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Abstract

This contribution reports new experimental data on the fluid phase behavior of binary mixtures of carbon dioxide and three
saturated, low-molecular weight triglycerides: tributyrin, tricaproin and tricaprylin. The objective of this work is to analyze the
effect of the triglyceride molecular weight on the phase behavior of mixtures with carbon dioxide. The experimental work covers
a temperature range between 276 and 368 K and pressures up to 15 MPa. All mixtures show liquid-liquid immiscibility near the
critical point of pure carbon dioxide. From the analysis of the experimental data, it became apparent thatskist&@@s with
tricaproin and tricaprylin have both type-IV fluid phase behavior in the classification of Van Konynenburg and Scott. The fluid
phase behavior of these systems was modeled with the group contribution equation of state GC—Eo0S. The equation was able to
describe vapor-liquid, liquid—liquid and vapor-liquid—liquid equilibria, with a single set of group interaction parameters.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction mainly of triglycerides, with a low fraction of diglyc-
erides, free fatty acids and a number of minor com-
Processing of natural products with supercritical ponents (sterols, tocopherols, phospholipids, etc.) that
fluid technology has been an extensive area of re- have added value as pharmaceuticals and food addi-
search during the past two decades. Examples of ap-tives.
plications include extraction and refining, removal of Supercritical fluids (SCF) are effective for the isola-
contaminants, recovery of value-added products, etc. tion of thermally unstable compounds of low volatility
Vegetable oils are valuable natural products, consisting because separation can be accomplished at moderate
temperatures. For this reason, supercritical fluid ex-
"+ Corresponding author. Tek:31-15-278-2660: traction is being Considered asan alter_native technique
fax: +31-15-278-8668. to extract and fractionate vegetable dils-3]. Super-
E-mail addresscor.peters@tnw.tudelft.nl (C.J. Peters). critical carbon dioxide, which is both nonflammable
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and nontoxic, is considered to be a substitute for hex- over mercury in the sealed end of a thick-walled

ane, the traditional solvent for liquid extractifp4l. Pyrex glass tube. The open end of the tube is placed
The first reported commercial process using super- in an autoclave, and immersed in mercury. Thus,

critical fluids for the fractionation of lipids was the mercury is used both, as a sealing and pressure trans-

Solexol process developed by the M.W. Kellogg Co. in mitting fluid for the sample. The sample is stirred by

1947[5,6]. In this process, supercritical propane was means of a moving stainless steel ball, activated by

used to extract and fractionate edible oils. Six plants reciprocating magnets. The autoclave is connected

were built to refine fish oil, animal fat, and vegetable to a hydraulic oil system, generating the pressure by

oils [4]. means of a screw type hand pump. The temperature of
The design of these processes requires a good un-the sample is kept constant withir0.02 K, by circu-

derstanding of the phase behavior of systems having lating a thermostatic liquid through a glass thermostat

high-molecular weight compounds and low-molecular

weight solvents. In particular, knowledge of the phase

behavior of relevant triglyceride SCF systems is a  Table 1

prerequisite in order to be able to select adequate pro-Vapor-liquid and liquid-liquid isopleths of the system £Q) +

cess conditions. Not only experimental measurements ieutyrin (2)

on these systems provide quantitative insight into their T (k) p(MPa) T(K) p(MPa) T(K) p(MPa)
general phase behavior, but in addition, important in- Liquidliquid equilibria

formation can be distilled from the thermodynamic ,, - 0015 xp = 0.039 x = 0.064
modeling. 312.98  8.799 31321  8.732 313.24  8.593

It is the aim of this experimental and modeling ~ 31322 8852 31815 9937 31829  9.723
study to provide insight into how the fluid phase 3420 ~ 9.087 32313 11212 = 32316 10.923
behavior of binary systems of carbon dioxide with o002 10082 328.14 12472 32817 12.193

: ' y sy ) ) 32328 11.277 33204 13422 33254 13.283
triglycerides changes systematically with molecular 35827 12442 33588 14.332  337.05 14.383
weight. For that purpose, the binary fluid phase be- 33229 13.357
havior of carbon dioxide with a series of saturated 336.54 14.282
triglycerides (tributyrin, tricaproin and tricaprylin)  vapor—liquid equilibria
was investigated. Tributyrin molecules have three x»=0.015 x2 = 0.039 x2 = 0.064
propyl groups attached to the triglyceride backbone. 27831 3917 27840  3.842  278.27  3.753

. ; ; 283.31  4.437 28323 4332 28319  4.243
In the remaining triglycerides, the length of each 28819 4992 28826 4892 28809  4.808

aliphatic chain increases with two GHyroups; i.e., 20341  5.642 20330 5512 20398 5408
in comparison with tributyrin, there are six extra £€H 20821 6.302 298.22 6.172 298.33  6.083
groups in tricaproin and 12 in tricaprylin. 303.17 7.037 30317 6.907 303.24 6.813

30324 7.047 30417 7.067 308.31  7.653
30425 7212 30529  7.252
. 30479  7.297 30622  7.402
2. Experimental 30520 7.362 30817  7.742
306.20  7.537
Carbon dioxide (99.995vo0l.%) was supplied by  308.26  7.882
Hoek—-Loos and was used without further purification. ., — 130 X3 = 0.250 xp = 0.399
The supplier of all triglycerides was Fluka and the pu- 27823 3481 27831 2781 27850  1.926
rity in all cases was better than 99 mol%. No further ~ 288.40  4.456 ~ 28842  3.516 28828  2.396
purification of the triglycerides was performed. 29843 5611 29842 4361 29826  2.931
. ; 30827 6.956  308.19 5291  308.27  3.531
The Call!gte_t apparatu.s used for performing the 318.35 8596 31822 6361 31814 4176
phase equilibrium experiments, operates according 32822 10461  328.11  7.526  328.24  4.886
to the synthetic method. At any desired temperature, 33520 11.886 33810 8.781  338.24  5.636
the pressure is varied for a sample of constant overall 342.21 13336  348.12 10.101  348.38  6.421
composition until a phase change is observed visually. 34702 14.336 35808 11441 35852  7.231

. o . 368.11 12.796 36849  8.036
A sample of fixed known composition is confined
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Fig. 1. Thep,x-data of the system CQ-tributyrin. (A) lg-data and
(V) ll-data. All data points have been obtained from interpolation
of the data collected iffable 1

jacket surrounding the glass tube. The temperature
is measured with a platinum resistance thermometer
(Pt-100) and the pressure with a dead weight pressure
balance. Further details of the apparatus, experimental
procedures, and accuracy of the measurements may
be found elsewherf].

3. Experimental results

Tables 1-Zepresent the primary vapor-liquid and
liquid—liquid experimental data obtained for the binary
systems of C@and each one of the three triglycerides.
The data are presented as isopleths, which is the way
they have been obtained experimentally. From these
data isothermap,x sections can be derived straight-
forwardly (Figs. 1-3for the three systems studied).

The system C@+tricaprylin has also been studied
by Bharath et al[8] and Borch-Jensen and Mollerup
[9]. Fig. 4compares the experimental data obtained in
this work with those from the literature, for the 313 and

353K isotherms. There was a perfect match between ¢, 5 e

our data and those of Borch-Jensen and Molld8}p
but the data of Bharath et 4B] are scattered.

p/MPa

mole fraction Tricaproin

Fig. 2. Thep,x-data of the system CO¥ tricaproin. (@A) lg-data,
(V) ll-data, and @) lig-data. All data points have been obtained
from interpolation of the data collected Fables 2 and 4
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x-data of the system GO tricaprylin. (A) Ig-data,
(V) ll-data, and @) lig-data. All data points have been obtained
from interpolation of the data collected Fables 3 and 5
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Table 2
Vapor—liquid and liquid—liquid isopleths of the system £Q) + tricaproin (2)
T (K) p (MPa) T (K) p (MPa) T (K) p (MPa) T (K) p (MPa)
Liquid—liquid equilibria
x2 = 0.015 x2 =0.025 x2 = 0.037 x2 =0.050
304.43 7.324 304.17 7.263 304.32 7.293 305.68 7.543
304.72 7.414 304.67 7.428 304.41 7.323 306.22 7.718
307.33 8.249 305.29 7.638 308.15 8.553 307.17 8.028
311.25 9.489 307.47 8.358 313.19 10.178 311.21 9.338
315.16 10.689 312.85 10.068 318.09 11.698 315.27 10.633
319.11 11.864 318.33 11.758 323.09 13.188 319.17 11.833
323.14 13.024 322.39 12.958 327.00 14.318 323.26 13.063
327.31 14.184 326.41 14.123 327.42 14.283
x2 = 0.055 x2 = 0.073 x2 = 0.100
306.35 7.648 313.29 9.243 318.13 9.663
306.63 7.728 318.09 10.638 323.06 10.898
307.19 7.898 323.16 12.108 327.95 12.163
308.10 8.193 328.04 13.498 33291 13.438
313.01 9.758 336.53 14.368
317.96 11.303
322.90 12.808
327.79 14.223
Vapor-liquid equilibria
x2 = 0.015 % = 0.025 % = 0.037 % = 0.050
278.43 3.939 278.38 3.913 278.39 3.903 278.25 3.853
283.39 4.459 283.56 4.453 283.30 4.413 283.32 4.373
288.40 5.029 288.27 4.993 288.30 4.983 288.25 4.938
293.26 5.644 293.35 5.633 293.37 5.623 293.34 5.583
298.26 6.339 298.30 6.323 298.26 6.308 298.36 6.293
303.25 7.104 303.29 7.103 303.25 7.098 303.18 7.078
304.26 7.269 304.05 7.238 304.21 7.263 304.24 7.263
305.28 7.453
305.40 7.478
305.53 7.503
305.59 7.513
x2 = 0.055 x2 = 0.073 x2 = 0.100 x2 = 0.149
278.63 3.878 278.39 3.863 278.40 3.713 278.33 3.444
283.32 4.363 283.31 4.358 283.34 4.203 283.26 3.889
288.31 4.928 288.30 4.923 288.30 4.743 288.23 4.374
293.30 5.563 293.49 5.568 293.35 5.343 293.34 4.924
298.27 6.263 298.23 6.228 298.46 6.023 298.50 5.524
303.22 7.068 303.25 7.018 303.27 6.743 303.25 6.129
305.68 7.513 308.14 7.928 308.19 7.568 308.23 6.824
306.12 7.598 313.15 8.533 313.30 7.574
318.23 8.379
323.30 9.264
328.23 10.184
333.33 11.164
338.20 12.144
343.65 13.249
349.19 14.344
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Table 2 Continued
T (K) p (MPa) T (K) p (MPa) T (K) p (MPa) T (K) p (MPa)
x2 =0.248 x2 =0.399
278.33 2.776 278.50 1.858
288.21 3.471 288.35 2.298
298.23 4.281 298.35 2.793
308.16 5.201 308.15 3.328
308.24 5.206 318.14 3.933
318.22 6.231 328.12 4.563
328.18 7.336 338.12 5.223
338.21 8.531 348.19 5.923
348.17 9.766 358.21 6.633
358.11 11.021 368.30 7.363
368.29 12.331
Table 3
Vapor-liquid and liquid-liquid isopleths of the system £Q@) + tricaprylin (2)
T (K) p (MPa) T (K) p (MPa) T (K) p (MPa) T (K) p (MPa)
Liquid—liquid equilibria
x2 =0.018 x2 = 0.037 x2 = 0.056 x2 = 0.075
288.74 5.103 288.68 5.232 292.34 5.668 296.97 6.290
288.96 5.188 289.23 5.452 292.76 5.828 298.36 6.805
289.35 5.338 290.08 5.782 296.83 7.368 303.28 8.565
294.26 7.233 291.45 6.317 300.66 8.768 305.62 9.375
299.23 9.073 293.34 7.037 304.66 10.193 310.65 11.090
304.16 10.838 295.23 7.752 309.13 11.733 315.78 12.770
310.20 12.893 297.20 8.482 313.33 13.128 320.33 14.195
314.25 14.228 299.20 9.217 316.92 14.293
301.32 9.987
303.21 10.662
305.22 11.357
308.20 12.392
311.15 13.377
314.18 14.372
xp2 = 0.105
313.28 9.042
318.15 10.417
323.08 11.757
328.23 13.172
333.20 14.482
Vapor-liquid equilibria
x2 =0.018 x2 = 0.037 x2 = 0.056 x2 = 0.075
278.36 3.943 278.36 3.937 278.45 3.938 278.25 3.890
280.87 4.198 283.34 4.462 280.88 4.193 283.45 4.430
283.33 4.468 287.76 4.982 283.24 4.443 288.34 5.010
285.73 4.738 288.26 5.062 285.86 4.743 293.33 5.670
287.30 4.923 288.37 5.043 295.83 6.030
287.80 4.983 290.84 5.358
288.07 5.018 291.27 5.418
288.29 5.043 291.83 5.493
288.40 5.058
288.51 5.073
288.60 5.083
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T (K) p (MPa) T (K) p (MPa) T (K) p (MPa) T (K) p (MPa)
x2 = 0.105 x2 = 0.197 x2 = 0.302 x2 = 0.497
278.34 3.772 278.34 3.177 278.32 2.419 278.36 1.396
283.29 4.297 288.34 4.002 288.14 2.979 288.34 1.676
288.47 4.847 298.29 4.962 298.37 3.639 298.24 2.011
293.28 5.432 308.11 6.022 308.27 4.354 308.17 2.371
298.30 6.122 318.06 7.247 318.29 5.144 318.21 2.746
303.29 6.907 327.92 8.592 328.32 5.984 328.14 3.151
308.24 7.847 337.83 10.042 338.26 6.864 338.15 3.576
347.78 11.542 348.30 7.784 348.09 4.011
357.62 13.072 358.32 8.724 358.24 4.456
367.43 14.557 368.30 9.659 368.19 4.916

A three-phase liquid—liquid—vaporli(2g) locus
could be established in the GG+ tricaproin and
CO;, + tricaprylin binary systems, both with a critical
endpoint of the naturé& + /1 = g. The experimen-
tal liquid—liquid—vapor data are reported Tables 4
and 5

An interesting observation in the G&ystems with
caproin and caprylin is their type of fluid phase be-
havior. From theip,x-diagrams Figs. 2 and 3respec-
tively), it easily can be observed that in each system
there is a critical locus of the natute = /». These

loci can be obtained by connecting the maxima of the
two-phase domek + I». In ap,T-diagram, these loci
run with a positive slope from higher to lower temper-
atures and pressures, and will intersect the three-phase
equilibriumlylog. Consequently, this will result in the
occurrence of a critical endpoint of the natufe=

I> + g. Since in both systems it was established ex-
perimentally that the three-phase equilibria end in a
critical endpoint of the natur&® + [1 = g, this eas-

ily may lead to the conclusion that both systems will
have type-V (se&ig. 56 fluid phase behavior. How-
ever, since in the literature, no binary g®ystems
showing type-V fluid phase behavifit0] are known,

Table 4
Liquid—liquid—vapor locus of the system GQ1) + tricaproin (2) the only conclusion that can be drawn is that these
T (K) p(MPa) T (K) p (MPa) T (K) p (MPa)
x2 = 0.015 x2 = 0.025 x2 = 0.037 Table 5
304.26  7.263 30417 7.241 30432 7.276 Liquid—liquid—vapor locus of the system GQ1) + tricaprylin (2)
304.35 7.283 304.67 7.322 304.41 7.294
304.43  7.299 305.29 7.424 304.78 7.350 T (K) p(MPa) T(K) p(MPa) T(K) p(MPa)
304.71 7.347 306.06 7.563 305.78 7.523
x2 =0.018 x2 = 0.037 x2 = 0.056
80526 7431 30684 7.701 30673 7.694 288.74 5097 28825 5037  291.83 5.485
306.24 7.601 307.34 7.799 307.46 7.825
307.14 7.763 30737  7.809 288.96 5.121 288.40 5.060 292.34 5.550
30732 7.799 307.47 7.819 289.35 5.169 288.68 5.088 292.76 5.604
30741 7817 294.26 5.801 289.23 5.159 296.83 6.159
30744 7821 299.23 6.519 290.08 5.262 300.66 6.726
30747 7.825 304.16 7.299 291.45 5.434 304.66 7.365
305.33 7.485 293.34 5.687 305.65 7.529
x2 = 0.050 x2 = 0.055 305.38 7.495 295.24 5.942 305.72 7.543
305.68 7.533 306.35 7.644 305.47 7.515 297.20 6.223 305.77 7.552
305.79 7.549 306.61 7.699 30551 7.521 299.19 6.520 305.82 7.861
306.22 7.623 307.19 7.791 305.58 7.529 301.32 6.846
307.17 7.794 307.28 7.818 305.63 7.537 303.22 7.152
307.27 7.814 305.64 7.53% 305.22 7.488
307.30 7.819 305.55 7.538
a UCEP. a8 UCEP.
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systems must have type-IV fluid phase behavior (see

type 1 Fig. 5d. Unfortunately, the low-temperature part of
the three-phase equilibriuhil2g (seeFig. 50 has not
been observed experimentally. However, it could be
located at such low temperatures that it is hidden by
'atal the occurrence of the solid phase of the triglycerides.
ig(B

h -]

P (MPa)

type ¥ type MI

0 T T L] T T T
270 290 310 330 350 370 390
T (K)

Fig. 6. CQ + tributyrin system. Exp. VLE: Tributyrin mol frac-
tions: @) 0.015; A) 0.064; (x) 0.13; () 0.25; (@) 0.399;

Exp. LLE: tributyrin mol fractions: ) 0.015; () 0.064; GC-EOS
predictions: (—) VLE; (- - -) LLE.

Fig. 5. Classification of fluid phase equilibria according to Van
Konynenburg and Scott.
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4. Thermodynamic modeling compounds, this parameter is determined from critical
properties and vapor pressure d@td)]. This infor-

In this work the capability of the group contribution mation is in general not available for high-molecular
equation of state (GC—-Eo0$)1] to predict the fluid weight, low-volatile compounds and, therefore, an al-
phase behavior of mixtures of G@ith low-molecular ternative procedure is required. Espinosa et[Eb]
weight triglycerides is studied. An upgraded version proposed a correlation to calculate the vdlues of
of the GC—Eo0S model has been successfully applied high-molecular weight triglycerides and alkanes from
in previous work, to represent vapor—liquid (VLE), the corresponding Van der Waals volumes. In this
liquid—liquid (LLE) and vapor—liquid—liquid (VLLE) work, the critical hard sphere diameter of carbon diox-
equilibria in mixtures of associating12,13] and ide (d. = 3.130) was determined from vapor pres-
size-asymmetric mixturgd4-17] sure data, and those of tributyrid.(= 7.143), tri-

The mixtures studied in this work can be represented caproin ¢; = 8.085) and tricaprylin ¢ = 8.893)
by three main functional groups: paraffinic (gknd were calculated from the correlation of Espinosa et al.
CHy), triglyceride TG ((CHCOO)CHCOO) and car- [16].
bon dioxide (CQ). The values of the GC-EoS param- Figs. 6-8 show the GC-EoS phase equilibrium
eters for these functional groups have been reportedpredictions for the three binary systems studied in
previously by Espinosa et dlL5]. this work. Predictions were in very good agreement

The free volume term in the GC-E0S equation is with the experimental results for the tricaproin and
a function of the molecular size, represented by the tricaprylin binary systems, and in good agreement for
critical hard-sphere diameter Jjd For high-volatile the tributyrin system.

P/ MPa
P/ MPa

0 T T T T 1 0 T T T T 1
270 290 310 330 350 370 270 290 310 330 350 370
T/K T/K
Fig. 7. CQ + tricaproin system. Exp. VLE: Tricaproin mol frac- Fig. 8. CQ + tricaprylin system Exp. VLE: tricaprylin mol frac-
tions: (@) 0.073; (A) 0.100; (x) 0.149; @) 0.248; @) 0.399; tions: (A) 0.105; (x) 0.197; @) 0.302; @) 0.497; Exp. LLE:
Exp. LLE: Tricaproin mol fractions:X) 0.05; ©) 0.073; ) tricaprylin mol fractions: ¢) 0.037; &) 0.056; O) 0.075; )

0.100; GC-EOS predictions: (—) VLE; (- - -) LLE. 0.105; GC-EOS predictions: (—) VLE; (- - -) LLE.
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GC-EoS predictions.

As mentioned before, a three-phase liquid—liquid—
locus was experimentally deter-
mined in the binary systems GGr tricaproin and
CO;, + tricaprylin. Fig. 9 compares the experimental
I1l2g locus with predictions by the GC-Eo0S equa-

vapor

(1120)

both show type-IV fluid phase behavior in the clas-
sification of Van Konynenburg and Scott. The exper-
imental information of the system with tributyrin is
too limited to establish its type of fluid phase behav-
ior. However, type-IV for this system also seems to be
most likely. The GC-E0S group contribution equation
of state was applied to predict the fluid phase behavior
of these mixtures. Good predictions of vapor-liquid,
liquid—liquid and vapor—liquid—liquid equilibria were
achieved, using a single set of group interaction pa-
rameters.
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