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Effect of Pressure and Temperature on the Conductivity and Ionic
Dissociation of Water up to 100 kbar and 1000°C*

WiLrriED B. HOLZAPFEL

Institut fiir Physikalische Chemie der Universitit Karlsruhe, Karlsruhe, Germany and
Department of Physics and Materials Research Laboratory, University of Illinois, Urbana, Illinois

(Received 30 September 1968)

The effect of pressure and temperature on the equivalent conductance of water is derived from recent
conductivity measurements. The results together with experimental data on the ionic conductivity of
water at temperatures up to 1000°C and pressures up to 100 kbar are discussed. The ionic product of water
and the corresponding thermodynamic data for water dissociation at high pressures and temperatures

are derived.

I. INTRODUCTION

The knowledge about the properties of liquids and
liquid solutions has been extended substantially during
the last years because of developments in high-pressure
techniques.

Shock-wave experiments'™ and static measurements
of the ionic conductivity®’ of water at high pressures
and temperatures indicated that the ionic dissociation
of water increases steeply with rising pressure and
temperature. Recent conductivity measurements at
intermediate pressures® and the determination of the
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pressure and temperature dependence of the equivalent
conductance of water make it possible to deduce quan-
titatively the ionic products of water for a wide pressure
and temperature range.

II. CONDUCTIVITY OF WATER

The conductivity of pure water ow can be expressed
in terms of equivalent conductances, Ag* and Mom™,
and concentrations, cat* and con™, of the hydrated H+
and OH- ions:

cw=Ag*cat+NouCon~. ¢))

The concentrations are related to the ionic product
Kw by

Kw=fa*fonca*con™.

The activity coefficients fua* and for™ are equal to 1 at
infinite dilution. An estimate shows that the value of
the activity coefficients at 1 atm and 25°C correspond-
ing to the ion concentrations cg*=cor~= 1077 mole/liter
is only 0.049%, smaller than 1. The decrease of the
activity coefficients caused by the higher ion concen-
trations at higher pressures and temperatures is like-
wise negligible within the experimental accuracy. For
similar reasons, the “limiting equivalent conductance
of water,” Aw'=Ag*+Nor~?, can be used, neglecting
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corrections for finite ion concentrations. This gives for
the present purpose
logow=1ogAw’+3logKw. (2)
Values of Au® at temperatures up to 300°C and at
densities between 0.75 and 1.1 g cm™3 are available from
recent conductivity measurements on acids, bases, and
salt solutions at high pressures and temperatures.®!
As shown by the different notations in Fig. 1, the
density or pressure dependence of Aw® at constant
temperature is surprisingly small in the measured
range. An explanation for this unusual behavior results
from the assumption that the decrease of the “normal”
mobility of the H* and OH~ ions with pressure is just
compensated by the increase of the “extra” mobility.?

The temperature dependence of Aw® may be fitted
by the equation
Aw®(T) =3.4X 10— 10°K/(T-155°K) Jiters/Q-cm-mole, (3)
which is represented by the straight line in Fig. 1.

At lewer pressures and temperatures, where small
amounts of dissociating impurities make a direct
measurement of ow very difficult, some values of ow
are calculated from the available Kw values. The early
results of Noyes et al.? and later measurements of
higher precision in the lower temperature range®—
determined the variation of Kw along the coexistence
curve of liquid water and steam up to 306°C. The
increase of Kw with increasing pressure up to 2 kbar
at room temperature was measured by Hamann.”” The
corresponding ow values are shown by squares and
triangles in Fig,. 2.

At higher pressures and temperatures one principal
problem of static conductance measurements is still
the possible influence of impurities.

Gier and Young,® using a platinum cell with sapphire
insulators, therefore regarded their measured values only
as upper limits for the conductivity of pure water,
bearing in mind especially some possible contributions
from soluted and disassociated AlOs. Their values are
shown by open ¢&ircles in Fig. 2. Similarly Mangold’s
measurements, shown by heavy dots in Fig. 2, repre-
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Fi1cG. 1. Equivalent conductance of water at high pressures and
temperatures. Experimental values for different densities: A at
0.75, @ at 1.0, and O at 1.1 g cm™3 (from Refs. 9 and 10).

sent at least an upper limit for ow. From an experi-
mental point of view it seems that the good repro-
ducibility, found by Mangold® for his measurements
above 600°C and 6 kbar compared with the poor
reproducibility and time dependence below 300°C,
indicates that the conductivity in these measurements
above 600°C and 6 kbar was essentially because of the
dissociation of the water itself. i

In the highest pressure range, the conductivity
measurements under static pressures by Holzapfel
and Franck, indicated by crosses in Fig. 2, can be
compared with shock-wave results of different groups.'=®
The mean values of Hamann and Linton? are indicated
by points with surrounding circles. Yukhnavech’s
values* are represented by the open hexagons. The
larger scatter of the shock-wave data below about
400°C may possibly be explained by partial freezing
or by effects of the short measuring time, which could
be too small in this range of higher viscosity to attain
the equilibrium of the ionic dissociation. Since the
possible effect of impurities can be avoided in the shock-
wave experiments, these results may rather be con-
sidered as lower limits for ow.

Regarding all the experimental problems not only
of the shock-wave technique but also of the static
measurements at the highest pressures, it seems that
the agreement between both results is fairly good.

The density dependence of the different sets of
conductivity data can be interpolated by an equation
of the form

logew(p, T') =[ A+ (Bp/m) ] log(p/po) +logow(es, T).

(4)

"The slope at p=p;=1.0 g cm™3 results 44B=9.7+0.5.

The less well-determined curvature gives B=2.5+1.
The interpolating curves in Fig. 2 correspond to 4=
7.2 and B=2.5 and indicate that no temperature
dependence of 4 or B is necessary within the present
experimental accuracy. The boundaries of the liquid
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F1c. 2. Conductivity of water measurements at static high pressures: open circles, Gier and Young?; filled circles with horizontal
and vertical error bars, Holzapfel and Franck’; filled circles, Mangold.® Shock-wave data: open circle with dot, Hamann and Lin-
ton?; hexagon, Yuknavech.! Values calculated from Kw: filled squares, Noyes et al.’?; filled triangles, Hamann."”

phase are determined from the phase diagram'®* with
corresponding PVT data 2

III. IONIC PRODUCT

For densities between 0.5 and 1.8 g cm™3, the pres-
sure dependence of logA»® is at least an order of mag-
nitude smaller than the pressure dependence of logow.
A good approximation for the density dependence of
the ionic product Kw results therefore from the com-
bination of Egs. (2) and (4) in the form

logKw(p, T) = 2[ A+ (Bp/po) Jlog(p/p0) +1ogKw (po, T).

(5)

The temperature dependence of logKw(po, T) at the
density po=1.0 g cm™® can be derived in the lower-
temperature range from the Kw values along the
coexistence curve,*~% when the corrections for higher
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density use Hamann’s results.” These values are
shown in Fig. 3 by dots. Values of log Kw(p, T') at
higher temperatures are derived from the conductivity
data Fig. 2 using Eqs. (2) and (3). These points are
indicated in Fig. 3 by circles with estimated error bars.

These possible errors result from the uncertainty of
the conductivity measurements and above 300°C
additionally from the extrapolation of Au®. As suggested
by Fig. 1, it seems very plausible that the accuracy of
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F1c. 3. Temperature dependence of logKw at constant density
p=1.0 g cm™3 (Kw in square moles per square liter). Open circles
are from atmospheric!?~V" with corrections for constant density.
Filled circles with vertical error bars, derived from conductivity
data; solid line, interpolated by Eq. (6) ; dashed line, interpolated
by Eq. (7).
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F1c. 4. Tonic product of water: @ Measurements of Noyes ef al.,'* A Measurements of Hamann,1” calculated from conductivity
data by Eq. (5) with Eq. (6), @ Water~ice triple points. logKw is in square moles per square liter.

Tasre I. Comparison of logKw values from different authors.

Kw (moles ? liter—?) Estimated
T P —logKw error
(°C) (g cm™) Literature Eq. (6) Eq. (7) =+
0 0.9999 14.928 14.91 14.928 0.01
25 10.9971 14.000 14.00 14.000 0.01
50 0.9880 13.272 13.29 13.272 0.01
100 0.958 12.32> 12.27¢ 11.28 12.25 0.03
218 0.843 11.34 11.36 11.37 11.31 0.06
306 0.700 11.77 114 11.86 11.79 0.1
25 1.0707 13.3974 13.39 13.397 0.01
500 9.7e 9.5 9.4 0.3
750 0.80 8.2 8.4 8.4 0.5
1000 7.3 7.1 7.8 0.7
500 2.8+0.7¢ 3.7 3.6 0.4
750 1.50 1.9+0.7 2.5 2.6 0.6
1000 1.24-0.7 1.3 2.0 0.8
® Reference 16, d Reference 17.
b Reference 12, ¢ E. U. Franck, Z. Physik, Chem, 8, 192 (1956).

° Reference 14, t Reference 7.
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TasLE II. Thermodynamic quantities for the self-dissociation of water (referring to the molarity scale. Errors are estimated.)

At T=25°C, P=1 bar At T=3500°C
=1.0gcm™3
from literature from Eq. (7) from Eq. (7) Units
AU® oo 14.22-40.02 14.24+3 kcal mole™?
AV® 20.4% 21.3b 21.44+0.7 555 cm3 mole™?
AG 19.099¢ 19.1040.01 26.6+1 kecal mole™?
AH 13.617¢ 13.60=0.03 63 kcal mole™?
ASE —18.39¢ —18.45+40.12 —2745 cal deg™? mole™?

& Reference 17. b Reference 30. © Reference 16,

the extrapolation of logAw® even at 1000°C is better
than +0.2.

The full drawn curve in Fig. 3 interpolates the
experimental values and corresponds to

logKw(py, T) =— (To/T) +log (14 105 8To/T))
+10.30+logKwr. (6)

with Kwr=Kw(1 atm, 25°C) = 10-14.90 mole?/liter and
Ty=3063°K. The upward curvature of this interpola-
tion is not unreasonable and would correspond to an
increase of the dissociation energy AU with temper-
ature.

Nevertheless, within the present experimental ac-
curacy it is still possible to assume a constant disso-
ciation energy AU®. This gives

AU% R In10=3108.0°K
and

logKw(py, T) = (— AU% RT 1n10) +10.4504-logKwr
' (7)

which corresponds to the straight line in Fig. 3.

In Table I values of logKw from Eq. (5) plus
either Eq. (6) or Eq. (7) are compared with some
representative data from the literature. Estimated
error limits are added. Especially at lower temper-
atures, where the experimental errors are small, Eq.
(7) shows a clear superiority over Eq. (6). The differ-
ences at the higher temperatures give a measure of the
actual uncertainty. :

Figure 4 finally results from Eq. (5) with Eq. (7)
by the use of PVT data?2 and the phase diagram®*-2
from literature. Some isobars, coexistence curves,
error bars, and the earlier Kw values®? are illustrated,
too.

The thermodynamic data for the ionic dissociation
of water can be derived, too, from Eq. (5) with either
Eq. (6) or Eq. (7). Using the standard convention
that the activity of water is 1 and Kw refers to the
molarity scale, the following definitions are obtained:

AU°=RT?1n10(3 logKkw/3T),,
AV°=—RT In10(3 logKw/3p)7(3p/3P)r,

AG°=RT In10(logKw),
AH°=AU+ RT?1n10(0 logKw/dp)r(8p/0T)p,
ASp°= (AH°—AG°)/T.

With the use of the PV T data for water from liter-
ature?®~? the above equations with Egs. (5) and (7)
give the data of Table II. This table includes com-
parable data from literature'®”-® and an estimate of
the possible errors.

IV. DISCUSSION

The present knowledge of the conductivity of pure
water is shown in Fig. 2 with full regard to all the
uncertainties of the available experimental data. The
difference between the “interpolated curves” and some
of the shock-wave data at intermediate temperatures
seems to result from the proximity of these experi-
mental points to the freezing curve. Shock-wave experi-
ments along another Hugoniot curve, starting for
instance at 100°C, or further static measurements could
possibly resolve these uncertainties.

On the other hand, it appears that Egs. (5) and (7)
together with the corresponding thermodynamic data
yield a better understanding of the particular temper-
ature dependence of log Kw along the coexistence curve
water-steam and of the physical significance of these
data than the earlier interpretations. Equation (5)
points explicitly to the density effects.

Finally, the pressure dependence of the conductivity
data and of the related Kw values may have indicated
how much such weak bonds as the hydrogen bridges
are influenced by high pressures and temperatures.
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