

EXPANSION FOR SMALL AND LARGE ARGUMENTS 

The expansion of the above current-overvoltage-time relationships can 
immediately be written down for small or large arguments. The resulting relationships, 
which will not be given here, show the same time-dependence as for the classical 
treatment, except for potentiostatic perturbations. The coefficients in the expandec! 
equations are of course different from those in the classical formulation. Some of 
these coefficients may vanish for particular combinations of the kinetic and double- 
layer parameters. 

The difference between the expanded form for this treatment and the classical 
one for potentiostatic perturbations arises from the terms (Sl- Rl)/(nT) ) in eqn. (9). 
Thus, I+co for T =o according to eqn. (g), whereas the current is finite a t  time zero in 
the classical treatment for a finite exchange current. The infinite value of I for T =o is 
to be expected from the model from which eqn. (9) was derived. Thus, it was assumed 
that the variations of the surface excesses of reactant and product caused by per- 
turbation of the potential were only diffusion-controlled. Hence, an ideal step-varia- 
tion of potential results in an infinite current a t  T =o. The delta-function in eqn. (9) 
corresponds to that part of the double-layer charging corresponding to all species 
except the reactant and product. Mass transfer was not considered for these species 
in our model. The delta-function would also appear in the classical treatment if a 
constant double-layer capacity were supposed to shunt the path for the faradaic 
current a t  the metal-electrolyte interface. 

Finally, the functions exp(il2) erfc(1) in eqns. (6)-(9) must approach unity for 
large arguments, and consequently all arguments must be positive. Hence the roots 
mj or el, if they are real, or the real parts of those roots if they are complex, must all 
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be negative (-nzf or -Q, represents the roots). This condition imposes a restriction 
on the values of the partial differential coefficients of the surface excesses and charge 
density on the electrode. 

COMPARISON WITH CLASSICAL TREATMENT 

The foregoing treatment is of interest for fast processes with specific adsorption. 
Calculations were performed to ascertain the difference between this and the classical 
treatment for a single-pulse galvanostatic perturbation for data listed below. The 
difference was small even for an exchange current density of r A cm-2. The data used 
here pertain approximately to a divalent cation in 0.1 M solution of a 1-1 supporting 
electrolyte a t  -0.5 V versus the point of zero charge, i.e., for a case with presumably 
strong non-specific adsorption. Data were: dq/ac+s= -0.2877 C cm mole-1, dq/acMs= 
0, a q / a ~  =20 1~~ cm-2, ar+/a~+s=0.1382.10-~ cm, ar+lachls=o, ar+/aE=0.4584. 
10-11 mole cm-2 V, c+s=cd =IO-6 mole cm-3, D+ =DM = I O - ~  cm2 sec-1. The above 
double-layer parameters were computed as before7, but by using lower absolute 
values of $2 and d$~/dE than in the previous publication. We used here $2 = - 0.0518 V 
and d+z/dE =0.055. We now believe, following SLUYTER'S remarks, that the values 
of $2 and d&/dE previously used7 were too high because they correspond to the 
supporting electrolyte alone. It is possible that we have used too low values of $2 

and dr$z/dE here, and the matter could only be settled by experimental double-layer 
studies of a 0.1 M solution of a 1-1 supporting electrolyte containing a divalent cation 
(0.001 M concentration range) which is not reduced a t  approximately -I V (vs. 
SCE), e.g., Ba2+. Classical double-layer measurements and calculation of $2 would 
then yield the coefficients that are needed to compare the present theory with the 
classical formulation in the case of strong non-specific adsorption. 

This work was supported by the Office of Naval Research. 

SUMMARY 

Explicit forms of the response-time equation are given for the following 
relaxation methods: single-step and double-step galvanostatic, coulostatic and 
potentiostatic. 

A numerical example shows that this treatment differs from the classical one 
only if there is marked specific adsorption of reactant and/or product. 
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BEMERKUNGEN ZUR METHODIK DER ORGANISCHEN POLAROGKAPHIE 

L. HOLLECK, M. HEYROVSK$ UND S. V A V ~ I C K A  
Chemisches Institut der Hochschule, Bamberg (Bundesrepublik Deutschland) 

(Eingegangen am 31. Oktober, 1967) 

Im Laufe der Untersuchungen der polarographischen Reduktion von p- 
Dinitrobenzol haben wir gefunden, dass diese Substanz weitaus grossere Anspriiche 
an die experimentelle Methodik stellt als die gelaufigen Depolarisatoren. Da es sich 
dabei um Effekte handelt, die in der Polarographie von grundsatzlicher Bedeutung 
sind, wollen wir auf sie aufmerksam machen. 

Abb. I. Einfluss der Zusammensetzung der Pufferlosung auf die polarographische Strom-Span- 
nungskurve von 10-3 M p-Dinitrobenzol in wassrig-methanolischen Losungen, 30% CH30H; 
Tropfzeit, tl = 2.6 sec. (konstant gehalten) pH = 8.25: (ra), Na~B407 + KzHPOI; (~b), NaHzP04 
+ Na2HP04. pH = g: (za), NH3 + NH4C1; (zb), H3B03 + NaOH + HCl. 

Es ist bekannt, dass reproduzierbare polarographische Kurven organischer 
Substanzen nur dann erhalten werden konnen, wenn man gut gepufferte Grundlosun- 
gen mit konstantem pH-Wert benutzt. Unsere Versuche haben jedoch gezeigt, dass 
diese Bedingung zwar notig, aber nicht ausreichend ist. Die Gestalt der Kurven von 
p-Dinitrobenzol hangt nicht nur vom pH, sondern auch von der Zusammensetzung 
der Pufferlosung ab, was besonders im schwach alkalischen pH-Bereich bemerkbar 
ist (s. Abb. I). 

Wir schreiben diese Tatsache der verschiedenen Wirksamkeit der als Proton- 
donatoren fungierenden sauren Bestandteilen der Losungen zu1~2. 

Vergleicht man die Hohen der polarographischen Stufen bei verschiedenen 
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Potentialen und in Losungen von verschiedenen pH-Werten, so hat man auch den 
Einfluss des Potentials auf die Tropfzeit in Betracht zu ziehen. Mit einer Auswirkung 
ist besonders im Falle von mehrelektronigen Reduktionen zu rechnen. Bei der 12- 

elektronigen Reduktion von p-Dinitrobenzol kann diese Korrektion der Stufenhohe 
den Wert erreichen, welcher der Aufnahme eines Elektrons entsprache. Nicht- 
berucksichtigung dieses Effektes fiihrt u.U. zu falschen Schliissen uber den Chemismus 
bzw. Mechanismus der Elektrodenprozesse, weswegen es in solchen Fallen empfehlens- 
wert ist, die Methode der mechanisch geregelten Tropfzeit anzuwenden. Es hat sich 
gerade im Falle des 9-Dinitrobenzols gezeigt, dass es wichtig ist, mit konstant 
gehaltener Tropfzeit zu arbeiten, vor allem, wenn oberflachenaktive Stoffe zugegen 
sind. Bei Anwesenheit bzw. Zusatz solcher Substanzen wird mit der Grenzflachen- 
spannung auch die Tropfzeit gegeniiber der zusatzfreien Lijsung geandert, was sich 
vor allem bei kinetischen und irreversiblen Prozessen im Kurvenverlauf (gewisse 
Veranderung der Kurvenlage und -steilheit) auswirkt. Diesen Einfluss kijnnte man 
irrtumlichenveise den1 Eingriff der adsorbierbaren Substanzen in den Prozessablauf 
zuschreiben. In Abb. 2 sind Kurven von p-Dinitrobenzol wiedergegeben, die den 
Einfluss einer konstant gehaltenen Tropfzeit deutlich machen. Hierzu ist allerdings 
zu bemerken, dass in diesem Falle die Grosse des Effektes durch die Natur des die 
polarographische Strom-Spannungskurve bestimmenden komplizierten Reaktions- 
ablaufs2 gegeben ist. 

Abb. 2 .  Einfluss der konstant gehaltenen Tropfzeit auf die polarographischen Strom-Spannungs- 
kurven in Gegenwart oberflachenaktiver Substanz. 5. I O - ~  M p-Dinitrobenzol im Boratpuffer 
pH g ,  30% CH30H. Ungeregelte Tropfzeit: (I), ohne Gelatine; ( z ) ,  mit 0.005% Gelatine. Konstant 
gehaltene Tropfzeit, tl = 2.3 sec: (3), ohne Gelatine; (4). mit 0.005% Gelatine. 

Wie bekannt, muss man in der Polarographie mit dem sogenannten Verar- 
mungseffekt und gleichzeitig mit der ubertragung der Reaktionsprodukte von einem 
Tropfen auf den anderen rechnen. Diese Effekte machen sich besonders bemerkbar 
bei komplizierteren mehrelektronigen Vorgangen, wie 2.B. bei der Reduktion von 
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+-Dinitrobenzol. Wie Abb. 3 zeigt, erscheint auf der polarographischen Kurve an 
dem sog. "ersten Tropfen" ein Maximum, das an dem "zweiten" und den folgenden 
Tropfen durch Ubertragung der Reaktionsprodukte unterdriickt wird. Dem Einfluss 
dieser ubertragung schreiben wir auch den uberraschenden Effekt schon geringer 
linderungen der Quecksilberbehalterhohe auf das Auftreten des Maximums (Abb. 4) 
zu. Dafur spricht die Tatsache, dass sich das Verschwinden des Maximums durch 

Abb. 3 .  Effekt der fJbertragung von Reaktionsprodukten in den polarographischen Kurven. 
10-3 M p-Dinitrobenzol im Boratpuffer pH g, 30% CH30H. Polarographische Strom-Zeitkurven 
mittels einer gewohnlichen Kapillare bei verschiedenen Potentialen am ersten, zweiten und dritten 
Tropfen, mit dem Polarographen Polariter PO4 (Firma Radiometer), Dampfung I, aufgenommen. 

Abb. 4. Einfluss der Quecksilberbehalterhohe auf das Auftreten des katalytischen Maximums. 
1 0 - 3  M p-Dinitrobenzol im Boratpuffer pH 8.9, 30% CHIOH: Tropfzeit konstant gehalten, tl = 
1.9 sec. Behalterhohe: (I), 526; ( z ) ,  527 mm. Q~ecksilberausflussgeschwindigkeit unter I mglsec, 
gewohnliche vertikale Kapillare. 
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Erniedrigung des Quecksilberbehalters bei Verwendung einer den ubertragungseffekt 
weitgehendst beseitigenden Smolerschen Kapillare nicht erreichen lasst. Ober die 
katalytische Natur dieses Maximums wurde an anderer Stelle berichtetl. Eine weitest- 
gehende Beseitigung solcher Ubertragungseffekte ist durch die Beniitzung der 
abgewinkelten Smolerschen Kapillare3 erreichbar. 

Die Anfklarung des gesamten Reduktionsablaufs-des Chemismus, wie des 
Elektrodenmechanismus-erfordert gerade bei vielelektronigen Prozessen mit ihren 
komplexen Geschehen infolge mannigfacher Einfliisse auf die primaren und sekun- 
daren Elektrodenreaktionen, sowie die Wechselwirkung von Elektrolysen-Zwischen- 
und -Endprodukten mit dem Depolarisator bzw. den Losungskomponenten-vielfach 
das Heranziehen weiterer, nicht-polarographischer Methoden. Gerade dann, wenn 
bei Benutzung der abgewinkelten Kapillare, gegenuber einer normalen vertikalen, 
ein grijsserer Effekt im Kurvenverlauf auftritt, erscheint es angebracht, auch der 
Frage der chemischen Reaktionen von kathodischen Reduktionsprodukten das 
Augenmerk zuzuwenden. So tritt z.B. bei mikroskopischer Beobachtung der Elektro- 
denumgebung im Laufe der Reduktion von p-Dinitrobenzol eine braunrote Farbung 
auf4, die seinerzeit schon im Laufe von praparativen-potentiostatisch durchge- 
fiihrten-Elektrolysen auftrat und die bei vollstandiger Durchreduktion wieder 
verschwindets. Die gleiche rote Farbung konnten wir beobachten, wenn die Reduktion 

Abb. 5. Polarographische Verfolgung des zeitlichen Verlaufs der Reduktion von p-Dinitrobenzo 
mit Hz an platiniertem Platinblech. 10-3 M p-Dinitrobenzol im Boratpuffer, pH g. Kurven nach 
angegebenen Zeitintervallen der Reduktion aufgenommen. 

von p-Dinitrobenzol in schwach alkalischer Losung mit Wasserstoff in Gegenwart 
eines platinierten Platinbleches durchgefiihrt wird. Dieses chemische Reduktions- 
verfahren, das nur einen minimalen Eingriff in das untersuchte System darstellt, 
l'asst-wo anwendbar-auf einfache Art auch den Reduktionsprozess polarographisch 
verfolgen (Abb. 5) und kann als zusatzliche Methode zur Aufklarung von Reduktions- 
Chemismen, insbesondere die Verfolgung von Sekundarreaktionen mit herangezogen 
werden. 

Fur Forschungsmittel danken wir der Alexander-von-Humboldt-Stiftung 
sowie dem Bundesministerium fiir Wirtschaft bestens. 
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ZUSAMMENFASSUNG 

Am Beispiel der polarographischen Strom-Spannungskurven von p-Dinitro- 
benzol wird auf die Bedeutung gewisser beeinflussender Faktoren sowie bestimmter 
methodischer Massnahmen fur die polarographische Untersuchung organischer 
Verbindungen hingewiesen, so der Zusammensetzung der Pufferlosungen (bei gleichem 
pH), der kiinstlich geregelten Tropfzeit und der Verwendung der geneigten Kapillare 
nach SMOLER. Vor allem bei komplizierteren Elektrodenprozessen kann sich die 
Ubertragung von Elektrolysenprodukten von einem auf den anderen Tropfen im 
Kurvenverlauf stark auswirken, wie etwa in der Unterdruckung katalytischer 
Wasserstoffmaxima im Laufe der p-Dinitrobenzol-Reduktion. Als in speziellen Fallen 
zur Klarung von Reduktions-Chemismen anwendbare Zusatzmethode lasst sich die 
Reduktion durch Wasserstoff in Gegenwart eines platinierten Platinbleches, unter 
gleichzeitiger polarographischer Verfolgung des Reduktionsablaufs, anwenden. 

SUMMARY 

Polarographic current-voltage curves for 9-dinitrobenzene are given to 
illustrate the effect and significance of some experimental variables, e.g., buffer 
composition (of the same pH), mechanically-regulated drop-time, and the use of 
SMOLER'S bent capillary-in the study of organic compounds. The transfer of the 
electrolysis products from one drop to the other can-in case of complex electrode 
reactions-greatly affect the shape of the polarographic curve as, for example, in 
the suppression of the catalytic hydrogen maxima recorded in the course of reduction 
of 9-dinitrobenzene. 

Reduction by gaseous hydrogen in the presence of a platinized platinum plate 
and the simultaneous polarographic monitoring of the progress of reduction can-in 
special cases-be applied to clarify the reduction mechanism. 
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An understanding of electrochemical reactions is frequently not attainable 
unless the structure of the electrical double-layer is understood. The nature of the 
double-layer at solid electrodes has not yet been adequately elucidated, knowledge 
about it being largely based on analogy with the well-characterized mercury elec- 
trodes; the present state of our understanding in this area has been cbmprehensively 
reviewed by DELAHAY~. 

Primary difficulties with solid electrodes involve questions as to : (a) the repro- 
ducibility of the electrode surface and (b) the dependence of the apparent double-layer 
capacity on frequency. The aim of the present study was to investigate these questions 
in relation to the pyrolytic graphite electrode, which has in recent years proved useful 
in a variety of electrochemical studies; particular attention was given to electrode 
preparation and treatment. 

The observed capacity was always to some extent dependent on the frequency 
at  which the measurement was made. However, it is indicated that such an effect may 
be expected at  any electrode, such as a disk, at which the distribution of current over 
the surface is not uniform. 

EXPERIMENTAL 

Polarization. circuit 
Instrumentation for polarization by both alternating and direct voltages has 

been either fully manual, with corrections for iR-drop and other effects being cal- 
culated after the experiments have been made2, or fully controlled with both d.c. and 
a.c. signals held constant by electronic circuits, usually constructed of operational 
amplifiersz. The latter scheme has the disadvantage that, with readily available 
equipment, work is restricted to frequencies no higher than about 1000 Hz. There- 
fore, a "hybrid" arrangement (Fig. I) was used in the present work, in which a.c. and 
d.c. circuits were connected in parallel across the cell. 

The d.c. circuit was controlled by a conventional operational-amplifier control- 
loop4; the direct voltage was applied by potentiometer, E; capacitor Cz was used to 

%Present address: Department of Chemistry, University of Kentucky, Lexington, Kentucky, 
U.S.A. 
DPresent address: Department of Chemistry, Villanova University, Villanova, Pennsylvania, 
U.S.A. 
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attenuate any a.c. picked up by the reference electrode; choke L ensured that a.c. 
applied between counter and working electrodes was not shunted through Cz to 
ground. 

The a.c, circuit, supplied by an audio-frequency oscillator, was manually 
controlled. A parallel combination of resistance (R,) and capacitance (C,) decades was 
used for phase-angle measurement; phase shifts and cell impedances were measured 
as previously described5, using an oscilloscope. A 10-mV peak-to-peak voltage was 
maintained across the working electrodes by manual adjustment of RI and of the 
oscillator amplitude-control. Capacitor C1 blocked the d.c. signal from the ax .  circuit. 

Fig. I.  Circuit for a.c. measurements. ( C I ) ,  0.01 p F ;  (Ca), 2pF ;  (C,), General Radiodecadecapacitor 
Type 1419-A; (CRO), Tektronix Model 502A dual-beam oscilloscope; (E), 0-10 Vvariablepotential 
source; (F), stabilized follower; (L), United Transformer choke Type MQM-600; (OSC), Heathkit 
audio-frequency oscillator Model AG-8; (P), Philbrick Kz-P operational amplifier; (RI), two 314- 
turn radio potentiometers in series, gkfi and I -Ma ;  (K,), General Radio decade resistor Type 
1434-QC; (X), Philbrick Kz-X operational amplifier. 

Cells 
For runs in aqueous solution, a conventional H-cell was used with a saturated 

calomel electrode, SCE, as reference electrode, and an agar plug between compart- 
ments. The counter electrode, which was placed in the test-solution compartment, 
consisted of either a large mercury pool (area: 9.6 cm2) or a platinum gauze cylinder, 
I cm in diameter and 3 cm high (ca. 26 gauge wire). The three-compartment water- 
jacketted cell used for runs in pyridine solution has been described6; salt bridges were 
methyl cellulose gel-0.1 M Et4NC104 in pyridine. Runs in aqueous solution were at 
ambient room temperature (no significant effect of temperature changes of a few 
degrees on capacity has been reported) ; runs in pyridine solution were a t  25'. 

Graphite electrode 
Pyrolytic graphite electrodes (P.G.E.) made from 4-mm diameter cylinders 

sealed into glass tubing were prepared as previously described7 with the graphite 
surface flush with the end of the glass tubing, as well as with several millimeters of 
graphite protuding from the tubing; in the latter case, the sides of the graphite cylin- 
der were insulated. Shell Epon resin, Sears two-component epoxy resin, and poly- 
ethylene (obtained by melting polyethylene tubing in a low flame) were tried for sealing 
and insulation. Resurfacing was accomplished by polishing with a fine abrasive paper7 
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or by cleaving about a millimeter of graphite from the electrode tip by means of a 
sharp scalpel. The most reproducible behavior was obtained with a "protruding" elec- 
trode, sealed and insulated with Sears epoxy resin and resurfaced by cleaving. 

Reagents 
Aqueous potassium chloride (J. T. Baker) solutions were purified by treatment 

with charcoal (Darco G-60). Pyridine, argon for de-aeration, and tetraethylammonium 
perchlorate were obtained and treated as previously described6.8. The argon was 
equilibrated in the case of aqueous solutions by first being bubbled through water; 
for pyridine solutions, it was first passed through a column of Drierite and then 
through pyridine containing molecular sieves. 

MEASUREMENT APPROACH 

The measuring technique involved determination of total cell impedance, 2, 
and phase angle, 4, and calculation of the equivalent series resistance, Rs andcapacity Cs 
(the apparent double-layer capacity), by simple transformation of the measured 
quantities. Thus, 

2 2  = Rs2 + 1/w2Cs2 (1) 

where o is the angular frequency of the applied alternating signal, and 

cot 4 =wRsCs (2) 

Combining eqns. ( 2 )  and (I), 

2 2  = Rs2 + RS2/cot2 r$ = Rs2/cos2 r$ (3) 
which permits R to be calculated directly from Z and 4 via 

R,=Z cos r$ (4) 

C can then be calculated, using eqn. (z), from 

Cs =I/W 2 sin $ (5) 
If Rs and C, are independent of frequency, support is given to a representation 

of the cell as being the double-layer capacity at the working (small) electrode in series 
with the solution resistance, and Cs and Rs can be taken to be measures of these quan- 
tities. However, if R, and C, change with frequency ("frequency dispersion"), such 
inferences cannot be drawn. I t  is worth emphasizing that, when the equivalent series 
circuit is inapplicable, use of C, as a "double-layer capacity" involves an assumption 
whose validity does not necessarily improve as the frequency dispersion becomes less ; 
it is the applicability or inapplicability that is significant, since any frequency 
dispersion points to a phenomenon that must be understood before Cs-values can be 
reliably used. 

REPRODUCIBILITY AND FREQUENCY DISPERSION 

The reproducibility, nature, and magnitude of the frequency dispersion ob- 
tained on pyrolytic graphite electrodes (Tables I and 2) indicate that good repro- 
ducibility may be attained at a given electrode by rigorous control of the preparation 
and handling of the electrode (cf. subsequent discussion). 
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However, both the magnitude of the measured quantities and their variation 
with frequency are sensitive to the method of preparation of the electrode surface: 
compare data in Table r for a cleaved electrode and Table 2 for a polished electrode 
cathodized before the impedance measurements were made. Thus, one possible factor 

TABLE 1 

SERIES CAPACITY AND RESISTANCE AT A CLEAVED PYROLYTIC GRAPHITE ELECTRODEa 

Frequency 
f Hz) 

8Electrode (diam. 4 mm) was sealed and covered by a polyethylene pressure-fitted sleeve. Soln. 
composition: 0.4 M KCl. 
bMeasurements were made a t  a potential of -0.5 V us. SCE. The numbers in parentheses refer t o  
the series of experiments made on the same electrode with resurfacing by cleaving between each 
series. 

TABLE 2 
SERIES CAPACITY AND RESISTANCE AT A GROUND PYROLYTIC GRAPHITE ELECTRODEs 

Frequency Csb fpF) Rsb (Q) 
(Hz) 

(1) (2) (1) (2) 

aElectrode (diam. 4 mm) was sealed in a glass tube by polyethylene with its end flush with the 
glass; i t  was resurfaced by grinding. Soln, composition: 0.5 M KCI. 
bMeasurements were made a t  a potential of -0.5 V us. SCE. I n  series (I), the soln. was pre-elec- 
trolyzed initially by cyclic scan to  -1.0 V; in series (z), the soln. was similarly pre-electrolyzed 
before each measurement. 

in the differences observed is the presence or absence of an "oxidized" surface. The 
P.G.E. normally has an "oxidized "surface that shows a different apparent capacity 
than the "reduced" surfaceg; the latter can be produced, e.g., by polarizing the elec- 
trode from o to - 1.4 V vs. SCE at 10 mV sec-1. Therefore, if an "oxidized" electrode 
is held a t  a negative potential, the capacity would be expected to change with time. 
We have occasionally observed such effects, where the order of magnitude of the drift 
is about a 5% change in capacity in 15 min while the resistance remains constant or is 
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changed to a lesser extent; these changes appear to depend on applied electrode 
potential and on the frequency. No quantitative data bearing on this particular point 
were obtained; however, work is continuing on the study of the nature of the surface 
("oxidized" or "reduced"), in particular by cyclic voltammetric investigationsg. 

Another possible factor in the small frequency dispersion that was persistently 
observed (e.g., Tables I and 2 )  may have been penetration of the solution between the 
electrode and its insulation. For example, in one of a number of experiments that gave 
a much larger &value at low frequencies (a factor of up to 4 over Table 2 )  together 
with a much greater degree of frequency dispersion (Table 3), the resin coating around 

TABLE 3 
EFFECT ON SERIES CAPACITY AND RESISTANCE O F  SEEPAGE OF SOLUTION BETWEEN PYROLYTIC 

GRAPHITE ELECTRODE AND ITS INSULATIONa 

Frequency cab I@) RSb (Q)  
(Hz)  

(1) (2) ( I !  (2) 

aElectrode was encased in a two-component epoxy resin and was resurfaced by cleaving. Soln. 
composition: 0.4 M KCl. 
bMeasurements were made a t  a potential of -0.5 V us. SCE. In series (I), a pool counter-electrode 
was used; in series ( 2 ) ,  a platinum gauze cylinder counter electrode was used; the lack of any 
difference in the two series indicate that both counter-electrodes were equally effective. 

the electrode became opaque and readily peeled away, evidently due to penetration of 
solution between electrode and resin. Continuous penetration is not necessarily 
involved, but merely the presence of a "wedge" of solution. The latter has been identi- 
fied as a cause of frequency dispersion under some circumstancesl0-14; in fact, such 
an explanation is commonly invoked in a qualitative way to explain frequency dis- 
persion, but quantitative support for the explanation is not usually available. At solid 
electrodes, roughness of the surface is another explanation commonly given for the 
observation of frequency dispersion. 

Both explanations amount to the use of an equivalent circuit in which the 
lines of current flow have to be represented by a number of parallel paths, each with 
capacitive and resistive properties, whereas a lack of frequency dispersion permits the 
use of an equivalent circuit consisting of only one path for current flow, viz. through 
the capacity of the interface and the ohmic resistance of the solution in series. Thus, 
any physical situation in which the current density is not uniform over the surface 
of the electrode will result in frequency dispersion. In the following section, we discuss 
the possibility that such an effect is inherently present when a disk-shaped indicator 
electrode is used. 
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ELECTRODE SHAPE AND FREQUENCY DISPERSION 

Statements in the literature refer to the need for a symmetrical arrangement of 
electrodes if frequency dispersion is to be avoided, for example, in the work of 
GRAHAME : 

". . .Hanging droplet.. . not significantly different from d.m.e . . . with (large 
cupped Hg surfaces). . . frequency effect always exceeded that.. . with droplets, and 
its magnitude depended critically upon the size and shape.. ." (p. 305 of ref. 10; cf. 
also column I of p. 307). 

I ,  . . .Generally.. . dispersion is greater on wires and sheets than on spheres.. . 
more difficult to satisfy the symmetry requirements.. ." (almost at end of ref. 15). 

". . . The necessity for smoothness and spherical symmetry (or any other sym- 
metry which assure an equal flow of current to all points of the electrode surface). . . 
Robertson.. . points out the enormous increase in the apparent series resistance.. . 
with platinum electrodes as the frequency is lowered.. . also noted by the writer.. . 
not only with platinum but also with other types of solid electrodes and to a lesser 
degree even with mercury. The effect with mercury has been. . . apparently explained.. . 
as being due to the creeping of the solution up the inner walls of the capillary.. . I t  is 
not clear that any similar explanation will suffice to explain the results observed with 
solid microelectrodes. The (series) capacity of a spherically symmetrical smooth solid 
electrode is virtually unaffected by the frequency.. . This fact can be used as a test 
for smoothness and symmetry of an electrode." (p. 353 of ref. 16). 

Fig. 2. Frequency dispersion of apparent double-layer capacity a t  planar disk-shaped working 
electrodes. ( x ) ,  results obtained in the present study, taken from Tables I and 2 ;  (+), results 
reported by GRANTHAM'S a t  mercury. The line was calculated by assuming that all results follow 
the same relation. 

In connection with our work, the question now arises whether a symmetrical 
arrangement of electrodes was achieved. We were not able to detect differences be- 
tween the results obtained with a large mercury pool as counter electrode as com- 
pared with a large cylindrical platinum gauze counter electrode. Such a test is incon- 
clusive, however, since the important feature is the current distribution at the disk- 
shaped working electrode, which could be very similar with the two counter-electrodes 
used. In point of fact, in a theoretical discussion of the distribution of direct current 
in electrodeposition, i t  has been shown that there are only three arrangements of 
electrodes in which i t  is possible to obtain an absolutely uniform current dis- 
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tribution over the electrodes: concentric spheres, concentric cylinders, and infinite 
parallel planesl7. Thus, it seems that frequency dispersion will be inherently connected 
with the use of disk-shaped working electrodes. 

Some support for this expectation may be found in data obtained at a plane mer- 
cury disk electrodel8, where dispersion of the observed capacity with frequency was 
observed. Moreover, the magnitude of this dispersion is comparable to that found in 
the present work (cf. Fig. 2). 

Given that a variation of measured capacity with frequency is the result of 
non-uniform distribution of current, an equivalent circuit would then be composed of 
a set of capacities and resistors, Ci and Ri, arranged so that there are parallel paths, 
each of which contains one C and the corresponding R. I t  is readily seen that in such an 
arrangement, extrapolation to sufficiently low frequencies will yield the sum of the 
individual capacities Ci; sufficiently low frequencies require that all of the Ri-values 
will be small compared with the corresponding (11znf Ci) terms. The results in Table 2 

may have approached this requirement ; however, as mentioned, unresolved questions 
on the nature of the surface preclude further discussion a t  this stage of the significance 
of the numerical values obtained in these measurements. 

EFFECT OF ELECTRODE POTENTIAL ON DOUBLE-LAYER CAPACITY 

In studies where frequency dispersion is absent or ignored, measurements of 
the double-layer capacity are commonly made with signals of 1000 Hz or thereabouts. 
At solid electrodeslg, the measured capacities generally are similar to those at mercury 
in that the capacity rises a t  both positive and negative polarizations and shows a more 

TABLE 4 

SERIES RESISTANCE AND CAPACITANCE AT A 

PYROLYTIC GRAPHITE ELECTRODE O F  A PYRIDINE 

SOLUTION OF TETRAETHYLAMMONIUM PERCHLO- 

RATE (0.1 M) AT 250 Hz 

Potentials El, CB 
I V )  f Q) ~ P F )  

sVs. N.Ag.E.: A ~ / I  M AgNOa in pyridineZ7. 
bThe values are averages of from one to five 
qeparate experiments, normalized for 10 pFand  
300 0 a t  o V ;  the actual capacity a t  o V was 
about 60 pF/cmZ of macroscopically measured 
surface. 

TABLE 5 

EFFECT O F  APPLIED POTENTIAL ON SERIES 
CAPACITY AND RESISTANCE AT A PYROLYTIC 

GRAPHITE ELECTRODE 

Potential CS R, 
us. S.C.E. (PF)  f m )  
f V )  

~Electrode (diam. 4 mm) was sealed i .l a glass 
tube by polyethylene with its end 'lush with 
the glass; it was resurfaced by polishing. 
Soln. composition: 0.5 M KC1. Frequency: 
1000 Hz. 
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or less pronounced minimum at intermediate potentials; the minimum capacity is 
sometimes taken as a measure of the potential of zero charge. In order to compare the 
behavior of the P.G.E. with that of other solid electrodes in this respect, measurements 
were made at a fixed frequency with changing electrode potential (Tables 4 and 5). 

In aqueous KC1, the capacity appeared to show a very shallow minimum be- 
tween ca. -0.2 and - 0.4V vs. SCE; in 0.1 M Et4NC104 in pyridine, adistinct minimum 
in the capacity lay close to o V us. N.,4g.E.Z0 In the latter system, polarization beyond 
- 1.0 V produced an irreversible change in the electrode surface, i.e., results obtained 
after such a polarization and a return to less negative potentials were scattered and 
unreproducible. In  aqueous KC1 solution, such behavior results from reduction of an 
"oxidized" surface (cf. previous discussion) or from the formation of hydrogen through 
discharge of protonszl; the reactions, which may occur in pyridine to alter the gra- 
phite surface, have not yet been elucidated. 
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SUMMARY 

The apparent double-layer capacity at pyrolytic graphite electrodes has been 
measured over a wide range of frequencies ( ~ O - Z ~ , O O O  HZ) in aqueous and in pyridine 
solutions. The capacity varied with frequency, as did the series resistance; various 
methods of preparation of the electrode surface were tried, but with no indication 
that the frequency-dependence could be eliminated along this line of approach to the 
problem. 

I t  is suggested that the frequency dispersion may be at least in part an effect 
of electrode geometry since the distribution of current at a disk electrode is not 
uniform across the surface. 
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INTRODUCTION 

Although a number of determinations of the potentials of calcium amalgam 
electrodes in aqueous solutions have been madel-5, no critical evaluation of this data 
presently exists, and in general it is ignored in compilations of thermodynamic data 
on the potential of the calcium electrode in aqueous solution6-8, or discredited as 
being unreliableg-11. However, recent experiments on the kinetics of the calcium 
amalgam electrode in aqueous calcium formate a t  high pH-values have shown that the 
electrode is apparently reversiblelz, in contrast to previous statements that i t  is 
irreversiblelo. 

As we will show in this paper, the calcium amalgam electrode is apparently 
reversible in its behavior, and gives the same value of the standard potential under a 
wide variety of conditions. In addition, the standard potential of the calcium amalgam 
electrode is considerably more cathodic than that of sodium amalgam, in spite of the 
fact that the potentials of the pure metals are in the reverse order. We have used this 
property in our recent study of the activity coefficients of aqueous sodium chloride- 
calcium chloride electrolytes using sodium amalgam electrodesl3. 

Previous workers did not apply consistent corrections for activity coefficients 
to their data, did not in general extrapolate to infinite dilution, and did not in general 
apply any corrections for temperature, liquid junction potentials, or ion-pairing, 
where these were applicable. Thus in order to compare these data we recalculated them 
completely, beginning with the actual experimental measurements, and applying the 
most recent data on activity coefficients, liquid junction potentials, reference electrode 
potentials, and ion-pairing equilibria. The results are summarized below. We have 
divided this discussion into measurements involving cells without liquid junction, 
cells with liquid junction, and non-aqueous cells. 

DISCUSSION 

Cells wit12o~t liqaid junction 
The simplest measurement. of the standard potential is made in a cell without 

liquid junction. Two sets of measurements have been made: TAMELE~ used the cell: 

Ca(Hg) I CaClzI HgzClz (s) 1 Hg 

and SHIBATA~ used the cells: 

.I. Electroanal. Chem., 17 (1968) 309-317 



J. N. BUTLER 

Ca(Hg) I CaClzlHgzClz (s) /Hg 

Ca(Hg) ICa(OH)2IHgO(s) 1 %  
Taking the CaClz cell as an example, we shall describe the method used for calculation. 
The potential of the cell is given by 

The potential E is positive according to the IUPAC convention. The experimental 
measurements consist of the total concentration of CaClz (M), the reference electrode 
standard potential, E:e,, the mole fraction of calcium in the amalgam (Xc,), the 
temperature T, and the measured potential E. To calculate a value of the amalgam 
standard potential, one must make assumptions about the activity coefficients of the 
ions and about the possibility of ion-pairing, and about the activity coefficient of 
calcium in the amalgam. 

In the case of solutions containing only CaClz in water, ion-pairing is probably 
quite small11 and we assumed that the ion-pair equilibrium constant, K1, was 0.1 for 
all our calculations concerning CaC12: 

The activity coefficient of the ions was assumed to be given by the Davies equation: 

log y* = -AIZ+Z-ll/l/(r +)'I) +o.IIZ+Z-~I 
where 

I = 2  [Caz+] +& [CaCl+] +$ [Cl-] 

is the ionic strength. This equation represents the experimental activity coefficients 
satisfactorily in dilute solutions, and provides a rational basis for calculaing single-ion 
activity coefficients in the cells involving liquid junctions. 

The activity coefficient of calcium in the amalgam was provisionally assumed 
to be unity, since there were no data or theory available which would predict this 
quantity. Since the amalgams are dilute, it was expected (by analogy with alkali- 
metal amalgams) that the activity coefficient of calcium would be within a few 
percent of unity. If the standard potential was found to vary with amalgam concen- 
tration, it could be extrapolated to zero concentration. 

The standard potential of the calomel electrode was taken to be14 

The amalgam standard potentials calculated from TAMELE'S data, are plotted in 
Fig. I. 

Similar calculations were made for SHIBATA'S measurements on the Ca(0H)z 
cell. For this calculation, the ion-pairing constant was taken to be15 KI =10+1.20, and 
the standard potential of the HgO/Hg electrode was taken to be16 

The standard potentials are also plotted in Fig. I. 
With the exception of two points, all the data fit a single straight line (Fig. I) 

giving EO as a function of M. There does not appear to be any systematic trend with 
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temperature or with amalgam concentration, within the ranges covered, and there 
appear to be negligible differences between CaClz and Ca(0H)z as electrolyte. This 
latter observation is quite important, since the pH of the CaClz solution was probably 
about 6 or 7, and the pH of the Ca(0H)z solution was about 12. If there had been 
interference from the hydrogen evolution reaction, we would have expected the CaClz 
measurements to give Eo-values which were systematically more positive than the 

Fig. I. Standard potential of Ca(Hg) electrode. (O), SHIBATA (Ca(0H)z); (A), SHIBATA (CaC12); 
(+), TAMELE (CaC12). 

Ca(0H)z measurements, both because of amalgam corrosion (which increases Ca2+ 
concentration near the electrode) and because of kinetic interference. Although the 
CaClz measurements of TAMELE are two or three millivolts more positive than those 
of SHIBATA, this difference is within experimental error. The fact that TAMELE'S 
CaClz value at 0.005 M agrees with SHIBATA'S Ca(0H)z value at the same concentra- 
tion is perhaps the strongest evidence that the electrode potentials measured are 
indeed thermodynamic values. 

The trend of calculated EO with concentration simply reflects the use of the 
Davies equation as an extrapolation function; and extrapolation of the Eo-values to 
zero concentration gives a thermodynamic potential of - 1.997 f 0.001 V. 

Cells with liquid junction 
Almost one hundred measurements were made by DRUCKER AND L U F T ~  and 

by FOSBINDER~, using the cell: 

In this cell, the nature of the anion has relatively little influence. FOSBINDER used 
CaS04, Ca(OH)z, CaClz, calcium lactate, and calcium acetate. DRUCKER AND LUFT 
used only CaC12. Their cell was slightly different, in that they used a normal calomel 
electrode connected to the CaClz solution by a 3 M KC1 salt bridge. FOSBINDER used a 
saturated calomel electrode and a saturated KC1 salt bridge. In either case, the poten- 
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tial of the cell is given by 

For our calculations, we assumed (as before) that yc,, the activity coefficient of 
calcium in the amalgam, was unity and that the activity coefficient of the calcium 
ion was given by the Davies equation: 

log yz+ = -4AI/I/(1 +)'I) +0.4 I 
I =z [Ca2+] +$ [CaX+] ++ [X-] for salts of the type CaXz 

I =z [Ca2+] +z [S042-] for CaS04 

The ion-pairing equilibrium constants used are given below: 

l o n  pair log KI Reference 

The combined potential of the reference electrode and liquid junction was taken to be 
the value given by IVES AND JANZXO 

EZ,+Ej = +o.283 - 0.0003 (T - 25) for normal calomel 
= + 0.2445 - 0.00066 (T - 25) for saturated calomel 

I I I I I 

- 

- 
E O = - 1.9923 

A AVERAGE OF ALL POINTS EXCEPT THOSE IN ( ) 
+ - 

- 

- 

1.989- - 
(Dl 

1.988 - 

1.987 - - 

1986 I I I I 
0.01 0.02 0 . 3  Od4 0.05 0.0 6 

Fig. 2. Standard potent ia l  o f  Ca(Hg) electrode (data of FOSBINDER). 103 X C S :  ( El), CaClz, 0.75; 
(@), CaS04,0.75; ( O ) ,  CaS04,0.60; (A), Ca(OH)z, 0.60; (+), Ca lactate, 0.60; ( x ), Ca acetate 0.60. 
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In calculating the activity coefficients, it was usually necessary to make several 
iterations, since the presence of the ion-pairs had a substantial influence on the ionic 
strength. 

Figure 2 summarizes all the Eo-values for the calcium amalgam electrode which 
were calculated from FOSRINDER'S data. Though one set of the CaS04 data shows an 
upward trend with increasing concentration, and the CaC12 data show a downward 
trend, all the data can be combined to give a standard potential 

This is 5 mV more positive than the value obtained from cells without liquid junction. 
The data of DRUCKER AND L U F T ~  were less precise. Though the temperature 

varied substantially, there appeared to be no obvious trend with temperature. The 
slight trend of Eo with electrolyte concentration was accounted for by extrapolation 
to M=o. These extrapolated values are plotted in Fig. 3, along with all the other 

I TAMELE I 

Fig. 3.  Standard potential as a function of calcium amalgam concn. (all unmarked points : DRUCKER 
AND LUFT). 

data, as a function of amalgam concentration. If the first two series of DRUCKER AND 

LUFT'S data are ignored (since they show wide scatter) all the data from the four 
separate investigators lies between - 1.992 and - 1.997 V. There does not seem to be 
any trend with amalgam concentration, though a range of nearly a factor of ten was 
covered. This substantiates the assumption that y c a = ~ .  

DRUCKER AND LUFT'S third series (which they consider to be the most accurate) 
gives an average potential 

which agrees with the results from cells without liquid junction to within I mV. 
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In conclusion, the most reliable value for the standard potential of calcium 
amalgam (reference state: infinite dilution, mole fraction units for amalgam con- 
centration, moles/l for electrolyte concentration) is 

Non-aqueous cells 
Although the thermodynamic potential of calcium amalgams apparently can 

be established in aqueous solutions with respect to standard reference electrodes, the 
potential of pure calcium is much too negative for any kind of electrochemical 
equilibrium to be established with an aqueous solution. The rapid corrosion and 
passivation problems cause entirely spurious potentials (much too positive) to be 
developed. 

The standard potentials of the alkali metals have been measured by LEWIS 
and co-workers using the standard potential of the amalgams in aqueous solutions, 
and combining this information with the potential of a non-aqueous cell which has 
the amalgam as the positive electrode and the pure metal as the negative electrode. 
Such an approach should also work for calcium, and has been attempted on a number 
of occasions. However, the results obtained in this way for the standard potential of 
Ca have been discarded by the compilers of most tables of oxidation-reduction 
potentials6-9. The value given is -2.87 V, which was calculated by LA TIMER^^ from 
the heat of dissolution of Ca in acid and the entropies of the hydrogen and calcium 
ions. 

A much more important difficulty with the experimental measurements is the 
passivation of the calcium electrode. All the workers who have attempted measure- 
ments with the cell: 

or similar non-aqueous cells, have remarked on the necessity for scraping the surface 
of the calcium electrode continuously in order to obtain a reproducible potential 
value. TAMELE~ says: "The EMF of the non-aqueous cell was less constant. If not 
scratched, the value was about 0.6 volt and indistinct. During scraping the value rose 
to 0.88-o.go volts and remained constant, varying slightly with the concentration of 
the calcium amalgam. After prolonged, very intensive scratching, the EMF fluctuated 
towards still greater values, which was most probably due to the warming of the 
rubbed surface. Owing to the instability of the calcium amalgam, the final determina- 
tions had to be obtained from the couple (aqueous and non-aqueous cells measured 
simultaneously) to ensure the same concentration of amalgam in both amalgam 
electrodes." 

DRUCKER AND L U F T ~  said: "First we tried to make the measurement in a 
closed container bur a remarkable case of passivity occurred, which has already been 
described by Tamele. A voltage of only 0.4 volts or less is observed when the calcium 
is completely immersed, but nevertheless no surface reaction is visible on the com- 
pletely shiny metal. If one grinds the surface with a roughened glass or with carbo- 
rundum, approximately 0.8 volts are obtained. Even a slight vibration of the electrode 
already dispenses with the passivity-for instance, hitting it against the glass wall. - 
During the measurements, stirring was introduced, and the metal rod was always 
vibrating slightly against the glass wall. Under these circumstances, the voltage 
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dropped only very slowly, and reached its highest value immediately after renewal of 
the amalgam surface. Stopping the stirring caused the voltage to drop immediately 
to 0.4 volts, after which it decreased slowly. Stirring again caused the original value 
to appear once more." 

I t  appears from DRUCKER AND LUFT'S illustration that their measurements were 
carried out in an open beaker. No mention was made of using a drybox or other inert- 
atmosphere facility. The fact that these measurements gave a lower potential dif- 
ference may be explained by atmospheric contamination with oxygen or water or 
both. 

SHIBATA~ said : "The difficulty lies in the following points : (I) When the calcium 
amalgam is brought into contact with water, decomposition begins, which lowers the 
concentration of calcium in the amalgam. (2) in the process of measuring the 
EMF between calcium and calcium amalgam, the surface of the calcium is oxidized, 
even though it is immersed in the organic solvent, so that the EMF is noticeably 
lowered ... The vessel is made out of thick glass and is polished with rough sand. The 
reason for this is to keep a new surface of calcium continually exposed by rubbing 
the calcium electrode on the rough surface ... When rubbing stops, the potential falls 
(from 0.895 volts) to 0.84 or lower. If the calcium electrode is not covered with de- 
Khotinsky cement, an unpolished spot is exposed to the solution, and in this 
case the observed value falls to 0.4 volts. If the diameter of the end is too large 
(i.e., 7 mm), then the potential also falls because of the unpolished parts; but an end 
which is too small also gives an unstable value." 

Again, the apparatus diagram implies that the experiments were donk in an 
open beaker, and no indication of an inert-atmosphere facility is given. 

I t  is clear from these experiments that passivation of the calcium surface is an 
important problem, but the fact that no real attempt was made to exclude oxygen or 
water-vapor from the system may have made the errors much larger than they need 
to be. 

In Table I, we have summarized all the experiments performed to date, 
including some early measurements by C A M B I ~ ~ ,  some measurements by S M Y R L ~ ~  
and our own preliminary measurementsz4. The quantity, AEO, listed in the last 
column of the table, was calculated from the equation 

As before, we have assumed that the activity coefficient of calcium in the amalgam 
is unity. The concentration of calcium ion in the electrolyte does not enter the cal- 
culation, but in most cases, the non-aqueous solution was saturated with the calcium 
salt. 

From the observations quoted above, we expect that the highest values ob- 
tained for AEo are probably most nearly correct, since both factors introducing 
systematic error (corrosion and passivation of the solid calcium) tend to decrease the 
measured potential below its thermodynamic value. Thus we choose AEo=o.813 
(SHIBATA'S highest value) to be the best of the presently available experimental 
values. Several other measurements tend to confirm this, but are slightly lower: 
CAMBI (0.791), TAMELE (0.782), SHIBATA (0.803), and our own measurements (0.789). 
We believe now, in the light of all these studies, that it may be possible to obtain a 
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TABLE 1 

POTENTIAL BETWEEN CALCIUM AMALGAM AND SOLID CALCIUM 

Ca(s) ICaZ+, non-aqueous solutionCa(Hg) 

Workers Year Salt Concn. Solvent Xca T E AEO 
f f l f )  i n  amalgam ("C) 

0.25 
0.25 
0.35 
0.0093 

satd. ? 

satd. 

satd. 
satd. ? 

0.0288 
0.0551 

0.010 

MeOH 
MeOH 
MeOH 
pyridine 

pyridine 

pyridine 

pyridine 
BtOH 

DMSO 
DMSO 

propylene 
carbonate 

0.0148 (satd.) 
0.01 
0.01 
0.01 

0.000385 

more nearly thermodynamic value for AEO by being extremely careful to eliminate 
oxygen and water from our non-aqueous electrolyte, and by introducing freshly- 
prepared amalgam and freshly-polished solid Ca simultaneously into the electrolyte. 
If the potential is read as a function of time during the first few minutes of cell 
operation, i t  may be possible to extrapolate to zero time and obtain a better measure- 
ment than has formerly been possible. 

Let us now compare the value of the standard potential of calcium obtained 
by LATIMER with the value calculated from the best available experimental data. 
Since the amalgam concentrations used in both the aqueous and non-aqueous studies 
were roughly the same, the assumption of unit activity coefficient for calcium in the 
amalgam should not introduce appreciable error. The standard potential of the 
amalgam in aqueous solution we have already established as: 

and in our discussion above, we proposed that the difference in standard potentials 
between the amalgam and solid calcium was greater than 0.813 V. This implies that 

or some more negative value. LATIMER'S calculated value is - 2.87 V, and to obtain 
this experimentally, AEO would have to be larger than 0.87 V. A value this high has 
not yet been obtained, but might be possible to obtain with extreme care. 

As a final note, we must report that recent measurements25 of the cell: 

when combined with other thermodynamic data, have yielded the value EOca= 
-2.868 V, which supports LATIMER'S calculated value. 
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SUMMARY 

Experimental data in the literature on the potentials of calcium amalgam 
electrodes in aqueous solutions have been critically evaluated, and the standard 
potential of the amalgam in aqueous solutions found to be -1.996~0.002 V vs. the 
standard hydrogen electrode. The standard state of calcium in the amalgam was 
infinite dilution, mole fraction scale, and, within experimental error, the activity 
coefficient of calcium in the amalgam was unity over the range from 0-0.25 mole %. 
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INTRODUCTION 

The oxide concentration in molten salts is important in determining the acid- 
base characteristics of melts, since according to the Lux-Flood definition of an acid- 
base reaction in molten salts, 

Base =Acid + 0 2 -  

In order to determine the oxide concentration it is necessary to establish an oxygen 
electrode at an inert electrode. The oxygen electrode reaction is usually written as: 

and the Nernst Equation for this reaction at an inert electrode is given by: 

E = E002102- + (RTI4F) In ([02]/[02-12) (2)  

Several attempts have been made to establish reversible oxygen electrodes but these 
have been mainly confined to oxyanionic LAITINEN AND BHATIA~ attempted 
to establish an oxygen electrode on carbon in molten lithium chloride-potassium 
chloride (LiC1-KC1) eutectic but were not successful; they did however show that 
certain electrodes of the second kind-M,M,0,,02--responded reversibly to the 
oxide-ion concentration. LITTLEWOOD AND  ARGENT^ found that the potential of a 
platinum electrode in NaC1-KC1 (in air) gave an anomalous slope when plotted as a 
function of NazO concentration. SHAMS EL DIN AND EL HOSARY~ have used a platinum 
electrode in LiC1-KC1 containing oxide as an indicator electrode for acid-base titra- 
tions. Plots of potential against the logarithm of the oxide-ion concentration in the 
absence of acid did not give the correct slope. 

This paper reports a study of the potential behaviour of gold and platinum 
electrodes in a LiCl-KC1 melt containing dissolved oxide and hydroxide, and the 
effects of varying the oxygen partial pressure above the melt. 

EXPERIMENTAL 

A molten salt thermostat was used instead of the more conventional wire-wound 
furnace. This thermostat enabled the temperature to be controlled to +o.zO at 450'. 

* Present address: Central Electricity Research Laboratories, Leatherhead, Surrey, England. 
** Present address: Metallurgy Department, Imperial College, London. S.W.7, England. 

J .  Electroanal. Chem.. 17 (1968) 319-325 



S. S. WRENCH, D. IXMAN 

The cell envelope was a Pyrex-glass tube closed at one end and fitted with a 
B55 socket a t  the other end. A water-cooled brass head was inserted in this socket; 
a vacuum and gas-tight seal was obtained by two O-rings. Electrodes and gas delivery 
tubes passed through the head by means of glass syringes. The melt (-50 ml) was 
contained in a gold crucible. Before an experiment, the crucible was cleaned in nitric- 
sulphuric acid, washed in distilled water and dried a t  120". The electrodes, gold and 
platinum wires 0.5 mm diam., were cleaned in the same way. The gases nitrogen, 
oxygen and argon, were obtained from cylinders and purified by the usual techniques. 

The electrochemical cell consisted of the electrode under investigation and a 
silver-silver chloride reference electrode similar to that described by BOCKRIS et a1.10. 

In this work no attempt was made to produce glass membranes of resistances below 
5000 0 and the bulb thickness was about 0.5 mm. Potential measurements were made 
using either a Radiometer PHq meter or a Vibron high impedance millivoltmeter used 
in conjunction with a Tinsley 3887B potentiometer. 

The attack on the Pyrex bulbs by the basic melt did not appear to affect the 
potential measurements significantly, as the following observations show. Two 
identical reference electrodes placed in the same solution took up potentials within 
I mV of each other in 2 h. This potential difference did not become greater than 5 mV 
in 24 h which indicated that any asymmetry potentials were relatively small. The 
reproducibility of the oxygen electrode potentials u7as about f 20 mV and therefore 
the errors introduced by the reference electrode could be neglected. 

Chevnicals 
The solvent, LiCl-KC1, was purified by pre-electrolysis under vacuum8. The 

criterion of purity of the melt was that the "residual time" of a potential-time curve 
obtained under galvanostatic conditions was negligible compared with the transition 
time to be expected when a solute was present. Analysis of samples of the melt by 
titration of an aqueous extract to pH 4.5 showed that the residual oxide concentration 
was less than 5-10-~ M. 

Lithium oxide was prepared by a modification of the method described by 
 BRAVO^. Lithium hydroxide, LiOH-HzO, was dried in a stream of nitrogen at  150". 
The anhydrous LiOH was placed in a gold crucible and heated under vacuum to 675" 
to effect decomposition. The apparatus was dismantled in the dry box where the Lie0 
was removed to, and stored in, a desiccator over soda-lime and magnesium perchlorate. 

AnalaR potassium hydroxide was used after storage over magnesium perchlo- 
rate. The water content was determined by analysis. 

RESULTS AND DISCUSS108 

The applicability of eqn. (2) to an oxygen electrode consisting of oxygen bubbl- 
ing around platinum or gold wires immersed in LiC1-KC1 containing dissolved 
LizO, was studied. Measurements were also made in solutions of KOH. All experiments 
were carried out a t  450". 

The potential values obtained were converted to the I M Pt/Pt2+ scale using 
the equation : 

E ( P ~ )  = E ( A ~ )  i-0.1434 log (A@) -0.743 V 
where (Ag+) is the concentration of silver ions in the reference bulb in mole 1-I and 
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E ( A ~ )  is the potential of the oxygen electrode relative to the silver reference electrode. 
The electrode potentials of gold and platinum in the pure eutectic under a 

nitrogen atmosphere were -0.90 V and -0.86 V, respectively. These potentials were 
only reproducible to +O.I V. When oxygen gas was admitted to the cell, these poten- 
tials rapidly became more positive. After about one hour the potentials became 
steady, on gold: 0.40 + 0.04 V, and platinum : - 0.36 f 0.04 V. If nitrogen gas was now 
readmitted to the system, the electrode potentials did not return to their original 
values but only changed in a negative direction by about 0.1 V. Readmission of 
oxygen established the previous potential. 

When LizO was added to the pure eutectic through which nitrogen was 
bubbling, the potential of both gold and platinum electrodes became more negative. 
When bubbling was stopped, the potential drifted slowly in a positive direction. No 
really stable and reproducible potentials were obtained for the LizO solute under 
either a static or bubbling atmosphere. The potential of a platinum electrode was 
generally about 0.25 V negative of that of a gold electrode. 

When oxygen was bubbled into a melt containing oxide that had been held in 
nitrogen, the electrode potentials immediately became more positive. The potential 
change was of about the same magnitude, irrespective of the concentration of Li2O. 
For gold this change was 0.68 V, and for platinum 0.94 V. I t  was also noted that the 
potentials of partly immersed electrodes were 0.02 V more positive than those of 
totally immersed electrodes in both nitrogen and oxygen atmospheres. 

Attempts to investigate the variation of electrode potential with oxygen partial 
pressure were not conclusive. A gold or platinum electrode placed in a melt containing 
oxide under oxygen at one atmosphere pressure took up a steady reproducible poten- 
tial. When the oxygen pressure was reduced by pumping down the system in stages, 
no stable potentials were established. The electrode potential drifted in a negative 
direction at each reduction in pressure. A pressure change of one order of magnitude 
produced a maximum potential change of 0.02 V rather than 0.036 V as required by 
eqn. (2). 

Potential measurements with respect to oxide concentration under oxygen at  
one atmosphere pressure were more successful. At very low LizO concentrations, 
both gold and platinum electrodes took up to one hour to reach equilibrium. Gold 
electrodes were 0.05 V more positive than platinum electrodes. When a concentration 
of about 2.10-2 M oxide was reached, the potential of both gold and platinum electro- 
des changed in a negative direction by 0.35 V. The exact concentration at  which this 
occurred was difficult to determine; no really satisfactory potential readings being 
obtained in the concentration range 1.10-2-2.5.10-2 M oxide. Additions of Liz0 to 
give concentrations above 2.5 -10-2 M produced rapid changes in electrode potential. 
Gold and platinum electrodes took up the same potential to +z mV. Figure I shows 
the results of two experiments. The slope of the plot is 0.140 V. This figure corresponds, 
at 450°, to a pre-logarithmic factor of RTIF, and not RTIzF as predicted by eqn. (2). 

This result clearly indicates that reaction (I) does not describe the behaviour of 
either the oxygen (gold) electrode or the oxygen (platinum) electrode in LiC1-KC1 
melts containing LizO. Also, the variation of the electrode potentials with a change in 
the partial pressure of oxygen was not that of a "reversible" electrode. The effect of 
admitting oxygen to systems initially under an inert atmosphere indicates that an 
irreversible process takes place. The most likely process is the surface oxidation of the 
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"inert" electrode. I t  has been shown that thick oxide films can form on platinum in 
molten nitrates11 and oxide films have also been observed on gold and platinum in 
molten carbonates at 600~1. The extent of the surface oxidation of the electrodes 
used in these measurements was studied using cathodic galvanostatic pulseslz. The 
results showed that gold electrodes under nitrogen were less highly "oxidised" 
than electrodes under oxygen. Platinum electrodes were also shown to be "oxidised. 

0.05 0.1 0.2 0.5 
Concentration Li20 (M)  Concentration KOH ( M I  

Fig. I .  Plot of potentials of gold and platinum electrodes us. lithium oxide concn. in LiCl-KC1 a t  
450' in oxygen atm. Points represent results from separate expts.; measurements on gold and 
platinum electrodes indistinguishable. 

Fig. 2 .  Plot of potentials of ( O), gold and (a), platinum electrodes us. potassium hydroxide concn. 
in LiCl-KC1 at 450" in oxygen atm. 

The potential-determining process on this type of electrode has been discussed 
by several workers. JANZ AND SAEGUSA~, studying the Oz(Au) and Oz(Pt) electrodes in 
molten carbonates at 600°, described the electrodes as "relatives of the metal-metal 
oxide type". The Oz(Pt) electrode in an unbuffered KN03 melt was found to give an 
RTIF slopel3. The authors thought that small traces of moisture in the melt would 
give rise to OH- ions and the platinum would then function as a hydroxide electrode. 
In the present work, additions of potassium hydroxide produced a very complex 
concentration-electrode potential behaviour. Initially, the additions of KOH pro- 
duced positive changes in potential at  a platinum electrode; this was followed as the 
concentration was increased, by the expected negative change. The potential behav- 
iour of gold electrodes was similar but the potential maximum was less pronounced. 
Figure 2 shows a plot of potential against the logarithm of concentration of KOH for 
gold and platinum electrodes. The pre-logarithmic factors are: gold, RTIzF and 
platinum, RTIF. The reproducibility of the results was not as good as that obtained 
with LizO. The variation of the oxygen partial pressure over the melts did not produce 
any well-defined potential changes. This result suggests that the explanation given 
by SHAMS EL  DIN^^ cannot be applied to this work. 

If the electrode is functioning as an electrode of the second kind, e.g., Pt, PtO/ 
02-, the potential-determining processes are as follows: 

Pt  +Pt2++2e  (3) 
PtO + Pt2+ + 0 2 -  (4) 
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and the potential is given by: 

where Ksp is the solubility product of PtO. 
A similar scheme can be written for the gold-gold oxide electrode. Both sche- 

mes lead to a pre-exponential factor of RTIzF, and not RT/F as found. I t  was ob- 
served that gold and platinum electrodes took up the same potential; this behaviour is 
unexpected if they function as electrodes of the second kind. The free energies of 
formation of PtO and A11203 at 450" are approximately, -2.6 kcal and +44 kcal. 

Sodium peroxide7 and potassium hydroxide14 have been used as sources of 
oxide ion. I t  is assumed that sodium peroxide decomposes to give oxide and oxygen. 
This appears to be doubtful, particularly if oxygen is present.  STERN^^ reported 
finding up to 1% peroxide in oxide solutions in sodium chloride at  goo0. In the present 
work, aqueous extracts of the solidified melt were analysed by iodometric titration 
and peroxide was found to be present. I t  was also shown that potassium hydroxide 
did not decompose completely when added to LiC1-KC1 at 450'21. 

Consideration of the Gibbs' free energies of formation at  450" shows that oxides 
in addition to MzO (where M is an alkali metal) are likely to be stable (Table I). Lux 
et a1.16 have shown that oxygen reacts with molten hydroxides in the temperature 
range 400"-600' to give peroxides. -4 recent study of molten hydroxides by current- 
potential curves has indicated that, depending upon the acid-base conditions, the 
ions 02-, 0 2 2 -  and 0 2 -  and dissolved oxygen, can be present in the melt17918. PIZZINI 

TABLE 1 

F R E E  E N E R G I E S  O F  FORMATION O F  V A R I O U S  O X I D E S  A T  450' 

Oxide A G Oxide A G 
(kcal/mole of M )  (kcallmole of M )  

TABLE 2 

PARAMETERS O F  T H E  O X Y G E N  ELECTRODE REACTION 

Solute Chen~ical reaction Electrode reactio?~ a ln (0z )  aln (solute) 
- -- 

a E  aE 

02-  
0 2 2 -  0 2 2 -  = q 0 2  + 0 2 -  

OH- 2 OH- = Hz0 + 02- 
0 z 2 -  
0 2 -  0 2 2 -  = 4 0 2  + o2- 
0 2 2 -  

0 2 -  

OH- 
0 2 -  0 2 -  + Hz0 = 2 OH- 
0 z 2 -  0 2 2 -  + 2 Hz0 = 4 OH- 
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AND MORLOTTI~~ have explained the results of some electrochemical measurements in 
molten fluorides on the assumption that peroxide ion is formed in the melt. They 
suggested that the ion was formed electrochemically a t  the anode: 

The stability of peroxides in molten FLiNaK was demonstrated by dissolving NazOz 
in the melt a t  600" and carrying out an analysis of the aqueous extract of the solidified 
melt. 

Table 2 gives the values of the Nernst slopes that can be predicted for several 
oxygen electrode reaction schemes. Possible chemical reactions involving the solute, 
as well as the actual charge transfer reactions, play a part in determining the Nernst 
slope. I t  can be seen that only one reaction scheme gives rise to a slope of RT/F for 
the addition of LizO; this is: 

The exchange current for this homogeneous reaction is probably much higher 
than that for the heterogeneous reaction (I). Therefore, the former is more likely to be 
potential-determining than the latter. 

The observations that gold and platinum electrodes take up the same potential 
can be accounted for on this basis. However the role of the oxide film on the surface of 
the metal is not explained by this model. The Nernst slopes predicted for models that 
directly involve stoichiometric surface oxides are all RT/zF .Presumably the adsorbed 
oxide film functions as an electronic, rather than as an ionic, conductor. Surface 
oxides of the type MOz have been proposed as intermediates in the cathodic and anodic 
processes in molten carbonates20. Again, however, the Nernst slopes for models 
involving this type of oxide are RT!zF. 
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SUMMARY 

The results of potentiometric studies in molten lithium chloride-potassium 
chloride eutectic are reported. The potentials of gold and platinum electrodes were 
found to respond to variations in the oxide-ion concentration of the melt and to 
changes in the partial pressure of oxygen above the melt. These changes in potential 
did not obey the Nernst Equation for a reversible oxygen electrode. It is suggested 
that the potential-determining reaction is: 

REFERENCES 

I G. J. JANZ AND F. SAEGUSA, Electrochim. Acta, 7 (1962) 393. 
2 H. FLOOD, T. FBRLAND AND K.  MOTZFELDT, Acta Chem. Scand., 6 (1952) 257. 
3 H .  Lux, 2. Elektrochem., 45 (1939) 303; ibid., 52 (1948) 220; ibid., 53 (1949) 43. 
4 G. K .  STEPANOV AND A. M. TRUNOV, Dokl. Akad.  Nauk SSSH, 142 (1962) 866. 

J .  Electroanal. Chem., 17 (1968) 319-325 



THE OXYGEN ELECTRODE I N  MOLTEN SALTS 

5 H .  A. LAITINEN AND B. B. BHATIA, J. Electrochem. Soc., 107 (1960) 705. 
6 R. LITTLEWOOD AND E. J. ARGENT, Electrochim. Acta, 4 (1961) 114. 
7 A. A. SHAMS EL DIN AND A. A. EL HOSARY, J .  Electroanal. Chem., 6 (1963) 131. 
8 A. D. GRAVES, D. INMAN AND N. S. WRENCH, in preparation. 
g J. BRAVO, Inorg. Syn . ,  7 (1963) I. 

10 J.  O'M. BOCKRIS, G. J. HILLS, D. INMAN AND L. YOUNG, J .  S C ~ .  I ~ s ~ Y . ,  33 (1956) 438. 
11 R. L. EVERY AND R. L. GRIMSLEY, J. Electroanal. Chem., g (1965) 165. 
12 N. S. WRENCH AND D. INMAN, in preparation. 
13 A. M. SHAMS EL DIN AND A. A. GERGES, in Electrochemistry, Proceedings of   st Austral ian 

Conference on Electrochemistry, 1963, Pergamon, London, 1964. 
14 G. DELARUE, Thesis, University of Paris, 1960. 
15 K. H. STERN, J. Phys.  Chem., 66 (1962) 1311. 
16 H. Lux, R. KUHN AND T .  NEIDERMAIER, 2. Anorg. Allgem. Chem., 298 (1959) 285. 
17 J. GORET, B u l l .  Soc. Chim.  France, (1964) 1074. 
18 J. GORET AND B. TREMILLON, Bul l .  Soc. Chim.  France, (1966) 67. 
19 S. PIZZINI AND R. MORLOTTI, Electrochim. Acta,  10 (1965) 1033. 
20 A. V. SILAKOV, G. S. TYURIKOV AND N. P. VASILISTOV, Elektrokhimiya, I (1965) 613. 
21 N. S. WRENCH, Ph.D. Thesis, University of London, 1967. 

J .  Electroanal. Chem., 17 (1968) 319-325 





ELECTROANALYTICAL CHEMISTRY AND INTERFACIAL ELECTROCHEMISTRY 
Elsevier Sequoia S.A., Lausanne - Printed in The Netherlands 

HIGH SENSITIVITY COULOMETRIC ANALYSIS IN ACETONITRILE 

RUSSELL R .  BESSETTE* AND JOHN W. OLVER 

Department of Chemistry, University of Massachusetts, Amherst, Mass. 01002 (U.S.A.) 

(Received September 28th, 1967) 

INTRODUCTION 

Acetonitrile has found wide use in analytical and electrochemical studies 
where an aprotic medium is desired or potentials more negative than available in 
aqueous media. Metal ions generally have lower solvation energies in acetonitrile 
than in water and are, therefore, reduced at more positive potentials in this non- 
aqueous mediuml. 

Cuprous copper is an exception to this rule. In aqueous solution the uncomplexed 
cuprous ion is unstable and disproportionates into cupric copper and copper metal. 
The cupric ion gives a single polarographic wave at 0.0 V vs. SCE corresponding to 
its reduction to the amalgam. In acetonitrile, the cuprous ion is stabilized with the 
result that two reduction waves are obtained for the cupric ion2. The first, correspond- 
ing to the reduction of Cu(I1) to Cu(I), occurs at a potential more positive than the 
anodic dissolution of mercury (+0.6 V vs. SCE). The second, corresponding to the 
reduction to the amalgam, occurs a t  -0.36 Vvs. SCE with alkylammonium perchlorate 
as supporting electrolyte. Quantitative generation of cuprous ions by controlled- 
potential coulometry could play a role in such applications as, the determination of 
terminal alkynes, the elucidation of the stoichiometry involved in the synthesis of 
Cu(1) complexes, the synthesis of inorganic or organo-metallic compounds, or as a 
reductant in oxidation-reduction reactions. 

In spite of the current interest in high energy density cell systems using light 
alkali-metal anodes in aprotic solvents, there are few methods available for the 
quantitative microanalysis of these metal ions with a precision and accuracy of 
0.574, or less. The reduction potentials of sodium and lithium are accessible in 
acetonitrilel. COKAL AND  WISE^, in a brief communication, used controlled-potential 
anodic stripping to determine a single concentration (1.31 pequiv.) of sodium with 
moderate success (+I.z%). The quantitative polarographic determination of the 
alkali-metal ions in this medium is hampered by slightly distorted waves and erratic 
capillary behavior. 

We, therefore, have examined the usefulness of acetonitrile for direct con- 
trolled-potential coulometric reduction of copper and some alkali-metal ions. 

* Present address: Olin Mathieson Chemical Corporation, New Haven, Conn. 
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EXPERIMENTAL 

A. Reagents 
Acetonitrile (Union Carbide, bulk grade) was purified by Method F of FORCIER 

AND OLVER~. A final check on the purity of the acetonitrile was made by running a 
polarographic scan between +0.6 and -2.8 V vs. SCE. The solvent was used if the 
current that flowed could be attributed solely to charging current. 

Tetraethylammonium perchlorate (Et4NC104) was prepared in the manner 
described by KOLTHOFF AND COETZEE~. 

Tetraethylammonium tetrafluoroborate (Et4NBF4) was prepared as described 
elsewheres. 

Copper perchlorate was prepared by adding dropwise to a slurry of basic 
cupric carbonate (CUCO~.CU(OH)Z, Fisher Scientific Reagent-Grade), a solution of 
perchloric acid (B and A Reagent-Grade) until the evolution of carbon dioxide 
stopped. The solution was filtered to remove any unreacted cupric hydroxide. The 
copper perchlorate was recrystallized and washed three times with cold water and 
dried under vacuum for twenty-four hours. Copper perchlorate prepared in the 
manner described crystallizes as the hexahydrates. The copper content determined 
by electrodeposition7 was 17.16f 0.01%~ compared with a theoretical value for 
per-cent copper in Cu(C104)~.6HzO of 17.15%. 

Lithium and sodium perchlorates were prepared as described by WAWZONEK 
AND RUNNERS. Owing to the hygroscopic nature of anhydrous sodium and lithium 
perchlorates, and to insure their complete dryness, these salts were dried in the 
manner described by J O N E S ~  before preparing the standard solutions. 

B. A@$aratus and methodology 
The coulometric cell was an all-glass, three-compartment water-jacketed 

systemlo. The working electrode, central, and auxiliary electrode sections were 
separated from each other by fine porosity 10-mm glass frits (Ace Glass Co., porosity 
D). The central and auxiliary compartments were provided with ground-glass joints 
and sealed with glass caps. Glass inlets were provided in the cap of the working 
electrode section, for a salt bridge and for the passage of nitrogen above and into the 
solution. The working electrode was a mercury pool 5 cm in diameter, and the 
auxiliary electrode was a coil of platinum wire. 

The salt bridge contained a 0.1 M acetonitrile solution of the supporting 
electrolyte used in the working electrode section. 

The reference electrode consisted of an aqueous solution containing I M 
Me4NC1 and calomel over a mercury pool5. The reference potential was +0.043 V 
as. SCE and remained constant to within I mV. 

A Jaissle model 3ooR potentiostat was used to maintain the potential applied 
to the working electrode. A provision was included for instantaneously monitoring 
the current that flowed in the auxiliary electrode-working electrode circuit. The 
controlled-potentials used to attain 99.9% complete electrochemical reactions were 
determined as described by DELAHAY~~.  

The coulometer was a conventional resistance-capacitance electronic integrator. 
The unit was based on the design of the integrator section of the previously described 
High Sensitivity Controlled-Potential Coulometric Titratorlz. Modifications in the 
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JONES, SHULTS AND DALE integrator consisted in changing the values of the feedback 
resistances in the current-controlling amplifier, and the value of the capacitor in 
the integrating amplifier. These modifications were needed to make possible the 
integration of the current values over the time periods relevant during the course of 
the present experiments. 

A further modification based on a design by BOOM AN*^ consisted of introducing 
a variable 250-a resistor between the input of the current-controlling amplifier and 
the connection to the working electrode. The variable resistor allowed one to limit 
the initial current to any desired value in cases where an amplifier-limiting initial 
current was otherwise obtained. This resistor added the capability to work in highly 
concentrated solutions of electroactive material. 

During the course of the experiments, the current-time function was con- 
tinuously monitored by attaching a Sargent Model SR recorder with a floating input, 
to the terminals on the potentiostat provided for that purpose. The chart speed was 
set at 12 in./h and a variable range switch was used in order to maintain maximum 
recorder sensitivity throughout the course of the experiment. The recorder range 
could be varied from IOO ,uA/mm down to I ,uA/mm. 

The applied potentiostatic potential and the integrator readout potential were 
measured using a Honeywell Potentiometer model 2730. A Sola constant voltage 
transformer was used in conjunction with the potentiostat and integrator in order 
to stabilize the line voltage. A 0.1-pF capacitor was inserted across the poles to the 
reference and auxiliary electrodes in the potentiostat in order to filter out 60 cycle 
a.c. noise which was otherwise picked up by the unshielded cell. With this capacitor 
in the circuit, the noise level was reduced to 2 mV peak-to-peak. 

Solutions were stirred with a Mag-Mix (Precision Scientific Company) magnetic 
stirrer and a 718-in. glass-enclosed stirring bar. 

The solutions were de-aerated for 45 min prior to electrolysis with Airco 
pre-purified nitrogen. Tank nitrogen was bubbled through an all-glass train consisting 
of aqueous vanadous chloride followed by two scrubbing towers of concentrated 
sulfuric acid, and finally an acetonitrile presaturator, before entering the cell. 

All experiments were carried out at  25.0" + 0.1' using a P.M. Tamson constant 
temperature bath and circulating pump Model A2. 

Blank corrections were made for faradaic impurity, faradaic residual and 
charging currents. The corrections were evaluated by a pre-electrolysis at  the con- 
trolled-potential followed by addition of a volume of solvent equal to the sample 
volume, and a second electrolysis during which the current-time function was 
integrated over the time period of the experiment (usually I h). The bulk solution 
contained 0.1 M Et4NC104 as supporting electrolyte. 

The stock solution of Cu(C104)2.6HzO was prepared by dissolving a quantity 
of the salt in acetonitrile and diluting to the mark in a volumetric flask. This solution 
was standardized by electrodeposition' and found to contain 1.405 mg of copper/ml 
of solution. 

Stock solutions of sodium or lithium perchlorate were prepared as follows. 
A quantity of the appropriate salt was added to a previously weighed volumetric 
flask. The flask and contents were dried in an oven at 250' for at  least 10 h. I t  was 
then removed, placed in a desiccator over phosphorus pentoxide, allowed to come to 
room temperature and reweighed. Solvent was added to the mark. 
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All sample volumes for analysis were measured with a calibrated I-ml syringe. 
The delivered volumes could be reproduced to within 0.002 ml. 

RESULTS AND DISCUSSION 

A. Electrolysis of copper iolzs 
The results for the controlled-potential coulometric studies on copper in 

acetonitrile are summarized in Table I. The results of a direct reduction of Cu(I1) 
to the amalgam indicated that the potentiostat, integrator, and cell were functioning 
properly. Linear log current vs .  time plots were obtained in all cases thus assuring 
the absence of a catalytic current contribution. The residual current was insignificant. 

The data show that the quantitative coulometric generation of cuprous 
copper in acetonitrile with Et4NC104 as supporting electrolyte is feasible. Uncom- 
plexed Cu(1) is relatively stable in acetonitrile since it can be kept in a de-aerated 
solution for at least I h and subsequently reduced quantitatively to the amalgam. 

The slightly high results obtained for the reduction of Cu(1) to the amalgam 
can be attributed to a cumulative error from the previous reduction of Cu(I1) to 
Cu(1) and to the size of the blank correction necessary and the precision involved 
in its determination. For the reduction of Cu(I), the bulk of solution in the cell was 
de-aerated and pre-electrolyzed at - 0.100 V. Cu(1) was then coulometrically generated 
from Cu(I1). The potential was shifted to -0.600 V and the Cu(1) was reduced to 
the amalgam. The same procedure was followed in the blank determination. This 
unavoidable shift of 500 mV between the pre-electrolysis and electrolysis potentials 
led to the high blank correction and subsequent error in the determination. In  all 
other analyses the pre-electrolysis was performed at the same potential setting used 
for the analysis. 

R. Electrolysis of alkali-metal ions 
This investigation was limited to sodium and lithium perchlorates. 
In the initial electrolyses in the 10-3opequiv. range, the errors in determinations 

on successive samples added to the same solvent and electrolyte, drifted in a single 
direction toward smaller errors rather than scattering about a mean. On consecutive 
electrolyses of IOO pequiv. samples in a single solution, the first determination was 
low by 2-3%, but all successive determinations were quantitative and scattered 
about 0% error. In  any subsequent determination at any concentration level, after 
a pre-electrolysis the solution was pretreated by adding IOO pequiv. of the sample 
and reducing that to the amalgam. 

In using the pretreatment above, the residual current after a pre-electrolysis 
(11 pA) was always approximately 4 times greater than the residual current after a 
single electrolysis at the 100-pequiv. level (3 PA). The change in the residual current 
level before and after a solution pretreatment suggested a catalytic current con- 
tribution. The possible contributors were residual water, the cationic or anionic 
portion of the supporting electrolyte, impurities present in the supporting electrolyte 
and oxygen. No experimentally significant effect on the catalytic current was found 
on varying the residual water concentration, the concentration of supporting elec- 
trolyte, and on changing the supporting electrolyte from Et4NC104 to Et4NBF4. 

To determine the effect of oxygen, a pre-electrolysis was performed without 
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de-aeration followed by an electrolysis with 99.7 pequiv. of lithium added. These 
determinations are compared in Fig. I with a pre-electrolysis performed after I-h 
de-aeration. The residual current level without de-aeration was 80 pA compared 
with 12 pA residual current for the pre-electrolysis with de-aeration. The results 
also showed that the lithium did interrupt the catalytic process, since the residual 
current level decreased from 80 pA to 26 pA. Furthermore, the lithium determination 
was about 50% low. 

Time (m id  
Fig. I .  Log current vs. time curves. (A), Pre-electrolysis with no de-aeration; (B), subsequent 
electrolysis with 99.7 pequiv. of lithium perchlorate added; (C), pre-electrolysis with I-h nitrogen 
de-aeration. 

SAWYER AND  ROBERTS^^ have proposed the production of and the subsequent 
disproportionation (rate I-3%/h) of the superoxide ion in dimethylsulfoxide at a 
mercury electrode with Et4NC104 as supporting electrolyte. They also noted that 
when LiC104 was used as a supporting electrolyte, a film formed on the mercury 
surface due to insoluble, non-electroactive LiOz. 

PEOVER AND WHITEIS give evidence for the production of the superoxide ion 
in acetonitrile. They based their conclusion on the observation of an electron spin 
resonance signal for the superoxide anion. Decay of the radical was indicated by a 
decrease of the ESR signal with time. 

I t  is reasonable to assume that a very small concentration (only 2.1o-~ M 
oxygen would be required) of oxygen remained in the electrolysis cell even after a 
45-min de-aeration period. This residual oxygen when reduced to the superoxide 
anion ties up the alkali-metal ions, causes low results, and therefore requires the 
solution pretreatment already described in order to obtain correct results. 

The quantitative controlled-potential coulometric analyses of sodium and 
lithium at various concentrations are summarized in Table I. The results agree favor- 
ably in precision and accuracy with other microchemical methods of analysis for 

J .  Electroanal. Chem., 17 (1968) 327-334 



COULOMETRIC ANALYSIS I N  ACETONITRILE 333 

these metal ions, such as the determination of sodium as sodium zinc uranyl acetate16 
and the determination of lithium as periodatel6. 

These analyses were better than 99.9% complete in 30 min and the operator 
need be present for only a fraction of that time. Another time-saving feature is that 
successive analyses can be performed on the same bulk solution and mercury pool. 
By adapting the system to stirring with a high speed synchronous motor, the analysis 
time could be shortened even further. 

The upper limit of concentration that can be handled by this method is 
determined by the solubility of the metal in mercury (0.039 wt% for Li and 0.62 
wt% for Na17). The lower limit is determined by the error involved in determining 
the blank correction. The blank determinations could be made with a precision of 
10%. Considering the average size of the blank correction and limiting the error to 
within +I%, the lower limit of applicability is 2 pequiv. 
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SUMMARY 

Cuprous copper was quantitatively coulometrically generated in acetonitrile. 
No catalytic or induced current contribution was found. Uncomplexed Cu(1) was 
stable in acetonitrile since it could be kept in solution for at least an hour and sub- 
sequently reduced quantitatively to the amalgam. 

The slightly high results obtained for the reduction of Cu(1) to the amalgam 
were attributed to relatively high blank corrections and to any cumulative errors 
from the previous reductions of Cu(I1) to Cu(1). 

In the determination of sodium and lithium, a solution pretreatment and 
electrolysis with IOO pequiv. of sodium or lithium perchlorate was necessary to elimi- 
nate a catalytic current contribution caused by residual oxygen. The results for the 
quantitative controlled-potential coulometric analysis of sodium and lithium agreed 
favorably in precision and accuracy with other microquantitative methods of analysis. 
Under the conditions employed, the method is applicable between a lower limit of 
2 pequiv. governed by error in the blank determination and an upper limit governed 
by solubility of the metals in the pool used. 
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ELECTRODES "METAL-COMPLEXE" 

111. ELECTRODE Ag ( [Ag(EtzNH)z]*, EtzNH DANS L'ETUDE DES COMPLEXES 
D E  Zn(I1) E T  Cd(I1) AVEC LA DIETHYLAMINE 

GRIGORE POPA, VASILE MAGEARU ET CONSTANTIN LUCA 

Laboratoire de Chimie Analytique de la Facultk de Chimie de Bucarest, Bucarest (Roumanie) 

( R e p  le 14 septembre, 1967) 

AntCrieurement, nous avons CtudiC les principes du fonctionnement d'un 
nouveau type d'klectrodes rkversibles par rapport au ligantlp2. Un tel type dlClectrode 
peut-Ctre reprCsenter d'un manihre schCmatique par: 

Comme le ligant Lb- rCagit avec l'ion Mea+ pour former le complexe 
[Me Ln](nb-a)-, on peut Ccrire l'expression du potentiel de 1'Clectrode mCtallique: 

RT [[Me Ln](nb-a)-] 
E =EL+ + - 

a F @n [Lb-In 

/3n Ctant la constante de stabilitC du complex. 
Si la concentration des ions mdtalliques est trtts faible par rapport & la con- 

centration du ligant, [Mea+]/[Lb-] < 11106, on peut considCrer que tous les ions 
Mea+ sont pratiquement transform& en complexe. En mCme temps, si dans une sCrie 
de dhterminations, la concentration des ions Mea+ reste constante, la concentration 
du complexe form6 reste aussi pratiquement constante. 

Dans l'expression (z ) ,  la concentration du complexe et la constante de stabilitk, 
/3n, peuvent donc Ctre englobCes dans le terme constant: 

Ce type dlClectrode rdversible par rapport au ligant, a Ct6 dCnomC "Clectrode 
mCtal-complexe". Du point de vue de la thCorie des solutions Clectrolytiques, nous 
pouvons d'ailleurs considCrer ce type d'klectrode comme analogue B celui des Clectrodes 
de deuxihme esphce dans lequel le composC insoluble est remplacC par un composC 
non-dissociC A concentration maintenue fixe. 

Nous avons dCjA montrCl#2 qu'un tel type dJClectrode peut-Ctre utilisC pour 
dCterminer analytiquement la concentration du ligant Lb- au moyen de la cellule: 

Me1 MeL,] (nb-a) -, Lb-1 KC1, HgzClzl Hg 
(satd.) 

mais, le potential de diffusion entre la solution de KC1 et la solution de ligant peut-Ctre 
une source importante d'erreurs. Cet inconvCnient peut Ctre Cviter en utilisant deux 
cellules de type : 
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I Me1 [MeLn](nb-a)-, Lb-(C,) (KC1, HgzClzlHg 
(satd.) (5) 

I1 Me1 [MeLn](nb-a)-, Lb-(Cz) IKCI, HgzClzlHg 
(satd.) 

dans lesquelles les concentrations globales de l'ion Mea+ sont Cgales et oh l'on connait 
la concentration, C,, d'une solution standard de ligant. 

En prCsence d'un Clectrolyte support de force ionique prkdominante, la 
diffCrence des f.e.m. des cellules ( 5 )  I et (5) I1 sera: 

EII - EI = (nRT/aF) In [Lb-1, - (nRT1aF) In [Lb-1, (6) 
et la concentration inconnue du ligant [Lb-1, sera 

Le prCsent mCmoire est destinC A 1'Ctude d'Clectrode metal-complexe 

et ses applications A la dktermination des constantes de stabilitk des autres systkmes 
de complexation compCtitifes. Les constantes de stabilitC des complexes de zinc et de 
cadmium avec la di6thylamine ont CtC dCterminCes. 

PARTIE EXPERIMENT~~LE 

I. Complexes diithylaminiques de l'argent 
En vue de vCrifier la consistance des rksultats, il est intCressant dlCtablir 

prbalablement (ce qui n'est pas toujours indispensable) les constantes de stabilitC 
des complexes dikthylaminiques de l'argent. 

Partant de deux cellules de type: 

(I) NH4N03(2 M) INH4N031KC1, HgzClzlHg 
(satd.) (satd.) (9) 

(11) AglAg+, EtzNH, NH4N03(2 M) INH4N031KC1, HgzClzl Hg 
(satd.) (satd.) 

on peut Ccrire : 

d'oh on peut encore calculer les fonctions F([EtzNQ) 

Par des extrapolations successives des fonctions: 

Fn = (Fn-1-  j3.-1)/[EtzNH] 

pour lesquelles; 

lim Fn=Pn 
[Et2NH]+ 0 

on peut dCterminer les constantes Pn. Nous avons mis en Cvidence deux complexes 
(comme d'ailleurs dans un mCmoire antCrieur3). 
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Les valeurs des constantes de stabilitC, pour les deux complexes ont CtC 
trouvCes: log '4.93 et log /?2=7.08. 

Toutes les mesures ont CtC faites B 25" + 0.1" et i la force ioniquep = 2  (NH4N03). 
Les donnCes expkrimentales et les valeurs de la fonction, F([EtzNH]), pour 

chaque concentration de ligant sont consignCes dans le Tableau I. 

TABLEAU 1 

2. Complexes dit!thylaminiques du zinc et cadmium 
L'on passe ensuite i 1'Ctude des complexes Zn-EtzNH et Cd-EtzNH en 

mesurant les f.e.m. d'une sCrie de cellules de type: 

(111) Agl [Ag(EtzNH)z] +, EtzNH, NH4N03 (2 M) I NH4N031 KC1, HgzClzlHg 
(satd.) (satd.) (14) 

(IV) Agl [Ag(EtzNH)z]+, EtzNH, Me2+, NH4N03(2 M) INH4N031KC1, HgzClz/Hg 
(satd.) (satd.) 

dans laquelle la concentration totale de l'ion Ag+ a toujours la m&me valeur. La seule 
diffCrence des cellules 14(III) et 14(1V) est que la seconde contient en surplus une 
quantitC connue d'ions Me2+ (ZnZ+ ou Cdz+) rCagissant avec le ligant dibthylamine pour 
former la serie des complexes [Me(EtzNH),]Z+. 

Pour Ctudier les systhmes MeZ+-EtzNH, il convient de mesurer la concentration 
de ligant libre dans la sCrie de cellules 14(1V). On utilise pour cela la relation (7) dans 
laquelle n =I ; a =I ; et s est la concentration de ligant dans la cellule correspondante 
I~ ( I I I ) .  

On peut Ccrire (2 25") : 

On calcule ensuite les valeurs de la fonction de BJERRUM~: 

et les courbes de formation 5-p [EtzNH] nous donnent la possibilitk de dkterminer 
graphiquement les constantes successives de stabilitC, k,, par la relation: 

k ,  = ([Et2NH]-1)z-n-, (17) 
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Toutes les valeurs ont kt6 ensuite raffinCes 2 l'aide de la relation de BJERRUM: 

Les donnCes expkrimentales et les valeurs des constantes successives de 
stabilitC pour les deux syst&mes sont consignCes dans les Tableaux 2, 3 et 6. 

Paralldement, pour vkrifier les rksultats, nous avons calculC les constantes 
successives totales de stabilitk par une mCthode diffkrente, en partant de la courbe 
(Z/[EtzNHl)-[EtzNH] qui nous donne la possibilitC de dCterminer les fonctions: 

T A B L E A U  2 

D O N N ~ E S  DU SYSTEME Znz+-EtzNH 

25', p = 2 (NHdN03) 

Cznz+ C E L ~ N H  - A E  = Errr - Erv [EtzNH] P[Et2NH] f i  
fM) f  MJ f V )  

T A B L E A U  3 

D O N N ~ E S  DU SYSTEME CdZf-EtzNH 

25', p = 2 (NH4N03) 

Ccazt Cst NH - A E  = Errr - Erv [EtzNH] P [ E ~ z N H ]  
(MI  f  M=) f  V) 
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Fig. I. Courbe de formation du systbme Zn2+-EtzNH. 

Fig. 2. Courbe de formation du systbme Cd2+-EtzNH. 

TABLEAU 4 
S Y S T ~ M E  Znz+-EtzNH. CALCUL DES CONSTANTES DE STABILIT* PAR LA M ~ T H O D E  DE FRONAEUS~ 

25", p = 2 (NHaN03) 

[EtzNm F Fl. Fz-Io-~ F3. lo-7 F 4 .  10-~ 

IMJ 

TABLEAU 5 
S Y S T ~ M E  Cd2+-EtzNH. CALCUL DES CONSTANTES DE STABILIT* PAR LA M ~ T H O D E  DE FRONAEUS~. 
25', p = 2 (NH4N03) 

[EtzNH] F F 1 . ~ o - 2  Fz-10-4  F3. 10-6 F4 .10-7  

f M )  

= 4.  10'; pa = 5 .10~ ;  83 = 1.4.10~; 84 = 1.34.10'. 
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TABLEAU 6 

VALEURS DES CONSTANTES DE STABILIT* DES COMPLEXES DE ZINC ET CADMIUM AVEC LA D I ~ T H Y L -  
AMINE 

- - 

n [Zn  (EtzNH) z+ [Cd(EtzNH) n] z+ 

P[EtzNH]ii -n-t log k n  p[Et~NH]i i -n-~  log k n  
par la me'thode de: par la mdthode de: 

BJERRUM FRONAEUS BJERRUM FRONAEUS 

par une intCgration graphique bask sur la relation de FRONAEUS~ : 

[Et ZNH] - 
n 

In F = 10 [EtzNHl 
d[EtzNH] 

On calcule ensuite les constantes successives de stabilite, Bn, pour le systkme 
Me2+-EtzNH par des extrapolations des fonctions Fn=(Fn-l-Bn-l)/[EtzNK] 
(Tableaux 4 et 5 ) .  

Les valeurs /!?I.. . DN qui ont CtC obtenues par la dite mCthode sont consignCes 
dans le Tableau 6. 

Dans ce tableau on peut constater une bonne concordance des constantes de 
stabilitC obtenues par les deux mCthodes. 

La stato-potentiomCtrie directe offre effectivement des possibilitCs intCressan- 
tes de dosage des molCcules neutres. 

Nous avons mis au point dans le prCsent mCmoire une mCthode nouvelle qui 
permet la determination de la concentration de la dikthylamine en utilisant une 
Clectrode metal-complexe de type: 

Nous avons utilisC cette mCthode 9. la base d'une sCrie des mesures destinees & 
la dCtermination des constantes de stabilite des complexes de zinc et de cadmium avec 
la digthylamine. 

SUMMARY 

Direct potentiometry offers interesting possibilities for quantitative analysis 
of neutral molecules. 
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We propose in the present paper a new method for the determination of the 
concentration of diethylamine using a metal-complex electrode of the type 

Agl [Ag(EtzNH)z] +, EtzNH 

We have used this method in a series of measurements in which the stability 
constants for the complexes of zinc and cadmium with diethylamine were determined. 
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INTRODUCTION 

Poisoning phenomena of the electrode surface occur during the oxidation of 
methanol on platinuml-3. Such phenomena were thought3 to be due to the formation 
of adsorbed species arising from dimerization of the products of methanol dehydro- 
genation. According to BIANCHI AND LONG HI^ these species may be identified as 
oxalic acid, glyoxal, glycolaldehyde, glycolic acid, glyoxylic acid and ethylene glycol 
formed from such radicals as . CHO, COOH, - CH20H. Their experiments showed that 
glyoxal and glycolaldehyde were the main substances poisoning the platinum surface. 

FORMARO AND TRASATTI~ have reported on the electrochemical behaviour of 
glyoxal on platinum. The present paper gives the results for glycolaldehyde using 
smooth platinum electrodes. 

EXPERIMENTAL 

Materials 
Electrodes were prepared with 99.98% platinum wire (Metalli Preziosi, 0,5 mm 

diam.). Analyzed reagent-grade 60% HC104 (Carlo Erba) was used for solutions. 
The NMR analysis on glycolaldehyde (Fluka) indicated that the crystalline solid was 
the dimeric form, in agreement with previous result+. However, this form was 
shown6 to change into the monomer in aqueous solution, the transformation being 
acid-catalyzed. From the experimental values for the rate constant6 we have calcula- 
ted that in I M HC104 solutions glycolaldehyde is present as the monomer, and we shall 
always refer to the formula as CH20H-CHO. 

Methods 
Several experimental methods were employed. 
Differential capacity curves were used to detect adsorption phenomena. The 

bridge employed has been described elsewhere7. The electrode was activated before 
each measurement (see later), and the selected potential was applied using a potentio- 
meter. The capacity reading was taken after 3 min. 

t This research was sponsored by the Consiglio Nazionale delle Ricerche, Rome, Italy. 
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The general electrochemical behaviour of glycolaldehyde was studied by 
means of quasi-stationary potentiostatic i /E  curves according to the method intro- 
duced by WILL AND KNORR~.  The apparatus and experimental procedure adopted 
have already been described4. Each curve was registered after ten complete potential 
cycles between 60 and 1500 mV (RHE). 

The kinetics and amount of adsorption were studied by anodic and cathodic 
charging curves at high current densities. The apparatus used has been previously 
described4. Electrode activation before each measurement was also carried out in 
this case. 

Cell 
The cell which has already been described7 was washed before each experiment 

with concentrated sulphuric acid, then rinsed and boiled with triple-distilled water. 
The use of grease on any part of the glass apparatus was avoided. 

Electrode 
Two electrodes were used for the capacity measurements and charging curves. 

They were prepared by melting the platinum wire in a Hz-02 flame to a small sphere 
and then sealing the wire into capillary glass tubing. Before use, the electrodes were 
kept in a vacuum furnace for 3 h at 500" to anneal the metal and eliminate absorbed 
gases. The electrodes were washed with concentrated HzS04, then rinsed and boiled 
with triple-distilled water before each experiment. 

The electrode used for potentiostatic curves was treated similarly. I t  was 
prepared by sealing the platinum wire into glass tubing and then sealing a small glass 
sphere at the other end of the wire to obtain a cylindrical electrode. 

Electrode real surface area 
The real surface areas of the bead electrodes were determined by cathodic 

charging curves as described previouslyg. The areas of the two electrodes were found 
to be 0.0493 and 0.0394 cm2, respectively. 

Since the potentiostatic curves were required only for a qualitative analysis of 
the behaviour of the organic substance, only the geometric (apparent) area of the wire 
electrode was measured; i t  was found to be 0.662 cm2. 

Electrode potential 
Electrode potentials were measured against a hydrogen electrode10 in T M 

HC104 by means of Keithley electrometers (610 A and 610 B). Potentials quoted in the 
text and reported in the figures are expressed in RHE scale. 

Gases 
99.999% Nz with traces of rare gases was used to de-gas solutions. The gas was 

pre-saturated in traps containing the same base solution as that to be de-gassed. 
Stirring was provided by the gas bubbling through the solution. Gas entering the 
pre-electrolysis apparatus was filtered through columns filled with alumina and 
activated charcoal. Traps at the outlets of the cell and pre-electrolyzer prevented the 
back-diffusion of oxygen. 
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Temperature control 
The air temperature was controlled to about f 0.1" and the solution tempera- 

ture to about f 0.01" by means of an air-thermostat, a t  all the temperatures used. 

Solutions 
I M HC104 solutions were prepared with triple-distilled water, the last distilla- 

tion being from alkaline permanganate under a nitrogen atmosphere. The resistivity 
of this water was 2.106 Q cm, in air. 

HC104 solutions were pre-electrolyzed before use, between large platinized- 
platinum electrodes at  a real current density of 80-100 pAlcm2 for 15-20 h. A slow 
stream of purified Nz was maintained through the solution during the pre-electrolysis. 

I t  has been shown previ0usly7~9 that the organic impurities content in such 
solutions can be checked by means of cathodic charging curves by measuring the 
decrease in q ~ ,  the charge corresponding to atomic hydrogen monolayer formation. 
In the present case, the platinum electrode was kept after activation at 0.4 V, and 
showed a decrease in q~ of 0.8% after 2 min and 4.4% after 5 min. The solutions are 
conventionally9 denoted as having an impurity content of 0.8%. Only a few measure- 
ments of adsorption were made at times longer than 5 min in order to avoid a marked 
interference4 by impurities. 

Electrode $re-treatment 
I t  was exhaustively proved in previous papers49799 that platinum electrodes 

require an electrochemical treatment before each measurement. This idea was first 

A 1.5 

3 0  sec* I 1.2 V 
20 sec * + 70  sec 

3 0 s e c ' I  1.2 V 
20sec' + 70 sec 1 

2 sec 

2 0  sec* + 7 0  sec 

x with gas bubbling 0.2V IC .-. 
3 rnin 10.05~ 

tc 

Fig. I. Potentialltime sequences used in this work. 

introduced by GILMAN~~.  Figure I shows the potentialltime sequences used in this 
work obtained with the aid of a 557 Amel potentiostat. The rise-time between two 
potential steps is determined by the system (cell + reference electrode) and was found 
to be negligible (less than zo psec) compared with the duration of the steps. 

Sequence A was used for kinetic measurements. At 1.5 V, the adsorbed organic 
substance (or impurities) are oxidized and the electrode surface becomes covered with 
a layer of adsorbed oxygen. At 1.2 V, the oxygen layer is retained, whilst stirring of 
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the solution sweeps away any desorbed species. After zo sec, gas-stirring was stopped 
to allow the solution to become quiescent in order to establish the bulk concentration 
of organic substances a t  the electrode (glycolaldehyde oxidation rate will be seen later 
to be negligible at  this potential). The electrode was then brought to 0.4 V (kinetic 
studies were carried out only a t  this potential) where the oxygen layer is completely 
reduced within the first few milliseconds so bringing the electrode surface into a clean 
and reproducible condition. Anodic and cathodic charging curves were then applied to 
the electrode after a series of times of adsorption, the pre-treatment cycle being re- 
peated for each experiment. 

Sequence B was used in the determination of the capacity and the maximum 
amount of adsorbed material at  various potentials. In this case, surface oxide reduc- 
tion was continued for z sec a t  60 mV in order to maintain the same reduction step 
potential for every determination. This potential was low enough for pre-adsorption 
to be negligible, a t  least not a t  very high concentrations. 

Sequence C was used to study desorption phenomena. After a pre-treatment 
as above, the electrode was equilibrated at  200 mV for 3 min. This potential was 
chosen because adsorption was a maximum (see later) for the concentration used 
(3.3 - 10-5 M). The electrode was then brought to 400 mV or 50 mV and desorption was 
followed by means of anodic and cathodic charging curves, as before. 

RESULTS AND DISCUSSIOS 

General aspects of  the electrochemical behaviour of glycolaldehyde 
Quasi-stationary potentiostatic curves are one of the most effective methods 

of obtaining a general description of the behaviour of organic substances. Figure 2 

shows four curves obtained a t  a sweep rate of 50 mV/sec using solutions of different 
concentrations of glycolaldehyde. Curve (a) was obtained using the base solution. 
Similar curves have been widely used and discussed by WILL AND K N O R R ~  and 
BREITER~~ .  The regions of hydrogen ionization (I), and oxygen adsorption (II) ,  can 

Electrode potential, volt ( R  HE) 

Fig. 2 .  i / E  curves at  50 mV/sec for different concns. of glycolaldehyde; 25' 
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be seen when the potential is becoming increasingly anodic. When the potential is 
becoming cathodic, the current peak of the reduction of the adsorbed oxygen (111) 
and the region of atomic hydrogen adsorption (IV), appear. 

Some new characteristic regions are seen when the organic substance is present 
in solution; this may be interpreted as follows. When the potential is becoming 
cathodic, an anodic current (V) is recorded just after the peak corresponding to 
oxygen reduction (111), which is due to ionization of the atomic hydrogen detached 
from the organic molecule by catalytic dehydrogenation on the electrode surface. The 
organic radicals formed in this way are stabilized by chemisorption on the electrode 
surface and occupy a fraction of the available sites. The i /E  curves, consequently, show 
less marked current peaks in the potential region where hydrogen adsorbs on to 
platinum, because hydrogen can now adsorb only on to the sites free of organic ad- 
sorbate. 

For E >6oo mV, when the potential becomes anodic the adsorbate is oxidized 
and this process is responsible for the current peak (VI). The oxygen adsorption is 
shifted to more anodic potentiaIs and can be observed only at small concentrations of 
the organic substance (curve (b), small current hump at -1.0 V). At even more 
anodic potentials, the reaction of direct electrochemical oxidation of glycolaldehyde 
occurs at a rather high rate giving rise to a current maximum a t  about 1.35 V. 

Glycolaldehyde reacts chemically with the adsorbed oxygen, so lowering the 
current maximum for the oxygen reduction, the magnitude of which depends on the 
concentration of the organic substance. At 1.2 V, when the potential is becoming 
cathodic, the oxidation rate of glycolaldehyde is practically negligible. This justifies 
the assumption that, during the pre-treatment carried out using the sequences of 
Figure I, the concentration of the organic substance a t  the electrode surface a t  this 
potential can be considered to be the same as in the bulk of the solution. 

Figure 3 shows the effect of the sweep rate on the i / E  curves at constant 
concentration of the organic substance (3.3.10-2 M). The general shape of the curves 
is the same as in Figure 2, but the phenomena relating to the organic substance are 
less marked the higher the sweep rate. In particular, the sweep rate is so high in 
curve (C) that the phenomena connected with the presence of the organic substance 
are small enough to allow even the small current hump due to the formation of ad- 

3.0- 
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u 
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2 0 " " 1 ' "  
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Electrode potentiaf,volt (R H E) 

Fig. 3 .  i / E  curves a t  different sweep rates for 3.3 -10-5 M glycolaldehyde soln.; 25O. 
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sorbed oxygen, to appear. Indeed, a high sweep rate causes the magnitude of the ad- 
sorption phenomenon, the rate of which is intrinsically slow, to be small. This con- 
clusion is also supported by the fact that the current peaks relating to hydrogen ad- 
sorption (IV) and ionization (I) are well marked and outlined in these curves. 

I t  can also be seen that the potential of adsorbate oxidation is shifted to more 
anodic values with increasing sweep rate. This phenomenon also appears with anodic 
charging curves where the plateau due to the adsorbate oxidation is at more anodic 
potentials the higher the current density (see below). 

Anodic charging curves 
Although the method for determining the amount of organic substance 

adsorbed on a platinum electrode by means of anodic charging curves has been 
widely used recently, it has been criticized. The method consists of measuring the 
charge consumed in the oxidation of the adsorbate during a current pulse. Simulta- 
neously with the oxidation of the adsorbed species, oxygen is adsorbed on platinum; 
obviously this charge must be separated from the former. The way in which this 
separation is performed and its consequent reliability has been the subject of much 
discussion. 

G I L E A D I ~ ~  has objected strongly to the method in a recent review on the 
methods for studying adsorption phenomena. We will attempt to prove here that the 
various criticisms, justified in principle, can be rejected if the possible errors of the 
method are thoroughly considered. Some assumptions and approximations are 
associated with the method, but these can be proved to have a negligible effect on the 
results. This method is not suitable for all organic substances, but it is, however, 
reliable for those organic substances that follow a rather simple mechanism of ad- 
sorption and give rise to easily oxidizable adsorbed species. 

Time 

Fig. 4. Anodic charging curves fromo.4 V (RHE) at 486m.~/cm2forvariousglycolaldehyde~~n~ns. : 
(a), O; (b), 10-4; (C), 3.3 . I O - ~  M. t ,  = 3 min; 25'. 

Figure 4 shows some typical anodic charging curves obtained a t  the same 
current density but using different concentrations of the organic substance. Curve 
(a) was obtained without glycolaldehyde and shows the characteristic linear region 
due to the formation of the adsorbed oxygen monolayer. The peculiarities of such 
curves have already been exhaustively discussedg. The transition time during which 
the formation of the oxygen layer occurs, is denoted as 70; the charge consumed in 
this process is obtained by multiplying the transition time by the pulse current 
intensity: 

J .  Electroanal. Chem.. 17 (1968) 343-364 



ADSORPTION O F  GLYCOLALDEHYDE ON SMOOTH P t  349 

Curves (b) and (c) were recorded using 10-4 M and 3.3-10-2 M glycolaldehyde 
solutions, respectively. A potential plateau between 1.0 V and 1.1 V appears in both 
curves; thisis due to the oxidation process of the adsorbate. In contrast, the formation 
of adsorbed oxygen occurs with a linear increase in potential with time, up to the 
evolution of molecular oxygen. The potential regions relating to the two above pro- 
cesses cannot be clearly distinguished suggesting that some adsorbed oxygen forms 
during the adsorbate oxidation while a part of the adsorbate is oxidized only a t  the 
higher potentials. In other words, owing to the high rate imposed on the process, the 
oxidation of the organic substance is shifted into the region of electrode oxidation thus 
hindering any effective graphical separation of the charges relating to the two pro- 
cesses. Therefore, qo' must be determined separately from curve (a) and then be 
subtracted from the total charge determined from curves (b) or (c), for example, 
using zl or t2, respectively, i.e. : 

qox = qtot - 40' (2) 

qo,  is here the charge consumed in the process of adsorbate oxidation only. 
The above method of calculating qox is equivalent to that used by BREITER~~ 

in the case of formic acid. B R U M M E R ~ ~  criticized this procedure and determined the 
amount of adsorbed oxygen by means of a cathodic pulse following the anodic pulse. 
Replying to BRUMMER'S criticism, BREITER~~ proved that the two techniques are 
equivalent in the case of formic acid, but that the latter generally leads to errors of 
unknown magnitude when qtot is comparable to qo' .  Omitting any further considera- 
tions, we will attempt to demonstrate that the technique we have adopted, which 
follows BREITER'S~~ method, is fundamentally justified as it gives rise to negligible 
errors only. 

Equation (2) is based on the assumption that a complete layer of adsorbed 
oxygen is actually formed during an anodic pulse in the presence or absence of ad- 
sorbate. Figure 4 qualitatively proves this hypothesis. In fact, curves (a), (b) and (c) 
merge in the region of molecular oxygen evolution irrespective of the concentration 
of the organic substance and, consequently, also of coverage; it can be seen that 13 may 
only affect the overvoltage for adsorbate oxidation. If oxygen evolution takes place 
either on a partly poisoned surface, or without previous formation of a complete 
oxygen monolayer, the overvoltage for the process of evolution should be higher the 
greater the adsorbate coverage, exactly as in the case of hydrogen (see later) which is 
very similar. Ultimately, an anodic pulse can be reasonably assumed to lead to a fully 
oxidized surface both in the presence and in the absence of organic adsorption. This 
justifies eqn. (z), in which the possibility of a small error due to double-layer charging 
must be taken into consideration. 

Equation (2) can be written in the general form: 

where qoxtNe is the charge consumed exclusively in the process of adsorbate oxidation, 
qotrue is the charge spent exclusively for oxygen monolayer formation, and q d l  is the 
quantity of electricity for double-layer charging during the transient. Bearing in 
mind that the graphical determination of go' according to eqn. (I) also leads to an 
error for double-layer charging, i.e. : 
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as a consequence of combining ( z ) ,  (3), and (4) the value of qox as determined graphi- 
cally may not be the true value. In fact: 

Fractically, qox is smaller than q o x t ~ u e  as usually qdlO > q d l ;  it is well known that the 
double-layer capacity is reduced by the adsorption of organic substances. 

q d l o  and q d l  cannot be evaluated from capacity curves because such curves are 
always obtained discontinuously, namely point by point, while during the pulse the 
electrode potential varies continuously and therefore at each moment the electrode 
surface is affected by its immediate history. However, the capacity curves enable us to 
estimate the m a x i m u m  error described in eqn. (6). 

For the highest concentrations of the organic substance, viz. in the most un- 
favourable conditions, the error made by neglecting A q d l  would be about 7% (the 
capacity curves are not reported completely; the portion relating to a narrower 
potential range is given later). This error may also be a maximum because the capacity 
curves refer to almost stationary conditions, while during an anodic pulse the electrode 
surface progresses (immediately after adsorbate oxidation has commenced) toward 
the state expected in the absence of organic adsorption, since any re-adsorption pheno- 
menon is avoided at high current density. In other words, the capacity d w i n g  the 
transient must be higher than that determined from steady-state measurements. In 
short, the error made by applying eqn. (2) in the most simple way is always less than 
7%, but is usually <774 and consequently negligible. 

Finally, a far larger error is created if the correction for q d l  is made directly 
for each charging curve by drawing the tangent to the curve at its initial portion, as 
shown elsewhere9 for the evaluation of q o ;  this can be concluded from a study of the 
capacity curves. 

Choice of the anodic current density 
The duration of the oxidation processes of both the adsorbate and the elec- 

trode, namely the transition time, z, affects the final results because: 
(i) oxidation of substance coming from the bulk of the solution can also 

occur during z; 
(ii) the oxidation of the adsorbate may be slow and difficult at  high coverages. 
In order to find out the experimental conditions in which (i) and (ii) are 

avoided, we carried out charging curves at several current densities working with 
3.3 010-2 M glycolaldehyde solution in which the electrode surface was saturated with 
adsorbate. The results are given in Figure 5 (upper curve). q,, is independent of i 
only in the range 0.25<i<o.70 A/cm2. At higher densities, qox decreases with 
increasing i, while at the lowest densities it increases more rapidly with decreasing i. 
The range of current density where q,, is constant spreads out to the left with de- 
creasing concentration and to the right with decreasing coverage. 

The above results suggest that:  
(i) in the range of qox independent of i, the adsorbate is completely removed from 

the surface by oxidation; 
(ii) at  small i ,  the transition time is long enough for species coming from the 
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solution to oxidise during the pulse; this agrees with the anodic charging curve data 
which show a less well defined plateau; 

(iii) at very high i, no comfilete oxidation of the adsorbate takes place owing to 
the high rate imposed on the process. Similar results can also be found in GILMAN'S 
data for ethylenele. 

Current density (log i ) , ~ / c r n ~  

Fig.5.Dependence of q,, and (I - BE) on pulse current density for 3.3 -10-2 M glycolaldehyde soln. 
a t  25". t ,  = 3 min; E = 0.4 (RHE). 

In  conclusion, the region of i where qo, is independent of current density is the 
range where all conditions on which the method is based are almost completely 
fulfilled. A current density of 486 mA/cm2, denoted in Figure 5 by i,, was used there- 
fore for anodic charging curves throughout this work. A charge of 335f 7 pClcrn2, 
calculated on the basis of the real surface area, is required for the oxidation of the 
adsorbate in the conditions reported in Figure 5. 

GILEADI'S criticisms of the method12 are well founded because some assump- 
tions cannot be verified directly, but we think the results cannot be rejected a priori 
without a check on the extent of error that these assumptions may introduce into the 
final result. We have just proved that the less verifiable assumptions can lead to 
error, but that this error is so small that the danger of misinterpretation of results is 
almost non-existent. Finally, the method can a posteriori be supported also by the 
results recently obtained by B R U M M E R ~ ~  in the case of propane, and by G I L M A N ~ ~  
in the case of ethylene and acetylene; GILMAN worked with the potential sweep method 
which is, in any case, fundamentally similar to the galvanostatic method. 

Cathodic charging c.urves 
With the anodic charging curves, the amount of adsorbate is determined and 

expressed as the total quantity of electricity required for its oxidation, but with 
cathodic charging curves it is possible to evaluate the fraction of surface free of 
adsorbate by determining the amount of atomic hydrogen deposited on the free sites 
during the transient. Hence, by means of cathodic charging curves the amount of 
adsorbed organic substance is expressed in equivalents of atomic hydrogen. 

Figure 6 shows three cathodic charging curves a t  the same current density, for 
three different concentrations of glycolaldehyde. The transition time relating to the 
formation of the hydrogen monolayer on the surface free of adsorbate, is denoted in 
curve (a) as 70. The curve shows two potential steps, part I and part 11, which refer 
to sites with different heats of atomic hydrogen adsorption. I t  is well known that 
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organic substances usually adsorb initially on to the sites with higher adsorption 
heat7.9.13, (part 11); this can be seen in Fig. 6. 

The method of determining t, used in this work, leads to a partial correction 
for double-layer charging. However, it has been shown elsewhere9 that the true value 
of q ~ , ~ ,  the charge required to saturate the electrode surface with atomic hydrogen, 

Fig. 6. Cathodic charging curves a t  48.4 mA/cm2 from 0.4 V (RHE) for different glycolaldehydc 
concns. t ,  = 3 min; 25'. 

can be determined only after a further correction for double-layer charging. Since this 
correction is a function of the coverage with adsorbate, it cannot be made easily. 
Nevertheless, it is possible to prove that no substantial error is caused by neglecting 
this further correction. 

In the absence of the organic substance we can write: 

Similarly, in the presence of the organic substance: 

Thus, the calculated coverage is given by: 

1 -OH =I - (@Itrue + qdlH)/(q=,stme + qdlHSS) 

from which: 

Practically, qd1H.S is equal9 to 4.5% of q~,~tNe,  while qdlH is always <qd+s. 
Considering, to a first approximation, qdlH as a function of the surface free of ad- 
sorbate, viz., qdlH/qdlHps=qHtNe/qH,stNe, it follows from eqn. (9) that the possible 
error is negligible down to ( I  -OH) ZJ 0.05 and tends to 4.5 % when (I - OH) a. 

Choice of the cathodic current density 
Three of the objections to this technique12 indicate some valid possibilities of 

error in the method: 
(i) Hydrogen absorption during the pulse, i.e., adsorbed hydrogen has time to 

dissolve into the metal. 
(ii) Reduction (hydrogenation) of adsorbed molecules. 
(iii) Desorption of organic molecules during the pulse. 
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With regard to the first objection, the regions of current density in which an 
actual absorption of hydrogen can occur have already been indicatedg. However, for 
each current density, the corresponding value of ~ H , S  is used in eqn. (g), thus taking 
into account any absorption phenomenon. 

The occurrence of the other two possible side-reactions can be checked either 
by means of desorption tests at  cathodic potentials (see later) or by determining 
(I -OH) at several current densities. In Fig. 5 the lower curve shows, the dependence of 
(I -OH) on i. (I -OH) did not vary over the range examined. If either substantial 
desorption, or hydrogenation of the organic substance occurred, a variation in (I -OH) 

with i should appear, most probably a decrease in (I - OH) would correspond to a 
decrease in i. The absence of any detectable variation in (I - OH) suggests that neither 
desorption nor hydrogenation take place. Desorption and hydrogenation will be seen 
to be undetected also by sequence C of Fig. r. 

In Fig. 5 i, is the current density chosen for the cathodic charging curves 
throughout this work; its exact value is 48.4 mAjcm2. From the same figure the 
fraction of surface covered with adsorbate, when the concentration of glycolaldehyde 
is 3.3-10-2 M, can be seen to be about 0.84. This value is the saturation coverage. 

Adsorption kinetics at 0.4 V 
Adsorption kinetics were studied using sequence A of Fig. I. After each pre- 

treatment the electrode was brought to 0.4 V and, varying t,, the progress of ad- 
sorption was followed with cathodic and anodic charging curves. However, cathodic 
charging curves were used far more frequently than anodic charging curves, because 
the coverage obtained from the latter is unreliable. In fact, a t  high coverages, the 
ad-layer consists of differently oxidized species (see later), thus the charge consumed 
in their oxidation is an average one and cannot be directly referred to the charge 
determined at lower coverages where the ad-layer consists of only one molecular form. 
Therefore, anodic data were used to determine only the structure of the ad-layer, 
while the coverage with adsorbate was exclusively calculated from cathodic data. 

In the study of adsorption from the gas phase, the coverage is usually defined 
as : 

0 =a/a,, (1.0) 

where a is the amount of gas adsorbed under defined conditions and a,, is the 
maximum amount of gas adsorbed under equilibrium conditions and does not neces- 
sarily correspond to a monolayer. According to this definition the coverage can be 
expressed in our case as: 

0 =(qH,s-qH)/(qH,s-qH,min) (II) 

where q ~ , ~  is proportional to the total number of surface sites, q~ is proportional to 
the sites free of adsorbate, and qH,min is proportional to the number (minimum) of 
free sites when the surface is saturated with adsorbate. All these quantities are 
expressed in equivalents of hydrogen. q~,min has been shown to be 16% of ~ H , S  a t  2 5 O .  

By dividing eqn. (rr) by q ~ , ,  we obtain : 

0 = ( I - ~ H ) / ( I - ~ H ) ~ ~ X  (I2) 

where (X - 0H)mrx =I - OH,min. Since this quantity is constant and equal to 0.84 at  
zsO, we shall use (I -OH) instead of 0. 
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Figure 7 shows the adsorption kinetics for three different concentrations of 
glycolaldehyde. There is a semi-logarithmic relationship between the absolute cover- 
age, (I. - &), and the adsorption time for (I - OH) >o.rg. The plot is not linear at  very 
long times, when the coverage reaches a stationary value determined by the concen- 
tration of glycolaldehyde. 

Adsorption time, log t, (set) Concentration. log C (MI 

Fig. 7. Glycolaldehyde adsorption as a function of time for different concns. a t  2 5 O ;  B = 0.4 V 
(RHE) . 
Fig. 8. 
25';  E 

Dependence of adsorption 
= 0 . 4 V  (RI-IE). 

velocity glycolaldehyde concn. for different coverages 

The experimental law for the adsorption kinetics can be expressed as: 

where to and b are constants a t  constant T and concentration. Equation (13) re- 
presents the experimental plot for 0.15 < (I - OH) < (I - 6~)~+, , t .  

By differentiating eqn. (13) we obtain: 

d ( ~ - & ) = b  d In ta=b dtalta (14) 

Obtaining t, from eqn. (13) and substituting into eqn. (14) gives: 

Vads=d(I-B~)/dta=(b/t~) exp [- (1  OH)/^] (15) 
Equation (15) is a form of the Elovich equatio;tls; thus, glycolaldehyde adsorbs 

on to platinum according to the kinetics of activated adsorption. 

Reaction order 
In the case of activated adsorption, the adsorption velocity can be written 

from eqn. (15) in a general form as followsl8: 

Vads =dO/dt =K1 CX exp( -Ee!RT) (16) 

where 6 is the coverage as defined by eqn. (IO), C the concentration of the organic 
substance and Eo the activation energy which depends on the coverage. By expressing 
6 as in eqn. (12) and summing the constant terms, we obtain: 

V'ads = d ( ~  - O~)/dta =K2 Cx exp(- E(i-e,,/RT) (17) 

In eqn. (17)~ time is denoted by ta in order to maintain the symbols of sequence 
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A (Fig. I). Introducing logarithms, we have 

Both x and E can be evaluated from eqn. (IS), provided that the adsorption 
velocity is known. The adsorption velocity can be obtained from the slope of the 
experimental curves of Fig. 7. From eqn. (14) : 

where b is the slope. Equation (19) can be used only in the range where eqn. (13) is 
valid. From eqn. (IS) we then obtain, at OH =constant and T =constant : 

In  this case, eqn. (20) is valid over the whole range of coverage values because 
the term containing the activation energy is actually constant a t  constant coverage. 
Figure 8 shows the experimental plot of the adsorption velocity against the concen- 
tration of glycolaldehyde for different values of coverage. The slope of the straight 
lines is about I s ,  i.e., the adsorption process in first-order with respect to glycolalde- 
hyde. 

Adsorption activation energy 
From eqn. (18), at  constant C and OH, we can write: 

From eqn. (zI), the activation energy, E, can be calculated as a function of (I -OH) by 
determining the adsorption velocity at different temperatures for each of the (I - OH)- 
values. The experimental results obtained using C =3.3.10-~ M at four different 
temperatures are shown in Fig. 9. In  this case, the kinetics also follow the Elovich 
equation as defined by eqn. (15). The adsorption velocity increases with increasing 

- -. 
Adsorption tirne.10~ t o  (sec) Absolute temperature,  117 1 x 1 0 ~ )  'K 

Fig. 9. Glycolaldehyde adsorption as a function of time for 3.3 .IO-5 M solution a t  different temps. ; 
E = 0.4 V (RHE). 

Fig. 10. Dependence of velocity of glycolaldehyde adsorption on the reciprocal of absolute temp. 
in 3 .3  M soln. for different coverages; E = 0.4 V (RHE). 
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temperature and the stationary coverage also tends to rise with temperature. For 
each of these curves, the adsorption velocity at any time can be determined by using 
eqn- (19). 

Figure 10 shows the experimental plot of eqn. (21) using the data derived from 
Fig. g. A good linear plot is obtained for each of the coverage values, and from the 
slopes of the straight lines it is possible to evaluate, by means of eqn. (zI), the values 
of the activation energy at various coverages. Owing to the small difference in slope 
of the straight lines for various coverages, the best slope for each line was determined 
using the method of least-squares. The results obtained are shown in Fig. 11. The 
activation energy increases linearly with increasing surface coverage from 12.80 
f 0.05 kcal/mole at (I -OH) =o, to 15.95 k0.05 kcal/mole at (I -OH) =0.84. This value 
of coverage corresponds to the saturation coverage for glycolaldehyde. The method of 
least-squares was also used in this case to evaluate the slope of the straight line and to 
determine the value of Eo. 

Absolute coveroge , ( l -  BH1 Adsorption time, log t , ( sec )  

Fig. I I .  Dependence of activation energy of glycolaldehyde adsorption on electrode coverage with 
adsorbate; E = 0.4 V (RHE). 

Fig. 12. Glycolaldehyde adsorption as a function of time for different concns. and temps. ; E = 0.4 
V (RHE). 

Obviously, the activation energy so calculated is a differential quantity. 
However, the dependence of E on coverage can be represented by the general re- 
lationship : 

where a=3150 cal/mole. Equation (22) is the dependence to be expected for the 
kinetics of activated adsorption on a uniformly heterogeneous surface such as a 
platinum surface. The value of Eo =12.80 kcal/mole can be profitably compared with 
the values of 5.2, 9.5, and 16.4 kcal/mole for the adsorption on to platinum of formic 
acid, methanol, and ethylene glycollg, respectively. I t  is also interesting to observe 
that in the particular case of the dehydrogenation of phosphorous acid on palladium, 
the value of 17.05 kcal/mole was found20 for the activation energy. The dependence of 
the activation energy on the structure of the molecule suggests that the rate of the 
adsorption process may be related to the energy of the bond broken during the ad- 
sorption process itself. 
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Mechanism and nature of the adsorption 
The kinetic measurements show the adsorption of glycolaldehyde on to pla- 

tinum to be an activated adsorption; the i / E  curves (Fig. 2 )  and the potential decay 
curves by BIANCHI AND LONG HI^ clearly indicate the process to be chemisorption 
connected with the catalytic dehydrogenation of the molecule on the metal surface. 
The adsorbed species is therefore different from the species in solution; the problem 
of determining its structure can be solved by combining the data obtained with 
cathodic pulses with those obtained with anodic pulses. Similar studies with propane 
were made by B R U M M E R ~ ~ .  

Figure 7 shows that there is a linear relationship between coverage and the 
logarithm of the adsorption time. Also using anodic pulses, as can be seen in Fig. 12, a 
linear dependence of the amount adsorbed on the adsorption time is obtained. There- 
fore, the anodic data and the cathodic data at the same temperature and concentra- 
tion show two aspects of the same phenomenon and so can be compared. Equation (13) 
is therefore also valid for the anodic data, but i t  must be expressed using the quantities 
characteristic of the anodic pulses. 

At the same coverage, q,, is related to ( I  -OH) by the expression: 

where 0.210 C/cm2 is the charge associated with unit electrode surface when only one 
electron for each platinum atom is involved in the reactions, n is the number of 
electrons needed to oxidize one adsorbate molecule completely, and m is the number 
of sites occupied by one adsorbate molecule. Equation (13) becomes therefore: 

Since b is the slope of the kinetic curves obtained with cathodic data, and 
210-nlm-b is the slope of the analogous anodic curves, the ratio between the two 
slopes enables us to determine n/m. With reference to Fig. 12, we obtain n / m  = 1.70 
for C =3.3 '10-~ M at 2s0, n/m=1.65 for C =10-~ M at 2=j0, and n/m=1.69 for C = 
3.3.10-5 M at 45'. The arithmetic mean of these three values gives n / m  = 1.68. 

The complete oxidation of the molecule of glycolaldehyde requires 8 electrons 
according to the reaction: 

Assuming that in the adsorption each molecule loses m hydrogen atoms and 
forms m bonds with the surface, i.e., occupies m sites, we can write: 

From eqn. (26), nz =2.98 ~3 and n =5, are obtained. In conclusion, glycol- 
aldehyde adsorbs on to the platinum electrode losing 3 hydrogen atoms and forming 
3 bonds with three surface sites. 

The value of n / m  can also be determined in a different way by using relation- 
ship (23) directly. Actually, the two methods differ only in matters of computation. 
However, since the ratio n /m is a determining quantity, we think it is useful to use two 
different approaches, even using the same data, to make sure of its exact value. On 
the other hand, the first method allows the ratio nlnz to be straightway evaluated; 
the second method allows, more than a direct evaluation of n/m,  its graphical compa- 
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rison with a given or expected value of the ratio. In this respect the latter method is 
complementary to the former. Figure 13 shows the experimental plot of eqn. (23). The 
points lie on a straight line and approach very nearly the straight line calculated for 
n =5 and nz =3. In the same figure the line calculated for n l m  =I.50, is also given. This 
value was chosen to demonstrate that with such a plot it is possible to distinguish 
easily between two very similar cases. 

Absolute coveroge (1 - 9 H )  

Fig. 13.  Relationship between qox and q~ for different concns. a t  25 ' ;  E = 0.4 V (RHE). The 
slopes of the straight lines are expressed as the average number of electrons/covered platinum atom 
involved in adsorbate oxidation. 

Fig. 14. Variation of average number of eIectrons/covered platinum atom involved inoxidation of 
the adsorbed glycolaldehyde, with electrode coverage by adsorbate. 

The results obtained are also reasonable from a molecular point of view. The 
projected area of the molecule is about three times as large as the area of a platinum 
atom; therefore, the possibility that the molecule can occupy more than three sites 
can be excluded. However, by its structure and the mode of attachment to the sur- 
face, the molecule may cover the electrode surface in an unsymmetrical way; this 
may be why about 16% of sites are still capable of adsorbing hydrogen when the 
platinum surface is saturated with adsorbate. Finally, partial dehydrogenation 
(i.e., n > 5 )  is to be considered as unlikely, since methanol, for example, loses all of its 
hydrogen atoms directly bound to the carbonlg. Dehydrogenation of the OH-group 
must also be rejected, as tertiary alcohols do not dehydrogenatezl. Finally, dehydro- 
genation of the aldehydic group is a reasonable possibility if we consider that glyoxal, 
a very similar molecule, undergoes such a reaction4. 

In conclusion the overall process can be represented as follows: 
910W 

CH20H-CHO + COH-CO +3 Had (27) 

Structure of the ad-layer at 0.4 V 
At 0.4 V (without any interference by hydrogen or oxygen adsorbed on 

platinum), the reaction of glycolaldehyde adsorption proceeds, as shown, according to 
(27), viz., via loss of three hydrogen atoms and formation of three bonds with three 
platinum atoms. According to this mechanism the molecule adsorbs in a flat orienta- 
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t ion on to the surface, but it is to be expected that the -OH and =O groups are 
slightly turned towards the solution owing to the bond angles. Complete flattening 
of the molecule on the electrode surface should require strong interaction between 
platinum atoms and functional groups that can only result from formation of a 
chemical bond that would force all the bond directions of the carbon atom towards 
the electrode surface. 

The results obtained do not indicate any breaking of the C-C bond, as in this 
case two distinct species would form, i.e., C-OH and C = 0 ,  the former alone occu- 
pying three sites as in the case of the methanol dehydrogenationlg. The C-C bond 
generally breaks at higher temperatures than those used in this work: 70" for ethylene 
glycollg, 120" for ethane22. Also, the platinum surface, by its metallic nature, does 
not lead to bonds that are strongly localized in one direction, and, therefore, the length 
of the C-C bond is reasonably consistent with 3-site adsorption without any breaking 
of the molecule. 

With increasing coverage, the 3-site adsorption must lead to steric difficulties 
that hinder the progress of further adsorption with the same mechanism. For high 
enough (I -OH) values the adsorption is expected to proceed on two sites or even 
only on one site. Figure 14 proves the validity of such a supposition. As long as the 
coverage is low, the average number of electrons per platinum atom is 1.67 and is in 
agreement with the mechanism proposed above. When the coverage exceeds 70%. the 
average number of electrons tends to rise, and reaches the stationary value of about 
1.88 when the surface becomes saturated. This indicates that the adsorbed molecule is 
less dehydrogenated and covers a smaller number of sites. The most likely hypothesis 
is that, owing to their sizes, some molecules no longer adsorb in a flat orientation but 
vertically when (I - OH) >0 .7  If the structure of the molecule is taken into considera- 
tion, it is likely that the molecule adsorbs on to two sites with its alcoholic group losing 
two hydrogen atoms; adsorption of the aldehyde group would still lead to coverage of 
two sites but with formation of only one bond with platinum. The first hypothesis is 
favoured if we take into account the energies connected with the two processes. At 
(I -OH) > 0.7 the dehydrogenation mechanism is therefore as follows: 

CHzOH-CHO zH COH - CHO 

Three electrons for each platinum atom are required, on the average, to oxidize 
these adsorbed species, because n=6 and m=z. We will attempt to calculate the 
average number of electrons per platinum atom in the case of the surface saturated 
with adsorbate. Up to 70% coverage, the average number is 1.67; when the surface is 
saturated, the coverage is 0.84; we can then write: 

(1.67 x 0.7 +3 x 0.14)/0.84 =1.89 (29) 
The calculated value is in very good agreement with the experimental value 

of 1.88 (Fig. 14). In order to check the reliability of such a calculation, we will also 
determine the average number of electrons for an intermediate coverage. From 
Fig. 14 the resulting average number is 1.78 a t  (I - OH) =0.75, and then the calculated 
value of 1.76 is in very good agreement with the observed value. 

Influence of the potential o n  the structure of the ad-layer 
The results reported above were obtained a t  0.4 V because at this potential 

adsorbed hydrogen or oxygen have no effect23. In order to test if the structure 
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of the ad-layer remains the same at any potential, experiments were also carried 
out at  potentials both anodic and cathodic with respect to 0.4 V. Figures 25 and 16 
show the plots of capacity and qox as a function of potential, respectively. Both curves 
were obtained for t a = 3  min in order to avoid any interference due to impurities 
in the base solution; this is particularly important in capacity measurements4. A t  
t a=3  min, the stationary coverage is reached at  almost all high and intermediate 
concentrations; it is most nearly approached with C =3.3 -10-5 M ;  it is not reached at 
C = I O - ~  M. However, this does not at all affect any conclusion that can be drawn 
from the results. 

Fig. 15. Capacity/potential curves a t  25' for various concns. of glycolaldehyde. Adsorption time, 
3 rnin. Bridge method, 5 kHz. (a), o; (b), I O - ~ ;  (c) 3.3 . 10 -~ ;  (d), I O - ~ ;  (e), 3.3 .10-~; (f). IO-~;  
(g), 3.3 -10-3; (h), I O - ~ ;  (i), 3.3 . I O - ~ ;  (j), 10-l M .  

Fig. 16. Dependence of glycolaldehyde adsorption on electrode potential a t  25'. Adsorption time, 
3 min. (a), I O - ~ ;  (b), 3.3  -10-~; (c), 3 .3  . I O - ~ ;  (d) 10-$; (e) ,  3.3 .10-~ M .  

For E<~+oo mV, the shapes of the curves in the two figures are very similar; 
the lower the potential, the smaller the amount of substance adsorbed. This does not 
mean that the substance is either desorbed or hydrogenated (see later) but only that 
for E <400 mV competitive adsorption between hydrogen and the organic substance 
occurs, and this competition is more in favour of hydrogen the lower the potential. 

On the contrary, for E>4oo mV, q,,, decreases with increasing potential much 
more than capacity increases. This suggests that the organic substance is still strongly 
adsorbed, but is in a higher state of oxidation depending on the potential, so that 
q,,, the charge consumed in oxidizing the adsorbate, appears less even at the same 
coverage. In reality, capacity and cathodic data show the coverage to decrease with 
increasing potential, but this decrease is much less than expected when only consi- 
dering the variation in qo, with the potential. 

In Fig. 17, the average number of electrons per covered platinum atom released 
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on oxidation of the adsorbate is reported as a function of the potential. I t  varies from 
about 1.88 at  0.4 V to about 0.7 at  0.7 V. This indicates that for E>o.4 V, the ad- 
layer consists of different species being, on the average, more oxidized than at  0.4 V. 
This fact may be related to results obtained in the study of oxygen adsorption on 
platinum24. The oxygenated species existing on platinum even at 0.5 V, and arising 
from the first stage of water oxidation, can interact with the adsorbate, so adding 
chemical oxidation to the initial oxidation by catalytic dehydrogenation. 

Electrode potential, volt (RHE) Time, t ,  or t,(secl 

N- 
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Fig. 17. Variation of average number of electrons/covered platinum atom involved in adsorbate 
oxidation, with electrode potential. 

Fig. 18. Variation of amount of adsorbed glycolaldehyde with time, on passing fromonepotential 
to another in 3.3  -10-5 M soln. a t  25'. 
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Desor$tion phenomena 
Owing to experimental difficulties in diluting solutions with the electrode in 

place, we used a special potentiostatic sequence to obtain the same effect, in order to 
study desorption phenomena. Let 81 be the coverage at a particular potential, El, in a 
specified solution; also let 82 > 81 be the coverage at another potential, Es. When the 
electrode is equilibrated at potential EZ and then rapidly brought to potential El  the 
corresponding initialcoverage at El is not 81 but still 82, which is equivalent to dilution 
of the solution. 

Sequence C of Fig. I was applied to the electrode for these measurements using 
a 3.3.10-5 M solution. The electrode was equilibrated at  0.2 V; the coverage is 
maximum at  this potential, as shown by Fig. 16. The potential was then brought to 
either 0.05 V or 0.4 V to observe desorption on both sides of the maximum. The results 
obtained with both cathodic and anodic charging curves can be seen in Fig. 18. 
Passing from 0.2 V to 0.4 V and from 0.2 V to 0.05 V, no variation in qo, and q~ is 
observed. The organic substance adsorbed at  0.2 V seems to be retained on the elec- 
trode surface; no evidence could be obtained for hydrogenation, desorption and 
variation in the number of covered sites. Similar results have been reported for 
methanol14 and glyoxalg. 

At more anodic potentials than 0.4 V, some variation in qo, and q~ is actually 
observed, but i t  is due only to a higher oxidation state of the adsorbed material, as 
shown above. In conclusion, for E>o.4 V the substance is not desorbed but only 
oxidized or, if there is desorption, it occurs as a result of oxidation. At lower potentials 
than 0.4 V, on the contrary, the adsorbate appears to be completely stable, which 
seems at first sight, to suggest an irreversibility in glycolaldehyde adsorption. 

0.8 

0.6 

- 
r m 
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Nature of the isotherm 
The kinetic data clearly show that a definite limiting value of the coverage is 

reached which depends on the concentration of the organic substance in the solution. 
By plotting the final value of (I -OH) as a function of the concentration, a well 

defined relationship is obtained (Fig. 19) which can be identified with the Temkin 
logarithmic isothermla. Similar relationships have also been found in the case of 
glyoxal4, methanol and ethylene glycol19 adsorption. I t  must be mentioned, however, 
that in all these cases any desorption phenomenon could not be proved experimentally; 
no desorption of methanol is apparent even at  lower potentials than that of hydrogen 
evolution. 

06 

0 .4V (RHEI 

Cath. data 

Concentration, lop C (MI 

Fig. 19. Relationship between electrode coverage with adsorbate and glycolaldehyde concn. in 
soln. for conditions specified. 

The situation for glycolaldehyde is quite similar. The experimental results show 
two aspects in opposition to each other. The fact that the Temkin logarithmic iso- 
therm is obeyed can be interpreted as evidence for the establishment of a true equi- 
librium; on the other hand the absence of detectable desorption gives the phenomenon 
an apparent aspect of irreversibility. Such a difficulty can also be found in the paper 
by BAGOTSKY AND VASSILIEV~~ and this is the main reason for the discussion arising 
on this subject at  the recent Symposium in Cleveland". 

Writing the Temkin isotherm in the form18 : 

where f is the inhomogeneity factor of the platinum surface, the slope of the linear 
portion of the curve in Fig. 19 gives the value of 13.5 for f .  This value is in very good 
agreement with that calculated (about 14) from the isotherm for hydrogen adsorption 
on platinumlg. Also, the inhomogeneity factor is related to the difference between 
the maximum and minimum values of adsorption heatls: 

From eqn. (31)~ Qo-Q1=7.95 kcal/mole is thus obtained; this refers to the 
whole electrode surface because f has been calculated from eqn. (30) which contains 
the term (I -OH). By examining the heats of hydrogen adsorption obtained by electro- 
chemical method+, the value calculated from eqn. (31) can be seen to agree very well 
with that found for hydrogen. This fact suggests that the value of Qo-Q1 is not a 
property of the substance being adsorbed, viz. it is not determined by forces of mutual 
repulsion between the adsorbed particles, but is indeed determined by the properties 
of the adsorbing surface. On this point our results and conclusions agree with those of 
BAGOTSKY AND VASSILEV~~. NOW, writing the dependence of the activation energy 
on coverage in the form given by these authorslg: 
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but continuing to refer to the whole electrode surface and not only to the surface 
fraction capable of adsorbing glycolaldehyde, we calculate a1'fRT=3980 cal/mole 
using f =13.5 and assuming ol" =0.5. a'' is called the conversion factorls, being related 
to the shape of the energy curve of the reaction path. The value thus calculated is in 
very good agreement with the experimental value of 3750 cal/mole obtained for a 
from eqn. ( 2 2 )  when (I -OH) is substituted for 0, i.e., when the whole electrode surface 
is considered. 

All the results presented in this section confirm that the adsorption of glycol- 
aldehyde on to platinum follows all the features expected from the theory of activated 
adsorption on a uniformly heterogeneous surface. This investigation shows the picture 
for glycolaldehyde adsorption to be similar to that for other organic substanceslg. We 
agree with BAGOTSKY AND VASSILIEV~~ that only to a first approximation can the 
distribution of heterogeneous sites on the platinum surface be considered as uniform. 
The error caused by this approximation is, however, not large enough to cause the 
results to deviate from the conclusions of the theory. 

Any desorption phenomenon is apparently lacking however, and this does not 
allow conclusive proof on an experimental basis of the establishment of a true equili- 
brium. All available data suggest that desorption is a very difficult process being most 
probably characterized by a very high activation energy. This would explain why 
desorption is not experimentally detectable. 

The fact that coverage generally increases with increasing temperature can be 
explained by considering adsorption as a replacement reaction of water molecules on 
the electrode surfacelz. In this case, even a negative adsorption heat can be expected. 

Another difficulty is the way in which desorption can occur. For potentials 
E >4oo mV, the absence of adsorbed atomic hydrogen makes the supposition con- 
cerning recombination of hydrogen and the organic radicals, unlikely. Moreover, no 
hydrogenation of the radicals is observed even a t  strongly cathodic potentials. The 
desorption phenomenon, not detectable macroscopically, might on a molecular scale 
be considered as detachment of a radical from the surface and its subsequent hydro- 
genation by water molecules. 

However, quite opposite opinions are held. Irreversibility in propane adsorp- 
tion17 seems to be due to a transformation reaction that the adsorbate undergoes on 
the electrode surface. Hypotheses suggesting the isotherm to be not thermodynamic 
but kinetic in nature have also been put forward; the limiting coverage should be a 
stationary non-equilibrium state25. 

In conclusion, the problem of adsorption of organic substances on to platinum 
requires further study for experimental proof of the attainment of a true equilibrium, 
but the results so far obtained support the view that adsorption is only apparently 
irreversible. 

NOTE ADDED I N  PROOF 

Since this paper was submitted, the authors have learned of the note by S. S. 
BESKOROVAINAYA, Yu. B. VASILEV AND V. S. BAGOTSKII (Elektrokhim., 2 (1966) 
1493) in which desorption of particles from the surface of a platinum electrode after 

J .  Electroanal. Chem., 17 (1968) 343-364 





ELECTROANALYTICAL CHEMISTRY AND INTERFACIAL ELECTROCHEMISTRY 365 
Elsevier Sequoia S.A., Lausanne - Printed in The Netherlands 

DEUTUNG DER POLAROGRAPHISCHEN MAXIMA DER 
ERDALKALIIONEN IN WASSRIGER LOSUNG 

L. HOLLECK UND A. M. SHAMS EI, DIN 

Chemisches Institut dzr Hochschule, Bamhsrg (Deutschland) 

(Eingegangen am 31 Oktober 1967) 

In einer kurzlich veroffentlichten Arbeit berichtete LINGANE~ uber das 
polarographische Verhalten der Mischungen von Ba2+ und Sr2+ in Losungen mit 
(CzH&NI als Leitsalz. In den automatisch registrierten Polarogrammen wies die 
Sr2+-Stufe ein scharfes Maximum mit einigen ungewohnlichen Eigenschaften auf. So 
fie1 die Stromstarke im Anschluss an das Maximum auf ein Minimum und erreichte 
erst danach den konstanten diffusionsbestimmten Wert. Bei Umkehr der Polarisations- 
richtung (Potentialanderung in Richtung auf positivere Werte) wurde das Minimum 
nicht beobachtet: der Srzf-Diffusionsstrom blieb konstant bis zum plotzlichen Ein- 
setzen des Maximums. Zusatz von 0.01% Gelatine beseitigte das Maximum, verur- 
sachte aber einen friiheren Grenzanstieg, so dass kein brauchbares Grenzstrom- 
Plateau ausgebildet wurde. Andererseits zeigte sich, dass Triton X-100, sonst ein 
kraftig wirkender Maximum-Unterdrucker, ohne Einfluss auf das Sr2+-Maximum 
blieb. Es wurden noch weitere Eigenschaften des Maximums beschriebenl, jedoch 
keine Erklarung hierfur gegeben. 

Wir haben nun gefunden, dass das Maximum-wie es oben beschrieben ist- 
keine Besonderheit der Sr2+-Ionen darstellt, sondern auch bei der Reduktion von 

V (GKE)  

Abb. I .  Polarographische Stufen von Cazf, SrZ+ und BaZ+ in 0.1 M (CzH5)4NI. Ca2+: (I), I ;  (2), 
2; (3), 3.70-3 M. SrZ+: (I) ,  I ;  (2), 2 ;  (3), 3 . 1 0 - ~  M. BaZf: (I) ,  1;  (2). 3;  (3), 5.10-' M .  
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Ca2+, Ba2+ und NH4+ im gleichen Grundelektrolyten zu beobachten ist. Die Ursache 
dieser Maxima ist in jedem Falle die gleiche, namlich ein Ruhreffekt infolge Auflosung 
der gebildeten Amalgame. 

Abb. I zeigt Kurven der polarographischen Reduktion wachsender Mengen 
von Ca2+, Sr2+ und Ba2+ in 0.1 M (CzH&NI. Die Polarogramme wurden automatisch 
mit einem Vorschub von 0.05 V/min registriert (Potentialanderung zu negativeren 
Werten). Man sieht hieraus, dass die Reduktionsstufen aller drei Kationen durch 
ein Maximum eingeleitet werden, auf das ein Minimum folgt, bevor der Grenzstrom 
eingestellt wird. In Uberein~timmun~ mit den Beobachtungen LINGANES~ wurde 
das Minimum bei Umkehr der Polarisationsrichtung nicht beobachtet. Mit Sr2+ und 
Ba2+ wurden gut ausgebildete, diffusionsbestimmte Grenzstrom-Plateaus erhalten, 
nicht jedoch mit Ca2+; im letzteren Falle liegt wegen der negativeren Potentiale 
sehr wahrscheinlich eine Storung durch Zersetzungsprodukte des Leitelektrolyten 
vor. Das Ca-Maximum ist jedoch sowohl in Hohe wie Form in beiden Polarisations- 
richtungen gut reproduzierbar. Abb. I zeigt weiterhin, dass bei gleicher Konzentration 
Hohe und Breite der Maxima in der Reihenfolge Ca2f Sr2+ Ba2+ abnehmen. Es ist 
auch bemerkenswert, dass die Polarogramme einer Losung von I mM Ba2+ bei 
normaler Polarisationsrichtung ein kleines, schlecht-ausgebildetes Maximum zeigen, 
das bei Umkehr der Polarisationsrichtung nicht beobachtet wird. Aus diesem Grundc 
uberrascht es nicht, dass LINGANE bei Anwendung von 0.8 mM Bag+ das Ba-Maximum 
nicht auffand. Mit geeigneten Konzentrationen tritt das Maximum jedoch sowohl in 
einfachen Losungen als auch in Mischungen mit Sr2+ (Abb. 2 )  bei normaler und 
umgekehrter Polarisationsrichtung in Erscheinung. 

V IGKE) 

Abb. 2. Polarographische Stufen von 3.10-3 M Ba2+ + 2-10-3 M Sr2+ in 0.1 M ( C Z H ~ ) ~ N I  bei 
normaler (A) und umgekehrter (B) Polarisationsrichtung. 

Die Ursache der Maxima der drei Erdalkali-Metalle lasst sich leicht verstehen, 
wenn man die Reaktivitat der bei ihrer Reduktion in wassriger Losung gebildeten 
Amalgame in Betracht zieht. Wegen der hohen Austausch-Stromdichten dieser 
Metalle kann namlich bei Potentialen in der Nahe des AbscheidungspotentiaIs der 
anodische Reoxidationsschritt nicht vernachlassigt werden. Bei diesem Schritt ver- 
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ursacht das Metal1 jedoch die Entwicklung von Wasserstoff, die mit einer Stromung 
des Elektrolyten entlang der Elektrodenoberflache einhergeht. 

M(Hg) +M2+ + 2 e- (14 
2 Hz0 +2 e-+z OH- +HZ (1b) 

M(Hg) + 2 Hz0 +M2+ + 2 OH- +HZ (1) 

Bei der Auflosung des Amalgams ist Reaktion ( ~ a )  geschwindigkeitsbestimmend, so 
dass die Elektrode mit fortschreitend negativerem Potential in den Zustand des 
"kathodischen Schutzes" gebracht wird, worauf das Maximum verschwindet. 

Wie man erwarten muss, wachst die Tendenz eines bestimmten Amalgams zur 
Wiederauflosung mit steigender Reaktivitat des Metalls, d.h, mit der Negativitat 
seines Reduktionspotentials. Dies erklart, warum sowohl Hohe wie Breite des 
Ca2+-Maximums grosser sind als jene von Sr2+ und Ba2+ unter ahnlichen Bedingungen. 

Das bei normaler Polarisationsrichtung dem Maximum folgende Minimum 
wird durch eine Verarmung des Elektrolyten in Umgebung der Elektrode infolge 
der Stromung verursacht. Diese Erklarung findet dadurch Unterstutzung, dass bei 
umgekehrter Polarisationsrichtung in dem Polarogramm der Mischung von Ba2f und 
Sr2+ der Ba2+-Grenzstrom von kleineren Stromwerten her erreicht wird, da hier die 
von der vorhergehenden Sr2+-Auflosung herriihrende Stromung noch wirksam ist 
(Abb. 2B). In  Losungen der einzelnen Kationen wird bei umgekehrter Polarisations- 
richtung demgegenuber ein konstanter Grenzstrom eingestellt, bis das Potential 
soweit positiv wird, dass der Effekt des kathodischen Schutzes verschwindet und das 
Maximum plotzlich einsetzt. 

Die obige Erklarung der Ursache der Maxima von Ca2+, Sr2+ und Ba2+ 
befindet sich in fZbereinstimmung mit den charakteristischen Merkmalen dieser 
Maxima und klart einige ihrer Eigenschaften, die bislang keine geeignete Deutung 
erfuhren. So wachst z.B. die Hohe des Maximums mit der molaren Losungskonzen- 
tration der Ionen; letztere steigert offensichtlich die Oberflachenkonzentration des 
Metalls im Quecksilber und damit die Geschwindigkeit der Reaktion ( ~ a ) .  Infolge- 
dessen wachst auch das Ausmass der Stromung, welche durch die Entwicklung von 
Wasserstoff durch die Komplementarreaktion ( ~ b )  verursacht wird. Da die Maxima 
ferner durch solche Faktoren geregelt werden, die im wesentlichen auf der Elektroden- 
seite wirksam sind, uberrascht es nicht, dass sie sowohl in neutraler als auch in 
alkalischer Losung beobachtet werdenl. Obgleich die drei Maxima durch die Ent- 
wicklung von Wasserstoff verursacht werden, werden diese nicht durch Substanzen 
beeinflusst, die Protonen-Entladungs- oder Protonen-ubertragungs-Prozesse kataly- 
sieren, wie etwa N,N-Dimethyl-$-phenylendiamin2.3. 

Die Maxima konnen jedoch ganz oder teilweise eliminiert werden, wenn die 
Bedingungen auf der Losungsseite so gewahlt werden, dass die Geschwindigkeit der 
Amalgam-Auflosung verringert wird oder gegen null geht. ZLOTOWSKI UND KOLTHOFF~ 
fanden z.B., dass das grosse Ca2+-Maximum in wassriger (C2Hs)4NI-Losung weniger 
stark ausgepragt ist, wenn die Losung 80% Athanol enthalt. Offensichtlich ist die 
Auflosungsgeschwindigkeit in athanolischer Losung vie1 geringer als in wassriger. 
Dieser Schluss wird durch die Tatsache gestiitzt, dass das Halbstufenpotential der 
Ca2+-Stufe (ebenso wie diejenigen von Sr2+ und Ba2+) mit wachsendem Athanol- 
gehalt der Losung zu positiveren Werten verschoben wird. Auch Spuren von Ba2+ 
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und La3+ uben einen unterdruckenden Einfluss auf das Ca2+-Maximum aus4. Obwohl 
dies in der vorliegenden Arbeit nicht untersucht wurde, ist es recht wahrscheinlich, 
dass diese-bereits bei positiveren Potentialen abgeschiedenen-Metalle mit Calcium 
intermetallische Phasen bilden, deren Auflosungsmerkmale sich von denen des reinen 
Metalls unterscheiden. In diesem Zusammenhang ist die Arbeit von KEMULA~ uber 
die Bildung intermetallischer Verbindungen in Quecksilber von besonderem Interesse. 

Die Reaktivitat der Amalgame der Erdalkalimetalle ist jedoch nicht der 
einzige Faktor, der fur die Metallauflosung verantwortlich ist. Andere Parameter wie 
die Grosse der Atome sowie Loslichkeit undjoder Bildung intermetallischer Phasen 
mit Quecksilber scheinen ebenfalls zur Ausbildung einer hohen Oberflachenkonzen- 
tration des Metalls im Quecksilber beizutragen. Diese Feststellung wird dadurch 
gestutzt, dass Li+, Na+, und K+, deren Amalgame nicht weniger reaktiv sind als 
diejenigen von Ca2+, Sr2+ und Ba2+, in dem gleichen Leitelektrolyten normale Stufen 
liefern, die nicht durch Maxima gestort werden. Der Unterschied der Ladungen beider 
Kation-Gruppen ist nicht verantwortlich fur das ungleiche polarographische Ver- 
halten, da die Reduktionsstufe des NH4+-Ions unter gleichen Bedingungen ein wohl- 
ausgebildetes Maximum aufweist (Abb. 3). Tatsachlich ist das Ammonium-Amalgam 

Abb. 3. Polarographische Stufen von NH4+ in 0.1 M (C2H5)4NI bei normaler (A) und umgekehrter 
(B) Polarisationsrichtung. (I),  I ;  ( z ) ,  3; (3). 5. I O - ~  M .  

in wassriger Losung weniger stabil als diejenigen der Alkalimetalle. Die Form des 
NH4+-Maximums hangt in gleicher Weise von der Polarisationsrichtung ab, wie sie 
oben fur die Erdalkalimetalle beschrieben wurde; dies liefert einen weiteren Beweis 
dafur, dass die Ursache aller vier Maxima die namliche ist, d.h. die Zersetzung des 
gebildeten Amalgams. 

Der Alexander-von-Humboldt-Stiftung danken wir fur das dem einen von 
uns (A. M. SHAMS EL DIN) gewahrte Forschungs-Stipendium. 

ZUSAMMENFASSUNG 

Den polarographischen Reduktionsstufen von Ca2+, Sr2+, Ba2+ und NH4+ in 
wassrigen Losungen mit (C2H5)4NI als Leitsalz geht ein Maximum voran, dessen 
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Hohe mit der molaren Konzentration der Depolarisatoren wachst. Beim Registrieren 
der Polarogramme mit gewohnlicher Polarisationsrichtung durchlauft die Stromstarke 
ein Minimum, bevor der Grenzstrom eingestellt wird. Dieses Minimum, das auf einem 
Verarmungseffekt beruht, wird bei umgekehrter Polarisationsrichtung (Potential- 
vorschub in positiver Richtung) nicht beobachtet. 

Die Maxima werden auf eine Stromung der Losung zuruckgefiihrt, welche 
durch die Reaktion des amalgam-bildenden Metalls mit Wasser verursacht wird. 
Diese Deutung ist in Ubereinstimmung mit den experimentellen Befunden und 
erklart einige Besonderheiten der Maxima, die bislang nicht in geeigneter Weise 
interpretiert wurden. 

SUMMARY 

The polarographic reduction waves of Ca2+, Sr2+, Ba2+ and NH4+ in aqueous 
(CzH&NI solutions are preceded by maxima the height of which increases with the 
molar concentration of the depolarizer. Following the maxima in "forward" polariza- 
tion experiments, the current passes through a dip before the limiting value is 
established. The dip, which is due to the impoverishment of the electrolyte, is not 
recorded upon "backward" polarization. 

The development of the four maxima is related to a streaming motion of the 
solution, brought about by the dissolution of the amalgams formed. This explanation 
is in harmony with the experimental findings and clarifies some of the characteristics 
of the maxima not hitherto properly accounted for. 
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PROPRIETES EN SOLUTION DANS LE TETRACHLOROALUMINATE 
DE SODIUM FONDU* 
I. SYSTEMES "ACIDE-BASE" 

BERNARD TREMILLON ET GERARD LETISSE 

Laboratoire de Recherches de Chimie Analytique de la Facultd des Sciences, associb a u  C N R S ,  
E N S C P ,  Paris, $me (France) 

( R e p  le g octobre, 1967) 

Le mClange CquimolCculaire de chlorure d'aluminium et de chlorure de sodium 
conduit par fusion a la formation d'un composC dCfini, le tCtrachloroaluminate de 
sodium, NaAlC14. Nous avons envisagC d'utiliser ce composC comme solvant, d'une 
f a ~ o n  analogue B ce qui a 6th rCalisC avec d'autres sels fondus, et d'en dCterminer les 
principales propriCtCs, dans cette optique. C'est ainsi qu'il nous a paru intkressant et 
fructueux d'introduire la notion gCnCralisCe dN'aciditC selon le syst&me du solvant", 
dont la dCfinition est due 9. FRANKLIN~, et qui permet une description systCmatique 
d'un certain nombre de propriCtCs en solution dans ce milieu. 

I1 est tout d'abord utile de rappeler quelques-unes des propriCtCs essentielles 
(physiques et physico-chimiques) des mClanges AlC13 +NaCl. 

BUN SEN^ a, le premier, fait mention de l'existence du composC dCfini NaAlC14. 
Mais celle-ci apparait plus sfirement sur le diagramme de phases des mClanges 
AlC13 +NaCl, dont la dktermination a fait l'objet de plusieurs travaux3-6. 

La tempCrature de fusion de NaA1C14-qui fond sans dCcomposition i la 
limite de la congruence, l'eutectique NaC1-NaAlC14 ayant une composition tr&s 
proche de celle de NaAlC14 et n'en pouvant Ctre distingd-est 151' d'aprks ref. 6, 
155" d'aprks ref. 5; nous avons pour notre part dCterminC une tempCrature de 
cristallisation Cgale 8.154°, ce qui est en accord avec les valeurs prCcCdentes. 

A partir de ce composC dCfini, la branche du liquidus du cBtC NaCl est tr6s 
abrupte, ce qui implique une faible solubilitC du chlorure de sodium dans NaAlC14 
fondu, entre la tempCrature de fusion de celui-ci et des tempCratures ds l'ordre de 
35+400°. Nous verrons que ce fait intervient lors de notre Ctude des propriCtCs de 
solvant du tCtrachloroaluminate fondu. 

Du cBtC AlCl3 existe par contre un eutectique, dont la tempCrature de fusion 
est voisine de 110" et qui comprend environ 39 moles % de chlorure de sodium et 61 
moles % de chlorure d'aluminium (i signaler que l'eutectique ternaire AlC13 +NaCl + 
KC1 fond B 89'6). Par ailleurs, une zone de dCmixtion-en AlC13 saturC de NaAlC14 
(faible solubilitC) et NaA1C14 saturC de AlC13-apparait aux fortes proportions ( > 80%) 
de chlorure d'aluminium, marquant une limite de solubilitC de AlC13 dans NaAlC14. 
Cette limite est toutefois suffisamment ClevCe pour que nous n'ayons pas i la faire 

* Etude effectuee dans le cadre de la recherche coop6rative sur programme du CNRS, RCP No. 20, 

Solvants et Sels Fondus. 
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intervenir lors de notre Ctude, qui ne concerne que des solutions relativement diluCes 
dans NaAlC14 fondu. 

NaAlC14 fondu est un liquide ionis6 constituC d'une part de cations Na+ et 
d'autre part d'anions complexes AlC14-. Ces anions complexes sont stables puisqu'ils 
existent jusqu'i la tempCrature dJCbullition5 et m6me & 1'Ctat de vapeur7. Le liquide 
utilisC comme solvant est donc, i 1'Ctat pur, tr&s conducteur du courant Clectrique; 
c'est ainsi que le m6lange AICL 51.7% +NaCl 40.4% + KC1 7.9% (en moles), proche 
de celui que nous utilisons, poss&de B 180°, selon MIDORIKAWA~, une conductance 
spkcifique de 0.352 Q-I cm2. La structure (tCtraCdrique) des anions AlC14- a Ct6 
Ctablie par spectroscopie Ramang. 

Le chlorure de sodium se dissout dans NaAlC14 fondu vraisemblablement B 
l'Ctat ionique Na++Cl-, la grande diffkrence de dimension entre C1- et AlC14- 
expliquant la faible solubilitC jusqu'i 40+500°. 

Quant B la structure de lJesp&ce rCsultant de la dissolution de chlorure d'alu- 
minium dans NaAlC14 fondu, elle a fait I'objet de plusieurs Ctudes3710-14. I1 semble 
qu'il se forme l'anion complexe AlzC17-. On sait dCjB, par des Ctudes de diffraction 
des rayons X15, que le chlorure d'aluminium fondu pur est constituC de molCcules 
AlzCls (et non AlCb), deux des six ions chlorure se trouvant associCs en commun 
avec deux ions aluminium(II1). OYE ET G R U E N ~ ~  ont, en particulier, lors d'une Ctude 
par spectroscopie d'absorption, montrC que l'addition de chlorure i AlzCls conduit 
probablement & la formation d'un complexe avec un ion C1- supplCmentaire, selon : 

avant la formation du complexe supCrieur, AlC14-. 
Des constantes dJCquilibre A ~oooOK ont Ct6 d6terminCes par MOORE, MORREY 

ET V O I L A N D ~ ~ ~ ~ ~ .  
Nous pensons donc que la dissolution de chlorure d'aluminium dans NaAlC14 

fondu (solution diluCe) conduit ainsi & la formation de lJesp&ce AlzC17-. Celle-ci 
peut &tre considCrCe comme Ctant la molCcule AIC13 "solvat6e" par AlCl4-, puisqu'il 
s'agit de A1C4 +AlCL-. 

Plusieurs mkmoires publiCs font Ctat de la dCtermination de quelques propriCtCs 
en solution dans NaAlC14: potentiels normaux d'oxydo-rCductionl6.20 (dont les 
valeurs sont pour la plupart rassembl6es et classCes dans le livre de CHARLOT ET 

TRBMILLON~~), potentiels de dCcomposition22 et autres propriCtCs oxydo-rCduc- 
trices12,13,23,24, degrCs d'oxydation intermkdiaires de certains cations mCtalliquesz5. 

Signalons aussi toutes les Ctudes qui ont CtC effectuCes dans les mClanges 
ternaires AlCL+KCI+NaCl fondus (plus riches en chlorure d'aluminium que le 
composC NaA1C14)26-36 et plus particuli&rement la th&se de L E R O Y ~ ~ ,  dans laquelle 
diverses propriCtCs mettant en jeu les ions oxyde 0 2 -  sont dCcrites. 

Comme le fait remarquer LEROY, llactivitC des ions chlorure se trouve fixCe 
dans l'eutectique liquide, en raison d'un effet tampon dQ 3. la prCsence simultanCe en 
proportions voisines des deux constituants du couple donneur-accepteur de chlorure 
AlCL-/AlC13 (ou AlzC17-). Par contre, dans NaAlC14 fondu, cette activitC peut en 
principe varier, en se plaqant soit en exc&s de chlorure de sodium (jusqu'i saturation) 
soit en exc&s de chlorure d'aluminium par rapport B la composition du composC 
dCfini. I1 devient alors possible de dCfinir, dans ce milieu particuiier, des propriCtCs 
d'Cchange de l'ion chlorure, caractCrisCes par le potentiel d'ions chlorure pC1-, et de 
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faire apparaitre une grande analogie de raisonnement avec les propri6tCs acides-bases 
(Cchange de proton) en solution aqueuse. Cette analogie conduit B. l'introduction de la 
notion d"'aciditt5" gCnCralisCe (selon le syst&me du solvant), dont nous allons Ctablir 
la thkorie dans le cas qui nous intCresse ici. 

A. D~FINITION DE L"'ACIDIT~" ET DE LA  BASICI IT^" DANS LE T~TRACHLOROALUMINATE 

FONDU 

I. Systhme d u  solvant 
Du fait de l'existence possible, en prCsence de AlCh-, soit des ions chlorure, 

C1-, soit des ions heptachlorodialuminate, AlzC17-, on peut considCrer que les anions 
A1C4- du solvant & 1'Ctat pur et fondu subissent une dissociation partielle selon 
l'kquilibre : 

Cet Cquilibre constitue le "syst&me du solvant", selon la dCfinition de 
FRANKLIN~. On peut, en appliquant la loi d'action de masse, le caractkriser par la 
constante : 

Dans llhypoth&se oh le solvant est stable, c'est-&-dire oh 1'Cquilibre (A-I) n'est 
que tr&s faiblement dCplac6 vers la droite, on admet que lJactivitC de AlC14- est 
tr&s voisine de lJunitC (selon la convention de TEMKIN-FORLAND pour les mClanges 
de sels ionisCs), et qu'il en restera ainsi dans toutes les solutions diluCes oh NaAlC14 
joue le rBle de solvant. On a donc en premi&re approximation : 

KiO=a(~12~1~-)*a(~l - )  

Le produit des activitCs des ions C1- et AlzC17- reste constant. 
D'une f a~on  plus pratique, nous utiliserons par la suite non pas les activitCs 

mais les concentrations, que nous dksignerons par leur symbole classique: deux barres 
encadrant la formule chimique de l'esphce considCrCe. Nous pouvons alors remarquer 
que les coefficients dlactivitC vont rester constants en solution diluCe, de sorte que non 
seulement le produit des activitCs de C1- et AlzC17- reste constant, mais aussi celui 
des concentrations de ces espkces chimiques. Ce produit va jouer le r6le d'une constante 
dlCquilibre "apparente", que nous dksignerons par Ki: 

Ki = [AlzCl 7-] [CI-] (A-4) 

Nous appellerons aussi : 

pKi = -log Ki (-4-5) 

Cette grandeur slav&re Ctre d'un plus grand int6rCt pratique (pour les calculs 
de bilans rCactionnels) que la constante thermodynamique pKiO= -log Kio. 

2. Dginition des "acides" et des "bases" en solzction dalzs NaAlC14 
D'une faqon gdnkrale, la dCfinition de I'"acidit6 selon le syst&me du solvant" 

consiste B. considkrer, dans un solvant molCculaire, que les donneurs de l'anion libCrC 
par la dissociation ionique d'une molCcule de solvant sont des "bases", tandis que 
les accepteurs de cet anion (donneurs du cation antagoniste) sont des "acides". 
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Cette dCfinition est compatible avec la dCfinition classique de BRBNSTED. Dans 
l'eau, en effet, les bases sont donneurs de l'anion OH- et accepteurs du cation anta- 
goniste H30' (2 HzO+H30+ +OH-), les acides sont donneurs de H30+ et accepteurs 
de OH-. De la mCme manihre, dans l'ammoniac liquidel, 2 NH3+NH4+ +NH2-, et 
les bases sont donneurs de l'anion arnidure NHz- et accepteurs du proton "solvatC" 
NH4+, tandis que les acides sont donneurs de NH4+ et accepteurs de NH2-. 

La gCnCralisation et la scission avec la dCfinition de BRBNSTED apparaissent 
pour les solvants molCculaires non protoniques, comme l'oxychlorure de phosphore 
POCls par exemple. La dissociation ionique postulCe Ctant POCL+POC12+ +C1-, les 
"bases" sont ici les donneurs de l'anion C1- (accepteurs du cation POC12+) et les 
acides les accepteurs de C1- (et donneurs de POC12+), dont en particulier le cation H +  
et les acides au sens de BRBNSTED. 

Cette gCnCralisation a CtC prolongke au cas des solvants ionisks (sels 
fondus), essentiellement dans le cas des complexes "oxyde" (avec I'ion 0 2 - )  (voir la 
revue de cette question21.37). Par exemple, dans les nitrates fondus, le syst6me du 
solvant Ctant N03-+NO2++O2-, les "bases" sont les donneurs de l'anion oxyde 
(accepteurs de NO2+), les "acides" sont les accepteurs de 0 2 -  (H+ en particulier). 
De meme, dans les hydroxydes alcalins fondus, le systdme du solvant est 2 OH-+ 
Hz0 + 0 2 -  et les "bases" sont les donneurs de 0 2 -  et accepteurs de HzO, les "acides" 
sont les donneurs de Hz0 et accepteurs de 02-. GORET ET T R ~ M I L L O N ~ ~  ont soulign6 
le fait que, comme dans l'eau, la conception gCnCralisCe se confond, dans les hydroxydes 
fondus, avec la conception restreinte de BR~NSTED, puisque Hz0 joue le rBle du 
proton "solvatC" par les anions du solvant. 

Dans les autres cas, les termes "solvo-acides" et "solvo-bases" ont CtC quelque- 
fois utilisCs pour Cviter la confusion possible avec les acides et les bases au sens dCfini 
par BRBNSTED. 

Dans le cas qui nous intCresse, la dissociation de l'anion du solvant fait appa- 
raitre deux anions, mais la logique et la conciliation avec l'ensemble de la thkorie 
imposent de choisir l'anion chlorure C1- pour Ctablir la dCfinition des "acides" et des 
"bases". Nous consid6rerons donc comme : 

-"bases": les donneurs de Cl- (donc accepteurs de AlzC17-); 
-"acides" : les acceptezlrs de Cl- (donc donneurs de AlzC17-). 
Les couples "acide-base" sont ainsi les couples accepteur-donneur de C1-: 

"base" + "acide" +C1- (-4-6) 

Lorsqu'on va dissoudre un "acide" ou une "base" dans NaAIC14 fondu, il 
s'Ctablira un Cq$libre d'Cchange de C1- avec les anions AlC14-, conduisant ?i la notion, 
comme pour les acides et les bases en solution aqueuse, d'"acideW fort et d'"acide" 
faible, de "base" forte et de "base" faible. 

Avec un "acide" : 

"acide" +z AlCL- + "base" +AlzC17- (A-7) 

Nous dCfinissons la constante d'"aciditCW (constante apparente) : 

K A  = r'base"] [AlzClv-]/["acide"] (-4-8) 

(lJactivitC de AICl4- Ctant supposCe rester voisine de l'unit6). 
Si 1'Cquilibre (A-7) est pratiquement totalement dCplacC vers la droite, l"'acide" 
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est fort (solvolyse compl&te avec formation de AlzC17-; la "base" est un complexe 
chlorure plus stable que AlCL-). Sinon, lX'acide" est faible et sa force est mesurCe par 
la valeur de pK*= -log KA, d'autant plus grande que 1"'acide" est plus faible. 

Les chlorures entikrement dissociCes, et tout particulikrement le chlorure de 
sodium, se comportent en "bases" fortes. Les chlorures B caractdre de complexes, non 
entihement dissociCs, sont des "bases" faibles, dont la force est mesurCe par leur 
constante de dissociation (qui est ici une constante de "basicitC") ou par la constante 
d"'aciditC7' de 1"'acide" conjuguC. Par exemple, pour un composC "basique" du type 
MC1: 

MCl + M+ + C1- (A-9) 

(Mf est 1"'acide" conjugu6 de MCl, accepteur de C1-) : 

On dCmontre la relation: 

Les raisonnements sont identiques B ceux effectuCs pour les hydroxydes en 
solution aqueuse. 

D'autres espkces chimiques pourront avoir des propri6tCs "basiques", c'est-B- 
dire faire apparaftre des ions C1- libres par solvolyse; elles seront "bases" fortes si la 
solvolyse est complbte, "bases" faibles dans le cas contraire. Nous dCcrirons plus loin 
le cas des anions oxyde, mais il y a sans doute aussi d'autres anions (F- par exemple) 
et des molCcules coordinatives qui prCsentent un caractkre basique. 

3. Potentiel d'ions chlorure PCZ-. Echelle d'"aciditi" 
Puisque l'anion chlorure C1- est la particule sur laquelle est fondCe la dCfinition 

de l'"acidit6" - comme H+ est celle qui sert B YCtablissement de la dCfinition de 
RR~NSTED-, nous ferons appel, pour mesurer l"'aciditCJ' des solutions dans NaAIC14 
fondu, au potentiel d'ions chlorure dCfini par: 

(analogue B pH = -log a c ~ + , .  
C'est cette grandeur dont nous envisagerons la mesure expkrimentale poten- 

tiomktrique. 
Pour les calculs pratiques, il est souvent plus commode de se servir d'une 

grandeur "opCrationnelle", que nous relions k la concentration, et non k l'activitC, 
des ions C1-: 

C'est sur cette dernihe que nous allons raisonner. 
(a) On a en principe pC1- =o pour une solution de chlorure de sodium I M. 

Cette concentration est en fait inaccessible, puisque la solubilitC de NaCl dans 
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NaAlC14 B 175" est faible, de I'ordre de 5.10-2, comme nous le verrons dans les 
rCsultats expkrimentaux. 

(b) On a pC1-=pKi pour une solution de chlorure d'aluminium I M (con- 
centration rCalisable, bien que la solution ne soit pas tr&s stable, le chlorure d'alumi- 
nium pouvant s'dchapper B 1'Ctat de vapeur). 

(c) Pour du tCtrachloroaluminate fondu rigoureusement pur, la r&gle de 
dissociation de AlC14- impose que [Cl-] = [AlzCl,-1, de sorte que: 

C'est la neutralite' des solutions dont NaAlC14 est le solvant. 
(d) Le domaine pC1-< $ pKi dCfinit les solutions "basiques" (exc&s de C1- par 

rapport & A12C17-). Le domaine pCl->+ pKi dCfinit les solutions "acides" (exc&s de 
AlzC17- par rapport & C1-). 

Ainsi, tout mClange pour lequel le rapport molCculaire NaCl/AlC13 est supCrieur 
?I l'unitC constitue, par rapport au tCtrachloro-aluminate fondu, un milieu "basique". 
Inversement, tout mClange plus riche en AlC13 qu'en NaCl (rapport AlC13/NaCl 
supCrieur B l'unitC) constitue un milieu "acide"; c'est en particulier le cas de l'eutec- 
tique fondu utilisC par LEROY et d'autres, pour lequel pC1- est un peu supCrieur ?i pKi. 

(f) Les valeurs de pC1- caractdrisant 1'"aciditC" des solutions d"'acides" ou 
des "bases" sont calculables selon les m&mes modes que le pH en solution aqueuse. 

Remarquons que les bases les plus fortes, ajoutbes au tCtrachloroaluminate 
fondu, font apparaitre un pr6cipitC de chlorure de sodium d&s que pC1- atteint la 
valeur minimale, Cgale au cologarithme de la solubilitC de NaCl B la tempCrature de 
l'expCrience. 

Tout syst6me oxydo-rhducteur mettant en jeu des ions chlorure a ses pro- 
priCtCs modifiCes par variation de pC1-. Cette modification est en principe exploitable 
pour dCterminer des propriCtCs "acides-bases". 

Nous avons voulu commencer par Ctudier les syst&mes oxydo-rCducteurs du 
solvant, qui limitent le domaine dJClectroactivitC dans NaAlC14 fondu: le syst&me de 
l'aluminium, d'une part : 

(limitation vers la rCduction par la rCaction APII+3 e+AlJ), et le systhme du chlore, 
d'autre part : 

Clo+e=Cl- (B-2) 

(limitation vers l'oxydation par la rCaction de formation du chlore). Nous dCcrivons 
en premier lieu les rCsultats obtenus pour le syst&me de l'aluminium. L'Ctude des 
courbes intensitd-potentiel & une micro-Clectrode d'aluminium tournante a fourni 
un moyen pr6cis de dktermination de la constante de dissociation pKi des ions AlCL-, 
donnant ainsi 1'Ctendue du domaine d"'acidit6". 

Pour le couple Al/AlIII dans le tCtrachloroaluminate fondu, deux systirmes 
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oxydo-r6ducteurs peuvent &tre Ccrits selon que le milieu est "basique" (prCsence 
d'ions C1- libres) ou "acide" (prCsence d'ions Al2C17-). 

(a) En milieu "basique" : 

AlC14- +3e =AlS +4 C1- (I3-3) 

(b) En milieu "acide" : 

4 AlzC17- +3e =A14 +7 AlC14- (B-4) 

Dans les deux cas, la rkduction de A1111 conduit directement a la formation 
d'aluminium mCtal; des dendrites apparaissent 9. la cathode. Inversement, l'oxydation 
de l'aluminium conduit d'abord aux ions Al3+, qui se combinent 8 des ions C1-, soit 
libres (en milieu "basique"), soit prClevCs sur les anions du solvant AlCL-. 

I1 est apparent que l'oxydation de l'aluminium est plus aide (thermodyna- 
miquement) si des ions C1- libres sont prCsents au contact du mCtal que si ces ions 
C1- doivent &tre arrachCs & AlCL-, donc si l'on a affaire B un milieu "basique" que si 
l'on a affaire A un milieu "acide". En sens inverse, la rCduction de AlzC17-, prCsent 
seulement en milieu "acide", est plus aisCe que celle de AlCL-, composC dans lequel 
A13+ se trouve plus fortement complexC. En somme, d'apr&s les lois dlCquilibre, les 
potentiels auxquels la rCaction (B-3) se produit sont infCrieurs B ceux oh a lieu la 
rCaction (B-4). 

Le potentiel d'Cquilibre d'une Clectrode d'aluminium plongeant dans le tCtra- 
chloroaluminate fondu est exprim6 par les formules: 

--en milieu "basique" : 

E = (Eo")AI- (4 RT/3 F) In [Cl-] (B-5) 

Soit, 8 175': 

E = (Eo0)~l-0.120 log [Cl-] (B-6) 

Nous avons pris par convention E =o pour la solution de chlorure de sodium 
saturC ?i ~75'. C'est d'ailleurs le potentiel de lJ61ectrode de rCfCrence qui a CtC adopt6e 
pour effectuer toutes les mesures (voir technique exphimentale). Remarquons en 
outre que ce potentiel correspond i des activitCs thermodynamiques toutes Cgales B 
1'unitC pour les constituants du systhme: AlC14- (anion du solvant), A1 (solide) et 
NaCl (saturC, solide en prCsence) ; il s'agit donc du potentiel normal thermodynamique. 
- en milieu "acide" : 

E = (EIO)AI + (4 RT/3 F) In [AlzC17-1 (B-7) 

Soit, a 175': 

E = (E~~)A~+o . I zo  log[AlzC17-] (B-8) 

(EIO)A~ et (E 0 0 ) ~ l  sont reliCs par: 

(E iO)~ l -  (Eo0)~1 =O.IZO pKi (B-9) 

I1 est pratiquement impossible d'obtenir le solvant NaAlC14 B 1'6tat rigoureuse- 
ment pur, neutre, puisqu'il est prCpar6 par mClange de quantitCs en principe 6quimolC- 
culaires de chlorure d'aluminium et de chlorure de sodium. En fait, utilisant la tr&s 
faible solubilitC (A 175") du chlorure de sodium dans NaAlC14 fondu, nous avons 
toujours constituC au d6part une solution saturCe de NaC1, gr2ce A un lCger excbs de 
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ce sel par rapport B la quantitC CquimolCculaire de AIC13. AprBs elimination du chlorure 
de sodium solide rCsidue1, nous disposions ainsi d'une solution tr&s bien dCfinie et 
parfaitement reproductible, mais qui se trouve A la limite de "basicitC" accessible (pC1- 
minimal). Pour revenir A un milieu neutre, puis Cventuellement "acide", nous avons 
opCrC par rC-introduction de quantitCs connues de chlorure d'aluminium pur; 
nous dkcrirons plus loin par quel processus Clectrochimique. La technique expCri- 
mentale sera dCcrite dans le mCmoire suivant. 

Nous avons d'abord dCterminC les courbes voltampCromCtriques A une micro- 
Clectrode d'aluminium tournante (rCgime de diffusion stationnaire), dans le but de 
vCrifier la concordance entre les phCnom&nes expCrimentaux et la thCorie des courbes 
intensit&-potentiel des systkmes rapides, pour lesquels le courant d'electrolyse reste 
contr816 uniquement par la diffusion stationnaire des espkces mises en jeu dans la 
rCaction Clectrochimique. Ces courbes sont reprCsentCes sur la Fig. I. 

Potentiel E (volt) 

Fig. I. Courbes intensite-potentiel & une micro-6lectrode d'aluminium tournante (vitesse de rota- 
tion 300 t/min) dans NaAIC14 fondu. (I), NaCl sature; (z), C1- 2.9.10-~; (3), I.35-10-'; (4), 
3.5.10-3; (5). AlZC17- 3.5.10-3; (6). 1.2- 10-2; (7) 2 .10 -~ ;  (8), 3 .  I O - ~ ;  (9), 4 .10-~ M. 

La premihe courbe, I, est obtenue avec la solution satur&e de chlorure de 
sodium. L'oxydation de l'aluminium se produit d'abord selon la rCaction: 

A11 +4 C1- -3 e -t AlC14- (B-10) 

Mais lJintensit& de cette rCaction est limit6e par la diffusion des ions Cl- qui 
sont consomm6s A 1'Clectrode. En raison de leur faible concentration, le courant-limite 
est peu intense. D'oh le palier qui apparait sur la courbe. 

L'oxydation se poursuit, environ 300 mV plus loin, selon la rCaction: 

All +7 AlC14- - 3 e -t 4 AlzC17- (B-11) 

Le courant dQ k cette dernikre rCaction n'est pas limit6 par diffusion (les ions 
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AlC14- consommCs Ctant ceux du solvant) ; il y a production de l'anion "acide" fort 
AlzC17-. 

L'addition de chlorure d'aluminium fait diminuer la concentration de C1-, par 
suite de la rCaction "base" forte-"acide" fort: 

C1- +A1&17- -t 2 AlC14- (B-12) 

d'oh l'abaissement du palier d'oxydation (courbes 2-4). 
Quand tous les ions C1- prCsents initialement ont C t C  neutralis&, lJexc&s d'ions 

AlzC17- provoque l'apparition d'un palier de rCduction (courbes 5 3 )  correspondant 
A la &action : 

4 AlzC17- +3 e + All +7 AlC14- (B-13) 

dont 1'intensitC est limitbe par la diffusion de AlzC17-. 
Ces diffCrentes courbes prCsentent tous les caractbres des courbes intensitC- 

potentiel dues A un syst&me "rapide" et, s'Ctant ainsi assurCs de lJCtablissement rapide 
de 1'Cquilibre entre lJClectrode d'aluminium et les solutions "acides" ou "basiques", 
nous avons pu nous servir de cette Clectrode comme indicatrice de pC1-, puisque son 
potentiel doit alors suivre la loi simple: 

E = (Eo0)~l+0.120 pC1- (B-14) 

aussi bien en milieu "acide" qu'en milieu "basique". Nous avons alors dCterminC la 
variation de ce potentiel d'kquilibre lorsque, partant de la solution saturCe de chlorure 
de sodium, nous avons ajout6 des quantitCs croissantes d'"acideW fort. 

Introduction coulomitrique de 1''acide" fort 
Selon le systbme (B-4), l'oxydation de l'aluminium conduit A la production de 

4 anions AlzC17- pour 3 6lectrons arrachds, soit 4 ions-grammes d'"acide" fort pour 
3 faradays consommCs. Aucune limitation du courant correspondant B cette rCaction 
n'apparaissant, la production Clectrochimique de A12C17- peut &tre effectuCe & intensit6 
constante. 

Pour une production suffisamment rapide de AlzC17-, la valeur de 1'intensitC 
imposCe a C t C  de 100 mA, et, pour ne pas atteindre ainsi de trop fortes densitks de 
courant, 1'Clectrode consommable Ctait un disque d'aluminium de 1-2 cm2 de surface. 

La contre-Clectrode Ctait un disque analogue placC dans un compartiment 
sCparC rempli de tCtrachloroaluminate fondu. I1 s'y passe Cvidemment une rCduction, 
c'est-&-dire un dCp6t important d'aluminium (dendrites); en mCme temps, selon 
(B-g), il y a production de C1- libre, d'oh prkcipitation de chlorure de sodium quand la 
solution est saturCe. I1 en rCsulte que le potentiel de cette contre-Clectrode reste con- 
stant. 

Remarquons aussi que, si l'oxydation de l'aluminium est effectuCe dans une 
solution initialement "basique", le systbme (B-3), All +q C1--3 e +- AlCL- est 
Cgalement mis en jeu. Mais 4 ions-grammes de chlorure ("base" forte) y sont consom- 
mCs en mCme temps que 3 faradays, ce qui revient au mCme que d'introduire 4 ions- 
grammes dW'acide" fort. 

Courbe @otentiom&ique d'iquilibre 
En interrompant A intervalles rCguliers l'introduction coulomCtrique dJ"acide" 
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fort, la mesure du potentiel d'Cquilibre d'une micro-Clectrode indicatrice d'aluminium 
a CtC effectuee (par rapport ?i une Clectrode de rCfCrence AlJIAlCL- +NaCl saturC, 
E =o). Les valeurs expCrimentales et la courbe qui en rCsulte sont reprCsentCes sur la 
Fig. 2 .  

Coulombs 

Fig. 2. Courbe potentiomdtrique de titrage coulom6trique ( h  intensit6 constante, io = roo 
de la "base" forte C1- par 1"'acide" fort AlzC17-. 

Fig. 3 .  Titrage coulom6trique de la "base" forte C1- par 1"'acide" fort A12C17- (cf. figure pr6c6- 
dente). 

I1 s'agit de la courbe de titrage potentiomktrique de la "base" forte C1-, dont 
la concentration initiale est celle de la solution saturCe de chlorure de sodium dans 
NaAlC14 fondu A 175"~ par l"'acideJ' fort AlzC17-. Celui-ci Ctant introduit coulom6tri- 
quement, nous avons port6 en abscisse le nombre q = i o t  de coulombs consommCs lors 
de cette production Clectrolytique. 

Le point Cquivalent, correspondant au milieu rigoureusement neutre, est 
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atteint aprits 300 ( + 10) C, pour 85(f 0.5) g de solvant. La solubilitC du chlorure de 
sodium dans NaAlC14 fondu, i 175"~ est ainsi CvaluCe B 4.9 ( f  0.2) -10-2 mole kg-1. 

La courbe de titrage expkrimentale prCsente bien la forme en "S" classique de 
la courbe de titrage d'une base forte par un acide fort. ThCoriquement, en appelant q 
la quantitk d'ClectricitC introduite et qo celle nCcessaire pour atteindre le point 
Cquivalent, le potentiel dlCquilibre de lJClectrode d'aluminium doit varier selon la 
relation : 

E = - 0.120 log (I - q/q 0) (B-15) 

(puisque E =o pour q=o), dans le domaine oh la rCaction de neutralisation (B-12) 
peut Ctre considCrCe comme pratiquement quantitative (q< go), et selon la relation: 

lorsque la neutralisation de C1- est pratiquement achevCe, en prCsence d'un exc&s 
suffisant de AlzC17- ( q s  qo). 

Les deux relations (B-15) et (B-16) ont C t C  testCes B partir des valeurs expCri- 
mentales (Fig. 3). La 1inCaritC de E en fonction de log (I - q/qo) ou de log (q/qo-r) 
est satisfaisante, avec une pente voisine de la valeur thkorique 0.120. 

Aux alentours du point Cquivalent, les relations (B-15) et (B-16) ne peuvent 
&tre vCrifiCes, car la dissociation de AlC14- intervient notablement et [Cl-] est du 
m&me ordre de grandeur que [AlzCl,-1. I1 y a incurvation des variations de E sur la 
Fig. 3, les deux courbes tendant asymptotiquement vers la valeur du potentiel au 
point equivalent, 180 mV. Ce potentiel correspond B pC1 =Q pKi. 

Conclzuion. Valeur de $Ki 
Tous les essais expdrimentaux dCmontrent la validit6 de l'utilisation de 1'Clec- 

trode d'aluminium comme Clectrode de mesure de pC1-. De la courbe potentiomCtrique, 
nous dCduisons les grandeurs suivantes, caractkristiques du solvant (A 175") : 

(a) pC1- minimal (milieu le plus "basique" accessible). La solubilitC du chlorure 
de sodium ayant Ct6 dCterminCe Cgale i (4.9 k0.2). 10-2 M, nous en dCduisons la valeur 
minimale de pC1-, que nous dCsignerons par pC1- 0 : 

(b) Valeur de $Ki. Celle-ci est dCductible des deux droites de la Fig. 3 : 

Soit, pour le produit Ki: 

(Cchelle des molalitb). Au point equivalent du titrage, pC1- =2.75. 
La correspondance entre 1'Cchelle de pC1- et 1'Cchelle de potentiel (Ctalonnage 

de 1'Clectrode d'aluminium indicatrice de pC1-) est ainsi reprCsentCe sur la droite de 
la Fig. 3. L'Cchelle de pC1- accessible, B 175O, va de pC1- 0 =I.3 B des valeurs de l'ordre 
de 5.5 en prCsence de chlorure d'aluminium concentrd. 

Remarque. Le titrage en sens inverse du chlorure d'aluminium ("acide" fort), 
ajoutC en excits, par du chlorure de sodium ("base" forte) a C t C  aussi effectuC, mais 
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non coulomCtriquement (addition progressive de NaCl solide, dissolution assez lente) . 
I1 est expCrimentalement moins commode que le titrage coulomCtrique. 

I1 nous a cependant permis de vCrifier que la loi de proportionnalitb entre le 
potentiel de lJClectrode d'aluminium et pC1- restait valable jusqu'k des concentra- 
tions de chlorure d'aluminium au moins I M (Fig. 4). 

> A 

- 5.5 

- 5 

Concentration de AI2CI,- 

tn5 
Fig. 4. Etalonnage de 1'6lectrode indicatrice de p C 1  en milieu "acide" fort concentre!. 

Des raisonnements similaires i ceux effectuCs pour le systhrne de l'aluminium 
sont valables pour le syst6me correspondant A l'oxydation du solvant, c'est-&dire le 
syst&me chlorure-chlore. Les propriCtCs de ce syst&me, qui met naturellement en jeu 
les ions chlorure, sont variables avec 1'"aciditC" du milieu. L'Ctude a CtC conduite 
comme dans le cas de l'aluminium, avec une Clectrode A chlore: dktermination des 
courbes intensitbpotentiel pour justifier le fonctionnement de lJClectrode, exploita- 
tion des variations de potentiel dlCquilibre. 

C'est le graphite qui est gCnCralement utilisC pour constituer les Clectrodes B 
chlore en milieu sel fondu (voir notamment refs. 23, 39-46). Pour notre part, nous 
avons obtenu les rCsultats les plus satisfaisants avec une Clectrode de carbone vitrifiC 
(surface 8 mm2). Les conditions de fabrication et d'utilisation de cette Clectrode seront 
dCcrites dans la partie Technique ExpCrimentale A la fin du mCmoire suivant. 

Le chlore a CtC introduit diluC par de l'azote, avec un rapport constant des 
dCbits de chlore et d'azote. 

I. La Fig. 5 reprCsente les courbes d'oxydation obtenues en l'absence de chlore. 
En prCsence de chlorure libre, apparait une vague correspondant & la rCaction: 

Le courant est limit6 par la diffusion des ions C1- vers 1'Clectrode; c'est pour- 
quoi se produit un palier dont la hauteur est en principe proportionnelle & la concen- 
tration des ions C1-. 

Lorsqu'on neutralise ces ions C1- par addition progressive de chlorure d'alumi- 
nium, le palier s'abaisse et finalement disparait. On obtient enfin, en milieu neutre 
et "acide", la courbe 5 correspondant L la rCaction d'oxydation de AlCL-: 
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2. La Fig. 6 reprbsente les courbes d'oxydo-rCduction obtenues en prCsence de 
chlore. 

La partie oxydation se prCsente de la m&me mani6re. I1 apparatt ici en outre 
des vagues correspondant L la rCduction du chlore, et limitCe par la diffusion de cette 
esp6ce chimique dissoute. 

En milieu "basique", le chlore est rCduit en ions C1-. La courbe globale prCsente 
les caractCristiques d'un syst6me rapide, oh le courant est uniquement contr61C par 
la diffusion stationnaire. 

Le passame en milieu "acide" doit provoquer le dCplacement de la vague de 

23 22 2.3 2.4 2.5 2.6 27 
Potentiel E (volt) 

Fig. 5. Courbes intensit8-potentiel 9. une micro-8lectrode de carbone vitrifi6 (surface 8 mm2) 
dans NaAlC14 fondu. pC1-: (I), 1.66; (2). 1.99; (3). 2.30; (4), 2.80; (51, 4.06. 

300 

.. 
Q 
2 - 
'a 
z 
g 200 
4 C - 

100 

0 

-100 

1.9 2.1 2.3 2.5 27 
Potentiel E (volt) 

Fig. 6. Courbes intensit6-potentiel 9. une micro-Clectrode de 
en presence de chlore. pC1-: (I), 1.3 ; (2). 1.5; (3). 1.8; (4). 2.  

carbone vitrifi8 dans NaAlC14 fondu, 
,05; (5), 2.7; (6),3.5; (7). 3 .8;  (8)s 4.5. 
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rCduction du chlore vers les potentiels plus ClevCs, selon le syst6me: 

L'expCrience vCrifie cette hypothhse, mais il s'avhre que la courbe globale en 
milieu "acide" (courbes 6-8) ne prCsente plus les caractkristiques d'un systkme oh le 
courant est contr61C par la diffusion, le potentiel de demi-vague de rkduction Ctant 
infCrieur d'environ zoo mV B ce qu'il devrait &tre pour qu'il en soit ainsi. Une Ctude 
approfondie-que nous n'avons pas entreprise-du mCcanisme des rCactions Clectro- 
chimiques eut CtC nCcessaire pour ddterminer si cette anomalie est diie A une faible 
vitesse dlCchange d'Clectrons en milieu "acide", ou B des phCnom6nes physiques au 
niveau de 1'Clectrode (adsorption, en particulier). 

En raison de cette anomalie des courbes intensitbpotentiel en milieu "acide", 
nous ne sommes pas certains que le potentiel B courant nu1 indiquC par 1'Clectrode en 
prCsence d'un exc6s de AlzC17- soit le vCritable potentiel d'Cquilibre de l'Clectrode i 
chlore, obCissant 9. la formule de NERNST. NCanmoins, ce potentiel est suffisamment 
bien dCfini pour pouvoir le mesurer avec certitude et suivre sa variation lors de la 
rkaction de neutralisation "base" forte-"acide" fort. 

mg ALCL3 ajoutd 

Fig. 7. Courbes de titrage potentiomCtrique, 9. l18lectrode 9. chlore, de la "base" forte C1- par le 
chlorure d'aluminium. 

La courbe potentiomCtrique reprCsentCe Fig. 7 prCsente l'allure que l'on pouvait 
attendre d'aprks la thCorie. Le point Cquivalent est en accord avec la valeur de la 
solubilitC du chlorure de sodium, que nous connaissons d'apr6s 1'Ctude prCcCdente. 
La courbe permet aussi de dCterminer une valeur de la constante pKi du solvant, 
Cgale & 5.2. Cette valeur est un peu plus faible que celle obtenue par 1'Ctude de 1'Clec- 
trode d'aluminium. En raison des imperfections de 1'Clectrode a chlore, elle est cer- 
tainement moins sGre; mais, compte tenu de cette difficultd, nous estimons que l'ac- 
cord est satisfaisant. 

CONCLUSION 

Les deux couples oxydo-rkducteurs du solvant, qui limitent son domaine 
d'Clectroactivit6, sont donc soumis, tout a fait comme dans le cas de l'eau, l'influence 
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de 1'"aciditC". I1 ne s'agit pas ici de lJaciditC au sens donnC par BRBNSTED, mais d'une 
"aciditC" gCnCralisCe, basCe sur le systbme du solvant, en l'occurrence systhme 
dJCchange des ions chlorure. 

L'Ctude expbrimentale, meilleure dans le cas du systbme de l'aluminium, a 
fourni 1'Ctendue du domaine d'"aciditC" accessible. L'Clectrode B chlore en a fourni 
une confirmation. 

Pour les applications Clectrochimiques, il est intCressant de noter que la force 
Clectromotrice d'une pile (AlLINaAlC14 fondu, saturC de NaCl B 175'1 INaAlCL fondu, 
saturC de NaCl et de chlorelgraphite) sera de l'ordre de 2.2 V. Du fait de la faible 
solubilitC de NaC1, la tension tombera A 1.7 V environ lors du dCbit d'un courant 
intense. 

La notion d'aciditC gCnCralisCe (Cchange de C1-) dans le tCtrachloroaluminate 
de sodium fondu-mClange CquimolCculaire de chlorure d'aluminium et de chlorure 
de sodium-a CtC d6veloppCe. L'Cquilibre de dissociation des anions du solvant : 

2 AlC14- + AlzC17- + C1- (1) 

constitue le systhme du solvant sur lequel repose la dkfinition des "acides" (accep- 
teurs de C1-) et des "bases" (donneurs de C1-). On mesure 1'aciditC du milieu par la 
grandeur pC1- = - loglC1-1. 

L'Ctude voltampCromCtrique du systbme oxydo-rCducteur de l'aluminium a 
montrC qu'une Clectrode de ce mCtal est indicatrice de pC1-. La courbe potentio- 
mCtrique de titrage de C1-, par l"'acidem fort Al2C17- produit coulomCtriquement, a 
permis de dCterminer la valeur de la constante apparente de YCquilibre (I), & 175' : 

Ki = [A12C17-] [Cl-] = (3.4 + 0.4) .IO-6 mole2 kg-2 

L'Ctude voltampCromCtrique d'une Clectrode B chlore, qui est en principe 
Cgalement indicatrice de pC1-, a permis d'effectuer une seconde determination de la 
constante Ki, compatible avec la premibre, compte tenu des imperfections des 
caractkristiques de 1'Clectrode A chlore. 

SUMMARY 

The conception of generalized acidity (exchange of C1-) in molten sodium 
tetrachloroaluminate-equimolar mixture of aluminium chloride and sodium chloride 
-has been developed. 

The dissociation equilibrium of the solvent anions : 
2 Alc1.1- + A12C1.1- +C1-, constitutes the solvent system upon which is based 

the definition of "acids" (Cl- acceptors) and "bases" (Cl- donors). The acidity of the 
medium is measured by the value of pC1- = -log IC1-1. 

The electrochemical study of the aluminium redox system showed that an 
aluminium electrode can be used as pC1- indicator. The potentiometric titration 
curve of C1- by the strong "acid" AlzC17- produced coulometrically, enabled the 
apparent equilibrium constant to be determined: 

Ki = [Al~C17-] [Cl-] = (3.4ko.4) 10-6 mole2 kg-2, at 175". 
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The electrochemical study of the chlorine electrode, which is theoretically also 
a pC1- indicator, gave another value for Ki which is in accordance with the first, if 
the imperfections of the electrode characteristics are taken into account. 
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11. COMPORTEMENT DES PROTONS ET DES IONS OXYDE 
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Paris, 5dme (France)  

( R e p  le 9 octobre, 1967) 

Le comportement des ions H+ et des ions oxyde 0 2 -  est d'une importance 
primordiale dans le milieu qui nous intCresse. Ces deux ions sont les constituants de 
l'eau, le principal corps qui puisse se trouver comme solutC dans le tCtrachloroalumi- 
nate fondu. En effet, lors des manipulations du chlorure d'aluminium, une contami- 
nation par l'humiditC atmosphkrique se produit trks aisCment a moins de prendre des 
prCcautions extremes. Le rBle que peut jouer l'eau ou ses produits de dCcomposition 
dans le milieu fondu doit donc &re prCcisC pour prCvoir les interfhrences possibles 
avec d'autres solutCs. 

Nous avons pu constater que l'eau introduite dans NaAlC14 fondu se trouvait 
dCcomposCe en ses ions, en raison du fort pouvoir accepteur de A1111 vis-a-vis des 
ions 02-, d'une part, et de celui de C1- vis-a-vis de H+, d'autre part. 

I1 Ctait intkressant de pouvoir situer les comportements de H+  et de 0 2 -  dans 
le cadre des propriCtCs "acides-bases" telles que nous les avons dCfinies. Toutes les 
dCfinitions de 1'"aciditC" Ctant compatibles entre elles, les ions H+ doivent nCcessaire- 
ment prCsenter un caractkre "acide", tandis que les ions 0 2 -  doivent avoir les carac- 
tkres de "base". 

(I) L'ion H+  est accepteur de C1-, avec lequel il forme la molkcule d'acide 
chlorhydrique HC1. Cette propriCtC correspond bien 8 un caractkre "acide" tel que 
nous l'avons dCfini; il en rCsulte, en solution dans NaAlC14 fondu, 1'Ctablissement de 
1'Cquilibre : 

2 AlC4- +H+ + AlzC1,- +HCl (1 ) 

par lequel on rend compte de l'apparition d'"acide" fort Al~C17- lors de l'introduction 
de protons. 

Si cet Cquilibre est pratiquement compl6tement dCplacC vers la droite, cela 
signifie selon notre terminologie que l'ion H+ est "acide" fort dans NaAlC14 fondu, et 
ne peut exister en solution qu'8 l'Ctat d'acide chlorhydrique HC1. 

Sinon, il s'agit d'un "acide" faible, pouvant exister sous forme H+  AlC14- en 
milieu "acide", et sous forme HC1 en milieu basique (HC1 serait alors une "base", 
donneur de C1-). Cette derni6re hypothhse est peu vraisemblable. 

J .  Electroanal. Chem., 17 (1968) 387-394 



(2) Par ailleurs, H+ (ou ses composb) est un oxydant, rCductible avec forma- 
tion d'hydrogkne. Pour H+  8. 1'Ctat libre, s'il peut exister, le couple oxydo-rCducteur 
est : 

2 H++2 e=Hz (2) 

Pour HC1: 

L'oxydation d'hydrogkne dissous conduit en sens inverse 8. la formation de 
H+ ou de HC1. 

Coarbes intensite'-potentiel expe'~imenta1es du systkwe H+/Hz 
Nous avons rCalisC une Electrode B hydrogkne avec une microClectrode de 

platine (surface 0.5 mm2) tournant 8. 600 tourslmin. Cette Clectrode n'a pas besoin 
d'Ctre platinCe, le systkme H+/H2 Ctant i 175" suffisamment rapide sur platine poli 
pour que le courant correspondant soit contrBlC par la diffusion stationnaire; d'autres 
Ctudes B des temperatures du mCme ordre de grandeur I'ont dCji prouv61,Z. 

Les protons ont C t C  introduits sous forme d'eau, qui se trouve enti6rement 
dissociCe. Pour introduire l'hydrogkne, nous avons prCfCrC Cviter un barbotage de gaz 
et produire l'hydrogkne in situ par rCduction partielle des protons au moyen de 
poudre d'aluminiums; en milieu "basique" : 

et en milieu "acide" 

Nous avons constat6 que l'hydrogkne ainsi produit Ctait assez soluble dans 
NaAlC14 fondu et y subsistait pendant un temps suffisant pour permettre la dCtermi- 
nation de courbes intensitk-potentiel. La concentration d'hydrogkne est toutefois 
difficilement reproductible par ce procCdC, ce qui se traduit par des diffCrences de 
hauteur des paliers d'oxydation. 

Les courbes expCrimentales sont reproduites sur la Fig. I, pour un milieu 
"basique", A, et pour un milieu "acide", B. 

On note l'existence de la vague d'oxydation de Hz de hauteur en principe 
proportionnelle B la concentration de cette substance, et de la vague de reduction 
des protons, ayant Cgalement une hauteur proportionnelle 5. leur concentration. 
Toutes les courbes prCsentent les caractkristiques correspondant 8. un systkme rapide, 
ce qui valide l'utilisation de 1'6lectrode A hydrogkne pour 1'Ctude quantitative du 
comportement des protons. On note aussi qu'une diffkrence de potentiel notable 
sCpare les courbes obtenues en milieu "acide" de celles obtenues en milieu "basique", 
ce qui correspond nkcessairement aux propriCtCs "acides" du proton. 

Le potentiel dlCquilibre de 1'Clectrode L hydrogkne, mesurable sur les courbes 
intensitC-potentiel (8. intensit4 nulle), doit rCpondre 9. la formule de Nernst appliquCe 
au couple oxydo-rCducteur rCel. En milieu "basique", tout au moins, le couple est 
(3) ; la formule de Nernst donne: 
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Soit encore, B 175~: 

E = (Eoo)~ - 0.045 log [Hz] + 0.090 log ([HCl]/[CI-1) (7) 
E = (Eoo)~ - 0.045 log [HZ] + 0.090 log [HCl] + 0.090 pC1- (8) 

Dans l'hypothbse oh H+ est "acide" fort, le syst&me oxydo-rCducteur reste le 
m&me (c'est-A-dire met toujours en jeu HCl) et le potentiel dlCquilibre reste donnC par 
la formule (8). La diffCrence de potentiel dJCquilibre correspond ainsi B la diffCrence de 
pC1- (compte tenu des variations possibles de concentrations de HC1 et de l'hydrogbne, 
dont les hauteurs des paliers de rkduction et d'oxydation fournissent les valeurs). 

Fig. I. Courbes intensit&-potentiel, i une micro-electrode de platine tournante, du systkme H+/H2. 
(A), En milieu "basique", pC1- = 1.3. (NaCl satur6) ; (B), en milieu "acide", pC1- = 4.4 (concn. 
de AlzC17- 6gale 8.10-2 M). Courbes obtenues pour differentes concns. de HC1 et de Hz. 

Les courbes expCrimentales de la Fig. I ont CtC dCterminCes d'une part B pC1- = 
1.3 (A), d'autre part k pC1-=4.4 (B), soit pour une diffCrence de pC1- Cgale & 3.1. I1 
y correspond une diffCrence de potentiel thCorique de 278 mV. Or, en se ramenant B 
des valeurs de [HZ] et de [HCl] identiques, la diff6rence de potentiel dJCquilibre 
expCrimentale est Cgale k 280f 5 mV. L'accord de ces valeurs nous permet d'affirmer 
que l'hypothbse initiale est valable: H+ est un "acide" fort et ne peut exister en 
solution qu'k 1'Ctat d'acide chlorhydrique. 

L'ion oxyde 0 2 -  possdde un fort pouvoir de combinaison avec les cations Al3+, 
qui a 6tC souvent mis en Cvidence lors d'Ctudes de complexes oxyde. I1 est donc sus- 
ceptible de rCagir aussi bien avec l'anion du solvant A1CL- qu'avec l'anion "acide" 
fort AkC1,-. Dans ce dernier cas, la rCaction correspond k un caractbre "basique" 
des ions oxyde (selon notre terminologie) ; dans le premier cas, la &action entrainant 
vraisemblablement une IibCration d'ions C1-, il s'agit encore de l'effet caractkristique 
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d'une "base" (donneur de chlorure). La question est de dkterminer si 0 2 -  est une 
"base" forte ou faible, et s'il s'agit d'une mono-"base", d'une di-"base", d'une tri- 
"base", etc. 

Le caracthre "basique" pourra &re mis expCrimentalement en Cvidence, ici, 
gr%ce aux mesures de pC1- avec YClectrode indicatrice d'aluminium. Contrairement 
au cas prkckdent des protons, les ions oxyde dissous dans NaAlC14 fondu ne sont pas 
klectroactifs (oxydables) et  une Clectrode B oxyghne n'est pas envisageable. 

Un problhme technique a CtC posC par l'introduction d'ions oxyde dans le 
milieu fondu, malgrC que ces ions soient fortement solvatCs. Les oxydes mCtalliques 
vieillis ou calcinCs ont refus6 toute dissolution; ce fut le cas de l'alumine, de NazO, 
LizO, et aussi des carbonates, dont nous avions envisagC l'emploi comme donneurs 
d'ions 0 2 -  par dissociation de C0+. NOUS avons dfi faire appel, pour introduire 
commodCment des ions oxyde en quantitCs bien connues (par peske), i. de l'hydroxyde 
de baryum, Ba(OH)z, pur et anhydre. C'est donc en fait l'ion hydroxyde OH- qui a 
CtC introduit, soit simultankment un ion "basique" 0 2 -  et un ion "acide" H+. H+ 
n'ktant que mono-"acide", le milieu devient "basique" si 0 2 -  est une poly-"base"; 
ce qui fut le cas. 

Mais les ions H+ sont gCnants car ils oxydent l'aluminium et viennent attaquer 
1'Clectrode indicatrice d'aluminium, rCaction qui a pour effet des modifications d'aci- 
ditC puisque : 

All +3 H+ +7 AICh- -t 4 AlzC17- + Q  Hz (9) 
I1 nous a donc paru prkfkrable, pour l'obtention d'un effet bien dkfini, de 

rng Ba(OH), 

Fig. 2. Titrage potentiom6trique (6lectrode indicatrice d'aluminium) d'une solution d"'acideM 
fort AlzC1,- par la baryte. 

rendre complhte la rkduction des protons au moyen de poudre d'aluminium ajoutCe 
prkalablement B l'introduction de baryte. Selon (g), chaque H+ correspond B la 
IibCration de 4 A12C17- dont 1'"aciditC" se dCduit de la "basicitk" des ions oxyde. 

Nous avons utilisk cet excCdent de "basicitk" pour doser une solution rendue 
prkalablement "acide" par production coulomCtrique de AlzC17-. Nous avons ajoutC 
des quantitCs connues croissantes de baryte et nous avons mesurC aprhs chaque 
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addition le potentiel d'dquilibre d'une Clectrode indicatrice d'aluminium. La courbe 
potentiomCtrique est reprCsentCe Fig. 2 .  

Nous pouvons constater qu'il s'agit de la courbe de titrage de 1"'acide" fort 
AlzC17- par une "base" forte et non par une "base" faible, car la courbe est identique 
& celle obtenue lors du titrage de AlzC1,- par C1-. Les ions 0 2 -  constituent donc une 
"base" forte. Vers la fin de la courbe se produit une prkcipitation de BaC12, moins 
soluble que NaC1, empCchant d'atteindre les milieux les plus basiques, mais ce phC- 
nomhne ne se produit que loin aprhs le point Cquivalent de la rCaction. 

La position du point Cquivalent permet de calculer le nombre d'ions oxyde 
nCcessaires pour neutraliser l'ion "acide" fort, AlzC17-. D'une faqon gCnCrale, un bilan 
est & effectuer de la faqon suivante. Appelons n le nombre de "basicitCW de l'ion 
oxyde (n =I si 0 2 -  est mono-"base", n =z si di-"base", etc.). Chaquemole de Ba (0H)a 
introduite va donc pouvoir neutraliser un nombre d'ions-grammes d"'aciden fort 
Cgal &: 

La correspondance entre la quantitC connue d'"acide" fort initial et la quantitC 
de baryte nCcessaire pour atteindre le point Cquivalent nous fournit ainsi la valeur de 
n. Plusieurs expkriences renouvelCes nous ont conduits 5 la valeur : 

=3.2  $. 0.2 (I1) 

Nous pouvons ainsi conclure que l'ion oxyde est, en solution dans NaAlC14 
fondu, une tri-"base" forte. 

Une preuve supplCmentaire que 0 2 -  est plus qu'une di-"base" nous a 6th 
fournie par le comportement de l'eau. Si 0 2 -  Ctait di-"basique", H+ Ctant "mono- 
acide", 2 H+ et un ion 0 2 -  se neutraliseraient et l'introduction d'eau laisserait 
inchangCe 1"'aciditC" du tCtrachloroaluminate fondu. Au contraire, si 0 2 -  est "tri- 
basique", sa "basicit6" l'emporte sur 1"'aciditC" de H+, de sorte que l'eau doit alors 
rendre le milieu plus "basique". C'est bien ce que lJexpCrience confirme, un barbotage 
de vapeur d'eau conduisant 21. une diminution importante du potentiel de 1'Clectrode 
indicatrice d'aluminium. De plus, on observe le m6me phCnomhne en prCsence de 
poudre d'aluminium; dans ce cas, un bilan analogue aux prCcCdents conduit B n >$ 
(un ion H+ correspondant & la 1ibCration de 4 AlzC17-). 

Nous pouvons essayer, d'aprhs ce rCsultat, de prCciser la nature de l'esphce 
chimique en solution qui englobe l'ion oxyde. Le fait que celui-ci soit une "tri-base" 
forte implique que la reaction, pratiquement quantitative, de 0 2 -  sur les ions du 
solvant AlC14- libhre 3 ions C1- par ions 02-. NOUS pouvons ainsi Ccrire: 

AlC14- + 0 2 -  -+ 3 C1-+AlOCl (12) 

Ou plutbt, pour des raisons structurales: 

L'esphce chimique englobant 0 2 -  aurait ainsi la formule A120C15- (AlOCl+ 
AlCL-, structure analogue B celle de AlzC16, un ion 0 2 -  remplaqant un ion C1- pour 
effectuer le pont entre deux atomes d'aluminium). La "tri-basicit&" de 0 2 -  exclut la 
possibilitC des esphces AlOC12- et A120C162- (correspondant B une "di-basicitCW). 
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Enfin, 0 2 -  Ctant une "base" forte, lJesp6ce A120C15- rCsultant de sa dissolution 
ne prdsente pas de propri6tCs "acides-bases". Sa prCsence ne pouvait donc &re 
gCnante pour l'ktude primitive du domaine d"'aciditC": m&me si le chlorure d'alu- 
minium utilisC n'est pas rigoureusement pur, il n'en rdsulte aucune intervention lors 
de la variation coulomCtrique de pC1-. 

Finalement, la rCaction globale representant l'action de l'eau sur le tCtra- 
chloroaluminate de sodium fondu doit s'kcrire, d'apr6s ces rbultats : 

Pour constituer le solvant, nous avons utilisC le chlorure d'aluminium anhydre, 
sublimd et exempt de fer (produit Fluka) sans autre traitement. Les manipulations 
jusqu'& l'obtention du solvant fondu ont CtC effectuCes sous atmosphhre d'azote sec. 

On constate au bout de plusieurs heures de fusion un brunissement de la solu- 
tion qui empCche toute observation visuelle. Ce phCnom6ne est dii, d'aprks MUNDAY 
ET CORBETT~, & la dCcomposition dlimpuretCs organiques contenues dans le chlorure 
d'aluminium. On s'en dkbarrasse en chauffant la solution & 450° pendant plusieurs 
heures, jusquJ& obtenir une floculation. Aprhs dCcantation, on peut Climiner ces im- 
puretCs par filtration ou sCparation mCcanique & 1'Ctat solide, et on obtient alors une 
solution parfaitement limpide. Nous avons prCfCrC & cette mCthode un procCdC plus 
simple : une plaque d'aluminium de 2 cm2 de surface adsorbe les produits de dCcompo- 
sition et maintient la solution limpide pendant plusieurs jours. 

La pollution par 1'humiditC ambiante lors des diffCrentes opCrations prCpara- 
toires, peut, comme nous l'avons vu, introduire des protons (qui n'existent dans le 
chloroaluminate de sodium fondu que sous forme HC1 dissous). L'acide chlorhydrique 
est dlectroactif et le courant rksiduel Q diffkrentes Clectrodes indicatrices prCsente une 
vague polarographique de rkduction due Q cette espkce. Par ailleurs, les protons sont 
susceptibles d'oxyder les diffCrentes Clectrodes en aluminium, kventuellement 
prdsentes, et ainsi de modifier lJaciditC de la solution selon la rCaction (9). I1 convient 
donc en premier lieu dJCliminer l'acide chlorhydrique. Ceci a CtC rCalisC par un bar- 
botage d'azote sec. Le courant-limite de rCduction de HC1 & une micro-Clectrode de 
platine tournante de I mm2 atteint ainsi une intensit6 minimale de 1.5 ,uA en 3 h. 
Nous avons pu obtenir une Climination plus complhte par addition de poudre d'alumi- 
nium, qui rdduit l'acide chlorhydrique restant3. L'intensitC du courant-limite prd- 
cCdent est alors abaissCe & 0.2 PA. 

Les Clectrodes d'aluminium ont CtC r6alisCes & l'aide de lames ou de fils 2 
99.99% de puretC. 

Le carbone vitrifi6 provient de la SociCtC Vitreous Carbons Ltd. 

Instrwnentation 
Tout l'appareillage (cellule de mesure Ctanche, maintenue & la tempCrature de 

175 ( + I ) O  par un thermostat B. circulation d'huile de silicone, montage potentio- 
statique Q trois Clectrodes pour l'enregistrement des courbes intensite-potentiel, 
dispositif de coulomktrie & intensit6 constante) est classique et ne ndcessite aucune 
description particulikre. La constitution des Clectrodes prCsente plus dJintCrCt. 
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( a )  Electrode de rLfe'rence 
L'Clectrode de rCfCrence a CtC constituCe d'un fil d'aluminium plongeant dans 

une solution de chlorure de sodium saturC dans NaAlC14 fondu, contenue dans un 
compartiment sCparC. Celui-ci Ctait un tube de verre ferm6 & une extrCmitC par une 
paroi de verre frittC de porositC 3 en contact avec le milieu & Ctudier. Le remplissage 
du compartiment a CtC effectuC par aspiration. 

L'Clectrode de rCfCrence n'atteignait un potentiel fixe et reproductible qu'au 
bout d'un certain temps variant d'un quart d'heure & une heure et demie. Au dCbut, 
le potentiel Ctait plus positif et devait correspondre au potentiel mixte de la rCduction 
de HCl rCsiduel par l'aluminium. Nous avons en effet constat6 un Ctablissement plus 
rapide de llCquilibre lorsque le solvant Ctait soigneusement dCbarrassC au prCalable de 
HCl. 

(b)  Electrode indicatrice d 'a lumin ium 
L'Clectrode proprement dite a CtC constituCe par un fil d'aluminium pur, 

de I mm de diamdtre et plongeant dans la solution sur une longueur d'environ 
3 mm. 

Le fil d'aluminium a C t C  collC au verre d'enrobage par de l'araldite. Les polaro- 
grammes les plus satisfaisants ont CtC obtenus en faisant tourner 1'Clectrode A 300 
tours/min. 

(c)  Electrode indicatrice de carbone vitrifie'et e'lectrode d chlore 
Elle a CtC rCalisCe par soudure d'un barreau cylindrique de 3.2 mm de diamhtre 

i un tube de verre pyrex de diamMre intCrieur voisin. Nous avons LtudiC l'influence de 
la vitesse de rotation d'une telle Clectrode sur les polarogrammes obtenus, mais il 
s'est avCrC que les rCsultats les plus satisfaisants Ctaient obtenus en maintenant 
1'Clectrode immobile. 

Pour rCaliser 1'Clectrode & chlore, ce gaz a CtC melange & de l'azote, dans le 
rapport Q & 4, puis dessCchC par passage dans l'acide sulfurique pur, avant d'aller 
barboter dans la cellule de mesure autour de lJClectrode de carbone. 

L'ouverture de la cellule en cours de manipulation doit Cvidemment Ctre 
prohibCe. Par consCquent, nous avons introduit AlCL solide en faisant basculer des 
petites nacelles placCes au prCalable A des ajutages IatCraux du couvercle de la cellule 
et contenant des quantitCs connues de substance. Le dispositif permet, en utilisant 
trois rodages du couvercle, de faire six additions. 

Suite A YCtude du memoire prCcCdent, le comportement des protons et des 
ions oxyde 0 2 -  dans NaAlC14 fondu a CtC dCtermin6 Clectrochimiquement. H+ est un 
"acide" fort et ne peut exister que sous forme d'acide chlorhydrique, quelle que soit 
l"'acidit6" du milieu. 0 2 -  est une "tribase" forte et doit exister sous forme du com- 
plexe AlzOC15-. 

Le comportement des protons a CtC dCduit de la mesure de variation de poten- 
tie1 de lJClectrode hydrogdne. Celui de 0 2 -  de la courbe potentiomCtrique de titrage 
(Clectrode indicatrice d'aluminium) de l"'acideJ' fort Al~C17-, par de la baryte. 

J .  Electroanal. Chem., 17 (1968) 387-394 



I1 en a 6tC d6duit que l'eau rCagit compl6tement avec le tCtrachloroaluminate 
fondu selon la rCaction: 

2 AlC14- +Hz0 -t 2 HCl +A120C15- +C1- 

L'hydrolyse amenant ainsi toujours une plus grande "basicit6" 

SUMMARY 

Following the results reported in the previous paper, the behaviour of protons 
and 0 2 -  ions in molten NaAlC14 has been studied electrochemically. H+ is a strong 
"acid" and can only exist in the form of HC1 irrespective of the "acidity" of the melt. 
0 2 -  is a strong "tribase" and probably exists in the complex form A120C15-. 

The behaviour of protons has been deduced from the measure of hydrogen 
electrode potentials and the behaviour of 0% ions from the potentiometric titration 
curve of the strong acid, AlzC17-, and Ba(OH)2 (with an aluminum electrode as indi- 
cator). 

I t  has been found that water reacts completely with the molten tetrachloro- 
aluminate according to the reaction : 

Thus, addition of water always leads to  a higher "basicity". 
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INTRODUCTION 

The determination of the bismuth content of urine is of particular interest in 
that numerous pharmaceutical products containing bismuth in various forms are 
frequently used in therapy. In clinical and pharmacological experiments, the methods 
commonly used for the observation of drug absorption or the course of drugs transfer 
from the gastroenteric system to the blood stream, provide for the substance to be 
determined in urine. Colorimetric, spectrophotometric and polarographic methods 
have been proposed for dealing with the problem. TOR LOT IN^ compiled a critical sum- 
mary of these methods, which can be used for reference. 

Polarography, because of its sensitivity and precision, is particularly suitable for 
the determination of traces of metals in various media and many workers have used 
polarographic analysis for this purpose, e .g . ,  TORLOTIN, GORDON AND TANKLEVSKAYA~, 
and PROCTOR AND OESTER~. Except for the methods of atomic absorption and emis- 
sion spectroscopy with which WILL IS^ obtained excellent results, all the methods 
proposed present a common problem, i .e . ,  the necessity of preliminary elimination of 
interfering ions, and in particular, copper and lead ions which strongly affect both 
the colorimetric method using dithizone, and the polarographic determination. 
Although generally efficacious, the use of base solutions with particular complexing 
action for the separation of bismuth and copper, presents other difficultiesl. On the 
other hand, quite apart from the interference due to the presence of other metal ions, 
many types of organic matter can also affect the polarographic determination. Even 
in the absence of other metals, bismuth (particularly at low concentrations) cannot 
be detected in urine polarographically because the step is badly distorted, or even com- 
pletely suppressed, by the presence of interfering substances. Therefore, before the 
polarographic determination can be carried out, a sample is usually prepared by des- 
truction of all organic matter in the urine. This preparatory phase, as with other in- 
strumental methods such as colorimetry, spectrophotometry etc., is generally the 
longest and most delicate part of the procedure. It was, therefore, of interest to develop a 
practical polarographic determination that would permit the easy evaluation of bismuth 
(in pglml) with sufficient precision, without preliminary evaporation of urine and 
treatment with inorganic acids. 

The principle of the method is to fix the bismuth in a given volume of urine, to 
an ion-exchange resin; this is followed by a careful washing of the resin and then finally 
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by the polarographic determination of the metal in the eluate. I t  is well known that 
bismuth is easily fixed as a chloride complex, BiCl4-, to anionic resins5 in a wide pH- 
range. This property allows it to be easily separated from many other metals of the 
same analytical group6; on washing the resin, the interfering organic matter is thus 
eliminated. 

The systematic examination of various parameters has shown the best working 
conditions for (i) quantitative fixing of bismuth, (ii) efficient washing, (iii) elution with 
a minimum amount of solvent and the most favourable composition of the base solu- 
tion for the polarographic determination. 

PROCEDURE 

Materials and apparatus 
10%-exchange resins. The anionic resins used were: British Drug House (B.D.H) 

type IRA 400 (5060 mesh) and Zerolit FF (50-100 mesh), Dow Chemical Co. type 
Dowex (100-200 mesh). 

Apparatus for the continuo.us polarographic recording of the chromatogra$hic 
ekate. The apparatus (see Fig. I) consists of a chromatographic column (a), an heli- 

Fig. I .  Chromato-polarographic apparatus 

Fig. 2.  Capacity of the chromatographic columns used. ( 0 )  Dowex I ;  ( x )  IRA-400; (0)  Zerolit 
FF. 
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coidal condenser (b) of IOO cm total length on the walls of which the eluate forms a thin 
layer which is freed from air by means of a countercurrent of saturated hydrogen, the 
eluent solution, and an approximately 0.5-ml microcell (c) connected to an external 
reference anode (SCE) by means of a fourth tube filled with agar, not visible in the 
figure. To maintain the volume of the liquid in the cell fairly constant, the mercury 
flowing from the capillary is collected into a reservoir of suitable diameter. The solu- 
tion flowing out of the cell is discharged into a 3-ml syphon (d) fitted with platinum 
electrodes which interrupt the electric circuit when contact is made and thus allow 
the recording on a polarographic chart, of the volume of the eluate. A current type 
of polarograph was employed. I t  was maintained at constant potential during the 
recording of the continuous stream of eluate, and the device for the marking of the 
potential was used to indicate the volume. Thus, a mark appeared on the chart each 
time the syphon was emptied. 

The continuous analysis of the eluate was found to be very useful for syste- 
matic research into the best conditions for the analytical procedure. 

Test for the resifi cafiacity 
Chromatographic columns of different lengths and of 10 mm internal diameter 

were prepared with the anionic resins, IRA-400, Zerolit FF, andDowex-I. For the pre- 
paration of the columns, the resins were thoroughly washed with 2 N sulphuric acid 
solution until the washings gave a negative result on the polarographic test, then wash- 
ed freely with water and finally with 2 N hydrochloric acid solution. A 0.1 N BiC13 
solution in 2 N HC1 was then conveyed through the prepared column a t  a rate of 0.8 
ml/min. The appearence of bismuth in the eluate, indicating saturation of the column, 
was recorded by the apparatus described above. 

The results of the tests are shown in Fig. 2 which gives the practical capacity 
of the columns (in mequiv.) in relation to their length. 

Elutiofi of bismuth 
In order to develop a practical method of test, it is necessary to choose operat- 

ing conditions that will permit complete elution of bismuth with a minimum 
amount of eluate, and complete elimination of interfering matter without loss 
of bismuth. To limit the amount of the eluent to an acceptable value (25 ml), 
the most suitable column length was determined by preparing several columns 
of various lengths (10-1.20 mm) with the different resins fixed with the same 
quantity of bismuth (350 pg in 25 ml of urine). After a washing with IOO ml of a I :2 

hydrochloric acid-acetone mixture and then with water until neutrality was reached, 
the bismuth was eluted with 2 N sulphuric acid solution, and the first 25 ml of eluate 
collected into one-mark volumetric flasks. The bismuth contained in the eluate was 
determined polarographically using the method described below . Figure 3 shows the 
percentage of bismuth recovered from 25 ml of eluate in relation to the column length 
and the type of resin. 

In order to determine the best conditions for the complete elimination of in- 
terfering organic matter, a number of washing mixtures were tested; the quantity of 
bismuth recovered was determined for each and, by examination of the polarograms, 
the presence or absence of interfering matter was evaluated. All the experimenta- 
tests were carried out using a 40-mm column packed with Zerolit F F  resin and 25 
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ml of urine having a constant bismuth content of 350 ,ug.The results obtained are given 
in Table I which shows that the most efficient washing is obtained with the hydro- 
chloric acid-acetone mixture in the ratio, I :2. This mixture has also given satisfactory 
results with larger amounts of urine. In experiments carried out with 50-75-100 ml 
of urine containing 350 pg of bismuth, recovery was always complete. These results 
clearly indicate that the method can be used for the analysis of urine even when the 
bismuth content is very low, provided that a sufficient amount of the test sample is 
available. 

Fig. 3. Percentage of bismuth found in 25 ml of eluate, in relation to the column length and type of 
resin used. ( 0) IRA-400; ( x )  Zerolit FF; (0)  Dowex I. 

0.6 . 

Fig. 4. Bismuth calibration curve. 

100 

50 

TABLE 1 
RESULTS OBTAINED WITH DIFFERENT WASHING MIXTURES 

PA 
-;;sc 

- - - - - - - - - - 05 

0.4 . 

o'oBi.Q 7 0 5 

Composition of Quantity used Bi found 
mixture ( m l )  f%) 

0 50 100 rnm 

10 N HCI soln. 50 
I00 

200 

6 AT HC1 soln. 50 
100 

I20  

I :I  HC1-acetone 60 
100 

I :2 HC1-acetone 65 
100 

200 

I : g HC1-acetone 100 

200 

Acetone 100 

During the washing with hydrochloric acid-acetone mixture, it was observed 
that the resin becomes dark; this colouration remains even after a prolonged washing 
and treatment with 2 N sulphuric acid solution. The ion-exchange column can be 
regenerated after the elution of bismuth, by washing i t  with 2 N hydrochloric acid 
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solution until complete disappearance of Sod2- ions. However, the darkening seems 
to limit the efficiency of the resin and consequently, a column cannot be used for 
more than three tests. 

Polarographic test 
The sulphuric medium of the chromatographic eluate containing bismuth causes 

a reduction step to E+  = -0.06 V (SCE), which is not easily measurable, especially at 
low concentrations. It has been observed that bismuth gives more suitable steps on 
complexation with EDTA in alkaline medium. A suitable solution is 0.1 M EDTA 
(sodium salt) solution and 0.5 M sodium hydroxide solution. A well developed step 
is obtained in this case with E g =  -0.65 V. Under these conditions it is possible to 
evaluate bismuth contents of approximately I pglml and obtain a good calibration 
curve (Fig. 4). 

Possible interference from other metals 
In  the present study only interferences from copper and lead have been con- 

sidered, as these are the most likely metals to be present in urine. Checks were carried 
out by adding to samples of urine, amounts of copper and lead, respectively, that 
were twice the amount of bismuth present. The samples were tested following the 
procedure described above; under these conditions it was noted that copper is not 
fixed on the resin and is completely eliminated during the washing operation. Lead, 
although less firmly fixed than bismuth, as a chloride-complex5, is not completely 
eliminated by washing and is found partly in the eluate together with bismuth. I t  
does not however interfere; in the EDTA solution under the conditions described, it 
gives a reduction step (E, = -I .22 V SCE) completely separated from that of bismuth 
(E+ = -0.65 V SCE). 

Profiosed procedure 
On the basis of the experimental results the following procedure was finalized: 
A given volume of urine, containing not less than 40-50 pg of bismuth, was 

acidified with hydrochloric acid to pH I. The sample was then passed through the 
column a t  a 0.8 ml/min flow rate. The column was washed with xoo ml of freshly pre- 
pared I :2 hydrochloric acid-acetone mixture for approximately one hour and then 

TABLE 2 

EXPERIMENTAL RESULTS 

Quantity Bismuth Total Quantity B i  found 
of urine (pglml)  bismuth found f % )  
f m l )  fpg) fpgl 
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with water until neutrality was reached. The bismuth is then fixed to the resin as a 
complex anion, while the interfering organic matter has been eliminated by the wash- 
ing. The fixed bismuth is eluted with 2 N sulphuric acid solution at a 0.5 mllmin 
flow rate and the eluate is received into a 25 ml one-mark volumetric flask. 

5 ml of 0.1 M EDTA solution in 4.5 N NaOH solution are then added to 10 ml 
of the sulphuric eluate in a polarographic cell (giving the alkaline solution of the com- 
plex). The solution is freed from air and examined polarographically, recording at 
o to - 1.0 V. Some experimental results are shown in Table 2. 

We were able to test this procedure on a considerable number of samples of 
human urine from patients who were undergoing treatment with bismuth-containing 
drugs, as well as on urine from rats treated with bismuth products. 

This method is suitable for routine tests. 
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SUMMARY 

A polarographic method for the determination of bismuth in urine is described. 
A preliminary purification of the sample by means of ion-exchange resins in order to 
eliminate interfering matter, is proposed. Several tests carried out on samples of urine 
with different bismuth contents, have shown that it is possible to determine the bis- 
muth content of urine in micrograms per milliliter with a 2% margin of error. 
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(Eingegangen am 31 Oktober, 1967) 

Die Adsorbierbarkeit von Gelatine iiber einen breiten Potentialbereich be- 
gunstigt ihre Anwendung bei polarographischen Arbeiten als Unterdriicker sowohl 
positiver als auch negativer Maxima. Unter wohldefinierten Bedingungen ubt dieser 
Zusatzstoff auch einen katalytischen Effekt aus. So rufen 2.B. geringe Mengen von 
Gelatine in saueren gepufferten Losungen einen urn etwa I50 mV zu positiveren 
Potentialen vorverlagerten Grenzanstieg hervorl. Nach HANS UND JENSCH wird die 
Wasserstoff-Stufe in HCl/KCl-Losungen durch Spuren von Gelatine zu positiveren 
Potentialen verlagert und zeigt einen steileren Verlauf2. Grossere Gelatine-Konzen- 
trationen wirkten jedoch inhibierend und verursachten zugleich eine Abnahme des 
Grenzstromes. Diese Erscheinungen wurden durch eine Blockierung der Elektroden- 
oberflache bzw, durch die Bindung eines Teils der H+-Ionen durch die Gelatine 
gedeutet. HOLLECK UND HOLLECK haben kiirzlich nachgewiesen, dass Protonen- 
iibertragungen auf organische Depolarisatoren durch geringe Zusatze an Gelatine 
katalysiert werden konnen3. 

In Zusammenhang mit einer Untersuchung des polarographischen Verhaltens 
von Aluminium in saueren Losungen4 wurde der Einfluss wachsenden Gelatine- 
Gehaltes der Losung auf die Wasserstoff-Stufe im einzelnen untersucht. Die dabei 
erhaltenen Ergebnisse wiesen auf einige interessante neue Gesichtspunkte, so dass 
die 'Lntersuchungen nunmehr zu noch hoheren Zusatz-Konzentrationen ausgedehnt 
wurden, wie sie bei polarographischen Arbeiten gewohnlich nicht angewandt werden 
(bis zu 0.5 Gew.-%). Auch der Einfluss dieser hohen Gelatine-Konzentrationen auf 
die Reduktion von Pb2+, Cd2+ und Zn2+ in sauerer und neutraler Losung wurde 
untersucht. Es zeigte sich, dass kleine Mengen Gelatine, welche die Wasserstoff- 
Stufe katalysieren, in derselben Losung eine ausgepragte Inhibitionswirkung auf die 
Cd2+- und Zn2+-Stufe ausuben. Ein Mechanismus der Wirkung der Gelatine, der 
das beobachtete Verhalten erklart, wird vorgeschlagen. 

EXPERIMENTELLES 

Als sauerer Leitelektrolyt diente eine Losung von 0.2 M L~ 'LSOQ+~. IO-~  M 
H~SOQ, fur die Pb2+-Reduktion entsprechend 0.2 M KN03 +5. 10-3 M HN03. Als 
Substanzen dienten CdS04-8/3H~O, ZnS04.7H20, Pb(N03)2, HzS04 und HN03 der 
Firma Merck, "pro analysi", ohne weitere Reinigung. Zur 'Herstellung der Losungen 
diente doppelt destilliertes Wasser. Die Gelatine-Stammlosung wurde taglich frisch 
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hergestellt. Die Losungen wurden in der polarographischen Zelle mit reinem Stickstoff 
entliiftet. Die Messungen erfolgten bei Raumtemperatur, 20 + zO. Die Potential- 
angaben beziehen sich auf eine zugleich als Anode dienende grossflachige gesattigte 
Kalomelelektrode. 

ERGEBNISSE UND DISKUSSION 

In einem Leitelektrolyten der Zusammensetzung 0.2 M LizS04 $ 5 .  I O - ~  M 
HzS04 wird eine wohldefinierte, diffusionsbestimmte polarographische Stufe registriert. 
Ihr geht jedoch ein scharfes negatives Maximum vorauf (Abb. I, Kurve I), das durch 
Gelatine-Zusatz unterdriickt werden kann. I n  Gegenwart von 2.10-4 Gew.-% 
Gelatine ist die Hohe des Maximums stark herabgesetzt; bei 4-10-4 Gew.-% nimmt 
es die Form eines kleinen Absatzes im ansteigenden Teil der Stufe an (Abb. I, 
Kurven 2 und 3). Eine vollsthndige Beseitigung des Maximums wird erreicht, sobald 
die Losung 10-3 Gew.-% des Zusatzes enthalt. Bei grosseren Gelatine-Konzentrationen 

Abb. I. Wirkung von Gelatine-Zusatz auf die Wasserstoff-Stufe von 5 .  I O - ~  M HzS04 in 0.2 M 
&So4. ( I ) ,  0 ;  (2), 2 . 1 0 - ~ ;  (3),  ~ . I o - ~ ;  (4), 10-3; ( 5 ) ,  4 .10 -~ ;  (6), 8 .10 -~ ;  und 1.4.10-~; 
(7), 2 .  10-2; (g), 10-1; (g), 2.10-1; (10), 3.10-l; ( I I ) ,  4.10-l; (12), 5.10-I Gew.-% Gelatine. 

wird die gesamte Stufe zu positiveren Potentialen vorverlagert (Katalyse) und 
nimmt eine steilere Form an. Die Katalyse erreicht jedoch einen Grenzwert bei 
8.10-3 Gew.-%, der auch in Gegenwart von 10-2 und 1.4.10-2 Gew.-% aufrechter- 
halten bleibt. In diesen letzteren Losungen steigt der Grenzstrom etwas iiber den 
in zusatzfreier Losung gemessenen an. 

Bei weiterer Steigerung des Gelatine-Gehaltes der Losung kehrt sich die oben 
beschriebene Folge der Effekte um. Zunachst verschiebt sich die ganze Stufe wieder 
zu negativeren Potentialen (Inhibition) und wird flacher, und der Grenzstrom nimmt 
wieder etwas ab. Bei 8.10-2 Gew.-% Gelatine erscheint ein kleines Maximum, das 
mit wachsender Konzentration des Zusatzes ausgepragter wird. Im Anschluss an 
den plotzlichen Abbruch des Maximums durchlauft die Stromstarke ein flaches 
Minimum, bevor das Grenzstrom-Plateau erreicht wird (Abb. I).  In diesen konzen- 
trierten Gelatine-Losungen ist der Grenzstrom erheblich geringer als derjenige in 
zusatzfreier Losung. 
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Die beiden Maxima der Wasserstoff-Stufe-beobachtet in Abwesenheit bzw. 
in Gegenwart hoher Gelatine-Konzentration-zeigen charakteristische Unterschiede. 
Wahrend in ersterem Falle das Maximum durch den Zusatz eines anderen grenz- 
flachenaktiven Stoffes, 2.B. Tylose SL 600, vollstandig eliminiert werden kann, 
bleibt es in letzterem Falle praktisch unbeeinflusst. Dies beruht, wie weiter unten 
gezeigt wird, darauf, dass die Elektrodenoberflache bereits durch Gelatine belegt 
ist. Ferner bleibt bei Umkehrung der Polarisationsrichtung nach Erreichen des 
Grenzstroms das Minimum der Stromspannungskurve in den zusatzfreien Losungen 
erhalten, wahrend das Maximum etwas kleiner wird. In  Gegenwart von Gelatine 
jedoch verschwindet das Minimum bei Polarisationsumkehr, wahrend das Maximum 
praktisch unverandert gegeniiber den Kurven mit normaler Polarisationsrichtung 
bleibt. Man kann hieraus die Folgerung ziehen, dass die Ursache beider Maxima 
verschieden ist. 

VON STACKELBERG und Mitarbeiterl.2 haben die Befahigung der Gelatine zur 
Katalyse der Wasserstoffentwicklung aus wassrigen Losungen einwandfrei nach- 
gewiesen. Diese Eigenschaft der Gelatine, die sie mit anderen Stickstoff enthaltenden 
Verbindungen teilt, wird in Beziehung gebracht zur Leichtigkeit, mit der ein Proton 
der Losung an das freie Elektronenpaar des N-Atoms unter Bildung der protonisierten 
Form BH+ (B ist das Katalysator-Molekul) gebunden wird. Die Entladung des 
Wasserstoffions erfolgt uber das Kation BH+ nach dem allgemeinen Schema': 

Die Keduktion des Kations BHf erfolgt leichter als diejenige von H30+, so dass eine 
Abnahme der Wasserstoff-'ij'berspannung beobachtet wird. Die Starke des katalyti- 
schen Effekts hangt von der Adsorptionsfahigkeit und der Saurestarke des Kations 
BH+ ab. 

In neutralen Losungen, in denen die Konzentration freier Wasserstoffionen 
begrenzt ist, bewirkt Gelatine nur einen geringen katalytischen Effekt, der sich in 
einer schwachen Positivierung des Grenzanstiegs-Potentials aussert (s. weiter unten), 
wahrend in saueren Losungen geringe Zusatz-Konzentrationen eine merkliche Ver- 
schiebung der Wasserstoff-Stufe zu positiveren Potentialen bewirken und die Stufe 
steiler wird (Abb. I). Beurteilt man die katalytische Wirkung jedoch nach dem 
Ausmass der grossten Positivierung der Stufe (etwa 50 mV in bezug auf die Stufe 
bei I O - ~  Gew.-% Gelatine, wo das Maximum erstmals eliminiert ist), so ist sie nur 
schwach im Vergleich zu derjenigen anderer Substanzen, die die gleiche Wirkung 
zeigen, z.B. N,N-Dimethyl-9-phenylendiamin1.5. In einer Konzentration von I O - ~  M 
verschiebt letztere Verbindung die Wasserstoff-Stufe urn etwa 220 mV zu positiveren 
Potentialen*. 

Oberhalb von 1.4.10-2 Gew.-% wirkt sich Gelatine nicht mehr als Katalysator 
aus, sondern als Inhibitor. Die gesamte Wasserstoff-Stufe wird zu negativeren 
Potentialen zuriickverschoben; bei noch hoheren Konzentrationen erscheint ein 
neues Maximum und der Grenzstrom nimmt betrachtlich ab. Zum besseren Ver- 
standnis der Inhibitorwirkung grosserer Gelatinemengen sei zunachst ihr Einfluss 
auf die Reduktionsstufen von Cd2+, Zn2+ und Pb2+ geschildert. 

In neutralem Medium zeigen Cd2+ und Pb2f reversible Reduktionsstufen, die 
durch Gelatine-Zusatze bis zu 0.5 Gew.-% nicht erheblich beeinflusst werden (Abb. 
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2A). Dagegen ist die Zn2+-Stufe in neutraler Sulfat-Losung tatsachlich irreversibel 
und wird durch Gelatine merklich beeinflusst; ein Zusatz von z.B. 0.2 Gew.-% 
verursacht eine Verschiebung des Halbstufenpotentials um etwa loo mV zu negati- 
veren Werten, und die Stufe wird zugleich flacher (Abb. 3A). Der Diffusions-Grenz- 
strom der drei Kationen wird durch Gelatine-Zudtze bis zu 0.5 Gew.-% kaum be- 
einflusst, woraus zu schliessen ist, dass die Viskositat im Innern der Lijsung sich 
nicht erheblich von derjenigen zusatzfreier Losungen unterscheidet. Der Gelatine- 

Abb. 2. Wirkung von Gelatine-Zusatz auf die Reduktionsstufe von 5 10-3 M Cd2f in neutralem 
(A) und sauerem (B) Leitelektrolyten. (I), o;  ( z ) ,  2.10-2; (3), 3 .1o-~;  (4). 5.10-2; (5), 2.10-1; 
( 6 ) ,  4.10-1 Gew.-% Gelatine. 

Abb. 3. Wirkung von Gelatine-Zusatz auf die Reduktionsstufe von 5 .  I O - ~  M Zn2+ in neutralem 
(A) und sauerem (B) Leitelektrolyten. (I), o;  (2), 5 .10-~;  (3), I O - ~ ;  (4), 2.10-~; (5), 10-l; (6),  
2.10-1 Gew.-% Gelatine. 
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zusatz bewirkt jedoch einen fruheren Grenzanstieg der Stromstarke infolge des 
katalytischen Einflusses auf die Wasserstoff-Entwicklung. Dieser Effekt wachst mit 
steigendem Gelatine-Gehalt der Losungen. 

Eine ganz andere Wirkung zeigt Gelatine jedoch auf die Reduktionsstufen 
von Cd2+ und Zn2+ in saueren Losungen. Die Cd2+-Stufe, die in neutralem Medium 
vom Gelatine-Zusatz fast vollig unbeeinflusst blieb, wird in Gegenwart von 5 .  I O - ~  M 
HzS04 schon durch nur 2.10-2 Gew.-% Gelatine stark verzerrt. Obwohl das Stufen- 
fuss-Potential dasselbe bleibt wie in zusatzfreier Losung, wachst der Strom nun 
uber einen Potentialbereich von etwa 0.6 V fast linear mit der angelegten Spannung 
(Abb. zB). Eine weitere Steigerung der Gelatine-Konzentration verschiebt die ganze 
verformte Stufe zu negativeren Potentialen. Die Inhibition erreicht ihr maximales 
Ausmass in Gegenwart von 0.2 Gew.-% Gelatine; eine weitere Negativierung wird 
nicht beobachtet. In Gegenwart von Cd2+ ist die Wirkung der Gelatine auf die 
nachfolgende Wasserstoff-Stufe praktisch gleich derjenigen in Abwesenheit von Cd2+. 
In Abb. 2B erkennt man die gleiche Abfolge der Effekte mit steigender Gelatine- 
Konzentration-Maximum-Unterdruckung, Katalyse, Inhibition, Ausbildung des 
neuen Maximums, Verminderung des Grenzstromes-wie in Cd2+-freien Losungen. 

Praktisch das gleiche Verhalten, wie oben fur Cd2+ beschrieben, wird bei der 
Reduktion von Zn2+ in saueren Elektrolyten beobachtet (Abb. 3B). Da die Zn2+- 
Reduktion jedoch empfindlicher auf eine Inhibition anspricht, sind in diesem Falle 
geringere Gelatine-Konzentrationen fur eine vollstandige Inhibition erforderlich als bei 
der Cd2+-Reduktion. Bemerkenswerterweise wirken 10-2 Gew.-% Gelatine, die einen 
starken Inhibitionseffekt auf die Zn2+-Stufe ausuben, als Katalysator der nachfol- 
genden H+-Reduktion. Eine Inhibition der letzteren tritt erst bei hoheren Gelatinc- 
Konzentrationen auf. Ferner zeigen die Kurven der Abb. 2 und 3, dass der Grenz- 
strom der inhibierten Cd2+- und Zn2+-Stufen nur wenig vom Gelatine-Gehalt beein- 
flusst werden. Dies fiihrt wiederum zu dem Schluss, dass nicht eine Viskositatsande- 
rung des Losungsinnern fur die Verzerrung der Stufen verantwortlich ist. 

Im Gegensatz zu ihrem Einfluss auf die Cd2+- und Znz+-Stufe iibt Gelatine in 
sauerer Losung keine merkliche inhibierende Wirkung auf die Pb2+-Stufe aus. In  
geringen Konzentrationen unterdruckt der Zusatz das Maximum der Pb2+-Stufe, 
wahrend grossere Mengen eine schwache Abnahme der Grenzstromstarke zur Folge ha- 
ben, die sicherlich einer Anderung der Losungsviskositat zugeschrieben werden kann. 

Der Unterschied der Wirkung von Gelatine einerseits in neutraler, anderer- 
seits in sauerer Losung auf die Cd2+- und Zn2+-Stufe zeigt deutlich, dass die inhi- 
bierenden Eigenschaften des Zusatzstoifes beim Ubergang zu sauerem Medium radikal 
geandert und verstarkt werden. Da die Inhibition (ebenso wie die Katalyse) ein 
Oberflacheneffekt ist, muss man der Grenzflache Metall/Losung bei sauerem Elek- 
trolyten eine Struktur zuschreiben, die anders ist als diejenige in neutralem Medium. 
Dies wird leicht verstandlich, wenn man die katalytischen Eigenschaften der Gelatine 
in Betracht zieht, namlich die Fahigkeit, Protonen an das freie Elektronenpaar der 
N-Atome zu binden. Als Folge der hierdurch der Gelatine erteilten positiven Ladung 
wachst ihre Adsorbierbarkeit bei Potentialen negativ vom elektrokapillaren Null- 
punkt an und iibertrifft diejenige der unprotonisierten Form. In  relativ konzentrierten 
Losungen muss man erwarten, dass ein dicht gepackter Gelatinefilm die Elektroden- 
oberflache blockiert. Irifolge der dichten Struktur-und wahrscheinlich auch infolge 
elektrostatischer Effekte-ubt der protonisierte Gelatinefilm einen inhibierenden 
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Einfluss auf die Reduktion von Kationen aus, deren Reduktionspotentiale auf der 
negativen Seite des Ladungs-Nullpunktes liegen. Die Inhibition aussert sich in der 
Ausbildung verflachter Stufen, jedoch ohne erhebliche Beeinflussung des Grenz- 
stromes. In dieser Beziehung ahnelt die Wirkung der Gelatine derjenigen eines hohen 
Widerstandes, den man in den Stromkreis einfiihrt. Da die Adsorption der protoni- 
sierten Gelatine erst zu erwarten ist, wenn die Elektrodenoberflache negativ geladen 
ist, kann es nicht iiberraschen, dass ein ahnlicher Inhibitionseffekt, wie er in saueren 
Losungen bei Cd2+ und Zn2+ beobachtet wird, bei der Reduktion von Pb2+ nicht 
voriiegt; &as Reduktivnspoieniial des letzteren Ions licgt auf der positiven Seite 
der Elektrokapillarkurve. 

Die Blockierung der Elektrodenoberflache durch hohe Gelatine-Zusatze wirkt 
auch inhibierend auf die Wasserstoff-Stufe und verschiebt sie zu negativeren Poten- 
tialen. Ein deutlicher Widerstandseffekt, wie er im Falle der Cd2+- und Zn2+-Stufe 
vorliegt, wird hier jedoch nicht beobachtet, da auch die an Gelatine-Molekiile ge- 
bundenen Protonen reduziert werden konnen. 

Bei der Entladung der in unmittelbarem Kontakt mit der Elektrode befind- 
lichen Protonen bleibt die unprotonisierte Gelatine an der Grenzflache zuriick. Als 
Folge von Unterschieden der Adsorptionsenergie bzw. dem Ausmass der Adsorption 
beider Gelatine-Formen ergeben sich .&nderungen der Grenzflachenspannung am 
Quecksilbertropfen, die eine Stromung der anhaftenden Elektrolytschicht in Gang 
bringt, was sich in Form eines Strommaximums aussert. Infolge der Reduktion der 
Grenzflachen-Protonen setzt ferner ein Transportmechanismus ein, der dem Grothus- 
Mechanismus der Protonen-Leitung in wassriger Losung ahnlich ist, wobei die 
Protoneniibertragung im vorliegenden Falle iiber die Stickstoff-Gruppen der Gelatine 
erfolgt. In diesem Zusammenhang sind die Arbeiten von NIVEN~ und R I E H L ~  zu 
erwahnen; diese Autoren erklaren die Leitfahigkeit in Gelatinefolien durch einen 
Mechanismus, bei dem eine Protonenubertragung uber Wasserstoff-Briicken erfolgt. 
Nach Abbruch des Maximums verringert sich der polarographische Strom auf einen 
Wert, der betrachtlich geringer als derjenige in zusatzfreier Losung ist. HANS UND 

JENSCH~ erklaren diese Erscheinung durch die Bindung eines Teiles der Wasserstoff- 
Ionen an Gelatine. Im Konzentrationsbereich ihrer Untersuchungen (bis zu 8-10-2 
Gew.-%) wurde die Abnahme der Wasserstoffionen-Konzentration, Ac, durch die 
Beziehung 

ausgedriickt, worin c, die Konzentration der Gelatine in 0.01% bedeutet. Bei den 
hier mitgeteilten Untersuchungen, insbesondere aber in dem von uns untersuchten 
Gebiet noch hoherer Gelatinekonzentration, zeigte sich keine reine Linearitat in der 
Beziehung. Sehr wahrscheinlich wird der Stofftransport zur Elektrode durch die 
Geschwindigkeit des Protonentransports durch den Gelatinefilm an der Grenzflache 
bestimmt. Diese Annahme wird dadurch gestiitzt, dass-in Gegenwart geringen 
Gelatine-Zusatzes-die gebundenen Protonen leichter reduziert werden als die freien. 
Weitere Untersuchungen sind vorgesehen, die die Giiltigkeit dieser Annahme priifen 
sollen. 

Trotz ihrer hervorstechenden Erscheinung bei diesen Untersuchungen wurden 
die Maxima der Wasserstoff-Stufe bei hohen Gelatine-Konzentrationen von HANS 
UND JENSCH~ nicht beobachtet, wohl aber die Verringerung des Grenzstromes. Der 
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Grund fiir diesen Unterschied der Ergebnisse der hier berichteten Untersuchungen 
und derjenigen von HANS UND JENSCH scheint in einer verschiedenen Technik beim 
Registrieren der Stromspannungskurven zu liegen. Bei der Konstruktion ihrer 
Kurven verwendeten HANS UND JENSCH die polarometrische Methode, bei der der 
Strom durch den Spannungsabfall (iR) iiber einen Prazisionswiderstand (in ihrem 
Falle IOO kQ) gemessen wird. Obgleich die Grenzstrome und die Potentiale im 
ansteigenden Teil der polarographischen Stufen mit dieser Methode genauer gemessen 
werden konnen als mittels automatisch registrierter Polarogramme, vermag der 
relativ grosse Widerstand im Stromkreis scharfe Maxima stark zu verringerng.10. 
Dass dies tatsachlich der Fall ist, wurde im Rahmen der vorliegenden Untersuchungen 
nachgewiesen. Abb. 4 zeigt Polarogramme, die mit sauerem Elektrolyten und 0.4 

Abb. 4. Wirkung eines zusatzlichen Serien-Widerstandes auf das Maximum der Wasserstoff- 
Stufe in Gegenwart von 0.4 Gew.-% Gelatine. (I), o;  (2), 2 ;  (3). 4;  (4), 10 ka. 

Abb. 5. Wechselstrom-Polarogramme in Abwesenheit (-) und in Gegenwart (---) von 0.4 Gew.-% 
Gelatine. (A und B), Grundstrom in neutraler bzw. sauerer Losung; (C und D), desgl. inGegenwart 
von 5.10-3 M Cd2+. 

Gew.-% Gelatine beobachtet wurden, wobei Widerstande von 2, 4 und 10 kQ in 
Serie zur polarographischen Zelle eingeschaltet wurden. Man sieht deutlich, wie die 
Hohe des Maximums mit wachsendem Serienwiderstand abnimmt. Da man bei der 
manuellen Methode ein ziemlich hoch gedampftes Galvanometer benutzt und den 
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Mittelwert seiner Schwingungen mit dem Auge feststellt und da das Potential der 
Tropfelektrode stufenweise geandert wird, kann hierbei die wahre Natur einer 
polarographischen Stufe leicht ubersehen werdenll. 

Dass Gelatine in sauerer Losung eine starkere Inhibitionswirkung zeigt als in 
neutralem Medium, wurde auch mittels Wechselstrom-Polarogrammen nach der 
Methode von BREYER und Mitarbeiterl2 nachgewiesen. Wahrend die ausgezogenen 
Kurven der Abb. 5A und B die Anderungen der Doppelschichtkapazitat als Funktion 
des Elektrodenpotentials im reinen neutralen bzw. saueren Leitelektrolyten darstellen, 
sind die entsprechenden gestrichelten Kurven bei Zusatz von 0.4 Gew.-% Gelatine 
erhalten. Dieser Zusatz verursacht in beiden Medien eine betrachtliche Verminderung 
der Doppelschichtkapazitat iiber den ganzen Potentialbereich. Dass Gelatine in 
sauerer Losung auch auf der positiven Seite der Elektrokapillarkurve eine Kapazitats- 
erniedrigung hervorruft, lasst sich leicht mittels der Gleichgewichte zwischen den 
protonisierten (GH+) und unprotonisierten (G) Formen der Gelatine in Losung und 
denjenigen auf der Elektrodenoberflache erklaren. Diese konnen schematisch fol- 
gendermassen dargestellt werden : 

Gus. + Gads 

In  neutraler Losung ist das Gleichgewicht G~~+Gads wirksam, ebenso in sauerei 
Losung bei Potentialen positiver als der Ladungs-Nullpunkt. Auf der negativen 
Seite der Elektrokapillarkurve stellt sich in sauerer Losung das Gleichgewicht 
GHLas++GHads+ ein. Demgemass ist das Gleichgewicht Gads+GHadsf potentialab- 
hangig. Der Ubergang von dem einen Zustand der Adsorption zum anderen erfolgt 
jedoch ohne entsprechendes tensammetrisches Maximum. 

In  neutralem Leitelektrolyten verursacht die Cd2+-Reduktion ein scharfes 
Maximum, das nur wenig von Gelatine beeinflusst wird und daher einen hohen Grad 
von Reversibilitat der Elektrodenreaktion anzeigt (Abb. 5C). In Abwesenheit von 
Gelatine gibt Cd2+ auch in sauerem Elektrolyten ein Maximum bei vergleichbaren 
Potentialen und von vergleichbarer Hohe wie in neutraler Losung. Die Zugabe von 
0.4 Gew.-% Gelatine verschiebt aber das Reduktionspotential zu negativeren Werten 
und der reversible Charakter des Wechselstrom-Maximums geht verloren ; die Reduk- 
tion gibt sich durch eine breite buckel-artige Welle zu erkennen (Abb. 5D). Die 
Ergebnisse der wechselstrom-polarographischen Untersuchungen sind demnach in 
ifbereinstimmung mit denjenigen der Gleichstrom-Messungen, indem sie auch hier 
die verstarkte inhibierende Wirkung der Gelatine in sauerem Medium deutlich 
machen. 

Der Alexander-von-Humboldt-Stiftung danken wir bestens fiir ein dem einen 
von uns (A.M.S.) gewahrtes Stipendium, dem Bundesministerium fur Wirtschaft fur 
finanzielle Unterstiitzung (J.M.K.). 

ZUSAMMENFASSUNG 

Die Wirkung von Gelatine auf die Wasserstoff-Stufe von 5.10-~ M HzS04 in 
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0.2 M Li2S04 wird iiber einen weiten Konzentrationsbereich untersucht. Bis zu 
1.4.10-2 Gew.-% katalysiert der Zusatzstoff die Elektrodenreaktion und die Stufe 
nimmt eine steilere Form an. Grossere Konzentrationen wirken jedoch inhibierend, 
wobei ein neues, nicht-unterdriickbares Maximum ausgebildet wird zugleich mit 
einer merklichen Verminderung des Grenzstromes. 

I n  neutralen Losungen werden die Reduktionsstufen von Pb2+ und Cd2+ 
praktisch nicht durch Gelatine-Zusatz beeinflusst, wahrend diejenige von Zn2+ etwas 
inhibiert wird. Vergleichbare Zusatz-Konzentrationen in sauerem Medium haben 
eine starke Verformung der Cd2+- und Zn2+-Stufen zur Folge, wahrend diejenige von 
Pb2+ unbeeinflusst bleibt. 

Es wird ein Mechanismus fiir die Wirkung der Gelatine in sauerer Losung 
vorgeschlagen, der den experimentellen Befunden Rechnung tragt. 

SUMMARY 

The effect of gelatin on the hydrogen wave of 5.1o-~ M H2S04 in 0.2 M 
Li2S04 is examined over a wide range of concentration. Up to 1.4'10-~ wt-%, the 
additive catalyzes the electrode reaction and the wave acquires a steeper form. Larger 
concentrations act, however, as inhibitor, causing the development of a new maximum 
which cannot be eliminated, together with a marked decrease in the limiting current. 

I n  neutral solutions both the Pb2+- and Cd2+-waves are practically unaffected 
by gelatin-additions up to 0.4 wt-%, that of Znz+ is, however, somewhat inhibited. 
Comparable additive concentrations in acid media cause a strong deformation of the 
Cd2+- and Znz+-waves, while that of Pb2+ remains unchanged. 

A mechanism of the action of gelatin in acid solutions accounting for the 
experimental findings, is presented. 
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INTRODUCTION 

Interest in the possible involvement of intermediate free radicals (semiqui- 
nones) of flavin compounds in biological oxidation processes has been evident since 
the pioneering studies of MICHAELIS and coworkersl. Confirming evidence of inter- 
mediate radicals has been obtained by numerous electron spin resonance (ESR) 
spectroscopic studies of chemically-reduced riboflavin (6,7-dimethyl-9-[D-1'-ribityll- 
isoalloxazine) - 

and related compounds in aqueous solutions2. Electrochemical studies in aqueous 
solutions have also provided evidence of a reduction involving two successive one- 
electron steps to the intermediate radical and a completely reduced (leuco) forms. 
However, studies in aqueous solutions are complicated by the existence of a number 
of protonated and deprotonated forms of the oxidized, semiquinone, and reduced 
forms a t  different pH-values and by the strong adsorption of the various forms a t  
the mercury-solution interface3~4. Furthermore, the potentials for the two reduction 
steps are very near one another, so that clear differentiation of the two waves is 
difficult and preparation of the radical in the absence of appreciable amounts of 
either the oxidized or leuco-form is not possible. Finally, the low solubility of ribo- 
flavin in aqueous solutions (about 0.3 m M  a t  25") makes many types of electro- 
chemical studies difficult. 

This study of the electrochemistry of riboflavin in the aprotic solvent dimethyl- 
sulfoxide (DMSO) was undertaken with the hope that the reduction path would be 
similar to that found with aromatic hydrocarbons and related compounds, where a 
clear separation of the reduction waves is obtained in the absence of a protonation 
reaction following the first electron-transfer step. Electrochemistry in DMSO, in 
which riboflavin is easily soluble, has been reviewed recently5. 
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RESULTS 

Voltammetric methods 
The polarographic reduction of riboflavin in DMSO solutions containing NaC104 

as a supporting electrolyte showed three reduction waves (Fig. I). The first wave was 
very well-defined with a half-wave potential (E*)  of -0.71 V us. an aqueous saturated 
calomel electrode (SCE). The height of this wave was directly proportional to con- 

E , V  vs. S.C.E. 

Fig. I. Polarograms for the reduction of riboflavin (3 mM) in DMSO containing 0.8 M NaC104. 
Upper curve, a.c, polarogram, with 10 mV, 200 clsec superimposed; lower curve, d.c. polarogram. 

centration (0.2-4 mM) and varied as the square root of the head of the dropping 
mercury electrode (DME). The diffusion current constant for this wave was 0.89 in 
0.8 M NaC104, yielding a polarographic diffusion coefficient, (Ilkovic equation), D, 
of about 1.6.10-0 cm2/sec, assuming this step to be a one-electron reduction. This 
value agrees with the D-value obtained in aqueous solutions, 4.10-6 cmZ/sec3.4, 
since the viscosity of DMSO is about twice that of water ( ~ D M s o = I . ~ ~  CPS). The 
second and third waves were smaller and less well-defined than the first, with E *- 
values of - 1.02 and - 1.25 V vs. SCE. The second wave became more pronounced 
and relatively larger a t  higher riboflavin concentrations, with the total height of 
waves 2 and 3 about equal to wave I a t  all concentrations. Because wave 2 was 
rather drawn out, and wave 3 was obscured by a maximum, often with rather erratic 
current fluctuations on its plateau, reliable quantitative data on these waves by 
polarography was difficult. 

The adsorption prewave which occurs in aqueous solutions is absent in DMSO. 
Electrocapillary curves, taken by measuring the drop-time at various potentials and 
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converting these to surface tension measurements, show no appreciable changes in 
surface tension of the mercury-DMSO solution interface at potentials of -0.3 and 
-1.0 V when increasing amounts of riboflavin are added to a DMSO-0.1 M NaC104 
solution; a slight increase in surface tension is noticed on going from DMSO-o.1 M 
NaC104 to a solution containing I mM riboflavin. 

When a.c. polarography was carried out by imposing a small a.c. voltage on 
the d.c. voltage scan, a.c. peaks at potentials corresponding to waves I and 2 were 
obtained (Fig. I). Clear a.c. peaks were given for wave 2 even under conditions 
where its d.c. wave was very drawn out and hard t o  observe. 

The cyclic voltammogram of a 1.4 mM riboflavin solution in a 0.1 M NaC104- 
DMSO solution at a hanging mercury drop electrode (HMDE) shown in Fig. 2,  is 

6 -0.~20 -0:40 -0.60 -0.80 -1.00 -1.50 -1.40 -1.60 

E ,  V vs. S.C.E. 

Fig. 2. Cyclic voltammetry of riboflavin. The soln. contained 0.1 M NaC104 and 1.4 mM riboflavin 
in DMSO. Scan rates: (I) ,  152; (2). 222 ; (3),  312; (4). 476; ( 5 ) .  714 mV/sec. 

characterized by a well-defined reduction peak, with a cathodic peak potential 
(Epc) of -0.77 V and a rather broad peak with an Epc of -1.3 V. At higher con- 
centrations of riboflavin, e.g., 3.2 mM, another peak, corresponding to the second 
polarographic wave, with an Epc of about -1.07 V, becomes more distinct. Typical 
cyclic voltammetric data for these reductions are given in Table I. The constancy 
of the current function (proportional to i ,/v+, where i, is the peak current and v is 
the scan rate) for the first peak suggests a diffusion-controlled limiting current, in 
agreement with the polarographic results. The current function of the second peak 
is strongly dependent upon scan rate, decreasing with increasing scan rate. This 
suggests that this wave is caused by reduction of a substance formed by a homogeneous 
chemical reaction of a product produced during the first reduction wave. 

When the scan direction is reversed 80-90 mV past the first cathodic peak, 
two anodic peaks, with ED,-values of -0.72 V and -0.57 V, appeared (Fig. 3). 
Typical data for these reversal peaks is given in Table 2 .  Because the anodic peaks 
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TABLE 1 
CYCLIC VOLTAMMETRIC DATA FOR THE REDUCTION O F  RIBOFLAVINn 

Sweep Peak I Peak 1 1  Peak 111 
rate -- 
(yn ~.'/sec) - EPC ipc/ut - Epcb  ipe/u*C - Epcb  ipe/vh c 

Concn. = 1.06 m M  
67 0.77 

152 0.77 
222 0.77 
3'2 0.77 
476 0.77 
714 0.77 

Concn. = 3.2 m M  
67 0.77 

152 0.78 
222 0.78 
312 0.78 
476 0.78 
714 0.79 

a The soln. contained 0.1 M NaC104 in DMSO. 
b Potentials in V us. aq. SCE. 

In  pA sect mV-*. 

0.  -0.20 -0.40 -0.60 -0.80 -1.00 

E,V vs. S.C.E. 

Fig. 3. Cyclic voltammetry of riboflavin for reversal following first peak. Scan rates: (I) ,  67; 
(21, 222; (3), 312; (4), 476; (5), 714 mVIsec. 

are not well-resolved and it is rather difficult to make adequate correction for the 
baseline of these peaks (the decaying cathodic current, corrected for residual and 
charging current), the reported magnitudes must be considered as somewhat arbitrary. 
The data indicate that the current function of the first anodic peak obtained on scan 
reversal is almost independent of scan rate and that i,,/iPc is slightly less than one. 
The second anodic peak increases with increasing scan rate, and is almost absent at 

J .  Electroanal. Chem., 17 (1968) 411-420 



REDUCTION OF RIBOFLAVIN IN DMSO 

TABLE 2 
CYCLIC VOLTAMMETRIC DATA FOR REVERSAL AT FIRST PEAK OF RIBOFLAVIN' 

Sweep i,, iPar, b,C iPBIII b*d 

rate - - 
(mv l sec )  vf  v* v* 

Concn. 
67 

152 
222 

312 
476 
714 

Concn. 
67 

152 
222 
312 
476 
714 

The soln. contained 0 .1  M NaClOa in DMSO. 
b pA sect mV-*. 

Scan reversed 80-90 mV more negative than E,,. Measured using procedure of NICHOLSON=. 
* Measured from baseline obtained by approximate extrapolation of current from i,.,,. 

very slow scan rates; this suggests that the substance giving rise to this wave is 
decomposing by a homogeneous chemical reaction. 

The addition of a large excess of the proton donor, hydroquinone (HQ) (4.4 mM 
riboflavin-0.57 M HQ), resulted in the height of the first cathodic wave doubling 
and the disappearance of the third cathodic wave. The second wave, or a new wave 
in the same potential region, was present. The anodic waves, which appeared to be 
at about the same potentials as before HQ addition, were very distorted by a stirring 
effect in the presence of HQ. 

Controlled potential cowlometry 
Coulometric experiments at a mercury pool electrode controlled a t  a potential 

on the diffusion plateau of the first wave (-0.80 V vs. SCE) showed that one (o.gg+ 
0.01) faraday per mole of electroactive material is consumed in a complete reduction. 
Examination of the solution after reduction, by polarographic or cyclic voltammetric 
techniques, showed an anodic wave (sometimes complicated by stirring a t  the 
electrode surface7) at about -0.7 V. The polarographic wave height for this anodic 
wave was about 30-40% smaller than the original height of the first cathodic polaro- 
graphic wave before reduction. For a cathodic cyclic voltammetric sweep in this 
solution, two reduction peaks with Ep-values at - 1.05 V and - 1.37 V, appear. 
These peaks are better defined than the corresponding peaks obtained during cyclic 
voltammetry of the original solution. The current functions of these peaks were 
constant with varying scan rate. Examination of the solution after reduction, by 
ESR spectroscopy, shows a rather poorly resolved spectrum (Fig. 4) which is stable 
with time, and which is generally very similar to that observed from riboflavin 
semiquinone species in aqueous media2. 
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Fig. 4. ESR spectrum for soln. containing 1.1 mM riboflavin and 0.8 M NaC104 in DMSO following 
reduction. Upper signal is of potassium peroxylamine disulfonate with 13.0 gauss splitting. 

3000 
- 

4000 5000 

M A ,  
Fig. 5. Visible spectra during riboflavin reduction. The s o h .  contained 4.5 m M  riboflavin and 
0.8 M NaC104 in DMSO. Reduction carried out a t  -0.8 V us. SCE. ( I ) ,  Before reduction; ( z ) ,  
partially reduced; (3). almost complete reduction. 

Reversal coulometrys was employed to obtain information about the stability 
of the reduced species. The number of coulombs recovered on the oxidation (Qb) 
was always less than that for the reduction (QP). For short electrolysis times (2 min 
reduction followed by complete oxidation), Qb/Qr was about 0.7. For longer electrolysis 
times (5-15 min), was 0.4-0.6. The values of did not depend upon the 
initial concentration of riboflavin, but were not reproducible enough to gain any 
quantitative kinetic data about the reduction product. When the solution resulting 
from the oxidation was examined by voltammetric techniques, voltammetric waves 
at  the same potentials as the original solution were observed, with the second cathodic 
wave (Ert=1.05 V) being somewhat more prominent than the one found in the 
original solution. 
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Continued coulometric reduction of the solution at  -1.3 V vs. SCE following 
exhaustive reduction at  the first wave, showed the consumption of approximatley 
two additional faradays per mole, and the disappearance of all anodic and cathodic 
waves on polarographic examination of the reduced solution. 

A spectrophotometric analysis of the solution during the course of the reduc- 
tion was also performed. This was accomplished by pumping solution from the 
electrolysis cell through a quartz flow cell contained in a spectrophotometer and then 
back into the electrolysis cell. Typical curves during the course of the electrolysis 
are shown in Fig. 5. Initially, the riboflavin solution shows two absorption maxima, 
one at  448 rnp and another a t  350 mp, with a ratio of peak heights of about I to  0.78. 
These values are very close to those found in other non-aqueous solventsg. During 
the reduction, at -0.80 V, the band at  448 mp decreased in height, while that at 
350 mp increased and shifted to about 360 mp. A new small peak appeared a t  about 
400 mp. With continued electrolysis a t  the same potential, however, the band at  
450 mp increases again while that at 360 mp shifts back to 350 mp, with a ratio of 
peak heights of the 450 mp to 350 mp bands of about I to 1.1; the peak at  4co mp 
has disappeared. Visually, the electroreduction is characterized by a change in the 
solution from a bright yellow to a deep orange-red. All solutions show an isosbestic 
point a t  410 mp. These results tend to confirm the previous electrochemical data 
and suggest the formation of an intermediate upon electroreduction which undergoes 
a following chemical reaction. 

DISCUSSION 

Clearly the mechanism of the reduction of riboflavin in DMSO is more com- 
plicated than that of simpler organic compounds (e.g., aromatic hydrocarbons, azo- 
compounds, quinones) in aprotic solvents. The first step (the reduction wave with 
E D =  -0.78 V vs. SCE) is clearly a one-electron reduction to the riboflavin anion 
radical : 

All the results indicate, however, that this anion radical, Rf-, is not stable. The 
experimental results are best explained by assuming that the decomposition of Rfr  
occurs by parallel reactions such as 

where A is a substance which is reduced a t  potentials of the second cathodic wave 
(E, - - 1.07 V) and BT is an anion radical of a substance B whose electrochemical 
properties are very similar to that of riboflavin itself. This explanation then implies 
that the radical observed by ESR spectroscopy is B- rather than Rf7. The third 
cathodic wave during the reduction may be composed of the reductions of Rf, Rf-, 
B, and By to the dianions, followed by some following reaction, e.g., protonation. 
In fact, close observation of the third cathodic wave (Fig. 2) shows that it may be 
composed of two closely spaced waves. 

The anodic waves on reversal of scan in voltammetry may be ascribed to 
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oxidation of B- and Rf-, and perhaps another species produced as a product of 
reactions (2) or (3). 

This mechanism also satisfactorily explains the bulk electrolysis, coulometric 
results. In these long duration experiments, the solution resulting from coulometric 
reduction will contain A and BT, although Rfy may appear for a time and may be 
responsible for the transient spectrophotometric peak at  400 mp. The solution upon 
oxidation will show a Qb/Qr less than one, since only BT will be oxidized, and it will 
be present in smaller concentrations than the amount of riboflavin originally present. 
For very short electrolysis times, the oxidation is of Rf;- and B- and Qb/Qn is close 
to one; a t  longer times a limiting value is reached. 

Electrolysis at  - 1.3 V probably yields reduced forms which rapidly undergo 
irreversible reactions with the solvent to produce non-electroactive species. This 
type of behavior is observed in the reduction of aromatic hydrocarbons7, where 
formation of the dianion is followed by a rapid protonation reaction. The cyclic 
voltammetry experiments in the presence of a proton donor (HQ) indicate that the 
radical anions can also undergo a protonation reaction when excess acid is present. 

Fig. 6. Cyclic voltammograms of: ( I ) ,  riboflavin; ( 2 ) ,  lumiflavin lumichrome DMSO. 

In an attempt to identify the species A and B, a brief study of compounds 
related to riboflavin was undertaken. Lumiflavin (riboflavin with the ribityl at  the 
9-position replaced by a methyl group), and lumichrome (complete dealkylation a t  
the 9-position, with the molecule in the alloxazine form), known as photochemical 
decomposition products of riboflavin, were investigated. Typical cyclic voltammo- 
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grams of these species and riboflavin are shown in Fig. 6. As expected, the electro- 
chemical behavior of lumiflavin is very similar to that of riboflavin. The coulometric 
reduction of lumiflavin a t  potentials of the first reduction wave consumes one faraday 
per mole and produces a solution which shows a strong ESR signal similar to that of 
riboflavin, but with somewhat better resolution. Lumichrome shows reduction peaks 
a t  about - 1.1 V and - 1.4 V vs. SCE. Another possibility for a product of the reaction 
of riboflavin anion radical is a dimer of riboflavin. MICHAELIS AND SCHWARZENBACH~~ 
have reported dimerization reactions in aqueous solutions and the apparent concen- 
tration-dependence of the second cathodic wave is suggestive of this kind of reaction. 
To eliminate the electrode material, supporting electrolyte or solvent as major reac- 
tants in the chemical reactions following electron transfer, some experiments were 
performed using a platinum rather than a mercury electrode, using tetra-n-butyl- 
ammonium iodide or perchlorate rather than NaC104 as supporting electrolyte, or 
using N,N-dimethylformamide rather than DMSO as solvent. The general electro- 
chemical behavior of riboflavin was the same in these experiments. A definite assign- 
ment of the products and mechanisms of the following chemical reactions must 
await better product analysis and further electrochemical studies. 

EXPERIMENTAL 

Riboflavin was obtained from Eastman Organic Chemicals and used without 
further purification. I ts  purity was checked by melting point, and coulometry in 
aqueous solution. Lumiflavin was obtained from Professor DAVID METZLER and 
Professor GORDON TOLLIN. Lumichrome was obtained from Aldrich Chemical Com- 
pany. Sodium perchlorate was G. Frederick Smith reagent-grade, and was dried a t  
120" before use. Dimethylsulfoxide was obtained from Matheson, Coleman and Bell 
and was purified by treating with anhydrous alumina overnight and then distilling 
under vacuum. Solutions of riboflavin were protected from light by covering volu- 
metric ware and electrochemical cells with black vinyl tape. Photochemical reactions 
of riboflavin in DMSO were shown to occur when the solutions were exposed to 
sunlight or strong ultraviolet light. 

The procedures and apparatus for the electrochemical studies were generally 
as described previously7. In some experiments, the solutions were de-aerated with 
purified nitrogen, and in others vacuum line techniques7 were employed with no 
difference in electrochemical behavior. Spectrophotometry was carried out by pump- 
ing solution from the electrolysis cell through Tygon tubing to a quartz flow cell 
contained in a Cary Model 14 spectrophotometer. A Varian V-4502-14 spectrometer 
was employed for ESR studies. 
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SUMMARY 

The electroreduction of riboflavin in dimethylsulfoxide solutions at  a mercury 
electrode was studied by polarographic, cyclic voltammetric and coulometric techni- 
ques. The solutions produced upon reduction were examined by electron spin 
resonance spectroscopy and spectrophotometry. A mechanism for the reaction, based 
on an initial one-electron transfer to form the riboflavin radical anion which de- 
composes by two parallel reactions, is proposed. 
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SHORT COMMUNICATIONS 

The differential capacitance of zinc in aqueous solution 

Introduction 
The kinetics of exchange of zinc in alkali have recently been investigatedl.2 

using both polycrystalline and single crystal (0001) electrodes. The very high value 
obtained for the frequency-independent capacity (Co) shunting the double layer has 
been attributed in part to the adsorption of OH- on to the electrode surface. 

Russian workers3.4 have independently reported differential capacitance 
curves for single crystal and polycrystalline surfaces of zinc in aqueous KC1 (pH 7) 
and Na2S04 (pH 3) electrolytes; however, the Russian reports differ from each other 
in the values of the p.2.c. (point of zero charge) obtained from the capacitance minima, 
in the shapes of the curves, and in the extent of the observed regions of polarizability. 

Previously5.6, differential capacitance measurements on Ag and Cd in aqueous 
solution have been reported. The results of similar measurements on polycrystalline 
and single crystal (0001) zinc surfaces are reported in the present paper. 

Ex$erimental 
Details of the electrolytic cell, electrode construction, electrolyte purification 

and electrical circuit (by which the electrode impedance is matched as a series 
combination of resistive, RE, and capacitive, CL, components) have been described 
previously~~~. Electrodes were mechanically polished (on roughened glass lubricated 
with water) and/or chemically etched (10% HClO4): single crystal electrodes were 
chemically etched only. Electrochemical etching was found to be unsatisfactory as 
electrode pre-treatment; with acid etching media, the frequent observation of low 
CL-values indicated the possible presence of a film on the electrode (c f .  Ag5). 

Differential capacitance curves corresponding to single crystal electrodes were 
determined in aqueous KC1 and NaC104; similar experiments with polycrystalline 
electrodes were conducted in aqueous KC1, NaC104, KN03 and Na~S04. 

Results 
Sirtgle crystal electrodes. Electrometric measurements indicated that a small 

polarizable region was located near -0.9 V (NHE). Figure I shows differential capa- 
citance curves for single crystal electrodes in KC1 electrolytes; the polarizable region 
extended from -0.8 to -1.20 V (similar values were obtained with the other elec- 
trolytes). The dashed curve in Fig. I shows the variation of RE with potential. Hydro- 
gen evolution was observed from the (0001) basal plane a t  - 1.47 V. On returning the 
potential to the polarizable region after an excursion beyond -1.02 V (even to 
- 1.5 V), CL-values characteristic of the polarizable region were rapidly re-established. 
On certain single crystal electrodes which had exposed higher index planes a t  the 
edge, hydrogen evolution was observed from this edge a t  potentials less cathodic than 
-1.47 V. Notable features of the behaviour of the single crystal electrode was the 
reproducibility ( - 5 5% variation between replicate electrodes) and the relatively 
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short time (30 min) of electrode/electrolyte contact required initially for the time 
stability of the impedance. 

Polycrystallilze electrodes. Figure 2 shows differential capacitance (and RE) for 
polycrystalline electrodes in KC1 electrolytes. Reproducibility was - 110% of the 
typical mean results illustrated. The inserted curve illustrates the extent of polari- 
zability, the polarizable region extended from about -0.8 to -0.98 V. Hydrogen 
evolution was observed at  -1.3 V. A small shift in the minima of these curves to 
more positive values a t  greater dilution was noticed. The shapes of the curves ob- 
tained with Na2S04, KN03, NaC104 and KC1 were similar. In the region of the capa- 
citance minima, all the curves were broad and flat. 

Fig. I. Differential capacitance curves for single cryskal zinc electrodes in aq. KC1 electrolytes. 
25'; 1 kclsec; chemical etch (10% HC101); superficial area, 11.3.10-2 cm2. ( 0 ) ,  0.1 M KCI; 
(a), 0.01 M KCl; (-----), RE for 0.01 M KCI. 

Fig. 2. Differential capacitance curves for polycrystalline zinc electrodes in aq. KC1 electrolytes. 
25"; I kclsec; chemical etch (10% HCI04) ; superficial area, 9.1 I O - ~  cmz. (A), 1.0 M KCl; (B), 
0.1 M KCI; (C), 0.01 M KC1; (D), 1.0 M KCI, electrode polarized a t  potentials more anodic than 
-0.8 V; (E), faradaic current curve corresponding to C; (F), RF: for electrode corresponding to C 
(mean value). 

A dispersion of capacitance with frequency was observed at  all electrodes even 
within the polarizable region; this was greatest in the case of polycrystals (Fig. 3). 
Electrodes polarized more cathodically than - 1.25 V exhibited a greater frequency- 
dependence of capacitance than those corresponding to Fig. 3. 

Polycrystalline electrodes required a long electrode/electrolyte contact time 
for equilibration particularly if etching had been omitted. In  concentrated (I M) 
electrolyte, stabilization of chemically etched electrodes was observed after the initial 
12 h; for dilute electrolytes (0.01 M) the requirement was reduced to 2 h. 
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Electrodes dipped in NaOH (I M) and thoroughly washed with water or 
electrolyte out of contact with air showed very high capacitances, -150 pFcm-2, 
which persisted for long times. The effect could be removed by lightly etching the 
electrode in HC104 (10%) when, after washing, the characteristic capacitance was 
observed; normal capacitances were found on electrodes treated initially with neutral 
and acid electrolytes. 

8 I I I 
0 2 4  6 5 1 0  

Frequency (kclsec) 

Fig. 3 .  Dispersion of capacitance for polycrystalline and single crystal zinc electrodes. 0.5 M KCl; 
25"; chemical etch (10% HC104) ; -0.98 V. (e), Polycrystalline electrode; ( 0) .  Single crystal 
electrode. RE-values are given in parenthesis (0). 

Discussiolz 
Differential capacitance curves characteristic of the surface at the instant of 

electrode/electrolyte contact were not feasible because of changes in CL during the 
time required to make bridge measurements. A process of surface stabilization is 
indicated by the smaller time-dependence of CL on the most stable, basal, plane. The 
small time-dependence on this face is possibly connected with the removal of atoms in 
the double-layer charging process. I t  might be expected that more extensive re- 
crystallization would ensue at the surface of a polycrystalline electrode. I t  is interes- 
ting that a shorter time is required for electrodes to stabilize in dilute than in con- 
centrated electrolytes. A recrystallization taking some hours might be thought to 
penetrate many atomic layers. The observed dependence on electrolyte concentra- 
tion suggests the operation of local cells. 

Some frequency dispersion was observed by previous workers3.4; the present 
work has confirmed the order of frequency dispersion reported at different types of 
electrode. Various explanations are possible, i t  should be remembered that the elec- 
trode is not ideally polarizable (Fig. 2). The results of polarizability experiments 
indicate clearly that the close-packed (0001) plane is less effective for the discharge 
of hydrogen ions than the polycrystalline surface. 

Figure 2 includes a capacitance curve, D, corresponding to an electrode pre- 
viously polarized anodically. The difference between this curve and curve A is due to 
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a film on the electrode, which could be clearly seen. The higher value of the capaci- 
tance observed within the polarizable region is probably due to pseudo-capacitance 
associated with adsorbed OH- produced during the anodic excursion (cf. low capa- 
citance caused by electrolytically etching in acid conditions). The observation of 
high capacitances when OH- ions are associated with zinc electrodes confirms recent 
work on the a.c. impedance of zinc in alkali. OH- is strongly adsorbed on zinc as 
indicated by the persistence of high electrode capacitances of electrodes treated in 
NaOH. It has been suggested2 that in the presence of OH-, adatoms (atoms of low 
coordination number on the surface of the electrode) are stabilized by OH- bonding. 
Increases in the resistive component of the electrode impedance as the electrode 
potential is swept anodically over the range -1.4 to -1.2 V indicate interaction of 
anions (probably OH-) and the electrode surface. 

Crossing of CL-Eb curves a t  high negative potentials (Fig. 2) is probably due 
to small p H  differences (I M-pH 7;  0.01 M-pH 6.6). 
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Courants d'induction blectromagn6tique en solutions d'blectrolytes 

Un champ magnCtique constant appliquC B une solution d'Clectrolyte se trou- 
vant dans un champ Clectrique peut produire soit un dCplacement de certaines particu- 
les ou molCcules neutres en suspension dans 1'Clectrolyte (effet ClectromagnCtophorC- 
tique)l soit le deplacement de la masse m&me de la solution d'Clectrolyte (effet magnC- 
tohydrodynamique) 2. 

120 

100 

80 

5 60 
E - 
'G- 

40 

20 

0 1 2 3 
I , ( A )  

Fig. I. Variation de la force Blectromotrice induite, et, en fonction du courant d'alimentation du 
champ magn6tique, I=, pour quelques solutions de natures e t  de rdsistances diffkrentes; 25". 
HzSO4: ( o ) ,  64 R ;  (.), 13.000 R, CoC12: ( A ) ,  540 R ;  (A), 33.500 R, KzSOI: +1.850Q, NaOH: 
(01, 4.900 Q. 
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Fig. 2. Variation du courant alternatif induit. I t ,  debit6 sur une resistance fixe de 10.5 ka, en 
fonction de la valeur de la risistance de la solution d'dlectrolyte. ( o) ,  HzS04; ( A ) ,  CoClz; ( X ) ,  
KzS04; (U), NaOH. III = 3 A .  

L'effet d'un champ magnCtique variable est tout B fait diffCrent. Sous I'action 
d'un champ magnCtique alternatif, une solution dJClectrolyte se comporte d'une 
mani&re analogue 9. celle d'un conducteur mCtallique. Quelques rCsultats sont montrCs 
dans les Figs. I et 2 et dans le Tableau I. Les dhterminations ont CtC faites sur un 
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conducteur Clectrolytique sous la forme d'une colonne de solution de 23 cm de lon- 
gueur dont le diami.tre, 4 =IO mm, placCe horizontalement dans l'entrefer d'un Clectro- 
aimant & piPces polaires de 20 mm de diamPtre. L'Clectro-aimant Ctait aliment6 par 
un rCseau de courant alternatif k 50 Hz. 

TABLEAU 1 

Solution R f Q )  2% f Q) 

NaCl 172 213 
KC1 175 209 
CoClz 170 212 

HXO3 170 209 
&So4 I 7O 217 
Constantan 171 209 

Dans la Fig. I on a reprCsent6 la variation de la force Clectromotrice induite, 
~ i ,  dans la colonne d'Clectrolyte collectCe aux bornes de la colonne par l'intermkdiaire 
de deux Clectrodes inertes, en fonction de 1'intensitC du courant d'alimentation de 
1'Clectro-aimant, IH.  On a travail14 avec des solutions de nature et de rCsistance 
diffCrentes 8. 25". Les valeurs mesurCes sont reprCsentCes par des points; la ligne 
continue reprksente la variation de Ei pour un fil de nickCline (longueur 25 cm, 
4 =0.2 mm) de R =1.2 Q. On y voit clairement, que conformCment B la loi de l'in- 
duction ClectromagnCtique, la valeur Ei est independante de la nature et des propriCtCs 
du conducteur du circuit induit. 

Dans la Fig. 2 on a reprCsentC la variation du courant Ii dCbitC par le gCnCra- 
teur de courant alternatif sur une rCsistance fixe de 10.5 kQ, en fonction de la r6sis- 
tance ohmique de la solution d'electrolyte, i la m&me valeur du champ magnCtique, 
correspondant au courant IH =3 A. Les points experimentaux se placent pratique- 
ment sur la ligne continue qui reprCsente la mCme variation pour quelques conducteurs 
mCtalliques (nickCline =0.2 mm, et constantan +=o.oz mm et 4 =o.12 mm). 

Enfin, les dbterminations de rCsistance intkrieure du gCnCrateur du courant 
alternatif aux conducteurs mCtalliques et aux conducteurs ioniques (par le track de la 
caractkristique extCrieure) prCsentCes dans le Tableau I montrent la m&me identit6 
de comportement. La rCsistance intkrieure Ri a pratiquement la m&me valeur, 
indiffkremment de la nature du conducteur, Ri =212 + 3 Q pour la m&me valeur de la 
rCsistance ohmique des conducteurs R E  170 Q. Les expkriences ont 6th faites avec un 
champ magnktique correspondant au courant de I= =3  A. 
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La reaction determinante de potentiel B 1'6lectrode (3-(Pd-H)/H2 

La reaction dCterminante de potentiel aux Clectrodes palladium-hydrogbne, est 
analogue avec celle des Clectrodes rCversibles & hydrogkne 

avec la particularit6 que la pression partielle du gaz est dCterminCe par 1'Cquilibre 
thermodynamique entre l'hydrogbne dissous dans le mCtal et la couche d'hydrogkne 
molCculaire adsorb6 sur la surface'. Pour les Clectrodes or-(Pd-H)/Hz et (a +p) - 
(Pd-H)/H2 1 cela a dCjB CtC prouvC expCrimentalement en utilisant les donnCes 
thermodynamiques, mesurCes B l'Cquilibre dans la phase gazeuse, au calcul du poten- 
tie1 des Clectrodes. 

Les Clectrodes 8-(Pd-H)/H2 prCsentent le mCme comportement pendant l'ab- 
sorption du gaz de la solution. En effet, la variation du potentiel d'une Clectrode 
palladium-hydrogkne, mesurCe par rapport B une Clectrode rCversible B hydrogkne 
dans la mCme solution, a pour expression 1'Cquation de Nernstl 

01'1 p H 2  est la pression de l'hydrogbne sur l'Clectrode rCversible, et pe(t) la pression 
correspondante sur 1'Clectrode palladium-hydrogbne. Comme P H ~  =const., il en 
rCsulte que dans la reprksentation graphique des paires de valeurs s(t) et In pe(t), 
prises B des diffCrents moments, on doit obtenir une dCpendance 1inCaire. Du moment 
que 1'Cquilibre thermodynamique entre l'hydrogbne Q l'interface et celui dissous en 
palladium est rCalisC, en dCpit du fait que 1'Cquilibre d'absorption n'est pas encore 
Ctabli, la pression pe(t) peut-Ctre exprimCe & l'aide de l'isotherme dlCquilibre de la 
phase gazeuse3.4. 

oti ~ ( t )  reprCsente la composition de la phase ,8 exprimCe par le rapport atomique 
H/Pd. En combinant l'Cqn. (2) avec (3) on obtient 

Dans la Fig. I on a reprCsentC par des points, les valeurs correspondantes aux paires 
de grandeurs mesurCes B une Clectrode P-(Pd-H)/H% en solution HzS04 2 N, 25". La 
dhtermination du contenu d'hydrogbne dans le palladium a CtC faite avec la mCthode 
de l'oxydation anodique B tension lindairement variable, dCcrite dans un travail 
antCrieur5. A cause de la diff icultC d'une dktermination prCcise de la pesanteur de l'Clec- 
trode de palladium et par consCquent du rapport atomique r, on a port6 sur l'abscisse 
de la Fig. I. le logarithme du rapport des intCgrales des courbes courant-temps; 
S ,  a CtC mesurC B lJCquilibrage de 1'Clectrode avec l'hydrogbne de la source extCrieure, 
B la pression P H ~  ( E  = 0). 

Sur la m&me figure on a track les droites thCoriques calculCes avec 1'Cqn. (4, 
B P~,=o.g87-log PH,o(atm)* et avec l'expression de la constante dfCquilibre 
* P H ~ O  est la pression partielle de I'eau B la tempbrature respective. 
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In Kg =4.915 -2140jT 3, pour n =I et n =2. On constate que l'expression de l'isother- 
me d'absorption pour la phase P calcul6e en conditions d'kquilibre dans la phase 
gazeuse, peut-&tre utilisCe avec des bons rCsultats dans des calculs Clectrochimiques. 
Cela prouve Cgalement que dans le cas des Clectrodes /3-(Pd-H)/H2 en regime d'ab- 
sorption il y a une equilibre thermodinamique entre l'hydrogdne qui se trouve dans la 
couche superficielle et celui de I'intCrieur du palladium. De mCme il est evident que, 
aussi sur ces Clectrodes, I'hydrogkne participe en Ctat molCculaire A la rCaction dCter- 
minante de potentiel (n =2). 

Fig. I. La  ddpendance du potentiel de 1'6lectrode P-(Pd-H)/Hz du contenu d'hydroghe dissous en 
palladium, HzS04 2 N, 25". (a) n = I ;  (b), n = 2 .  
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Potentiometrischer lsotopieeffekt an der Pd/H-Elektrode 
in deuterierter essigsaurer Losung 

Der Isotopieeffekt des Potentials der (Pd-H),,-Elektrode betragt in voll- 
standig deuterierter Losung nach Messungen von SCHULDINER UND H O - ~ R E ~  sowie 
FLANAGAN~ etwa 20 mV. Im Hinblick auf eine eventuelle analytische Anwendung ware 
eine Vergrosserung des messbaren Effektes wunschenswert, wie sie unter Ausnutzung 
des Isotopieeffektes der Dissoziation in Losungen schwacher Sauren erreicht werden 
kann. Wir arbeiteten in essigsaurer Losung, wobei die der maximalen Leitfahigkeit 
entsprechende Konzentration (2.92 M) gewahlt wurde. Als Referenzelektrode diente 
eine gesattigte Kalomelelektrode. Nach jeweils einer anodischen Oxydation sollte 
die spontane Wasserstoffaufnahme der Palladiumelektrode potentiometrisch verfolgt 
werden, bis der dem Koexistenzgebiet von or- und B-Phase entsprechende konstante 
Wert erreicht war. In essigsaurer Losung ergab sich jedoch keine vollige Konstanz, 
sondern es verblieb ein geringer zeitlicher Potentialanstieg. Die zehn Minuten nach 
"P1ateau"beginn registrierten Potentialwerte waren ziemlich gut reproduzierbar 
und wurden-etwas willkiirlich-in Beziehung zu der relativen D-Haufigkeit der 
Losung gesetzt. Die erhaltenen Werte sind in folgender Tabelle zusammengestellt : 

rel. Haufigkeit des Isotopieeffekt 
Deuteriums (Atom-Oh) ( m V )  

22.6 
39.8 
67.2 
93.6 

roo (extr.) 

Neben der envarteten Vergrosserung des Isotopieeffekts in vollstandig deute- 
rierter Losung von 20-30 mV uberrascht vor allem, dass sich ein nennenswerter Effekt 
erst oberhalb von 25 Atom-% D bemerkbar macht. Die Ursachen hierfiir sind noch 
ungeklart. 

Fur die zur Durchfiihrung dieser Versuche gewahrte Gastfreundschaft im 
Institut fiir Atomphysik in Cluj/Rumanien sei herzlich gedankt, besonders auch Frau 
L. STOICOVICI und Herrn Dr. BUCUR. 
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Elimination of formaldehyde, prior to the polarographic determination 
of aromatic carbonyl compounds 

The presence of formaldehyde may in some cases interfere with the determina- 
tion of other carbonyl compounds but this can be avoided, as far as aromatic carbonyl 
compounds are concerned, by using 0.1 M HC1 as supporting electrolytel~z as it is 
well known3 that formaldehyde does not give a wave at  low pH-values. However, 
some compounds (e.g., salicylaldehyde) give a wave that precedes the H+-wave too 
closely for exact measurements of their wave height a t  this pH. 

An alternative method is the dimedon method495 although it may be objected 
that the condensation between formaldehyde and dimedon is only complete within a 
narrow pH-range (+4 .5 )697  that is unfavourable for good polarograms because of 
doubling of the waves.9. Therefore, it is necessary after a reaction time of about 16 
min to make the solution alkaline and de-aerate before running the polarogram. 

Compared with this method the cyanohydrin reaction is simpler. The reaction 
velocitylo-12, as well as the equilibrium constantl3, depend strongly on the nature of 
the compounds considered. Aldehydes generally react faster than ketones, and 
aromatic ketones should not react a t  all. Formaldehyde appears to be especially highly 
reactive so that its elimination from a mixture seems feasible. A closer examination 

Salicylaldehyde, m M  Formaldehyde, m M 

Fig. I. Calibration curve for salicylaldehyde. (+), Original concn. of formaldehyde I O - ~  M; (a), 
formaldehyde absent. 

Fig. 2 .  Limiting current of 4.10-4 M salicylaldehyde as function of formaldehyde concn. 

shows that the statement regarding the non-reactivity of aromatic ketones should 
not be taken in the absolute sense, for in the medium used, the wave height of aceto- 
phenone decreased o.z%/min. This necessitates the standardization of the time be- 
tween the addition of cyanide and starting the polarograph. This period, which may be 
used for expelling oxygen, was fixed at  20 min. 

The composition of the medium was: 10 m1o.z M KOH, 0.1 mlo.z% gelatine, 
x  ml formaldehyde, y  ml carbonyl solution, 9 - x - y  ml HzO, and finally, 5 m1o.z M 
KCN. 
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Figure I shows that the calibration curve for salicylaldehyde, the half-wave 
potential of which almost coincides with that for formaldehyde, is not affected by the 
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B O O K  REVIEW 

The Kinetics of Proton Transfer Processes, Discussions of tlze Faraday Society, 39 (1965) ; 
278 pages; price 75 sh. 

The Faraday Society Discussion on the Kinetics of Proton Transfer Processes 
held at  Newcastle in 1965 was a memorable and exciting conference. The papers were 
generally of a high standard and delivered by authorities of international reputation. 
The selection of topics to mention in a review is therefore an invidious and possibly 
dangerous task, but I would single out firstly the introductory paper by EIGEN in 
which he puts forward the co-operative mechanism to explain why certain proton 
transfer reactions obey the Bronsted catalysis law too well. 

An interesting group of papers showed how much one can find out about the 
transition state from a study of isotope effects (BELL), from proton tunnelling (CALDIN 
AND KASPARIAN), and from the solvent isotope effect (GOLD AND KESSICK). CHALLIS 
AND LONG described detailed work on the rates of proton transfer to and from azulene 
which supports a two-step mechanism for isotopic exchange. In the field of more 
rapid reactions, GRUNWALD AND COCIVERA described the elegant work that has been 
done with NMR on proton transfers in amine systems, WELLER and co-authors dealt 
with proton transfers in excited molecules studied by fluorescence, and KREEVOY 

J .  Electroanal. Chem., 17 (1968) 431-432 
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AND MEAD reported results of the relatively new technique of Raman broadening on 
trifluoroacetate ion. 

Various themes recurred throughout the conference, some of the most im- 
portant being the detailed information that a sophisticated use of deuterium and 
tritium can obtain, the role of the solvent in providing "bridges" for proton transfers, 
the effect of proton tunnelling and the comparison between homogeneous proton trans- 
fers and discharge of H+ at an electrode. 

All in all, twenty papers were delivered. Each group of two or three papers was 
followed by discussion, most of which was useful, and some of which was pretty 
lively. Almost twenty pages of what was said at  the time and what was communicated 
afterwards are devoted to the controversy between BOCKRIS and CONWAY on the role 
of tunnelling in the discharge of protons a t  an electrode; one realises now what it was 
like to have Popes both at  Avignon and Rome. 

This account of the conference costs only 751 - and is worth every penny of it. 

W. J. ALBERY, Oxford University 

J .  Electroanal. Chem., 17 (1968) 431-432 

ERRATUM 

ERRATUM 

H. C. GAUR AND H. L. JINDAL, On the applicability of the Heyrovskf-IlkoviC 
equation in the polarography of molten salts usingsolidmicroelectrodes, J. Electroanal. 
Chem., 16 (1968) 437-439. 

In eqn. (I), E+ should be replaced by Econst. 

J .  Electroanal. Chem., 17 (1968) 432 

A N N O U N C E N E N T  

DIGITAL COMPUTERS IN CHEMICAL INSTRUMENTATION SHORT COURSE, PURDUE 
UNIVERSITY, JUNE 9-28, 1968 

The course is designed to  provide a sound introduction to  the use of the small digital 
computer in the laboratory. The principles and practices involved in the application of digital 
techniques will be discussed. Three weeks of intensive lectures will deal with the elements of digital 
logic, digital data acquisition techniques, and the use of the on-line digital computer in chemical 
instrumentation. In  addition, there will be ample opportunity for laboratory experience with the 
designing of digital logic circuits, interfacing chemical instrumentation to the digital computer, 
and programming the small digital computer. 

J .  ElectroanaE. Chem., 17 (1968) 432 
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