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The apparent molal adiabatic compressibilities of NaCl, KCIl, NaBr, and KBr in water have been measured
in the concentration range from 0.01 to 1 mol kg—* at 5, 25, and 45 °C. The results have been fitted to a Redlich-

type equation: ¢gs=¢32, +Sgc/2+ Bgsc.

The limiting slope, Sgs, was found experimentally as 5.6x 10~* at

an ordinary temperature. Convenient equations for the conversion of adiabatic to isothermal compressibilities
have been derived; the limiting slope for isothermal compressibility, Sk, should be larger than Sk, at all the tem-
peratures studied. The value of Sk, determined experimentally has been compared with that predicted from
the Sgr values calculated by Mathieson and Conway, by Millero, and by Bradley and Pitzer.

In earlier papers,) we have shown that the ef-
fects of polar groups on the hydrophobic hydration
play an important role in the volumetric behavior
of aqueous organic electrolyte solutions. Compres-
sibility study is of great use in obtaining further in-
formation concerning the structural effects. For dilute
nonelectrolyte solutions, the limiting partial molal
adiabatic compressibility, K2(=¢%2,), can readily be
determined from a linear plot of the apparent
molal adiabatic compressibility, ¢, against the molal
concentration;? on the contrary, the reliable esti-
mation of K¢ of electrolytes may be difficult for reasons
to be described below.

In dilute solutions, the apparent molal quantities
of electrolytes are usually fitted to a Redlich-type
equation in terms of molarity, c:

dx = @3 + Sxc¥/? + Bxe, ()
where ¢% is the limiting apparent (partial) molal
quantity, Sy is the theoretical slope given by the limit-
ing Debye-Hiickel law, and By is a deviation constant.
The values of ¢3¢ and By can be determined from
a linear plot of ($y—SxcV/?) against ¢. For the ap-
parent molal adiabatic compressibility, unfortunately
such a linear plot cannot be obtained because the
limiting slope, Sg,, has mnot yet been calculated.
Mathieson and Conway® measured the ¢, values of
various electrolytes in a very low concentration range
and represented its concentration dependence by this
simple limiting-law equation:

Prs = P=s + Sxsm'/2 (2)

This extrapolation procedure, however, may be dis-
advantageous, since Eq. 2 holds only in highly dilute
solutions (where the Bpc term in Eq. 1 should be
negligible) and the error in ¢z, is progressively in-
creased with a decrease in the concentration.

In our opinion, a more reliable evaluation of ¢g.
would be based on Eq. 1; therefore, it is necessary
to estimate the limiting slope, Sg,. In a preliminary
study,® we derived a simple relation for the conver-
sion of the limiting slope for isothermal compressi-
bility, Sgp, to Sy, and showed that Sg, is larger by
about 109, than Sg, at 25 °C. In the present paper,
we wish to report on our measurements of the adiabatic
compressibility of NaCl, KCl, NaBr, and KBr solu-
tions at 5, 25, and 45 °C and compare the experi-
mental with the theoretical Sg, values in order to
obtain a reasonable value of the limiting slope.

Experimental

All the salts used were of a “Merck Ultra Pure” grade
and were dried at 50 °C in vacuo. All the solutions were
prepared in molalities with doubly distilled water.

The ultrasonic velocities, v cm s~1, in solutions were meas-
ured at 5, 25, and 45 °C using a ‘“‘sing-around” velocimeter
which is capable of a precision of 1cms™t. The details
of the apparatus and procedure have been reported else-
where.? The densities, dgml-l, of the solutions were
determined at 5 and 45 °C with a float densimeter described
previously.%®

The adiabatic compressibility, f; bar~!, and the apparent
molal adiabatic compressibility, ¢ ml mol~1 bar~1, are given
by:

Bs = 10%/0%, 3

Pxs = 103(Bs—PBso)[c + BsoPv, 4
where ¢, mlmol-! is the apparent molal volume related
to the solution density and the solute molecular weight,
M,, by

$v = 10°(dy—d)/doc + Mp/d,. ®
Here, the subscript zero refers to pure water. The density

and sound-velocity data for water were taken from Kell?
and from Del Grosso and Mader® respectively.

Results and Discussion

The sound velocities in aqueous NaCl, KCIl, NaBr,
and KBr solutions were measured relative to pure
water at 5, 25, and 45 °C from 0.01 to 1 mol kg~
The results are given in Table 1, along with the
calculated ¢, values.

In dilute solutions, the concentration dependence
of ¢, is represented by the Redlich-type equation
1:10

v = ¢35 + Syc'/2 + Bye. (6)

The values of ¢% and By obtained at 5 and 45 °G
are summarized in Table 2, along with the values
derived by Desnoyers et al®) at 25°C. The ¢9%
values obtained here were in good agreement with
the literature values, and the accuracy of the data
was confirmed by the additivity principle.l®) The
additivity was within +0.05 ml mol-! units. On the
other hand, the agreement between the B, values
obtained here and the literature values was less sat-
isfactory, especially at 45 °C.
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TABLE 2. LIMITING APPARENT MOLAL VOLUMES AND
DEVIATION CONSTANTS OF ALKALI HALIDES
IN WATER AT 5, 25, anp 45°C

¢5/ml mol—? By/l ml mol-2
5°C 25°C® 45°C 5°C 25°C» 45°C
NaCl 14.09 16.62 17.64 0.76 —0.03 —0.74
KCl1 24.67 26.87 27.59 0.82 0.10 —0.61
NaBr  20.58 23.48 24.83 0.64 —0.26 —1.64
KBr 31.07 33.73 34.72 0.74 —0.16 —1.34
a) Ref. 11.

Error in @y, The accuracy of ¢., depends
on the precision of the determination of the density,
the sound velocity, and the concentration. In this
study, the apparent molal volume, and hence the
density, of each solution used for the sound-velocity
measurement were evaluated from Egs. 5 and 6,
where a succesive approximation method was applied
to the conversion of the molality to molarity. In
view of the accuracies of the ¢ and B, data men-
tioned above, it seems that the uncertainty in d or
¢y may be small, but it increases as the concentration
is increased.

Now, neglecting the density errors and differentiat-
ing Egs. 3 and 4, the uncertainty in ¢, caused by
uncertainties in the sound velocity and concentration,
dv and d¢, is given by:

_ 2 x 102 B 6_” 103(ﬂs0_ﬂs)/ dc
o = TR () OB () )

The absolute error in determining the sound velocity
is dv==1 cm s1; hence, the relative error is (dv/v)=
+6.6x10-%. The uncertainty due to the sound-
velocity error rapidly decreases with an increase in
the concentration, whereas the uncertainty due to the
concentration error is approximately constant. The
scatter of ¢, values at higher concentrations observed
in Fig. 1 is, therefore, mainly due to the concentra-
tion error. We estimated the uncertainty in the con-
centration determination to be within 0.19%, ie.,
(6¢fc)=10-3. Thus, the total error in ¢, is:

pra = (1.3 X103+ (Buo—Bo))- ®

Experimental Estimation of Sgg. A typical ex-
ample of the plot of ¢, against ¢%/2 is shown in Fig.
1, from which it is apparent that the simple limiting-
law equation 2 does not hold in the concentration
range studied. Alternatively, our ¢, data should be
represented by Eq. 1. Thus,

¢Ks = ¢;s + SKSCI/Z + BKS”- (9)
Taking into account the large error in ¢, at lower
concentrations, the estimation of three parameters was
based on the relationship between f, and ¢ instead
of on the ¢, vs. ¢¥/2 plot. The combination of Egs.
4, 6, and 9 leads to an expression with this form:

103(Bs—Bso) = (Pre—Bso®¥)¢
+ (Sxs—BsoSv)¢*/2 + (Brs—PsoBv)c®  (10)

The parameters, @2, S, and By, were calculated
by the least-squares method and are given in Table
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Fig. 1. ¢gs as a function of ¢/2 for KCl in water at

5, 25, and 45 °C.

TaBLE 3. PARAMETERS OF Eq. 9 DETERMINED BY
usiNG Eq. 10 FOR SALT CONCENTRATIONS LESS
THAN 0.5 mol dm—3

—10%¢ 2, 1045k 104Bg,

5°C
NaCl  67.67(67.91)» 5.12(6.10)» 6.28(5.33)®
KCl 60.25(60.45) 6.72(7.66) 6.34(5.34)
NaBr  59.00(59.24)  4.15(5.05)  4.78(3.99)
KBr  51.30(51.36)  5.75(6.01)  4.73(4.49)
av. 5.43(6.20)

25°C
NaCl  50.63(50.59) 5.75(5.53) 2.50(2.77)
KClI 43.74(43.82) 6.16(6.50) 3.00(2.64)
NaBr  42.91(42.81) 4.96 (4.54) 1.65(2.06)
KBr 35.87(35.79) 5.85(5.53) 1.52(1.85)
av. 5.68(5.52)

45°C
NaCl  42.71(42.74) 5.16(5.29) 1.67(1.54)
KCI 37.10(37.14) 6.30(6.50) 1.31(1.11)
NaBr  35.53(35.46)  5.08(4.78)  0.01(0.29)
KBr 29.63(29.52) 6.11(5.61) —0.20(0.28)

av. 5.66(5.54)

a) The values in parentheses are those calculated by
using Eq. 10 over the entire concentration range.

3. Since Sy, corresponds to the limiting Debye-
Hiickel slope for adiabatic compressibility, it depends
only on the temperature and solvent properties for
electrolytes of a fixed valency. As is shown in Table
3, however, we could not obtain a constant S, value
for four alkali halides; furthermore, we found no simple
relationship between Sg, and the temperature. These
empirical Sg, values for various salts and temperatures
ranged between 4.2x10~* and 6.7 x10~%, with the
mean value being (5.620.7) X 10~% ml mol-%/21%/2 bar-1.
This mean value is in fair agreement with that
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Fig. 2. ¢xgs—Sks? as a function of ¢ for NaCl, KCl, NaBr, and KBr in water at 5, 25, and 45 °C,
where Sg; was taken as 5.6 X 10~ ml mol—3/21%/2 bar-1.

estimated by Mathieson and Conway® using Eq.
2 at very low concentrations for most 1:1 electrolytes
at 25 °C.

Gucker and his co-workers'® studied the concen-
tration dependence of ¢, for some alkali halides at
25 °C. They also calculated the empirical Sg, value
by using Eq. 10; their mean Sg, value is (10.5+
1.6) x 104, which is considerably higher than that
estimated in this study. This disagreement seems to
be ascribable to the fact that their work was performed
at higher concentrations (up to 2—6 mol kg—1) than
those used here. Millero and his coworkers!'® have
recently reported on their sound-velocity measure-
ments of 28 electrolyte solutions at 25 °C and fitted
the ¢., data to Eq. 9. The Sg, values thus deter-
mined ranged between 1.74x10-* and 7.79x10-%
They have regarded Sy, as an adjustable parameter
for the purpose of the estimation of the ¢2, values.
However, we believe that the S, should be the limiting
slope, which is independent of the electrolyte species
except for the valency.

Figure 2 shows the plot of (¢, —Sk, c¥/2) vs. ¢, where
Sgs was taken as 5.6 107%, irrespective of the tem-
perature. As may be anticipated from Table 3, good
linearities were obtained over the concentration range
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TABLE 4. LIMITING APPARENT MOLAL ADIABATIC
COMPRESSIBILITIES AND DEVIATION CONSTANTS OF
ALKALI HALIDES DETERMINED USING
Sks = 5.6 X 10-% ml mol-3/21%/2 bar-1

—10%¢3, 10%Bg,
ml mol-1 bar—! ml mol-21 bar-1
5°C 25°C 45°C 5°C 25°C 45°C
NaCl 67.8 50.6 42.8 5.9 2.7 1.3
KCl1 59.9 43.6 36.9 7.2 3.5 1.9
NaBr 59.3 43.0 35.6 3.4 1.0 —-0.6
KBr 51.3 35.8 29.6 4.9 1.8 0.3

Literature values of —10%$2, at 25°C: NaCl 50.5,»
52.88,12 50.5,13) 52.79,21) 50.822 ; KC1 43.5,» 46.34,1»
44.1, 45.58,20 42.6?»; NaBr 42.8,9 46.47,%»
41.81®; KBr 36.0,» 35.0.1%

studied, except for KCI and NaBr solutions at higher
concentrations. The values of ¢%. and Bg,, estimated
graphically from Fig. 2, are given in Table 4. The
6%, values at 25 °C agree very well with those ob-
tained from Eq. 2 by Mathieson and Conway.? This
means that the absolute values of By, are small for
alkali halides at 25 °C (see Table 4) and that the
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TaBLE 5. LIMITING APPARENT MOLAL ADIABATIC COMPRESSIBILITIES OF ELECTROLYTES OBTAINED FROM THE
ORIGINAL SOUND VELOCITY AND DENSITY DATA OF MILLERO et al.¥® Using Sg;=5.6x10-* at 25°C

—10% ¢2,/ml mol-* bar—1

F cl 4
Na 74.8 50.5 7.7
(75.4)» (50.5)
4 10.9 7.1
K 63.9 43.4 7.8
(64.5) (44.1)
NH, 20.6 7.6
(21.2)

Br I NO,
42.8 32.5 40.4
(41.8) (31.9) (39.9)

7.2 7.2 7.4
35.6 25.3 33.0
(35.0) (23.9) (33.0)
13.0
(13.7)

a) The values in parentheses are the results of Millero et al.}®

accuracy of their ¢, determination is very excellent
in spite of the measurements having been done at
very low concentrations. The self-consistency of our
data can be confirmed by the additivity principle;
the differences in ¢2, between chlorides and bromides,
or between sodium and potassium salts, show that
the ¢2, values are additive to a precision of 0.2 ml
mol~! bar~! at all the temperatures studied.

It is evident from Fig. 1 and Table 4 that the
deviation constant, By, is increased with a decrease
in the temperature and varies with the electrolytes.
Particularly large deviations are anticipated for organic
salts or polyvalent electrolytes considering that the
¢, data show large deviations from the limiting law
for these salts.’® These facts suggest that the ex-
trapolation procedure based on Eq. 2 is, even in a
very low concentration range, not convincingly ap-
plicable to solutions of any electolyte or at any tem-
perature. Furthermore, as has been described in the
previous section, the error in the measurement of
éxs becomes significantly larger as the concentration
is decreased. Therefore, despite the limitations in the
experimental determination of Sg,, the linear ex-
trapolation method based on Eq. 9, as shown in Fig.
2, appears to be more reliable than that based on
Eq. 2 for the evaluation of ¢2,. Based on our linear
extrapolation method, we recalculated the ¢%. values
of several 1:1 electrolytes from the sound velocity
and density data recently reported by Millero and
his co-workers.’® The results are summarized in
Table 5, which gives the differences in the ¢2, of
the cations (K*+-Nat) and anions (Br——Cl~). Com-
pared with the results of Millero and his co-workers,?
given in parentheses, the recalculated ¢%. values
agree more closely with our results and the results
reported by Mathieson and Conway.® Furthermore,
it may be pointed out that the accuracy of the re-
calculated values was checked from the additivity
of the ¢2,, except in the case of fluorides: ¢, (K+)—
$2,(Nat)=(7.2+0.1) X 10* and ¢&(Br-)—¢2.(Cl-)=
(7.74£0.1) X 10-%.  These results are in fair agreement
with our results (Table 4).

Relation between Sy, and Sgq. The difference
between ¢, and the apparent molal isothermal com-
pressibility, ¢g., is also given by Eq. 1 as a function
of the concentration. Thus,

drr—Pre = (P2r—P2:) + (Sxr—Ske) Y2 + (Bgr—Bxs)e
(11)

The difference, ¢gp— &g, is related to the volume,
the expansivity, and the heat capacity by:

Prr — Prs = 10%(6—0g)/c + o, (12)
6 = fr—pBs = 2T [100, (13)
where « is the thermal expansivity and ¢ is the vol-
umetric specific heat.!¥) Here, « and ¢ can be con-

verted to the apparent molal expansibility, ¢5, and
heat capacity, ¢, using these relations:

pr = 10%(x—xg)/c + %, (14)

b0 = 109(0—ap)/c + oopy. (15)
The combination of these equations with Egs. 12 and
13 leads to:

Prn— s = 103000 {103 (¢ g — e v) o+ 05} 2

%26{107%(gc— aoPv)c+ 0.}
+ 60<¢v— 10

c )
Since, as in the case of ¢, the concentration depend-
ence of ¢, or ¢, is also given by Eq. 1, Eq. 16 can
be expressed in terms of 4%, Sy, and By (X=V,
E, and C). Now, expanding this equation with re-
spect to ¢2, and neglecting the terms higher than
¢%2, we may rewrite it in the same form as in Eq. 11.
Thus, we obtain the following simple relations:%

PRr — Pka = 00(20%/2— 8/ 00), (17)

Sk — Sxs = 6 (28s/29—Sc/ ), (18)

Bxr— By, = 60{2Bg/oty—Bo/ 0o+ 107 ($3 /oty — $8/70)*}

(19)
Equation 17 is the same as that derived by Desnoyers
and Philip.1® We note that, for the conversion of
Ggs t0 Prq, Harned and Owen'¥) have derived al-
ternative formulas, which can be reduced to much
simpler expressions, 17 and 18.

Since the expansivity”) and heat capactity'®) of pure
water are known, and since the limiting slopes, Sg,'7
Se1® and Sgp,>1%20 have been calculated, we can
estimate the value of Sg, from Eq. 18. The results
at 5, 25, and 45 °C are given in Table 6. Unfor-
tunately, the Sy, values reported in the references
are inconsistent with one another; nevertheless, the
calculated Sy, (even Sg.) values are, in any event,
smaller than the experimental Sg, value obtained in
the previous section. Mathieson and Conway® have
stated that Sp, appears experimentally to be about
twice the isothermal Sg.fvalue at 25°C. The dif-
ference (Sgr—Sxs) in Table 6, however, clearly shows

(16)
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TABLE 6. THEORETICAL ESTIMATION OF Sgs FROM Sgp FOR 1:1 ELECTROLYTES IN WATER AT 5, 25, anp 45 °C®

5°C 25°C 45°C

10285" 1.674 1.717 1.892

) 22.52 28.99 35.74
1042, 0.1598 2.5705 4.2260

7o® 4.2017 4.1669 4.1383
1075, 0.0169 4.798 13.73
10* (S — Sks) 0.035 0.599 1.142
10%Sgr 0.7769 1.9 2.5500 3.89 3.25M 3.9130  5.3®
1048y 0.741 1.9 1.951 3.2  2.65 2.771 4.2

a) Units: Sg, ml mol-3/21Y/2deg-1; Sg, Jmol-3/211/2deg~1; Sgr and Sg,, mlmol-3/21¥/2bar-1; o, deg~?;

a4, J deg~tcm—3; §;, bar-1.

that the isothermal Si, value should be larger than
the adiabatic Sg, value at all the temperatures studied.
It seems to us that the Sz, values in Table 6 are too
small; this may originate from difficulties in the es-
timation of the second derivatives of the dielectric
constant and the density of water with respect to
the pressure at one atmosphere used for the calculation
of Sgp. It appears that a reliable Sg, or Sg, value
cannot yet be definitely determined theoretically, al-
though Sg, values over a wide range of temperatures
and pressures have very recently been tabulated by
Bradley and Pitzer.2) Attempts to linearize the plot
of ¢p,—Sg, /2 against ¢ by using Sg,=2.65x10*
at 25 °C were unsuccessful, even in a very low con-
centration range.

In conclusion, it seems to us at present that the
concentration dependence of ¢, of the 1:1 electrolytes
in dilute aqueous solutions is reasonably represented
by Eq. 9, with Sg,=5.6x10-* ml mol-%2 1¥/2 bar-1 at
an ordinary temperature, although there still remains
some uncertainty as to the absolute accuracy of the
Sgs value.
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