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computer-generated oblique views of the P-x and GE,23 - x 
surfaces, provide more graphic representations of the behavior 
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Enthalpies of Solution of Some Salts in Water 
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Using the apparatus and procedure described In a recent 
report, with the energy equivalent of the calorimeter 
system determined with standard substances, enthalpies 
of solution in water at 298.15 K were measured for the 
following salts, as A H  in kJ mol-': RbCl(c), in 1500 mol 
of H,O, 17.225 f 0.019; CsCl(c), in 800 mol of H,O, 
17.438 f 0.014; CsBr(c), in 900 mol of H 2 0 ,  26.146 f 
0.043; CsI(c), in 1500 mol of H20, 33.239 f 0.030; 
Li,CO,(c), in 725 mol of H20, -14.800 f 0.021. 

1. Introduction 

Measurements of the enthalpies of solution of several salts 
in water have been made, using the apparatus and procedure 
recently described, with the energy equivalent of the calorimeter 
being determined with standard substances ( 12). 

The molecular weights used in this work are as follows (3): 
CsBr, 212.8094; CsCI, 168.3584; CsI, 259.8099; H 2 0 ,  18.0152; 
Li2C03, 73.8912; RbCI, 120.9208. 

2. Experimental Section 

Materlals. The salts measured in this investigation are 
described as follows. 

Rubidium chloride, National Bureau of Standards, Washington, 
D.C., Reference Material No. 984. The stated purity was 99.90 
f 0.02 % . Prior to measurement, this material was dried at 873 
K for 24 h. 

Cesium chloride, Sample A, Harshaw Chemicals Co., 
Cleveland, Ohio. The purity was given as 99.96% (Gerald K. 

Jc. .nson, Argonne lational Laboratory, Argonne, Illinois, provided 
the sample and the assay of impurities) with the impurities being, 
in ppm, as follows: Mg, 5; Rb, 200; Na, 60; K, 5; Li, 4; Si, 30; 
Cs,C03, 120. Prior to measurement, this material was dried 
at 645 K for 4 h. 

Cesium chloride, Sample B, Alfa Inorganics, Beverly, Mass., 
Lot No. 87640. The purity was determined (Analysis provided 
by Gerald K. Johnson, Argonne National Laboratory, Argonne, 
Ill.) to be 99.99 % , with the impurities being as follows, in ppm: 
Mg, 12; Rb, 10; Na, 5; K, 5; Cs2C03, 56. Prior to measurement, 
this material was dried at 823 K for 24 h. 

Cesium bromide, Alfa Inorganics, Beverly Mass., Lot No. 
31672. The impurities were reported as follows, in ppm: Ba, 
10; Sr, 5; Rb, 10; Na, 5; K, 5. Prior to measurement, this 
material was dried at 523 K for 8 h. 

Cesium iodide, Alfa Inorganics, Beverly Mass., Lot No. 82473. 
The impurities were given as follows, in ppm: Ba, 50; Sr, 5; 
Na, 5; K, 5; Rb, IO. Prior to measurement, this material was 
dried at 523 K for 8 h. 

Lithium carbonate, J. T. Baker, Ultrex, Phillipsburg, N.J. The 
purity was given as 99.98%, with total metallic impurities being 
22 ppm. This material was heated at 523 K for 140 h. Within 
f0.01% there was no loss in weight of the material from the 
4th, to the 140th h. Prior to measurement, this material was 
heated again to 523 K for 22 h. 

Potassium chloride, National Bureau of Standards, Standard 
Reference Material 9 18. 

Tris(hydroxymethyl)aminomethane, National Bureau of 
Standards, Standard Reference Material 724a. 

Following the drying procedure, the satts to be measured were 
placed in ampules in a dry atmosphere, except for lithium 
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carbonate and cesium chloride, sample B, which were trans- 
ferred in the air of the room. 

Calorimetric Apparatus and Procedure. The calorimetric 
apparatus (LKB calorimeter and HP quartz thermometer as- 
sembly) and procedure, and methods of calculation, are de- 
scribed in the previous report (72). 

For the experiments on lithium carbonate, the “reaction” 
period contained 80 observations of temperature at intervals 
of 14.5 s, while for the experiments with the other salts, the 
“reaction” period contained 30 observations at intervals of 14.5 

The method of calculating the energy equivalent of the 
standard calorimeter system, e,, is described in the preceding 
report (,72). The energy equivalent of the actual calorimeter 
system is 

S. 

E = E S  + A €  (1 1 
where AE is evaluated as given by eq 2 of the previous report. 

The enthalpy of solution of a given salt, in a given amount 
of water, is calculated with the following equation: 

Here AH is the enthalpy of solution of the given compound for 
the final temperature of the “reaction” period; E is the energy 
equivalent of the actual calorimeter system at the start of the 
experiment for the mean temperature of the “reaction” period; 
AtC is the corrected rise of temperature in the experiment; qv 
is the energy absorbed on the vaporization of water to fill the 
space made available on the breaking of the ampule (usually 
barely significant); qim is the correction for impurities in the 
sample; rn and MW are, respectively, the mass of sample and 
the molecular weight of the compound measured. 

Correction of the enthalpy of solution from the observed 
average final temperature of the experiments to 298.15 K is 
made with the following equations: 

AH(298.15 K ) -  AH(TK)=ACp(298.15-  T) (3) 

(4) 

Here 4 is the apparent molal heat capacity ( 75) of the dissolved 
salt at the given concentration in water and C, is the heat 
capacity of the salt before its solution. For most chemical 
reactions, the value of AC, is relatively small, with the sum of 
the heat capacities of the products tending to cancel the sum 
of the heat capacities of the reactants. In the case of the 
process of dissolving salts of strong electrolytes in water, 
however, the situation is quite different. Here the apparent molal 
heat capacity of the strong electrolyte in dilute solution is usually 
negative, with a resulting relatively large value of AC,. 

The values of the apparent molal heat capacity, q5 used to 
make the small correction involved (as per eq 4) in the present 
experiments, were taken ( 73) as follows, for the four alkali hal ie 
solutes in the given number of moles of water, in J K-’ mol-’: 
RbCI, n = 1500, -1 18; CsCI, n = 800, -122; CsBr, n = 900, 

The values used for the heat capacity of the salts measured 
were taken (8, 76) as follows, rounded to three significant 
figures, in J K-’ mol-’: RbCl(c), 51.5; CsCl(c), 52.4; CsBr(c), 
51.9; CsI(c), 51.9; Li,CO,(c), 97.4. 

In the case of the lithium carbonate, the correction required 
by eq 3 was not significant because the value of 298.15 - T 
was only 0.01 K. This was fortunate, as there are no extant 
values for the apparent molal heat capacity of lithium carbonate 
in solution in water and its estimate would have a large un- 
certainty. 

The values of the enthalpy of dilution or the relative apparent 
molal enthalpy ( 75) of the solute in water at the given con- 
centration. which were used to correct the results to the same 

-128; CSI, n = 1500, -129. 

concentration, were taken from ref 13. In the absence of other 
data on the enthalpy of dilution of lithium carbonate, a linear slope 
of the measured values of AHvs. the square root of the moh l i ,  
by least squares, was used to correct the measured values to 
a common concentration. 

The energy equivalent of the standard calorimeter system was 
determined as described in the preceding report. For the 
endothermic experiments, potassium chloride, NBS Standard 
Reference Material 918, was used as the standard substance, 
with its enthalpy of solution at 298.15 K and a final concentration 
of 0.05 rn ,  taken as A H =  (4-17536 f 9) J mol-’. For the 
exothermic experiments, tris(hydroxymethyl)aminomethane, NBS 
Standard Reference Material 724a, in 0,100 N hydrochloric acid 
solution, was used as the standard substance, with its enthalpy 
of solution at 298.15 K and a concentration of 5 g/dm3 of 
solution, taken as A H  = (-245.76 f 0.26) J g-’. As explained 
in the preceding report (72), the weighted mean value from a 
number of different investigations for the enthalpy of solution 
of tris(hydroxymethy1)aminomethane under specified conditions 
is numerically less than the NBS certified value by 0.09%. I f  
this value were used instead of the value certified for the NBS 
Standard Reference Material, the values of the exothermic 
enthalpy of solution would be numerically less by 0.09 % . 

Whenever more reliable values become available for the 
standard substances used in the present investigation to de- 
termine the energy equivalent of the standard calorimeter 
system, the reported results can be changed in accordance with 
the new values. 

3. Results 

Present Investlgaflon. Tables I -V I  give the results of the 
experiments on the enthalpy of solution in water of the five salts: 
rubidium chloride; cesium chloride, sample A; cesium chloride, 
sample B; cesium bromide; cesium iodide; lithium carbonate. 
In these tables, n is the number of moles of water per mole of 
solute, and the other symbols are the same as in the preceding 
report. 

Figures 1-5 give a plot of the results of the foregoing ex- 
periments as a function of the square root of the molality, mi’*, 
with the results for the two samples of cesium chloride appearing 
on the same plot. The lines in Figures 1-4 were drawn using 
the relative apparent molal enthalpies from ref 13, and the line 
in Figure 5 is a linear least-squares fit of the data shown. 

The overall uncertainty assigned to the final value for each 
compound measured was taken as twice the propagated 
standard deviation of the mean, including the uncertainties of 
the following: (a) value for the standard substance used to 
determine the energy equivalent of the standard calorimeter 
system, potassium chloride, s.d.m. = 0.025%, and tris(hy- 
droxymethyl)aminomethane, s.d.m. = 0.05 % ; (b) experiments 
to determine the energy equivalent of the standard calorimeter 
system; (c) experiments to determine the enthalpy of solution. 

Table VI1 summarizes the results obtained in the present 
investigation. The value for cesium chloride is the mean of the 
12 experiments. 

Previous Investigations. Table VI11 gives a comparison of 
the existing data on the enthalpy of solution of four alkali halides 
measured, with the results of the present investigation. 

For lithium carbonate, there appears to be only one recorded 
measurement of its enthalpy of solution (2), AH(298.15 K) = 
(-3.383 f 0.030) kcal mol-’, with the concentration being 1 mol 
of solute in 1900 mol of water. The present measurements were 
made to a concentration of 1 mole of solute in 725 mol of water, 
yielding AH(298.15 K) = (-3.537 f 0.005) kcal mol-’. Because 
of the hck of data on the enthalpy of dilution of lithium carbonate, 
precise comparison of the two values cannot be made at this 
time. 
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t 17.12 17'24w 
17.l8l 1 

0.17 0.18 0.19 0.20 0.21 0.22 
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Figure 1. Plot of the values from the six experiments on the enthalpy 
of solution of rubidium chloride in water at 298.15 K, as a function of 
the square root of the molality. 

1730 I a I 
0.23 0.24 0.25 0.26 0.27 028 

tn% 
Figure 2. Plot of the values from the 12 experiments on the enthalpy 
of solution of cesium chloride in water at 298.15 K, as a function of 
the square root of the molality: sample A,  W; sample B, 0. 

rnb 
Figure 3. Plot of the values from the four experiments on the enthalpy 
of solution of cesium bromide in water at 298.15 K, as a function of 
the square root of the molality. 

f 5 33.221. . , 0 1 
0.18 0.19 0.20 0.21 

rnk 
Figure 4. Plot of the values from the six experiments on the enthalpy 
of solution of cesium iodide in water at 298.15 K, as a function of the 
square root of the molality. 

Table VII. Summary of the Results Obtained in the Resent 
Investigation on the Enthalpies of Solution in Water for the Five 
Salts Measured 

Concn AH(298.15 K)  

n Compd m kJ mol-' kcal mol-' 

RbCl 0.03701 1500 +17.225 * 0.019 t 4 . 1 1 7  t 0.005 
CsCl 0.06939 800 t17 .438  * 0.014 t 4 . 1 6 8  t 0.003 
CsBr 0.06168 900 +26.146 * 0.043 t 6 . 2 4 9  t 0.010 
CsI 0.03701 1500 +33.239 * 0.030 +7.944 t 0.007 
L i C O ,  0.07656 725 -14.800 * 0.021 -3.537 * 0.005 

4. Discussion 

I t  had been our plan to measure, with this apparatus and 
method, a large number of salts, selected so as to (a) provide 
new data in place of scarce or nonexisting data, (b) provide 
useful information for chemically related compounds, and (c) 
obtain new data on enthalpies of dilution for those salts for which 
the existing data are meager or nonexistent, by measuring to 
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Table VIII. Comparison of the Exist ing Data on the Entha lpy  of Solution in Water of the Four Alka l i  Halides Measured w i t h  the 
Data of the Resent Investigation 

AH(298.15 K)/kcal mol-' 

RbCl CSCl CsBr CSI 
Reference 

No. Year n = 1500 n = 800 n = 900 n = 1500 
1 
4 

24 
5, 6 
7 

10 
11 
18 
14 
17 
22 
20 
19 
21 
9 

Present 
work 

1904 
1906 
1910 
1911 
1912 
1936 
1937 
1956 
1958 
1960 
1966 
1969 
1970 
1973 
1974 

4.085 1: 0.100 
4.184 t 0.100 
4.157 1: 0.100 
4.057 f 0.050 
4.235 t 0.050 

4.169 1: 0.050 

4.208 f 0.075 
4.107 t 0.030 
4.128 i: 0.021 
4.193 t 0.080 

4.093 t 0.006 
4.117 t 0.005 

14.82 I . I 

14.76 L!.CO. I 
A? I ... - 

I J 
0.22 0.24 0.26 0.28 a30 

Flgure 5. Plot of the values from the six experiments on the enthalpy 
of solution of lithium carbonate in water at 298.15 K, as a function of 
the square root of the molality. 

significantly different concentrations. However, the development 
and detailed checking of the method for determining the energy 
equivalent of the calorimeter system with a standard substance 
required much more time and work than originally estimated. 
With all of the checking completed, the method is now arranged 
in a simple routine form, and it can be used easily by other 
investigators to obtain much needed data. 
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