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of phenol at the mercury-base solution interface.
The parameter Vi of eq. 3 then was established to best
represent the capacitance data near the polarization of
maximum adsorption for given solute activity. From
eq. 5 we obtain

(7). = a5 (b3ea), = 72 (o), (o ina)
dV/). RT \dlna/y RT\T/y\dlna/v
(43)

i.e., (OI'/0V), = 0 when (0Q/0T), = 0. If Q1is linear
in T the potential at which (dI'/0V), = 0 should be
independent of T' (and so of @), and if Frumkin’s as-
sumption as indicated by eq. 38 were valid, the poten-
tial of maximum adsorption should be Viax = —C'Vy/
Cw — C’ (independent of @). In our earlier work it was
noted that such constancy of Vi, was not always ob-
served; in the present work @ was found to be linear in
T for n-amyl alcohol but not strictly so for phenol.
Finally, the parameter S was established by (essen-
tially) fitting the curvature of plots of 8.y, against polari-
zation in the neighborhood of the plot maxima. From
eq. 43 we have
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= mr o~ 7 ) 68
dV:  RT OVdlnae RIT\dlna/y
and so
2% S 20 N
dV:  RT <O In a>v (43)

Equation 45 implies a relation between curvature of a
plot of 8, against ¥ and molar area at full coverage,
but does not furnish a basis for caleulation of molar area
from capacitance data alone. This is because d%,,,/
oV? differs strongly from 026/d7V? even near the electro-
capillary maximum where to good approximation § =
Ospp. It therefore appears impractical to avoid a model
in calculation of molar area if double integration of
capacitance curves is to be avoided. Choice of molar
area to provide representation of curvature of plots of
f.pp 2gainst V near their maxima must be considered to
give only an approximation to this parameter if de-
pendence of @ on I' is not known to be linear, and re-
sults obtained with phenol in the present work show that
such linearity cannot be assumed safely.
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Controlled potential coulometric experiments, in which the electroactive species, C, is consumed before and
during the electrolysis by a first~ or second-order chemical reaction, or in which C is produced by & reversible

chemical reaction preceding the electrode reaction, are considered.

A mathematical treatment of the effect of

these upon napy, the apparent number of faradays per mole of electroactive material, and upon current-time behav-

ior, is given.

The use of controlled potential coulometric data for the estimation of the rate constants of the

chemical reactions is described and several examples are given.

Introduction

Secondary chemical reactions during controlled po-
tential coulometric electrolyses generally lead to varia-
tions in n,y,, the apparent number of faradays per mole
of electroactive substance consumed, and variations
in the current—time behavior. Previous communica-
tions treated cases involving reactions of the product
of the primary electrode reaction leading to consump-
tion or regeneration of the electroactive species! or
leading to secondary electrode reactions.? This paper
discusses cases in which the electroactive species is
consumed before and during the electrode reaction in a
chemical reaction, and in which the electroactive species
is produced by a reversible chemical reaction. The use
of controlled potential coulometric data for the deter-
mination of the number of electrons involved in the
electrode reactions and for the estimation of the rate
constants of chemieal reactions is described.

Classification.—The primary electrode reaction is
represented as

C %= ne” — R

where C is the electroactive material and R is the prod-
uct of the electrode reaction. In the reactions below

(1) D, H. Geske and A, J. Bard, J. Phys. Chem., 63, 1057 (1959).
(2) A.J. Bard and J. 8. Mayell, ibid., 68, 2173 (1962).

R, X, Y, and Z represent electrolytically inert mate-
rials at the applied potential.

Casel. C Undergoes a Pseudo First-Order Chemi-
cal Reaction.—

C(+zZ)—X

Case II. C Undergoes a Second-Order Chemical

Reaction.—
(a) C+Z—X
() 20 — X

Case IIl. C is Produced by a Preceding, Reversible
First-Order Reaction.—

Y>C
Variations of these cases can be treated by suitable
modification of the procedure outlined below.

Mathematical Treatment

General Considerations.—The assumptions and con-
ditions of this treatment are the same as those pre-
viously described.2? The current, 7, taken as a posi-
tive quantity, is related to the rate of consumption of
C by

7 = *nFV[d(C)/dt]elec. rxn. (1)
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where F is the faraday, V is the total volume of solu-
tion, and (C) is the concentration of species C. The
rate of concentration change under limiting current
conditions (it is assumed that the applied potential is
such that the electrode reaction occurs without acti-
vation polarization) is

[d(C)/dt]elec. XD, = _p(C) (2)

where p is a constant, dependent upon prevailing mass
transfer conditions, electrode area, solution volume,
and cell geometry.! Combination of (1) and (2)
vields

1 = nFVp(C) 3)

The apparent number of faradays per mole of electro-
active material, n,p,, is determined experimentally and

is defined as
¢,
fo 7 dt

app = P 4
M = FFLC — (O] @
where (C)) is the initial concentration of C. At the
completion of electrolysis

[ ia

FV(Cy)

where the symbol nl,,, refers to evaluation of 7.y, at
the completion of the electrolysis, where (C) approaches
Z€ero.
(Z). Note that for case III, since all of substance Y
is eventually electrolyzed, the denominators of (4)
and (5) contain the additional terms -+FV[(Y;) —
(V)] and +FV(Y,), respectively.

Case I.—The electroactive species C is consumed
before and during electrolysis by a first- or pseudo-
first-order reaction

(3)

0 —
Napp =

C(+ 2) —k—>X (6)

where Z is present in large excess, and k' = k(Z).
C and Z are mixed at time ¢ = 0, and the electrolysis
is started at ¢ = 4. The system is described by the
equations

d(C)/dt = —k'(C) 0<t<t %,
d(C)/dt = —p(C) = K(C) t>t  (8)

At #;, from (7) and the initial condition (C) = (C;) at
i =0

)y, = (C) exp(—£k't) (9)

where (C), is the concentration of C at .
(8), using (9) as a boundary condition

(€Y = (Cy) exp[—Fk't — p(t — &)]  (10)
Combination of (3), (5), and (10) yields

Solving

noapp = npe”“ j;‘” 6—(p+k’)t d¢ (11)
and
nlapp/n = exp(~k't)/(1 + v') (12)

where v/ = k’'/p. Plotting log (#%pp/n) vs. B, as shown
in Tig. 1, allows the determination of %’ and p from
the slope and intercept of the line, respectively.
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tog(n°app/n).

10-2

-30+

4 ' ' i

2 3 4
t) x10°3  sec.
Fig. 1.—Case I: Variation of log n%gp/n with # for different
values of &’ shown on curves, calculated for p = 0.03 sec.™

Case IL.—The electroactive species C is consumed
before and during the electrolysis by a second-order
reaction.

®
(a) C+7Z—X

C and Z are mixed at ¢ = 0, and the electrolysis is
started at ¢ = #. The system is described by the
equations

d(O)/dt = =k(OYZ) 0<t<t (13)
d(C)/dt = —p(C) — k(C)(Z)
t>t (14)
d(Z)/dt = —k(C)(Z) t>0  (15)
At t, from (13), (15), and the initial conditions (C) =
(C)and (Z) = (Z)ati =03

CH(Z) — (Cy
©C)y = (Zige[()zig“Qi)]k‘,(—)](Ci) (16)

(Z)(Cy) — (Z)]
(Ci)e[(ci)—(zi)lkh — (Z)
Dividing (14) by (15) yields

d(0)/d(Z) = 1 + 1/[v(2)] (18)

where v = k/p. Solution of (18) for (C), using the
boundary condition (C) = (C), and (Z) = (Z), at
t = t, ylelds, fort > 4

€)=+ @) — D)+ In (2)/(Z)u] (19)

(3) See e.g. equivalent forms in A. A, Frost and R. G. Pearson, ‘'Kinetics
and Mechanism,’’ John Wiley & Sons, Inc., New York, N. Y., 1953, Chapter2

(Z)m = (17)
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Fig. 2.—Case I1(a): Variation of n%y,/n with (C}) for dif-
ferent values of ¢; shown on curves, caleulated for (Z,)/(C;) =
1.0.

1.0

o8t
s o6 , 0
o i 10
@ 04r 5
S - 10

o2r

0

-5 -4 -3 -2 -l 0 | 2 3 4
log (7Gt).

Fig. 3.—Case II(b): Variation of n%y,,/n with ~(C;) for different
values of i shown on curves.

From (3) and (15)

[ide=nrpy [T ()i =

L oaae e
Combining (5) and (20) yields
nepp/n = [v(C)]7 1o [(Z)./(Z)°]  (21)
An implicit relation for (£)° is obtained from (19)
2) = (D) — () + v In [(£)./(Z)") (22)

An explicit relation for v is obtained by combining
(21) and (22)

— n <Z> I } 2
' 1lapp(C1) n {(Z) 6 — () + nlarp(Ci)/m 23)

nl%pp/n can be evaluated by appropriate combination
of (16), (17), and (23).
For the special case (C)) = (Z;)

(@) = (Z)y = (C)/[1 + (Copkt]  (24)
and from (23) and (24)

7/ M %pp }

= r In l:
T N0%pp (C) ' 1+ (Ciki

Variation of n%,,/n with (C), (Z), v, and f; is
shown in Fig. 2 and Table I.

(25)
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TasLE I
VARIATION OF Rlpp/n WITH (Z1)/(C1), t1, AND ~(C})
[n%ps/n depends only upon the product ~(Ci) at a given f]

——————— ngpp/n for v (1) of——mmmremim—
138
(sec.) 0.01 0.10 1.00 10.0
(Z)/(Ci) = 1.0
0 0.990 0.913 0.567 0.175
10 .990 .912 564 .169
102 .989 .904 .533 133
108 980 .836 .352 .053
104 .901 477 .084 .009
108 .498 .090 010 .000
(Zy)/(Cy) = 5.0
0 0.953 0.674 0.179 0.021
10 .952 671 171 .014
102 .948 643 L1135 .000
108 .907 . 426 .003 .000
10¢ . 592 .010 .000 .000
105 .014 .000 .000 .000
(Z)/(Ci) = 17.0
0 0.855 0.375 0.057 0.006
10 .854 .369 048 .001
10% 841 318 .011 .000
108 .723 .074 .000 .000
10¢ .166 .000 .000 .000
k
(b) 2C — X (26)

The solution is prepared at ¢ = 0, and electrolysis is
started at t;. The system is desciibed by the equations

d(Cy/dt = —k(C)? o< t<t (27)
d(C)/dt = —k(C)* — p(C) >4 (28)

Up to &, (C), is given by (24).
is obtained from (28) and (24)

(©) = (€)/{[v(C) + 1+ (Ckt,] 2“7 — 4(C)}

An equation for (C)

| (29)
nlpp/7 I8 evaluated from (3), (5), and (29)
app P 0 _ P [©n d(C)
n ) Jion @t = O ET I

and, using (24)

Mlapp _ (€
n (0 111[1+ 1+(Ci>kt1] B1)

Variation of n%,,/n with v(C;) and ¢ is shown in Fig. 3.
Case III.—The electroactive species C is formed by a
reversible reaction
ks
Y =C (32)

kb
The system is described by the equations
d(0)/dt = —p(C) + k(Y) — kn(C)  (33)
d(Y)/dt = —ke(Y) + ko(C) (34)

Equations 33 and 34 are solved conveniently by using
the LaPlace transform method, with the initial condi-
tion (C) = (C) and (V) = (¥V;) att = 0. The results
are
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Fig. 4.—Case III:
and k; = 107%sec.”l: X——X, K = 0.001;
100.0; — K = o,

(CH/(Yy) = ki/ky = K (35)
(€C) = (Ce™ {cosh (GV) +
[(ko + k: — p)/2G ] sinh (Gt)}  (36)
where L and G are given by
L= 0.5p + kv + ki) (37)
G = (L2 — kp)” (38)

Note that under all circumstances, since the total
amount of electroactive species, (¥;) + (C)), is eventu-
ally electrolyzed, n%,, = n. The presence of a pre-
ceding chemical reaction will only affect the current—
time behavior, causing curvature of log ¢ vs. { plots, or
variation of the ‘‘apparent-p” for the electrolysis.
The current-time equation is obtained by combining

Log 7 vs. ¢ for different values of K = ki/ky, calculated for (Cy) + (V) = 1071 M, p = 0.01 sec.7],
O——0, K = 0.01;

0, K =01, —— K=10; *¢° K = 10.0; -~—- K =

(3) and (36). Log 7t curves for several values of &y
and ky, are shown in I'ig. 4 and 5.
Discussion

T'or those cases in which C is converted to a non-
electroactive species by a chemical reaction (cases I
and II) n%,, varies with &, k, p, (Cp), and (Z;). When
the concentration of Z is initially about twenty or more
times the initial concentration of C, the reaction is
essentially pseudo-first order, and can be treated as
case I, with n',, being independent of the (C;). Tak-
ing p as adjustable between 10~ and 10~* sec. ™}, and
assuming usual values for the other variables, &’ in
the range of 10~! to 103 sec.~! will lead to nonintegral
values of n%,,. In common with other coulometric
determinations in which the current decays to back-
ground level, relatively little rate constant information
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Fig. 5—Case III: Log 7 vs. ¢ for different values of K =
ke/ky, caleulated for (Ci) + (¥;) = 107* M, p = 0.01 sec.™,
and k¢ = 10 sec.™!

can be obtained from log it curves. For case III,
generation of C by a preceding chemical reaction,
on the other hand, rate constant data can only be ob-
tained from log 7t curves, since in all cases n%,, = n.
Reactions of this type are indicated when integral,
constant, n%,, values are obtained under a variety of
experimental conditions, and log 7~ curves show appre-
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ciable curvature, or have slopes which are smaller than
usual. Both k¢ and %, determine the shape of the
log i~ curves. When k; > 100 &y, 999, of the total
species is initially present in the electroactive forms,
and the ¢ behavior differs only very slightly from the
uncomplicated behavior. When k/k, is small, then
the current may take a long time to decay to the back-
ground level, even for % values which are large com-
pared to p (Fig. 5). In general, a preceding reaction
with a K in the range of 100 to 0.01 can be investi-
gated.

Reaction schemes corresponding to the preceding
cases are probably fairly common in controlled potential
coulometry. Cases I and II oceur whenever the elec-
troactive species can react with the solvent, supporting
electrolyte, oxygen, etc. Analytical coulometric data
can be corrected for the effect of side reactions by tech-
niques suggested in these studies. The reaction of o, a-
diphenylpicrylhydrazyl (DPPH) with bromide ion
during the electroreduction of DPPH in an acetonitrile
solution of tetrabutylammonium bromide was studied
coulometrically by this technique.* Reactions of the
type described in case III might have been responsible
for the curvature in log 7—¢ curves obtained during the
coulometric determination of tin.5 A recent com-
munication on the coulometry of the uranium(VI)-
uranium(IV) system in a tripolyphosphate medium
indicated that the electrolysis time for the reoxidation
of UIV) was much longer than that for the reduction
of U(VI).® This difference in electrolysis times under
essentially identical cell conditions may be due to a slow
chemical reaction step during the anodic oxidation.

Acknowledgment.—The authors are grateful to the
National Science Foundation for support of this work
(Grant No. G 14478).

(4) E. Solon and A. J. Bard, to be submitted for publieation.

(3) A.J.Bard, Anal. Chim. Acta, 22, 577 (1960).
(6) H. E. Zittel and L. B. Dunlap, 4Anal. Chem., 85, 125 (1963).

SALT EFFECTS ON THE ACTIVITY COEFFICIENTS OF HYDROCHLORIC ACID
AND IONIZED o-NAPHTHOIC ACID AND ON THE DISSOCIATION CONSTANT OF

«-NAPHTHOIC ACID IN 50 WEIGHT PER CENT DIOXANE-WATER®

By ArtUur F. BuTLER AND ERNEST GRUNWALD!?
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Activity coefficients are reported for millimolal hydrochloric and ionized a-naphthoic acid (H,Cl and H,A)
in 50 wt. 9%, dioxane—water in the presence of 0.04-0.6 m NaCl, NaClO,, (CH,)NCI, and sodium g-naphthalene-
sulfonate (NaNs) at 25°. The observed salt effects indicate that salt-induced medium effects make only a rela-
tively small contribution to ygye1 and yava and are magked by other interactions, There are significant specific
differences between the salt effects of NaCl and NaClQ, on the one hand, and those of (CH,;)NCl and NaNs on the
other, in such a direction as to suggest stabilizing interactions with the large organic ions. In particular, there is
evidence for specific attractive interactions between the two naphthyl anions A~ and Ns~. The values of yava
are based on measurements of the solubility? and acid dissociation constant of a-naphthoic acid in these salt

golutions.

We wish to report & study of salt effects on the ac-
tivity coefficients of -hydrochloric acid (ymyq) and
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ment; (b) Bell Telephone Laboratories, Ine., Murry Hill, N. J.

(2) E.Grunwald and A. F. Butler, J. Am. Chem. Soc., 82, 5647 (1960).

ionized e-naphthoic acid (ymyas) and on the acid dis-
sociation eonstant of a-naphthoic acid, in a solvent con-
sisting of 50.00 wt. 9 dioxane-50.00 wt. 9, water at 25°.
The dielectric constant of this solvent is 35.85.3
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