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Phase equilibrium data fdrcamphor (1+ CO, (2)}, {camphor (1+ propane (3), and{camphor (1}+ CO,

(2) + propane (3) were measured using a high-pressure variable-volume view cell and the synthetic static method;
experiments were performed at temperatures of (304, 314, 324, 334, 344, 354, 364, 374, and 384) K. The phase
transitions have been visually identified as bubble and dew points. The temperature and pressure uncertainties
were 0.5 K and 0.07 MPa. The experimental data were described satisfactorily by theRrdrigson equation

of state with vdW2 mixing rule. The binary interaction parametéss &ndl,,) were estimated by heuristic
optimization using the simulated annealing (SA) method. Propane considerably affected the phase behavior of
camphor+ CO, when used as a second solvent, resulting in pressures for the LV phase transition intermediate
to the phase transition pressure of the binary systems investigated.

Introduction The extraction of chemical compounds from vegetable solid
substrates, at both low and high pressures, is a very complex

droE(;(igtﬁI(;![%nn r;r%hoordanijslsncavgr?t?;\ﬁetzzm?Jgiz ff)ur%hbtzisngy'process due to the great differences of chemical structure, size,
N g N9 4nd polarity of the compounds. The knowledge of the phase
volatile oils. Nevertheless, such methods present some disad-

. . . equilibrium of natural extracts in supercritical fluid at high
vantages including thermal degradation of the extracted products, . . !
residues of organic solvent, and low yiél&upercritical fluid pressures, obtained from experimental measurements of binary

extraction (SFE) method is a viable alternative procedure data, is fundamental for determination of the optimal conditions

presenting some advantages, such as operation at low ternIDert_hat should be used for various separation processes. Therefore,

ature and products free of undesirable residues. The SFE proces8Ptaining equilibrium data for binary, ternary, and multicom-
requires optimization in two steps: (i) in the extraction step, PONent systems is very convenient for process design. The

temperature and pressure are chosen to maximize the yield infquations of state (EOS) have been extensively used for a
extract or a selected target component; (ii) in the separation consistent description of phase equilibrium of several systems
step, temperature and pressure are selected in order to minimizéncluding systems containing natural extracts. To determine

the solubility of the extract or target component in the the phase equilibrium of vegetable extracts at high pressures in
supercritical fluid. In the extraction step, the system can be supercritical fluid using EOS, it is necessary to establish the
viewed as a pseudo-ternary system, formed by the cellulosic parameters of binary interaction of the various binary systems
structure, the solute mixture, and the solvent as defined by that form the mixture as well as the critical properties and the
Rodrigues et a.In the separation step, the system is formed acentric factors of the more representative compounds in the
by the solute mixture, and the solvent can thus be treated as amulticomponent mixture denoted as the extract.

pseudo-binary system. The determination of phase behavior of Camphor (1,7,7-trimethylbicyclo[2.2.1]heptan-2-one, CAS

these pseudo-binary systems is indispensable for the design o ; ;
DI > gistry No. 76-22-2¥is an oxygenated terpene;¢E;¢0) that
separators. Carbon dioxide is the most utilized solvent for SFE. is one of the major constituents of the volatile oil from lavender

This substance is not toxic and has a low critical temperatur'e, flowers (Lavandula stoechasp. Cariensis boisg camphor tree

which allows it to be used for the extraction of substances in ,~. . L
(Cinnamomum camphoyaand rosemaryRosmarinus offici-

both food and pharmaceutical industri¢sMoreover, CQ is . - . . .
not a pollutant for the environment. On the other hand, propane nalis). This substange IS cqmrr;gnly used in the pharmaceutical,
does not present many of these qualities, but it is a better solventfohOd’ alr;dhperfumfe |ndus:lr|é§v. ghusd,_th_e dknOV\(/jIedge (;]f the
as compared to Cor a number of substancédts low critical phase behavior of campher carbon dioxide and campher
temperature and its similarity to organic compounds, as propane can help the definition of SFE parameters, specifically

compared to CQ renders propane economically more advanta- " the separation step.

geous in some separation processes. Recently, some scientists have applied heuristic optimization
methods, such as the Simulated Annealing (SA) and Genetic
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Table 1. Molar Mass M, Critical Temperature T, Pressurep., and Table 2. Mole Fraction x, PressureP, and Temperature T for the
Acentric Factor e for the Compounds Used in This Work LV Equilibrium in {Camphor (1) + CO; (2)}2
molar mass Te P P/MPa
compound kgkmol1 K MPa ) ref X T=304K T=314K T=324K T=334K T=344K T=354K
camphor 152 701.36 2.946 0.3335 13 0.9907 7.28 8.6% 9.8P  12.00°  12.59°
CO, 44 304.21 7.383 0.2236 13 0.9759  6.82 8.47 10.08  11.9%°  13.46° 14.94P
propane 44 369.80 4.250 0.153 19 0.9618  6.49 8.30 10.01 1182  13.79°  15.43°
0.9558  6.85 8.16 9.93 11.78 13.58° 15.7PP
S . 0.9264  6.55 8.04 9.90 11.91 13.87 1981
The objectives of the present work were (i) to measure the ggs73  6.66 8.03 0.85 11.70 13.65 15.55
phase equilibrium fof camphor (1 CO; (2)}, {camphor (1) 0.8558  6.11 7.70 9.42 11.43 13.39 15.28
+ propane (3), and{camphor (1}+ CO; (2) + propane (3) 0.8054  6.47 7.64 9.21 10.85 12.62 14.37
prop . p 2 propal 0.7487  5.97 7.17 8.55 10.03 11.51 13.04
using the static synthetic method without sampling at the o.6482 5.14 6.02 7.17 8.33 9.44 10.69
temperature of (304 to 354) K, (304 to 384) K, and (304 to 05716 449 553 6.25 7.25 8.14 9.16
P ( ) : ( ) K, . ( 0.4472  3.42 3.98 4.59 5.53 6.15 6.83
354) K, respectively, and (ii) to model the experimental data 3955 4.90 5.33 6.09
using the PengRobinson EOY coupled to the quadratic  0.3160 4.29 4,91
mixing rule of van der Waals using binary interaction parameters . ) ) ) ) i
estimated by the SA method described by Press B al. DP, dew point. Points without subscripts are bubble points (BP).
. Table 3. Mole Fraction x3, PressureP, and Temperature T
Materials and Methods Obtained for the LV Equilibrium in  {Camphor (1) + Propane (3}2
The phase equilibrium experiments were performed using PIMPa
camphor (99.5 % (mass), lot 53508, VetépFaulo, Brazil), T= T= T= T= T= T= T= T= T=
CO, (99.9 % (mass), AGA, Erechim, Brazil), and propane (99 _ % 304K 314K 324K 334K 344K 354K 364K 374K 384K
% (mass), White Martins, Erechim, Brazil). 0.9943 125 157 194 238 286 3.40 4.00 A%@.89°

—_— . ) ., 09907 120 1.54 193 236 284 339 398 450 %77
Phase equilibrium was measured using the static method with-0.8451 1.14 1.40 1.76 214 257 3.05 357 412 4.69

out sampling in a high-pressure variable-volume view cell. The 07461 1.28 155 184 219 257 298 346 388 439
. d ) tal orocedur d were previously %5733 108 133 157 192 229 258 297 335 370
equipment and experimental procedure used were previouslygsizg 100 130 1.56 181 217 241 260 291 331
described by Corazza et &8,Moura et al? and Souza et aP 0.4306 164 1.98 219 240 263 2.84
The phase transitions were visually identified as bubble or dew 92980 198 215 228
points. For a given temperature and solute mole fraction, the
experimental procedure used to determine the phase transition
pressure was repeated at least three times. An average valu@able 4. Mole Fractionsx; and xs, PressureP, and Temperature T
was considered for both transition temperature and transition Obtained for the LV Equilibrium of {Camphor (1) + COz (2) +

pressure. The temperature and pressure uncertainties (standafd°P2"e GH

aDP, dew point. Points without subscripts are bubble points (BP).

deviations of mean values) wete 0.5 K and=+ 0.07 MPa. P/ MPa

The experimental data were obtained at temperatures of (304 T= T= T= T= T= T=

to 354) K for{camphor (1)}+ CO; (2)} and{camphor (1)}+ X % X 804K 314K 324K 334K 344K 354
CO; (2) + propane (3, for { camphor (11 propane (2), the 0.0494 0.2330 07176 240 271 366 434 479 553

. . 0.0566 0.3960 0.5474 3.81 454 5729 6.09 6.94 7.77
experiments were carried out at temperatures of (304 to 384) 0.0568 0.6767 0.2665 4.82 6.12 7.25 8.7 10.09 1°P.38

K. 0.0630 0.8896 0.0474 6.77 803 9.82 1157 1332 PF502
. . , 0.1105 0.7007 0.1888 4.98 678 7.99 925 1119 1261
Modeling of the Experimental Data.The thermophysical

properties and acentric factors for camphor and, @@re aDP, dew point. Points without subscripts are bubble points (BP).
obtained from Akgn et al'3 The thermophysical properties and
acentric factor for propane were obtained from Reid é? @he Table 3 lists the experimental data focamphor (1)+

binary interaction parameteig, andl;, of the Peng-Robinsor’ propane (3). At temperatures of (304 to 364) K, only bubble
EOS were estimated using the procedure described by Corazzgints were observed. For temperatures of (374 to 384) K, dew
etal? The SA method, as described by Press effalias used  points were observed fog > 0.99. This system showed phase

to minimize the objective function (OF) given in eq 1: transition pressures lower than those{oamphor (14 CO;
().
NS oxp poalcd2 Table 4 lists the equilibrium data obtained faramphor (1)
OF= % (PP®— P{**) (1) + CO; (2) + propane (3). For temperatures of (304 to 344)

K, only bubble points were observed, while both bubble and
exp ) ) dew points were found for temperature of 354 kat (0.8896
whereP;™ is the saturation pressure of th@bservation and and 0.6767) and at; = (0.0474 and 0.2665). For this ternary
PF*is the calculated pressure for thebservation. NOBS is  system, the transition pressures were intermediate to the
the number of experimental observations used in the modeling. ¢ransition pressures measured foamphor (1) CO, (2)} and
{camphor (1)}+ propane (3).

The binary interaction parameters are shown in Table 5. These

The critical properties and acentric factors for camphor (1), parameters were estimated using the experimental data obtained
CO; (2), and propane (3) are listed in Table 1. The bubble and at temperature of (304 to 384) K.
cloud points measured fécamphor (1+ CO;, (2)} are listed Figure 1 compares experimental and calculated phase equi-
in Table 2. For the isotherm at a temperature of 304 K, only librium diagrams fo{ camphor (1)}+ CO, (2)} for isotherms
bubble point transitions were observed. For the isotherms atat temperatures of (304 to 354) K. Figure 2 presents experi-
temperatures of (314 to 354) K, bubble point transitions were mental and calculated results for temperatures of (314, 324, and
observed for all mole fractions, except fr > 0.9. 334) K for {camphor (1)+ CO; (2)}; the data reported by

Results and Discussion
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Table 5. Values of the Fitted Binary Interaction Parameters for the 6.0 T T T T T T T
PR-EOSY
systems ki2 (107) 112 (1) OF NOBS 50l
CO,+ camphor 5.4695 —0.6598 187.54 48
propanet camphor 10.3920 1.3507 77.88 46
CO;,+ propané 16.5100 3.9030 4.37 14 40+
aQF, objective function final valu®. NOBS, number of experimental w
observations used for parameter fittirigRef 20. % 3.0r
18.0 . , . . , ; e
20+
15.0 10k
12.0 0.0 : : L L : L :
© 0.2 03 04 05 06 07 08 09 1.0
% X3,¥3
o 9.0 Figure 3. P—x—y plot for camphor (1)+ propane (3). Experimental data:
¢, BP and smallef>, DP at 384 K;a, BP and smallen, DP at 374 KO,
BP at 364 K;O, BP at 354 K;x, BP at 344 K;+, BP at 334 K;a, BP at
6.0 324 K; 4, BP at 314 K;O, BP at 304 K. PR-EOS model-, liquid; - -,
vapor.
3.0 E 18.0 . . T T . . :
03 0.4 05 06 0.7 0.8 0.9 1.0
X2.¥2 15.0 1
Figure 1. P—x—y plot for camphor (1)}t CO; (2). Experimental data®,
BP andO, DP at 354 K;M, BP andd, DP at 344 K;a, BP anda, DP at 1201} _
334 K; 4, BP and0, DP at 324 K;+, BP andx, DP at 314 K; small solid
triangle, BP 314 K. PR-EOS modet-, liquid; - -, vapor. ©
% 9.0} .
14.0 T - - - r T ~
o
6.0} :
A *a
1201 A A oA -7“-7&“ .... "-~-,___\‘ A 1 30} ]
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Figure 4. P—T diagram for the system camphor (£)CO; (2) + propane

(3). Isopleths for mole fractiorC1l: z = 0.6767 andzz = 0.26654, BP
and4, DP.C2: 2z = 0.3960 and; = 0.5474+, BP.C3: z = 0.8896 and

73 = 0.0474m, BP andd, DP.C4: z = 0.2330 andz = 0.7176@, BP.

C5: z = 0.7007 andz = 0.18884, BP. PR-EOS model—, liquid; - -,
vapor.

and calculated data for the isotherms of (304 to 384) K for the
system camphot- propane. Thé®>—T diagram for the ternary
system is shown in Figure 4; the isopleths for this system were
data at 314 K, 324 K. and 334 k8, DP at 334 K:a, DP at 324 K:a, BP calculated _usmg_the mf_ormatlon for binary systems reported
ando, DP at 314 K. PR-EoS modek-, liquid: - -, vapor. Literatur: 0, here. The binary interaction parameters for,GOpropane were

at 313 K;+, at 323 K: 4, at 333 K. taken from Corazza et &!.

6.0 . L L L . H
0.94 0.95 0.96 0.97 0.98 0.99 1.00
X2.¥2
Figure 2. P—x—y plot for camphor (1}t CO, (2). Comparison to literature

Akgin et al'3are also shown in Figure 2 for comparison. These Conclusions

authors measured the phase equilibrium of (camph@0y) It can be concluded that the use of propane as a second solvent
using the static analytic method without visualization at tem-  qngjderably affected the phase behavior of the system camphor
peratures of (313, 323, and 333) K; equilibrium data were | co, shifting the phase transition pressures to intermediate
reported as solidfluid transition. Nonetheless, in the present y51yes in comparison to the investigated binary systems. The
work liquid—vapor transitions were visually observed and peng-Robinson EOS coupled to the van der Waals mixing rule
predicted by the thermodynamic model. Pure camphor is a soI|d(VdW2) was capable of qualitatively describing the binary and

at the conditions of temperature of 304 to 354 K; nonetheless, tgmary systems studied using the interaction parameters obtained
it dissolves readily when in contact with carbon dioxide or by the SA method.

propane. In the view cell prior to any measuring, a homogeneous

phase was observed while no solid phase was visually detected| jterature Cited
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