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Measurements of the Speed of Sound and Density of Aqueous
Solutions of the First-Row Transition Metal Halides. 3. Apparent
Molar Compressibilities and Volumes of Aqueous Col, and Nil;
within the Temperature Range 291.15 K to 297.15 K

Stefan Ernst,* Monika Gepert, and Robert Manikowski

Institute of Chemistry, Silesian University, Szkolna Street 9, 40-006 Katowice, Poland

The densities and speeds of sound in aqueous solutions of Col, and Nil, were measured at concentrations
from (0.1 to 1.4) mol-kg~! and temperatures from (291.15 to 297.15) K. The adiabatic compressibility
coefficients, ks, apparent molar volumes, V4, and adiabatic compressibilities, Ks ¢, were determined. The
corresponding limiting apparent molar quantities were found by extrapolation to infinite dilution. The
measurement results were compared with those obtained previously for other copper and nickel halides.

1. Introduction

This study of aqueous solutions of Col, and Nil; is a
continuation of our previous studies on aqueous CoCl,,
NiCl,, CoBr,, and NiBr; solutions.>2 Because of the im-
portant role that cobalt and nickel play in many industrial
processes and biological systems, the results may be of
interest in that they suggest some differences in the effects
of the cations and anions on the structure and thermody-
namic properties of the solutions.

From the speed of sound and density measurements, the
adiabatic compressibility coefficients and molar volumes
as well as the corresponding apparent quantities for the
solutions were determined and compared with those re-
ported earlier.

It is worthwhile noting that the data concerning aqueous
solutions of Col, and Nil, are rather scarce in the litera-
ture, due probably to high instability of investigated
systems.

In aqueous solutions the iodides are significantly hydro-
lyzed (e.g. Nil, + H,O < Ni(OH)I + HI) and HI is
spontaneously oxidized by air (4HI + O, < 21, + 2H,0).
Especially unstable are aqueous solutions of Col,, since
Co?" is easily oxidized to Co3*.

2. Experimental Section

2.1. Chemicals. Col; of analytical grade (Aldrich) and
Nil,-6H,0 (Johnson & Matthey) were recrystallized from
redistilled water. The stock solutions were prepared by
mass using the recrystallized salts and redistilled water.
The electrolytic conductivity of the water was lower than
1.5 x 1074 S-m™L. The solutions used for the measurements
were prepared from the stock solutions by weighing. The
electrolyte concentrations in the stock solutions were
determined by atomic emission spectroscopy (inductively
coupled plasma, ICP) to give the concentrations of Co?* and
Ni2* with an accuracy of 1.1% and a precision better than
0.3%. Additionally, the concentration of the 1~ ions in the
stock solutions was determined by the Hoéfer's volumetric
method? with a precision better than 0.1%. Because of the
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instability of the iodide solutions mentioned above, the
chemicals and solutions were kept under an inert atmo-
sphere (dry nitrogen) at 253 K, in accordance with the
producer's recommendation, and the speed of sound and
density measurements were performed immediately after
preparing the solutions. Nevertheless, some discrepancies
observed in the measurement results are doubtlessly due
to the lack of stability of the solutions under test.

2.2. Speed of Sound and Density Measurements. The
speed of sound was measured using a sing-around measur-
ing set designed and constructed in our laboratory and
described elsewhere.* The precision of the speed of sound
measurements was +0.05 m-s~1, within the calibration
limits, that is, for speeds ranging from (1472 to 1519) m-s™7;
outside those limits, it decreases and achieves a value of
+0.5 m-s~1 for 1780 m-s~! (for the confidence level of 95%).
The repeatability was +0.02 m-s~! over the whole mea-
surement range. The temperature in the ultrasonic cell was
measured with a quartz thermometer of resolution +0.001
K and with an accuracy of +£0.01 K. The temperature
deviations inside the measuring cell did not exceed a few
thousandths of a degree.®

The densities of the solutions were measured using a
bicapillary pycnometer® calibrated as described previously.!
The temperature during the measurements was stabilized
to +£0.005 K using two thermostats in a cascade arrange-
ment. The air density at the measured ambient tempera-
ture, the barometric pressure, and the relative humidity
were taken into account in the calculation of the buoyancy
correction.® The precision of the density measurements was
better than 5 x 1072 kg-m~3. The ultrasound speeds and
densities of the solutions under test were measured in
narrow vicinities of the temperatures indicated in Tables
1 and 2 and interpolated to those by second-order polyno-
mials.

3. Measurement Results and Calculations

3.1. Speeds of Sound and Densities. The speeds of
sound, u, and densities, d, were measured at 1 K intervals
from 291.15 K to 297.15 K and for molalities, m, ranging
from 0.09 mol-kg~ to 1.41 mol-kg~* and from 0.01 mol-kg~*
to 1.05 mol-kg~* for the Col, and Nil, solutions, respec-
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Table 1. Speed of Sound in Aqueous Solutions of Col, and Nil;

m u(m-s)
(mol-kg') T=291.15K T=292.15K T=1293.15K T=294.15K T=295.15K T=296.15K T=297.15K
Col,
0.0947 1472.51 1475.90 1478.89 1481.81 1484.63 1487.37 1490.02
0.2055 1469.62 147251 1475.33 1478.11 1480.83 1483.49 1486.10
0.2740 1467.81 1470.56 1473.26 1475.93 1478.56 1481.14 1483.69
0.4316 1464.46 1467.12 1469.70 1472.19 1474.62 1476.96 1479.22
0.6810 1461.89 1464.17 1466.41 1468.59 1470.72 1472.79 1474.81
0.8665 1461.15 1463.21 1465.23 1467.20 1469.12 1470.98 1472.32
1.1438 1463.38 1464.36 1466.66 1468.21 1469.72 1471.19 1472.59
1.4112 1468.59 1469.63 1470.82 1471.90 1472.95 1473.98 1474.69
Nil,
0.0985 1471.87 1474.90 1477.87 1480.76 1483.57 1486.31 1488.98
0.1271 1470.77 1473.77 1476.70 1479.55 1482.33 1485.03 1487.65
0.2783 1465.51 1468.32 1471.06 1473.74 1476.34 1478.88 1481.34
0.4109 1462.05 1464.68 1467.25 1469.76 1472.21 1474.61 1476.94
0.6124 1458.56 1460.92 1463.23 1465.49 1467.68 1469.82 1471.90
0.8230 1456.91 1459.00 1461.05 1463.04 1464.98 1466.88 1468.73
0.8966 1456.68 1458.69 1460.66 1462.57 1464.43 1466.24 1468.00
1.0512 1456.99 1458.77 1460.51 1462.22 1463.90 1465.54 1467.14
Table 2. Densities of Aqueous Solutions of Col; and Nil;
m d (kg'm~3)
(mol-kg™1) T=291.15K T=292.15K T=293.15K T=294.15K T=295.15K T =296.15 K T=297.15K
Col,
0.0947 1024.81 1024.59 1024.36 1024.12 1023.86 1023.59 1023.30
0.2055 1054.43 1054.19 1053.93 1053.66 1053.38 1053.08 1052.78
0.2740 1073.60 1073.33 1073.04 1072.25 1072.44 1072.12 1071.80
0.4316 1115.65 1115.34 1115.02 1114.69 1114.34 1113.98 1113.60
0.6810 1181.32 1180.95 1180.56 1180.17 1179.77 1179.36 1178.94
0.8665 1229.29 1228.88 1228.46 1228.03 1227.58 1227.11 1226.64
1.1438 1299.81 1299.17 1298.69 1298.21 1297.72 1297.19 1296.67
1.4112 1366.22 1365.32 1364.80 1364.28 1363.75 1363.17 1362.61
Nil,
0.0985 1025.70 1025.48 1025.24 1025.00 1024.74 1024.47 1024.19
0.1271 1033.58 1033.45 1033.10 1032.84 1032.58 1032.31 1032.02
0.2783 1074.85 1074.58 1074.31 1074.02 1073.72 1073.41 1073.09
0.4109 1110.70 1110.42 1110.12 1109.81 1109.48 1109.14 1108.78
0.6124 1164.81 1164.46 1164.10 1163.73 1163.35 1162.95 1162.55
0.8230 1219.53 1219.11 1218.69 1218.26 1217.84 1217.42 1217.00
0.8966 1238.58 1238.16 1237.73 1237.29 1236.84 1236.38 1225.91
1.0512 1278.36 1277.89 1277.42 1276.94 1276.46 1275.97 1275.48
Table 3. Parameters of Eq 1 for Aqueous Solutions of Col, and Nil,
T Uo (au £ sa) (bu =£ sb) Ou
(K) (m-s71) (m-kg-s~*-mol~1) (m-kg?-s~1-mol~?) (m-s71) r
Col;
291.15 1476.04 —359+0.3 21.7+02 0.16 0.9999
292.15 1479.23 —-37.1+0.2 21.4+0.2 0.14 0.9999
293.15 1482.34 —38.2+0.2 214+0.2 0.13 0.9999
294.15 1485.37 —39.4+0.3 21.2+0.2 0.15 0.9999
295.15 1488.32 —40.4+0.3 21.0+0.2 0.16 0.9999
296.15 1491.19 —-41.8+0.3 20.8+0.2 0.18 0.9999
297.15 1493.98 —42.6+0.4 20.6 £0.3 0.24 0.9999
Nil,
291.15 1476.04 —439+04 24.7+05 0.18 0.9999
292.15 1479.23 —-453+04 248 +£05 0.19 0.9999
293.15 1482.34 —46.6 £ 0.5 249+ 0.5 0.20 0.9999
294.15 1485.37 —479+0.5 249+05 0.20 0.9999
295.15 1488.32 —49.2+05 250+ 05 0.20 0.9999
296.15 1491.19 -50.4 £ 0.5 25.0+ 05 0.20 0.9999
297.15 1493.98 -51.6 £ 0.5 250+ 05 0.20 0.9999

tively. The speed of sound and density values are collected
in Tables 1 and 2.

The concentration dependences of the speed of sound can
be reproduced by the following polynomial

@)

u=u,+a,m+ b,m?

where U is the speed of sound in pure water,” while the

densities are reproduced more satisfactorily by another
polynomial often used for the concentration dependences
of density®
d =d, + agm + bym"® )
where dg is the density of pure water.?
The coefficients of eqs 1 and 2, their standard deviations,
and the mean deviations from the regression line are given
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Table 4. Parameters of Eq 2 for Aqueous Solutions of Col; and Nil>

T do (ad % sa) (ba =+ sp) Od
(K) (kg-m~3) (kg?*m~3-mol~1) (kg?5-m~3-mol~15) (kgrm~3) r
Cols,
291.15 998.60 275.5+£1.00 —10.6 £ 1.40 0.30 0.999 900
292.15 998.41 275.5 £ 0.70 —11.0 £1.00 0.20 0.999 994
293.15 998.20 275.3 +£0.68 —11.0 £ 0.90 0.20 0.999 994
294.15 997.99 275.0 £0.70 —10.9 £0.90 0.20 0.999 994
295.15 997.77 274.6 £ 0.67 —10.8 £0.92 0.20 0.999 995
296.15 997.54 274.3 £ 0.68 —10.8 £ 0.93 0.20 0.999 994
297.15 997.30 274.0 £ 0.67 —10.7 £ 0.92 0.20 0.999 995
Nil»
291.15 998.60 283.9+1.2 —17.1+13 0.28 0.999 992
292.15 998.41 2836 +1.2 —-17.1+13 0.28 0.999 992
293.15 998.20 283.4+£1.2 —-17.1+1.3 0.28 0.999 992
294.15 997.99 283.1+1.2 —-17.1+1.3 0.28 0.999 992
295.15 997.77 2828 +1.2 —17.0+1.4 0.29 0.999 992
296.15 997.54 2824 +1.3 —-169+1.4 0.29 0.999 992
297.15 997.30 282.1+1.3 —-16.8+1.4 0.29 0.999 991
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Figure 1. Speed of sound in Col, and Nil; solutions versus
molality: (O) 291.15 K; (O) 292.15 K; (a) 293.15 K; (@) 294.15 K;
(m) 295.15 K; (a) 296.15 K; (®) 297.15 K; points, from experiment;
solid lines, calculated from eq 1.

in Tables 3 and 4. The concentration dependences of the
speed of sound in the solutions versus temperature are
shown in Figure 1.

In Figure 2 the speeds of sound in the Col, and Nil,
solutions at 294.15 K are compared with those in the CoCl,,
NiCl;, CoBr,, and NiBr, solutions.? The comparison
constitutes strong evidence that both the speed of sound
and its concentration dependence are determined es-
sentially by the anion, while the transition metal cations
have a minor effect on the propagation of the acoustic wave.
The halide anions are of notably different size, while the
sizes of the Co?" and Ni?" ions are very close to each other.
Furthermore, both the d& Ni2* and d” Co?* cations form in
aqueous solutions low-spin six-coordinate aqua-complexes
of similar size and shape (a regular octahedron and a
slightly distorted octahedron, respectively).1?

The speeds of sound in the Col, and Nil, solutions are
lower than those in the solutions of the other cobalt and

experiment; solid lines, calculated from eq 1.

Table 5. Parameters of Eq 6 for the Apparent Volumes of
Col; and Nil; in Aqueous Solutions

T 105(VS + ) 108(A, £ 5) 108(B, + s)
(K) (m3mol~%)  (m3-kg®5mol~%%) (ms3-kg-mol~2) r
Col,
291.15 37.03 +0.02 —0.54 4+ 0.07 1.124+0.05 0.9998
292.15 36.90 +0.05 —0.37 £ 0.05 1.31+0.03 0.9999
293.15 37.15+0.02 —0.42 +0.05 1.28+0.04 0.9999
294.15 37.42 4+ 0.02 —0.48 +0.06 1.24+0.04 0.9999
295.15 37.71+0.02 —0.55+0.07 1.18+0.04 0.9998
296.15 37.98 +£0.03 —0.60 + 0.08 1.14+£0.05 0.9997
297.15 38.27 +£0.03 —0.67 +0.09 1.09+0.06 0.9995
Nil,
291.15 34.794 £ 0.005 —0.13+0.02 1.29+0.01 0.999 99
292.15 35.007 £ 0.005 —0.15+0.02 1.28+£0.01 0.999 99
293.15 35.191 + 0.006 —0.16 4+ 0.02 1.27+£0.01 0.999 99
294.15 35.426 + 0.007 —0.19+£0.02 1.24+0.02 0.999 99
295.15 35.673+£0.008 —0.23+0.03 1.20 £0.02 0.999 98
296.15 35.925 4+ 0.009 —0.28 +£0.03 1.15+0.02 0.999 97
297.15 36.189 + 0.010 —0.33+0.03 1.09 £0.03 0.999 96

nickel halides. Furthermore, within the low concentration
range, the speed of sound versus molality curves for the
iodide solutions differ significantly from those for the
chloride and bromide ones: the speed of sound decreases
with increasing concentration (du/om < 0), reaching a
minimum at m ~ 0.1 mol-kg~%. In most aqueous solutions
of simple electrolytes, the speed increases with increasing
concentration; however, for some iodides of alkali metals
(K1, Lil) and for some other iodides (NHul, Srl,, Cdly, Znly),
chlorides (UO,Cl,, CdCl,), nitrates (AgNO3, UO,(NO3),, Pb-
(NOg),), and acetates (Cd(CH3COO),, Pb(CH3;COO),) as
well as for sulfuric acid, the speed of sound is decreasing
up to concentrations of a few moles per kilogram.1~13 Since
the concentration dependences of the density, d, and the
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1014(Ak, + s)

1014(By, + s)

T 10M4(KS ¢ =+ S)
(K) (m5.N71.m0|71) (m5.kg0.5.N71.m0|71.5) (m5.kg.N71.m0|—2) r
Col,
291.15 —9.01 + 0.04 1.18 £0.13 0.26 + 0.08 0.9996
292.15 —8.90 + 0.05 1.22 £0.13 0.26 £+ 0.09 0.9996
293.15 —8.79 + 0.05 1.21 +0.13 0.25 £+ 0.09 0.9995
294.15 —8.68 + 0.04 1.20 £ 0.13 0.25 + 0.09 0.9995
295.15 —8.57 + 0.04 1.19 £0.13 0.24 £ 0.09 0.9995
296.15 —8.46 + 0.04 1.18 £0.13 0.23 £ 0.09 0.9995
297.15 —8.34 + 0.04 1.18 £0.13 0.23 £ 0.09 0.9995
Nil,
291.15 —8.64 + 0.02 0.96 + 0.08 0.28 + 0.06 0.9998
292.15 —8.51 + 0.02 0.95 + 0.08 0.27 £ 0.06 0.9998
293.15 —8.38 + 0.02 0.95 £+ 0.08 0.27 £+ 0.06 0.9998
294.15 —8.25 + 0.02 0.93 + 0.08 0.24 + 0.06 0.9998
295.15 —8.13 + 0.02 0.92 + 0.08 0.22 + 0.06 0.9998
296.15 —8.01 + 0.02 0.91 + 0.08 0.21 + 0.06 0.9998
297.15 —7.90 + 0.02 0.90 + 0.08 0.20 £+ 0.06 0.9998
Table 7. Limiting Apparent Molar Volumes Vg/(x10~¢(m%mol~1)) of Col,, Nil,, and I~ at 298.15 K
Col, Nil, I~
calcd using Vg, (Co?™) values reported in the lit. calcd using Vg (Ni%*) values reported in the lit. lit. data
38.42 36.42 31.2,,37.1,37.6,,31.5,932.1,232.1f 30.02,°36.4,38.2,632.4,932.9,£32.95f 36.22,p 42.0°

a This work (extrapolated to 298.15 K). P Calculated using Vg (Co?*) = —24.0 x 107% m3-mol~1; and Vg3(Ni?*) = —24.0 x 1076 m3-mol~!
(ref 16). ¢ Calculated using Vg (Co?") = —35.8 x 1078 m3-mol~! and —36.8 x 1076 m3-mol~1; V¢ (Ni?") = —36.3 x 107¢ m3-mol~!; and —40.0
x 1076 m3-mol~1 (ref 17). d Calculated using Vg(Co?") = —24.6 x 107% m3-mol~! and Vg(Ni?*) = —28.3 x 107% m3-mol=* (ref 18).
¢ Calculated using Vg(Co?") = —25.8 x 1075 m3mol~! and VZ(Ni?*) = —29.4 x 107¢ m3-mol~* (refs 19—22). f Calculated using Vg(Co?*")
= —25.8 x 107 m3:mol~* and Vg (Ni?") = —29.5 x 1076 m3-mol~? (ref 23).

47

44
~ 41
=z
e
okm
% 38
35
32
0.0 02 0.4 06 0.8 1.0 12 14 16
mi{mol kg™
—'Z
3
ckm
e
35
32
0.0 02 0.4 06 08 1.0 1.2 1.4 16

mimol kg™
Figure 3. Adiabatic compressibility coefficient versus molality

for aqueous Col; and Nil solutions: symbols as in Figure 1; points
calculated from eq 3; lines calculated by the spline function.

adiabatic compressibility, «s, have for aqueous solutions
always opposite signs ((ad/om)t > 0, (dks/om)t < 0) and the
derivatives are functions of concentration,'* either a de-
crease or an increase of the speed of sound with concentra-
tion of the salt as well as extrema of the speed versus
concentration curves may be expected. The concentration
dependence of the speed reflects the complex interplay
between the solute ions and the solvent molecules, which
is difficult to rationalize. Roughly, the speed of sound
depends on the ionic radius because of the electrostriction

of water in the vicinity of the ion. Since the difference
between the Co?* and Ni?* radii is negligible, the highest
speed of sound should be expected in the chloride solutions,
and the smallest one in the iodide solutions because of the
sequence of the increasing anionic radii R¢;™ < Rgy™ < Ry,
according to observation; thus, as was to be expected, the
speed of sound decreases with increasing electrostriction.
We believe that the small difference between the speeds
in the Col, and Nil, solutions should rather not be
discussed, since it can result from errors due to decomposi-
tion of the iodide solutions.

3.2. Adiabatic Compressibility. The adiabatic com-
pressibility, ks = —(1/V)(aV/dp)s, was calculated from the
speed of sound and density values using the Laplace
equation:

-1
ud

®3)

Ks

where u is the speed of sound and d is the density of the
solution. As shown in Figure 3, the compressibilities of the
iodide solutions decrease when the concentration and
temperature increase. The adiabatic compressibilities ex-
trapolated toward higher salt concentrations would prob-
ably become reversed at a concentration higher than m ~
5 mol-kg™!, at which a flat minimum should appear.
Because of the limited solubility of the investigated salts,
those concentrations are not attainable.

3.3. Apparent and Molar Quantities. The apparent
molar volumes, Vg4, and apparent adiabatic compressibili-
ties, Ks o, Of the solutions under test were calculated from
following equations:

M_@-dy
*~d " “mdd, )

_ gy — kg od . Mkg

Kso = mdd, d ®)
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Figure 4. Apparent adiabatic molar compressibility versus mo5
for aqueous Col; and Nil; solutions: symbols as in Figure 1; points
calculated from eq 5; lines calculated from eq 6.

where M is the molecular weight of the salt and s is the
adiabatic compressibility of pure water calculated from eq
3 using the speed of sound values of Del Grosso and Mader?’
and the densities taken from Tabellenbuch Chemie.®

The limiting apparent molar volumes, Vg = lim(m—0)
Vo, and compressibilities, Kg, = lim(m—0) Ksqe, were
calculated using the following form of the Redlich—Mayer
type equation:®

Xo = X5 + Am®® + B,m (6)

The parameters of the above equation are given in Tables
5 and 6 together with the standard deviations and correla-
tion coefficients. The dependence of Kg,, on the molar
concentration at a few temperatures is shown in Figure 4.
Table 7 shows the limiting apparent volumes of the 1~
anion at 298.15 calculated on the basis of the additivity
principle from our Vg(Coly) and Vg(Nil,) volumes ex-
trapolated to 298.15 K using different Vg(Co?") and
Vg(Ni?*) values reported in the literature. In the last
column the literature data are given for comparison.
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