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The reaction rate of the electron transfer is determined both
by the electrode potential, ¢, measured against a constant reference
electrode and by the structure of the electric double layer, which to the
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REDUCTION OF IODATE IN SULPHURIC MEDIUM
I. THE REDUCTION MECHANISM

The iodic acid reduction in sulphuric medium on platinum
micro-electrodes has been studied by polarographic, coulometric and
chronopotentiometric methods. The influence of iodide ions, sulphuric
acid protonic activity and of ligands of I-, such as TI(I) and Hg(Il) on
the reduction process has been extensively investigated. It is demon-
strated that the iodate is not directly reduced but with a very high
overtension and that reduction is strongly catalyzed by traces of I..

P. G. DESIDERI,
J. Electroanal. Chem,. 9 (1965) 218—228
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1I. THE INFLUENCE OF THE SURFACE OF THE PLATINUM
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Todic acid reduction on platinum micro-clectrodes was stud-
ied with polarographic and chronopotentiometric methods with
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treatment time of the eclectrodes and influence of sulphuric acidity,
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The double-layer capacity of indium amalgams was measurcd
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dissolution of indium is observed at potentials more positive than the
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POINTS OF ZERO CHARGE IN EQUATIONS OF ELECTROCHEMICAL
KINETICS

A. N. FRUMKIN
Institute of Electrochemistry of the Academy of Sciences of the USSR, Moscow (USSR)
(Received December 21st, 1964)

INTRODUCTION

In equations of electrochemical kinetics expressing the dependence of the
reaction rate upon the potential, the solution composition and the electrode nature,
potentials can be referred to a constant reference electrode or to the potential of zero
charge of the relevant electrode (rational potentials according to GRAHAME?, the ¢-
scale of potentials according to ANTROPOV2). In the present communication I shall
consider the advantages and drawbacks of a particular method of reference used in
comparing the reaction rates on different electrodes. Closely associated with this, is
the question of whether the electron work function at the metal-vacuum interfaces
should appear in equations of electrochemical kinetics. Although the theoretical
considerations presented here are not new in principle, it seemed necessary to return
to this question as it has been treated inconsistently in the literature.

The expression for the rate of the electrochemical process containing potentials
read from the point of zero charge was first proposed for the case of the hydrogen-ion
discharge on mercury3, but the effect of the nature of the metal upon the kinetics of
the process was not then considered. ANTROPOV? proposed kinetic equations for the
electro-reduction of organics taking into account the zero charge potential. According
to Bockris AND POTTER4, the rate of processes on different electrodes should be
compared at potentials of zero charge.

HYDROGEN-ION DISCHARGE

Let us consider in what form the value of the electrode potential appearsin
equations of electrochemical kinetics taking as example the much discussed reaction
of the hydrogen-ion discharge in the simplest case when the process rate is determined
by the discharge step at small coverage of the surface with adsorbed hydrogen. Let us
suppose the interaction of the HsO+ ion with the electrode surface to be completely
determined by coulombic forces. PARsONS has shown that the expression for the rate
of discharge can be obtained by assuming formally that in the transition state of the
reaction, a fraction x of the charge of the H3O+ ion is neutralizeds.6. Let us assume
that the potential in the bulk of the solution is zero; g is the standard free energy of

‘
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174 A, N. FRUMKIN

desorption of a hydrogen atom from the electrode surface (consequently, gu > o),
@ is the electrode potential relative to the solution and y; is the potential in the solu-
tion at the point where the electric centre of the reacting particle in the transition state
of the reaction is located. A more exact definition of the quantity ¢ will be given
later. The reaction rate is determined by the difference in levels of the standard free
energy in the transition and initial states of the system, which is equal to:

[t =)y F — (1 —)pF —ogu] — [—@F] =x(pF — 1 F —gn) + 91 F (1)
as in the transition state, according to our assumption, the charge (per mol of sub-
stance) is equal to (I — «)F, the electrode charge to —(I — «)F, and the fraction,
«, of the H mole appears on the electrode*. In the initial state, however, it is necessary
to take into consideration the free energy of the electrons at the potential ¢. This
elementary consideration does not take into account the fact that the energy level
(the Fermi level) of the electron depends not only on the electrode potential, but also
on the nature of the metal. This does not lead to an error if we consider the behaviour
of one metal electrode, e.g., mercury®. If we use eqn. (1), however, to compare the
electrode behaviour of two different metals and assume that ¢ is the metal—solution
potential difference (Galvani potential), such an assumption will lead to erroneous
results, as in the case of two electrodes made from different metals, equal values of the
Galvani potential relative to the same solution correspond to different energy levels
of the electron. On the other hand, if ¢ is the potential in some unchanging metal
(e.g., platinum) connected with the electrode metal and in electronic equilibrium with
it (we shall call it the metal of the lead) equal values of ¢ will really correspond to
identical energy levels of the electron. But in that case, ¢ will differ from the potential
measured against any constant reference electrode by a constant quantity, independ-
ent of the metal of the electrode under consideration. In fact, this constant quantity
is equal to the sum of the Galvani potentials at the solution—-reference electrode and
the reference electrode—platinum interfaces.

This conclu51on becomes more convincing if the reaction rates of the hydrogen

ion dlscharge v and of the inverse reaction of ionization of the adsorbed atom v are
compared. In accordance with eqn. (1), we obtain

T = R1[H+] exp {—% [(p + I;—“ 1/)1]} exp% (2)

where [H+] is the concentration of the hydrogen ions in the solution.

It has already been noted that no account is taken explicitly in expression (1)
of the term determined by the chemical potential of the electron in the electrode metal.
However, if ¢ denotes the potential of the metal of the lead, referred to the solution or
to a constant reference electrode, this term proves to be constant, which results in the
appearance in & of a constant factor, independent of the electrode metal. The other
factor contained in k; is equal (if we stay within the frame of the theory of absolute
reaction rates) to £7° /4. Thus, k1 under these conditions does not depend on the nature
of the electrode metal.

* Putting the non-coulombic part of the standard free energy of desorption in the transition state
equal to xgm is a very rough approximation, which, however, is of no importance for the subsequent
conclusions. The possible dependence of the value of & on the nature of the electrode will be
neglected in the following discussion.

J. Electvoanal. Chem., 9 (1965) 173-183
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For the difference in levels of the transition state of the reaction and its final
state we obtain instead of eqn. (1)

[(t—a)p1 F — (1 —x)pF —oagn] — [—gu] = [(1 —x)prF — (1 —x)pF + (1 —a)gu] (3)

-
whence for v we have:

= I —o)F —1I

V= mH] exp [~ EDT gy g exp D82 @
where [H] is the surface concentration of H atoms.

The constant k2, as well as k1 under the same conditions, does not depend on
the nature of the electrode metal.

— <
By equating v to v, we obtain the expression for the equilibrium value of ¢

LN RR R 5

»=F l[Hj F ke

It is clear from a comparison of eqn. (5) with the value of the reversible potential of
adsorbed hydrogen at the atomic concentration [H] and the free energy of desorption
gu as deduced from thermodynamics,

1o LY

gr = F [ i —|— + constant (6)

that the quantity ¢, just as ¢r, should indeed be referred to a constant reference
electrode rather than to the point of zero charge.

EQUATIONS OF ELECTROCHEMICAL KINETICS AND THE WORK FUNCTION

The physical sense of the conclusion, according to which the expression for the
kinetics of the discharge (2) contains the potential referred to a constant reference
electrode rather than the potential difference in the double layer at the metal—solu-
tion interface, becomes clear if we take into account that the expressions given here
do not contain the work function of the metal, W,. In fact, if instead of the potential
referred to a constant reference electrode, the potential referred to the point of zero
charge (p — o), is introduced into eqn. (2), the difference in the energy levels of the
electrons in different metals should be taken into consideration and a factor contain-
ing the work function should be introduced into the expression for the reaction rate.
When comparing the reaction rates of ethylene oxidation on different metals, DAHMS
AND BOCKRIS?, on the basis of the work of Bockris AND POTTER4, take into account
a factor which contains in the exponent the quantity «W,. F/RT. It should be borne
in mind, however, that

exp [— %1; (¢ — qﬁo)] exp (— “Z}F) = A exp (— %w) (7)

where A ~ constant, since the relation between the work function and the potential
of the point of zero charge

@o — W, = constant (8)

J. Electroanal. Chem., 9 (1965) 173—183
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is approximately realized. This relation, and the equivalent one between the difference
of potentials of the zero charge and the Volta potential, have been discussed in the
literature8-13. The compensation of the effects associated with the change in the posi-
tion of the point of zero charge and with that in the work function was first stated by
FrRUMKIN (cited in ref. 14). This problem* was also considered by RUETSCHI AND
DELaHAY!3. TEMKIN AND FRUMKIN13, in connection with a discussion with POLTORAK!#
who expressed a different point of view, showed that the difference in the heats of the
discharge Q of hydrogen ions on two different metals, measured at the same potential
relative to a reference electrode, is given (if we neglect the temperature coefficient
of the Volta potential between the metals) by

Q1 — Qn = u1 — uir (9)

where # 1 and # 11 are the energies of the Hatom bond with the metals I and II,
respectively ; the difference in the electron work functions of metals I and II does not
enter into this expression.

As the relation (8) is an approximate one, it could be possible that the compen-
sation considered here is incomplete; but this is not the case. In fact, if we want to
introduce into equations of electrochemical kinetics the electron work function as
some quantity characterizing the relevant metal**, we should take into consideration
the work function referring to the escape of the electron into the solution, W,s, rather
than into the vacuum. Evidently, W, is a function of the electrode potential. The

quantity_v) can depend only on the value of W, at the potential ¢, which is equal to
@ — @o + (W) g, At a definite potential, g, however, measured against a constant refer-
ence electrode, this work function cannot depend on the nature of the metal. Otherwise,
the equilibrium between two electrodes immersed in the same solution and having
the same potentials relative to a reference electrode, would be disturbed if traces of
an electronic conductivity appeared in the solution. Hence it follows that

We = (We)g, + ¢ — po = constant )

and does not depend on the nature of the metal.

The same conclusion can be arrived at in a somewhat different way. Consider-
ing the cyclic process where the electron passes from the metal to the vacuum, then
from a point near the metal surface to one near the surface of the solution, then
through the surface of the solution and finally returns to the metal through the metal -
solution interface, we find

Wes = We + VMe—s =) l']e8 (II)

where Vare—s is the electrode—solution Volta potential at a given electrode potential
@ and U¢ is the real free energy of hydration of the electron.
By applying eqn. (11) to the two metals I and II, we obtain

(We)r — (We)r = (We)r — (We)it + Virer—n (12)

where Vaze;—q; is the Volta potential between metals I and II.

* The recently published paper of BUTLER AND MAKRIDES40 also contains the conclusion that these
two effects should compensate each other.

** The question as to what kind of work function should appear in equations of electrochemical
kinetics was posed recently by Bockris AND WROBLOWALY.

J. Electroanal. Chem., 9 (1965) 173-183
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As metals I and IT have the same potential ¢ relative to the reference electrode,
nothing will change if they are connected with a metal wire and the right-hand side
of eqn. (12) must vanish. Hence W is independent of the nature of the metal.

Thus, the quantity ¢ in eqn. (2) should be referred to a constant reference
electrode. It should be emphasized that the result obtained here does not depend on
the assumptions made in deducing eqn. (2). If we want, however, to refer ¢ to the
potential of zero charge, it is advisable (see ref. 7*) to introduce into the equation for
the reaction rate the term exp (—aW,F/RT). In practice, this correction presents
difficulties because data for the value of W, for most metals are not reliable. Moreover,
this correction is only an approximate one because of the approximate character of
eqn. (8). If the measurements of the process rate are performed at the potentials of
zero charge (which has certain advantages, see below), it is logical to compare the
results after multiplying them by the quantity exp (xgoF/RT). In this case, as
follows from eqn. (2), the nature of the metal affects the resulting quantity via the
value of gm, which is a measure of the electrochemical activity of the electrode
relative to the reaction of the hydrogen-ion discharge. It is obviously incorrect to use
for the reaction rate relations containing, instead of ¢, the potential referred to the
point of zero charge, without introducing a term containing W, ¢.g. as in references 18
and 19.

The above considerations are invalid if, before interacting with the solution,
the electron upon leaving the electrode has to overcome an activation barrier compar-
able with or greater than the quantity W.s. The kinetics on a metal covered with a
thin semiconducting film is such a case and requires special consideration?2®.

The dependence of the pre-exponential factor k1 (or £2) upon the nature of the
metal for the simplest case of a reaction occurring without the breaking of a chemical
bond was treated by DoGcoNADsSE, CHISMADZEV AND LEVICH?!, who did not resort to
the assumptions of the theory of the absolute reaction rates. According to these
authors, the above dependence seems to be not strongly expressed; at any rate, it
does not contain the quantity W..

ELECTRO-REDUCTION OF ANIONS

By taking the log of the right-hand side of eqn. (2) and generalizing for the case
of a particle with the charge #, we obtain for the current density, 422,23

x(—gF + ¢  (x—n)F
RT T RT
where ¢ is the concentration of the reacting particle and g the non-coulombic part of
the free energy of desorption of the reaction product. In the absence of concentration
polarization, eqn. (13) is applicable to an irreversible reaction of the first order if the
rate-determining step of the process is the electron transfer, the specific (non-
coulombic) adsorption of the reacting particle can be neglected and the coverage of
the electrode surface with reaction productsis small. According to theabove it is possible

Int = w1 + In ¢ + constant (x3)

* DaHMS AND BockRris? consider oxidation and not reduction reactions; therefore, the sign before
W, is an opposite one.

J. Electroanal. Chem., 9 (1965) 173-183
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to the first approximation to neglect the dependence of the constant upon the nature of
the metal. The first term in the right-hand side of eqn. (13) contains the quantity ¢
referred to a constant reference electrode; it takes account of the dependence of the
kinetics of the electrochemical process upon its thermodynamics in the spirit of the
transition state theory with the accuracy which is possible without taking into
consideration the double-layer structure. The second term, containing the quantity
y1, expresses the effect of the adsorption factors for the given simplest case. It vanish-
es at the point of zero charge and at potentials equidistant from the point of zero
charge should be only slightly dependent on the nature of the metal (see below).
Thus, according to eqn. (13), in order to compare the behaviour of two electrodes it
is necessary to use both the usual scale of potentials and that referred to the corre-
sponding points of zero charge.

In the absence of specific adsorption of the reaction product (g = o) it follows
from eqn. (13) that

ny F . «F

i+ =—%r

(p — 1) + In ¢ + constant (14)

According to eqn. (14), the polarization curve in the co-ordinates
In 2 + ny F/RT, (p — yi1)—the corrected Tafel plot—to the first approximation
should be independent of the electrode material, as was pointed out by DELAHAY
et al.24. However, there is little experimental evidence as yet to support this conclu-
sion?2.24,25_ The fulfilment of the condition g = o limits the applicability of the above
criterion to the reduction of anions at negatively charged electrodes.

In discussing the expediency of referring the electrode potential to the potential
of zero charge we have assumed until now that at potentials equidistant from the
point of zero charge the values of y: on different electrodes are equal or close to one
another, which points to a similar structure of the electric double layer. Similar
assumptions are made also in other cases when using the potential of zero charge in
electrochemical kinetics. The investigation of the electrocapillary behaviour of
gallium?¢ showed, however, that this assumption is not always justified. Thus, the
difference in the potentials of zero charge of mercury and gallium is ca. 0.5 V, whereas
the difference in the potentials corresponding to identical, if they are high enough,
negative surface charges of mercury and gallium is 0.17 V. This phenomenon is proba-
bly due to different dependences of the orientation of the water molecules upon the
potential on both electrodes. No matter whether this explanation is correct or not,
the possibility of such a phenomenon may require that additional corrections are
made in using the values of the potential of zero charge in electrochemical kinetics.

REACTIONS OCCURRING WITH THE PARTICIPATION OF ADSORBED NEUTRAL MOLECULES

Another case with should be considered here is the kinetics of the electron trans-
fer to a neutral molecule in the adsorbed state. Let us assume that the quantity y:
can be neglected and that the surface coverage with the adsorbed substance is small.
The dependence of the adsorption of organic molecules upon the potential at a given
concentration in the solution is expressed by a bell-shaped curve, the maximum of

J. Electroanal. Chem., 9 (1965) 173-183



POINTS OF ZERO CHARGE IN KINETIC EQUATIONS 179

which lies close to the potential of zero charge, although in the general case it does not
coincide with it27.28, Taking into account this dependence of adsorption upon the
potential, we obtain for In 729,30

ek = [Clp — go) — C'(@ — pn)]2 8m
RT 2RT['QQ(c_C/)LC((p @o) — C’(p — @n)] —|—lnc—{—RT—|—const(e;1;;

where I'_ is the limiting value of adsorption of the initial substance, C—the capacity
of the electric double layer*, C'—the capacity of the electric double layer when the
surface is covered with the adsorbed particles, gy—the potential of zero charge
under the same conditions, gn—the value of the free energy of desorption of the ad-
sorbed particle in the transition state of the reaction at the potential at which
adsorption is a maximum®**. It would be more correct to refer not only gn, but also the
other quantities contained in eqn. (15) (I, ¢~ and C’) to the transition state of the
reaction rather than to the initial one. In the case of large particles, however, the
error due to this approximation should be small.

Along with the first term including the potential ¢ measured against the con-
stant reference electrode, the right-hand side of eqn. (15) (asthat of eqn. (13)) containsa
second term depending upon (p — @o) and (¢ — @x), ¢.¢., upon the potential measured
against the points of zero charge for the uncovered and covered surfaces. The quantity
gm contained in the third term is a measure of the electrochemical activity of the elec-
trode. The question of the potentials at which the kinetics of processes on different
electrodes should be compared is therefore not unambiguously settled in this case
either. At potentials equidistant from go, in particular at ¢ = o, adsorption occurs
under comparable conditions. The rates of the electron transfer referred to the same
adsorption value should be compared, however, at ¢ = constant, if no corrections are
made for the work function or for the position of the point of zero charge, as indicated
above. Only in the case of a process with a rate determined by a preceding chemical
step do we obtain a complete picture by comparing the rates at the potentials of zero
charge.

Inz =

INFLUENCE OF ADSORPTION OF PARTICLES NOT PARTICIPATING IN THE PROCESS

So far, we have not considered the possible influence of the presence or absence
in the surface layer, of foreign adsorbed particles (e.g., halogen anions, organic cations
used as inhibitors, etc.) upon the adsorption of the reacting particle and the kinetics
of the electrochemical process. In a number of cases a pronounced dependence of
adsorption of these particles upon the sign and magnitude of the surface charge is
observed and, consequently, in establishing the factors determining the process
kinetics attention should be given to the position of the point of zero charge. In-

* The relations presented here were deduced assuming C = a constant, which is a rough approxi-
mation. The dependence of adsorption upon the potential in the general case is considered in ref. 28.
** If go denotes the same quantity at ¢ = @o, to the same approximation, we have

I (C)2

2l C —C’

gm = go + (px — @o)? (16)
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stances of such adsorption effects have often been considered in recent literature?2.6.31,32
and will not, therefore, be discussed further here.

Somewhat different relations are observed in the case of adsorption of atomic
hydrogen and oxygen, which are present in considerable concentration on the surface
of many electrodes, e.g., platinum, over definite potential ranges. Evidently, the
activity of adsorbed hydrogen and oxygen (or of the adsorbed OH radical) in equilib-
rium with water at a given adsorption energy depends on the electrode potential as
referred to the reversible hydrogen-electrode or some other reference electrode in the
same solution. As a result of the polarity of the bond between the adsorbed atoms and
the metal, the position of the point of zero charge also exerts an influence. Although,
for example, hydrogen adsorption on platinum in acid solutions depends essentially
upon the structure of the electric double layer32.33, it is, nevertheless, the value of
@ which is of principal importance for any given pH of the solution.

The surface coverage with adsorbed hydrogen and oxygen hinders the adsorp-
tion of organic molecules. The thermodynamics of the adsorption of an organic
substance on a hydrogen-adsorbing metal has been considered34. The result can be
written in the following form:

(), -G). -G, (17)

Torg

Here, gorg is the standard free energy of desorption of the organic substance, g—the
charge per unit surface, Ax—the quantity of adsorbed atomic hydrogen per cm?
that does not go into the bulk of the solution as ions, and Iorg—the Gibbs adsorption
of the organic substance per cm? (assuming I'n,0 = 0). Equation (17) was deduced
assuming the adsorption of the organic substance to be reversible.-This is not always
true in the case of adsorption of organic substances on metals of the platinum group,
but is a necessary premise in the thermodynamic treatment of the problem. The first
term in the right-hand side of eqn. (17) expresses the effects associated with the exist-
ence of the electric double layer; by taking this term into consideration, we obtain
the relations used in the deduction of eqn. (15). A rough calculation shows, however,
that in the presence of appreciable hydrogen adsorption, the second term should
considerably exceed the first. The presence of this term in eqn. (17) leads to a decrease
in the adsorption of the organic substance with increasing surface coverage with
hydrogen. The appearance of adsorbed oxygen on the surface has a similar effect*.
Therefore a maximum adsorption of organic molecules on metals adsorbing hydrogen
and oxygen, would be expected in the range of potentials where the surface coverage
with adsorbed hydrogen and oxygen is a minimum. If not, there must be, at any rate,
a shift in the potential of maximum adsorption from the point of zero charge in the

* For an electrode which adsorbs oxygen and the organic substance reversibly and acts as an
oxygen electrode, we should have instead of eqn. (17),

(o) ¢ ‘4
), =k el o9
W /r, dorg/ o 3l org/ ¢

org

where 4o is the quantity of g-atoms of oxygen adsorbed on 1 cm? of the surface, that have not
gone into the bulk of the solution as OH- ions.
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direction of this potential range*.

Summarising, we conclude that in comparing the electrochemical character-
istics of two electrodes, we may proceed both from the rate values of the electron
transfer process at the same potential values and from the values referred to the point
of zero charge. In the former case, in making the comparison we should introduce a
correction associated with different values of the reacting particle adsorption or of
the yi-potential at a given g-potential. In the latter case, the conditions of adsorption
on both electrodes become similar, but for a reasonable comparison of the kinetics of
the electron transfer process, it is necessary to correct the rate observed in the case of
an electro-reduction reaction using the factor exp oo F/RT. The possible effect of the
presence of adsorbed hydrogen or oxygen on the electrode surface upon the adsorption
value of the reacting particle should also be taken into consideration in this case.
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SUMMARY

The reaction rate of the electron transfer is determined both by the electrode
potential, ¢, measured against a constant reference electrode and by the structure of
the electric double layer, which to the first approximation depends on the electrode
potential referred to the potential of zero charge, 7.e., ¢ — @o. It is shown that in
order to make a rational comparison of the rates of reactions occurring on different
electrodes it is not sufficient to know only the quantity ¢ — @o.

The effect of the presence of adsorbed hydrogen and oxygen on the electrode
surface upon the process rate is considered.

ADDED IN PrROOF. Using eqn. (I1), one may try to estimate the value of W
for mercury. According to BAXENDALE4!, the gain in the total energy in the process
of electron hydration is 1.75 V. By substituting, as a rough approximation, this
quantity for U into eqn. (1) and assuming W. = 4.52 and Vae—s = —0.26 at
@ = @o (according to the data of RANDLES42:43), we find that at this potential W
~ 2.5 V. From this value and assuming the general laws of thermal electron emission

* The considerations presented would be, apparently, of importance in interpreting some of the
results obtained by BockRris, GREEN AND SWINKELS35, who studied the dependence of the adsorp-
tion of naphthalene on a number of metals upon the potential and composition of the solution.
According to these authors, the adsorption maximum on platinum in acid solutions is located at
0.1-0.4 V (N.H.E.) depending on the naphthalene concentration, whereas go = 0.11-0.1736. In
alkaline solutions the adsorption maximum is at —o.4 V (N.H.E.); the authors compare this value
with the data of Kueirers aAND KrAsIKOV3?, in which this potential corresponds to the point of
zero charge. Actually, in the absence of surface active anions it is impossible to fix the position of
the point of zero charge in the usual sense of the word on a platinum electrode in alkaline solutions,
as the surface charge in the potential range —o0.7—-+ 0.5 V remains negative (the electrode adsorbs
cations) and the change in the potential is apparently determined mainly by the change in the
dipole moment of the bond between platinum and chemisorbed hydrogen and oxygen atoms38.
** When the present paper was ready for publication, by the kindness of Dr. R. PArsons I was able
to read his article3?, the results of which, although deduced in a different way, partly coincide with
ours.
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from metals into the vacuum to be applicable to the mercury-solution interface,
one would expect the current of electron emission into the solution at ¢ — @o =
—2.2 V to reach a value of the order of 10-2 A/cm2. Such an effect is apparently
not observed; at ¢ = o, W* should probably exceed 3 V. It is not possible as yet
to ascertain which approximations and assumptions in our calculations are respon-
sible for this discrepancy.
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ELECTROLYTIC SEPARATION AND COLORIMETRIC DETERMINATION
OF TRACES OF LEAD IN COBALT USING ISOTOPIC DILUTION ANALYSIS

A. LAGROU a~np F. VERBEEK
Laboratory for Analytical Chemistry, Ghent University, Ghent ( Belgium)
(Received October 23rd, 1964)

Traces of lead can be determined colorimetrically with dithizonel. For the
determination of lead in cobalt, however, prior separation of lead is necessary.
Immediate extraction with dithizone in slightly alkaline citrate—cyanide medium in
the presence of a large excess of cobalt is impossible because the cyanide concentration
may not exceed 0.1 M! (formation of lead cyanide complexes) and this concentration
is insufficient to mask the cobalt completely. By electrolysis at a controlled cathode
potential, lead was deposited on to a mercury cathode and thus separated from the
solution. After the mercury had been removed by distillation, the lead remaining was
dissolved and determined colorimetrically. The yield was controlled radiometrically
with 210Pb and corrections were made for losses. The ideal conditions for deposition,
the influence of several variables and the possible interferences of other elements have
also been investigated.

APPARATUS AND REAGENTS

Potentiostat, Tacussel type ASA4C.

Multi-range microammeter Kipp, type Microva AL4. This was connected in series
between the potentiostat and the non-working electrode of the electrolysis cell to
control the current density (of the order of a few mA).

pH meter Radiometer type pHM 22. A supplementary control enabled the
potential to be measured accurately to within 5 mV.

Electrolysis cell: microcell of the H-type about 10 cm high with a diameter of
-+ 2 cm. A stopcock permitted withdrawal of the mercury. The anode was a platinum
plate measuring T X 2 cm, and 0.5 ml of twice-distilled mercury was used as
cathode. A sintered-glass disk between the two compartments with an agar-gel plug
on the side of the saturated calomel electrode (S.C.E.) prevented all possible diffusion.

Spectrophotometer, Beckman D.U. and 1.000-cm quartz cuvettes.

Gamma Spectrometer, type Oak Ridge with a NaI(Tl) well-type crystal.

210Pb solution. T mC of RaD (219Pb; y-energy = 47 keV; f-energy = 25 keV;
T 1/2 = 22 years) with decay products in approximate equilibrium in 2.5 N nitric
acid and a total lead concentration of about 0.2 mg in 0.5 ml was obtained from
U.K.A.E.A. (Amersham, England). A stock solution was prepared by diluting 0.100
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ml to 100 ml with 1 IV hydrochloric acid. The activity of this solution was approxi-
mately I.5 X 105 counts/min.ml and the lead concentration about 5 X 10-6 M.
60Co was obtained by irradiation of metallic cobalt in the BR-I reactor (at a
neutron flux of 1012 neutron sec~! cm~2 during 11 days).
Analytical-grade products and twice-distilled water were used for the prepar-
ation of reagents. Diluted lead solutions ( < 10-4 M), radioactive or not, were freshly
prepared and stored in polyethylene containers.

EXPERIMENTAL

Sorption

Before investigating the quantitative aspect of the deposition of traces of lead
on the mercury cathode, the possibility of losses arising from sorption on the walls of
the apparatus used was checked. STock2-4 and other authors3-8 have drawn attention
to this possibility.

The lead concentration in the electrolysis cell for each experiment was 3.5 X
10-7 M. After contact times of 1, 2, 3, 6, 18 and 24 h, the activity of 1 ml of the solution
(A4.) was compared with that of 1 ml of the original solution (A4¢). No sorption was
observed after 24 h in 1 M HCl, 10-1 M HCI, 10-2 M HCl and o.1 M NaCl-0.5 M
tartrate, whilst the highest sorption (over 409, after 1 h) was obtained in a neutral
medium (0.1 M KCl). It is, therefore, impossible to study lead deposition on to a
mercury cathode in a neutral medium.

Conditions of electrolysis
Various authors?-15 have examined the electrolysis of quantities of lead from

milligrams to macroquantities using a mercury cathode. The deposition appears to

% Pb deposited

50|

25¢

0 L 1 1 1
0 02 04 06 08 10

V vs.S.CE.

Fig. 1. Percentage of lead deposited as a function of cathode potential (V). Lead concn., 3.5 X 1077
M in 1 M HCI; electrolysis time, 1 h.
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be affected by several factors and in this investigation theinfluence of each factor has
been studied separately for microgram quantities of lead.

Cathode potential. All the following experiments were carried out using 25 ml
1 M HCl and 2 ml 219Pb stock solution. The quantity of mercury used was 0.5 ml. The
mercury was stirred with a glass rod dipped about 2 mm in the mercury. The activity
before electrolysis was 104 counts/min.ml and the initial lead concentration 3.5 x
10-7 M. The electrolysis was performed at different cathode potentials during one
hour using rapid stirring (6oorev./min) and the decrease of the activity in the cell was
followed. The percentage of deposited lead as a function of the cathode potential is
given in Fig. 1.

o 100r -——0
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0 1 ? 3 4 15
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Fig. 2. Percentage of lead deposited as a function of electrolysis time (h). Lead concn. 3.5 X 10-7 M
in 1 M HCL

Electrolysis time. The working conditions were the same as those used in prev-
ious experiments. The deposition at a fixed potential (—0.800 V vs. S.C.E.) was follow-
ed as a function of time and the results are given in Fig. 2.

Acidity of the solution. The electrolysis was performed in solutions of varying
hydrochloric acid concentration. The results after one hour electrolysis, at a cathode
potential of —0.800 V vs. S.C.E. are given in Fig. 3. Very dilute lead solutions may
easily become colloidal in weakly acidic solutions and for this reason, all further
experiments were carried out in 1 M HCL

Lead concentrations. Increasing amounts of lead were added to the original
210Pb solution (3.5 X 10-7 M). The results are shown in Table 1. The conditions of
electrolysis were as before.
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Fig. 3. Percentage of lead deposited as a function of HCl molarity. Lead concn., 3.5 X 1077 M,
electrolysis time 1 h.

TABLE 1

INFLUENCE OF LEAD CONCENTRATION ON DEPOSITION

Lead concn. Ao A Lead Lead
in 25 ml (cpm|ml) (cpm[ml) remaining deposited
(mg) (%) (%)
0.002 8896 1274 14.32 85.68
0.400 8780 1389 15.82 84.18
4 8721 1313 15.28 84.72
20 8978 1425 15.87 84.13
TABLE 2

INFLUENCE OF MERCURY VOLUME ON ELECTRODEPOSITION OF LEAD

Vol. Hg Ao A Lead Lead

(ml) (cpm|ml) (cpm|ml) remaining deposited
(%) (%)

0.25 8972 2868 31.96 68.04

0.50 9107 1755 19.27 80.73

1.00 8915 1794 20.12 79.88

Mercury volume. Different volumes of mercury were used for the same 21°Pb
solution (3.5 X 10-7 M). The results are given in Table 2. The conditions of electro-
lysis were as before.

These experiments show that lead, in 1 M HCI medium, is almost completely
deposited after a 4 h electrolysis at —0.800 V vs. S.C.E. Increasing amounts of lead
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do not influence the deposition, at least not in the concentration range investigated.
Increasing the amount of mercury makes no difference, but a very small volume
lowers the deposition yield. Dilute lead solutions (10-6-10-7 M) more than one week
old, gave a decreased deposition on electrolysis, probably because of colloid formation.
The yield improved by evaporating the solution to dryness and redissolving.

Decomposition of the lead amalgam

The lead amalgam has first to be separated from the cobalt in the solution; to
do this the electrolysed solution was removed from the cell and the amalgam was
washed. This manipulation, however, was difficult when working with very dilute
amalgams. Washing with water, 1 M HCI or alcohol, all gave unsatisfactory results,
as a large amount of the radioactivity was lost in the wash water. Finally, a system of
continuous washing was used. Without interrupting the electrolysis and under con-
tinuous suction, 1 M HCI was led into the electrolysis compartment. Care was taken
that the end of the suction tube did not come too close to the mercury cathode. In
this way, satisfactory results were obtained.

Complete separation of lead from the mercury may be carried out by treating
the amalgam with an oxidising agent!$, by distilling off the mercuryl? or by stripping
it at a controlled potential or at a controlled current8. The second method was
applied after the electrolysis and washing of the amalgam. The mercury was with-
drawn from the cell and transferred to a small silica boat, which was placed in a silica
tube heated by a horizontal tube furnace. The mercury was distilled at 365°in a stream
of nitrogen, to prevent possible oxidation and finally collected under water. The
residue containing lead was dissolved in nitric acid and analysed colorimetrically.

The electrodeposition of lead is practically complete (99%, Fig. 2). After wash-
ing, and distilling the mercury, the yield was 80-909, (see Table 3). The loss is mainly
due to the lead remaining on the walls and stopcock of the electrolysis cell when
withdrawing the mercury.

PROCEDURE

Add to the electrolysis cell, 25 ml of a CoCle—1 M HCI solution, and 2z ml of
210Pb stock solution. Electrolyse during 5 h at a cathode potential of —0.800 V wvs.
S.C.E. Control the completeness of deposition by measuring the cell activity remain-
ing. After continuous washing, distil the mercury as described above. Dissolve the
remaining lead in twice-distilled nitric acid.

Evaporate the solution to dryness with an infrared lamp, redissolve in 1:100
nitric acid and transfer quantitatively to a calibrated flask. Determine in one volume
of the solution the total recovered radioactivity and use another quantity for the
colorimetric determination with dithizone! of total lead. Correct the amount found
for the amount of lead lost in the processes of the determination.

A blank determination is necessary for the lead present in the 2 ml of radio-
active solution added before the electrolysis.

INTERFERENCES

In the colorimetric determination of lead in slight alkaline cyanide medium,
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interferences by traces of bismuth, indium, tin(II), thallium(I)! and excesses of cobalt
and mercury, are possible.

The influence of increasing quantities of cobalt on the photometric determi-
nation of lead was investigated since the deposition of traces of cobalt by electrolysis
at —0.800 V cannot be completely excluded. Curve 1 in Fig. 4 shows the extinction

=]

03}

0z} ®© O]

0.1F

log C¢q

Fig. 4. Influence of cobalt concn. on the colorimetric determination of lead (10 ug in 10 ml) with
dithizone: curve 1, without prior extraction with dithizone; curve 2, after prior extraction with
dithizone.

at a wavelength of 525 mu of 10 ug of lead in 10 ml of solution containing amounts of
cobalt between 25 ug and 1 mg. Below 200 ug of cobalt the extinction remains con-
stant, while a systematic error occurs above this limit1®. When the cobalt concentra-
tion exceeds this limit, prior separation of the lead is necessary but isolation of the
lead by extraction with dithizone! appeared to be impossible when the cobalt con-
centration was higher than o.1 M (Fig. 4, curve 2). Therefore the cobalt—lead sepa-
ration had to be done electrolytically for the determination of trace amounts of lead.
An electrolysis of a 2 M Co-1 M HCI solution was performed at —o0.800 V after add-
ing 21Pb and 6°Co. On a 400-channel gamma-spectrometer, a spectrum was taken
before and after the electrolysis. This showed that cobalt remained almost completely
in solution, and thus did not interfere in the colorimetric determination of lead.

Divalent mercury reacts readily with excess dithizone in a fairly acid medium
to give an orange-coloured complex, but it can also interfere in alkaline mediuml.
Twice-distilled mercury was introduced into a silica boat and distilled as described
earlier. The extinction of the residue was determined, and proved the distillation to
be quantitative.

To avoid interference by bismuth a preliminary electrolysis was carried out
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at a cathode potential of —0.200 V vs. S.C.E. Bismuth was deposited quantitatively
whilst lead remained in the solution (¢f. Fig. 1).

Experiments showed that indium was not deposited in 1 M HCl at —0.800 V
vs. S.C.E. and would therefore not interfere.

The electrolytic separation of lead from thallium and tin will also be studied
although interference from these elements is unlikely, as they have seldom been pre-
sent in similar analyses.

The deposition of micro quantities of bismuth, indium and thallium and their
colorimetric determination will be discussed in a later paper.

RESULTS

A number of analyses have been performed on synthetic samples by adding a
known quantity of a standardised lead solution to a cobalt solution freed from lead
by electrolysis at a mercury cathode in a Melaven cell. The results are summarised in
Table 3. Correction was made for the lead present in the 2 ml of tracer solution
amounting to 1.98 ug. The determination of 2—25 ug of lead in 25 ml was possible
with an average error of 5%,. This method allows the determination of 10-4-5 - 10759,
of lead in cobalt when electrolysing 25 ml of a 2 M cobalt solution.

TABLE 3

DETERMINATINN OF LEAD IN COBALT

Pb added Co added Yield Pb found Pb found
(ug) (g) (%) (ug) (corr. blank)
(ng)
25 2.9495 82.46 27.78 25.80
20 2.9495 86.32 22.66 20.68
10 2.9495 81.53 11.96 9.98
5 2.9495 75.60 7.76 5.78
2.5 2.9495 89.80 4.50 2.52
o 2.9495 81.80 1.98 o

It is not really necessary to determine the correction for the yield radio-
chemically. Although this yield can vary as much as 109, or more, as shown in Table 3
these variations can be decreased considerably by performing the electrolyses immedi-
ately one after another with freshly prepared solutions and under the same conditions.
The yield of 4 successive electrolyses of solutions each containing 25 ug of Pb, were,
respectively, 93.47 — 90.25 — 90.9I — 89.75%,, with an average value of 91.90
4+ 1.29, and of three successive electrolyses of solutions containing 10 ug, 81.53
— 83.74 — 84.07%,, with an average value of 83.10 4 1.10%,. In this way a satis-
factory colorimetric determination of the yield is possible. After the determination of
the lead content of the unknown sample, the yield is determined under the same
conditions for a standard lead solution.
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SUMMARY

Traces of lead in cobalt are determined colorimetrically with dithizone after a
prior separation of the lead on to a mercury cathode using controlled potential
analysis and subsequent distillation of the mercury in a nitrogen atmosphere. The
total yield of lead is determined using the radio-isotope 21°Pb. The conditions, 7.e.,
electrolysis time, cathode potential, acidity, mercury volume, lead concentration, for
electrodeposition of micro quantities were investigated. Interferences of cobalt,
mercury, indium and bismuth are discussed.
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INTRODUCTION

The majority of experimental a.c. polarographic investigations of electrode
processes have employed the dropping mercury electrode (D.M.E.). Nevertheless,
neglect of the influence of curvature (electrode geometry) and movement relative to
the solution (electrode growth) of the electrode surface characterize most theoretical
treatments of the small amplitude a.c. polarographic wave which are applied to these
data. The fact that a.c. wave equations applicable strictly only to the stationary
planar electrode may be considered accurate for work with the D.M.E. is suggested
by the theoretical treatments of KouTEckY! and GERISCHER?, as well as intuitive
rationalization. KOUTECKY considered the contribution of drop growth in his theory
for the diffusion-controlled (reversible) a.c. polarographic wave. He showed that for
normal conditions of mercury flow, drop life and alternating potential frequency, the
influence of drop growth is negligible. GERISCHER derived equations for the faradaic
impedance with a stationary spherical electrode at the equilibrium potential (zero
direct current) for a process kinetically controlled by diffusion and charge transfer
(the quasi-reversible case). His equations showed that the spherical correction is
insignificant for normal drop radii and frequency of alternating potential. These
theoretical results appear to support two simple intuitive concepts: (a) the rapidly
changing alternating potential renders negligible the influence of the slow movement
of the electrode surface relative to the solution; (b) the short distance which the a.c.
concentration wave extends into the solution at frequencies usually employed (> 10
c/sec) renders electrode geometry unimportant. The diffusing particles involved in the
a.c. concentration profile are so close to the electrode that they do not ‘see’ the
curvature of the electrode surface.

Thus, although the theoretical treatments of KouTECKY and GERISCHER are
applicable to the rather specific cases of the reversible process and the quasi-reversible
process in absence of direct current, their results combined with the foregoing intuitive
ideas apparently led most workers concerned with the theory of the a.c. polarographic
wave to ignore possible influence of mercury drop growth and geometry. One ex-
ception is the classic paper by MATSUDAS on the quasi-reversible system. MATSUDA
employed the expanding plane approximation which accounts for drop growth. His
final equation showed that drop growth can influence the magnitude of the quasi-
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reversible a.c. wave under normal experimental conditions. Thisis evidenced, among
other ways, by the presence of the ubiquitous factor, y/Z, (see eqn. (14)). Closer ex-
amination of these equations indicates that the term responsive to drop growth,
F(At}), reduces to unity when the d.c. process is reversible. Under these conditions
influence of drop growth disappears, and the equations for the expanding plane
and stationary plane become identical. Thus, MATsUDA’s predictions are not in
conflict with the work of KouTECkY which was applicable only to reversible systems.
The source of a contribution due to drop growth when the d.c. process is quasi-
reversible and the reason for its negligibility when the d.c. process is reversible can
be rationalized without difficulty. Primary factors in determining the cell impedance
under a.c. polarographic conditions are the magnitﬁdes and ratio of the d.c. (or mean)
concentrations of the oxidized and reduced forms of the electroactive couple at the
electrode surface. In a.c. polarography, these parameters are varied % sitis through
the d.c. polarographic process. When the d.c. process is reversible, movement of
the electrode surface into the solution is unimportant because the mean concentra-
tions of the two redox forms are determined primarily by thermodynamic considera-
tions, 7.e., the electrode potential. However, when charge transfer kinetics influence
the d.c. process, non-equilibrium conditions exist with regard to the d.c. surface
concentrations. A competition between mass transfer and charge transfer ensues and
the magnitude of the deviation from equilibrium is influenced by movement of the
electrode into the solution which enhances mass transfer. Thus, one concludes that
drop growth influences the a.c. wave indirectly through its effect on the d.c. process,
when the latter is subject to kinetic effects of charge transfer. The previously ex-
pressed intuitive ideas arguing that the a.c. wave would not be responsive to drop
growth do not represent an incorrect concept of the a.c. process. They simply fail
to take account of the coupling between the d.c. and a.c. polarographic processes.

Implications of this analysis of MATSUDA’s equation go beyond the conclusion
that drop growth can be important. The same arguments expressed to rationalize the
prediction of a contribution from drop growth lead one to conclude that electrode
geometry can also be important when the d.c. process is quasi-reversible. Electrode
geometry affects the d.c. concentration gradient at the interface. Thus, deviations
from equilibrium of the mean surface concentrations will be dependent upon electrode
geometry.

The purpose of the work presented is to reassess the influence of electrode
geometry and drop growth on the small amplitude a.c. polarographic wave, empha-
sizing the quasi-reversible case. The magnitude of these influences is examined by
comparing calculated a.c. waves for various mass transfer models (planar diffusion,
spherical diffusion, etc.) employing a wide range of rate parameters. An a.c. polaro-
graphic wave equation applicable to the D.M.E. with a quasi-reversible system is
presented. Implications of the theoretical results regarding a.c. polarographic studies
with stationary electrodes, studies of time-dependence of the a.c. wave, investigations
of more complicated mechanisms and other aspects of a.c. polarography are considered.

THEORY

Equations presented here for the quasi-reversible system represented by the
reaction scheme
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O+ne=R
incorporate the assumptions: (a) Fick’s law is applicable to each diffusing species
independently; (b) the theory of absolute reaction rates as applied to electrode
reaction kinetics4 is applicable; (c) charge transfer involves one rate-determining
step; (d) the electrode process is influenced kinetically solely by charge transfer and
diffusion; (e) each reacting species is soluble either in the solution or electrode
phase; (f) adsorption effects are negligible; (g) double-layer influences not encom-
passed by the Frumkin theory® are negligible; (h) the potentiostatic approximation
for the d.c. potential is accurate, 7.e., the scan rate is so slow that the change in d.c.
potential is negligible over the life of a single mercury drop; (i) steady state is achieved
in the a.c. concentration profiles; (j) small amplitudes (AE<<8/%» mV) of alternating
potential are employed.

Equations presented here do not include terms accounting for double-layer
corrections of the Frumkin type or activity corrections. However, these are introduced
conveniently. Multiplying k» in the following equations by exp[(«# — Zo)FA¢Ee/RT)
effects the double-layer correction® and multiplying &» by foffr* introduces the
activity corrections3.?. A list of notation definitions is given in Appendix I.

A. Stationary planar electrode

Equations based on this electrode model have been applied to data obtained
with the D.M.E. simply by introducing the time-dependence of electrode area
[eqn. (x2)]. As indicated above, this practice amounts to neglecting curvature and
motion relative to the solution of the surface of the D.M.E.

For an applied potential

E(f) = Ea... — AE sin wt (1)

the small amplitude a.c. polarographic wave equation for planar diffusion and a
quasi-reversible system may be written, for only the oxidized form of the redox
couple present initially?.8

Ip(wt) = Itev. Fp(At)Gp(wtA-1) sin (wt + 0p) (2)
where
[ i i 2AC°*(“’D°]?‘AE (3)
2L
4RT cosh (2)
Fp(AY) = 1 + (xe~7 — f) et’terfc (As}) (4)

Gp(wtil) = [

2 3
I = (I -+ V’;w)z]

6 = COt_l(I + V_Zlﬂ) (6)
. F .
j = Zo7 (Bae. — Ey) ?)
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A= %{ (e~ 4 efi) (8)

D= DOBDRa (9)
r — O fR

Ef=E 1 n ( fo)( ) (x0)

ﬂ =1 —x (II)

A = 0.8515(mt)* (at 25°) (x2)

The term Irev. is the amplitude of the reversible a.c. polarographic wave. The
functions Fp(At!) and Gp(w? A-1) represent ‘correction’ terms accounting for deviations
from reversibility. The term Fp(As?) is dependent on the influence of charge transfer
kinetics on the d.c. process, 7.e., it differs from unity when the mean concentrations
of the electroactive species at the interface deviate from their Nernstian values. The
term Gp(w?*A-1) responds to charge transfer kinetic effects on the a.c. process and
differs from unity when the alternating component of the surface concentrations
deviate from the Nernst equation. Similar terms will appear in equations for other
electrode models. While they may differ in magnitude, their significance is the same.
The symbol F(Att) will refer to the term related to the d.c. process while G(w?4-1)
will be the term due to the a.c. process. Subscripts, such as employed above, will
designate to which electrode model the term applies.

B. Expanding planar electrode

MaTsuDA’s derivation of the a.c. polarographic wave equation for a quasi-
reversible system employed this approximation which takes account of contributions
due to drop growth, but neglects drop curvature. He showed for normal conditions
of mercury flow, drop life, scan rate and alternating potential frequency, that the
a.c. polarographic wave with the reduced form initially absent from the solution is
given by the expression3

Iep(wt) = Irev. FEp(At})Gep(w? A1) sin (w? + Oep) (13)
where
B 73k (1.61 4 At})
Fep(At}) = 1 + (3_7t) (=i — B) m})—z (14)
Gep(wtA-1) = Gp(wti-1) (15)
Oep = Op (16)

and Irev. is given by eqn. (3). It should be noted that only the term responsive to
kinetic influence of the d.c. process, Fgp(At}), differs from the analogous term for the
stationary plane model. The G(w*A-1) and phase angle terms are identical. It is to
be expected under rather extreme experimental conditions (e.g., very low frequency,
very short drop life, etc.) that Gep(wtA-1) and Ozp would differ from Gp(w?*A-1) and
0p, respectively. MATSUDA did not derive closed-form expressions for these quantities
applicable to all experimental conditions, but assumed normal conditions and
proceeded to prove eqns. (15) and (16).
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A more exact form for Fgp(4t) is obtained?® by replacing A¢t by (A¢%)1.04. The
latter form was employed in calculations reported here. Differences between the two
alternatives are usually small, except for the slowest charge transfer rates considered
(e.g., kBn =5 * T0~4cmsec-1).

C. Stationary spherical electrode

By introducing the time-dependence of electrode area one can apply this
electrode model to the D.M.E. This amounts to considering the contribution due to
drop curvature, but neglecting drop growth. A complete a.c. polarographic wave
equation for this electrode with a quasi-reversible system has not been reported to
our knowledge. GERISCHER’s equations? for the faradaic impedance at a stationary
spherical electrode do not apply rigorously to conditions of both alternating and
direct current flow which exist in a.c. polarography. The derivation of the a.c.
polarographic wave equation for diffusion to a stationary sphere with both redox
forms soluble in solution, the reduced form absent initially and equal diffusion
coefficients, is given in Appendices II and III. Equations for the case of the reduced
form soluble in the electrode (as in metal ion—metal amalgam systems), where one
must consider the finite volume of the diffusing medium, will not be given here. This
important case is treated in the derivation of equations for the D.M.E., to follow.
The equations obtained in the Appendix may be written

Is(wt) = Itev. Fs(At})Gs(w*A-1) sin (wt + Bs) (17)
where
, _(xed — )
T (Dotro~t + )
X {Aexp ([Dotro—t 4+ A)%) erfc ([Dotro—1 + Alt}) + Dotro—1}

Fs(Mth) = 1

(18)
2 L3
Gs(w?a-1) = Vo - (19)
(24— p) +a—on
A
20
g EF
0s = cot—1\_—_ N (20)
1—0Q
P L /2 2
=;~;}7(I—;2y+y) (21)
0=—2—(z—y+) (22)
14 y4
Dot
¥ (23)
and Irey. is given by eqn. (3). Examination of these relations indicates for '
y<LI (24)

J. Electroanal. Chem., 9 (1965) 192—217



INFLUENCE OF DROP GROWTH AND GEOMETRY IN A.C. POLAROGRAPHY 197

that
P<i1 (25)
Q<1 (26)
so that P and Q are negligible leading to the results
Gs(wtA-1) = Gp(wti-1) (27)
bs = Bp (28)

Substitution of typical experimental values of 7o, Dy and w indicates that the above
inequalities will be obeyed for usual experimental conditions, so eqns. (27) and (28)
will apply. This result is analogous to that obtained for the expanding plane model,
i.e., the only term dependent on the geometry contribution is the term responsive
to deviations of the d.c. process from reversibility, Fs(4¢}).

Although direct derivation of equations assuming inequality of diffusion
coefficients is possible, diffusion coefficients were assumed equal in deriving the above
equations to avoid much algebraic complexity. The important result expressed by
eqns. (27) and (28) is not dependent on the assymption of equality of diffusion coeffi-
cients.

D. Expanding spherical electrode (D.M.E.)

It would be desirable to solve the mass transfer relations considering simultane-
ously contributions due to electrode geometry and growth. However, complete and
direct solution of the MacGillavry—Rideal? differential equation for a.c. polarography
appears extremely cumbersome. In view of certain results obtained for the cases
considered above, a direct approach also appears unnecessary. It has been shown for
normal experimental conditions, that only the F(4¢}) function retains terms charac-
teristic of the specific electrode model employed. All other components of the solution
are adequately expressed on the basis of the stationary plane. In addition, for any
of the cases considered it can be shown that the F(A#?) function can be written

(xe=i — ﬂ)D*id,c,(i)
nFACo* Dotkpe~

F(At}) =1 + (29)
where 74.c.(f) is the direct current corresponding to the electrode model under con-
sideration. This result can be derived directly for all the cases considered above (cf.,
e.g., ref. 7 for the stationary plane and Appendix II for the stationary sphere).
Alternatively, one can show that eqn. (29) is consistent with eqns. (4), (14) and (18)
by substituting the appropriate solutions for the direct current into eqn. (29). The
direct currents for a stationary planar electrodel?, an expanding plane3 and a station-
ary sphere (both redox forms soluble in the solution, diffusion coefficients equal) are,
respectively,

ta.e.(t) = nFACo*(%)2khe—°‘ie’12terfc (Ag%) (30)

A(x.61 + Af})
+ ef)(1.13 + A8h)2
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fnc(f) = nFACo*kne—i (ﬁ)
0*70

x {Aexp[(Dotro=1 -+ A)2] erfc [(Dotro=t + A)tt] + Dotro=1} (32)

Substituting eqns. (30), (31) and (32) in eqn. (29) yields eqns. (4), (14) and (18),
respectively. A simple approach to an expression for the D.M.E. is suggested by the
facts that: (a) F(A#?) is the only term significantly dependent on the electrode model;
(b) F(At}) can be expressed in the general form of eqn. (29); (c) substitution of the
appropriate expression for the direct current with a particular electrode model into
eqn. (29) yields F(Af?) for that electrode. We submit that to obtain an equation for
the a.c. polarographic wave adequately accounting simultaneously for geometry and
growth of the mercury drop, one simply substitutes into eqn. (29) the eqns. of
KouTteckY anD CfZEK for the d.c. polarographic wave at the D.M.E. with a quasi-
reversible system!1. This leads to the results

Ipm.e.(wt) = Irev. Fo.m.E. (MY)Gp(w?A-1) sin (wt + Op) (33)

where Irev., Gp(w?A-1) and Op are given by eqns. (3), (5) and (6), respectively,

o L .
Fpme.(AtH) =14+ V3_Zt_t (ove=d /3)[1 + 0.7868(1 + dted) 1;

i (1 + )
(1 + dted)
% {F(X) — 51[0.7868 e P - GA(X)]} (34)

for both redox forms soluble in the solution and

0.7868(1 — oted) 1}

o 2 (e — )
Fome(AY) = 1 + ‘/ﬁ {I + (1 + &)

A

X {F(X) — 51[0.7868%;—;% F(X) — GB(X)]} (35)

for the reduced form soluble in the mercury drop. F(X), Ga(X), Gp(X) and &, are
defined in KouTECKY AND CiZEK’s manuscript!l. The other new quantities are

12
X =)= 6
= (36)

Dpr
0= D, (37)

These equations are quite cumbersome and application in data analysis appears
difficult. This matter is discussed later. However, it is proposed that they represent
an exact a.c. polarographic wave equation for the D.M.E. and thus permit theoretical
assessment of the importance of the combined contribution of drop growth and
geometry.
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The concepts invoked to obtain the equations for the D.M.E. lead also to some
important conclusions regarding a.c. polarography at stationary electrodes. These are
discussed below.

COMPARISON OF A.C. POLAROGRAPHIC WAVES PREDICTED FOR THE VARIOUS ELECTRODE
MODELS

It is apparent that the theoretical equations differ for various approximations
to the D.M.E. It has not been established that these differences are important under
conditions where a.c. polarographic waves normally are observed with quasi-reversible
systems. To investigate this aspect, numerous calculations of a.c. waves predicted by
the various models have been performed. An IBM 709 digital computer was utilized
to facilitate this work. Calculations were limited to the range of heterogeneous charge
transfer rate constants between 10-4 and 10-2 cm sec~l. For rate constants much
larger than 10-2 cm sec-!, the d.c. process is reversible and differences between
predictions for different electrode models prove negligible. Rate constants much
smaller than 10-4 cm sec—! yield a.c. waves prohibitively small so that accurate
measurement proves difficult. Although the two-decade range for rate constants of
interest in this investigation may appear rather small, numerous systems have been
found to exhibit rates in this range as evidenced by data presented in a recent
extensive discussion of a.c. polarography!2. In addition to a.c. polarograms calculated
from equations given above, theoretical polarograms based on the assumption that
the d.c. process is reversible, [F(A¢}) = 1], were included in the comparison of
theoretical models. The latter correspond to polarograms predicted by the Breyer—
Bauer—Kambara expression13:14, Comparing these with polarograms not subject to
this assumption permits assessment of the contribution of non-Nernstian conditions
in the d.c. surface concentrations. BREYER AND BAUER clearly indicate the limitation
of their equation, but belittle the importance of considering conditions where the d.c.
process is not reversible13.

Figures 1-11 and Tables 14 illustrate a sampling of the results of our calcu-
lations. In equations for spherical electrodes, it is assumed that both redox forms
are soluble in solution. All calculations assume reduced form initially absent from
solution. Results are given for charge transfer rate constants of 1.00 X 1072, 1.00 X
10-3 and 5.00 X 10~4 cm sec-! and x values of 0.200, 0.500 and 0.800. Calculated
a.c. polarograms correspond to the instantaneous alternating current at end of drop lifc.
Some calculated alternating current—time curves for the life of a single drop [I(w?)-#
curves] are also presented. The study of ¢—# curves over the life of a single drop has
recently received much attention in d.c. polarography!516.17. Advantageous appli-
cation of similar investigations in a.c. polarography has not been suggested to date.
However, because it is perhaps inevitable that experiments of this nature will be
suggested, calculation of such curves was performed to establish the importance of
electrode geometry in such studies.

It is apparent from brief perusal of the figures and tables that a number of
general conclusions can be reached. Contributions of quasi-reversibility in the d.c.
process, drop growth and geometry will be of notable importance when k» becomes
less than 10-2 cm sec-!. For rate constants of 103 or smaller, these effects can be
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remarkably large. The magnitude and form of these influences on the a.c. wave is
strongly dependent on the value of & for any particular magnitude of 5. In all cases,
the expanding plane equation lies closest to the exact (D.M.E.) expression, with the
stationary sphere model next, and the stationary plane showing greatest deviations.
This indicates that the contribution of drop growth is more important than electrode
geometry, the result expected because this is the situation known to exist in d.c.
polarography. Geometry and drop growth contribute significantly to the position and
magnitude of the peak of the a.c. wave, a parameter of considerable interest to most
experimentalists. Some typical predicted differences in magnitude and position of the
a.c. polarographic peak between the various approximate models [eqns. (2), (13) and
(17)] and the exact solution [eqn. (33)] are given in Table 1. Contributions of electrode

TABLE 1

PEAK CURRENTS AND PEAK POTENTIALS FOR VARIOUS ELECTRODE MODELS

Rate parameters kn = 1.0 X 1073 cm sec=1, ky = 5.0 X 10-4cm sect, ky=5.0X 10~4cm
x = 0.50 & = 0.20 sec1, & = 0.50
Peak ’-(Ed c. )Pzak Peak (Ed c. )Peak Peak [(Ed.c.)Pzak
curvent —E r] current —E r] cuvvent  —E 4]
(uamp) (V)* (uamp) (V) (wamp) (V)
Breyer—Bauer-Kam-o0.310 0.000 0.189 +0.031 0.160 0.000
bara model
Planar diffusion 0.325 —0.022 0.156 +0.046 0.198 —o0.056
Spherical diffusion 0.330 —o0.024 0.153 +0.048 0.209 —o0.068
Expanding plane 0.336 —o0.030 0.149 +0.049 0.224 —o0.080
Expanding sphere 0.346 —o0.036 0.145 +0.050 0.247 —0.095

geometry and growth are most significant on the cathodic portion of the a.c. wave.
This phenomena appears because the polarograms apply to the case where only the
oxidized form is initially present in the solution. It manifests the greater width and
steepness of the d.c. concentration profile at negative potentials where interface
concentrations deviate most from bulk concentrations. Exactly the opposite result
is obtained (i.e., greater influence at positive potentials) if one assumes only reduced
form initially present. An intermediate situation is expected for the case in which
both redox forms exist in the bulk of the solution. It should be noted that there
is always one d.c. potential (sometimes difficultly discernible for large x) along the
a.c. wave at which all of the equations predict the same current and the directions
of the contributions due to drop growth, etc. reverse. This potential corresponds to
(xe=i — B) = o. It is the same d.c. potential at which dependence of the a.c. wave
on mercury column height disappears8. The determination of this potential has been
suggested for evaluation of «.8 The equation based on neglecting the influence of
non-Nernstian d.c. behavior predicts a.c. waves considerably different in magnitude,
position of the peak, and half-width of the wave, as compared to the equations
accounting for this effect. Differences in position and width are not surprising because
neglect of quasi-reversibility of the d.c. process neglects the shift in potential and
decreased slope (i.e., broadening) of the d.c. wave for such conditions. As expected,
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TABLE 2
ALTERNATING CURRENTS PREDICTED BY VARIOUS MODELS &, = 1.0 X I0~2 cm sec™!, & = 0.20;

values of other parameters as in Fig. 1

Eaq.. — Ey7 Breyer— Bauer— Stationary Stationary Expanding Expanding

Kambara model plane spheve plane sphere
—o.10 0.164 0.198 0.204 0.209 0.220
—o0.08 0.317 0.348 0.353 0.358 0.368
—o0.06 0.588 0.610 0.614 0.617 0.624
—0.04 1.015 1.020 1.021I 1.021 1.023
—o0.02 1.552 1.535 1.532 1.529 1.524

0.00 1.976 1.946 1.940 1.936 1.926

+o0.02 2.001 1.974 1.969 1.966 1.956
+o0.04 1.598 1.583 1.580 1.579 1.570
+o0.06 1.040 1.034 1.033 1.033 1.030
+o0.08 0.584 0.582 0.582 0.582 0.581
+o.10 0.299 0.298 0.298 0.298 0.298
TABLE 3

ALTERNATING CURRENTS PREDICTED BY VARIOUS MODELS R, = 1.0 X 10~2 cm sec™}!, x = 0.50;

values of other parameters as in Fig. 1

Eg.c. — EQ’ Breyer— Bauer— Stationary Stationary Expanding Expanding
Kambara model plane sphere plane sphere
—o.10 0.254 0.298 0.305 0.310 0.327
—o0.08 0.478 0.531 0.541 0.547 0.567
—o0.06 0.836 0.893 0.904 0.9T1 0.930
—0.04 1.314 1.362 1.371 1.377 1.398
—o0.02 1.776 1.801 1.805 1.809 1.817
0.00 1.976 1.976 1.976 1.976 1.976
+o0.02 1.776 1.765 1.763 1.761 1.757
+0.04 1.3I4 1.304 1.303 1.301 1.298
+0.06 0.836 0.831 0.830 0.829 0.827
+0.08 0.478 0.478 0.475 0.475 0.474
+o0.10 0.254 0.253 0.253 0.253 0.252
TABLE 4

ALTERNATING CURRENTS PREDICTED BY VARIOUS MODELS £, = I.0 X 10-2 cm sec™!, x = 0.80;

values of other parameters as in Fig. 1

Eae. — Eyr Breyer— Bauer— Stationary Stationary Expanding Expanding
Kambara model plane sphere plane sphere
—--0.10 0.299 0.325 0.330 0.331 0.343
—o0.08 0.584 0.626 0.634 0.637 0.656
—o0.06 1.040 1.101 1.112 1.118 1.143
—0.04 1.598 1.668 1.681 1.689 1.715
—o0.02 2.001 2.059 2.069 2.077 2.097
0.00 1.976 2.007 2.012 2.016 2.026
+o0.02 1.552 1.560 1.561 1.562 1.565
+o0.04 1.0I5 1.014 1.014 1.014 1.014
+0.06 0.588 0.586 0.586 0.585 0.585
+0.08 0.317 0.316 0.315 0.315 0.315
+o.10 0.164 0.163 0.163 0.163 0.163
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variations between the a.c. waves predicted by the different models become quite
small for 2z = 1.00 X 10-2 cm sec—l. The small differences discourage graphical
illustration so results for this value of %, are given in tabular form (Tables 2—4).
However, the contributions of drop growth etc. may still be greater than experimental
uncertainty, e.g., peak currents in Table 4. The effect of increasing drop life (de-
creasing mercury column height) on the differences between the various models is
illustrated for a particular set of rate parameters in Figs. 2, 3 and 4. It is seen that
the variations between the predicted a.c. waves tend to decrease as drop life in-
creases. This occurs because longer times permit the interface concentrations to
approach more closely Nernstian conditions. Figures 9—11 illustrate the importance
of the effects under consideration on studies of I(w?)--f curves in a.c. polarography.
For the log I(wf) vs. log¢ plots, the Breyer—Bauer—Kambara theory neglecting
non-Nernstian d.c. behavior predicts a linear plot with a slope of 2/3. The theoretical
equations accounting for this effect predict slopes differing significantly from £, and
in some cases the log—log plots are non-linear. In addition, the latter equations all
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Fig. 1-8. Calculated a.c. polarograms for the quasi-reversible system with various electrode
models: , Breyer—Bauer— Kambara model; — —, planar diffusion; — - —, spherical diffusion;
— . . —, expanding plane; . . . ., expanding sphere. n = 1, T = 25°, AE = 5.00 mV, v = 125.66,
Co* = 1.00 X 10°3 M, m = 1.40 mg sec~1, Do = Dr = 5.00 X 108 cm? sec~1. Values of &j, &, and
droptime are given in the following table

Figure Rn o drop- Figure En o dvop-

(cm sec—1) time (em sec—1) time

(sec) (sec)
1 1.00 X 10-3 0.200 6.0 2 1.00 X 1073 0.500 3.0
3 1.00 X 1073 0.500 6.0 4 1.00 X 1073 0.500 9.0
5 1.00 X 1073 0.800 6.0 6 5.00 X 1074 0.200 6.0
o 5.00 X 1074 0.500 6.0 8 5.00 X 1074 0.800 6.0

predict approximately the same slopes (or tangents to the curve in non-linear plots)
for the log I(wt)-log ¢ plots. This implies that electrode growth and geometry
significantly alter the magnitude of the alternating current, but not the form of the
time dependence. Thus, one contemplating the determination of kinetic parameters
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from the slope of log I(wt)-log ¢ plots may consider equations for the stationary
plane adequate. This type of result was expected because in theoretical treatment of
the d.c. wave it is found that the approximate approaches usually predict with
relative accuracy the form of the time dependence, while they fare poorly in predicting
current magnitude.

The levelling off or increase in alternating current at very negative potentials
for systems with small values of & (Figs. 1 and 6) represent secondary peaks or
shoulders predicted by the theory (cf., MATSUDA’s manuscript3). While not shown in
Figs. 1 and 6, the predicted current eventually decays to zero at sufficiently negative
potentials. This feature of the a.c. polarographic wave has been observed experimen-
tally in at least one instance!8.

IMPLICATIONS OF THEORETICAL RESULTS

The results of this theoretical study suggest some important implications
related to the theory and practice of a.c. polarography. These are the concern of the
remainder of this discussion.

A. More complex reaction schemes

The above development was concerned with the kinetically simple quasi-
reversible system in which only diffusion and charge transfer exert kinetic control.
However, the same ideas used to rationalize influence of electrode geometry and
growth when the d.c. process is influenced kinetically by charge transfer lead one to
similar conclusions regarding systems with coupled chemical reactions and/or
adsorption. One is led to conclude that when the d.c. process is influenced kinetically
by either charge transfer, chemical reaction or adsorption, contributions of
electrode geometry and growth may exert significant influence on the a.c. polaro-
graphic wave. When any of these rate processes is sufficiently slow, deviations from
equilibrium of the mean surface concentrations may occur. Through their effects on
the d.c. mass transfer process, electrode geometry and growth will influence the
magnitude of deviations from equilibrium for both chemical and electrochemical
steps. Thus, a system with a coupled preceding chemical reaction
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Fig. ga—11a. Calculated instantaneous alternating current—time curves for the quasi-reversible
system with various electrode models. Fig. gb—11b. Calculated log I(w?) vs. log ¢ curves for the
quasi-reversible system with various electrode models (curves for spherical and expanding plane
lie between those for planar and expanding drop). Parameters and legend, see Fig. 1-8. Values
of kn, %, Eq.c. — Ei' and Co* are given in the following table

Figure knfcm sec—1) o Ea.e. —Ey(V) Co* (M)
9a,b 1.00 X 1073 0.200 +0.040 I1.00 X I0~2
10a,b 5.00 X 1074 0.500 —o0.080 1.00 X 102
11a,b 1.00 X 1073 0.500 —0.030 1.00 X 10~2
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y= i O+ne=R
k2
can yield an a.c. wave dependent on electrode growth and geometry if the preceding
chemical reaction and/or charge transfer kinetically influence the d.c. process. As an
example, the contribution of drop growth will be illustrated in a more formal manner.
Employing the stationary plane diffusion model, the a.c. polarographic wave
equation for a system with a coupled preceding chemical reaction is given by7:8

I(@t) = Iev.Go(t) H(w?A-1,g) sin (wt % cot*lg) (38)
where
Gelf) =1t & e_,){ DQQO f Qol t . d“} (39)
Qolt) = et (40)
H@'8) = [5ras] (41)
4 =V2EO_ T i ) {ej T fK T3 J: K[(I t iz);j gr} (42)
S=R Ji ef>{ej Ty fK Ty J: K[(I j;iz);z_ g]&} (43)
g=2 Z < (44)
k=2 (45)

and Irev. is given by eqn. (3). The term dependent on direct current, Gp(¢), is analogous
to F(A#}) in the quasi-reversible case. It is dependent upon deviations from equilibrium
(chemical or electrochemical) of the d.c. surface concentrations. Employing the
expanding plane model and proceeding as in MATSUDA’s derivation?, one obtains a
result differing from the stationary plane model only in the G(¢) term. For an ex-
panding plane one obtains in place of Ge(?)

_jy [¥D*Qo() V7 ¢ u¥Qo(u)du

Ger(t) = (1 + e7) " ne e (7% — u7/3)4 (46)
The difference in the integrals in Gp(#) and Gep(¢) manifest one difference in stationary
and expanding plane models. A different form of Qo(f) also is expected for the two
models. Whereas with the quasi-reversible system, F(Af!) expressed in terms of
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ta.c.(t) couldgbe written in an identical fashion for any electrode model [eqn. (29)],
this does not hold for the system with a coupled preceding chemical reaction. The
term dependent on electrode geometry and growth differs for the stationary and
expanding plane models and is expected to exhibit other forms for stationary sphere
and D.M.E. models. The variations appear in the integral. For a number of reasons
this complication renders somewhat ineffective the approach employed to obtain the
‘exact’ a.c. wave equation for the quasi-reversible system at the D.M.E. [eqns. (33),
(34) and (35)]. We have been unable to deduce the form of G(¢) in terms of 7q.c. for
the D.M.E. model. Even if this were achieved, the form of the integral may prove
so complicated that integration of the appropriate expression for ¢q.c.(f) may prove
difficult. This is implied by the complexity of the integral obtained for the ex-
panding plane. Finally, the problem of deriving equations for the entire d.c. polaro-
graphic wave considering kinetic effects of charge transfer and chemical reaction, as
well as the contribution of electrode geometry and growth, has not been solved.

For the special case in which only chemical reaction kinetically influences the
d.c. process, the G(¢) function with a preceding chemical reaction assumes the form?

(¢t — u)du
Gelt) = (1 + eJ) f u (47)
for the stationary plane and
tou
Gep(t) = (1 + & V7 tsti( %)7/3)# (48)

for the expanding plane. Theintegral still appears so the G(¢) function differs in form for
various electrode models and many of the problems discussed for the general case
still apply, although solution of the d.c. polarographic problem should prove less
difficult.

For the case where the preceding chemical reaction is so rapid that it exerts
only thermodynamic influence on the d.c. process, but charge transfer is kinetically
important, the integral term disappears and Gp(f) and Gep(¢) have the form

. (14 e)(1 4 K) aKe-i D#Qo(t)
Gep(t) = Ge(t) = K+ @+ Ko [ -+ (I TK ﬂ) Fne—i ] (49)

This applies for all electrode models and the problem of theoretically accounting for
electrode geometry and growth can be handled as for the quasi-reversible case. As
expected, when neither chemical reaction nor charge transfer kinetics influence the
d.c. wave, the G(f) term is independent of direct current and, thus, electrode growth
becomes unimportant. For these conditions

(1 + &) (1 + K)
K+ (14 K)el

Gt) = (50)

for any electrode model. The factors causing G(¢) to differ from unity arise because
of the shift in the d.c. polarographic wave to negative potentials due to the thermo-
dynamic influence of the coupled preceding chemical reaction.

J. Electvoanal. Chem., 9 (1965) 192—-217



208 J. R. DELMASTRO, D. E. SMITH

It is evident that when a chemical reaction influences the d.c. wave, solution
of the theoretical problem including contributions of electrode growth and geometry
appears quite difficult, in comparison with systems in which the d.c. wave is quasi-
reversible. This is due to increased complexity of the function responsive to non-
equilibrium conditions in the d.c. process and difficulty associated with obtaining an
exact solution for 7q.c.(f). Only the simple catalytic process

O+ne=R

1 I
retains the simplicity associated with the quasi-reversible system. The completely
general result for G(¢) with the catalytic case has the same form as F(4¢#) in eqn. (29)?
and solution of the d.c. problem has proven less difficult than for other types of
mechanisms!9,20,21,22,

At this time we can say little regarding handling the problem under considera-
tion for systems involving adsorption. There is every reason to believe that adequate
theoretical treatment will prove even more complicated than for the foregoing cases.

B. Time dependence of a.c. polarographic currents

Time-dependent a.c. polarographic waves (waves dependent on mercury
column height) and a.c. waves influenced by electrode geometry and growth arise
from exactly the same effect; a d.c. polarographic process influenced kinetically by
some rate process in addition to diffusion823.24.25. The two phenomena necessarily
appear in unison. Thus, waves dependent on column height will be influenced by
electrode geometry and growth. The absence of column height dependence assures
one that these complicating factors need not be considered. Because contributions
of electrode growth and geometry introduce significant complications into theoretical
equations, quantitative kinetic studies based on the magnitude of the column height
dependence are rendered difficult. However, certain types of measurements may
yield useful quantitative results without the necessity of handling cumbersome
theoretical relationships. Two examples are: (a) measurement of the potential of the
‘cross-over point’ with a quasi-reversible system® where column height dependence
disappears together with contributions of electrode geometry and growth; (b)
measurement of the slope of log I(wt)—log ¢ plots for which the simpler stationary
plane model suffices.

C. Preferved experimental approaches

Because contributions of electrode geometry and growth can be significant
when the d.c. process is not controlled solely by diffusion, sizeable errors in quantita-
tive kinetic work may result from neglecting these factors. Inclusion of these contribu-
tions severely complicates theoretical expressions when such expressions are derivable.
Further, one may reason that if drop growth and geometry are important, other
perturbing influences known to be significant in the d.c. process may influence the
a.c. wave for the same reasons. Among these are electrode shielding?6.27 and de-
pletion?5.16, both of which are difficult to treat theoretically. Such considerations lead
us to conclude that in experiments designed for quantitative kinetic studies, condi-
tions under which electrode geometry and growth are important should be avoided,
if at all possible. In most situations this should not be difficult. For some systems
with slow kinetics, proper choice of experimental parameters such as electrolyte

J. Electroanal. Chem., 9 (1965) 192—217



INFLUENCE OF DROP GROWTH AND GEOMETRY IN A.C. POLAROGRAPHY 209

concentration, pH, temperature etc. may effect a d.c. process controlled solely by
diffusion. However, altering solution conditions may prove unsatisfactory because
large deviations from experimental conditions of interest may be required to obtain
the desired result. Then other approaches are required.

One of the more encouraging aspects of a.c. polarographic theory is the
prediction that phase angles often will not be subject to contributions of electrode
geometry and growth, even when the d.c. process is kinetically controlled. This is seen
in equations for the quasi-reversible system and the system with a preceding chemical
reaction. The terms responsive to electrode geometry and growth, F(A¢}) and G(¢),
do not appear in the phase angle expression. It is predicted that phase angles will
be independent of such terms for systems with any number and type of coupled
first-order chemical reaction?. Systems of this type, as well as the simple quasi-
reversible case, encompass a wide range of systems which one may encounter. By
restricting quantitative data analysis to phase angles when charge transfer or chemical
reaction influence the d.c. wave, one may avoid the problem of accounting for
contributions of electrode geometry and growth, while retaining the accuracy
inherent in the a.c. methods. This represents another noteworthy advantage for phase
angle measurements. Advantages pointed out previously are frequent relative
simplicity of theoretical expressions for phase angle?8.29 and greater sensitivity of the
phase angle to various kinetic influences3?. On the other hand, with kinetically
complicated electrode processes, phase angle measurements alone may not suffice to
yield unambiguous values of rate parameters; then additional information furnished
by current amplitude data will be required. In addition, not all electrode reaction
mechanisms allow the simplicity of phase angle expression inherent in the systems
mentioned above. Mechanisms involving multi-charge transfer steps and second- or
higher-order chemical reactions can be shown to yield phase angle expressions
dependent on 7q.c.(f) when the d.c. process is not solely diffusion-controlled8:3¢ so
electrode geometry and growth can influence the phase angle. The same result is
expected for systems involving adsorption effects. These are the same kinetic schemes
which yield time-dependent phase angless.

To employ experimental conditions common to the classical faradaic impe-
dance measurement is obviously a useful way of avoiding electrode geometry and
growth considerations. In this experiment both forms of the redox couple are present
in solution and measurements are confined to the equilibrium d.c. potential where
zero direct current flows (if one neglects the small contribution due to faradaic
rectification). The d.c. process is virtually non-existent and coupling of electrode
growth and geometry contributions to the a.c. process via the d.c. process cannot
occur. This method is applicable only when both forms of the redox couple are stable
in solution.

Thus, if systems with slow kinetic steps influence the d.c. wave, adjustment
of solution conditions, confining quantitative measurements to phase angles and/or
employing measurements only at the equilibrium d.c. potential often will allow one
to avoid problems associated with contributions of electrode geometry and growth.
If it is necessary to employ data subject to these influences, one simplifying approach
appears useful in some cases. Rather than utilizing the a.c. wave equation in which
the complicated theoretical relation for the d.c. wave has been substituted [e.g.,
eqns. (33), (34) and (35)], one employs equations expressed in terms of 7q4.c.(f) and
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experimental values of this parameter. As an example, consider the quasi-reversible
system. Instead of employing eqn. (34) or (35) for F(A#?), one applies eqn. (29) and
substitutes experimental values of direct current for za.c.(f). Use of experimental
values should incorporate contributions of electrode geometry, growth, shielding, etc.
This approach appears readily applicable to the analysis of a.c. polarographic waves
with a quasi-reversible process, a simple catalytic process, all systems with first-order
coupled chemical reactions in which only charge transfer influences the d.c. process
and some systems with coupled higher-order reactions?:30 where the steady state
approximation3! is valid. In these cases the 74.c.(f) term arises in the a.c. wave
equations in a non-integral form [as opposed to eqns. (39), (46), (47) and (48)]. With
the exception of the catalytic case, theoretical relations for systems where coupled
first-order chemical reactions exert kinetic influence on the d.c. wave exhibit terms
involving integrals of the direct current as in eqns. (39), (46), (47) and (48). This
complicates the use of experimental values of direct current, particularly since the
appropriate integral for the exact electrode model (D.M.E.) is unknown. In addition,
evaluation of the integral requires knowledge of the detailed Z4.c.() vs. ¢ relation.
Thus, for systems in which such integrals appear, the use of experimentally determined
direct current values does not represent a simplification of the data analysis problem.

D. Stationary electrodes

Intuitively one is led to believe that equations for a.c. polarography derived
assuming a constant d.c. potential, might be applied also to a.c. polarography at
stationary electrodes under conditions of linear scan d.c. potential, if the scan rate
is small compared to the rate of change of alternating potential. UNDERKOFLER AND
SHAIN32 examined this problem quantitatively for the diffusion controlled a.c.
polarographic wave. Their equations supported intuitive expectations as did their
experimental results. They found no variation of the a.c. wave characteristics for d.c.
scan rates ranging from 2-150 mV per sec with ferric ion in oxalate media. Because
their equations and experiments were concerned with a reversible system, they did
not consider the problem of concern here, 7.e., the influence of a d.c. process subject
to kinetic control by rate processes in addition to diffusion. Placing the theory for
a.c. polarography at stationary electrodes with linear potential scan on a quantitative
basis for more complicated schemes is not difficult. If one assumes that scan rate is
slow relative to alternating potential changes, a.c. polarographic wave equations may
be derived for various mechanisms in the same manner as for the potentiostatic
model. The assumption of slow scan rate is invoked when evaluating integrals such
as

t A(u) sin oudu
fo (.’7[%)i

and

f‘ e~k 4 (u) sin wudu
0 (7eue)

etc. [e.g., ref. 29, eqns. (40—45)] by assuming A (¢) is a slowly changing function of
time (slow scan rate) so that it may be factored outside the integral [cf., MATSUDAZ].
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Final results for a.c. wave equations under linear scan conditions are identical in form
to equations given here and in the literature?.8:29.33 for constant d.c. potential when
the functions responsive to conditions in the d.c. process are expressed in terms of
td.c.(f), as in eqns. (29) and (39). The term ¢q.c.(f) is the linear scan voltammetric
current for the particular reaction mechanism. Egq.c. is expressed as

Edc.(t) = Ei — ot (51)

As with the potentiostatic model, deviations from equilibrium in the d.c. process can
have a marked influence on the a.c. wave. Since the magnitudes of such deviations
are influenced by d.c. potential scan rate, it is apparent that characteristics of the a.c.
wave can be markedly affected by this variable if the d.c. process is not solely
diffusion-controlled. This applies even when slow scan rate conditions as defined by
UNDERKOFLER AND SHAIN are fulfilled. For the quasi-reversible case, criteria given
by MATSUDA AND AYABE34 may be invoked to determine conditions under which an
a.c. wave dependent on scan rate will appear due to a non-Nernstian d.c. process.
In addition to producing an a.c. wave dependent on scan rate, a kinetically influenced
d.c. process at a stationary electrode introduces a dependence on electrode geometry.
Arguments essentially identical to those employed above lead to the conclusion that
in the a.c. wave equations for stationary electrodes, the 7q4.c.(f). term represents the
direct current in linear scan voltammetry for the particular electrode geometry employed.

The above method of derivation and final form of equations for the a.c.
polarographic wave with linear potential scan is essentially the same as given by
OxkAMOTO35 for oscillographic square-wave polarography.

E. A.c. polarography at large amplitudes

We wish to re-emphasize that all equations and discussion presented apply
only for small amplitudes of applied alternating potential (AE<<8/x mV). Such
conditions are achieved readily. A.c. polarograms uninfluenced by electronic noise
problems have been obtained with amplitudes an order of magnitude less than the
approximate upper limit of 8/z mV36. If amplitudes much larger than this limit are
employed, the basic conditions for the appearance of an a.c. wave influenced by
electrode geometry and growth remains unchanged. However, whatever simplicity
remained in the a.c. wave equations for such conditions is destroyed by application
of large amplitudes. For example, when the direct current is kinetically influenced
by processes other than diffusion, phase angle expressions for large amplitudes are
dependent on za.c.(f) and thus on electrode growth and geometry for any electrode
reaction mechanism.

APPENDIX I

Notation definitions

A = electrode area.

Dy = diffusion coefficient of species 7.

C; = initial concentration of oxidized form.

Eo = standard redox potential in European convention.
E; = initial potential.

E({) = instantaneous value of potential.
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AE = amplitude of applied alternating potential.

Ea... = d.c. potential.

E, = reversible polarographic half-wave potential.

f4 = activity coefficient of species 2.

F = Faraday’s constant.

R = ideal gas constant.

T = absolute temperature.

n = number of electrons transferred in heterogeneous charge transfer step.
id.c.(f) = instantaneous direct faradaic current (cathodic current positive).

I(wt) = fundamental harmonic faradaic alternating current (subscripts used to

designate electrode model — see text).
0 = phase angle of fundamental harmonic alternating current relative to
applied alternating potential (subscripts also used).
angular frequency.
time.
auxiliary variable of integration.
Laplace transform variable.
apparent heterogeneous rate constant for charge transfer at E©.
charge transfer coefficient.
first-order chemical rate constants.
mercury flow rate.
ionic valence of oxidized form.
Difference of potential between the plane of closest approach and the bulk
of the solution outside the diffuse double layer at potential Eq.c..
scan rate.
distance from the center of spherical electrode.
spherical electrode radius.

AN R 3o g
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{1 II
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APPENDIX 2

Derivation of a.c. polarographic current with diffusion to a stationary sphervical electrode
For diffusion to a stationary spherical electrode and the electrode reaction
O+ne=R

the system of partial differential equations, initial and boundary conditions is:

¥ oo (&
2

el =

=0, any 7; Co = Co* (A3za)

Cr=o0 (A3b)

t >0, 7>0; Co=Co* (A4a)

Cr=o0 (A4b)
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DCO___ DCR_ﬁ 1(¢)
t>o0; 7—70,Do~br—— DR?r_ﬁnFA (AS)

This boundary value problem has been solved previously3?38 for the surface concen-
trations. The results are:

t gt — u) 1 D,y 2u
— * _— ty,—1 o0 y—1yt
Cor=ro =Co fo WFADo? { Vo Dotro=1le erfc(Do*ro=1u )} du
(A6)

t— M 1 D1 _Zu
= — — Dglro~le RO fe(Drtro—1ut
f “nFADg* l l/ﬂ;u R*Fo" "€ erfc(Drtro=1u )} du (A7)

Substituting eqns. (A6) and (A7) into the absolute rate expression*

—oankF
RT

(E(t) — EO]} — Cn,., exp [E_T;)-”i [E(t) — Eo]}

(A8)

where the instantaneous potential, E(¢), is given by eqn. (1) and employing step-by-
step operations identical to those used by MATsUDA3, one obtains the system of
integral equations

DWQult) ., (sinehe &
o WS n-% {zx e~%J

(sin wt)r
h!

¢ I D,.r _2u
% fo Qa-n(t — u)[*—— — Dotro-le 00 erfc(Do*roflu%)] du

l/?l%
—2

f Qan(t — u)[ﬁ—Dﬁg*ro—le R0 erfc(DR*ro*lui)] du }
(A9)

(sm wt

+ (—1)hpres

whered = 0,1,2,3...

4 _ %oy

(nF
nFACo* Dot a=0

Q@) = =T AE) (£.10)

7, D, Eyr and f are defined by eqns. (7), (9), (10) and (11), respectively. The significance
of the system of integral equations represented by eqn. (Ag) has been discussed
elsewhere??. In the following derivation, equality of diffusion coefficients is assumed
for simplicity.

The small amplitude fundamental harmonic alternating current is given by

Iy(wt) = nFACo* Dot (%ﬂ) 0:(0) (Ar1)
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[note omission of the factor n FAE/RT in eqn. (37) of an earlier paper2?] where Q")
is the solution of eqn. (Ag) for d = 1.

Qu(t) =
Rn 5 =2
Dot :Fo( ) sin wt—J- Qi(t — u)[ VI?m*Do*ro—leDo 0 “erfc (Do%ro*lu*)] du]
(A12)
where

Fo(t) = x e=% — (xe~% — febi)
G I D,.r 2u
X fo Oolt — u)[T/&_;— Dotro-te®0" erfc(Dosro—lm)] du  (Ar3)

The solution for Qo(t) is given in Appendix 3. The solution to eqn. (A12) contains
only fundamental harmonic alternating current components and hence Q) has the
form

Q1 = A(t) cos wt + B(t) sin wt (A1g)
Substituting eqn. (A14) in eqn. (A12) and making use of the trigonometric identities
sin w(t — #) = sin wt cos wu — cos wit sin wu (A1s)
cos w(t — #) = cos wt cos wu + sin wt sin wu (A16)

yields an expression integrable by neglecting the slight time dependence of A(¢f) and
B(t). The steady state approximation ﬁ(ft :f:o) and the identities

fo cos wudu —f smamdu _ ( I )i (A17)

2w

are employed. Evaluation of the other integrals by using the convolution theorem40
and neglecting transient terms yields

ot -2
f e’ erfe (Dotro=tlu?) cosw(t — u)du =
0

I {[ wDotro—1 Do%ro—3] St
w2+ Do2ro~4 (2w)? (2w)? @

wDo*o=t  Dotro=3
(zw)oé — (02(0)0% ]cos a)t} (A18)

- I:Dyo—2 —

¢ por."2u o .
J. e 00 “erfc(Dotrolut) sinw(t — u)du =
0

I ”:Do% 70‘3 Doéro_l(x)

— —2|gi
@ F Dotro-i\l (z)! L Dovo ]Sln wt +

[Do*rofla) Dotro—3

B — L w] coswt} (A1g)
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Equating coefficients of sin w¢ and cos wt, solving for A(f) and B(f) and using the
identity

a sin wt + b cos wt = (a2 + b2)* sin (wt ~+ cot™1 %) (Az0)

yields for Qi(#)

Out) = (zw)/io(t) . sin (o + Os) (Az1)
(e==i4-e/) [(Lzﬁ 1—P) +x—0e]
where
V—iﬁ +1—P
fs = cot—t —# (AZZ)
P=2 e a—Var+ ) (A23)
0= 02—y +59 (A24)
o 3
y=—(22) (A2s)

After algebraic rearrangement of the integral equation for Qo(f) and substitution of
eqn. (A21) in eqn. (A1I), one obtains the result

Is(wt) = Irev_Fs(lﬁ)Gs(w*l_l) sin (a)t + 65) (A26)
where Irev., Fs(2tt), Gs(w*A-1), and Os are given by eqns. (3), (29), (19) and (Az22),
respectively.

APPENDIX 3

Devivation of the d.c polarographic curvent with diffusion to a stationary sphevical
electrode
Qol(?) is the solution to the integral equation [eqn (Ag) for d = o].

Di0o(t)

t -2
e e — e~ fo Qo(t — u) [—I/In:u — Dotro~1e”070 erfc (Doiro—lu%)]du—

t —2
— B f Qolt — ”)[T/IE — Dgiro-1e"r0 “erfc (Dnéro—lm)]du (A27)

which is expressed in Laplace transform space as

_ Ra e e=Qo(s) €fiQo(s)
Qols) = DY { s st + Dotro~l st DRiro‘l} Rty

Algebraic rearrangement yields
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kne—o

Qols) = 5|

s + 7’0_1(Doé + I)R*)Si + 7072 Do* Dg?) ] (Azg)

s(s* + a)(st 4 )

2a = 70~ Y(Do* + Dgt) 4+ A —

-1 3
(702Dt + Dat) + 212 — 470 Dot Dt + 270 (Dpie-et 1 Dotom)))
(A30)

2b = 7071 (Dot + Dr?) + 1 +

k -1
{[70-1@0; + Dt 4 A2 — 4[,072D051)R§ + _"g‘;

(Drie-i 4 1)0¢em)]}i

(A31)
and A has its usual significance [eqn. (8)]. Expansion of the right side of eqn. (29)

by the method of partial fractions, inverse transformation and algebraic rearrange-
ment yields

kne—%i I 70 2Do* Dgt 2
e o= ) = | _ -1 3 + - T T ea“t 3
Qo(?) ol {a — b[a ro~Y (Dot + Dgr?) + . ]e erfc(at?)
1 7072DotDr*1 2 7072 Dot Dgt
— — = b — ro-YDy? 4 4 0 TTO TR b3 3 i
P b[b ro~1(Do* + Drt) + 5 ]e erfc(btt) + =
(A32)
If equality of diffusion coefficients is assumed, eqn. (A32) simplifies to
kne=%i
§) =
Qo(t) DolDotro~t 1 7) X
{z exp [(Dotro—t 4 A)2t] erfe [(Dotro-t - Att] + Dotro—! (A33)

Substitution of eqn. (A33) in eqn. (29) gives eqn. (18).
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SUMMARY

Theoretical reassessment of the contributions of electrode growth and geo-
metry on the a.c. polarographic wave is given. Examination of the theory for the
‘quasi-reversible’ a.c. wave indicates that these factors contribute significantly when the
d.c. processisinfluenced by charge transfer kinetics. Generalization of these results leads
to the conclusion that growth and geometry can be important when any rate process
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in addition to diffusion kinetically influences the d.c. process. If the d.c. process is
diffusion-controlled or non-existent (zero direct current), theory predicts that these
effects will be negligible, in agreement with earlier works of KouTeckY and GERIs-
CHER. An equation is given for the a.c. polarographic wave with a quasi-reversible
process at the expanding spherical electrode. Derivation of similar exact expressions
for more complex mechanisms is discussed. Implications of these results with regard
to experimental approach and work with stationary electrodes are considered.
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REDUCTION OF IODATE IN SULPHURIC MEDIUM

I. THE REDUCTION MECHANISM

PIER GIORGIO DESIDERI
Institute of Analytical Chemistry, University of Flovence (Italy)
(Received October 26th, 1964)

INTRODUCTION

Previous work on the reduction mechanism of iodate ion in acid medium can
be grouped on the basis of the method used in the investigation.

Chewmical methods. The fundamental works by ANDREWS! and JAMIESONZ.

Polarographic method. The work by KOLTHOFF AND ORLEMANN3.4, LAITINEN
AND SUBCASKY® with a dropping mercury electrode and BADOzZ AND GUILLAUMES®
with a rotating platinum electrode.

Chronopotentiometric method. OSTERYOUNG et al.”-8 and ANSON®.

Kinetic method. The review by MORGAN et al.10.

The discordant results obtained by many authors have led us to undertake
the present work on the reduction mechanism of the iodate ion in sulphuric acid
medium. In our investigation we have used the polarographic method with solid!
micro-electrodes as well as millicoulometric and chronopotentiometric methods.

EXPERIMENTAL

Apparatus and reagents

The polarographic measurements were made using an AME polarograph. The
half-wave potentials are referred to the S.C.E. The electrolytic controlled-potential
reductions were made following the millicoulometric method; the micro-electrode
used in the polarographic investigation was used as an indicating electrode. A chrono-
potentiograph derived from a Speedmax X;Xs recorder was used for chronopotentio-
metric measurements. An Amel Corrograph Amperostat was used as a constant cur-
rent source. The KIO;s solution was prepared by dissolving accurately weighed por-
tions of pure KIO; in water twice distilled from alkaline permanganate. The KI
solution, obtained by dissolving the salt in de-aerated, distilled water, was standard-
ized according to Volhard and discarded whenever it showed the slightest trace
of iodine. The platinum spherule of the bubbling electrode was 2.0 mm in diam-
eter.
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RESULTS AND DISCUSSION

The polarographic characteristics of 103~

The standard potential of the HIOs/Iz couple is + 1.19 V vs. N.H.E.12. By
reducing an iodate solution in 1M H2S04 on the bubbling platinum electrode, a well-
developed reduction wave is obtained in the potential range 4 0.5 to — 0.1 V us.
S.C.E. The half-wave potential is + 0.350 V vs. S.C.E. Referring this half-wave poten-
tial value to the N.H.E. instead of the S.C.E., we obtain a value of about + 0.6 V.

This value denotes that the reduction of iodate shows a remarkable overtension
on a smooth platinum electrode. The 103~ reduction wave in sulphuric acid is critically
connected with iodate concentration. Unlike other oxidant ionic species such as
MnOs-, Ce(IV), investigated in previous studies!3.14.15 on the bubbling platinum
electrode, and iodine itself, the HIOs~ reduction wave abruptly disappears at con-
centrations of the electroreducible species lower than 2 - 10-3 N, when KIOj3 in the
highest degree of purity is employed. If we exclude this anomalous behaviour from
the remaining discussion, the reduction process seems to be controlled by diffusion
as shown by the data relative to the limiting current in relation to the changes of
bubble time and temperature given in Tables 1 and 2.

The shape of polarographic wave can be observed to change. With a new
platinum electrode a single polarographic wave is found; with an electrode which has
been used for some time (about a week) the polarographic wave is like that shown

TABLE 1
T4 VALUES FOR 5 - 10-3 N 103~ 18 1 M H2SO4, AT 25°, AT VARIOUS BUBBLE TIMES

t Iq t Iq
(sec) (ud) (sec) (nd)
2.0 77.9 4.50 59.1
2.30 75.1 4.90 56.6
2.70 722 5.40 53.8
3.0 68.9 6.0 51.3
3.30 66.9 6.60 48.9
3.60 64.4 7.10 48.3
4.0 62.3 7.85 46
4.30 61.9 8.50 45

TABLE 2

I3 VARIATION WITH TEMPERATURE FOR 5 - 1073 N IO~ IN 1 M HySO,

T Ia T Id
(°C) (ud) (°C)  (ud)
5 32.5 50 95
10 39 60 109
20 53 70 122
30 67 80 136
40 81 90 150

Temp. coeff. = 1.5%, per degree.
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in Fig. 1. The half-wave potential of the first step has the value of about + 0.30 to
0.35 Vvs. S.C.E., while E, of the second step is at less positive potentials. The appear-
ance of the double wave can be explained by a slow but progressive change of the
surface of the platinum electrode. This change is due to the absorption of I on the

Fig. 1. Polarographic wave of 5 10-3N 103~ in 1 M H2SO,. The electrode had been used for a
week.

surface of the electrode. Using a platinum electrode which had been plunged into
hot iodine solution for a time (10-20 min), we obtained a wave like that shown in
Fig. 1. HI, however, has no effect. The I which has been absorbed by the electrode
during the iodate reduction process can be eliminated by physical treatment (e.g.,
a prolonged treatment of the electrode in hot water); after continued use, the elec-
trode requires a treatment by chemical cleansing with strong or electrochemical

oxidants.

The influence of I on the rveduction of HIO3

The formation of I; on the electrode surface during the iodate reduction and
its influence on the reduction process has suggested the extension of the investigation
to iodate—iodine mixtures.

Todate—iodine mixtures were obtained by adding to measured amounts of
iodic acid solution increasing quantities of iodine. The behaviour of E; and I4 as Cy,
increases is shown in Figs. 2 and 3.

It can be seen that:

(a) for C1, = 2.4+ 107% N, the double wave disappears;

(b) when iodide increases, the half-wave potential of the two waves gradually
increases until a single wave appears.

Its E, progressively shifts towards more positive values till it reaches and
exceeds, when Cr, = 1.2 - 10-3 N, the half-wave potential of a iodine solution having
the same concentration.

The presence of I in the solution can condition the iodate reduction process.
We have seen that the iodate polarographic wave disappears for Cio,- < 2+ 1073N;
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Fig. 2. Change in E} of the two steps as Cr, increases; 5 10-3N 103~ in 1 M H2SO,.
9, E'y; @, E’’y; ©, Ej of single wave.
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Fig. 3. Change in I4 of the two steps as Cr- increases; 5+ 10-3N 105~ in 1 M H,SO4. @, ia’’; ©,
ia’; O, ia of single wave.

Fig. 4. Change in I4 as Ci- increases: @, 5 1074N 103~; O, I..

in the presence of iodine we obtain well-developed waves for Cro,— up to 5 104N,
see Fig. 4 where the values of the diffusion current of solutions of equal iodine concen-
tration are compared.

Iodine, added to iodate solution in such a quantity that the wave appears, is
not able to give, by itself, an appreciable wave. Further additions of iodine lead to
an increase of the wave height which is always greater than the corresponding heights
obtained from solutions of equal iodine concentration.
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From the data presented it follows that iodate reduction at the electrode
occurs through the Iz/I- system, probably via the following mechanism:

I + 2e = 2I- (1)
HIO; +51I- +5H+ =31 + 3 H:0 (2)

To confirm the role of the Is/I- system in the iodate reduction, we tried to trap the
iodide ion in order to prevent reaction (2). Among the ionic species able to bind the
iodide ion, thallous and mercuric ions appeared to be the most suitable.

The influence of TY(1) and Hg(11) on the reduction of HIO;

By adding thallous ions to a 5-10-3 N KIOs solution in 1 M H2SO,, for
thallium concentrations between 3 - 10-3 N and 5 - 10-3 N we obtain a lowering of the
wave up to a maximum of 709,. The reduction process is complicated by the appear-
ance of current maxima due to a modification of the electrode surface by forming of
a film of TII.

s
e
P

i s

TP—

Fig. 5. Polarographic waves in 1M H;SO4 of: (a), 5 10-3N 103-; (b) 5- 103N 103~ 4 1 1074 M
Hg?2t. Abscissa, +0.3 V vs. S.C.E.

The influence of the addition of mercuric ions is shown in Fig. 5. When the
Hg(II) concentration is equal to or greater than I - 10-4M the iodate wave is shifted
0.4 V towards more negative potentials. It should be noted that the wave does not
develop until the electrode has reached the reduction potential of the iodomercuric
complex, 7.e., the potential corresponding to the reappearance of iodide ions in the
diffusion layer.

The influence of sulphuric acid concentration
As Ca,s0, increases the diffusion current and half-wave potential reach max-
imum values which, for I (Fig. 6) is at 1M H2SOy4, and for E, is at 3M H2SO4 (Fig.
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7). For acid concentrations greater than 3M the wave divides into two steps (Fig. 8)
of which the one with the less positive potential is smaller and badly defined. In
Table 3 are given the heights of both waves and the percentage which the smaller
step contributes to the total of both. From this data the following conclusions can be
drawn.

1 T T T T
Ig (PA) T T T T
OS5 b
60 7 Eyp(V)
04 b
401 b
0.3 4
201 T
o2t 7
1 1 1 1 il 1 4 L 1 L
2 4 6 8 10 2 4 6 8 10
H2S04 (mole) HpSO4(mole)

Fig. 6. Change in I; as Cmyso, increases.

Fig. 7. Change in half-wave potential as Cryso, increases.

i PR RS S R 0000 AR e hon 1 o VT NGRS

Fig. 8. Polarographic waves of 5- 10-3N I0;~: (a), in 1M; (b), in 3M; (c), in 5M H2SOa4.
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TABLE 3

Ey, 14, Iay AND [4; VALUES FOR 5 1073 N O3~ AS ACID CONCENTRATION INCREASES, AT 25°

Cﬂgso4 E} 14 tot. Idl Idz 100 I.i2
(M) (V) (nd) (nd) (ud)
Idtat-
0.75 +0.385 60 — — —
1 +0.410 57-4 E— — =
2 +0.422 55.7 — — —
3 +0.446 47-5 — — —
4 +0.431 38.1 32.1 6 15.8
5 +o.412 32.3 25.9 6.35 20.1
6 +0.378 24.55 20.3 4.25 17.4
7 +0.346 20.5 16.05 4 19.5
8 +0.323 16.95 12.7 4.25 25
9 +o0.307 14.85 9.9 4.95 33-4
10 +o0.204 9.45 5.95 3.55 37.5

(a) From the values of protonic activity of sulphuric acid given in the litera-
turel® and from the values of K, for HIO3, which according to various authors can
vary from 0.15 to 0.20, is clear that the larger diffusion current corresponds to a con-
centration at which we can expect that all the iodate is present as HIOs. It is exclud-
ed that the diffusion current behaviour depends on a change in ionic strength, as well
as on the acidity; measurements made at constant ionic strength using HsSO4 and
Na2SO4 mixtures reproduce the behaviour in Fig. 6.

(b) As the Iz/I- system is independent of the acidity of medium, it is evident
that the electrode reaction is conditioned by the iodic acid, the behaviour of which
is well known when the protonic activity changes. The shifts of E; towards less posi-
tive values, after the maximum value, is to be related with the reduction of ionic
species more complex than HIOs.

(c) The appearance of a double reduction process for Cu,s0, >3 M can be
related with the presence of polymeric and solvated species of HIO3. These complex
species have been recently discovered by GILLESPIE AND SENIOR!?.

Controlled-potential reduction

Considering the irreversible behaviour of iodic acid reduction, in order to
clarify the reduction mechanism, especially in the high protonic activity solutions, we
used the controlled-potential reduction method. We used the millicoulometry method
which allows us to keep the conditions of the polarographic experiment unchanged
and to have data strictly comparable with those obtained by the polarographic
method.

The electrolytic reductions at controlled potential have been carried out in
solutions of constant concentration of 103~ and of variable concentration of HeSOa.
Reducing these solutions at —0.2V vs. S.C.E. and for Cu,s0, > 3M also at + 0.3V
v5. S.C.E., we obtained the data given in Table 4. The extrapolated value for Cio,” =0
of the single reductions is in very good agreement with the value of 0.82 C for a 5- -
electron reduction. Considering that at —o0.2 V vs. S.C.E. we are at the reduction
potential of the Iz/I- couple, the 5-electron value for HIOs reduction confirms that
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TABLE 4

CONTROLLED-POTENTIAL COULOMETRY ON 2 ml OF 5+ 1073 103~ IN H3SO4, AT 25°

I M H:SO, 3 M H;S0, 5 M H3;S0,4 3 M H3S0, 5 M H3;S0,4

E = —o0.2V vus. E = —o0.2 V vs. E= —02Wuvs. E= 403Vvs. E = 40.3 Vous.

S.C.E. S.C.E. S.C.E. S.C.E. S.C.E.

KIOs Coulomb  KIO3 Coulomb  KIO3 Coulomb KIO3 Coulomb KIOs Coulomb

(%)  No. (%)  No. (%) No. (%) No. (%) No.

100 o 100 o 100 o 100 o 100 o

93.8 0.0464 95.7 0.042 96.2  0.0302 94.3 0.0352 -  97.7 0.0245
88.5 0.090 90.7 0.082 92.7 0.0592 91.4 0.069 94.5 0.048
84.3 0.131 85.7 0.120 89.4 0.087 87.9 0.10I 91.5 0.0714
79.2 0.1708 82 0.155 85.8 o0.104 85 0.132 89.6 0.004
75.1 0.2078 797 0.190 82.9 o0:.130 80.5 0.163 86.5 0.116
70.3 0.241 73.8 0.222 80.3 o0.155 77+5 0.192 84.6 0.137
66.3 0.275 69.8 0.253 77.5 0.179 73 0.219 81.5 0.158
62.2 0.306 65.7 0.282 74.6 0.202 72.5 0.245 79 0.178
58.7 0.335 62.2 0.309 72 0.225 63.8 0.300 772 0.197
51.2 0.400 57 0.355 65 0.285 55 0.38 70.5 0.25

50.5 0.405 56.8 0.340 61.5 0.32
52 0.382 53 0.402

o* 0.815 o 0.83 o 0.805 o 0.84 o 0.86 -

* extrapolate values for Cro3~ = o

the electrode process is the one given by the scheme:
HIO; + 6e + sH+ = I- 4+ 3H,0 (1)
1HIOs + I- + Ht =% 1, + % H20 (2)

i.e. for every 1.2 moles of reduced HIOs we have a current transfer in the cell corres-
ponding to 6 electrons, equal to 5 electrons/mole.

Considering the iodine which appears in equilibrium (2) and that the I» reduc-
tion is complete at —o.2 V vs. S.C.E., the total electronic balance reaches 6 electrons/
mole as we should logically expect. It is evident that in the electrode process I
behaves as if it were not reduced because the I formed is always completely reoxi-
dized by the iodate.

Time (sec)

20sec

1 1 1
+05 [0) -05 g
Volts vs. S.C.E,

Fig. 9. Chronopotentiogram of 5 10-3N 103~ in 1M H;SO4.
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The value of 5 electrons shows that both a primary electrochemical process
(eqn. 1) and a chemical process (eqn. 2), contribute to the HIO; reduction. The reduc-
tion values at 4 0.3 V vs. S.C.E,, 7.e., on the first step of the double wave which ap-
pears for Cu,s0, > 3 M, are equal to those found for the same solution at —0.2 V vs.
S.C.E., and confirm that the double wave does not represent different stages in the re-
duction of the iodate but it is due to the presence in solution of polymeric or solvated
species of the iodate itself which are reduced at different potentials.

Chronopotentiometric measurements

The chronopotentiogram obtained from a 5-:-10-3 N IOz~ in 1 M H2SO4
solution is shown in Fig. 10; it is the same as the one reported by Anxson?. According
to ANsoN, the unusual chronopotentiogram can be explained as follows. At the be-
ginning of the electrolysis the iodate is reduced to iodide ion. The iodide reacts with
the iodate forming iodine. When the I» concentration at the electrode reaches a cer-
tain value, the prevailling reaction at the electrode becomes the I to I- reduction.

g

Time (sec)
m‘ﬂ m
Time (sec)

20%ec 20 sec
1 I 1 | | |
+05 o -05 +05 [¢) -05
Volts vs. SCE. Volts vs. SCE.

Fig. 10. Chronopotentiograms of 5 - 10-3N 103~ in 1M H2SO4: (a), fresh solution; (b), successive
recording without agitation; (c), idem; (d), idem; (e), recorded after agitation for 30 sec.

Fig. 11. Influence of I- on 5- 10-3N IO3- in 1M H:SO4 at the following concentrations: (a),
1-1078N; (b), 1-1075N; (c),2-1075N; (d), 4 10"5N; (e), 6 - T0-5N.
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This second reduction takes place at potentials more positive than the preceding one
and therefore the electrode potential present a peak. This interpretation which
agrees with our polarographic and coulometric data is confirmed by the following
experiments which give evidence for the formation of a I» layer around the electrode
during the iodate reduction.

Making successive recordings on the same solution without renewing the dif-
fusion layer by shaking we find:

(a) disappearance of the peak;

(b) no change of the transition time;

(c) no change of starting potential in the chronopotentiograms following the
first;

(d) It is, however, evident (i) that after every recording a quantity of I, reconsti-
tutes itself around the electrode and (ii) that the iodine functions as catalyst in iodate
reduction and that the iodine formation occurs at the level of the diffusion layer. We
have but to renew the diffusion layer by shaking, to obtain the original chronopoten-
tiogram from the iodate solution.

A further confirmation of the role that the Is/I- system plays in the iodate
reduction are the chronopotentiograms shown in Fig. 11 obtained from the iodate-
iodine mixtures. Adding I in solution, we notice a gradual diminution of the peak at
less positive potentials and its disappearance for an iodine concentration equal to
1.2 X 1074 M.

CONCLUSIONS

We can draw the following conclusions from the experimental data. Iodic
acid is not directly reduced on a platinum electrode but with a very high overtension.
The reduction is strongly catalyzed by traces of Is, on account of the fact that the
presence of the latter allows the substitution of the slow direct reduction with two
fast reactions: one of them occurs at the electrode surface (Is/I-), the other in the
solution (I-/I0s-). It is evident that the iodate has a considerable inertness to direct
reduction; such inertness has been revealed chemically in normal titrations, where
as a rule we add to the iodate solution to be titrated a small quantity of iodine, so
that the iodate may be used as av oxidant.

SUMMARY

The iodic acid reduction in sulphuric medium on platinum micro-electrodes
has been studied by polarographic, coulometric and chronopotentiometric methods.
The influence of iodide ions, sulphuric acid protonic activity and of ligands of I-
such as TI(I) and Hg(II) on the reduction process has been extensively investigated.
It is demonstrated that the iodate is not directly reduced but with a very high over-
tension and that reduction is strongly catalyzed by traces of L.

REFERENCES
1 L. W. ANDREWS, J. Am. Chem. Soc., 25 (1903) 756.
2 G. S. JaMIESON, Volumetric Iodate Methods, Reinhold Publishing Corporation, New York, 1926.
3 I. M. KoLTHOFF AND J. G. ORLEMANN, J. Am. Chem. Soc., 64 (1942) 1044.

J. Electroanal. Chem., 9 (1965) 218—228



228 P. G. DESIDERI

I. M. KoLTHOFF AND J. G. ORLEMANN, J. Am. Chem. Soc., 64 (1942) 1970.

H. A. LAITINEN AND J. W. SuBcasky, J. Am. Chem. Soc., 8o (1958) 2653.

J. Bapoz anD C. GUILLAUME, Advances in Polarography, Vol. I, Pergamon Press, London,

1960, pp. 299—-312.

R. A. OSTERYOUNG, Anal. Chem., 35 (1963) 1100.

R. A. OstErvOoUNG and F. C. ANsoN, Anal. Chem., 36 (1964) 975.

F. C. AnsoN, J. Am. Chem. Soc., 81 (1959) 1554.

J. K. MorGaN, G. M. PeaRD anD F. C. CurLis, J. Chem. Soc., (1951) 1865.

D. Cozzi AND P. G. DESIDERI, J. Electroanal. Chem., 4 (1960) 301; D. Cozzi, G. RAsPI AND

L. Nucc, J. Electroanal. Chem., 6 (1963) 267, 275.

12 G. CHARLOT, Selected Constants—Oxydo—Reduction Potentials, Pergamon Press, New York,
1958.

13 P. G. DEsIDERI, J. Electroanal. Chem., 2 (1961) 39.

14 P. G. DESIDERLI, J. Electroanal. Chem., 4 (1962) 359.

15 P. G. DEsIDERI, J. Electroanal. Chem., 6 (1963) 344.

16 H. S. HARNED AND J. W. HAMER, J. Am. Chem. Soc., 27 (1935) 57.

17 R. J. GILLESPIE AND J. B. SENIOR, Inorg. Chem., 3 (1964) 440.

[ X I

-
- OO W

-

J. Electroanal. Chem., 9 (1965) 218-228



JOURNAL OF ELECTROANALYTICAL CHEMISTRY 229

REDUCTION OF IODATE IN SULPHURIC MEDIUM

1I*. THE INFLUENCE OF THE SURFACE OF THE PLATINUM ELECTRODE

PIER GIORGIO DESIDERI
Institute of Analytical Chemistry, University of Flovence (Italy)
(Received November gth, 1964)

INTRODUCTION

In a previous study? on iodate reduction in sulphuric acid it was observed that
the platinum electrode can absorb iodine and as a consequence of this is able gradually
to modify its response. This phenomenon, which can be included in the more general
case of the behaviour of solid electrodes depending on the state of the surface, has
prompted us to re-examine the iodate reduction process on a platinum electrode
superficially modified so that its variations with respect to an untreated electrode
may be recorded. Polarographic and chronopotentiometric methods have been used
in the investigation.

EXPERIMENTAL

Reagents and apparatus
Reagents and apparatus have been described in a previous study?!.

RESULTS AND DISCUSSION

Electrode pre-treatments

Before every recording the electrode was trea.ted in one of the following ways.

Oxidation. The electrode was made an anode in 1 M H2SOs4, for various times,
with a current density of 320 mA/cm2.

Cleaning. The electrode previously oxidized under the conditions described
above was treated with HI freshly prepared from KI and H2SO,, according to ANSON2.

Reduction. The electrode was made a cathode in T M H2SO4, with a current
density of 320 mA/cm?, for various times.

The terms ‘“‘oxidized”’, ‘“‘cleaned” and ‘“‘reduced” refer to the treatments
(described above) undergone by the electrode before use.

* Part I, see ref. 1.
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Fig. 1. Polarograms of 0.005 N IOz~ in 1 M HySO4 on the electrode ‘‘reduced’ for: (a), 1 min;
(b), 5 min; (c), 25 min.
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Fig. 2. Chronopotentiograms of 0.005 N IOs~ in 1 M HsSO4 on electrode ‘‘reduced’’ for: (a),
2 min; (b), 4 min; (c), 8 min; {(d), 16 min; (e), 32 min.

Effect of treatment time

Reduction. Current—potential curves (Fig. 1) do not show any appreciable
variations even for rather long electrode reduction times. The chronopotentiograms
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TABLE 1

E°, E7/4 AND T AS REDUCTION TIME INCREASES KIOj3, 0.005 N IN 1 M H3SO4; 7 = 6 - 1075 A.

Reduction time E° Ezps T
(min) (V) (V) (sec)
2 +0.515 +o0.460 40
4 +0.815 +o0.525 30
8 +0.815 +o0.540 30
16 +o0.815 +0.575 30.4
32 +o0.815 —+0.575 20.5
60 +0.815 +0.575 15.5

(Fig. 2), however, show a considerable change of electrode response as treatment time
varies. The chronopotentiogram which presents a maximum towards less positive
potentials and another towards positive potentials (curve a) as already described by
ANson3, is obtained for short times. This is characteristic of a “new” platinum
electrode and of the “cleaned” electrode. For times longer than 3 min normal-type
chronopotentiograms are obtained. The data given in Table I show that both the
starting potential and E;/4 reach a constant value only after treatment for 15 min.

Oxidation. The treatment time has not sensible influence on the electrode
response, see the polarograms in Fig. 3 and the time-current curve in Fig. 4.
It should be noted, however, that an “oxidized” electrode, even for a very short treat-
ment time, never gives the chronopotentiogram with less positive and more positive
maxima, recorded both on the “cleaned’ electrode and on the “reduced’ electrode
for times shorter than 3 min.

Fig. 3. Polarograms of 0.005 N 103~ in 1 M H.SO, on electrode ‘‘oxidized” for: (a), 1 min; (b),
5 min; (c), 25 min.
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Time (sec)
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Fig. 4. Chronopotentiograms obtained from o.005 N 103~ in 1 M H2SO4 on electrode “oxidized”
for: (a), 2 min; (b), 4 min; (c), 8 min; (d), 16 min; (e), 32 min.

TABLE 2
E°, Ez/4a AND T AS OXIDATION TIME INCREASES
KIOg 0.005 N in 1 M HsSO4; 2 = 6+ 1075 A.

Oxidation time E° E;a T
(min) (V) (V) (sec)
2 +0.825 +0.465 20.4
4 +0.855 +0.465 26
8 +0.855 +0.465 20.5
16 +0.855 +0.465 20.5
32 +0.855 +0.465 30.4
60 +0.855 +0.465 33.6

The data in Table 2 show that with an “oxidized” electrode the starting poten-
tial changes towards more positive values as the treatment time increases, until it
reaches a constant value after 4 min. In contrast to the behaviour with the “‘reduced”
electrode, E4/4 has a constant value after very short treatment times. ;
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As a result of these data the oxidation and reduction of the electrode before
use has been protracted for 15 min.

Effect of 103~ concentration

The variations in diffusion current as the iodate concentration changes are
shown in Fig. 5. They were obtained on “oxidized”’, “reduced” and ‘“‘cleaned’ elec-
trodes. For a “cleaned” electrode the wave disappears for Cio,~ <0.002 N, as with a
“new” electrode. On a “reduced” electrode the wave is still well-developed for C1o,~ =

0.001 N and on an “oxidized” electrode the sensitivity reaches Cio,~ = 0.0005 N.
T T T T T =
T T 1 1 T
<
o
-
601 . 60# J
<
&
=
40 T 40 5
()
20 1 20| ]
1 — 1 L il I I L i 18
1 2 3 4 5 2 4 6 8 10
C1o3 (mequiv.) Csto4 (mol.)

Fig. 5. Variation of 74 as Ciog— varies:, oxidized electrode;(P, reduced electrode; @, cleaned elec-
trode.

Fig. 6. Variation of I as C]—[2504 increases: O, oxidized electrode; @, reduced electrode; (p,
cleaned electrode.

TABLE 3

WAVE SLOPE ON A PRE-TREATED ELECTRODE AS C[oa_ INCREASES

VE (mV)
C]og" e
(mequiv.) dlog if(ia—1)
I 2 3

1 29 — —
2 19 28.5 38.5
3 T2 17 28
4 1I 15.5 24

5 9 12 18.5
6 8 10 16

(1) oxidized electrode; (2) reduced electrode; (3) polished electrode.
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In a previous study! we had noted that the lowest iodate concentration at
which a polarographic wave could be obtained was considerably lowered by adding
to the solution a very small quantity of iodine; it is, however, evident that on ‘“‘oxi-
dized”’ and “‘reduced” electrodes the modification of the electrode surface favours
iodine formation and consequently the catalyzed reaction of iodate. The variation in
the slope of the polarographic wave is very interesting since it indicates the different
speeds at which the reduction process takes place depending on the superficial state
of the electrode (Table 3).

For any one electrode the slope varies gradually as the iodate concentration
changes; the behaviour is similar after various treatments (oxidation, reduction and
cleaning) but different in absolute value. The slope value increases in the order “‘oxi-
dized”’, “reduced”’, “cleaned”.

Effect of sulphuric acid concentration

It can be seen from Fig. 6 that the diffusion current when Cy,so, changes is a
maximum for Cays0, = 1 M. This is true for all three types of electrode. It is, how-
ever, evident that the presence of a maximum for /4 is connected with the total trans-
formation of iodate into iodic acid, as shown in a previous study.

Also the division of the wave into two steps for Cu,so, => 3 M is shown in an
almost equal measure by the three electrodes (Table 4).

TABLE 4

fa, T4, AND I3, ON THE PRE-TREATED ELECTRODE AS Cm,50, CHANGES

Ox. electrode Red. elzctrode Pol. electvode
Cays0, Ig La, La, Ia I, La, Ia Ia, Iq,
(M) (ud) (nA) (ud)  (ud) (uA) ‘ud)  (pd) (nA) (nd)
1 61 — — 61 o — 57.4 — —
2 53.3 — — 55.6 — == 55.7 — =
3 45.28 38.2 7.28 51 — - 47.5 — —
4 36.5 29.4 7.7 48 40 8 38.1 32.1 6
5 35.35 27T 8.1 a1 25.6 5.4 32.3 25.9 6.35
6 24.95 18.85 6.1 24.5 21.2 3.3 24.55 20.3 4.25
7 17.95 14.15 3.8 18.04 14.5 3.54 20.5 16.5 4
8 13 10 3 13.77 12 199 16.95 12.7 4.25
9 7.02 4.22 2.8 11.35 8.85 2.5 14.85 9.9 4.95
10 5.64 3-54 2.1 8.75 6.55 2.5 9-45 5.95 3.55

14 total Iq; 14, Ia of the first step; La,, 14 of second step.

The three electrodes differ, however, in the behaviour of their half-wave poten-
tial withincrease in Cryso, (see fig. 7). In all cases E, shifts towards more positive values
asthe protonicactivity increases and is a maximum at a definiteacidity whichisdifferent
according to the treatments which the electrode has undergone. The maximum value
of the half-wave potential for “‘cleaned”’, “reduced” and ‘“‘oxidized” electrodes is
obtained at 3, 4 and 5 M H,SO4 respectively.
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Effect of iodine on the HIO3 reduction

In the presence of iodine the differences between the three electrodes tend to
vanish. For C1, = 1 - 1074 N, both polarographically and chronopotentiometrically
the electrode has a response which is independent of the treatment whichit has under-
gone. This confirms the role of the Is/I- system in the iodate reduction and shows
clearly that the influence of the surface of the electrode on the reduction process is
limited with the initial stage of the process, 7.e., with the formation of iodine in the
diffusion layer.

Ea (V)

02

T
I

1 L 1 ' 1

2 4 6 8 10
Chys504 (mol)

Fig. 7. Variation of half-wave potential as Cn,so, increases: O, oxidized electrode; @, reduced
electrode; (), cleaned electrode.

CONCLUSIONS

From the data given above it follows that the iodate reduction occurs in two
stages: the first, electrochemical; the second, chemical through the I/I- system. The
surface of the electrode affects only the first reduction stage. The differences recorded
polarographically concern almost exclusively the reduction speed (wave slope) while
considerable variations have been noted chronopotentiometrically. In this case,
contrary to what has been stated by ANsoN3, the electrode treatment entirely modi-
fies the chronopotentiogram behaviour.

The influence of surface state of electrode on the first reduction stage is
different for the electrodes differently treated (oxidized, reduced, cleaned); the rate
of the iodate reduction process decreases passing from the oxidized to the reduced
electrode and from this to the cleaned one.
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SUMMARY

Todic acid reduction on platinum micro-electrodes was studied with polaro-
graphic and chronopotentiometric methods with reference to the surface state of the
electrodes. Treatment and treatment time of the electrodes and influence of sulphuric
acidity, iodic acid concentration and iodine on the reduction process, were investi-
gated. Itisshown that the modification of the surface state of the electrode influences
only the first stage of the reduction process. The role of the Is/I- system in the iodic
acid reduction is confirmed.
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THE ELECTRICAL DOUBLE LAYER ON INDIUM AMALGAMS IN o1 M
HCIO4 AT 25°

JAMES N. BUTLER, MARY L. MEEHAN AND A. C. MAKRIDES
Tyco Laboratories Inc., Beay Hill, Waltham 54, Massachusetts (U.S.4.)
(Received October 12th, 1964)

I. INTRODUCTION

Although the electrical double layer on mercury has been extensively studied1-9,
very little reliable information has been obtained concerning alloy systems. The
indium-mercury system is ideal for studying the influence of electrode composition
on electrical double-layer structure, for a number of reasons. First, liquid amalgams
containing up to 709, In can be prepared at room temperaturel®-14, which permits
the use of a dropping electrode to provide a clean, reproducible surface for measure-
ment. Second, the zero-charge potential of indium amalgams lies well within the region
where the electrode is ideally polarized; therefore the zero-charge potential can be
determined accurately by the streaming electrode method and the capacity can then
be integrated to find surface charge and interfacial tension. Third, the difference in
chemical properties of indium and mercury provides the possibility of a strong effect
of electrode composition on specific adsorption of ions and neutral molecules in the
double layer. '

Although a few measurements of double-layer capacity on thallium amalgams
have been reported!5-17, no results have been reported for indium amalgams. This
paper gives the results of a preliminary study on the double-layer capacity of indium
amalgams containing from 0-649, In, at 25° in 0.1 M HClO4. This medium was chosen
to correspond to that used for our measurements of hydrogen overvoltage on indium
amalgams, which have been reported elsewhere18.

II. EXPERIMENTAL

Double-layer capacities were measured at a dropping electrode by the method
of GRAHAME!®1%. The dropping electrode was surrounded by a cylindrical platinized-
platinum screen. A bridge similar to that described in detail by PARSONS20 was used
to measure the impedance between the drop and the screen. The bridge was adjusted
to balance at some moment near the end of the drop lifetime and the bridge-unbalance
signal displayed on an oscilloscope and photographed. The age of the drop when the
bridge was in balance, and hence the drop area, was obtained by measuring the time
on the photograph, using time-marks produced by a signal generator accurate to
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0.01%,. The a.c. signal applied was about 3 mV in amplitude. The series resistance
was approximately 60 (), the same value as was calculated from the area of the drop
and the conductivity of the solution. The reproducibility of measurements with mer-
cury electrodes, using different capillaries and fresh solution, was about 19, but the
absolute values obtained are probably not so accurate.

The capacity of mercury at the top of the hump near the zero-charge point
was found to be 27.4 uF/cm?2. GRAHAME!2! obtained 28.0 uF/cm?; and HANSEN
et al.8:22 obtained 28.7 uF/cm2. Our results are 2-5%, lower than these measurements.
Our measurement technique differed from that of the previous workers primarily in
that their drop lifetimes were approximately 10 sec, whereas ours were 0.5—2 sec. The
discrepancy does not result from the variation in mass-flow during drop formation
due to back-pressure; correction for this effect was made as described by GRAHAME?23,
but the corrected value was 27.2 uF/cm?, slightly lower than the uncorrected value.
Systematic errors may have arisen from stray capacitances and inductances in the
bridge and cell, from differences in the way the drops broke off, from precision of
the assumption that the drops were spherical throughout their lifetime, or from
trace impurities in the solution.

III. CALCULATIONS

The first step in the calculations is to obtain the area of the drop at the moment
when the impedance bridge was balanced. A convenient form for the dependence of
area on time, which includes a correction for the back-pressure due to interfacial
tension, was proposed by GRAHAME?23. The pressure, P, at the capillary tip results
from both the height of the amalgam above the tip and the back-pressure due to
interfacial tension:

P =ogh—2(y/r) (1)
where g is the acceleration of gravity (980.6 dyn/g), % is the height of the column of
amalgam, g is the density of the amalgam, y is its interfacial tension, and 7 is the radius
of the drop at the end of the capillary. The volume flow rate is taken to be propor-
tional to P, and the area of the drop is obtained by integrating the volume flow rate
with respect to time, assuming a spherical shape for the drop.

The assumption of a spherical drop is not as inaccurate as it might appear,
since as long as the drop retains its cylindrical symmetry, the area/volume ratio is
independent of its shape2?. The error resulting from the normal asphericity of the
drop just before it falls can be avoided by discarding values obtained very close to
the end of drop lifetime. The principal uncertainty in area occurs when the drop is
initially formed and is not yet a complete sphere. This problem can be minimized
experimentally by using fine-pointed capillaries instead of the conventional blunt
polarographic capillaries24. Making the assumption of a spherical drop, the following
relation is obtained for the area of the drop as a function of time:

H%
— i 3 3V (4”_9) }
4 = (367)} (ko ght)* [x =Y (2)
where % is a proportionality constant, and # is the mass-flow of amalgam through the
capillary, which is virtually independent of potential25. The proportionality constant

J. Electroanal. Chem., 9 (1965) 237-250



DOUBLE LAYER ON In AMALGAMS IN 0.1 M HClO4 AT 25° 239

can be evaluated from the drop lifetime, ¢*, since the total volume of a drop is simply
mt*[p. Evaluating eqn. (2) at the lifetime of the drop, and calculating the total volume
of the drop, the following expression for the proportionality constant is obtained.

. m B 3_'}} 4n@ )* —1
= 0%gh {I ogh (3mt* ’ ©)
This expression may be substituted in eqn. (2) to give an equation for the area
of a drop as a function of time. When 4 is very large, eqns. (2) and (3) together reduce
to the usual formula:

A = (36m)* (mtfe)! (4)

The true area is smaller than the area calculated from eqn. (4) because of the
back-pressure.

Since it is sometimes difficult to obtain accurately reproducible drop lifetimes,
some averaging procedure for drop lifetime is desirable. The drop lifetime used in
eqn. (3) is calculated from the interfacial tension, p, and an average value for the
diameter by the usual formula for the drop-weight measurement of interfacial ten-
sion:

t* = (mwya/mg) (5)

Although more subtle corrections?é are known for this equation, they are not
conveniently expressed in analytic form, and are not necessary for the present calcula-
tions. From a number of measurements of drop lifetime, an average value was obtain-
ed for the capillary diameter. This agreed with actual measurements of the capillary
diameter made using a travelling microsope. From this value, using eqn. (5), t* is
calculated for each point, and used in eqn. (3) to obtain the proportionality constant.

This principal advantage of this averaging method is that only a few drop
lifetimes need be actually measured. The capacity bridge can be balanced at the same
point in the oscilloscope trace, whether or not the end of the drop actually appears on
the oscilloscope screent.

In the above equations a value must be assumed for the interfacial tension in
the initial phase of the calculation, but once the capacity data has been integrated,
a much better value for the interfacial tension is known. To provide the most rapid
convergence, the best possible starting values for interfacial tension are required.
These are obtained in the present calculation by integrating an assumed quadratic
form for the integral capacity, which may be obtained from literature data, or guessed
by analogy with smilar systems. The exact values used affect only the rapidity of
convergence, not the final answer. The integral capacity is assumed to be given by the
quadratic form

K = Ko + K1¢o + Kago? (6)

where ¢ is the rational potential (potential with respect to the point of zero charge).
The interfacial tension is then given by

g [ K e B2 g
Y = Vmax I0 2 ¢02+ 3 ¢0 + 4 ¢0} (7)

where ., is the maximum value of the interfacial tension, which must be measured,
obtained from the literature, or estimated by correlation with similar systems. For
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mercury in dilute aqueous solutions, Y., = 426.2 ergem—2, Ko = 27.0 uFem-2,
K; = 18.65 uFem~2 V-1, and Kz = 9.65 uFcm~2 V-2, The factor 10 is required in
eqn. (7) because of the conventional units; 1 wFcm~2 V-2is equal to 0.1 erg cm~2.

Further details regarding the relation of drop area to drop lifetime may be
found in the literature27-29, ‘

Once the area of the drop at the point of balance has been calculated, the values
of capacity and series resistance read from the bridge can be converted to the desired
quantities—capacity per unit area and polarization resistance. The capacity per unit
area is simply

Cexp
C= 8
= ®
The polarization resistance is obtained after correcting the total measured
resistance for the resistance of the electrolyte and the resistance of the amalgam in
the capillary. If a cylindrical or spherical counter electrode of radius ¢ surround the
drop, then the resistance R of the solution is given by

or

= v !

where x is the specific conductance of the electrolyte, 7 is the radius, and A4 is the area
of the drop at the balance point. The polarization resistance is given by

Rpol = A(Rexp — R — Reap) (IO)

where Rexp is the resistance measured on the bridge, R is given by eqn. (9), and Reap
is the resistance of the thread of amalgam in the capillary. Rcap may be calculated
from the dimensions of the capillary and the resistivity of the amalgam. It is rarely
more than one or two ohms.

The next portion of the calculation involves integration of the measured dif-
ferential capacity values to obtain the surface charge, integral capacity, and inter-
facial tension.

Measurements of capacity are usually taken at closely-spaced intervals of
potential (0.02—0.10 V). Since the values may scatter slightly about a smooth curve,
a simple trapezoidal rule was used for the integration instead of a more sophisticated
numerical integration algorithm. The surface charge is obtained by integrating the
differential capacity:

é
q = fOOCdngo (11)

where ¢ is the rational potential. A second integration gives the interfacial tension:

$o
Y = Ymax — 10 fo gdo (12)

The absolute value of y depends, of course, on the value of y,,,, which must be
obtained independently. The curve of y,., vs. indium concentration is assumed to
be the same for indium amalgams in aqueous solutions as for indium amalgams in
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vacuum46. Direct measurements of y,,,, are now in progress?5. The integral capacity
is obtained from the surface charge:

K — ¢£o (13)

Once these values have been calculated, the interfacial tension is used to
recalculate the area of the drop, and better values of the differential capacity, surface
charge, integral capacity, and interfacial tension are obtained. The iteration is con-
tinued until successive values of interfacial tension agree within o.o1 erg/cm?2. The
final values do not depend on the initial assumption of the capacity function (eqn. 6);
this affects only the rapidity of convergence.

The next step in the calculation is to find the potential of the outer Helmholtz
plane and to calculate the contribution to the capacities from the diffuse double layer.
In the absence of specific adsorption, the potential of the outer Helmholtz plane, ¢,
is given by the equation

T 2

K¢o = (14)
where K is the integral capacity of the double layer, D is the dielectric constant
of the solvent, Do (1.1128 X 10-12 C V-1 cm~1) is a dimensional constant, R is
the gas constant, C is the concentration of a 1-1 electrolyte, T is the absolute
temperature, and F is the Faraday constant. Analogous equations have been derived
for electrolytes other than simple univalent ones3?, and treatments have been extend-
ed beyond the simple Debye—Huckel theory31-36,
With the constants evaluated and combined, eqn. (14) becomes

K¢o = 11.72 l/C % sinh {19.46 P2 (%ﬁ)} (15)

This equation is most easily solved by iteration using Newton’s approximation
method.

These calculations were performed on an IBM 70qo digital computer. The de-
tailed program has been given elsewhere3?.

IV. RESULTS AND DISCUSSION

Most of the capacity measurements are plotted in Figs. 1 and z; the zero-
charge potentials used in the calculations are marked with arrows. These were re-
ported in an earlier paper!®, and are listed in the capacity tables. As the concentra-
tion of indium decreases, the capacity at a given potential increases. At capacity
values above 60 uF/cm?, the capacity increases with decreasing frequency. Below this
value, the capacity varies by less than 2%, between 0.5 and 20 ke, except for the 0.002
and 0.0059%, amalgams, where a strong frequency dependence is observed in the
region between 0 and —o.2 V, even at low capacity values. This frequency de-
pendent pseudocapacity results from the reversible dissolution of indium. In the
regions where the capacity was independent of frequency, the polarization resistance
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was usually less than 0.1 Q cm?. In regions where the capacity increased with de-
creasing frequency, the polarization resistance was as much as 100 times larger, and
increased as the capacity increased.

Selected values of the measured capacity and integrated surface charge are
given in Tables 1 and 2. Only values which are independent of frequency from o0.5-20
kc have been included. Amalgams of concentration less than 19, In gave capacity
values which were the same as mercury except at potentials where a frequency de-
pendence was observed.

TABLE 1
Potential Pure mevcury 0.92 At. %, 3.9 At. % 8.4 At. Y%
*
(vJ Dif. cap. Charge Dif. cap. Charge Dif. Cap Charge Dif. cap. Charge
(uF[cm?) (uClem?) (uF[em?) uClem?  (uF[em?) uClem?  (uF[em?) uClem?

—1I1.100 16.17 —15.83 15.81 —15.77 15.80 —16.15 15.80 —16.15
—1.000 15.52 —14.25 15.31 —1I4.21 15.25 —14.60 15.12 —14.61
—0.900 14.57 —12.74 14.81 —12.70 15.08 —13.08 14.68 —13.12
—o0.800 14.55 —1I1.29 14.85 —11.22 15.08 —1I11.58 14.75 —11.65
—0.700 14.84 — 9.82 15.06 — 9.73 15.60 —10.04 15.38 —10.14
—o0.600 15.43 — 8.30 15.83 — 8.18 16.45 — 8.44 17.21 — 8.51
—0.500 16.33 — 6.72 17.33 — 6.52 19.1I5 — 6.66 23.12 — 6.53
—0.400 18.15 — 4.99 20.46 — 4.61  28.25 — 4.37 36.72 — 3.61
—o0.300 20.88 — 3.04 37.05 — 1.95 56.73 — 0.29 62.95 + 1.32
—0.200 24.83 — 0.76
—o0.100 27.23 + 1.85

0.00 26.59 4.54
-+o0.100 23.90 7.06
+o0.200 22.40 9.38
+o0.300 21.81 11.59
+o0.400 22.88 13.82
-+o0.500 24.55 16.19
~+o0.600 28.20 18.83
Egem (V) —o0.170 —0.257 —o0.295 —o0.322
Cecm (uF/cm2)  25.55 53.42 58.84 56.63

* All potentials are referred to a reversible hydrogen electrode in 0.1 M HCIlO4, whichis —0.065 V
with respect to the standard hydrogen electrode. ECM is the electrocapillary maximum, or zero-
charge potential.

Figure 3 shows the capacity of mercury and 63.6%, indium amalgam as a
function of surface charge. In effect, such a plot normalizes the shift in zero-charge
point. The indium amalgam capacity is higher than that of mercury at all values of
surface charge, and the difference becomes greater at more positive potential. The
“hump”” which occurs near the zero-charge point for mercury also appears in the
indium amalgam, but at slightly more positive potentials.

Figure 4 shows how the capacity varies with indium concentration at constant
surface charge. At the most negative values of surface charge, the capacity is nearly
independent of indium content at concentrations less than 209, In. However, as the
surface charge becomes more positive, the increase in capacity begins at lower in-
dium concentrations, and the increase is larger. In the concentration range from
1-20%,, the zero-charge potential is close to the potential for reversible dissolution
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of indium, and the measured capacity contains a contribution (less than 1o uF/cm?2)
from the dissolution reaction pseudo-capacity. This section of the curve for zero-
charge is shown as a broken line in Fig. 4. At positive values of surface charge, the
reversible dissolution reaction prevents measurement of true double-layer capacity
at concentrations less than 20 mole %, In. At concentrations greater than 20%,, the
capacity decreases as the indium content increases.

The potential of the outer Helmholtz plane, ¢, is of importance in the slow-
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Fig. 3. Comparison of capacity as a function of surface charge for mercury (x) and 63.6% In
amalgam (+). Note that the ‘‘hump’’ occurs at approximately the same surface charge.
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Fig. 4. Capacity as a function of In activity at constant surface charge. +, +10.0; A, 4-5.0;

0,0.0; V, —5.0; X, —10.0 uC/cm2. The broken portions of the curve indicate that a substantial
contribution to the capacity arises from the reversible dissolution of indium.
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discharge theory of hydrogen evolution38.3%, as well as in other electrode reactions
where electron-transfer is the rate-determining step15.40.41. This potential can be
calculated as described previously, and the results for mercury and indium amalgams
are shown in Fig. 5 as a function of rational potential. Because of the higher surface
charge on the amalgam, the value ¢2 at a given rational potential is as much as 20 mV
larger than on mercury. On the other hand, as can be seen from Fig. 6, the value of
¢2 at a given potential relative to the reversible hydrogen electrode (the negative of
the hydrogen over-potential) is nearly the same for mercury and the amalgam in the
potential region where overvoltage measurements are usually carried out—from
—o0.9 to —1.2 V. The dotted portions of the curves on Figs. 5 and 6 indicate regions
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Fig. 5. Potential of the outer Helmholtz plane for Hg and In amalgams as a function of rational
potential. (1) 63.6%; (2), 20.0%; (3), 3.9% (4), ©.92%; (5), 0.094% In; (6), Hg.
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Fig. 6. Potential of the outer Helmholtz plane for Hg and In amalgams as a function of hydrogen
overpotential. Note that in the region where overpotential measurements are usually made
(—0.8 to —1.2 V) the difference is quite small. (1), 63.6%; (2), 50.0%; (3), 40.0%; (4), 30.0%;
(5), 20.0%; (6), 8.4% (7), 3.9% (8), 0.92% (9), 0.094% In; (r0), Hg.
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where there is probably error due to specific adsorption of perchlorate ion3. This
region, is, of course, unimportant in considerations of hydrogen over-potential.
Thus, even though the zero-charge potential shifts by 0.4 V, the potential drop across
the diffuse double layer changes only by 3-10 mV.

In a previous publication!8, we investigated the variation of hydrogen over-
voltage on indium amalgams. We analyzed our experimental data in terms of Frum-
kin’s equation?8,39,42, Since the composition of the electrode and the concentration
of hydrogen ion in the electrolyte are constant, we can gather the constant terms of
Frumkin’s equation into a corrected exchange current 7o:

=%+ X in (ifi) (18)
where
Inz’ = (1 — &) In [H+] — i gu + const. (19)
RT

In these equations, « is the cathodic transfer coefficient, 7 is the current density, gu
is the heat of desorption of a hydrogen atom from the surface of the electrode, and
[H+] is the bulk concentration of hydrogen ions. In our previous paper!®, we assumed
&« = 0.500, which gave values of —log 7’ that were independent of 7.

The corrected exchange current, 4o, is different from the exchange current ob-
tained from the simple Tafel equation because of the term in ¢2, which corrects for
the potential drop across the diffuse double layer. If g2 = o, eqn. (18) reduces to the
simple Tafel equation:

n = “Lin Giio) (20)

Equation (18) can be cast into the form of a straight line:

y=ax+ B (21)
where
RT .
y:Tlnz—}—géz (22)
x=1+ ¢z (23)
The slope of this line is & and its intercept is
B = % In 4o’ (24)

To obtain the parameters for each of the experiments conducted, the values
of ¢p2 shown in Fig. 6 were used in eqns. 22 and 23 to calculate the functions of x and y.
A least-squares straight line was fitted to the function y(x), and from its slope and
intercept were obtained the best values for x and —log 40". The 95%, confidence limits
provide an estimate of the probable error in the measurements. These calculations
were performed on an IBM 1620 computer. The details have been given elsewhere3?.

In Table 3, the results of these calculations are compared with the parameters
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TABLE 3

PARAMETERS FOR HYDROGEN OVERVOLTAGE ON IN AMALGAMS

Mole Least-squares fite ®x = 0.500
Fraction In
o2 —log io —logi, —logio (vef. 18) —log iy’ (this work)
0.08 0.469 4 0.003 12.43 + 0.10 I1.13 12.65 12.64
0.084 0.479 4~ 0.012 12.27 4 0.21 9.66 12.53 12.62
0.163 0.496 + 0.010 12.49 + 0.17 9.38 12.42 12.55
0.304 0.503 &+ 0.016  12.43 -+ 0.27 8.59 12.26 12.36
0.522 0.497 4+ 0.012 12.20 + 0.20 7.66 12.09 12.24
0.644 0.478 4 0.013 11.77 4 0.22 7.25 11.96 12.13
1.000P 0.50 4 0.02 11.3 4+ 0.5 6.5 11.85 I1I1.3

a Pure mercury (ref. 43).
b Pure solid indium, data obtained at 40-60° extrapolated to 25° (ref. 44).
¢ Errors quoted are 959, confidence limits.

published previously!8. The previous values were obtained under the assumption
that the potential drop across the diffuse double layer at the same rational potential
was the same for the amalgam as for mercury, whereas we have shown here that a
much better approximation would have been to assume the same potential drop at
the same overpotential. For this reason, even the values of —logio’ calculated assuming
& = 0.500, using the accurate capacity data, are slightly different than those published
previously.

Another noticeable difference occurs in the value for pure solid indium. The
previously published value was extrapolated assuming that the temperature coeffi-
cient of overvoltage on solid indium was the same as for mercury. In fact, it its con-
siderably smaller44, and the smaller value gives —log 7y’ = 11.3 at 25°.
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Fig. 7. Exchange current for the hydrogen evolution reaction (corrected for double-layer effects)
as a function of amalgam composition. The crosses were calculated with the transfer coefficient, «,
fixed at o.500. The circles were calculated from a least-squares fit of Frumkin’s equation to the
data. The vertical bars indicate 95%, confidence limits.
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In Fig. 7 we have compared the values of log 7’ obtained from the least-
squares calculation with values calculated assuming a fixed value, & = 0.500, as was
done in ref. 18. The values of —log 7o’ calculated assuming « = 0.500, show an almost
linear dependence on indium concentration, whereas the values obtained by the least-
squares fit show a rather non-linear dependence, and perhaps even go through a
maximum at about 209, In.

This preliminary study leaves many questions still unanswered. Although we
have assumed that there is no specific adsorption of ions in the Helmholtz layer, this
is not rigorously correct, and perchlorate ion is almost certainly adsorbed to some
extent at positive surface charges3.45. Whether or not this specific adsorption is entirely
responsible for the large change in capacity with indium concentration at constant
surface charge (Fig. 4), we cannot unambiguously decide at the present time. The
capacity difference might also result from differences in the In-Hg dipole layer in the
metallic phase, or from differences in dipole orientation of water in the aqueous phase.

Studies are now in progress to determine the double-layer capacity on indium
amalgams in sodium fluoride solutions, since studies on mercury have shown fluoride
to be less strongly adsorbed than any other anion!-3. The variation of capacity with
electrolyte concentration will provide a test of this hypothesis. If fluoride is not
specifically adsorbed, then changes in the capacity of the Helmholtz doublelayer with
amalgam composition can probably be attributed to dipole orientation effects.
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SUMMARY

The double-layer capacity of indium amalgams was measured at 25° in 0.1 M
HClO4 using a dropping electrode. Fourteen amalgams ranging in composition from
0.001-64.4 moleY, In were studied. At indium concentrations below 0.0019%,, the
capacity is identical to pure mercury; at higher concentrations, a pseudo-capacity
due to the dissolution of indium is observed at potentials more positive than the In-In3+
equilibrium potential. As the concentration of indium varies from 1—70%,, the zero-
charge potential shifts 0.4 V more negative, and the capacity—potential curve shows
a corresponding shift. The capacity—surface charge curve in concentrated indium
amalgams shows the same “hump’’ near the zero-charge point as in pure mercury.

At a surface charge of —10 $C/cm?, the capacity varies from 15 uF/cm? for
mercury to 20 uF/cm? for 64%, indium amalgam. At a surface charge of 410 uC/cm?,
the capacity of a 649, indium amalgam is approximately twice that of mercury.

The potential drop across the diffuse double layer was calculated using the
Gouy-Chapman theory. The influence of the diffuse double layer is greater for con-
centrated amalgams than for mercury. Previous data for hydrogen overvoltage on
indium amalgams together with the capacity measurements was used to analyze the
effect of the diffuse double layer on the hydrogen discharge reaction.
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Talanta. Issue in honour of the 7oth birthday of I. M. KoLTHOFF, February
1964, Volume 11, Pergamon Press, Oxford, London, New York, Paris.

This is a model of a birthday tribute. In 320 pages are collected 24 papers,
more than half by Professor KOLTHOFF’s former graduate students. The issue begins
with a biographical essay by Professor J. J. LINGANE, another former graduate
student and an essay by Professor KOoLTHOFF himself on the Status of and Trends in
Amnalytical Chemistry in which he states his belief in the importance of the scientific
approach to analytical chemistry. That there are few analytical chemists unconverted
to this view is testimony to the effectiveness of KOLTHOFF’s teaching, both in person
and through his books, as well as the example he has given in his papers. The volume
concludes with a list of the latter up to the present; it reaches the remarkable total
of 823.

ROGER PARsoNs, University of Bristol

J. Electroanal. Chem., 9 (1965) 251

D’ Ans—Lax Taschenbuch fiir Chemiker und Physiker, 3rd ed., Band I1, Organische
Verbindungen, Springer Verlag, Berlin, Go6ttingen, Heidelberg, 1964, 1177 pages,
D.M. 48.

The largest section of this pocket book consists of an alphabetic list of some
six thousand six hundred organic and organometallic compounds, together with
their formulae, molecular weights, densities, melting and boiling points, refractive
indices, solubilities, crystalline forms, optical rotations, etc. Although provision is
made for quoting properties such as principal i.r. and u.v. absorption peaks, or pK
values, these are given so rarely that the book is useless as a source of such data.
Melting and boiling point and formulae indices are provided, and also a section of
fifty pages on nomenclature. The volume also contains thermochemical data for
about six hundred compounds, and a table of critical constants.

The authors have culled their information from easily available standard
sources, and this volume would not therefore, make a significant addition to the
resources of any reasonably well-stocked library. The individual worker would find it
useful to keep at the bench, but at a comparable price, he could purchase a considerably
more versatile and comprehensive handbook.

J. S. LiTTLER
Chemistry Department, University of Bristol

J- Electvoanal. Chem., 9 (1965) 251

Behavior of Electrons in Atoms, by R. M. HOCHSTRASSER, W. A. Benjamin
Inc., New York and Amsterdam, 1964, xii 4+ 162 pages, $4.50.

This short monograph appearing in the General Chemistry Monograph Series

J. Electroanal. Chem., 9 (1965) 251-252
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provides a sound qualitative introduction to the electronic structure of atoms and to
the investigation of the energy states of atoms, by means of perhaps the most power-
ful method of investigating atomic structure 7.e., atomic spectroscopy.

In accordance with the scope of this series and the intended level of its readers,
the treatment is much more phenomenological-experimental than mathematical.
In fact very few mathematical formulae are used and these donot go beyond logarith-
mic functions. The nine chapters of this monograph are devoted to: elementary pre-
sentation of the atomic spectra; interaction between atoms and electrons; quantum
theory and atomic structure; Pauli principle, atomic energy terms and states; excita-
tion probabilities and collisions involving excited atoms. The text is very elementary
so that undergraduates should have no difficulty in following the reasoning, especi-
ally as there are a number of very clear figures which help to explain the text.

G. MiLAzzo, Istituto Superiore di Sanita, Roma
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Elsevier books for the laboratory. . . . .

HANDBOOK OF LABORATORY DISTILLATION

by ERICH KRELL
edited by E.C. LUMB

Contents

1. Introduction. 2. A review of the history of laboratory distillation. 3. Standardization
and data on concentrations. 4. Physical fundamentals of the separation process.
5. Separating processes. 6. Selective separating processes. 7. Constructional materials
and apparatus. 8. Automatic devices; measuring and control equipment. 9. Arrange-
ment of a distillation laboratory; starting up distillation. Glossary. Appendices I, IT
and III. Author index. Subject index. List of symbols. Nomograms.

X + 561 pages, 77 tables, 440 illustrations, 1963, 100s.

PHYSICO-CHEMICAL CONSTANTS OF PURE
ORGANIC COMPOUNDS

by J. TIMMERMANS

Volume 2

The second volume is the fruit of the extraordinary research effort in fundamental
organic chemistry in the years 1951-1961, in which definitive analytical studies provided
new improved data comparable in value with the entire body of physico-chemical
determinations carried out up to 1950. It maintains the mode of presentation and
subdivision of volume 1.

Contents

1. Hydrocarbons. 2. Halogenated derivatives. 3. Oxygenated derivatives of the aliphatic
series. 4. Oxygenated derivatives of the aromatic series. 5. Oxygenated derivatives of
polymethylenes. 6. Heterocyclic oxygen compounds. 7. Sugars. 8. Mixed oxyhalo-
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nitrogen derivatives. 13. Sulphur derivatives. 14. Derivatives with other elements.
References. Index.

viii 4+ 472 pages + index, 430 literature references, May 1965, £7.15.—
Volume 1 is still available . . . .

The first volume brings together a large body of data on pure organic compounds
published up to 1950.

viii + 694 pages, 1315 literature references, 1950, 102s.

ELSEVIER PUBLISHING COMPANY
AMSTERDAM LONDON NEW YORK

gesry



	Journal of Electroanalytical Chemistry 1965 Vol.9 No.3
	Points of Zero Charge in Equations of Electrochemical Kinetics
	Electrolytic Separation and Colorimetric Determination of Traces of Lead in Cobalt using Isotopic Dilution Analysis 
	Influence of Mercury drop Growth and Geometry on the a.c. Polarographic Wave
	Reduction of Iodate in Sulphuric Medium. I. The Reduction Mechanism

	Reduction of Iodate in Sulphuric Medium. II*. The Influence of the Surface of the Platinum Electrode

	The Electrical Double Layer on Indium Amalgams in O.I M HCIO4 at 25

	Book Reviews
	Contents




