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Abstract— Continuous thermodynamics is adopted in order to calculate the vapor-liquid equilibria of multi-
component mixtures and the results are analyzed by applying to n-alkanes, aromatic oils and lemon oil mixtures
extracted with supercritical carbon dioxide. In this work the mixtures are treated as semi-continuous whose
distribution variable for the continuous fraction is normal boiling temperature. The vapor-liquid equilibrium
calculations are performed using the Soave-Redlich-Kwong(SRK) and the Peng-Robinson(PR) equations of
states by defining one continuous fraction for n-alkanes and aromatic oils and two continuous fractions for

lemon oil mixtures.
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Table 1. Vapor-liquid equilibrium data for lemon 0il-CO; system**[19]

mol % CO, free basis

No. Component — B. P. (K) Remark
Vapor Liquid
1 a-Thujene 0.61 0.35 424.15 A
2 a-Pinene 2.80 1.68 429.35 Discrete
3 Comphene 0.09 0.06 435.15 B
4 B-Pinene 17.27 13.06 437.15 Discrete
5 Myrcene 1.87 1.59 440.15 A
6 Phellandrene 0.09 0.07 448.65 B
7 a-Terpinene 7.59 845 456.15 A
8 Limonene 67.14 68.22 451.15 Discrete
9 y-Terpinene 7.59 845 456.15 Discrete
10 Terpinolene 047 0.67 458.15 A
11 Citronellal 0.02 0.04 480.95 A
12 Terpinenen-4-ol 0.02 0.04 493.15 B
13 a-Terpineol 0.06 0.20 *
14 Decanol 0.01 0.08 481.65 A
15 Neral 0.24 0.92 501.15 B
16 Geranial 0.29 1.45 502.15 B
17 Nonylacetate 0.00 0.03 483.15 A
18 Nerylacetate 0.03 0.25 513.15 B
19 Geranylacetate 0.009 0.15 515.15 B
20 B-Caryophylene 0.013 0.18 *
21 trans-a-Bergamotene 0.016 0.26 *
22 a-Humalene 0.00 0.05 *
23 B-Bisabolene 0.013 0.38 *

*Neglected for the calculation of vapor-liquid equilibrium. **CO, has been treated as discrete and the concentrations
of CO, are 74 mol% in liquid and 99.8 mol% in vapor phase, respectively.
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Table 2. Comparison of vapor-liquid equilibrium calculations for Bergman et al. no. 48 natural gas condensate at 1.03

MPa[21]

‘E?perimental data
Component ——

Cotterman et al.’?

Willman & lejd'" This work™ ® x(%)

y(%) x(%) x(%) x(%) SRK PR

N. 0.916 0.008 0.020 0.003 0.020 0.021
CO, 0.301 0.039 0.140 (.0203 0.137 0.139
C 85.29263 3.358 6.512 3.002 6.213 6.543
C, 7.46923 3.652 4.391 3.332 4316 4.478
C, 3.37061 7.292 8.734 7.037 8.751 9.034
i-C, 1.20290 7.789 8944 7.304 8.791 9.020
n-C, 0.8449 9.588 9613 7777 9572 9.754
1-C5 0.3304 10.161 11.071 9.249 11.316 11.390
n-C, 0.1366 7.336 6.492 5283 6.665 6.680
Cs 0.10301 17.521 - - - -
C: 0.02566 14.354 - - - -
Csx 0.00592 12.560 - - - -
Ca 0.00105 5.382 - - - -
Cu 0.00006 0.931 - - -
Cn - 0.030 - -

Dew point(K) 265.9 262.2 268.2 263.66 262.48
n* 051 0.44 0.57 04422 04294

TiCotterman et al: SRK Ef)is\i( distribution. MW variable. *Willman & Teja: : Virial EOS, regular solution tE:orAV {—

distribution, ECN variable.

atetSs M29A M6 19914 123

“This work: SRK and PR EOS, normal distribution, BP variable
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Table 3. Comparison of calculated dew points and continuous fractions for n-alkane

Experimental Cotterman Willman & This work®
System data et al® Teja® SRK PR
Press(MPa) Temp.(K) n* Temp(K) n* Temp(K) =n* Temp(K) n* Temp.(K) n*
Bergman no. 48 1.03 2659 051 262.2 0.44 268.2 057 26367 0442 26249 0492
Bergman no. 98 1.38 2720 049 280.2 0.59 2717 056 28026 0.603 27894 0.592
Bergman no. 107 4.14 2554 012 256.1 0.10 248.3 020 255.74 0.098 254.24 0.089
AAD(%) 1.31 16.93 1.25 3091 134 1824 143 16.73

"Cotterman et al.: SRK EOS, y-distribution, MW variable. ®Willman & Teja: Virial EOS, regular solution theory, y-
distribution, ECN variable. ®'This work: SRK and PR EOS. normal distribution, BP variable.
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Table 4. Comparison of vapor-liquid equilibrium calculations for Ramanujam 494D aromatic oil at 5.617 MPa[22]

Experimental data

Cotterman et al®V

Willman & Teja® This work® x(%)

Component %) x(%) X(%) x(%) SRK PR
C 70.6 82 8.54 11.79 11.80
CsHs 19.5 40.3 44.15 41.10 4141
CsHeCH 54 183 18.53 16.92 17.02
nCs 0.08 0.30 0.277 0.26 0.26
p-Xylene 1.9 9.2 9.75 8.76 8.77
o-Xylene 044 2.2 2.49 2.23 2.24
Mesitylene 0.19 13 1.47 1.27 1.26
nCyo 15 10.9 9.90 9.56 9.21
Naphthalene 0.39 6.2 - -
1-Methylnaph. 0.05 1.3 - - -
Biphenyl 0.01 0.51 - - -
Acenapthene 0.01 0.34 - - -
Fluorene 0.0 0.38 — - -
1-Phenyl naph. 0.0 0.25 - - -
Phenanthrene 0.0 0.15 — - -
Fluoranthene 0.0 0.1 - - -
Chrysene 0.0 0.06 - - -
Dew point(K) 4944 494.32 492.16 490.21
nt 0.09 0.048 0.081 0.080

MCotterman et al.: SRK EOS, y-distribution, MW variable(no convergence). ®Willman & Teja: Patel-Teja EOS, normal
distribution, BP and sp. gravity(2). ®This work: SRK and PR EOS, normal distribution, BP variable.

Table 5. Comparison of calculated dew points and continuous fractions for aromatic oil

Experimental Cotterman Willman & This work®
System data et al® Teja® SRK PR
PressMPa) Temp(K) n* Temp{K) 1n* TempK) 1n* TempK) n*¢ Temp.K) n*

Ramanujam 550A 3.267 550 022 * * 5416 015 5475 0214 5468 0213
Ramanujam 550C 5074 550 0.16 * * 544.1 013 54666 0122 54503 0.129
Ramanujam 550D 7.285 550 0.16 * * 539.8 0.12 54441 0.121 54168 0.116
Ramanujam 550E 8.865 550 0.13 * * 540.5 010 54355 0084 53985 0.084
Ramanujam 494B 3554 4944 011 * * 493.0 008 4952 0082 49410 0081
Ramanujam 494D 5617 4944 009 * * 494.3 005 49216 0081 49021 0080
Ramanujam 494F 9.882 4944 008 * * 4916 004 49296 0044 48887 0043
AAD(%) — - 101 318 059 238 098 242

MCotterman et al.: SRK EOS, y-distribution, MW variable(no convergence). *Willman & Teja: Patel-Teja EOS, normal distri-
bution, BP and sp. gravity. “'This work: SRK and PR EOS, normal distribution, BP variable.
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Table 6. Calculated solubilities of lemon oil mixture in super-
critical carbon dioxide at 380 K and 6.98 MPa

Experimental data(%) SRK(%) PR(%)

Component
Xi Vi yi Yi

a-Pinene 1.68 2.8 2732 2671
B-Pinene 13.06 1727 17895 17286
Limonene 6822 67.14 69.274 69434
y-Terpinene 845 7.59 6888 6946
Continuous A 4675 4.195 2693 2744
Continuous B 3915 1.005 0517 0576
Y * 5200 3210 3310
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NOMENCLATURE

: attractive energy parameter [bar cm®/mol*]
: molecular size parameter [cm’/mol]
: distribution function [-]

— oo
[ S—

: distribution variables for continuous fractions

g\"

: binary interaction parameter [ -]
: pressure [bar or MPa]
: gas constant [bar cm®/mol K]

- =X

: temperature [K]

Ts :normal boiling temperature [KJ

v :molar volume [cm?/mol]

u, w: parameters in general cubic equation of state

(-]

x :discrete component mole fraction of liquid phase
(-]

y :discrete component mole fraction of vapor phase
[-]
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A4S -

- compressibility factor [-]

Greek Letters

: mole fraction of continuous fraction [-]
:mean value for continuous fraction

: variance for continuous fraction

: fugacity coefficient [-]

Supercripts

: liquid phase
: vapor phase

Subscripts

j :components
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