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Phase Equilibrium of Hydrogen, Carbon Dioxide, Squalene, and Squalane’

Gerd Brunner,** Carla Saure,® and Dieter Buss'

Institute for Thermal and Separation Processes, Hamburg University of Technology, Eissendorfer Str. 38. D-21073 Hamburg,
Germany, Merck KgaA, Darmstadt, and EVONIK (Degussa-Hiils AG), Hanau

Squalene is applied in various fields of application. In contact with oxygen, it reacts to compounds with
undesirable properties. Therefore, squalene often is hydrogenated to squalane, which is stable. Hydrogenation
can advantageously be carried out with the additional application of supercritical carbon dioxide, which
serves as a promoter for transporting hydrogen into the liquid phase and enhances equilibrium concentrations
for squalane and squalene in the gaseous phase. In this paper, measurement and correlation of the relevant
phase equilibrium data of the quaternary system are reported for search of optimized reaction conditions. In
addition to literature data, VLE data are presented for the systems CO,—squalane, CO,—squalene,
H,—squalane, CO,—H,—squalene, and CO,—H,—squalene—squalane, in the temperature and pressure ranges
of (310 to 350) K and (150 to 350) bar. The quaternary system CO,—H,—squalene—squalane and all
subsystems can be correlated with cubic equations of state. For this work, the program package PE, available
from the Institute for Thermal and Separation Processes, Hamburg University of Technology, was used,
applying the Soave—Redlich—Kwong equation of state (SRK-EOS) with the Mathias—Klotz—Prausnitz
(MKP) mixing rule. On the basis of measurements and on literature data, it is possible to correlate the

experimental data and predict phase behavior in the process relevant ranges.

1. Introduction

Supercritical fluids have been investigated over the last 30
years extensively because their properties can be varied over a
wide range by changes in pressure and temperature. This led to
the development of new applications in separation processes
and in reaction technology. Supercritical fluids allow the
adjustment of selectivity in separation processes and the fine-
tuning of reaction conditions which enables process optimization
and intensification.' One of the chemical reactions which can
be positively influenced by supercritical fluids is hydrogenation,
in particular with the addition of supercritical carbon dioxide
which enhances hydrogen transport to the liquid phase and the
equilibrium concentrations of low volatile components in the
gaseous phase. This led to the development of new hydrogena-
tion processes for intermediates in the pharmaceutical industry.
In this paper, the hydrogenation of squalene to squalane is the
background for which reactions of the underlying phase
equilibria of hydrogen, carbon dioxide, squalene, and squalane
have been investigated and simulated.

Squalene is a ubiquitous substance in biochemistry. As
a source, the liver oils of sea fishes are used, mainly from some
shark species, the livers of which contain up to 80 % of
squalene. Squalene occurs, in much lower concentrations, in
olive oil, soya bean oil, wheat germ oil, palm oil, and many
other oils from plants.> Squalane is the fully hydrogenated
derivative of squalene. The structural formulas for both com-
ponents are shown in Figure 1.

Squalene is applied in cosmetics, as a pharmaceutical agent,
and as a neutraceutical.’ In contact with oxygen from air, it
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Figure 1. Structural formulas for squalene and squalane.

reacts to compounds with undesirable properties. Therefore,
squalene often is applied in the hydrogenated form as squalane,
which is stable and can thus be used as a main constituent of
cosmetic products.

A number of investigations have been carried out to enrich
squalene from various natural sources.”® They contain valuable
information on the phase equilibrium of multicomponent
systems but do not systematically investigate the phase behavior
of hydrogen, carbon dioxide, squalane, and squalene and
mixtures thereof.

Hydrogenation can advantageously be carried out with the
additional application of supercritical carbon dioxide, which
serves as a promoter for transporting hydrogen into the liquid
phase and enhances equilibrium concentrations of squalane and
squalene in the gaseous phase. It is the aim of this paper to
provide the relevant phase equilibria data of the quaternary
system and correlate them, to reduce the necessary experiments
for determining the equilibria and to make available methods
for careful extrapolations for the search of optimized reaction
conditions.
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Table 1. Data Sources in the Literature for Subsystems of
Hydrogen, Carbon Dioxide, Squalene, and Squalane

system data source T [K] P [MPa]

hydrogen—CO, Tsang et al., 1980"! 220 to 290 up to 172
Spano, J.O. et al., 1968%* 220 to 290 up to 20.3
Bezanehtak, J. et al.,>° 278 to 308 1.5 to 19.2
Brunner, 1978"3 327 to 423 30 to 87
Lohrl-Thiel, 19784

Kim et al.'? 295 0.7 to 1.4
hydrogen—CO,—squalane Brunner, 19783 343 to 423 30 to 68
CO,—squalene Saure, 1996'° 313 to 373 10 to 30
Catchpole et al., 1997'° 313 to 333 10 to 25
Catchpole et al., 1998'7 323 to 333 10 to 30
Liphard, Schneider, 1975'% 273 to 423 5 to 100
Brunner, 1978'3
Sovova et al., 1997'®

hydrogen—squalane

CO,—squalane
303 to 328 7.9 to 27.5

Table 2. Physical Properties of the Used Substances

molecular critical critical
. weight pressure Pc  temperature ¢

chemical

formula  [grmol™'] [MPa] K]
squalene C30Hso 410.70 1.11¢ 782.13¢
squalane C;0Hgn 422.83 1.13¢ 822.89¢
carbon dioxide CO, 44.1 7.38 304.15
hydrogen H, 2.0 1.29 33.0

“Values derived from fitting the Soave—Redlich—Kwong equation of
state to vapor pressure data. For squalene from refs 2 and 3. Experimental
values scatter; the value for the boiling temperature at ambient pressure was
omitted due to inconsistency with the other vapor pressure data. For
squalane, from refs 25 and 26.

2. Literature Data

The following survey has been accomplished with care.
Nevertheless, there may exist published data on the subsystems,
which have not been found. The data sources from the literature
are summarized in Table 1, as far as they contain subsystems
of the quaternary system of hydrogen, carbon dioxide, squalene,
and squalane. These data have been used for planning the
experimental investigation of the ternary and quaternary systems.

Earlier data'*'*® were determined for acquiring knowledge
on phase behavior and on experimental methods for determining
high-pressure phase equilibria, while later work concentrated
on the recovery of squalene or the purification of tocopherols
by removal of squalene, in particular the work by Catchpole
and co-workers,>'®!7 Ruivo et al.,” and Vazquez et al.® Sovova
et al.'® and Bezanehtak, J. et al.?° resumed thermodynamic
interest in experimental and theoretical treatment.

In this work, phase equilibrium data were first determined
as a basis for carrying out the hydrogenation of squalene to
squalane in an atmosphere of hydrogen and carbon dioxide.
Some experimental data were determined in this work for
comparison to literature data to confirm the experimental
procedure. In addition to the data measured specifically for the
hydrogenation project, not yet published data on subsystems
determined earlier in our laboratory were included. These
combined data are reported in the following tables.

3. Experimental Determination of Phase Equilibrium
for H,, CO,, Squalane, and Squalene

3.1. Materials. In Table 2 some properties of the substances
used are listed. All chemicals were obtained from commercial
sources, controlled by GC, and used in the delivered quality
and not further purified. Carbon dioxide with a purity of better
than 99.99 % was obtained from KWD, Bad Honningen,
Germany. Hydrogen was obtained from Air Products GmbH,
Liineburg, Germany, with a purity of 99.993 %. Squalene and
squalane were obtained via a retailer from Merck AG, Darm-
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stadt, Germany, or from Riedel-de Haén, Hannover, Germany,
in p.a.-grade with purities > 99 %.

3.2. Experimental Method and Setup..’ For measuring phase
equilibria, for this work an apparatus previously used by Stoldt
and Brunner'® and modified by Pfohl*® was applied, which used
the static-analytical method. It was modified with additional
autoclaves in contact with the main equilibrium autoclave to
avoid pressure drop during sampling. The phase equilibrium
apparatus used for most of the experiments is shown in Figure
2 and Figure 3. Some of the earlier experiments have been
carried out in a very similar apparatus, missing only the buffer
autoclaves.

The apparatus consists essentially of two autoclaves, which
are immersed in a 100 dm® liquid bath (heating liquid: Tellus
C10, flash point 423 K, Shell, Hamburg, Germany) which is
kept at constant temperature by a laboratory circulation ther-
mostat (USG/R400, 3 kW, temperature deviation: 0.01 K, Lauda,
Dr. R. Wobser, Lauda-K&nigshofen, Germany). The circulating
liquid is evenly distributed in the liquid bath. The temperature
in the bath was determined to vary less than + 0.1 K. The main
autoclave, shown schematically on the right-hand side in Figure
2, is the equilibrium cell from which the samples are taken. It
has a volume of 1.2 dm® (Haage, Miilheim, Germany; inner
diameter 80 mm, steel No. 1.4571, metallic cone sealing). The
equilibrium cell is equipped with a magnetically coupled stirrer
(BRI, No. 6.138.187, Buddeberg, Mannheim, Germany, three
blades) to enhance the approach of equilibrium. The smaller
autoclave, to the left in Figure 2, has a volume of 0.3 dm? and
serves as a buffer autoclave. The third autoclave is placed
outside the liquid bath and prevents liquid from flowing into
the syringe-type pump. This pump (ISCO Division, Lincoln,
NE, 260D, connected to a precision pressure transformer, No.,
891.26.500, WIKA, Klingenberg/Main, Germany) keeps the
pressure in the equilibrium cell and the buffer autoclave constant
during sampling by introducing a gaseous mixture, correspond-
ing to the one contained in the buffer autoclave. This causes
some of the liquid phase of the buffer autoclave to flow (via
valves V17 and V17’) into the equilibrium cell. Since the liquid
phases in both autoclaves are not different in composition within
the limits of measurement, phase equilibrium in the equilibrium
cell will not be disturbed, again within the limits of measurement.

After equilibrium was established and the phases were
internally separated by gravity, samples were taken from the
autoclave via capillaries of small diameter. Samples are taken
from the equilibrium cell through three capillaries, diameter 0.25
mm, ending at 3 mm, 120 mm, and 225 mm below the lower
side of the upper flange which is 238 mm above the bottom of
the autoclave. The capillaries are heated outside the autoclave
and insulated. Their temperature can be manually controlled.
Samples are taken through the capillaries with valve nos. V8,
V9, and V10. The sample valves (1/8”, 10V208-TG, Autoclave
Engineers, Erie, PA, USA) can be opened and closed slowly,
enabling a careful sampling. The valves are also heated. At the
outlet of the valves, capillaries of 100 mm length are attached
which lead to the sampling vials (Figure 3 at the right-hand
side).

The sampling apparatus is shown in Figure 3. In the sampling
apparatus, the samples are separated into the condensable part
and into a gaseous part. Samples were expanded via two glass
tubes in sequence which were kept at 273 K with water and ice
and about 200 K with an acetone—solid carbon dioxide
heterogeneous mixture. Squalene and squalane were separated
from the gases and liquefied in these sample tubes.
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Figure 3. Schematic drawing of the sampling device.

The gaseous part is transferred with a vacuum pump
(E2MS8HS, Edwards, Sussex, England) into the gas burettes,
filled with gas-saturated water. In the case of large amounts of
gas, a glass bottle can be used as buffer by opening valve V2
(Figure 3). The amount and composition of the condensable
part and the gaseous part are determined, and the composition
of the sample is calculated. The procedure is explained in more
detail in ref 9.

The samples were analyzed to determine the equilibrium
composition of the phases. Sampling of the liquid phase was
carried out before sampling of the gaseous phase. The mass
was determined by weighing the samples. CO, and H, passed
the sample tubes and were quantitatively determined in the
calibrated glass burettes. In the case of mixtures in the liquid
and gaseous sample fraction, the composition was determined
by gas chromatography (see below).

Accuracy of Measurement. The reliability of the experimental
setup used and the experimental procedure applied was verified
by comparison to literature data and previously determined
equilibrium data, partially using different methods. No system-
atical errors could be detected within the experimental accuracy,
meaning that the deviations were within the errors which occur
due to carrying out the measuring procedure. A very detailed
discussion of the experimental errors which occur and may be

A |

experienced was carried out by Pfohl.>° Summarizing this
discussion, temperatures could be determined to £ 0.1 K for
the equilibrium apparatus and + 0.2 K for the analytical
equipment. Pressure was determined with a calibrated bourdon
pressure gauge of class 0.6 and a guaranteed accuracy of =+
0.01 MPa. Calibration was regularly repeated with a mechanical
pressure balance to an accuracy of + 10 kPa.

For determination of the composition of the samples, mass
could be determined to £ 0.5 mg, gas volume in the burettes
to &= 1 %, pressure of the environment to 4+ < 2 hPa, and
concentration by gas chromatography to (1 to 3) %, depending
on the type of GC used.

Experimental uncertainties were related to uncertainties in
concentration. Concentrations reported are uncertain to (1 to 2)
%, which means that for four digits in mole fractions three are
quite certain.

3.3. Analysis of the Samples. Further analysis, after separat-
ing condensable components from noncondensable ones and
determining the sample mass by weighing or by calculating from
the gas volume in the burettes, was carried out with gas
chromatographic analysis, in the case that more than one
compound was present in the samples. From the gaseous and
liquid samples of the phase equilibrium measurements, two



Table 3. Phase Equilibrium Data for Squalane—Carbon Dioxide
(Mole Fractions)

liquid phase gaseous phase

[mol-mol™"] [mol*mol™"]

T [K] P [MPa] Xsqualane [—] Xco, [—] YSqualane [—] Yco, [—] ref
313.15

313.15 15.00 0.828 0.172 0.9985 0.0015 9
313.15  20.00 0.831 0.169 0.9955 0.0045 9
313.15 25.00 0.843 0.157 0.9959 0.0041 9
313.15  30.00 0.846 0.154 0.9976 0.0024 9
313.15 35.00 0.846 0.154 0.9972 0.0028 9
343.15 15.00 0.797 0.203 0.9995 0.0005 9
343.15 20.00 0.838 0.162 0.9974 0.0026 9
343.15  25.00 0.869 0.131 0.9938 0.0062 9
343.15 30.00 0.878 0.122 0.9925 0.0075 9
343.15  35.00 0.871 0.129 0.9919 0.0081 9
343.15 3.50 0.651 0.349 0.0001 0.9999 13
343.15 5.65 0.495 0.505 0.0001 0.9999 13
343.15 7.20 0.418 0.582 0.0001 0.9999 13
343.15 9.30 0.342 0.658 0.0001 0.9999 13
343.15 10.90 0.295 0.705 0.0001 0.9999 13
343.15 13.10 0.245 0.746 0.0003 0.9997 13
343.15 15.00 - - 0.0014 0.9986 13
343.15 16.75 0.203 0.707 0.0008 0.9992 13
343.15 19.50 0.206 0.794 0.0023 0.9977 13
343.15  23.60 0.153 0.847 0.0036 0.9964 13
343.15 24.80 0.169 0.831 0.0045 0.9955 13
343.15  28.40 0.124 0.876 0.0066 0.9934 13
343.15 30.10 0.130 0.870 0.0068 0.9932 13
373.7 10.10 0.386 0.614 0.0000 1.0000 13
373.1 13.90 0.306 0.694 0.0001 0.9999 13
373.7 19.60 0.215 0.785 0.0006 0.9994 13
373.7 30.40 0.116 0.884 0.0071 0.9929 13
373.8 30.05 0.120 0.880 - - 13
423.1 7.90 0.564 0.436 0.0002 0.9998 13
426.0 10.75 0.447 0.523 0.0002 0.9998 13
423.1 14.10 0.377 0.623 0.0003 0.9997 13
422.9 18.00 0.315 0.685 - - 13
426.0 19.35 0.270 0.730 0.0007 0.9993 13
426.0 30.30 0.144 0.856 0.0050 0.9950 13

Table 4. Phase Equilibrium Data for Squalene—Carbon Dioxide

T P Xsq Xco2 Ysq Yco2

[K] [MPa] [mol*mol™!] [mol*mol~'] [mol*mol~'] [mol*mol™!] ref

313.15 10.00 0.247 0.753 0.0007 0.9993 10
313.15 15.00 0.236 0.764 0.0019 0.9981 10
313.15 20.00 0.225 0.775 0.0030 0.9970 10
333.15 12.00 0.239 0.761 0.0002 0.9998 10
333.15 16.00 0.207 0.793 0.0015 0.9985 10
333.15 20.00 0.186 0.814 0.0029 0.9971 10
333.15 25.00 0.177 0.823 0.0045 0.9955 10
343.15 16.00 0.208 0.792 0.0009 0.9991 10
343.15 20.00 0.190 0.810 0.0021 0.9979 10
343.15 25.00 0.163 0.837 0.0035 0.9965 10
353.15 20.00 0.192 0.808 0.0014 0.9986 10
353.15 23.00 0.174 0.826 0.0026 0.9974 10
353.15 26.00 0.163 0.837 0.0039 0.9961 10
363.15 23.00 0.175 0.825 0.0022 0.9978 10
363.15 26.00 0.165 0.835 0.0035 0.9965 10
363.15 29.50 0.146 0.854 0.0051 0.9949 10
373.15 26.00 0.163 0.837 0.0027 0.9973 10
373.15 29.50 0.147 0.853 0.0042 0.9958 10
333.15 10.00 0.292 0.708 0.0001 0.9999 9
333.15 15.00 0.242 0.758 0.0011 0.9989 9
333.15 20.00 0.200 0.800 0.0014 0.9986 9
333.15 25.00 0.163 0.837 0.0026 0.9974 9
333.15 30.00 0.119 0. 881 0.0081 0.9929 9
333.15 35.00 0.103 0.897 0.0104 0.9896 9
363.15 10.00 0.362 0.638 0.0001 0.9999 9
363.15 15.00 0.313 0.687 0.0006 0.9994 9
363.15 20.00 0.229 0.771 0.0013 0.9987 9
363.15 25.00 0.193 0.807 0.0019 0.9981 9
363.15 30.00 0.150 0.850 0.0051 0.9949 9
363.15 35.00 0.083 0.917 0.0134 0.9866 9

samples for analysis were prepared, and each of them was
analyzed 2-fold.
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The conditions of the gas chromatographic analysis are listed
below.

GC-type: HP 5890 A with FID and Autosampler
7673 A, Hewlett-Packard.

Detector: FID, Txp = 633 K.

Injection: “Split/Splitless” capillary-injection sys-
tem, T, = 553 K; equilibration time
between injections: 120 s.

Column: DB-5, length, 30 m; inner diameter, 250

um;J+W Scientific, Cologne, Germany.
Temperature program: 403 K, 120 s to 473 K, 10 K/60 s. 473
K, 540 s to 563 K, 5 K/60 s. 563 K,
900 s.
Nitrogen.
HP 3396-11, Hewlett-Packard, calculat-
ing peak area only.

For the analysis of the components squalene and squalane,
no internal standard was necessary since only the ratio of the
both components had to be determined, which was assumed to
be independent of injected quantity.

For the analysis of the gas mixtures of CO, and H, retrieved
from the samples of the phase equilibrium measurements, a gas
chromatograph with a packed column was applied. The type
and the conditions are listed below.

Mobile phase:
Integrator:

GC-type: GC-8APT, Shimadzu.

Detector: TCD, I = 60 mA.

Injection: Manually.

Column: 1/8 in.; length, 2 m; inner diameter, 2 mm;

prepared in our laboratory using porapak Q
(polydivinyl benzene).

Temperature: 303 K.

Mobile phase: Helium.

Integrator: ~ Chromatopac C-R2AX, Shimadzu, calculating
peak area only.

This method is only able to detect CO, with sufficient
accuracy since the thermal conductivity of hydrogen and helium
are very similar. The gas mixture was injected manually into a
sample loop of constant volume. The loop is flushed with the
mobile phase which transports the sample onto the column. To
avoid deviations, before and after each analysis pure carbon
dioxide was injected as a reference for the CO, peak area.

3.4. Experimental Results. Phase equilibrium data obtained
in our group are listed below for the various systems of the
mixture squalane, squalene, hydrogen, and carbon dioxide.

3.4.1. CO,—Squalane. Experimental values for the system
CO,—squalane, determined for this investigation in our
laboratory,”!? are listed in Table 3.

3.4.2. CO,—Squalene. Our own measurements”'® have been
carried out to extend data from the literature and help to verify
the method of measurement. These data are listed in Table 4.

Mutual solubility data for the binary system squalene—carbon
dioxide are shown in Figure 4 for temperatures of (333 to 373)
K of and pressures of (12 to 30) MPa. In the gaseous phase,
the concentration of squalene raises with pressure at constant
temperature. The concentration of squalene in the gaseous phase
decreases with increasing temperature at constant pressure since
decreasing density induces a reduced solvent power for carbon
dioxide which is overriding the increase in volatility with
temperature. At conditions equivalent to processing conditions,
i.e., 23 MPa and 353 K or 26 MPa and 363 K, the concentration
of squalene in the gaseous phase is (2.4 and 3.2) wt %,
respectively. In the liquid phase concentration of carbon dioxide
also increases with pressure. Temperature is of minor influence.
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Figure 4. Phase equilibrium for squalene—CO,.

Table 5. Equilibrium Solubility of Hydrogen in Squalane

T P )qu XH2

[K] [MPa] [mol *mol™'] [mol*mol™'] ref
327.35 87.20 0.4925 0.5075 13
327.35 30.80 0.6985 0.3015 13
344.15 62.30 0.5320 0.4680 13
344.15 50.20 0.5855 0.4145 13
344.15 30.50 0.6865 0.3145 13
375.05 24.50 0.7080 0.2920 13
375.05 50.80 0.5465 0.4535 13
423.65 81.20 0.3795 0.6205 13
423.65 51.00 0.4880 0.5120 13
423.65 30.40 0.6115 0.3885 13

Table 6. Phase Equilibrium Data for the System
CO,—H,—Squalene (Mole Fractions)

-xsquu]ene -XCOZ ng ysqua]ene ,Vcoz yHg

T[K] P[MPa] [-] [=] [=1 [=1 [ [7]

310.15 15.00  0.6175 0.2764 0.1061 0.0000 0.2651 0.7349
310.15  25.00  0.3768 0.5133 0.1099 0.0000 0.4529 0.5471
310.15  35.00  0.2758 0.6065 0.1177 0.0000 0.5870 0.4130
310.15 15.00  0.2898 0.6806 0.0296 0.0000 0.7722 0.2278
310.15  25.00  0.2389 0.7138 0.0473 0.0009 0.8901 0.1090
310.15  35.00  0.1994 0.7455 0.0551 0.0023 0.8947 0.1030
330.15  15.00  0.3890 0.5433 0.0677 0.0000 0.5040 0.4960
330.15  20.00  0.3708 0.5462 0.0830 0.0000 0.5040 0.4960
330.15  25.00 0.3462 0.5674 0.0864 0.0000 0.5250 0.4750
330.15  30.00  0.3223 0.5702 0.1075 0.0000 0.5383 0.4617
330.15  35.00 0.3058 0.5653 0.1289 0.0000 0.5340 0.4660
330.15  15.00  0.2930 0.6737 0.0333 0.0001 0.7608 0.2391
330.15  20.00  0.2735 0.6845 0.0420 0.0000 0.8156 0.1844
330.15  25.00 0.2374 0.7112 0.0514 0.0002 0.8387 0.1611
330.15  30.00 0.2163 0.7248 0.0589 0.0006 0.8569 0.1425
330.15  35.00  0.2021 0.7292 0.0687 0.0010 0.8425 0.1565
330.15  15.00  0.6155 0.2760 0.1085 0.0000 0.2541 0.7459
330.15  20.00 0.5116 0.3758 0.1126 0.0000 0.3004 0.6996
330.15  25.00  0.4870 0.3953 0.1177 0.0000 0.3348 0.6652
330.15  30.00  0.4871 0.3595 0.1534 0.0000 0.3001 0.6999
330.15  35.00 0.4970 0.3064 0.1966 0.0000 0.2617 0.7383
350.15 15.00  0.2662 0.7134 0.0204 0.0000 0.9252 0.0748
350.15  25.00  0.2315 0.7175 0.0510 0.0019 0.8876 0.1119
350.15  35.00  0.1898 0.7467 0.0635 0.0017 0.8862 0.1121
350.15 15.00  0.5984 0.2729 0.1287 0.0000 0.2575 0.7425
350.15  25.00  0.4562 0.4116 0.1322 0.0000 0.3522 0.6478
350.15  35.00  0.3596 0.4897 0.1507 0.0000 0.4261 0.5739
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The two-phase area of the binary system extends beyond the
30 MPa to which measurements were limited.

3.4.3. Squalane—Hydrogen. For squalane—hydrogen, only
the solubility of hydrogen in the liquid phase was determined
(Table 5)'? since at the time of the measurement of the data
there was interest only in the composition of the liquid phase.
Equilibrium solubility data were used in connection with
measuring diffusion coefficients for which the equilibrium value
provides the driving potential.

3.4.4. CO,—H,—Squalene and CO,—H,—Squalane. Phase
equilibrium data for the ternary system CO,—H,—squalene as

Squalene CO,

Mole fraction [-]

Figure 5. Phase equilibrium data for CO,—H,—squalene at 310 K (full
symbols) and 350 K (open symbols). ¥/v, 15 MPa; @/O, 20 MPa; A/A,
25 MPa.

Table 7. Phase Equilibrium Data for the System
CO,—H,—Squalane (Mole Fractions)

xsqlmlcnc ’xC02 ng ysqlmlcnc yC03 sz

T[K] P[MPa] [-] [-] [=] [] (-] [-]  ref
343.15 31.80  0.447 0.327 0.226 0.0000 0.2010 0.7990 13
343.15 5740 0397 0.229 0.374 0.0000 0.1470 0.8530 13
343.15 5530 0.382 0.286 0.332 0.0000 0.1250 0.8750 13
343.15 3040 0.286 0.538 0.176 0.0002 0.5569 0.4429 13
343.15 6520 0.261 0.472 0.267 0.0000 0.4160 0.5840 13
343.15 65.10  0.150 0.539 0.311 0.0024 0.3432 0.6544 13
373.15  67.90 0.263 0.371 0.366 0.0000 0.3120 0.6880 13
423.15 4950 0329 0.356 0.315 0.0001 0.3109 0.6890 13
423.15 66.50  0.293 0.322 0.385 0.0001 0.2280 0.7719 13

determined in our laboratory® are listed in Table 6 for temper-
atures of (310, 330, and 350) K. At (310 and 350) K two
different concentration ranges were determined at pressures of
(15, 25, and 35) MPa. Data are shown in Figure 5. Phase
equilibrium data for the ternary system CO,—H,—squalane as
determined in our laboratory'® are listed in Table 7 for
temperatures of (343, 373, and 423) K.

The distance between the individual experimental points is
relatively great. To be able to interpolate, at 330 K, three
different concentration ranges at pressures of (15, 20, 25, 30,
and 35) MPa were investigated. Interpolation is to be carried
out by modeling the equilibrium data with equations of state.
In this work, the Soave—Redlich—Kwong equation of state was
chosen, as will be discussed in more detail below. Missing
intermediate values can be created by this method with good
accuracy. For the data at 330 K, the modeling procedure will
be demonstrated below.

3.4.5. Squalene—Squalane—CO,—H,. The quaternary sys-
tem squalene—squalane—CO,—H, was investigated in our
laboratory® at the same temperatures as the ternary system
squalene—CO,—H,, i.e., (310, 330, and 350) K. Results are
listed in Table 8. If the very similar compounds squalene and
squalane are lumped into one pseudocomponent, the phase
behavior of the quasi-ternary system is very similar to the ternary
system shown in Figure 6. Therefore, the quaternary system
was not investigated in detail. Measurements were only carried
out at pressures of (15, 25, and 35) MPa and for two
concentration ranges.
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Table 8. Phase Equilibrium Data for the Quaternary System CO,—H,—Squalane—Squalene (Mole Fractions)

T [K] P [MPa] Xco, [_] XH, [_] Xsqualene [_] Xsqualane [_] Yco, [_] YH, [_] YSqualene [_] Ysqualane [_] ref
310.15 15.00 0.3484 0.0489 0.3155 0.2872 0.3616 0.6384 0.0000 0.0000 9
310.15 25.00 0.5895 0.1005 0.1624 0.1476 0.4520 0.5480 0.0000 0.0000 9
310.15 35.00 0.5869 0.1350 0.1460 0.1321 0.4892 0.5108 0.0000 0.0000 9
310.15 15.00 0.7193 0.0307 0.1316 0.1184 0.8631 0.1369 0.0000 0.0000 9
310.15 25.00 0.7361 0.0651 0.1048 0.0940 0.8787 0.1193 0.0010 0.0010 9
310.15 35.00 0.7345 0.0762 0.0999 0.0894 0.8790 0.1181 0.0015 0.0014 9
330.15 15.00 0.5198 0.0659 0.2188 0.1955 0.8920 0.1080 0.0000 0.0000 9
330.15 25.00 0.5498 0.1236 0.1729 0.1537 0.9178 0.0791 0.0015 0.0016 9
330.15 35.00 0.8196 0.0451 0.0718 0.0635 0.9170 0.0754 0.0038 0.0038 9
330.15 15.00 0.5596 0.0481 0.2084 0.1839 0.5241 0.4759 0.0000 0.0000 9
330.15 25.00 0.5856 0.0828 0.1762 0.1554 0.4581 0.5419 0.0000 0.0000 9
330.15 35.00 0.6176 0.1218 0.1386 0.1220 0.4640 0.5360 0.0000 0.0000 9
350.15 15.00 0.6987 0.0198 0.1499 0.1316 0.9126 0.0874 0.0000 0.0000 9
350.15 25.00 0.7629 0.0352 0.1075 0.0944 0.9128 0.0861 0.0005 0.0006 9
350.15 35.00 0.7884 0.0554 0.0832 0.0730 0.9188 0.0781 0.0015 0.0016 9
350.15 15.00 0.4378 0.0739 0.2600 0.2283 0.4640 0.5360 0.0000 0.0000 9
350.15 25.00 0.6156 0.0694 0.1679 0.1471 0.5919 0.4081 0.0000 0.0000 9
350.15 35.00 0.7060 0.0796 0.1144 0.1000 0.5916 0.4080 0.0002 0.0002 9

4. Calculation of the System
Squalene—Squalane—CQO,—H, and the Underlying
Binary and Ternary Systems

4.1. Method: Calculation Program PE.>' For modeling of
phase equilibria, different methods, based on the fundamental
equations for equilibrium, have been developed and can be used.
The type of model and the specific equations depend on the
compounds of the system, in particular, their individual proper-
ties and the interactions between alike and different molecules.
Also important is the goal to be achieved with the modeling.
Screening calculations require less accurate and sophisticated
models than design calculations. In consequence, there is no
universal model or method available for simulating phase
equilibria. The result of the calculations strongly depends on
the type selected and on the knowledge and dedication of the
user.

Modeling of phase equilibria at higher pressures and in
systems containing not too many compounds is mostly achieved
with equations of state (EOS) and mixing rules. The bases are
binary systems, which are combined to multicomponent systems.
In this work, components in the supercritical state, H, and CO,,
together with hydrocarbon chain molecules, squalane, and
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Figure 6. P,x diagram of the binary system CO,—H,. Experimental data:
Tsang and Streett.!' @, 225 K; M, 290 K; — correlation with SRK-EOS,
MKP mixing rule. Parameter (component 1: CO,): k; = 0.0989; [, = 0; 41>
= —0.2499.

squalene have to be modeled. All compounds are nonpolar or
at highest slightly polar. Modeling of phase equilibrium of these
compounds can be anticipated to be successfully possible with
cubic equations of state. From these, the Soave—Redlich—Kwong
(SRK) modification of the van der Waals EOS was selected
after the first sample calculations. The Peng—Robinson modi-
fication often is preferred,zo but it proved in our case less
accurate for the prediction of equilibrium data than the SRK-
EOS. As a mixing rule, the one published by Mathias et al.*
was used, thus avoiding the Michelsen—Kistenmacher effect.

One of the prerequisites for phase equilibrium calculations
are accurate pure component parameters. While they are well-
known for low molecular weight compounds, for the compounds
squalane and in particular squalene, this is not the case.
Therefore, the first task comprised the determination of pure
component parameters for the EOS.

4.2. Determination of Pure Component Parameters for
the SRK-EOS. Basically, pure component parameters are given
by the values for the critical constants, 7¢, Pc, and the acentric
factor w. These values are not available for squalene and
squalane. For such compounds, it is advisable not to use
predictive methods for the critical values but to consider the
parameter of the EOS as adjustable parameters and fit them to
experimental data. These can be chosen in a region of temper-
ature and pressure, if possible, similar to that region of P and
T for which the equilibrium calculations will be carried out.
Although this procedure may be considered theoretically not
attractive, in practice it is very effective. Other methods may
lead to unacceptable values for the fitted parameter, e.g., for
interaction coefficients.

For carbon dioxide and hydrogen, the parameters for the SRK-
EOS are published in the literature, e.g., refs 23 and 24. To be
consistent in our calculation scheme, these parameters were also
derived from fitting data to the SRK-EOS. The procedure is
explained in the following. Data for T¢, Pc, and @ are compiled
in Table 2.

For squalane, vapor pressure data have been measured and
published by Mokbel et al.”® and were used for calculating the
pure component parameter. In addition, vapor pressures for
squalane had been determined by molecular simulation by
Neubauer et al.,%® which enabled a comparison of the results of
our correlation at higher temperatures also. This correlation was
carried out with our program system PE.*'

Parameters of the EOS can be chosen such that correlated
data represent the experimental data with highest accuracy. Data
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Table 9. Pure Component Parameters As Calculated with the
SRK-EOS

component Tc [K] Pc [MPa] o [—]
hydrogen 33.67 1.27 —0.2738
carbon dioxide 310.11 8.28 0.1940
squalane 822.89 1.13 1.1515
squalene 782.13 1.11 1.9083

for correlating the pure component parameters were liquid
densities at saturation conditions and vapor pressures.?’?’

Table 9 lists the pure component parameters as calculated
with the SRK-EOS using the above-described methods. These
parameters were applied for calculation of the phase equilibria
of this work.

It is obvious that the calculated values for the critical point
of carbon dioxide are higher than the real ones. Calculations in
the near critical region of CO, may thus lead to errors. The
range of conditions of interest for hydrogenation—which is the
background for the phase equilibrium calculations—(P > 10
MPa, T > 313.15 K) is far from that critical point. Therefore,
the deviations will not be of influence.

Furthermore, high values of the acentric factor w for squalane
and squalene are correlated. In such cases, cubic EOS are usually
not applied for modeling the properties of pure components. It
is assumed that eicosane (C,oHy4y), molecular weight of 282.6
g+mol~! with an acentric factor of 0.91, represents the limit for
correlations with cubic EOS. Because of the calculated high
critical temperatures for squalene and squalane, the phase
equilibrium calculations are carried out at low reduced temper-
atures (7} < 0.5). Since most thermodynamic information which
has been used for developing cubic EOS is in the range of 7, >
0.5, it is assumed that the correlation should not be sufficiently
accurate in this region. The successful correlations of this work
prove on the other hand that this conclusion cannot be
generalized, in particular, not for systems with small molecular
interaction forces.

4.3. System CO,—H,. Phase equilibria of the system CO,—H,
have been determined experimentally by Tsang and Streett''
for temperatures of (220 to 290) K and for pressures up to 172
MPa. In Figure 6 the correlation results for two temperatures,
(225 and 290) K, are shown for that system, using the
Soave—Redlich—Kwong equation of state (SRK-EOS) and the
Mathias—Klotz—Prausnitz (MKP) mixing rule.

One set of interaction parameters k;, and Ay, is sufficient to
correlate the equilibrium data for that temperature range with
sufficient accuracy. The interaction parameter /;, can be set to
zero. At temperatures higher than about 295 K, the system is
totally miscible and consists of one phase. Since this temperature
is far below the temperature range for hydrogenation, (310 to
330) K, total miscibility can be assumed for hydrogen and
carbon dioxide throughout the hydrogenation.

4.4. Binary Systems H,—Squalane and H,—Squalene. Phase
equilibrium data for the system H,—squalane had been deter-
mined by Brunner'? and Lohrl-Thiel in connection with the
measurement of diffusion coefficients. Figure 7 presents the
phase equilibrium for temperatures of (327.15 and 344.15) K
and the correlated data.

The two-phase area in this system extends to very high
pressures. Solubility of squalane in hydrogen is very low, even
at high pressures up to about 90 MPa. The low mutual solubility
of the components is due to the low interaction forces between
molecules, which results in low interaction coefficients k;, and
A1, for the MKP mixing rule.

For the system H,—squalene, no phase equilibrium data had
been found in the literature. Since squalene and squalane only
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Figure 7. P,x diagram for the binary system H,—squalane. @, 327.15 K;
W, 344.15 K;'*'* —, correlation with SRK-EOS, MKP mixing rule.
Parameter (component 1: Hy): kj; = —0.0486; 11, = 0; 11, = 0.0794.
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Figure 8. P,x diagram for the binary system H,—squalene. @, 327.15 K;
M, 344.15 K; —, correlation with SRK-EOS, MKP mixing rule. Parameter
(component 1: Hy): kj, = —0.0486; 1;, = 0; 11, = 0.0794.

differ by the double bonds of squalene, a very similar phase
behavior in connection with hydrogen is assumed. The interac-
tion parameter derived from the system H,—squalane was also
used for H,—squalene. Deviations in the calculated phase
behavior are therefore related to the different values for T¢, Pc,
and w. The calculated phase equilibrium data for H,—squalene
are very similar to that of Hy—squalane (Figure 8). The mutual
solubility is even lower, due to the higher acentric factor for
squalene. Solubility of squalene in hydrogen is very low.

4.5. Binary Systems CO,—Squalane and CO,—Squalene.
Phase equilibrium data for the system CO,—squalane were
measured by Liphard and Schneider'? and later by Brunner'?
and Lohrl-Thiel.'* Data determined for this work are in good
coincidence with the literature data. Therefore, data were only
measured for the lower temperature of 313.15 K. In Figure 9,
data and correlations are shown for (313.15, 343.15, and 373.15)
K and for pressures up to 35 MPa. The two-phase region extends
to high pressures. The correlation with the SRK-EOS and the
MKP mixing rule confirms this and even predicts for the lower
temperatures an open-phase diagram, corresponding to a type
IIT phase behavior. At the higher temperature, the two-phase
area closes in the region of about 70 MPa as experimental data
from Liphard and Schneider show. According to their data, the
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Figure 9. P x diagram for the binary system CO,—squalane. @, 343.15 K;
W, 373.15 K.'>!3 Own measurements: O, 313.15 K; O, 343.15 K; —,
correlation with SRK-EOS, MKP mixing rule. Parameter (component 1:
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Figure 10. P,x diagram of the binary system CO,—squalene. @, 313.15 K;
W, 333.15K; A, 343.15K; v, 353.15 K; [0, 363.15 K; O, 373.15 K.° Own
measurements: +, 333.15 K; x, 363.15 K; —, correlations with SRK-EOS
and MKP mixing rule. Parameters: see Table 10.

Table 10. Parameter for the MKP Mixing Rule for Modeling the
System CO,—Squalene with the SRK-EOS (Component 1: CO,)

T [K] kiz [—] A [ i [—]

313 0.1071 0.0748 0
333 0.1035 0.0864 0
343 0.0986 0.0792 0
353 0.1398 0.1592 0
363 0.1346 0.1485 0
373 0.1181 0.1220 0

two-phase area closes at 328.15 K and 70.5 MPa with decreasing
tendency for the maximum pressure with increasing temperature
leading to a full miscibility at 373.15 K and 36.3 MPa. Up to
pressures of about 35 MPa in a temperature range of (313.15
to 373.15) K, correlation of the experimental data is in good
coincidence with experimental values, using only one data set
of parameter kj, and A,; [;, can be set to zero.

Phase equilibrium data for the system CO,—squalene had
been determined by Saure.'® Figure 10 shows the P,x diagram
for temperatures of (313.15 to 373.15) K at pressures up to 35
MPa. Our own measurements are in good coincidence with these
data. Therefore, no additional data were determined.
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Figure 11. Schematic representation of the phase behavior of the binary
systems CO,—squalane and CO,—squalene (type III).

Table 11. Minimum Values for the Critical Curves for the Binary
Systems CO,—Squalane and CO,—Squalene

system temperature minimum pressure minimum
CO,—squalane 328 K; 70.5 MPa 373 K; 36.3 MPa
CO,—squalene 340 K; 55 MPa 370 K; 38 MPa

According to our calculations, the two-phase area closes for
this system also only at temperatures above about 340 K in a
pressure range of (38 to 55) MPa. The maximum pressure for
two phases (the critical pressure for the binary system) is
decreasing to 38 MPa with increasing temperature and then
again increasing. The schematic phase behavior is shown in
Figure 11, corresponding to a type III behavior. Correlation of
phase equilibrium data is good for the temperature range from
(313.15 to 373.15) K up to pressures of 35 MPa. The interaction
parameter for this system proved to be temperature dependent.
For each correlation temperature, a separate set of parameters
for ki» and A, of the MKP mixing rule had to be applied, as
shown in Table 10.

For the understanding of the phase behaviors of the systems
CO,—squalane and CO,—squalene, a generalized diagram is
shown in Figure 11, representing the type III phase behavior,
which can be assumed for that type of system. The critical curve
is divided into two legs. One leg begins at the critical point of
the component of lower volatility (squalene, squalane). With
decreasing temperature, the critical pressures increase up to a
maximum value, decrease to a minimum with further decreasing
temperature, and then rapidly increase to very high pressures
without coming back into the critical region of the component
of higher volatility (CO,), running through a temperature
minimum for the one-phase area.

The minimum values and the corresponding pressures are
listed in Table 11 for both systems. Values for CO,—squalane
are based on data of Liphard and Schneider,'? and those for
CO,—squalene stem from the correlations with the SRK-EOS.
The second leg of the critical curve begins at the critical point
of the component of higher volatility (CO,) and ends in an
critical end-point of the three-phase line liquid—liquid—gas.

4.6. Ternary Systems CO,—H,—Squalane and CO,—H,—
Squalene. The correlation of the ternary systems is carried out
with the interaction parameter of the binary subsystems,
determined at the same temperature, without further fitting to
experimental data. In Figure 12, these correlations are shown
for the system CO,—H,—squalane at 7 = 343.15 K and P =
(31.8, 35, and 55.3) MPa and at 7 = 373.15 K and P = 67.9
MPa. Comparison of the correlated data to experimental values
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Figure 12. Phase equilibrium for the ternary system CO,—H,—squalane. 7
= 343.15 K: @, 31.8 MPa; W, 55.3 MPa. T = 373.15 K: A, 67.9 MPa;*°
—, correlation with the SRK-EOS and the MKP-mixing rule.
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Figure 13. Enlarged representation of the gaseous phase of the ternary
system CO,—H,—squalane at 343.15 K (@, 31.8 MPa; B, 55.3 MPa; and
373.15 K; A, 67.9 MPa).
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determined by Brunner'? revealed a good coincidence. Only at

373.15 K and 67.9 MPa deviations are somewhat higher. This
may be due to the fact that experiments with the ternary systems
were carried out at much higher pressures than the pressures at
which the interaction parameter for the binary system
CO,—squalane were determined. Therefore, deviations occur
at high pressures. Inclination of the connodes is correctly
represented in all cases.

Simulation of the phase equilibrium reveals that the two-phase
area is narrowing down with increasing pressure. In the
temperature range, where the subsystem CO,—squalane shows
an open two-phase area with respect to pressure, the two-phase
area in the ternary system is showing a pinch which results in
two separate two-phase areas with increasing pressure (see
Figure 12 near the upper triangle point representing CO,).

Experimental data and calculated connodes are not clearly
seen for the gaseous phase. Therefore, the gaseous phase is
enlarged in Figure 13. Now, the influence of the hydrogen
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Figure 14. Experimental and calculated phase equilibrium data for the
system CO,—H,—squalene at 7= 330 K. @, 15 MPa; l, 25 MPa; A, 35
MPa. Lines are calculated with the SRK-EOS using the MKP (Mathias—
Klotz—Prausnitz) mixing rule.
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Figure 15. Enlarged representation of the gaseous phase for the ternary
system CO,—H,—squalene at 330 K. @, 15 MPa; W, 25 MPa; A, 35 MPa.
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concentration on the solubility of squalane in the gaseous phase
and the connodes connecting the equilibrium phases are made
clear. Squalane is nearly nonsoluble in the gaseous phase at
high concentrations of hydrogen, as found also experimentally.
At hydrogen concentrations below 0.5 mol+mol ™!, solubility of
squalane in the gaseous phase increases rapidly. Phase boundary
lines show a maximum for concentrations of 0.6 to 0.9 of CO,
or full miscibility.

Correlation of the phase equilibrium for the system
CO,—H,—squalene at a temperature of 330 K and pressures of
(15, 25, and 35) MPa is shown in Figure 14. Correlation was
carried out using the SRK-EOS. Correlated data and experi-
mental data, as well as connodes, are in good coincidence. The
gaseous phase is shown enlarged in Figure 15.

The two-phase area shrinks with increasing pressure. Due to
lacking data, representation was limited to 35 MPa. The binary
subsystem CO,—squalene at temperatures below 343 K also has
a two-phase area which extends beyond that pressure. Therefore,
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Figure 16. Representation of the ternary systems CO,—H,—squalane and CO,—H,—squalene in dependence on temperature (left side) and on pressure (right

side).

also in the ternary system CO,—H,—squalene, a shrinking of
the two-phase area can be anticipated at higher pressures.
Calculated results for a temperature of 330 K predict a splitting
into separate areas of two-phase equilibrium at a pressure of
58.5 MPa.

An enlarged representation of the gaseous phase is necessary
also for this system to see the quality of the calculations with
respect to the equilibrium in the gaseous phase. Calculated
solubility for squalene in mixtures of hydrogen and carbon
dioxide is much smaller than the values determined experimen-
tally. Therefore, in Figure 15, a logarithmic scale was used.
The calculated binodal curves lie optically far off the experi-
mental data. The reason is high relative errors, which is plausible
due to the very small numbers in the order of 107>, resulting in
small absolute errors.

The solubility of squalene drops rapidly with increasing
concentration of hydrogen, as is the case for squalane. During
a hydrogenation reaction, a phase splitting may occur if
hydrogen is added to the mixture of carbon dioxide—squalene.
In any case, an enlarged two-phase area will be formed. In the
pressure range shown here, the phase boundary lines (binodal
curves) exhibit no maximum since the two-phase area is not
shrinking at that pressure level. Yet, the points of inclination
in the range of 0.8 indicate already that at higher pressures a
similar phase behavior will occur.

Temperature and pressure dependence of the ternary phase
equilibrium is illustrated in Figure 16.

4.7. Quaternary System CO,—H,—Squalane—Squalene. Rep-
resentation of quaternary systems in diagrams is difficult. Therefore,
the components squalane and squalene are lumped in a pseudocom-
ponent. All experimental data for the ternary systems showed that
the ratio of concentrations of squalene and squalane in the gaseous
and the liquid phases is very near to one and that the phase
equilibrium for the ternary systems is very similar. This makes it
possible to represent the quaternary system as a pseudoternary
system using Gibbs diagrams without losing much information.
All calculations have been carried out for the quaternary system
and are only graphically presented as pseudoternary data.

In Figure 17, the temperature and pressure dependence of
phase equilibria of the pseudoternary system is shown in separate
prisms for a pressure of 250 bar and temperatures of (310, 330,
and 350) K and at a temperature of 330 K and pressures of (15,
25, and 35) MPa. Experimental data are shown for the
quaternary system and the results obtained with the SRK-EOS
modeling for the subsystems. For better orientation in both
diagrams, correlated and experimental data for the ternary
systems are also included.

Experimental and correlated data are in good coincidence. In
particular, the inclination of the connodes is very well represented.
The connodes lie in between the binodal curves of the ternary
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Figure 17. Phase behavior of the quaternary system CO,—H,—squalane—squalene in a pseudoternary representation. Left hand side: temperature dependence.
Right-hand side: pressure dependence. @, experimental data points; O, calculated with SRK-EOS; O, experimental data points of the ternary systems
CO,—H,—squalene (for comparison). Inner two-phase area, ternary system CO,—H,—squalane (for comparison); outer two-phase area, ternary system

CO,—H,—squalene (for comparison).
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Figure 18. Enlarged representation of the gaseous phase of the quaternary
system CO,—H,—squalane—squalene at (310 and 330) K at 25 MPa.
Full lines, 310 K; broken lines, 330 K. @®/O, calculated/experimental
data for the pseudocomponent squalane + squalene at 313.15 K; A/A,
calculated/experimental data for the pseudocomponent squalane +
squalene at 373.15 K.
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subsystems. This confirms the assumption that the interaction of
the components squalane and squalene is relatively small and of
such a character that it does not influence the phase behavior. The
binary interaction coefficients are therefore set to zero in the MKP
mixing rule. Both components can be represented by a pseudocom-
ponent with a solubility in the mixture of carbon dioxide and
hydrogen between that of the two pure components. Inclination of
the connodes behaves similarly.

An interesting difference between the experimental results
and the calculated values is that the experimentally determined
solubility always is somewhat lower than the calculated solubil-
ity. On the contrary, the experimentally determined solubility
for the components squalane and squalene has been always
higher than the calculated ones. In Figure 18, experimental data
points for the liquid phase are shifted to the binodal curves of
the ternary subsystems CO,—H,—squalene or are lying on the
binodal curve. At T = 330 K and P = 35 MPa, this behavior
is especially pronounced. The calculation predicts at a concen-
tration of 80 % CO, complete miscibility of the ternary
subsystem CO,—H,—squalane, but experimental data do not
give any hint in this direction. Two phases are coexisting, and
the ratio of the concentrations of squalane and squalene is close
to one in both phases. This indicates that the two-phase area
exists also in the quaternary system as well as in the system
with squalane.

Representation of the gaseous phase has to be shown in a
separate diagram because of the different scale needed. In Figure
18, the gaseous phase of the quaternary system is shown for
temperatures of (310 and 330) K and a pressure of 25 MPa on
a pseudoternary basis. For comparison, the binodal curves of
the ternary subsystems CO,—H,—squalane and CO,—H,—
squalene are shown. Experimentally determined and calculated
solubility is in good coincidence. For mole fractions of 0.5 to
0.6 for CO,, both values are in between the binodal curves of
the ternary subsystems. At higher concentrations of CO,,
experimental and calculated results for the solubility are higher
than that for the ternary subsystems. It seems that for the
calculation of the ternary subsystems the solubility of the



components squalane and squalene is underestimated. However,
it is surprising how accurately the solubility for the quaternary
system can be calculated.

5. Conclusion

The results enable planning of a hydrogenation of squalene
to squalane using superciritical carbon dioxide as a modifier
for solubility in both phases. VLE data were determined for
the systems CO,—H,—squalene and CO,—H,—squalene—
squalane in the temperature and pressure ranges of (310 to 350)
K and (150 to 350) bar. The quaternary system CO,—H,—
squalene—squalane and all subsystems can be correlated with
cubic equations of state. The authors used the program package
PE, developed at the department for Thermal and Separation
Processes at the Hamburg University of Technology and
available on the Internet. On the basis of our own measurements
and on literature data, it was possible to correlate and predict
the phase behavior in the process relevant range. It is even
possible to extrapolate with sufficient accuracy to be able to
plan additional measurements, if this is found to be necessary.
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