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Measurement and Model Prediction of Solubilities of Pure Fatty 
Acids, Pure Triglycerides, and Mixtures of Triglycerides in 
Supercritical Carbon Dioxide 

Thomas Bamberger,+ John C. Erickson,” and Charles L. Cooney 

Biochemical Process Engineering Center, Massachusetts Institute of Technology, Cambridge, Massachusetts 02 739 

Sanat K. Kumars 

Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02 739 

The solubilities in CO, of three pure triglycerides (trilaurin, 
trimyristin, and tripalmitin) and their corresponding fatty 
acids (lauric acid, myristic acid, and palmitic acid) were 
measured at 313 K and at pressures between 8 and 30 
MPa. The data were correlated by using a lattice model 
equation of state. Solubilities of members of a 
homologous series (fatty acid or triglyceride) decreased 
with Increasing molecular weight In accordance with 
previous findings. SoluMlltles of triglyceride mixtures in 
CO, were also measured. The solubility of the most 
soluble compound in the mixture was the same as the 
pure component solubility of that compound, but the 
solubilities of the less soluble species in mixtures were 
enhanced by the presence of more soluble triglycerides. 

I ntroduction 

Edible oils are’ normally produced by extracting lipids from 
biological materials (such as soybeans) using n-hexane as a 
solvent. The high flammability and adverse health affects of 
residual solvent in food products make hexane a poor choice 
from an industrial standpoint. Because of these issues, su- 
percritical fluids (SCF), especially supercritical carbon dioxide 
which is both nontoxic and nonflammable, are now being con- 
sidered as replacements for hexane ( 7 ,  2). SCF extraction of 
lipids has been studied extensively in recent years (2- 75) and 
a more comprehensive review has been prepared by McHugh 
and Krukonis ( 7 ) .  

The first reported commercial process using SCF for the 
fractionation of lipids was the Solexol process developed by the 

’ Author to whom all correspondence should be addressed. 
Present address: lnstitut fur Thermische Verfahrenstechnik der Universitat 

Karlsruhe, Kaiserstr. 12, D-7500 Karlsruhe 1, West Germany. 
tPresent address: IBM Almaden Research Laboratory, Dept K91, 650 Harry 
Rd. San Jose, CA 95120. 

M. W. Kellogg Co. in 1947 (76, 77). Supercritical propane was 
used to extract and fractionate edible oils in this process. Six 
plants were built to refine fish oil, animal fat, and vegetable oils 

More recently, Eisenbach (7) has described the separation 
of eicosapentenoic acid ethyl ester (C20:5) from a mixture of 
fatty acid ethyl esters derived from codfish oil using CO, at a 
constant temperature (323 K) and pressure (15 MPa). All of 
the fatty acid ethyl esters present in the mixture are soluble in 
CO, to some extent, but at the beginning of the extraction, the 
lower molecular weight esters are extracted preferentiaily. 
After most of the light esters have been stripped away, the 
desired product is then extracted in fairly high purity. Using a 
two-step process, Eisenbach achieved a product purity of ap- 
proximately 92% with a yield of about 80%. 

While processes for the fractionation of oils have been 
tested, not much is known about the physical chemistry of lipid 
solubilii in supercritical fluids. Most of the available information 
deals with bulk solubiliiies of complex oils in SCF, with liile data 
on the solubilities of the individual components of these mix- 
tures. The only published quantitative data on the solubilities 
of pure fatty acids and triglycerides were measured by Chrastil 
(5) who reported the individual CO, solubilities of the following 
lipids: stearic acid, oleic acid, behenic acid, tributyrin, tripalmitin, 
tristearin, triolein, and trilinolein in the temperature range of 
313-353 K and at pressures between 8 and 25 MPa. 

I n  the present work, the solubilities of pure fatty acids and 
pure triglycerides were measured. The fatty acids used were 
lauric, myristic, and palmitic acids. The triglycerides were tri- 
laurin (LLL), trimyristin (MMM), and tripalmitin (PPP). A recently 
developed lattice equation of state (EOS) (78) was used suc- 
cessfully to correlate the experimental data by using a single 
adjustable parameter per binary. The following triglyceride 
mixtures were also studied: LLL-MMM-CO,, LLL-PPP-C02, 
MMM-PPP-CO,, and LLL-MMM-PPP-CO,. All measurements 
were made at 313 K and at pressures between 8 and 30 MPa. 

(17). 
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Flgure 1. Schematic of experimental apparatus. 

Experimental Methods and Materlals 

Equipment. Solubility measurements were carried out in the 
high-pressure flow-through apparatus shown in Figure 1. A 
detailed description of the equipment and the experimental 
procedure is given elsewhere (79, 20). 

The equilibrium cell was a stainless steel column of 30.5 cm 
length and 1.7 cm inner diameter. I t  was filled with alternating 
layers of glass wool and lipid crystals in order to minimize 
channeling. The equilibrium cell was immersed in a water bath, 
which was maintained at 313 f 0.1 K with a temperature 
regulator (B. Braun). The temperature of the water bath was 
measured with a mercury thermometer accurate to f 0.1 K and 
the temperature inside the cell was read by an iron-constantan 
thermocouple (Omega) to f0 .2  K. The cell was maintained at 
isobaric conditions, to f O . l  MPa at pressures above 15 MPa, 
and f0.05 MPa at lower pressures, with a pressure regulator 
(Matheson). A Heise Bourdon gauge measured the pressure 
inside the cell to within f0.05 MPa. 

Procedure. The supercritical carbon dioxide stream was 
contacted with the lipids and flashed to atmospheric pressure 
through a heated pressure reduction valve (Autoclave Engi- 
neers), and the precipitated solute was trapped in a cooled 
U-tube. The weight of solute was determined by weighing the 
U-tube (and the short stainless steel fiiing connecting the U- 
tube to the flash valve) to fO.O1 mg in a Mettler analytical 
balance before and after the extracton. The volume of ex- 
panded gas was measured by a dry test meter (Singer) to f 10 
cm3. 

To examine possible limitations caused by mass transfer, the 
solubility of naphthalene was determined at 318 K and 1 1 MPa 
over a range of C02 flow rates from 26 to 45 mg/s. The 
readings differed from each other by only fl % and the max- 
imum deviation from literature data (27) was 3.5 %. Therefore, 
an intermediate mass flow of about 30 mg/s was used in our 
experiments. In  addition, at the end of each set of experi- 
ments, the first run was repeated with a 20% higher mass flow 
of carbon dioxide. Although in some cases more than 70% of 
the initial charge of the equilibrium cell was extracted, the 
readings never differed by more than the uncertainty of the 
measurement, which was shown by standard error analysis to 
be never more than f 6 % .  

Ana&s& of Mlxtwes. The U-tube containing the precipitated 
solute was rinsed with chloroform to dissolve all lipids. Then, 
0.5 pL of the resulting solution was injected into an HP 5830A 
gas chromatograph equipped with a capillary column and on- 
column injector. The column was a 10 m X 0.53 mm fused 
silica open tubular (FSOT) column coated with 1-pm poly(phe- 
nylmethylsiloxane) (RSL-300 from Alltech-Applied Science). 
Hydrogen was the carrier gas, the column inlet pressure was 
10 kPa, and the oven temperature was programmed from 553 
to 613 K. The chromatographic response factors were de- 
termined by analyzing standard mixtures prepared gravimetri- 
cally. Periodic injections of standard mixtures produced re- 
producible peak areas on the GC. The uncertainty never ex- 
ceeded f3  %. 

The composition inside the equilibrium cell was calculated 
based on a mass balance between the initial mass of lipid 

loaded in the cell and the mass extracted during the previous 
experiments. 

Mefflng Point Depresslon. One-tenth of a gram of a pure 
lipid or of a lipid mixture (of approximately the same compo- 
sition as that used for the solubility experiments) was loaded into 
a plastic vial and compressed into a dense pellet. The vial was 
then placed upside down in the equilibrium cell on top of a 5-cm 
layer of glass wool. The glass wool distributed the carbon 
dioxide entering the cell and ensured that it was not directed 
at the vial in a concentrated jet. The equilibrium cell was then 
pressurized and kept at 313 K and 15 MPa for at least 10 min. 
I f  the solid melted in the presence of the supercritical carbon 
dioxide, it came out of the vial. Pure lauric acid, myristic acid, 
LLL, and MMM as well as the mixtures LLL-MMM and LLL- 
MMM-PPP melted, while pure palmitic acid, PPP, and the mix- 
tures LLL-PPP and MMM-PPP did not melt. 

Materials. Palmitic acid (Sigma, 99- 100 % pure), myristic 
acid (Aklrich, 99.5% pure), lauric acid (Sigma, 99% pure), and 
LLL (Sigma, 99% pure) were used as received. PPP and MMM 
(both Sigma, 99% pure) were purified by SCF eflraction prior 
to the experiments in order to remove impurities that are soluble 
in supercritical COP. Carbon dioxide (Colony, 99.92% pure) 
was used as received. 

Modelling 

Solubility data were modelled by a lattice model equation of 
state (EOS) that was developed to correlate equilibrium data 
from mixtures of molecules of disparate sizes (22, 23). While 
we shall present a brief synopsis of the model here, a more 
detailed description has been presented elsewhere (78). In  this 
model, molecules are assumed to occupy cells in a three-di- 
mensional cubic lattice of coordination number z (set to 10) and 
of cell size v,, (set to 9.75 X lo-* m3 mol-'). Each molecule 
(denoted by the subscript 1) is assumed to occupy r sites, and 
the lattice has empty sites termed "holes" (denoted by a sub- 
script 0). Under these assumptions the EOS that defines a pure 
component is 

where 9 is the surface area fraction of sites in the lattice that 
are occupied by molecular segments. (29 ') is the number of 
external contacts per molecule, P the pressure, T the tem- 
perature, and v the specific volume. The tilde (I) denotes 
reduced variables, which are defined by the equations 

P = P / P * ,  7 = T / T " ,  'i = v/v '  (24  

P * and T *, the quantities used in reducing P and T to nondi- 
mensional variables, are related by the equation 

(2/2)tI1 = P ' v ,  = RT' (2b) 

where e l l  is the interaction energy betweeen segments of 
molecules. In  the EOS for each pure component, therefore, 
there are two unknown parameters, e l l  and v * ,  the reducing 
parameter for volume. 

Application of eq 1 requires determination of e l l  and Y . For 
pure components below their critical points, the technique of 
Joffe et al. (24) was employed. This involved matching the 
chemical potentials of the component across the liquid and 
vapor phases at the vapor pressure of the substance. 

pL = pv (34 

Also the actual and predicted saturated liquid densities were 
matched: matched: 

v '(computed) = v L(experiment) (3b) 
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Table I. Pure Component Model Parameters Used 
T ,  T,, P C t  t i i lR,  v*, 

carbon dioxide" 310-370 304.2 7.38 82.03 0.82 
lauric acidb 313 129.75 1.10 
myristic acidb 313 128.45 1.11 
palmitic acidb 313 127.07 1.12 
triglycerides' 338 102.65 1.18 

compd K K MPa K cm3g-' 

"P-v data for carbon dioxide from ref 25. bP-v data for fatty 
P-v data for triglycerides estimated from ref acids from ref 26. 

27. 

0 1 
- 

x lo-' - 

i 
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Pressure (MPa) 

0 Lauric Acid 
0 Myristic Acid 
0 Palmitic Acid 

Figure 2. Solubility of pure fatty aclds In CO,. Points represent 
experimental data and curves are model predlctions. 

This set of equations was solved by the use of Newton's me- 
thod to yield the pure component parameters listed in Table I. 
I t  was found that eq 3 could be solved with relative ease for 
the three fatty acids considered in this study. For the tri- 
glycerides however, due to the unusually small vapor pressures, 
it was possible to determine the pure component parameters 
only for trllaurln, which has the highest vapor pressure of the 
three triglycerides. Consistent with our earlier work ( 18, 22, 
23), we assumed that e l l  and v +  were identical for all the three 
triglycerides considered. 

For COP which was above its critical point, the pure com- 
ponent parameters were obtained by fitting the EOS (eq 1) to 
isothermal P-v data (25-27). These parameters are listed in 
Table I. 

Extension of this model to binary and multlcomponent mix- 
tures requires mixing and combining rules. The coordination 
number ( 2 )  and the lattice size (v,) are assumed constant, 
independent of composition. A linear mixing rule of the type 

BM = c B / Y /  (4) 

is used for the mixture parameters v * ,  q ,  and r .  In  eq 4, 6 
represents some generalized property, while y/ is the mole 
fraction of component i in the relevant phase. The mixing rule 
for the energy parameter ( e l l )  is (23) 

tM = CCw,e,r, (5) 

where 0,  is the surface area fraction of the segments of i 
molecules and I', is a factor that corrects for the nonrandom 
distribution of segments of j molecules about the segments of 
i molecules. (This factor is obtained by the solution of the 

Table 11. Solubilities of Pure Lauric Acid in Carbon 
Dioxide 

press., reduced mole press., reduced mole 
MPa density fraction MPa density fraction 

7.7 0.5 4.13 X lo-' 15.0 1.7 1.10 X 
8.1 0.6 2.36 X 15.0 1.7 1.08 X 
8.1 0.6 5.95 X lo* 15.1 1.7 1.11 X 
9.1 1.0 6.78 X lo4 20.0 1.8 2.48 X lo-* 

11.0 1.5 4.06 X 24.8 1.9 5.73 X 

Table 111. Solubilities of Pure Myristic Acid in Carbon 
Dioxide 

press., reduced mole press., reduced mole 
MPa densitv fraction MPa densitv fraction 

8.2 0.6 1.61 X 15.0 1.7 4.21 X 
9.0 1.0 4.81 X 20.2 1.8 7.81 X 

11.1 1.5 1.70 X 24.9 1.9 1.13 X 
15.0 1.7 4.14 X 

Table IV. Solubilities of Pure Palmitic Acid in Carbon 
Dioxide 

~~~ ~ 

press., reduced mole press., reduced mole 
MPa density fraction MPa density fraction 

8.0 0.6 4.96 X lo-? 15.1 1.7 5.54 X 10" 
9.1 1.0 2.42 X 15.1 1.7 5.62 X 10" 

10.0 1.3 1.33 X 10" 24.8 1.9 9.95 X lo4 
11.0 1.5 2.67 X 

9.1 1.0 3.48 x 10-5 20.1 1.8 7.59 x 10-4 

Table V. Model Interaction Parameters 

compd 6, compd 6 ,  
lauric acid 0.06 trilaurin 0.09 
myristic acid 0.07 trimyristin 0.105 
palmitic acid 0.12 tripalmitin 0.13 

quasi-chemical equations. See ref 22 for more details.) The 
combining rule for the mixture parameter t, in eq 5 is 

eil = el (i = j )  

where 6, represents a single adjustable parameter (per binary) 
used in fitting the model to data. 

Results and Dlscusslon 

Solublltty of Pure Fatty Acids In Supercrttlcal COP. I n  
Figure 2 we present a plot of the experimental solubility (de- 
noted by points) of the three fatty acids in supercritical CO, at 
313 K. The same data are also tabulated in Tables 11, 111, and 
IV .  The isotherms for each compound, as expected, show 
rapid increases in solubility in the vicinity of the critical density 
of CO:, (corresponding to a pressure of approximately 9.5 MPa 
at 313 K). Also, the increase in solubility with pressure for all 
compounds except lauric acid is much lower at pressures in 
excess of ca. 15 MPa. The solubility isotherm of lauric acid, 
however, is still increasing at the highest pressure at which it 
was measured, i.e., at 25 MPa. This implies that the lauric 
acid-carbon dioxide binary may be close to its upper critical end 
point (UCEP) temperature under these conditions. 

Data for the solubilii of the three fatty acids in COP were 
correlated with the lattice model EOS along with the appropriate 
pure component parameters that have been presented earlier 
(Table I). Since the lauric acid-CO, mixture may be close to 
its UCEP, substantial quantities of the SCF should be dissolved 
in the solid lauric acid phase. In  contrast to earlier practice 
(20) therefore, we chose not to model the condensed phases 
for all three systems as pure; instead, the lattice EOS was 
employed as the appropriate thermodynamic model for both 
phases. Results obtained from the correlation are shown as 
solid lines in Figure 2. A single adjustable parameter, 6,, is 
required to fit the model satisfactorily to each binary. The 
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Table VI. Solubilities of Pure Trilaurin in Carbon Dioxide 
press., reduced mole press., reduced mole 
MPa density fraction MPa density fraction 

9.1 1.1 1.32 X 15.1 1.7 9.02 X 
11.1 1.5 2.28 x 10-4 20.0 1.8 1.83 x 10-3 
15.1 1.7  8.74 X lo-* 25.3 1.9 3.37 X lo-' 

Table VII. Solubilities of Pure Trimyristin in Carbon 
Dioxide 

press., reduced mole press., reduced mole 
MPa density fraction MPa density fraction 

9.5 1.2 1.23 X 15.4 1.7 2.00 X 

15.2 1.7 1.92 X 24.9 1.9 4.22 X 
15.3 1.7 2.15 X 30.4 1.9 4.95 X 

11.1 1.5 5.55 x 10-5 20.2 1.8 3.43 x 10-4 

Table VIII. Solubilities of Pure Tripalmitin in Carbon 
Dioxide 

press., reduced mole press., reduced mole 
MPa densitv fraction MPa densitv fraction 
12.2 1.5 3.03 X 10% 19.8 1.8 1.50 X 
15.0 1.7 6.71 X 10% 24.8 1.9 2.39 X 
15.0 1.7 6.81 X 10% 29.7 1.9 2.71 X 
15.0 1.7 6.95 X lo4 

values of this parameter for each system are listed in Table V. 
The values for the three acid systems follow a consistent 
trend: increasing with increasing molecular weight of the solute 
in consideration. 

An interesting aspect of the modelling results is that although 
the predictions of the lattice EOS for the lauric acid-CO, system 
agree with the experimental results up to 22 MPa, beyond this 
pressure the model predicts that the solute is completely mis- 
cible in the SCF. Although this result is inconsistent with our 
measurements for this binary at higher pressure, this never- 
theless lends credence to the deduction that this binary mixture 
is close to its UCEP. The incorrect prediction of the lattice 
model for the UCEP pressure is not surprising, since the EOS, 
having been derived through the use of a mean-field theory, 
cannot be utilized to accurately model phase behavior in the 
vicinity of critical points. For the same reason, the model does 
not accurately describe the behavior of the system near the 
critical point of the solvent. Therefore, model results are not 
shown for pressures below about 9.6 MPa. 

Solubility of Pure Trigiycerides in SupercrHicai CO ,. The 
solubiliiies of the pure triglycerides are presented in Tables VI, 
VII, and VI11 and also as data points in Figure 3. The fits to 
the experimental data with the lattice model are also shown and 
these are represented in Figure 3 by smooth curves. Trends 
observed with the triglycerides closely match the results ob- 
tained with myristic acid and palmitic acid. The solubilities of 
the triglycerides increase steeply with pressure near 9.5 MPa 
and then more slowly at higher pressures. 

The solubility of PPP was measured by Chrastil(5) in a batch 
system. The values that he obtained were about an order of 
magnitude higher than ours. We speculate that any highly 
soluble impurities present in the PPP could have possibly re- 
sulted in artifically enhanced measurements of solubility. In  our 
own experiments using PPP of lower quality (90%) than that 
used for our other experiments (99%), we measured solubilities 
that were even higher than Chrastil's. This demonstrates the 
sensitivity of solubility measurements to the purity of the ma- 
terial being used. 

I t  is interesting to note that the solubilities of LLL and palmitic 
acid are about the same, although they differ in molecular 
weight by a factor of -2.5. We propose that this may be due 
to the fact that the fatty acid has a polar carboxylic acid group, 
making it less soluble in CO,, while the triglyceride, being rel- 
atively nonpolar, is more soluble. This type of effect has been 
reported for organic compounds of lower molecular weight (79). 

Table IX. Solubilities of the Mixture 
Trilaurin-Trimyristin in Carbon Dioxide 

mole fraction press., reduced 
MPa density trilaurin trimyristin 

9.2 1.1 1.86 X 1.84 X 10% 
11.0 1.5 1.44 x 10-4 2.99 x 10-5 
15.1 1.7 5.81 x 10-4 1.16 x 10-4 
15.2 1.7 5.60 x 10-4 1.13 x 10-4 
15.2 1.7 5.67 x 10-4 1.31 x 10-4 
15.2 1.7 5.72 x 10-4 1.36 x 10-4 
19.9 1.8 1.11 x 10-3 3.11 x 10-4 
24.9 1.9 1.89 x 10-3 4.86 x 10-4 

Table X. Solubilities of the Mixture Trilaurin-Tripalmitin 
in Carbon Dioxide 

mole fraction press., reduced 
MPa density trilaurin tripalmitin 

9.1 1.1 1.28 X 4.50 X 
11.1 1.5 2.18 X 5.24 X 10-j 
15.2 1.7 8.68 X 6.09 X 
15.3 1.7 8.59 X 6.26 X 10% 
20.0 1.8 1.66 x 10-3 2.43 x 10-5 
24.7 1.9 2.83 x 10-3 6.20 x 10-5 

Table XI. Solubilities of the Mixture 
Trimyristin-Tripalmitin in Carbon Dioxide 

mole fraction press., reduced 
MPa densitv trimvristin tripalmitin 

9.2 
11.0 
15.1 
15.2 
15.3 
20.0 
25.0 
30.4 

1.1 5.02 x 104 3.53 x 10-7 

1.7 1.29 x 10-4 1.13 x 10-5 
1.7 1.31 x 10-4 1.13 x 10-5 
1.7 1.35 x 10-4 1.05 x 10-5 
1.8 2.84 x 10-4 2.69 x 10-5 
1.9 4.07 x 10-4 3.22 x 10-5 
1.9 4.83 x 10-4 3.85 x 10-5 

1.5 5.50 X 3.20 X 10% 

Table XII. Solubilities of the Mixture 
Trilaurin-Trimyristin-Tripalmitin in Carbon Dioxide 

press., 
MPa 

9.2 
11.1 
15.0 
15.0 
15.1 
15.1 
15.3 
19.9 
25.0 

reduced 
density 

1.1 
1.5 
1.7 
1.7 
1.7 
1.7 
1.7 
1.8 
1.9 

mole fraction 
trilaurin 

1.71 x 10-5 
1.49 x 10-4 
4.62 x 10-4 
4.76 x 10-4 
6.63 x 10-4 
6.08 x 10-4 
5.28 x 10-4 
9.02 x 10-4 
1.62 x 10-3 

trimyristin 
3.98 X 10" 
4.12 x 10-5 
1.41 x 10-4 
1.31 x 10-4 
8.74 x 10-5 
7.75 x 10-5 
1.36 x 10-4 
3.25 x 10-4 
5.07 x 10-4 

tripalmitin 

2.78 X 10% 
1.98 x 10-7 

1.03 x 10-5 
1.04 x 10-5 
1.11 x 10-5 

1.19 x 10-5 
3.55 x 10-5 
4.75 x 10-5 

9.53 x 10-5 

The lattice model was found to correlate the data effectively 
using the 6, values shown in Table V. The deviations at low 
pressure (near the critical point of the solvent) are due to the 
inability of the model to predict thermodynamic properties near 
critical points, as discussed in the previous section. As with the 
fatty acids, the model could not be used for pressures below 
about 9.6 MPa. The 6,/'s increase almost linearly with molecular 
weight, providing us with a technique to estimate approximate 
solubilities of other triglycerides that might not be available as 
pure substances. 

Soiubiinies of Trlgyceride Mixtures in COP There are four 
different mixtures that may be formed with the three tri- 
glycerides and CO,. There are three ternary systems with two 
triglycerides and CO,, and one quaternary system with all three 
triglycerides plus CO,. Solubilities in all four systems were 
measured in this work and are presented in Tables IX,  X, XI,  
and XI1 and in Figures 4-7. I n  Figures 4-7, the open symbols 
are for binary systems (presented in Figure 3 and Tables VI, 
VII, and VIII)  and the closed symbols represent the solubilities 
of the corresponding compounds in the ternary or quaternary 
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Flgure 3. Solubility of pure triglycerides in CO,. Points represent 
experimental data and curves are model predictions. 
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Flgure 4. Solubility of the ternary mixture MMM-PPP in COP. Open 
symbols represent blnary data (presented in Figure 3) and closed 
symbols represent mixture data. Lines are cubic fits of binary data 
and are included to make the graph easier to read. 

mixtures. The solM lines are a cubic fit of the blnary data and 
are included to make the graphs easier to read. Although a 
multicomponent lattice EOS has been developed, we have not, 
as yet, implemented it. Therefore, none of the ternaries nor 
the quaternary were modeled with the lattice EOS. 

Data for the ternary systems PPP-MMM-CO, and PPP-LLL- 
CO, are presented in Figures 4 and 5. Since the tri- 
glyceride-rich phase in these systems was shown to be solid 
untler extraction conditions, we assume that interactions be- 
tween different types of triglycerides in the solid phase do not 
affect the indMdual solubility of a compound in CO,. We found 
that when the relative amounts of triglycerides charged to the 
cell in these mixtures were changed by about 20 % , the solu- 
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Flgure 5. Solubility of the ternary mixture LLL-PPP in CO,. Open 
symbols represent binary data (presented in Flgure 3) and closed 
symbols represent mixture data. Lines are cubic fits of binary data 
and are included to make the graph easier to read. 

bility of each species in the supercritical phase did not change. 
Interactions in the supercritical phase, however, are relevant. 
I t  is therefore appropriate to use the mole fraction of the 
component in the supercritical phase as the correlating variable. 

The solubility of the lighter compound (MMM or LLL) was not 
greatly affected by the presence of the heavier compound, 
while the solubility of the heavier compound (PPP) was en- 
hanced by the presence of the lighter one. I t  is not surprising 
that the solubility of the MMM or LLL was not affected by the 
presence of PPP because the PPP concentration was at least 
an order of magnitude lower than that of MMM or LLL. By the 
same token, the increase in solubility of the PPP may be ex- 
plained by invoking the fact that the other triglyceride (LLL or 
MMM) which is present in much higher concentration than PPP, 
acts as an entrainer, enhancing the PPP solubility. This type 
of solubility enhancement has been observed by others (4, 28, 
29 ). 

The system MMM-LLL-CO, was shown to melt under the 
extraction conditions. Thus, intermolecular interactions in the 
liquid phase are expected to affect the solubilities in the su- 
percritical phase. Indeed, different mole fractions of triglyceride 
charged to the cell gave different solubilities. For this reason, 
the correlating variable was chosen to be the partition coeffi- 
cient K,, defined as 

K/ = Y//X/ (7) 

where y, is the measured mole fraction of component i in the 
supercritical phase and x, is the calculated mole fraction of 
component i in the liquid phase neglecting the concentration of 
CO, dissolved in the liquid. The solubility data for this mixture 
are represented by K,, as shown in Table XI11 and Figure 6. 
In  Figure 6, the open symbols represent the binary data pres- 
ented earlier. For the binarles, x, = 1, so K/ = y,. The solid 
line is a cubic fit of the binary data and the filled symbols rep- 
resent the ternary mixture data. All the data points for a given 
compound fall along the same line, regardless of the liquid- 
phase composition when K is used as the correlating variable. 
This is not the case for data correlated with y,. 

The trend is the same as that observed in the other ternary 
systems. The partition coefficient of the most soluble compo- 
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Table XIII. Partition Coefficients for Trilaurin (2)-Trimsristin (3) in Carbon Dioxide 
~ 

press., 
MPa YZ Y3 x2 2 3  Kz K3 

9.3 1.86 x 10-5 1.84 X lo4 0.603 0.397 3.08 x 10-5 4.63 x 10-5 
11.0 1.44 x 10-4 2.99 x 10-5 0.600 0.400 2.40 X lo4 7.48 x 10-5 
15.1 5.81 x 10-4 1.16 x 10-4 0.568 0.432 1.02 x 10-3 2.68 x 10-4 
15.2 5.67 x 10-4 1.31 x 10-4 0.505 0.495 1.12 x 10-3 2.65 x 10-4 
15.2 5.60 x 10-4 1.13 x 10-4 0.606 0.394 9.24 x 10-4 2.87 x 10-4 
19.9 1.11 x 10-3 3.11 x 10-4 0.594 0.406 1.88 x 10-3 7.65 x 10-4 
24.8 1.89 x 10-3 4.86 x 10-4 0.580 0.420 3.26 x 10-3 1.16 x 10-3 

Table XIV. Partition Coefficients for Trilaurin (2)-Trimyristin (3)-Tripalmitin (4) in Carbon Dioxide 
press., 
MPa Yz Y3 4’4 2 2  2 3  x4 Kz K3 K4 

9.2 1.71 X 3.98 X 10“ 1.98 X 0.462 0.319 0.219 3.71 X 1.25 X 9.03 X LO-7 
11.1 1.49 X 4.12 X 2.78 X lo4 
15.0 4.76 X 1.31 X lo4 1.04 X 
15.0 4.62 X loF4 1.41 X 1.03 X 
15.1 6.63 x 10-4 8.74 x 10-5 1.11 x 10-5 
15.1 6.08 x 10-4 7.75 x 10-5 9.53 x 10” 

19.9 9.02 x 10-4 3.25 x 10-4 3.55 x 10-5 
2.5 1.62 x 10-3 5.07 x 10-4 4.75 x 10-5 

15.2 5.28 X 1.36 X 1.19 X lom5 

0.459 
0.438 
0.464 
0.624 
0.618 
0.469 
0.455 
0.446 
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Flgure 6. $olubliiy of the ternary mixture LLL-MMM In CO,. Open 
symbols represent binary data @resented In Flgure 3) and closed 
symbols represent mixture data. Lines are cubic fits of binary data 
and are included to make the graph easier to read. 

nent (UL) is unchanged while that of the less soluble compound 
(MMM) is enhanced compared to the binary systems. 

The data for the quaternary system PPP-MMM-UL-CO, are 
presented in Table X I V  and Figure 7. Open symbols are for 
binary data and lines are cubic fits of the binary data. Filled 
symbols are for the q.uatemary mixture. Since this mixture also 
melts under the extraction conditions, the partition coefficient 
K was used as the correlatlng variable. Here again, the most 
soluble compound (LLL) has the same partition coefficient as 
it does In the binary system while the less soluble compounds 
(PPP and MMM) have higher partition coefficients in the mixture 
than in the binaries. The solubility enhancement is stronger In 
the quaternary system than in the ternary systems. 

Conclusions 

Solubilities in CO, of three pure fatty acids and three pure 
triglycerides were measured and these binary data were cor- 
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9.97 x 10-4 4.42 x 10-4 4.73 x 10-5 
1.06 x 10-3 4.24 x 10-4 6.50 x 10-5 
9.84 x 10-4 3.73 x 10-4 5.48 x 10-5 
1.13 x 10-3 4.29 x 10-4 5.53 x 10-5 
1.98 x 10-3 1.01 x 10-3 1.58 x 10-4 
3.63 X 1.57 X 2.06 X lo4 
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Flgure 7. Solubility of the quaternary mixture LLL-MMM-PPP in CO,. 
Open symbois represent binary data (presented in Figue 3) and closed 
symbols represent mixture data. Lines are cubic fiis of binary data 
and are included to make the graph easier to read. 

related by using a lattice model EOS. The EOS accurately 
predicts solubillties outside the critical region. Solubilities of 
triglyceride mixtures were also measured. The solubility of the 
most soluble compound was the same as the binary solubility, 
but the solubility of the less soluble component was enhanced. 
This is most likely due to an entrainer effect caused by the more 
soluble compound. For the mixtures which melted under the 
conditions at which the solubility measurements were carried 
out, the mole fraction of the different triglycerides in the su- 
percritical fluid phase varied as the composition of the liquid 
phase changed, implying that intermolecular interactions in the 
liquid phase affect solubility in the supercritical phase. The 
supercritical fluid phase solubility could, however, be correlated 
with the use of a partition coefficient calculated as the ratio of 
mole fraction of a particular triglyceride in the supercritical 
phase to the mole fraction of that compound in the liquid phase 
on a C0,-free basis. Thii implies that dissolved CO, in the liquid 
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phase does not affect solubilities of triglycerides in the super- 
critical phase. 

In order to model the CO, solubilities of triglyceride mixtures, 
it is necessary to take into account intermolecular interactions 
between unlike triglycerides in both the supercritical and liquid 
(or solid) phases. Research is underway to use a multicom- 
ponent version of the lattice EOS to correlate solubility data of 
mixtures by using pure component parameters and binary in- 
teractions parameters a,,, from independent measurements, 
along with a fitted interaction parameter that would take into 
account interactions between unlike solute species. 

Glossary 
K partition coefficient 
P pressure 
Q 
R gas constant 
r 
T absolute temperature 
V specific volume 
VH lattice unit cell volume 
X mole fraction, in particular in the heavy phase 
Y mole fraction in the light phase 
z lattice cell coordination number 

Greek Letters 

9 r nonrandomness correction 
I.L chemical potential 
t9 molecular surface area fraction 

Superscripts 

N reduced quantity 
L liquid phase 
v vapor phase 

Subscripts 
i species i 
i species j 
M mixture property 
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Enthalpies of Mixing of Diethyl Sulfide 4- Carbon Tetrachloride and 
Diethyl Sulfide + Chloroform at 25 OC 

Donald F. Gray, Neil F. Pasco, and Arthur G. Willlamson" 
Department of Chemical and Process Engineering, University of Canterbury, Christchurch, New Zealand 

both weak and strong specific interactions are observed. Enthalpies of mlxlns of mixtures of dlethyi sulfide with 
carbon tetrachloride and with chloroform at 298.15 K are Experlmental Section 
reported. The dlethyl sulfide mixtures are more 
exothermic than the corresponding dlmethyi sulfide 
mixtures measured earlier by Gray and Willlamson by 
about 300 J mol-'. 

The calorimeter used in this work is of the type originally 
developed by McGlashan and his colleagues (2) and has been 
fully described elsewhere (3). The measurements from this 
calorimeter are expected to be accurate to f l -2% for exo- 
thermic systems. 

Materlais 

Carbon tetrachloride and chloroform were purified as de- 
scribed by Beath and Williamson (3). The alkyl sulfides were 

Introduction 

The measurements reported here are part of a continuing 
study of solutions of ether and thioether mixtures with chlori- 
nated hydrocarbons being carried out in this laboratory in which 
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