describes the wvariation of the molal activity coefficient of
HSCN in a mixture of electrolytes as a function of the molality
{(m¢) of the second electrolyte. v.(x, m) is the molal activity
coefficient of HSCN in a solution containing a second elec-
trolyte at a certain molality, and y.(x, 0) is the molal activity
coefficient of pure HSCN at the same total molality. Harned’s
coefficient, as, is a function of the total molality of the solu-
tion but is independent of the variation of m, and can be used
as an indication of the salting-out capacity of a foreign elec-
trolyte in a system. Figures 2 and 3 show the validity of
Equation 3 for the systems HSCN~HCIO, and HSCN-NaSCN
at a total molality of 0.8m and 1.0m. At NaSCN concentra-
tions exceeding 0.5m, deviations from linearity exist but can be
attributed to a limit in the accuracy of the experimental results
at these concentrations. Extractions of HSCN in the presence
of NaClO, were too low to derive an equation of type 3 to any
aceuracy.

The ap value found for the systems HSCN-HCIO, (ap =
—0.508 at m = 1.0, and ap = —0.627 at m = 0.8) and HSCN-
NaSCN (ag = —0.486atm = 1.0, and ag = —0.532 at m =
0.8) illustrates that HCIO, exerts a greater salting-out effect
upon HSCN than NaSCN. The greater the hydration number
of the salting-out agent, the less “free water’’ exists in the vicin-
ity of HSCN, resulting in an increase in the effective concentra-
tion of HSCN. Since the hydration of H™ is greater than Na+¥,
HCIO; would increase the extraction of HSCN more than
NaSCN.

Harned’s coefficients determined for the systems HNOs;~
HCIO: (3) (az = —0.048 at m = 1.0) and HCI-NaCl (§) (ap =

-+0.0315 at m = 1.0) show that HCIO, and NaCl have less
effective salting-out capacities in these systems than the
salting-out effect of HCIO, and NaSCN upon HSCN. If
HSCN is less strongly hydrated than HCIO4 and NaSCN, the
addition of either HCIO4 or NaSCN will cause a large increase
in the effective concentration of the HSCN and, consequently,
an increase in the activity coefficients.
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Radiometric Determination of Solubility and Excess Volume
in Molten Systems of Cadmium—Cadmium Bromide

and Cadmium—Cadmium lodide

JACEK MOSCINSKI

Institute of Nuclear Techniques, School of Mining and Metallurgy, Cracow, Poland

LESZEK SUSKI' and JERZY GALKA

Institute of Physical Chemistry, Polish Academy of Sciences, al. Mickiewicza 30, Cracow, Poland

Solubility limits and excess volumes in Cd=CdBr, and Cd~Cdl, liquid solutions were
determined by a y-ray absorption method described previously. This method was

modifled and developed.
and Landis was conflrmed.

For both systems the phase diagram reported by Topol
The proportionality of the excess volumes of these

systems, as well as Cd-CdCl; solution, to the product of the molar fractions of both

components was sought.

The excess volumes were positive in Cd-CdCl,, nearly

zero in Cd=-CdBr;, and negative in Cd-Cdl; liquid systems.

PreviouSIy, we presented a radiometric method for the
determination of the solubility limits and excess volumes in
liquid binary solutions at high temperatures (11-18). This
method, consisting of measurements of the absorption of -
rays by these solutions, was successfully applied to the Cd-
CdCl; molten system at 903-1073°K. The limiting solubility
of the metal, as dependent on temperature, agreed with the
results of classical measurements reported in the literature.
The excess volume determination proved possible with an

1 To whom correspondence should be addressed.

accuracy slightly lower than that obtained in molten salt sys-
tems by other methods (2, 5, 9, 15).

If we consider the results obtained for the Cd-CdCl, system,
the radiometric method seems particularly appropriate for the
determination of excess volume in liquid solutions of metals
in their own molten salts. In the literature concerning those
systems, few data exist on the excess volume, which has been
determined in bismuth-bismuth halide solutions only (6-§).

Knowledge of excess volumes is important for structural
investigations of liquid solutions. In this study excess volumes
in Cd-CdBr, and Cd-Cdl, liquid systems were determined.
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These results, together with similar data for the Cd-CdCl,
solutions, should show the influence of the halide ion on the
volume effect on mixing of cadmium with its molten salts.

The solubility limits of cadmium in its bromide and iodide
were also measured. Another purpose of our investigation
was to develop the radiometric measurement technique for
research in this field.

EXPERIMENTAL

The physical principle of the method, the experimental
setup and procedure, and the manner of calculating the values
to be derived were described in our previous papers (11-13).
In the present work the experimental conditions were generally

identical. Following is a discussion of the few differences.
Materials. The cadmium bromide and iodide were
analytical reagent grade. Before introduction to the

absorption cell, the bromide was fused under hydrogen
bromide atmosphere, and the iodide was filtered in the
molten state through a sintered silica filter under vacuum.

Radiometric Measurements Conditions. The isotope,
Am-241, with an activity of 30 mC was used as a vy-ray
source. This nucleide emits a-particles as well as a variety of
y-quanta, in which the radiation of 0.060 MeV energy has the
highest branching ratio, 36% (10). The radiation of other
energies is emitted with much lower efficiency; thus, the mass
absorption coefficients of the Am-241 radiation for a given
absorbing substance may be assumed constant and practically
independent of its thickness in a limited range of this thickness.
In other words, the Am-241 y-ray source may be considered
monoenergetic for purposes of radiometric measurements.
The other advantage of this source is its half-life of 458 years.

With use of the Am-241 source, the thickness of the absorp-
tion cell (the absorbing solution layer thickness) had to be
reduced to 0.317 = 0.003 and 0.188 = 0.002 cm for systems
with bromide and iodide, respectively.

The mass absorption coefficients for the pure salts were not
determined experimentally, as in the case of CdCly, but were
caleulated indirectly from the measured mass absorption
coefficient of cadmium, assuming the following relationship
(18):

- -k
Hcd HMcd
== M
MCdXs

Hcax,

where fcq and fFcax, are the mass absorption coefficients of
Am-241 ~-rays for cadmium and its halides for the given
experimental geometry and @ts, @tax, are ‘‘theoretical”
coefficients for 0.060 MeV radiation for metal and salts, re-
spectively. The theoretical mass absorption coefficients
for cadmium metal, cadmium bromide, and cadmium iodide
were taken from the literature (74). These coefficients,
measured in cadmium metal and calculated for cadmium bro-
mide and iodide for the 0.060 MeV radiation energy, are
5176 = 0.032, 3.683 = 0.025, and 6.196 = 0.040 cm?/g,
respectively.

The use of the Am-241 source with its relatively low energy
necessitates reduction of the distance between the scintillation
counter and the radiation source to obtain the highest possible
radiation counting rate. For this purpose a special furnace
was constructed with an external diameter of 18 e¢m, which
is half of the diameter of the furnace used in the previous
investigations (71). A schematic diagram of the essential
parts of the apparatus is presented in Figure 1.

RESULTS FOR Cd-CdBr; SYSTEM

The solubility of cadmium in molten cadmium bromide was
determined earlier by other authors; however, the results of
Topol and Landis are the most complete and precise (16).

HHHHNRA R

©

HITH
T

Figure 1. Schematic diagram of apparatus

1, Am-241 source; 2, absorption cell; 3, cadmium dosing device; 4, scintil-
lation counter; S, counting unit; 6, nickel block with Kanthal heating wire;
7, heat radiation shieldings; 8, water cooling

The density of Cd-CdBr; liquid solutions with a mole fraction
of metal equal to 0.0607 and 0.1339 was measured by Vesnin
in the temperature range 833-973°K (7). The present radio-
metric measurements were carried out at 903° and 973°K.
Owing to the experimental parameters used, the change of the
y-ray intensity traversing the solution as a function of molar
fraction of metal dissolved was much higher than that obtained
in the Cd-CdCl; system. The dependence of the logarithm
of the relative radiation intensity on the metal molar fraction
in the solution is shown in Figure 2. The experimental points
represent the mean value of four radiation counting rates
for a given concentration of cadmium in the course of two or
three independent experiments. The vertical arrows represent
the solubility limits of the metal in the salt as determined by
the method previously described (71). These solubility limits
are 0.167 == 0.005 and 0.202 = 0.004 molar fraction of metal
at 903° and 973°K, respectively, in agreement with results
calculated from the phase diagram reported by Topol and
Landis, 0.17 and 0.19, respectively (16).

The relationships between the logarithm of the relative
radiation intensity and the molar fraction of the metal re-
ported in Figure 2 are linear with high correlation coefficients.
Assuming the linear dependences pass through the origin of the
coordinate systems, these correlation coefficients are 0.997
for both experimental temperatures.

For the evaluation of the excess volumes in the Cd-CdBr,
solutions at both temperatures, the values of CdBr, molar
volumes of 67.82 £ 0.08 and 69.01 = 0.17 ¢cm?/mol are used
and are the mean values taken from the data available in
the literature (2, 17). The molar volumes of cadmium at
both temperatures are mean values taken from the data of
several authors, and were tabulated in our previous work (12).
These molar volumes are 14.66 = 0.02 and 14.81 = 0.02
em?®/mol, respectively.

The excess volumes of the Cd-CdBr; solution as a function
of the molar fraction of cadmium are represented in Figure 3, as
well as the excess volumes calculated from the density data of
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Figure 2. Logarithm of relative counting rate of radiation

traversing Cd-CdBr; solution vs, molar fraction of cadmium

N. and Ncdgr, denote counting rate of radiation traversing Cd—CdBr; solu-
tion and pure CdBry, respectively. Dashed lines correspond to valves of
function Ig (N./Ncas:,} = flxca) computed for additive volumes

Vesnin (17) for two concentrations investigated by him.
The analysis of experimental errors, identical to that carried
out in our previous works (12, 13), shows the excess volume of
Cd-CdBr, at 903°K to be practically zero within standard
deviation limits in contrast to the Cd-CdCl, system which
shows distinetly positive excess volumes. At 973°K the Cd-
CdBr; system shows the small positive value of this function at
molar fraction of the metal higher than 0.1,

RESULTS FOR Cd-Cdl; SYSTEM

Of all the cadmium~cadmium halide systems, the Cd-CdI,
system has been least investigated. The literature data
concerning the solubility of cadmium in this salt are in dis-
agreement. Corbett et al. (4) give a solubility value of 0.015
molar fraction of metal at 873°K, whereas Topol and Landis
(16) report 0.1 molar fraction of dissolved metal at this tem-
perature. According to Bredig (3), the last result seems doubt-
ful since the increase of solubility with temperature is excep-
tionally high. The latter dependence requires confirmation.
No melar volume data for the Cd-CdI, liquid system have been
reported in the literature.

Our radiometric measurements were carried out at 692°,
773°, and 873°K. Figure 4 represents the logarithm of the
relative radiation counting rate as dependent on the metal
molar fraction at these three temperatures. As in the Cd-
CdBr, system, the experimental points in this figure are mean
values for the four radiation counting rates in a given molar
fraction of cadmium, measured in the course of two or three
experiments. Also, the reported relations are linear ones, and
the correlation coefficients of straight lines traversing the co-
ordinate origin are 0.914, 0.987, and 0.992 at 692°, 773°,

il Il

_A I !
0 0.08 0.6
X

Figure 3. Excess molar volumes, VE, of Cd-CdBr; solutions
vs. molar fraction of Cd
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Figure 4. Llogarithm of relative counting rate of radiation

traversing Cd-Cdl; solution vs. molar fraction of cadmium

N: and Ncgi, denote counting rate of radiation traversing Cd—Cdl; solution
and pure Cdly respectively. Dashed lines correspond to values of function
Ig (Ne/Ncar,) = flxca) computed for additive volumes

and 873°K, respectively. The solubility limits determined
by us and shown in Figure 4 by vertical arrows are 0.037 =
0.002, 0.067 = 0.003, and 0.102 £ 0.003 in molar fraction,
respectively, for the three temperatures. In Figure 5 these
results are compared with the corresponding data obtained by
Topol and Landis (Z6). Our results confirm the increase of
the solubility with temperature and the phase diagram of the
Cd-CdI; system given by these authors.

For the calculations of the excess molar volumes of Cd-CdI,
liquid solutions at the three temperatures, the molar volume
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Figure 5. Comparison of solubility results for Cd in Cdl;
with Topol and Landis (16) data
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Figure 6. Excess molar volumes, Y%, of Cd-Cdl, solutions vs.
molar fraction of Cd

values for CdI; are taken from the literature (). These molar
volumes are 84.0 = 0.1, 85.8 & 0.1, and 88.1 = 0.1 cm?®/mol
at 892°, 773°, and 873°K, respectively. The molar volumes
of cadmium at these temperatures, calculated from the same
data as the Cd—CdBr; system, are 14,22 & 0.02, 14.36 = 0.02,
and 14.59 % 0.02 cm?3/mol.

The excess volumes in the Cd-CdI, solutions for the three
temperatures vs. the molar fraction of cadmium are given in
Figure 6. If we take into account the standard deviations of
measurements, at all three temperatures the excess volumes
of this system are distinctly negative, the absolute values in-
creasing with increasing temperature.

DISCUSSION

The results obtained in our previous studies and in the
present work confirm once more the influence of anions on the
solubility of cadmium in its molten halides. At temperatures
higher than 973°K, the solubility of cadmium increased in the
sequence 1= < Cl— < Br—. At 903°K the solubilities of
cadmium in its chloride and bromide are equal but higher
than those in iodide. The behavior of the Cd-CdI, system
is exceptional in comparison to other metal-metal halide
systems in which the solubility of metals is generally highest
in iodides.

0 008 016 024

Figure 7. Excess molar volumes, V%, in Cd-CdCl; and Cd-
Cdl; solutions vs. components molar fraction product

Our results also confirmed the extremely high temperature
coefficient of the solubility of cadmium in CdI,. This is
another abnormal property of this system.

The determination of the excess volumes of cadmium-—
cadmium halide liquid systems was carried out with an accu-
racy sufficiently high to make possible the comparison of this
property for all three systems investigated. The thermo-
dynamic excess functions for binary solutions, F&(z,, z.), can
often be presented with sufficient approximation by the re-
lationship

FE(CE1, Iz) = kIﬂ?; (2)

where z, and z, are molar fractions of both components of the
solutions and k is a constant. Many binary solutions of ionic
liquids also fulfill this relationship. In Figure 7 the excess
volumes for Cd-CdCl, and Cd-CdI; systems are shown as a
function of the zcarcax, product. The results presented in
Figure 7 show that the investigated systems obey Equation 2
with sufficient approximation. The lowest values of the ex-
cess molar volumes for the Cd-CdBr, solution are not given
since this system does not fulfill Equation 2.

A quantitative confrontation of the influence of the anion on
the excess molar volume values for the three systems under
investigation may be carried out by comparison of the three k&
values from Equation 2 for these systems. This should be
made at a chosen temperature considered as a corresponding
state temperature for these liquids. For one component ionic
liquids such as temperature, T..::, is often defined as:

Toorr = CtT/ (3)

where « is an arbitrary chosen constant, and 7', is the melting
point of the salt. This definition seems useful also for the
evaluation of the corresponding state temperature of the sys-
tems investigated, if the melting points of CdCl,, CdBr., and
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CdI, were introduced as T, into Equation 3. This is possible
since the difference between the melting temperature of the
pure salts and the eutectic temperature of their solutions
with cadmium is relatively small. The values of k& calculated
by the interpolation of excess volumes at temperatures Tyor
assuming « = 1.2 are 153 £+ 1.4 cm?®/mol and —4.6 = 1.3
em3/mol for solutions of cadmium in its chloride and iodide.
For the bromide the %k value may be considered practically
zero. In other words, the excess volume is distinctly positive
for Cd-CdCl; solutions, equals zero for Cd-CdBr,;, and is
negative for the Cd-Cdl, systems.

A general theory concerning excess volumes in ionic liquid
solutions does not yet exist. A comparison of excess volumes
for solutions of several metals in their molten halides may
contribute some progress in this field. This requires further
experimental research.
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Ternary Systems of Sodium Thiocyanate, Formate, and Halides

AUGUSTO CINGOLANI,! GIANFRANCESCO BERCHIES!, and GIAMMARIO PIANTONI

Istituto Chimico della Universita, Camerino 62032, ltaly

For various mixtures solid-liquid equilibria were studied by a visual method to draw
the polythermal projections of ternary systems formed with sodium thiocyanate, for-

mate, and halides.

tifled within the accessible portion of each system.

Four crystallization regions and two invariant points were iden-

The areas of crystallization

regions are considered in their relationship to the radius of the halogen ions.

This paper, a portion of our current research, reports on solid-
liquid equilibria in the Na(CNS8,HCOO,Cl), Na(CNS,HCOO,
Br), and Na(CNS,HCOOQ,I) ternary systems.

EXPERIMENTAL

The crystallization temperatures of the melted mixtures
were taken when the first crystals were formed. The measure-
ments were carried out by a visual method described previously
(1). The melts were frozen at a rate of nearly 0.25°C per
minute, and only those values in agreement within £0.25°C
were accepted for the crystallization temperature. This tem-
perature was determined by a Chromel-Alumel thermocouple,
checked by comparison with an N'BS-certified platinum resis-
tance thermometer and connected with a Leeds and Northrup
type of K-3 potentiometer.

An accuracy in temperature within =0.05°C was possible
by this method of calibration of the thermocouple. The fur-
nace temperature for the melting of the salt mixtures contained

1 To whom correspondence should be addressed.

in a pyrex cryostat was controlled by a second thermocouple
connected with a Leeds and Northrup CAT control unit.

To avoid readjustment of the furnace temperature automatic
control device, an auxiliary heater was used for a quick re-
melting of the salt mixture, partially frozen in the course of a
previous run. When necessary to obtain more complete
information, a Perkin-Elmer differential scanning calorimeter
(DSC-1B) was used. The chemicals NaCNS, HCOONa,
NaCl, NaBr, and Nal, whose purity was not less than 99%,
were carefully dried before use. Sodium formate melted at
257.5°C and sodium thiocyanate at 307.5°C, both in agreement
with recent literature data [257.5°C (6) and 258.0°C (3) for
HCOON34 and 307.5°C (7, §) for NaCN8].

RESULTS AND DISCUSSION

For NaCNS + NaX and HCOONa 4+ NaX (where X =
Cl, Br, I) mixtures (8, §), satisfactory and complete data were
available. No references concerning the NaCNS + HCOONa
system exist in the literature; thus, our study is the first of
this system. The results are summarized in Table I. A
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