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Conductivity at 25° of aqueous solutions of MgSO, has been measured as a function of pressure up to 2000 atm. for five

concentrations from 0.0005 to 0.02 M.
tion used by Davies, Otter, and Prue.
was found to be —7.3 = 0.4 cc./mole.

The effect of pressure on the dissociation constant was calculated with the equa-
The difference of partial molal volumes between products and reactants, AP0,
The relation of this work to results of sound absorption measurements in MgSO,

solutions is I}{mint.ed out. Measurements of the effect of ﬁressure on conduectivity also were made for the following aqueous

solutions: KCIl, K804, MgCl,, and NaCl at 25° over t

e same concentration range.
at infinite dilution, A,°, were determined as a function of pressure for MgS0,, KCIl, K,SO4, and MgCl,.

Values of equivalent conductivity
Values of A,/Ay

are given for MgS0,, KCl, K,80s, and MgCl, at each concentration. Since V;* = —6.4 cc./mole for MgSQs, the partial
molal volume of the state which dissociates into ions is ~ +1 ce./mole,

The unusually high sound absorption of sea
water, about 30 times greater than that of fresh
water, is due to a small concentration of magne-
sium sulfate, approximately 0.02 M.? Tamm and
Kurtze® found that other 2-2 sulfates exhibit
similar high absorption and Eigen* has discussed
their significance. Liebermann® showed how a
pressure dependent chemical reaction could pro-
duce this sound absorption and Bies,® on the basis
of pressure dependent dissociation, derived a
theory by which he determined equilibrium con-
stants of magnesium sulfate from sound absorp-
tion measurements at atmospheric pressure in
water and dioxane-water solvents. Verma’ has
made a recent summary of sound absorption in
electrolytes which includes measurements as a
function of concentration, temperature, dielectric
constant, pressure, and the effect of heavy water
as solvent.

For any quantitative check of the theory of
sound absorption based on pressure dependent
dissociation reactions, it is vital to know the
volume change upon dissociation into ions, that 1s
AT? which appears in eq. 1.8 It should, in prin-
ciple, be possible to use the same (AV?) and degree

<banm> __ar m
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of dissociation (a) to describe results of density
and conductivity measurements; if sound absorp-
tion is due to dissociation into ions, it should be
possible, using the same (A1?) and «, to account
for it also. This has been done for a weak electro-
lyte in the case of ammonium hydroxide in work
reported by Hamann and Strauss® and by Carnevale
and Litovitz.'°
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Since AV? has not been determined experi-
mentally for any of the 2-2 sulfates from conductiv-
ity measurements as a function of pressure, the
object of this work is to do so at 25° to facilitate
comparison with values of AV determined by

Bies.! The molal dissociation constant K, was
calculated from equation 2, in which it is as-
2f 2
K, = ma®fy ®
l—a

sumed that the activity coefficient of the associated
salt is unity at all pressures and concentrations.
The degree of dissociation was determined at 25°
for magnesium sulfate by dividing the measured
equivalent conductivity by the theoretical value
determined from the equation

RA0 VI
A= A0 — —- o -
& [1-+ Bav/Tj2 ]1 ¥ Bav/T
used by Davies, Otter, and Prue.!? The activity

coefficients were calculated from the Debye-
Hiickel equation

(6

—logfs = Az /T
8)e = 1 4 Bay/7

In both eq. 3 and 4 molar concentrations varying
with pressure were used. In eq. 2 the rational
activity coefficient is used for the molal activity
coefficient. Tables I and II list constants for
aqueous solutions useful in evaluating eq. 3 and 4.

The dielectric constant e was calculated using
the Owen and Brinkley!'? equation

1
p+ )] 5)

6 = el/[1—0.406010g< “Br1

where p is in atmospheres and the 25° value B =
2885 atm. from Gibson'* is used. The viscosity
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data were interpolated graphically from the
measurements of Bridgman'® and the ratio of
densities p, was calculated from Dorsey.'® The
value @« = 14.28 at atmospheric pressure is that
used by Robinson and Stokes'’; it decreases as a
function of pressure, varying inversely as the di-
electrie constant. .

Tasie I

ConsTANTS FOR WATER As A FUNCTION OF PRESSURE AT 25° .

P, (eT)*/2
atm. € T suT)'/’ X 10—
1 s 417 153.0 3.583
500 094 155.2 3.739
1000 5 712 157.2 3.885
1500 5 ,284 1590 4.020
2000 v 812 160.7 4.148

n
(poise)
0.008937
.009014
009132
.009314
009604

TasLe IT

ConpucTivity AND ActiviTy CoEFFICIENT EQUATION CON-
STANTS AS A FUNCTION oF PRESSURE FOR AQUEOUS SoLuU-
TIONS AT 25° IN THE EQUATIONS

RA,° ] Vi
= 07 s -
ket L+B®Q&+E1+an
—logf =

A |2122|\/i
1+ Bav/I
P, : a
atm. R E B A Mg80,

1 0.9157 120.64  0.3286  0.5092 14.28
500 .8775 117.9 .3239 .4880 13.88
1000 8445 114.8 .3198 .4696 13.53
1500 .8161 111.4 .3162 .4538 13.23
2000 .7910 106.9 .3129 .4398 12.95

Experimental
A ltu: —The aPpamtus was eesentmlly that deecnbed
gy The vit; ted of a cylindrical
eﬂon tube closed at one endy a shdmg Teﬂon plu mserted
at the other end of the oell support/ed the el ec
itted the e« tivity eell from
white paraﬂin Oll used in the pressure vessel. Heavy
platinum wire pins were mounted parallel to the axis of the
ei;l;ndncal plug and went all the way through it to provide
trical contact with the electrodes. Correctious to the
cell constant as a function of p e due to p
of the Teflon were obtained by comparing potassium chlo-
nde eonductxvlty results. ese were obtained with a
Eug in which one electrode was supported by
heavy platinum wire as above; the other electrode was sup-
ported by a glass rod located at the edge of both electrodes
and whose axis was tglerpendxculm- to the plane of both
electrodes and perpendicular to the axis of the cylindrical
ge . A fine platinum wire provided electrical contact
tween the glass sggorﬂed electrode and a shorter heavy
platinum wire mounted in the sliding plug. Corrections for
the solubility of the glass were mage assuming the rate of
solution or the change in conductivity Ax proportional to
pressure and time, Ax = ZaPt, where « is assumed to be
independent of pressure. A Wayne—Kerr universal bridge
B221 was for measuring conductance. The effects
of series lead resistance and shunt resistance of the hydraulic
oil as a function of pressure were measured; corrections for
the 0.2 ohm series lead resistance were made where necessary.
The temperature was 25 =+ 0.05°.
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Materials and Method.—Aqueous solutions of potassium
chloride, sulfate, magnesi chloride, and mag-
nesium sui—fute were prep&red from analytical grade reagents.
Conductivities of these salts were measured at three con-
centrations and for magnesium sulfate, for two additional
concentrations. Solvent cunductlvxt}' correctmna were

e using experi 11 A Measured
equivalent conductivities and cal nted lues at infinit
dilution as a function of pressure were obtained as follows.

1. Water Conductivity Correction.—Subtract water
conductance measured in same cell at same pressure.

’ ’ ’
X galt — X H,0 = X salt — H,0

2. Specific Conductivity.—Multiply water corrected
conductance by pressure dependent cell constant to get
specific conductivity as a function of pressure; cell constant
was measured for each concentration.

("sate — m0)Lp = %,

Pressure dependenoe of cell constant for the Teflon cell
was determined by comparing 0.02 M KCI data in the Teflog
cell with 0.01 KCl data for the cell w1th glass bar.
Itis :lz.'ssumed that A/ A, for KClis indep of tra-
tion.

Tasue IIT
Ap/A; FOR AQUEOUS SOLUTIONS AT 25°
C is atmospheric pressure concentration in moles/l.
P, atm.:

€ X 104
5.000
10.01

20.00

£

MgS0,

g

ggEE*
g8

BEEEES

cco oo

B8R 832
el

; §°8"‘

—— — —
S Gron —_—- >

26 B

SE E88 &3

N
(=4
=
-

P e b b b b ek e e b et

-
=N}
_ =
o

ge

015
.016

e T T e e e e

-
=]
—=
=3
-
==
==
N o

3. Ratio of Equivalent Conductivities.—Divide (xp/x)
= (Appr/Ay) by pr to get (Ap/Ay) for each pressure at each
concentration. Plot (A,/A;) for each pressure vs. the square
root of the mohhty, extrapolate to find (Ap°/A,°), and multi-
R{ twe conductivities at infinite dilution. For
gS(i, A°/A\° according to the equation
[Ap°]MgSO, =

[A,*JKS0, + [4,°]MgCls —
(4,2 JKCl

where

A = Alo(Apo/Alo)
Results

The values of A,/A, for all the salts used are
listed in Table III. Equivalent conductance for
MgS0; is listed in Table IV and equivalent con-
ductances at infinite dilution are presented in
Table V. The dissociation constants, K, and
degree of association (1 — a) calculated uaing eq. 2,
3, and 4 are shown in Tables VI and VII for each
concentration as a function of pressure; the AP0

(19) The deviations of Ap/A:1 in Table III are within the limits of
experimental error.
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values were obtained graphically from the slope of
log K., plotted against pressure and are listed in
Table VI. Although the 0.0005 molar value of
AV° is much less than the other values, it is in-
cluded in the average AV? = —7.3 cc./mole.

Note the change in the concentration dependence
of K., as the pressure increases; the variations in
K., decrease as pressure increases and K, shows
a slight dip at the two highest pressures.

TasLe IV
Ap FOrR AQuEous MgSO, SoLuTIONS AT 25°

C is atmospheric pressure concentration in moles/l.
P, atm.

. e X10¢ 1 500 1000 1500 2000

5.000 116.6°  119.5  120.4 120.1  119.0
10.01 109.6%  112.7 114.1  114.0 113.2
20.00 101.3° 104.6  106.4 106.9  106.4

*100.1 78.6 82.6 85.1 86.3 86.8

200.0 69.0 73.0 75.5 77.0 w.a

& Taken from Dunsmore and James. © Av. between extrapolated
value from Dunsmore and James and this work.

TaABLE V
A;" FOR AQUEOUS SOLUTIONS AT 25°
P, atm,
1 500 1000 1500 2000

K280, (153.52)  155.7 155.8 154.0 . 152.1
MgCl.  (129.40) 131.6 132.2 130.7 128.4
KCl (149.85) 152.2 152.5 151.3 149.3
MgSO, (133.07) 135.1 135.5 133.4 131.2

TasLE VI

Morar DissocraTion ConsTANT, Ky, AND A 70 FOR AQUE-
ous MgSO, aT 25°

C is atmospherie pressure concentration in moles/l.

AV, c P, atm.
ce./mole X 104 1 500 1000 1500 2000
—8.5 5.000 0.0047 0.0054 0.0058 0.0078 0.0091
-7.0 10.01  .0048 .0055 .0062 .0075 .0088
-7.0 20.00  .0052 .0050 .0066 .0080  .0090
-7.3 100.1 .0063 .0073 .0083 .0097 .0111
—-6.9 200.0 .0071 .0079 .0094 .0109 .0123
—7.3Av.
TasLE VII
DEGREE oF AssociATION (1 — «) For Aqueous MgSO,
AT 25°
C is atmospheric pressure concentration in moles/l.
P, atm.
C X 104 1 500 1000 1500 2000
5.000 0.067 0.059 0.056 0.043 0.037
10.01 .107 .096 .089 075 .068
20.00 .158 .144 .133 115 .105
100.1 .314 .290 271 .248 .230
200.0 .386 360 .340 315 .297

At the lowest concentration and the highest
pressure, the value of AV is very sensitive to the
change in d as a function of pressure because
(1 — @)isvery small, asshownin Table VII. Errors
in the conductlwty measurement, of course, have
a large effect of the value of (1 — oz), especla,lly at the
lowest concentration.

Original data and cell constants are listed in the
Appendix. Results obtained in this work for
0.009999 M KCI are compared with those obtained
by Ellis'® in Table VIII. Results interpolated for

ErrEcT OF PRESSURE ON EQUILIBRIUM OF MAGNESIUM SULFATE 1609

0.01 M K80, from this work are compared with
those obtained by Adams and Hall* in Table IX.
Results obtained in this work for 0.01 KCl also are
compared with values reported by Adams and Hall?®
in Table X. This work shows smaller differences
with the results of Adams and Hall than with those
of Ellis. The average deviation of these results
from those of Adams and Hall is under 0.49%, and
with those of Ellis over 0.69%. The error in A
shows up in the equilibrium constant almost
completely in the (1 — ) term. For this type of
experiment, Hamann estimated that accuracy was
about £0.3% in Ay/A.

For the 0.0005 M solution at 2000 atm., the effect
of an error of +0.4% in the conductivity will
cause AV? to vary by approximately 1 ce./mole.
The data at low concentration are not accurate
enough to enable us to say anything about a possible
concentration dependence of AV'. The average
of all five concentrations and the average devia-
tion are

AV® = —7.3 3= 0.4 ce./mole

TasrLe VIII
Appr/Ay FOR 0.009999 M KCI, 25°
P, atm. Ellis Fisher
500 1.031 1.038
1000 1.052 1.060
2000 1.068 1.072
Tasre IX
Appr/A; FOR 0.01 M K,S0,, 25°
P, atm, Adams and Hall Fisher
500 1.0381 1.041
1000 1.0644 1.065
2000 1.0894 1.084
TasrLe X
Appe/A; FOR 0.02 M NaCl, 25°
P, atm. Adams and Hall Fisher
500 1.0343 1.039
1000 1.0566 1.060
2000 1.0727 1.070

Using the value V.*= —6.4 cc./mole for Mg-
S04, the partial molal volume of the state which
dissociates into ions is +0.9 + 0.4 cc./mole.

Conclusions

The value AV® = —7.3 cc./mole does not agree
by a factor of two with that deduced by Bies®
on the assumption that a pressure dependent
dissociation reaction is responsible for sound
absorption.

It also disagiees with the values of AV? of —15
to —20 cc./mole quoted by Eigen, Kurtze, and
Tamm.2! ~

The authors indicate that AV which appears
in eq. 1 is not the same one which appears in the
sound absorption equation. However, they say
that for concentrations below 0.02 M, the differ-
ence between the two is less than 0.7 cc./mole.
These authors explicitly showed the relationship

(20) L. H. Adams and R. E. Hall, J. Phys. Chem., 85, 2145 (1931).
(21) M. Eigen, G. Kurtze, and K. Tamm, Z. Elektrochem., 67, 114,

118 (1953).
(1131)
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between density and sound absorption data in
terms of a and AV?, but did not have conductivity
data available to provide an independent measure-
ment of AV0,22

The reasons for the discrepancies are not clear
at this time. Although hydrolysis corrections were
not applied in determining equivalent conductivity
for MgSO; as Owen and Gurry?® did for ZnSO, and
CuS0,, the maximum values of their corrections
are small at atmospheric pressure (0.2 and 0.8
conductance unit, respectively) and if relatively
pressure independent, these corrections would not
affect the AV° values significantly.

It may be, as Eigen*suggests, that observed sound
absorption relaxation effects are due to interme-
diate reactions preceding dissociation into ions and
that the lower relaxation frequency f ~ 10° c.p.s.
which Bies® observed is associated with an inter-
mediate chemical reaction. On the basis of another
model, Fisher? calculated from density and sound
absorption data values of degree of dissociation
which agreed with conductivity data within 5%;
one assumption was that the partial molal volume
of the intermediate state preceding dissociation
was zero, an assumption to which this work gives
support.

Whatever the final interpretation of the mech-
anism of sound absorption, it is necessary to have
quantitative values of partial molal volumes in
order to check the theory.

The calculations of AV® made herein are based

-on a particular equation from electrolyte theory,
the selection of the closest distance of approach of
ions, and the assumption that it varies inversely
with the dielectric constant as pressure increases.
Changes in the theory will undoubtedly affect the
value of AV° If the simpler Onsager-Debye-
Hiickel equation is used, the values of AV?are about
—10 cc./mole and show no concentration de-
pendence. However, new values can be calcu-
lated from the data presented here. Changes in
a due to changes in closest distance of approach
were shown by Davies, Otter, and Prue!® to be
very small, 0.4%, at 0.0004 mole/l. as 4 varied
from 10 to 14 A.%

The type of work reported here also will be of
use in evaluating the theoretical equations giving
the pressure dependence of activity coefficients.
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Appendix A

Cell Constants '
To find cell constant, L,, at pressure P ;xxl‘ultiply atmos-

pheric pressure value L, by Ly

P, atm.
500
1000
1500
2000

Lp*
0.995
1990 .
.985
.980

Concn., moles/1. Ly
0.0005000 0.686
.001001 .719
.002000 .723
.01001 .719
.02000 732

0005000 .696
.002000 .699
.02207 732

0005000 .696
.002000 .699
.02007 .732

Appendix B
Copy of original conductivity data measured for electrolytes
at 25° in aqueous solutions; Teflon cell without glass bar
P, atm.-

1 478 985 1405
3.774 3.932 4.040 4.102
0.02 M MgSOy, mmho 3.766 4.082 4.330 4.517
0.02207 M K80,

mmho
0.02007 M MgCls,

mmbho
0.002 M

KCl, ymho

MgSO04

K804

MgCla
0.0005 M

KCl. gmho

MgSO,

Ki804

MgCla
0.01001 M MgSO0,,

mmho
0.00100 M MgSO0,,

wumho 325.4
Water, umho Tk 5
Series lead resitance,

ohm 0.2

% The di in this col
pressure run was made.

Salt
MgSO0,

2001 1
3.770
3.763

0.02 M KCl, mmho

7.163 7.501 7.746 7.909 7.137

5.981 6.6167 6.286 5.699
421.5
600.8
839.4

716.2

433.0
626.2
862.2
738.2

439.9
643.3
876.7
751.0

404.0
565.1
807.2
682.7

113.6
176.9
213.6
182.5

117.2
183.2
219.7
188.3

119.5
187.4
223.1
191.6

108.9
167.8
205.4
174.5
2.358 2.490 2.584 2.186
346.0

2.5

337.7 3.082
1.9

0.2
were

0.2 0.2
btained the day after the

Appendix C
Notation

the same.

(23) B. B. Owen and R. W. Gurry, J. Am. Chem. Soc., 60, 3074
(1938).

(24) F. H. Fisher, Marine Physical Laboratory Techni
dum 113, University of California, Marine Physical Laboratory of the
Seripps Institution of Oceanography, 1960.

(25) At the highest concen tration, m = 0.02, the effect of reducing
the d-parameter by a factor of three resulted in a decrease of AV from
—86.9 to —9.4 ce./mole.

(1132)

1 M.

_1.8246 X 10°
b g

5.209 X 10°
His (ET)l/l

Pl 41.25(|s + |eof)
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_ 2801 X lﬂ‘izlzz|q = 1/, for symmetrical electrolytes, z; = 22; z1=
, ionic s o sa)/
= 14.28, Bjerrum critical distance in Rngstroms absolute temperature
for a 2:2 electrolyte in water at 25°. This degree of dissociation
varies as a function of pressure dislectric constant
concentration in moles/l.

viscosity
= concentration in moles of solute/kg. of solvent relative density of water
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