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The effect of solution concentration on the pressure coefficient of dilute aqueous solutions has been investi-
gated. Experimental results for LiCl, KCl, RbCl, and NH,CI solutions at 25° in the ranges 1-2000 atm and
3-20 mM are presented. NaCl solutions have been investigated up to 120 mM. It is shown that the Debye—
Hiickel-Onsager limiting law predicts that the pressure coefficient (A,/A:;, A = equivalent conductance)
should increase with solution concentration, ¢. This is unexpected since both A, and A; decrease with ¢. Ex-
perimental data do show the expected increase of A,/A; with ¢ up to 20 mM. Reasons why this effect has not
been found by other workers are suggested. The results fit the limiting law even at 20 mM within 0.19%,
1.e., surprisingly well, although the deviations are invariably negative. The reason for this good fit is can-
cellation in the A,/A; ratio of nonlimiting-law terms in the concentration dependence of A. Deviations from
limiting law at higher concentrations were explored with NaCl solutions. The data fit the Robinson and
Stokes equation with the distance of closest ion approach, a, taken to be 6.1 A at all pressures. This value of
a derives from an analysis of precise 1 atm NaCl conductance data assuming ion-pair formation. It is shown
that no further consideration need be given to the effects of ion association even up to 100 mM (where NaCl
is ~89%, associated). This is because of cancellation of the effects of association in the Robinson and Stokes
expression for A,/A;. It is suggested that the best method to extrapolate A,/A; to infinite dilution is to use
data at ~3 mM and the limiting-law slope. In typical cases, this approach is valid to 0.1% at 2000 atm,

providing the salt association constant at 1 atm is less than about 50 1./mol.

Introduction

The pressure coefficient of ionic conductance of solu-
tions has been suggested to be useful in the construction
of a physical theory of the conduction process.!*? From
this coefficient, two interesting experimental quantities
can be derived: the volume of activation for the ion
migration process and the isochoric activation energy.
That approach was used in the study of nonaqueous
solutions?~? and melts.® Preliminary data showed that
aqueous solutions are anomalous,? no doubt due to their
unusual structural properties.” Because of their cen-
tral position in physical chemistry and in life processes,
a further detailed study of the properties of these solu-
tions is of considerable interest, and this is the intention
of our present work. There have been a number of re-
cent studies on the high-pressure conductances of
aqueous solutions,®—!! but none has been either suffi-
ciently detailed in scope or experimentally well char-
acterized for the purposes of our detailed analysis.!—3

Consequently, we have begun a systematic investiga-
tion of the effects of temperature (3-55°) and pressure
(1-2300 atm) on the conductance of aqueous solutions.
Previously,? we have developed and validated experi-
mental methods of measuring the conductance at high
pressures to within 0.19;. In the present instance, we
consider the effect of concentration on the pressure co-
efficient of ionic conductance. It is well known that the
conductance of strong electrolytes is strongly concen-
tration dependent. Indeed, the exact description of
this dependence has been a main preoccupation in

studies of solution conductance. We have not at-
tempted to detail the description of this concentration
dependence under pressure in very concentrated solu-
tions. Rather, the aim has been to examine how to
extrapolate high-pressure data to infinite dilution with
high accuracy (0.19,), working at concentrations which
are readily and accurately experimentally accessible.

Experimental Section

Experiments were carried out as described recently.1?
An accuracy of 0.19% is claimed and the precision was
usually better than 0.059.

Results were determined and are expressed as ratios
kp/x1 (k = specific conductance), as in earlier work.2:3
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There are two important reasons for using these ratios
rather than the absolute values of x (and hence the
equivalent conductance A). First, use of such ratios pre-
vents the accumulation in the results of residual errors
(~0.05%, per pressure cycle) in the absolute values of
k, and x; in an extended experiment. ~ The ratio itself is
of experimental interest, and this procedure prevents
cumulative errors in «, and &; of up to 0.3% from affect-
ing the ratio by as much as 0.1% in an extended experi-
ment. In the second place, the effect of concentration
on the ratio «,/x (or A,/A1) is much less than on the
individual conductances. Extrapolation to infinite
dilution is therefore shorter and more certain.

Results and Discussion

Quantitative Expression of the Concentration Depen-
dence of the Pressure Coefficient of Conductance. One of
the earliest extensive studies of the high-pressure
conductance of aqueous solutions was by Kérber.'* He
reported that for KCI solutions «,/x decreased mono-
tonically with increase in concentration in the range
10—* to 3 N. No quantitative or theoretical analysis
was made.

Ellis? reported that in the range 102 to 10~ N for
K Cl and HC], the effect of concentration was negligible.
He recognized that the Debye-Hiickel-Onsager theory
predicts a large concentration effect and postulated its
absence to result from an important artifact. This was
that the ions modify the structure of the water, follow-
ing the Frank and Evans'*® description. Hence the
variation of viscosity with pressure to be used with the
Debye-Hiickel-Onsager theory was not that of pure
water but should reflect the “structural temperature”
of the water near the ion. The Debye-Hiickel terms
below 0.1 N should, Ellis argued, lead to a drop in pres-
sure coefficient as the concentration increases. This
effect was opposed by a decrease in the structural tem-
perature of the water as the salt concentration in-
creased; (hence, we presume he argues, there is an in-
crease in pressure-destructible order in the solution and
an increase in the pressure coefficient at higher concen-
trations). The two effects appeared approximately to
cancel up to 0.1 N. We will show that Ellis incorrectly
interpreted the direction of the Debye-Hiickel-
Onsager prediction and that in fact the pressure coeffi-
cient of conductance should increase with concentration.
This alone is enough to vitiate his conclusion, but we
will also show that the argument about structural tem-
peratures is not necessary to explain the results,’ 7.e.,
that data fit the limiting-law predictions made with
normal water properties surprisingly well.

Hamann!” and Fuoss, et al.,’ have also discussed the
concentration dependence of the pressure coefficient of
conductance. Hamann considered the applicability of
the Debye—Hiickel-Onsager limiting law to conductance
data at high pressure. Large deviations were found
even after modifying the equation for the variation of
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solvent properties with pressure. TFuoss, et al.,’® have
been much coneerned with the effect of concentration on
solution conductances under pressure. Usually, how-
ever, they have worked with low dielectric constant
solvents and have mainly been concerned with effects of
lon association.

No explicit treatment of the effect of concentration on
the pressure coefficient of solution conductance for unas-
sociated salt solutions has been given. Yet the reasons
for using pressure coefficients rather than absolute con-
ductances are compelling and this practice is widely fol-
lowed. It is apparent from the above discussion that
there is some uncertainty even as to the direction of the
concentration effect on this coefficient. This poses
difficulties about extrapolation to infinite dilution.
Some explicit treatment of the problem seems needed
therefore. Since it will appear that the previous ex-
perimental work which has considered this dependence
(Korber'® and Ellis®) is not in agreement with theory (or
our data), there is additional a posteriori reason for this
treatment.

The method of treating the pressure coefficient is
formally simple. We consider the equation to describe
the concentration dependence at pressure P and divide
it by the equation at 1 atm, 7.e.

Ay, = A} — f(cp) (1)
and

A, A — 1(cy)

}\1 i AIO = f(Cl) (2)

The problem is in the choice of f(c,). In principle,
this is not a large difficulty. Thus, in the concentra-
tion range where the Debye—Hiickel-Onsager limiting
law applies, f(¢,) is given by

f(cp) = (a,,AI,O = Bﬂ)'\/c_ll s Sp\/;p (3)

Here, a, and 3, are the usual constants'® comprising
solvent physical and universal constants.
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