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FOREWORD 

She apparent: volumes of Bait a in solution have toon studied for 

a number of years in this laboratory* Four years ago, upon the pro¬ 

curement of the noooasary apparatus, measurements,, of the compressibil¬ 

ity coefficients of solutions wore undertaken for the purpose of invos- 

tigating the apparent compressibilities of substances in solution. 

Measurements made with this compressibility apparatus have already 

been presented in the theses of Mr. V* M. Obenhaus (1932) and Hr. R* W* 

Wilson (1933). 

The present thesis is a continuation of these studies and deals 

with three different problems. Since these three subjects arc parts 

of a series of which a paper by Scott and Wilson is the first (I), 

they are accordingly numbered II, III, and IV. 

V. Ehys. Chem. 3£, 951 (1934). 
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THE APPARENT VOLUMES AND APPARENT COMPRESSIBILITIES 
OP SALTS III SOLUTION 

II. CONCENTRATED SOLUTIONS OP LITHIUM CHLORIDE AND BROMIDE 

. Si 
In the first paper (I) of this series it was shown that, from 

the standpoint of the apparent molal volume and compressibility, con- 

oentratod solutions of lithium chloride and "bromide differ signifi¬ 

cantly from solutions of other strong electrolytes. It was impossible, 

however, with the limited data at hand to determine at what concentra¬ 

tion these solutions become abnormal or to study the nature of the 

irregularity. The object of this paper is to report new measurements 

of the density and compressibility coefficient of concentrated solu¬ 

tions of these salts and to present a more complete picture of the ano¬ 

malous properties of those solutes. 

The results of seven new experiments are suraaarised in Table 1. 

No detailed description of these experiments will be given here because 

the procedure followed throughout was the same as that described fully 

l 0 
in a previous communication. It whould be noted, however, that new 

stodk solutions of both lithium chloride and lithium bromide were pre¬ 

pared by dilution of weighed portions of these stock solutions. 

Prom these data have been calculated the apparent molal volume 0, 

the apparent molal compressibility {B + f), and the volume concentra¬ 

tion of the solute in the several solutions. Values of these calcu¬ 

lated quantities aro given in Table 2 which may be regarded as a supple¬ 

ment to Table 2 given in (I). With the exception of some of the f 

values, the method of calculating these quantities is the same as that 

already described in (I). The modification in the method for calcu- 
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SABLE I 

Sable of results 

Solution Weight por cent Density (b x 10- Average 
ITO. of salt at 35° Deviation 

Lithium chloride solutions 

1 41.020 1.25597 20.44 .01 
2 37.003 1.22536 21.86 .01 
3 27.450 1.15772 25.62 .01 

Lithium bromide solutions 

1 45.183 1.44911 27.12 
2 39.999 1.37671 28.63 .01 
3 34.706 1.31036 30.11 .01 
4 18.076 1.13859 35.28 

CABLE 2 

Values of the various solution factors at 35°0 

Soln. 0 °200 0 0200 -B s 104 f x : 
Ho. 

lithium chloride solutions 

1 12.152 12.201 20,97 21.14 8.82 0.11 
2 10.695 10,734 20,89 21.08 9.91 0,11 
3 7.4956 7.5335 20.68 20,95 12.94 0.09 

Lithium bromide i solutions 

1 7,5385 7.5793 26.64 26.82 8.31 -0.05 
2 6.3400 6.3762 26.66 26.85 9.60 -0.12 
3 5.2359 5.2675 26,61 26,83 10.94 0,16 
4 2.3696 2.3863 26.02 26,35 16.57 0.25 



lating f may “be outlined briefly* It will be recalled that by defini¬ 

tion 

^ ~ Y — n^Y 

and 

■where 

B a -M = 
dp 

V =' volume of solution containing 1 gram-mole of solute 

® volume of 1 gram-mole of pure water at the temperature 
of the solution 

sa number of moles of water present in the solution 

ft ft 1 “ compressibility ooeffioients of solution and water* 
' respectively. 

0, however* is a function of two independent variables* pressure and 

concentration* 

0 » F(I>,o) 

and we can write for the total differential 

dff "(rl)® +(M)d0 

Dividing throu^i by dP* we get 

-5 ■ # - + (H)PI 

She quantity f is the last terra of this expression 

whence 

f E (lift is. 
UcVpdP 

(B + f J = -(^ 

She method of calculating f given in (I) wae for the special case where 
. x 

0 is a linear function of c8 at constant pressure (Masson*s Rule}* For 

the concentrated solutions of the lithium halides where this relation¬ 

ship is not valid* it has been necessary to proceed as follows. She 

numerical value of the slope ^|L was found graphically from a plot of 
b £ 



0 against o. Further, since 

it follows that 

o - 
1000 

V 

do -loop av 
<3P V' dp 

1952.^ = o ^ * 

She product Q(b affords a simple moans of getting the numerical value 

of the second term necessary for the evaluation of £. It should per¬ 

haps he noted here again that the calculated values of B derived from 

our data refer to solutions under a pressure of 200 metric atmospheres 

and that therefore $h© f values must ho calculated for the same condi¬ 

tion. This requirement was met in the calculation of the f values 

given in Table 2. 

The method of computing f just described has also been applied to 

the calculation of the f values omitted from table 2 of (I). For the 

sake of completeness these new values as well as some recalculated ones 

are given belor/. For purpose of identification only the B values given 

in the table referred to are repeated here. 

TABLE 3 

Values of f by Graphical Method 

Lithium chloride solutions 

-B x 10; 

f x 104 

8.83 

0.11 
10,56 13.90 14.91 
0.11 0.23 0.24 

17.34 

0.29 

18,62 
0,33 

22.69 
0.34 

27.09 
0,26 

Lithium bromide solutions 

~B x 104 

f x 104 
5.25 

-0.15 - 

6,38 7.27 8.07 8,62 

-0.27 -0.32 -0.05 -0.07 

10,74 

0.16 

12.05 

0.16 

14.13 

0.16 

17,20 

0.24 

17.58 20.00 

0.21 0,18 

' The relationships existing between tho apparent properties and 

concentration in solutions of these lithium salts are portrayed in 
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Figures 1 and 2 which were constructed "by plotting the values of 

^200 (left-hand scale) and (B + f) values (right-hand scale), against 

the corresponding C^QQ values. Quantities for solutions under a press¬ 

ure of 200 metric atmospheres have teen used as in (I) in order to 

have them under the same conditions with the least loss in the preci¬ 

sion of the original measurements. So show the molecular composition 

of the more concentrated solutions another scale is given at the top 

of each graph which indicates the number of moles of water n^ per 

mole of solute in the solution, the concentration of which is given 

below on the abscissa scale. 

On the basis of several recent studies of the question it may be 

stated that the variation of 0 with c in solutions of strong electro¬ 

lytes is represented satisfactorily by the Masson equations 

0 = itc®" + 0° 

Where k and 0° are constants dependent on temperature and pressure* 
From the Masson relationship a similar expression can be deduced for 

the relationship between (B + f) and o: 

(B + f) * - 0^ + B° . 
d Jr 

These normal relationships have been shown to be valid for dilute sol¬ 

utions of lithium halides and are depicted in the graphs by the curves 

marked <*■ * The numerical values of the constants of the above equations 

which were used in computing the curves were estimated from the fig- 

b 
urea given by G-effcken for soluti ons at atmospheric pressure and from 

the additive relationships found in (I). The values of these constants 

ares 



Lid 

IilBr 

12200 ^00 (lf)goo 
B° 

1*28 

1.05 
17.75 
24.71 

8.05 
5.99 

■34,90 
■26.00 

She plotted values are those given in Saties 2 and 3 of this paper 

and Satie 1 of (I). 

An inspection of the graphs shows clearly that the simple square- 

root relationships! <=*• curves) are not valid in concentrated solutions. 

Since our present interest is a detailed description of these irregu¬ 

larities we shall examine the chloride and bromide graphs separately# 

Hie 0-0 plot for solutions of lithium chloride gives evidence of 
three distinct relationships between 0 and e, depending on the concen¬ 

tration ranges (normal), fb , and V, Uhe oritioal concentrations t 

which marie the limits of these relationships, that is, the concentra¬ 

tions at which discontinuities in the 0-a plot occur, correspond, so 

far as oan be ascertained, to solutions containing an integral number 

of moles of water per mole of solute, fhus reading from the graph we 

get* 

She critical nw *= 10 value is the same as that which Masson showed to 

be the limit of validity of his relationship at 18° and atmospheric 

pressure, Hie second critical value has not been reported before# As 

might be anticipated, discontinuities in the (B + f) - o plot occur 

at the same critical concentrations, but they are less marked than in 

the 0-o plot. For the sake of comparison we have inoluded in the 

Intersection 

of curves 
Values 

of 

<*-/* 10 
6 



graph another plot of (5 + f) values derived from the recent measure¬ 

mean pressure of BOO atmospheres and are therefore not directly com- 

parahle with our values* Hie fact that the difference between the two 

curves is sensibly tmiform is to be eicpoctod# Hie absence in Gibson’s 

plot of clear evidence of breaks at the two critical concentrations is 

at first sight disturbing* This failure to conform to our results, 

however, is probably due to two facts: first, Gibson’s compressibility 

measurements are slightly less precise than ours and second, the distri¬ 

bution of the plotted points would tend to obscure rather then enhance 

the appearance of tho breaks in question* In concluding the descrip¬ 

tion of this graph attention may be called to the fact that Scott and 

Blair also found definite breaks in the variation of tho magnetic sus¬ 

ceptibility of lithium chloride solutions with concentration at concen¬ 

trations = 10 and % = 6* 

The anomalies of lithium bromide solutions are more striking than 

those of the chloride solutions. In the $ - c plot of theso bromide 
solutions there appears to be throe critical concentrations as follows: 

The first of these concentrations cannot be determined with the same 

certainty as the others but tho value 18 is unquestionably a minimum 

figure. 

ments of Gibson.5” These values of (B + f) are for solutions under a 

Intersection 

of curves 

Values 

of % 

18 

8 
B 

Evidence bearing on the irregularities in. these concentrated bro¬ 

mide solutions has been reported by other investigators. Huttig and 



4 
Keller in 1928 published the results of an extensive series of density 

measurements on the basis of which they ooncluded that the relations of 

$ to n^ undergoes abrupt changes when = 6, 30, and 75. Discontin¬ 

uities were believed to exist at practically the same concentrations in 

similar plots of tho molar refraotivity and absorption coefficients 

against log n^. Prompted by the critical discussion of these conelu.- 

b' 

sions Huttig and IMcenthal, three years later, reported the results of 

no?/ density and composition measurements at 20° which were not entirely 

in agreement with tho earlier series. Shorn the new data it was con¬ 

cluded that the only unambiguous discontinuity in the $ - log n^ plot 

occurs when % = 6, 2he 0 and c values (at atmospheric pressure) cal¬ 

culated from the published data of these invostigators are included 

also In Figure 1 whore they appear as the middle curve. In order to 

simplify the mechanical features of the graph it was necessary, in 

plotting the comparison data, to increase all the 0 values by exactly 

0.500 co. Shore is an unmistateable resemblance between the two pf—c 

plots, a fact which we have attempted to bring out more clearly be 

drawing through the plotted points depicting the data of Huttig and 

KUkenthall ourvos similar to those representing our own measurements. 

It appears that tho ji - c plot representing the data of these investi¬ 

gators agrees in general with the plot of our data but does not nec¬ 

essarily confirm our conclusion regarding the exact location of the 

three discontinuities. 

Although no complete interpretation of these unusual irregular¬ 

ities in tho concentrated solutions of lithium chloride and bromide 

is possible at this time, a number of general conclusions may be 



suggested. 'Bie traditional approach to a problem of this kind would 

he to assume that the irregularities in question arise from alterations 

in the degree of hydration of the lithium ion which is common to both 

salts. Ehus, Huttig and Seller9 in order to account for the supposed 

irregularities in their solutions at concentrations, = 6, 30, and 

75, argued that these critical concentrations corresponded to the theo¬ 

retical composition of one (n^ = 6), two (n^,, = 30), and three (% - 76) 

layers of water molecules packed around the lithium ion. Erom the 

standpoint of our results, this simple hydration hypothesis falls down 

because the critical concentrations of the solutions of the chloride 

and bromide are not the same. 

We would hardly espeot an hydration hypothesis to he applicable 

to solutions of high concentration whore a large fraction of the ions 

must be in contact with each other. It seems much more to the point 

to consider the question whether irregularities in these solutions can 

be ascribed simply to changes in the arrangement or packing of the 

ions (i.e*9 the domain of the solute). In attempting to formulate a 

tentative answer to this question we shall make use of an argument 

which was developed in (I). It may be recalled that the quantities $ 

and (B + f) have only an apparent physical significance and that a 

change in magnitude of either of these quantities is possibly the net 

result of variations in two factors, one related to the domain of the 

solute and the other related to the number of solvent molecules which, 

under the influence of ionic forces, have suffered a contraction in 

volume. In the case of 0 the possible magnitude of changes in either 
factor may he of the same order and therefore it would be impossible 



from the nature of the changes in ^ to determine Which factor is re¬ 

sponsible for the change# On the other hand, in the case of (B + f) 

the possible variation in the compressibility of the solute is so snail 

relative to the possible change in the second factor that the indivi¬ 

dual effects of the two factors can be partially distinguished. In 

brief, unless the variation in (B + f) with concentration is extremely 

small, it can be assumed to involve a change in the number of mole¬ 

cules of water in the contracted state# 

If we examine the (B + f) - c plots with this method of analysis 

in mind, we find no evidence of unusual variation in the amount of 

water in the contracted state# fflhis negative conclusion is important 

because it rules out of consideration one explanation of the irregular¬ 

ities in the 0 - o plots and therefore means that Changes in the domain 

of the solute must occur in the concentrated solutions# As a matter of 

fact a more detailed application of this argument leads to the conclu¬ 

sion that the actual changes in the domain of the solute are much 

greater than the variation in 

Ho inferences can be drawn regarding the changes in packing of the 

ions and water molecules Which we assume to be the cause of the change 

in the domain of the solute# It is worth noting, however, that Bassett 

and his collaborators1 in seeking to elucidate the structures of various 

lithium salt hydrates and complexes, have been obliged to postulate the 

existence of various types of polynuclear cations and even complex 

anions containing lithium. If such complexes exist in the solid state, 

they doubtless exist also in solution and It may be suggested that a 

certain complex may be stable in solution only in a limited concentra¬ 

tion range and that the characteristic properties of the several con- 



centration regions depend on the complex or complexes present* (Che 

magnetic susceptibility measurements of lithium chloride mentioned 

above, can be looked upon as supporting this viewpoint. Shis inves¬ 

tigation showed the susceptibility of the salt to be constant in dil¬ 

ute solutions up to the concentration 3% = 10 and to be constant also 

in very concentrated solutions, words, one structur¬ 

al arrangement or complex may be supposed to be stable in dilute solu¬ 

tion, another in very concentrated solutions, and in the concentration 
' #> ■ * 

rangeAa transition between these two types of arrangement may be sup¬ 

posed to take place* It is likely that a determination of the suscep¬ 

tibilities of the bromide solutions would throw some light on these 

more complex solutions and possibly on the problem as a whole* 
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THE APPARENT VOLUMES AND APPARENT OCMPRESSIBILITIES 

OF SALTS IE SOLUTION 

III. UNSATURATED AND SUPERSATURATED SOLUTIONS OF GALOIUH NITRATE 

The present investigation of the effect of concentration on the 

apparent volume and apparent compressibility of calcium nitrate in 

aqueous solutions was undertaken because of the feasibility of dealing ■ 

with highly supersaturated solutions of this salt. It was hoped by 

making measurements in the supersaturated region to extend the range of 

test for Hasson’s equation. Furthermore, since no study of the apparent 

properties in the supersaturated state appears to have been published* 

an investigation of the matter seemed desirable* despite the fact that 

no discontinuity between the properties of super saturated and unsatur¬ 

ated solutions is to be expected. 

EXPERIMENTAL 

Materials; 

Water was doubly distilled, once from dilute alkaline permangan¬ 

ate, and onoe from dilute sulfuric acid through block tin condensers. 

Calcium nitrate WEB made by dissolving 1 kilogram of technical cal¬ 

cium carbonate in an excess of C.P. nitric acid. After filtration to 

remove insoluble matter, the solution was made basic by adding pure cal¬ 

cium oxide in slight excess and again filtered to remove the insoluble 

magnesium hydroxide and most of the slightly soluble strontium and bar¬ 

ium hydroxides. Further purification of the salt was accomplished by 

bringing about the crystallization of the tetrahydrate from a slightly 

acid solution, the crystals of which were collected and finally drained 

in the centrifuge. Two crops of the crystals, each roughly one-third 



of the material3 wore colleotod and the residual mother liquor discarded 

She first crop gave negative tests for strontium and "barium and was used 

in malting the first stoolc solution (# i ). The second orop contained 

traces of strontium, "barium, and iron, Shis portion of the salt was 

ultimately combined with solutions prepared from stock solution # I , 

and the crystallization process was repeated, She material obtained at 

this stage gave no further evidence of imparity and was used in making 

up stock solutions # 7 , # io, and # 13. Sic calcium nitrate in the solu¬ 

tions prepared from these stock solutions was again recovered by re- 

crystallizing as the tetrahydrate and used to prepare stock solution fit. 

Preparation and Analysis of Solutions; 

All of the solutions which were investigated were prepared by dil¬ 

uting or concentrating stock solutions, She solutions more dilute than 

the stock solutions were made by diluting weighed portions of the stock 

solution with water, the composition being obtained from the ratio of 

the weights before and after dilution. She supersaturated solutions 

were prepared by evaporating weighed amounts of the stock solutions in 

weighing flasks on the hot plate at about 70°, She flasks were kept 

covered to prevent entrance of dust. When the solutions had evaporated 

to the desired composition, the flasks were stoppered, cooled, and 

weighed* Suitable counterpoises were used in all weighings and vacuum 

corrections applied. 

She analysis of three of these stock solutions was carried out by 

the following method. Enough solution to yield about 1 gram of anhy¬ 

dride was weighed in weighing bottles and evaporated in an electric oven 

at 110° overnight. She samples were then seeded and dehydrated to the 



anhydride "by gradually raising the temperature to 170° and heating to 

constant weight, Which was usually attained in 24 hours. they were 

cooled in a desiccator over PgOg before weighing. In all cases tri¬ 

plicate determinations were made and vacuum corrections applied. 

Shat this method of analysis is trustworthy and precise was 

shown by two sets of experiments which were carried out solely as 

cheofcs. In one oase, stock solution # 7 was analysed by the conven¬ 

tional oxalate method as well as by the dehydration method described 

above with the following results. 

Method fo Ca(H03)2 Avg. Dev. 

Precipitated as oxalate 53.62 
and weighed as OaO 53,80 

53.53 
53.65, mean 0.10 

Dehydrated and weighed 53.38 
as Ca(ii03)2 53.39 

55.42 
53,40, mean 0.02 . 

In a secondwaries of experiments, a solution was prepared by 

malting crystals of the tetrahydrate Which had been dried in a vacuum 

desiccator over 60$ sulfuric acid* Analysis of this stock solution by 

the dehydration method gave the following results. 

Method $ 0a(ll0g)2 Avg. Dov. 

Dehydrated and weighed 69.45 
as Ca{H0cr)„ 69.48 

69.4,7 
69.47, mean 0.01 

theoretical for Ca(H03}2o4Hg0 69.60 



toward the end of the work, when the high concentration region 

had hoen thoroughly investigated, two.of the stoch soIntione were ana¬ 

lysed from density measurements. In order to have a sensitive means 

of determining the composition from density, the following procedure 

was adopted. A large scale plot of 0 against density was made, and the 
value of 0 for the stock solution read directly from this curve. Its 

composition was then calculated using the equation 

$ ~ 3.0011 (vH - Vg) 
H %- 0 

whoro 

fo - percent Ca(U03)g in the solution 

M = molocular weight of OatHOglg . 
v.7 = spocific volume of water ^ 

vQ = specific volume of solution • 

Shis equation is a direct consequence of the definition of 0, 

Density and Compressibility Measurements; 

She densities of the unsaturated solutions were determined in the 

7 
100 cc. pycnometers as described by Scott, Obenhaus, and Wilson. For 

the density determinations of the supersaturated solutions, a 25 cc. 

pycnometer was used, due to the difficulty in handling large amounts 

of these very viscous solutions. Shis was quite justifiable, since for 

the calculation of the apparent molal properties the density need not 

bo known so precisely in the concentrated region as in the dilute. 

She following procedure was used in filling the small pycnometer with 

the super saturated solutions. She solution was warmed to about 70° to 

reduce the viscosity, and then drawn by suction into a pipotto having 

a capillary stem. She contents of the pipette was then discharged into 

the pycnomotor by application of air pressure. 



She compressibility determinations were made using the apparatus 

i 
and procedure which, hare been described in previous papers* She value 

of the compression of the pieaometor filled with mercury was redeter¬ 

mined and found to be 0.1512 grams. She value of the compressibility 

of mercury used was 4.00 x As a result of several new osperi- 

raents, the compressibility of water was taken to be 41*78 slO” . In 

filling the piesoraoter with the super saturated solutions, the method 

described above for filling the pycnometer was used. In soma cases 

duplicate determinations were made. Since with the more concentrated 

solutions a greater period of time was roquiro& for the attainment of 

pressure equilibrium, a general practice was made in all measurements 

of taking the pressure reading SO minutes after the initial application 

instead of after the customary 15 minutes* 

DISCUSSION OP RESUM’S 

fho results of the experiments are summarised in Sable 1. She 

symbols in parentheses after the number of each solution indicate its 

method of preparation. Eras (d9)means dilution of Solution #9, (c9) means 

concentration of Solution #9, (an! means that ihe solution was analysed 

by dehydration, and (lens'}means that the solution was analysed by density 

determination. 

Prom the data given in 1’ablo 2, values of 0 (apparent molal volume), 

B (apparent molal compressibility}, and f have been calculated 

and are listed in the following table (fabla Z)t 

* 

For method of calculation see Scott and Wilson; J. Biys. Chom. 38, 951 

(1934). 
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TABLE 1 

Results of measurements on calcium nitrate solutions 

Solution.No. Weight % 
3S 

d4 x 10 Avg. Dev 4 

12 (dlO) 
6 (dl) 

11 (dlO) 
20 (dl6) 
3 (dl) 

18 (dl6l 
14 (dl3) 
15 (d!3) 
19 (d!6) 
17 (die) 

2 (dl) 
4 (dl) 

16 (dene) 
13 (an) 
7 (an) 

10 (dens) 

Tetra. (an) 
8 (c7) 

Tri.(clO) 
9 (clO) 

4.1!47 1.0244! 
7.337 1.04907 

13.997 1.10274 36.40 0.02 
19.90S 1.15390 
21.18* 1.16567 33.51 ——- 
23.54a 1.18700 
25.626 1.2066g 
26.63a 1.2162g 
27.45! 1.2241A 
28.57! 1.2351Q 
32.62a 1.27637 29.31 0.04 
47.0lo 1.4363g 24.20 0.01 
52.39 1.5028s 
53.25 1.5138a' 
53.40 1.5160o 
53.72, 1.5200r, 
5,4.30 1.5339! 21.70 0.01 
65.18 1.5771 18.83 0.04 
69.47 1.7418 
72.82 1.7941 16.78 
75*33 1.8351 
75.51 1.8392 16.06 mmmwmm 

TABLE 2 

Apparent molal properties of calcium nitrate solutions 

Soln. Ho. c c200 i O
 

O
 

_ 4 
“B x 10 f s 10‘ 

12 ■0.2568e 46 *0 
6 0.4Q906 47*! 

11 0.9405 9 0,9474g 43.83 49.5S 36.80, 1.01 
20 1.3995 50.2Q 

3 1.5048 1.5149 50.36 51.03 33 • 9g 1.18 
18 1.7033 51.13 
14 I.8844 51.5Q 
15 1.973a 51.83 
19 2.047e 52.06 

17 2.I5O4 52*83 
2 2.537g 2.552g 53.1 G 53.70 26.9a 1.99 
4 4.1146 4.1346 56.96 57.34 18.9S 2.09 

13 4.9125 58, 63 
7 4.933a 58.64 
1 5.1224 5.1450 59 *0g 59*35 14.5a 2.09 
5 6.66I3 6.6870 61.9S 62.0g 8.58 2.P7 

Tetra.. 7.3737 63.07 

8 7.961 7.988 63.9g 64t0g 4.66 2.02 
Tri. 8.413 64»5Q 

3.39 1.99 9 8.463 8 «4§o 64.6a 64*6g 



Figure 1 is constructed from the data given in Sable 2, A sup- 

4, 
plementary abscissa scale corresponding to the o8 scale iB given 

to show the composition of the solutions in moles of water per mole of 

solute* In order to show graphically the conditions in the supersatur- 

3 
ated region the phase diagram of Ewing, Krey, law, and laag is sketched 

employing the % scale in place of the conventional percent scale. 

V i 
It is at once evident from the 0 - 0 plot that the variation of 

0 with concentration cannot be represented by the simple Masson relation¬ 

ship over the entire concentration range investigated. Furthermore, 
JL 

there is no indication that the variation of 0 with o , in the very dil- 
(a 

ute region, approaches that demanded by the Redlich-Rosenfeld theory. 

Shis theoretical slope, also shown in the graphiis, it may be recalled, 

derived from the assumption of the Bebye-Huckel theory. In short, It 

must be recognized at the outset that calcium nitrate is an abnormal el¬ 

ectrolyte so far as its apparent solution properties are concerned. 

For the sake of comparison another 0 - os plot, derived from the 
r 

data of the International Critical Sables, is shown in the figure. She 

#i ■ . . 
two plots show the same general features; the plot,base& on the I.C.S, 

data, however, is somewhat less regular, due doubtless to the fact that 

the data is taken from a number of sources and has been Interpolated to 

road in even percents. 

It is very difficult to analyze the present 0 - c^ plot in spite 

of the large number of measurements. A largo scale plot shows that 

there are possibly four distinct relationships. In the concentration 

region 2.72 > o^> 1,646, the linear Masson relationship appears to hold. 

She constants for the equation found by the method of “zero sum** are; 
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0 = 9.12 o* + 38.40 .(1) 

(Chat this relationship represents the esxperimental data .well within 

the limits of; error is evident from a comparison of the observed 0 val¬ 
ues and those oaloulatod from the given equation, using the esporinsaat- 

.i. ' 
ally determined values of oss 

Obs* 63.17 61.92 59.06 58.64 56,96 
Oalo, 63.16 61.94 59.04 58.66 56,95 
Diff. 0.01 -0.02 00,02 -0.02 0.01 

The most eonoentratod solution in this region is a supersaturated 

solution of Oa{BOg)2*4HgO, the stable hydrate that crystallises from 

solution at 36°. In more eonoentratod solutions than this the relation¬ 

ship given above does not hold. The observed 0 values in this high con¬ 

centration region and those calculated from equation (1) are given be- 

lows 

Obs. 63.99 64.52 64.62 
Oalo. 64,13 64.85 64.92 
Biff. -0.14 -0.33 -0.30 

The deviations here, althou$i slight, are beyond experimental error, 

The middle solution in this table is a supersaturated solution having 

the composition of Ga(lT0g}g*3 HgO, vhidh is instable at 35°. 

h 
In solutions less concentrated than c* « 1.645 the variation of 0 

with can be expressed by another Masson relation 

0 * 7,28 i + 41,63 • (2) 

The observed and calculated 0 values for this region ©re: 
Obs. 53,16 52.3 2 - 52.06 51,83 51.56 61.13 
Oalo* 53.23 52.31 52.05 51.86 51.52 51.13 
Diff. (-0.07) 0.01 0.01 -0,03 0.04 0,00 

50.36 50.20 
50.56 50.24 
(-0.20) -0,04 



With the exception, of the bracketed values, tho agreement between 

•'observed” and "calculated” is all that can be expected, fhe brack¬ 

eted values are those of solutions which v/ere made from the first bo 

stock solution, tho slight impurity in Which can be held responsible 

for the greater deviations. 

In very dilute solutions still another relationship between ji and 
x 

c'^ appears to exist, but the present data are neither sufficient nor 

accurate enough to establish it with certainty. Shat the rate of change 

. x 
of 0 with oa in this very dilute region is less than in the more concen¬ 

trated region appears to be borne out by tho I.C.S. data. Ihis feature, 

so far as wo are aware, has not boon mot,with before. 

x 
If this analysis of the 0 - oa plot is correct it means that, like 

the lithium halide solutions, the nature of the variation of 0 with 

concentration depends on the concentration region. In terns of moles 

of water per mole of solute, these various regions would be approximately 

{ 5 - 4}, (4 - 10), (18 - 46), and (46 - )• Obvioiisly, tho limits of 

these regions cannot be established definitely without further study. 

X 
burning now to the (B + f) - oe plot, only a few comments will be 

necessary. First, a very definite linear relationship exists in tho ; 

high concentration region into tho supersaturation region, a fact which 

, g. 
supports the conclusion reached with respect to the 0 - e's plot. She 

relationship appears to bes 

(B + f) = - 54.8 + 18.7 o|00 (5) 

Second, evidence of a break-down at the tetrahydrate composition is tao 

clearly evident in the apparent compressibility plot, more so than in 

the 0 plot. Finally, it may be remarked that the (B + f) values are 



not accurate enough to to of any value in the very dilute region. 



HEJEKEETOES 

(1) Ewings J. Am. Chon. Soo. 49. 1965 (1927). 
{2} Ewings J. Am. Gliom. Soc. 54, 1536 (1932). 
(3) Ewing, Krey, Law, and Lang: J. Ara. Oh cm. Soc. 49, 1958 (1927). 
(4) Guoker: Chora. HOT. G., Ill (1933), 
(5) International Critical 'Jablos: Vol.III, 73 (1928). 
(6) Rodlich and Rosonfelds 3, physik. Ghem. 155, 65 (1951). 
(7) Scott, Ohorhaus, and Wilsons J* Phys. Ghem. 313, 951 (1934). 



SIB APB&BEHS VOLUMES AMD ASEABBUT OdffiBESSlBILISIEB 

OB SALSS IM SGLUfXOK 

xv. sasmmmsi muss 



SHE APPARWr VOMJMBS AITD APPAKEHS? COMPRESSIBILITIES 
OP SAMS IH SOltTTIOlT 

IV, SUPPiMS^AHY HOSES 

lb 
la previous papers Hearing on the problem of these apparent 

properties it was found necessary to leaver-unanswered a number of 

interesting cjuestions* Further studies of some of those questions 

have been made but they lead to rather indefinite conclusions, pri¬ 

marily because of the lack of sufficient; precise data. It seems 

desirable, nevertheless, to summarise our findings since they repre¬ 

sent a great deal of laborious calculation which, otherwise may be 

repeated by other investigators. 

She subjects which we shall consider in this collection of notes 

are all related to two empirical relationships. She first of these - 

is the fundamental one found by Masson, and later, independently, by 

Geffokeni 

0 = k <$ + 0° . (1) 

Here 0 is tho apparent molal volume of the solute and c is the volume 

concentration of the solute; k and 0° are Characteristic constants de¬ 

pendent only on pressure and temperature, The second relationship can 
2. (o 

be derived from Masson’s rule and is 

(2) 



A. GILBAULT' S K$JA2I® 

£hls empirical equation may "be written as follows: 

^1 - K t3) a*a^ 

there /*•■ « the compression of 1 mole of water = 

Z4 - the "molecular compression^of one mole of solution, If 
we let •v' « number of ions per molecule of salt, B - moles 

of water per mole of salt, and c = concentration in moles 
per liter, then 

M s ...1000 . /$ 
' o(B +l/} ' 

li + V 

densities of solution and pure water, respectively. 

E = a constant characteristic of each salt* 

Che historical background of this single constant equation can be 

sketched briefly. Gilbault"calculated the values of K for eighteen 

salt solutions and found them to bo constant within 0*3 per cent over 

a wide concentration range* Person and Brry^tested the equation with 

their data for solutions of stich diverse substances as sucrose, urea, 

potassium chloride and oalcitan chloride, at several temperatures, and 

found no fault with it* Indeed, they state that "it suggests that dis¬ 

sociation is complete in electrolytic solution, thus confirming tho 

theory of Debye and Huckol." Adverse criticism of the equation, how- 

2.7 
ever, has come from two sources* Sanman. questioned the implied pre¬ 

cision of Grilbault’s data and thus the significance of his test of the 

u. 
equation. Scott and Wilson recently appliod the equation to two sets 

of their data and concluded that it was not valid.\ In view of these 

conflicting conclusions it was deemed advisable to undertake a more 

careful examination of the applicability of tho equation* Ehis question 



is of particular interest also because of the relationship which wo 

have shown to exist between the constant K and the constant B° of 

Masson’s equations 

-B° = Yjfii-J (K - 1) . (4) 

In order to test GiTbau.lt’s equation we have used the results of 

measurements made in this laboratory on solutions of a number of al¬ 

kali halides and solutions of calcium nitrate. In calculating/* and 

the volumes employed were those computed for solutions at the 

same pressure (200 atmospheres) for which the values are valid* A 

similar correction for pressure was also applied to the d values* 

Chose corrections, which apparently have been overlooked by other in¬ 

vestigators, have an appreciable effect despite their small magnitude. 

V/hen the values of logwere plotted against the corresponding 

values of a/d, using a reasonably sensitive scale, the plotted points 

wore found to fall on smooth curves instead of the straight lines which 

would fcesult if theaquation were valid. Although the degree of curva¬ 

ture was quit© definite, it was, as a rule, fairly small, and would 

not hays been so evident with data of slightly less precision. It is 

possible, therefore, that the acceptance of the equation by Gilbanlt. 

and by Berman and TJrry can be attributed directly to the fact that 

their data are not as accurate as ours. 

Further investigation showed, however, that the equation can be 

made to represent the experimental data satisfactorily if v is treated 

as a second constant which is characteristic for each solute rather 

than for a type of solute. Values of which we found by trial and 

error to be necessary are listed below in Sable 1. It may be remarked 



in paesing that the smaller the value of * 'Hie greater the degree 

of curvature in the plots described in the proceeding paragraph. The 

values of tho constant K corresponding to these arbitrary v' values 

are given iii the thirll column of Table 1* 

In vie?/ of the meagre evidence Which we have in support of this 

modified Gilbsult equation we shall rnaico only a few additional obser¬ 

vations concerning it.- In the first place, since v' has values greater 
' l , . ... \rJ. A... . 

than .2 as well as less than 1, it can scarcely have any relation to the 

number of particles furnished by one molecule of solute in solution. 

She fact that different V values are required for solutions of tho 

lithium salts, depending on tho concentration range*, is also contrary 

to the original interpretation of this constant• 

l’ABLB 1 

Bata hearing on modified Gilbault equation 

Solute w values K ~B° x 104 
—ft -a x 10 Batlo 

f Qq’. 4} (eq. 2) 
Li 01 {*) 2.0 2.904 20.7 54.9 1.22 
hici 2.0 2.842 27.6 
UCl {*) 1.5 5.197 24.7 
LiBr {«) 1.5 3.052 23.1 26.0 1.15 
LiBr if*) 1.2 3.388 21.6 
LiBr (✓) 1.2 5.339 21.0 
LiBr U) 0.85 3.904 18.5 
NaCl 1.6 3.952 35.4 41.2 1.16 
HoBr 0.65 6.976 28.2 32.2 1.14 
Hal 0.40 7.116 17.7 20.6 1.16 
KOI 2.5 2.600 30.0 35.8 1.19 
KBr 1.6 2.950 23.4 26.9 1.15 
KI 1.16 2.494 12.9 16,0 1.15 
Oa(KOs)P (1) 2.4 3,703 48.6 55.0 1.13 
0a(lT0s )z {2} 5.8 3.217 63.0 

* The symbols oS/5,*/, and represent definite concentration regions, 

described in a previous communication. She region is the most dilute. 

The Ca(110g)2 regions are (1) 0 - 4.5 molar, and (2) 4.5 - 8.5 molar. 



Regarding the possible significance of the constant ^ we can only 

point out that the values given in Table 1 appear to vary directly 

with the cubs of the ionic radius ratio (r°/ra). 

From the other constant K it is possible to compute by mesas of 

equation (4-) the apparent raolal compressibility of the solute B° in 

infinitely dilute solution* Values of 15° calculated in tills way are 

given in the fourth column of Table 1.. For the eaice of comparison 

another set of ”B° values, derived from the relationship, are also in¬ 

cluded in the table {column 5). In comparing these two sets of B° 

values it must be remembered that each is derived from an empirical 

relationships the validity of which cannot be tested in very dilute 

solution. She ratios of these two sets of "B° values are given in the 

last column of the table. From these figures it can be seen that the 

two unrelated empirical relationships yield estimates of the apparent 

compressibility differing by practically a constant factor, about six¬ 

teen per cent. 



B. S0HJ2I0ES OF IIOK-BLSCTROLYTES 

The significance of the observed linear relationship (equations 

— x 
(1) and (2)) between 0 and |B + £), and o3 is still an unsolved prob¬ 

lem e Since 13ie square root term is also present in the equations derived 

1.0 l*L 

(by Redlich and Roaenfeld, and by Gucker} from the Debye-Huckel theory, 

it may be inferred that the important factor is the ion atmosphere which 

exists in solutions of strong electrolytes. As a means of testing this 

hypothesis Guelcer has stressed the importance of investigation the re¬ 

lationship existing between apparent molal properties and concentration 

in solutions of non-electrolytes. From a study of the apparent proper¬ 

ties of two organic substances, urea and sucrose in aqueous solution, 

he concluded that their variation with concentration could also be re¬ 

presented by the square-root term. As Gucker recognized, ’’the implica¬ 

tions of these results are far-reaching and may greatly affect our sol¬ 

ution theory." 

Cohn in a. recent paper2"has developed this point of view further by 

suggesting that organic solutes such as sucrose and urea follow the 

square-root rule because of the polarity of the hydroxyl and amino groups 

in the organic molecule. These two substances are presumably not of 

zwlttorion nature, as may be demonstrated by their solution molecular 

volumes. Cohn further stated that although aoetio acid does not obey 

the square-root rule, all throe chloracetic acids do obey the rule, 

this being due to the substitution of strongly electronegative chlorine 

atoms. Glycine, the lowest member of the amino-acids, follows the 

square-root rule, as do its hydrochloride and sodium salts, but the 



higher members do not obey the rale* She amino-acids are swltteriona,, 

as feown by their unusually great densities. All of the above cases 

were explained by the polarity of the groups in the molecule. 

10 
These results have been quoted in subsequent studies. Hone of 

these authors appears to have been aware, however, of the contradictory 

conclusions reached by Hasson in his original ecMsuni cation that wealr 

electrolytes ouch as UglO^ and acetic acid require the 5/4 power of the 

concentration instead of the square-root, and further that the organic 

solute, sucrose, also requires the 5/4 power* Because of this confu¬ 

sion a re-examination of the question of solutions of non-electrolytes 

seemed desirable said ia the object of the present study. 

A preliminary survey of the data relating to aqueous solutions of 

organic substances revealed fee fact that these data, in general, are 

considerably less precise than the analogous measurements for solutions 

of inorganic salts. Ho attempt was made therefore to determine the 

relationship by the usual procedure of plotting 0 values against the 
x 

corresponding values of o13, because wife inaocurate data this piooedure 

favors fee equare-root function or, at least, maizes a clear-out negative 

decision difficult, In order to reach a conclusion with fee least pos¬ 

sible prejudice the following procedure was adopted. It was assumed 

that fee relationship be Ween 0 and c Is of fee general form 

0 » f + K ox . (5) 

The constants It, and x were then readily determined by the graph!- 

cal method described by Running. 

Using this method the constants of equation (5) were calculated for 

10 organic solutes, using wherever it appeared advantageous data from 



more than one source. Che results are given in Sable 2. 

As a means of gaining some information concerning the nature of 

the uncertainties in tho values of the constants of equation (5) when 

determined by Burning’s method, we applied the method to - very ac- 

curate measurements of sodium bromide and ammonium nitrate solutions* 

With both solutions the conclusions reached ware the same. For the 

sake of brevity we shall consider for illustration the results of this 

tost for the sodium bromide solutions (Cable 3). It.may bo noted first 

that the equation derived from test Eo. If 
A. 

0 •= 23.49 + 1.70 cs 

represents the experimental data over the esntire concentration with no 

deviation in the 0 values greater then 0*03 co» She equation derived 
jt 

by (Jeffcken assuming the square-root rule to be valid is 

0 = 23.45 + 1.80 c^ 

From a study of the results set forth in Cable 3 it appears that the 

correct determination of the constants of equation (5) by Running’s 

method depends primarily on accurate data in very dilute solutions. 

Curiously enough, the concentration range covered is only of secondary 

importance. Further, failure to use data for dilute solutions appar¬ 

ently acts to lower the derived value of x, the magnitude of the error 

of x being influenced by the range of concentration used in the test. 

On the basis of these tests it may be inferred that the values of 

the exponent x in Cable 2 are probably too small rather than too large 

and that the error may amount to 0.1 - 0.2 unit. Bearing this qualifi¬ 

cation in mind we find, on examining the results in Cable 2, that only 

the two relatively strong organic acids have x values of the order of 



SABRE 2 

Data tearing on tko constants of equation (5) 

Solute & Investigator lamp* 
(°0) 

r 
(oo.) 

k X Gone. Range 
(moles/l.) 

Acetic acid 
(Kohner & Grossmans!’) 

25° 51,90 0.112 1.29 2-13 

llonochlor-acetie acid 
(Brudcer} 

25° 60,6 0,785 0.70 4-112 

Diehlor-aeetio acid 
(Druclco/} 

25° 

o 

68.1 5.6 0.39 1 - 12 

Srichlor-aeetic acid 
(DrucRer^) 

25 74,6 10.3 0,36 1 - 10 

I'ethyl acetate %l 

(Richards & Cha&well } 
20° 70.3 0.8 1 1,5 - 3 

Urethane ^ 
(Richards & Palitzsah ) 

20° 77.8 0.29 1.17 2 - 6,5 

Urea 
(Pormaa & Urry } 

30° 44.2 0.30 0.62 2-9 

Urea g 
(Varga } 

18° 43,80 0.20 0.83 1-10 

Sucro se 
(Plato } 

20° 210.72 1.49 1.24 0,6 — 3.9 

Glycerol , 
(Bosart & Snoddy) 

25° 70.91 0.0292 1.67 1 - 13.5 

Acetone ^ 
(Reilly } 

15° 65.57 0.0246 2.2 4-17 

SABLE 3 

Possible values of constants $°# k, & x for HaBr Solutions 

Test ITo. Range of Concentra¬ 
tion Considered (m/l) 

f k X 

1 0,1 - 0,9 23,49 1,78 0.500 

2 0.1 — 4.9 23.54 1.70 0.520 

3 0.5 - 4.5 23,75 1.46 0.590 

4 1.0 - 4,8 23.15 2.07 0,460 

5 2,5 - 5^6 22.57 2.6 0.40 



0.500. Since those two aoids aro generally looked upon as strong 

electrolytes we say interpret our rosuits as evidence in favor of the 

original postulate of Masson that solutions of strong electrolytes 

require a minimum valno of exponent »JV and that solutions of weak 

or non-oloctrolytos demand larger values of 

In addition to solutions of the solutes listed in fable 2, data 

3 It l*+ 

for solutions of methyl, ethyl, and propyl alcohol were recalculated 

and investigated. She variation of 0 with c for these solutions can¬ 

not he represented by an equation of the general form of equation (5) 

because 0 passes through a very definite minimum. 

ETom equation (5) the following expression can be derived 

(B -i- f) » c:c + B° . 

Here 

whence 

B 

f 

(B + f) 

_ t£ _ " nivi/^i 
^ 1 ng 

k —= k X (b Gx 

ap ' 

and 

B° if . 
3? 

(6) 

Since the exponent x in equation (6) should ho the same as in the 

general 0 ~ c" relationship, a study of the variation of (B + f) with 

oonoentrati CHI provides another means of determining the proper value of 

sc for organic solutes. Sucker carried out a test of this sort for two 

organic solutes, urea and sucrose, and concluded that x = §-, which is 

■h 

in agreement with his conclusion that p varies linearly with ou* More 

precise oorapressihillty data than that used by (Sucker aro available in 

S’ 5.1 

the measurements by Drucker, and by Pd.ch.ards and Ghadwell. Shese data, 



although not sufficiently precise in all cases to furnish a definitive 

tost, do nevertheless corrohorato the values of x already found in the 

analysis of the 0 - o data. 

Evidence in support of this conclusion was found in the following 

way* On combining equations (5) and (6) and eliminating the cx team 

one gets the expression 

(B + f) = ■ - 0 + constaat (7) 
0 dP c 

« 

VftlBVQ 
d In k _ dk.l 

dP ~ dp It 

and constant = B° - 0° . o Jr 

In other words, if the values of x in equations (6) and (6) are identi¬ 

cal, then on plotting (B + f) against 0, the plotted points should fall 

on a straight line* Shis method of testing the value of the exponent x 

in equation (6) seemed more suitable than the application of the Running 

method because of the greater uncertainty of the compressibility data* 

. Oareful plots of this kind were made and with the exception of data for 

solutions of ethyl alcohol the plotted points fell on a straight line 

well within the limits of experimental error* In the case of solutions 

of ethyl alcohol two linear relationships were apparent* Ihe various 

constants of equations (6) and (7), derived from this plot in conjunction 

with the data of Sable 2, are collected below in Sable 4* 

Erom this preliminary study it must be concluded that, in solutions 

of non-electrolytes, the variation of neither 0 nor (B + f) can be repre- 
x 

sented by a linear function of o3 as Gucker supposed. In other wor&s* 

there is a distinct difference between solutions of non-eleotrolytos 

and solutions of strong electrolytes. 



S4 

TABJE 4 

Bata ‘bearing on the constants of conations (6) & (7) 

4 104 —4( lnlc)> 
dpii> dP 

15*2 0.67 6.1 6.0 

9.1 3,18 4.3 4.1 

-6,0 21*6 4.4 3.9 

•21.1 37.0 3.6 3.6 

7.0 
0.0 

10.7 
-5.4 

-6.0 11.6 

15.0 852 

1,3 4.2 

2.6 3,6 ' 

Solute & Investigator -B° x 10 

Acetic acid 
(BruOkeir) 

ilonochlor-acetic acid 
(Bruoker^) 

Bichlof-aoetia acid 
(DruckerH 

Prichlor-acetic acid 
(Bruekers) 

Ethyl alcohol (hi^i cone.) 
(Moesveld1*) (low cone.) 

Methyl aoetate ^ 
(Richards & (hadwell) 

Urethane 
(Richards & Palitzsch } 

Urea 
(Porman& Urry ) 

Sucrose n 

(perman & Urry ) 

Since in the case of non-electrolytes, changes in the apparent 

properties with concentration cannot he attributed to the existence of 

ionic foroes, they may he the consequence simply of variations due to 

changes in "packing". To illustrate fee sense in which the tern "pack¬ 

ing" is used, it may he recalled that on mixing large and small shot 

together the final volume is smaller than the sura of the volumes of the 

components before mixing* Thus because of this contraction the apparent 

volume of either component would he less than the volume of the single 

component* 

% 
Gerasimov, who attempted to develop this hypothesis mathematically, 

obtained an extremely complex relationship which he showed was appli¬ 

cable to the simple case of mixed shot* The relationship, however, was 

not so successful for solutions of alcohol-water and sodium-mercury, 

presumably because of the over-simplifications of the assumptions. 



If the changes in the apparent properties of non-electrolytes are 

due to "packing", it would mean that "both x and k (equation (5)) would 

depend on the ratio of the volume of the solute molecules to the volume 

of the water molecules. An attempt to discover these relationships has 

been made and has led to the relationship depicted in Figure 1. In 

this graph the ordinate values are the logarithms of the k values of 

Sable 2} the abscissa values of the plotted points are (2.5 - x) log E. 

She x values are taken from Sable 2 and R is the ratio of the molal vol¬ 

ume of solute to the molal volume of water. Although this relationship 

can be regarded only as provisional, it is nevertheless interesting that 

large variations in k, x, and Vsoju^e pan be correlated# Shus, the ex¬ 

treme values of these faotors ares 

Minimum 
Minimum 

k 10 ♦3.: 0.025 400 

'X 2.2 0.36 7 

^solute 200 70 3 

In conclusion attention may be called to the fact that the di- and 

trichlor-acetio acids appear to fit in well with the other solutes in 

spite of the faot that these aoids are generally regarded as strong 

electrolytes. It may be therefore that the difference between strong 

electrolytes and non-electrolytes Is not due entirely to the presence 

or absence of ions. As a matter of faot the extreme changes in 0 as 
well as in (B + f) are of the same order of magnitude as is evident 

in the following summary: 



Z.
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& VgOlTltO _ gO 

dP 

Bleotrolytes 

7-12 oc. 

20-40 

tfon-olootrolytos 

2 — 130 oo* 

20-60 
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