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I I I I I I  246.4, 272.2, and 296.9 O C  are given in Table I1  and shown 
in the pressure-composition diagram of Figure 3. The reported 
compositions represent average values obtained from duplicate 
samples which are reproducible to within 0.3 mol%. The un- 
certaintie5 in measured compositions are within 0.1-0.4 mol %. 
The higher uncertainties are associated with l-methyl- 
naphthalene compositions greater than 20 mol % . 

Mixture critical pressures reported in our resutts are obtained 
by observation of critical opalescence and are considered ac- 
curate to within f5 psi. During an experiment, the phase be- 
havior is monitored visually to confirm that equilibrium exists 
within the cell. Bubbling in the liquid phase or condensation In 
the gas phase provides definitive indications of perturbations 
from equilibrium conditions which are evident several minutes 
before the temperature and pressure readings indicate such 
phenomena. These visual capabilities become increasingly 
important for measurements approaching the critical point 
where such perturbations from equiUbrium are more likely to 
occur. As an additional check for equilibrium conditions, sam- 
ples were collected for dlfferent flow rates at the same oper- 
ating temperature and pressure. Measured composttiins were 
found to be independent of flow rate, within the experimental 
uncertainties reported above. 

Registry No. Methanol, 67-56-1; 1-methylnaphthalene. 90-12-0. 
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Introductlon SolublWes of chok.terol, sbsterol, and chd.rteryl 

I t  is well-known that cholesterol is an etiologic agent in 
artherosclerosis diseases ( 1 ,  2) while sitosterol lowers choie- 
sterol concentration in the blood (3). These diseases are also 
known to be related to the crystal habit of the two steroMs (4 ) .  
In a recent study we have found that the crystal habit is in turn 

acetate are rqmted at varkw tompratutw ranging from 
11 to 50 O C  In methanol, ethanol, acetom, awtonttrlk, 
and 2-proplMd and In m e  aquew~ mtxtwes of these 
eolvenk. Th.sot&Hthofthe8ert.rold.afa 
repre6entd by baat-ftt bquaHonr for .iloh solvent. 
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Table I. Solubility of Cholesterol in Various Solvents (g/(lOO g of solvent)) 
95% ethanol 80% ethanol + 80% acetone 

acetonitrile methanol ethanol acetone + 5% water 20% water + 20% water 
T,OC c T,OC c T,"C c T,"C c T,OC c T,OC c T,OC c 

26.0 0.161 20.0 0.648 27.5 3.456 11.0 1.219 20.0 1.546 30.0 0.372 34.0 0.536 
30.7 0.187 30.7 0.987 30.7 3.962 30.7 3.752 30.7 2.238 34.6 0.437 39.0 0.711 
35.0 0.240 33.9 1.143 33.9 4.445 33.9 4.575 33.9 2.559 39.0 0.589 44.5 1.043 
43.0 0.378 40.0 1.510 38.0 5.258 38.0 5.374 38.0 3.006 40.0 0.609 
47.5 0.492 45.0 2.008 44.2 0.811 

Table 11. Solubility of Sitosterol in Various Solvents (g/(100 g of solvent)) ~ 

95% ethanol + 80% ethanol + 80% acetone + 
methanol ethanol acetone 5% water 20% water 20% water 

T,  O C  C T,  "C C T, " C  C T,  O C  C T,  O C  C T,  O C  C 

30.4 0.492 30.4 2.901 30.7 4.583 30.4 1.735 29.5 0.160 29.5 0.211 
33.9 0.571 33.9 3.504 33.9 4.753 34.0 1.825 34.5 0.215 34.5 0.255 
38.0 0.680 38.0 3.901 38.0 5.267 38.0 2.244 38.6 0.318 38.0 0.365 
45.3 0.824 42.1 4.628 42.1 6.126 42.1 2.572 44.2 0.440 44.2 0.525 

45.3 7.443 

Table 111. Solubility of Choleeteryl Acetate in Various Solvents (g/(lOO g of solvent)) 
80% ethanol + 80% acetone + 

methanol ethanol 2-propanol acetone 20% water 20% water 
T,  O C  C T,  O C  C T,  O C  C T,  O C  C T,  O C  C T,  "C C 

31.5 0.390 11.5 0.373 11.8 1.230 
32.3 0.420 20.5 0.655 20.5 1.911 
35.1 0.490 30.0 0.970 30.0 2.827 
39.0 0.633 33.0 1.092 33.9 3.612 
41.2 0.689 33.9 1.192 36.5 5.101 
44.3 0.832 37.5 1.446 37.5 5.138 

affected by the solvent and by the supersaturation values (5). 
I n  order to determine these values, solubility curves of chola 
sterol and sitosterol are essential (6). 

The aims of this study are to obtain solubility data of chola 
sterol, sitosterol, and cholesteryl acetate in several polar or- 
ganic sdvents at various temperatures and to possibly correlate 
them by best-fit equations. So far, the available Information on 
the solubility of cholesterol in dlfferent solvents is quite scanty 
(5, 7-9) while there is none on sitosterol and choelsteryl 
acetate solubilities. 

Experlmental Section 

Cholesterol, sitosterol, and cholesteryl acetate, purchased 
from Akkich with 99% purity, were further recrystallized from 
acetone and kept under nitrogen. The organic sohrents--either 
spectroscopic grade or absolute (alcohols)-were used as 
such. 

Solutions with excess of solids were deeply immersed In a 
thermostatically controlled water bath (*0.1 "C) and magnet- 
ically agitated for 12 h (a much longer time had no effect on 
the solubilities). After the attainment of saturation equlllbrium, 
the stirring was interrupted for 12 h, after which three aliquots 
(3-4 mL) of the supernatant clear solution were withdrawn by 
preheated pipets. The samples were immediately cooled in an 
ice bath to minimize solvent evaporation and then gravimetri- 
cally analyzed (*O.OOOl g) before and after careful solvent 
evaporation. 

Results 

The measured solubilities, expressed in (g of solute)/( 100 g 
of solvent) for cholesterol, sitosterol, and cholesteryl acetate 
are shown in Tables 1-111, respectively. 

The data were fitted by a least-squares method to an equa- 
tion of the form 

(1) log ( l /x)  = A / T +  8 

16.7 5.070 29.5 0.165 29.5 0.193 
34.5 11.553 34.5 0.206 34.5 0.289 
44.0 19.900 40.0 0.261 39.0 0.370 

44.2 0.412 40.0 0.411 
44.2 0.585 

Flgure 1. Solubility curves of cholesterol In polar solvents: (X) ace- 
tone, (0) ewnol, (0) aqueous ethanol (95%), (A) methanol, (0) 
aqueous acetone (SO%), (A) aqueous ethanol (SO%), and (.) aceto- 
nitrile. 

where x is & mob fraction of the solute and T is the absolute 
temperature In kelvin. The A and 8 constants with their cor- 
responding standard deviations, the correlation coefficients, and 
the prediction standard deviations are glven in Tables IV-VI. 
As the correlation coefficients indicate, the linear expression 
describes satisfactorily the solubility dependence on tempera- 
ture, within the glven temperature range. The experimental 
values and the regression lines are shown in Flgwes 1-3 for 
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Table IV. Best-Fit Correlation Parameters for Cholesterol Solubilities in Various Solvents 
solv B B A a 

acetone -4.6426 0.0707 2096.49 21.31 
ethanol -2.4081 0.0725 1437.84 70.08 
aq ethanol (95%) -2.0609 1.1699 1415.43 354.18 
methanol -2.7205 0.2527 1760.55 77.57 
aq acetone (80%) -5.2548 0.4335 2616.58 234.47 
aq ethanol (80%) -4.0777 0.4399 2291.19 136.63 
acetonitrile -3.7444 0.0788 2257.06 24.39 

Table V. Best-Fit Correlation Pardeters for sitosterol Solubilities in Various Solvents 

r 
0.9999 
0.9983 
0.9884 
0.9968 
0.9991 
0.9952 
0.9960 

103s 
5 
6 

52 
16 
17 
15 
4 

eolv B B A a r 10% 
acetone -1.0147 0.5766 971.00 178.62 0.9252 29 
ethanol -2.8848 0.4036 1630.07 124.73 0.9951 11 
aq ethanol (95%) -2.3166 0.5397 1542.94 166.79 0.9876 15 
methanol -1.3359 0.3864 1441.39 139.25 0.9912 16 
aq acetone (80%) -4.6624 0.9515 2531.96 298.85 0.9869 33 
aq ethanol (80%) -5.4304 0.5055 2813.59 156.54 0.9973 17 

Table VI. Best-Fit Correlation Parameters for Cholesteryl Acetate in Various Solvents 
solv B B A a r 103s 

acetone -4.6638 0.6012 1985.37 182.99 0.9956 38 
2-propanol -4.6414 0.5801 
ethanol -3.3213 0.4973 
methanol -3.9854 0.6880 
aq acetone (80 7% ) -5.7930 0.8214 
aq ethanol (80%) -4.1865 1.3056 

2113.45 174.61 0.9865 44 
1901.47 149.46 0.9879 38 
2287.20 213.16 0.0016 26 
2879.18 254.97 0.9787 30 
2444.47 404.72 0.9731 47 

I 3 - I  ~ ~ 1 0  , K  
Flgu.2. Sokrbiiltycuvesofsitoeterdhpdarsdvents: () ,acetone; 
(0) ethanol, (0) aqueous ethanol (85 % 1, (A) methanol, (0) aqueous 
acetone (80%), and (A) aqueous ethanol (80%). 

cholesterol, sitosterol, andd cholesteryl acetate, respectively. 
The c w s  of ideal solubllities calculated from (70) 

(2) 

are not shown in these figures since they lie much below the 
experimental ones. 

log (l/x) = ( A H : / 2 . 3 R ) [ l / T -  l / T J  

IO2 3.1 - 3.2 3.3 3.4 3.5 

I Lxio3, T K-  

Figw 3. sor~bluty curves of cttoiestmy~ acetate in + d e n t s :  ( 0 )  
e-propanol, (0) ethand, (A) methanol, (0) aqueous acetone (809/0), 
arid (A) aqueous ethanol (80%). 

The following conclusions can be drawn from the measured 
solubility data: (a) all the curves deviate from the ideal solu- 
bilities: (b) the solubllity of the three steroids increases with 
temperature: (c) in one sterold, at constant temperature, the 
solu4Uity decreases with the increasing polarity of the solvent 
(or the mixture of solvents). 

The sdutbns studied comprise sdute-solute interactions ( 1 1 ) 
(dimerization, oligomerization) and solute-wlvent and solvent- 
solvent associations in addition to the crystal-solvate formation 
(72) (hydrate, ethanolate, and methanolate). These factors 
render the system complex and hardly amenable to a the& 
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retical analysis by modified (73) or unmodified regular solution 
(70) or scaled particle theories (74). We therefore conclude 
that the solubility of each sterold is best predicted from the 
reported best-fit equations. 

Regblry No. Cholesterol, 57-88-5 sitosterol, 83-465; cholesteryl 
acetate, 804-35-3; methanol, 6 7 4 6 1 ;  ethanol, 64-17-5; acetone, 67-64-1; 
acetonltrlle, 75-05-8; 2-propanol, 67-63-0. 
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Isopiestic Determination of the Osmotic and Activity Coefficients of 
Aqueous MnCI,, MnSO,, and RbCl at 25 OC 

Joseph A. Rard 
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The osmotic coefflclents of aqueous MnCI,, MnSO,, and 
RbCl have been measured to hlgh concentrations at 25 
OC by the isoplestlc method. Data for RbCl solutions 
extend to saturation: data for MnCi, and MnSO, extend to 
supersaturated concentrations. SduMlitles were 
determined for d i d  MnCI,-nH,O and for RbCi. Results 
are compared to other activity and solubliity data for 
these sans and, in most cases, the agreement Is good. 
Oxidation of these Mn2+ sans was shown to have a 
negligible effect when care was taken to exclude air, but 
even without precautions it probably would have been 
Indgnifkant. Two samples of commerclai “99.9 % ” RbCl 
were found upon analysb to contain 0.69 and 3.4 mol % 
impurltk, with 8 4 4 8 %  of that amount being potassium. 
The presence of 1% KCI In RbCl was shown to have a 
negligible effect on osmotlc coefficlents below 2.3 mol 
kg-‘, but it lowers them by 0.3% at saturation. Its 
presence can be accurately corrected for. 

Introduction 

Activity coefticient data for aqueous electrolyte solutions have 
numerous applications includlng solubility, speclation, and other 
chemical equilibrium calculations. Isopiestic measurements 
yield accurate solvent activities as a function of concentration, 
and an integration of these data via the Gibbs-Duhem equation 
yields solute activity coeff Icients. 

Two sets of isopiestic data have been reported for aqueous 
MnS0, at high concentrations ( 7 ,  2), but their osmotic coef- 
ficients differ by 1.4% at 4.2 mol kg-’. This is a factor of 7-10 
times the reproducibility of the isopiestic method (3) under fa- 
vorable conditions. Robinson and Sinclair ( 4 )  reported isopiestic 
data for aqueous RbCI from 0.42 to 4.96 mol kg-’, but their data 
are fairly scattered especially below 1.5 mol kg-’. Robinson 
later reinvestigated RbCI (5) with “purer” material and reported 
smoothed isopiestic data that are up to 1% higher than his 
earlier study (4).  However, Makarov et al.’s highamcentration 
results (6) agree better with the earlier study. Additional iso- 
piestic data for MnSO, and RbCl are necessary to resolve these 
significant discrepancies. 

0021-9568/84/ 1729-Q443$Q1.50/0 

Activity data for aqueous MnCI, are in closer agreement. 
Three sets of isopiestic data are available, and they agree to 
0.5% or better in their overlapping Concentration regions (7-9). 
However, from 3.59 to 7.70 mol kg-’ there are only the 1 1  
points of Robinson (cited in Stokes’ Appendix (8)),  and his point 
at 4.203 mol kg-’ Is consklerably in error and probably contains 
a misprint. In  addition, they contain three concentration gaps 
of 0.6 mol kg-‘ and one of 1.0 mol kg-’ in this region. Con- 
sequently, additional data are needed to better characterize this 
salt at high concentrations. 

In  view of the above considerations, we have made iso- 
piestic measurements at 25 OC for aqueous RbCl to saturation, 
and for MnCI, and MnSO, to supersaturated concentrations. 

Experlmental Sectlon 

The experimental details are nearly identical with those de- 
scribed elsewhere (3, 70). Isoplestic equilibrations were made 
at 25.00 f 0.005 OC (IPTS-68), with aqueous NaCl and CaCI, 
solutions as reference solutions. Fourday or longer equilibra- 
tions were used at the higher concentrations, but this was 
gradually increased to four weeks by the lowest concentrations. 
Triplicate samples of CaCi, solutions were used, and duplicate 
samples for the other electrolytes. Molalities of each electrolyte 
at isopiestic equilibrium agreed to better than f 0 . 1 % .  All 
weights were corrected to vacuum. 

All isopiestic equilibrations were made in inert cups of tan- 
talum metal. A corrosion test indicated that no significant re- 
action occurred between MnCI, and Ta when air was excluded 
(as occurs during isopiestic equilibrations). 

Solutions of NaCl and CaCI,, used as isopiestic standards, 
have been described elsewhere (3). The NaCl stock was an- 
alyzed both by dehydration and by AgCi precipitation; CaCI, was 
analyzed both by conversion to the anhydrous sulfate and by 
dehydration (3). Molecular masses were 110.986 g mol-‘ for 
CaCI,, 136.14 g mol-’ for CaSO,, 58.443 g mol-’ for NaCI, 
125.844 g mol-’ for MnCI,, and 150.996 g mol-’ for MnSO,. 

The MnCI, stock solution was prepared from filtered Mal- 
linckrodt AR MnCI,.n H20. Direct current arc optical emission 
spectroscopic analysis (DCAOES) of an evaporated sample 
detected the presence of only 30 ppm Ca, <20 ppm Si, 3 ppm 
Mg, and 3 ppm Na by weight. The stock concentration was 
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