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empirical constants, B, C, D, E, . . . in equation
16 for sodium chloride in 50 wt.9}, dioxane—-water is
their small magnitude. This is brought out most
clearly by comparison of the actual values in Table
II with the following values, obtained by extra-
polation of the data of Scatchard and Benedict!#!
to 50 wt.9, dioxane: B = 64; C = —64; D =
3.9; E = —1.4. The effect may be attributed to
short-range ionic interactions whose relative im-
portance increases rapidly with decreasing dielec-
tric constant. If to a first approximation atten-
tion is paid only to the formation of short-range ion
pairs, then v = v’@, where « is the free-ion frac-
tion and v’ the molal activity coefficient of the free
ions.'® Upon introducing the ion-pair dissocia-
tion constant K = a2(v")*m/(1 — «), and writing
In 4’ in a form analogous to (16): In v’ = —§.
(am)'r + B’ am + C'(am)*: 4 ..., the follow-
ing power series was obtained for In

it v = =Sm*e + (B’ — K Ym + (C' + 55/2K)m/» +

(D' — 38K + 3B'/K + 3/2K%m? + ... (23)

Equation 23 shows that the limiting-law term,
Sm'», is unaffected by the short-range interac-
tions, but each of the higher terms is multiplied by
a coefficient reflecting the ionic association. Equa-

(19) () N. Bjerrum, Kgl. Danske Videnskab Selskab, Math-fys.

Aledd., T, No. 9 (1926); (b) H. P, Marshall and E. Grunwald, J. Chem.
Phys., 21, 2143 (1933).
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tion 23 allows only for ion-pair formation; to a bet-
ter approximation jonic interactions of higher order
than pairwise also need be included. Such refine-
ment will cause addition of further teris to the co-
efficients of m?2, m*", ..., but the coefficients of m
and ' will remain unchanged. Thus the em-
pirical value of B equals B’ — K1,

Upon using for B’ the value 6.4, extrapolated
from the data of Scatchard and Benedict,}* K is
estimated as ca. 0.3. In spite of the crudeness of
this estimate, the value is at least of the right order
of magnitude: In 70 wt.9% dioxane-water K for
sodium chloride was found to be® 5.35 X 10~¢ at
25°. Using the equation K = 1000/[32 =N.
¢*Q(b)] to describe the solvent dependence,'® K is
estimated as 0.10 for 50 wt.9, dioxane.

Possibly a better estimate of B’ may be made on
the basis of the equation In v/ = —S(am)’?/
[1 + S(am)'2]/s, which was derived and tested
in previous papers!®® 2 for systems where ¢ >> d.
Upon expansion in power series, it turns out that
B’ = 25%/3, or 10.0 for 509 dioxane. Correspond-
ingly, K = (B’ — B)~!is estimated at 0.145, in
better agreement with the value 0.10 obtained
above.

(20) E. L.
(1957).
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The Effect of Solvent Change on the Standard Chemical Potential of Electrolytes.
Comparison of Vapor Pressure and E.M.F. Data for HCl, NaOH and Ky in the System
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The rate of change of the standard chemical potential with changing mole fraction of water, dF°/dZ;, was obtained in

50.00 wt. %, dioxane-water for HCl and NaOH from vapor pressure data.
for NaOH, d(FONB*' + FOQH—>/d21
the value, —8.0 kcal., deduced from potentiometric data for the cell Hy/HCl, dioxane-water/AgCl-Ag.

Fo(u-)/dzl = —-79 kcal.;

= —17.6 kcal.

Values at 25.00° were: for HCI, d(Fg+ +
The value for HCl may be compared with
The values for

HC! and NaOH, when combined with a previous value? for NaCl, lead to —19.8 & 1.0 for d In K+/dZ;, where K, is the

autoprotolysis constant.

This differs significantly from the potentiometric value of —22.3.

The discrepancy may be due

to lack of reversibility of the Ag—AgCl electrode at high pH in the dioxane-rich solvent compositions.

Precision measurements of the activities of the
solvent components may be used to obtain thermo-
dynamic data for electrolytes in mixed solvents.
A suitable method was reported in the preceding
paper.? Results of this method will now be com-
pared with results based on the e.m.f. of reversible
cells in order to have a cross-check on the validity
of both methods. Two systems were selected:
(i) Hydrogen chloride in dioxane-water, because
potentiometric data for the cell (1) were already

Pt-Hi(g, 1 atm)/HCl{m), dioxane(Z,), water(Z;)/AgCl-Ag
(1)

available for a number of solvent compositions®—?;

(1) Work supported by the Office of Naval Research. Reproduc-
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States Government.
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(ii) Sodium hydroxide in dioxane-water, because
these data, taken in conjunction with the data for
HCI and NaCl?, may be compared with potentio-
metric values’ of the autoprotolysis constant K.

The mathematical symbols that will be used have
been defined in the preceding paper.?

Experimental Part

Reagents and Solutions.—Constant boiling aqueous hy-
drochloric acid was prepared from reagent grade acid? and

Harned, 7bid., 60, 336 (1938); H, S. Harned and C. Calmon, ibid.,
60, 2130 (1938); 20, 45, 70 wt. 9, dioxane.

(4) E. L. Purlee and E, Grunwald, ¢b/d., 79, 1366 (1957); 70 wt. 7§
dioxane.

(5) H. P. Marshall and E. Grunwald, J. Chem. Phys., 21, 2143
{1953), extrapolations,

(6) A.F. Butler, Ph.D. Thesis, Florida State University, Tallahassee,
Fla., August, 1956; 50 wt. 9% dioxaue; experimental methods similar
to those of ref. 4,

(7) H. S. Harped and I,. D, Fallon, THis JoURNAL, 61, 2374 (1939);
20, 45, 70 wt. 9, dioxane.

(8) C. W. Foulk and M. Hollingsworth, ibid., 46, 1220 (1923).
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was compared with potassium acid phthalate obtained from
the National Bureau of Standards, A saturated aqueous
solution of sodjum hydroxide was prepared from reagent
grade pellets and pure water. The solution was filtered
to remove solid sodiuin carbonate and stored in a polyethyl-
ene bottle. The purification of dioxane and water and the
preparation of the solutions from them and the HCl! and
NaOH solutions followed previous practice.? The solvent
always was made up to contain 50.00 wt. 9, dioxane and
50.00 wt. 9, water, due allowance being made for the water
in the constant boiling HC! and saturated NaOH. The
HC! molality was computed fromn gravimetric data and the
NaOH molality from acid-base titration. The NaOH
molality was checked at the conclusion of each run by titra-
tion of the liquid left in the final saturator, and the differ-
ences were within acceptable limits.

Procedure.—The vapor pressure apparatus and experi-
mental techniques were the same as reported previously.?
Each experiment was carried out at least in duplicate. The
replicability of individual determinations was =0.0002 for
the mass ratios and £0.002-0.009 wt. % for the vapor com-
positions. The corresponding uncertainties in In a1/as are
=+0.00030 and £0.00014-0.00063, respectively.

Calculation of In «;/ws.—All calculations were based on
the slightly-imperfect-real-gas model, using virial coefficients
reported elsewhere.! Solute concentrations were suffi-
ciently low so that the quantity

Zin o +

m

Zy In ag = —2(M1,/1000) (m —j; n d In ‘Y*>Z

1
did not have to be treated as an unknown. Hence both In oy
and In &y could be calculated when either the mass ratio or the
vapor composition was measured. In actual practice, both
of these quantities were measured, and therefore two in-
dependent values were obtained for In a;/as at each concen-
tration.

It was convenient to precalculate In ai1/as for 50.00 wt. %
dioxane—water as a function of mass ratio and of vapor com-
position for a number of values of (Z; In oy + Z; In «2); ex-
perimental data were then evaluated by interpolation on
large-scale graphs.

For NaOH,

0

Debye-Hiickel limiting law and by assuming In v, to be
equal to that for sodium chloride in 50 wt. 9; dioxane—
water.? For HCI, the most accurate value of the integral
was obtained by using In ¥ as deduced from potentiometric
data.! However, the actual values of In a;/a; were insen-
sitive, within their experimental error, to the somewhat
arbitrary assumption made here, as will be shown in a
later section. Therefore, even though potentiometric data
were used in the evaluation of the vapor pressure data for
HCl, the values of In ay/ee are virtually independent of this
fact.

ne
m o It ¥, was computed both from the

Results
Comparison of Data for HClL—It follows from
the thermodynamic relationships obtained in the
preceding paper? that the vapor pressure and e.m.f.
data are related by the equations

1000 In C([/C(g =771A{1263+,cr + 241[12’['0”;(0 In “/,:/OZI),,, dm —
oM, — M) fo " (0 In vafom)Z: dm (2)

Ba*. c1- = (1/RT)[d( Fg+ + Foci-)/dZ:
= —(5/RTYdE/dZy) (3)

In equation 3, ¥ is the Faraday charge and E° the
standard e.m.f. of cell (1) on the mole fraction
scale. The right side of equation 2 is obtainable
from e.m.f. data and the left side from vapor pres-
sure data.

The relevant potentiometric data are listed in
Table I. The evaluation of the integral involving
O In v_/0m is simplified by the fact that, for 509

(9) A. L. Bacarella, A. Finch and E. Grunwald, J. Phys. Chem., 60,
573 (1956),
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dioxane-water in the concentration range of in-
terest, activity coefficients are described satisfac-
torily by the equation

In Y. = — 3.866m'/2/(1 + 2.474m"/2) (4)

as demonstrated in Table II. The integral in-
volving 0 In v_./0Z; was evaluated as follows: In v_
was plotted wus. Z;, using the data indicated in
Table I, for a number of conveniently spaced con-
centrations in the range 0 < m < 0.07. At each
concentration, dlnvy/0Z; was calculated for Z; =
0.8302 (50 wt.9, dioxane) from the smooth plot by
numerical differentiation.® The results were then
plotted vs. m and integrated numerically.

TABLE I

POTENTIOMETRIC RESULTS FOR THE SYSTEM DIOXANE~-
WATER, 25.00°

o(y.)a

( Source of
Cell (1)

Dioxaune,

wt. % 1In ya, HCI? log Kwh,e
20 0.00554 Ref. 3 —14.620
45 — .0196 Ref. 3 —15.735
50 — .0284¢ Table II —16.046¢
70 — .0993 Ref. 3, 4 —17.835

¢ Based on refs. 3-5. °® For 45 and 709, dioxane, re-
ported values®” were corrected to the new value of E°.
¢ Molal scale, based on ref. 7. ¢ Interpolated.
TABLE II

TEST oF EQUATION 4 FOR AcTiviTY COEFFICIENTS OF HCI IN
50.00 Wrt. 9 D1oxANE-WATER, 25.00°

m Obsd., ref. 6 Caled,, eq. ¢4
0.003623 0.816 0.817
.005420 .786 .786
.01805 .678 677
.02788 .633 .633
.04393 .588 .587
.05946 .558 505
.07404 .538 .533

Of the three terms on the right in equation 2, the
first is by far the most important, and the cal-
culation of dE°/dZ, for 509, dioxane was done
with special care. To minimize subjective error,
large-scale plots of E° vs. Z; were constructed by
four different people and differentiated numeri-
cally.’® The final average is thought to be accurate
to 29.

The results of the calculation are summarized in
Table I1I, where potentiometric and vapor pressure
results are compared. The agreement of com-
parable values of In ey/e is adequate; at 0.05060
m, one of the values, from the vapor compaosition
data, is a little out of line, but this value is less pre-
cise than the others and is still within the limit of
error. Another way of testing the data is in terms
of d(F’m+ + Fy-)/dZ,. The potentiometric
value, —FdE°/dZ;, is —8000 = 180 cal. The
average value computed from the vapor pressure
and other relevant data ziz equation 2 is —7900
cal. In this second calculation, the vapor pressure
data contribute the term 1000RT (Ine;/ce)/mMis
which amounts to about three quarters of the total.

Results for NaOH.—Values of In ay/ae for
solutions of NaOH in 50.00 wt. 97, dioxane-water
were computed from independent measurements of

(10) W. E. Milne, “Numerical Caleulus,” Princeton University
Press, Princeton, N, J., 1049,
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TaBLE 111

COMPARISON OF POTENTIOMETRIC AND VAPOR PRESSURE
REesuLrs For HCH 1N 50.00 Wr. 9% D1oxANE-WATER, 25.00°

§ dEo olay "

m RT a4z, f:)n DZTPF dm ./‘[)yZ mdlny,
0.02467 13.50 £ 0.3 0.0470 --0.00303
0.05060 13.50 = .3 0.1230 —0.00745

—e———— — 1000 18 a1/ ey —————

m Potentiom. Mass ratio Vapor comp.
0.02467 7.58 = 0.3 7.43 £+ 0.3 7.52 £+ 0.14
0.05060 1411 £+ .3 14.3¢ = .3 1556+ .5

the mass ratio and of the vapor composition. The
mean deviation of the two sets of values was less
than 0.0004, and average values are listed in Table
IV. The calculation requires prior knowledge of
v+ as a function of m, but the results are very
insensitive to the exact function chosen, as illus-
trated for two plausible functions in Table IV.

TaBLE IV
Dara FoR NaOH iu 50.00 Wr. 9% DioxANE-WATER AT
25.00°

v« from limiting law v+~ same as for NaCl
m 1n at/a: B* In ai/a: B* gB*d

0.00000  ....... —-29.63%% ... ... —29.69%¢
01189  —0.00985 —30.7¢ —0.00987 —30.7¢ 0.9
.02413  — .01849 —29.7g — 01845 —29.84 5
.03916  — .02029 —30.49 — 02935 —30.351 3
.0523 — .03815 —30.7g — .03835 —30.8p 2

Av. —30.4 Av. —30.5

n

¢ Computed by weighted least squares via equation ¢
b = —20.46. ¢b = —21.65. 4 Standard deviation.

The calculation of Bya+ om- was based on the
power series expansion, equation 20 of tlie preced-
ing paper,? which was used in the form
B* = (1000 11 o/ o)/ Miom — 27.59m'/e =

8+ bm+ ... (5)
At low molalities, 8* should vary linearly with .
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For the data in Table 1V, there is a slight but
statistically insignificant drift in 8* with increasing
m. The most probable value for 8 is —29.7, ob-
tained by least-squares fitting of the data to equa-
tion 5. The most probable value for 5, —21, is
nearly equal to the corresponding quauntity for
NaCl.?2 On the other hand the data do not pre-
clude the possibility thiat & = 0, in which case the
limiting law is valid and 8 = —30.4. In any case,
it is unlikely that the correct value of Bx.r om-
differs from —29.7 by more than + 1.0.

d In Kw/dZ,—It follows from the definitions
of the autoprotolysis constant K+ and of @8 that

dIn Ko/dZ1 = Bu+, on- = Ba+ o1 +
Bxam, on~ — Bwat, c- (9)

Upon substitution of numerical values for HC],
NaOH and NaCl,?2 d In Kw/dZ, is predicted from
vapor pressure data to be —19.8 £ 1. On the
other hand, from potentiometric data for In K (con-
verted to the mole fraction scale),” the correspond-
ing value is —22.3 £+ 0.3. The discrepancy be-
tween the two values is significant and poiuts to
determinate error in at least one of the two sets of
measurements. In view of experimental difficulties
described by Harned and Fallon,” we believe that
the determinate error may have occurred in the
potentiometric measurements. The experimental
difficulty was that the Ag-AgCl electrode did not
function reversibly in the alkaline solutions which
one has to employ in the measurement of Kw at
the higher dioxane concentrations except in the
presence of a large excess of sodium chloride.” Al-
though Harned and Fallon took pains {o minimize
this error, the fact that the vapor pressure data are
not subject to difficulties of this sort would tend to
make them seen: more reliable.
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A circulatory electrolysis cell assembly has been devised with controlled hydrodynamic characteristics, for the study at
stationary solid indicator electrodes of current-voltage curves in flowing solutions. A new microconical platinum electrode
is described and ‘the relevant theoretical limiting current equation is derived. In a range of flow velocities between 25 and
500 cm./sec,, oxygen, ferricyanide and aquo-ferric jon at the conical platinum microelectrode yielded sigmoid current—
voltage waves with well-defined limiting currents. Implications are discussed to quantitative voltammetric analysis in
flowing medja. Oscilloscopic evidence is presented that the random fluctuations of the limiting currents, normally ob-
served at the rotated platinum wire electrode, are due to turbulence, A constant limiting current, free of transient fluctua-
tions, was obtained in a purely laminar gravitational flow using a “‘wall-less” electrolysis cell. The conical platinum micro-
electrode under suitable experimental conditions approximates the behavior of an electroanalytical flowmeter. Selected
applications are considered as examples of an unorthodox approach to tlie measurement by electrocliemical kinetics of rates

of physical phenomena.

A time period of more than one and a half decades
has now elapsed since the invention of voltammetry
at the rotated platinum wire electrode (RPWE).?

(1) Abstracted from a doctoral thesis by Richard A. Javick. Pre-
sented at the Eighth Pittsburgh Conference of Analytical Chemistry
and Applied Spectroscopy, March, 1957,

(2) Department of Engineering Research of The Pennsylvania State
University.

(3) H. A. Laitinen and 1. M. Kolthoff, J. Phys. Chem., 46, 1079
(1941).

The behavior of the RPWE is intermediate be-
tween that of a ‘‘convection electrode’” and a “‘dif-
fusion electrode.”’*5 Mass transfer by diffusion
and forced convection both are controlling factors
of the limiting currents which depend on diffusion
coefficients as well as on the prevailing hydrody-

(4) J. Jordan, Anal. Chem,, 27, 1708 (1035).
(6) I. M. Kolthoff and J. Jurdan, THIs
(1954).
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