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Solubliitles of 3,4-Xylenol and Naphthalene + 2,5-Xylenol in
Supercritical Carbon Dioxide at 35 °C

Yasuhlko Morl, Takashi Shimizu, Yoshlo Iwal,* and Yasuhiko Aral
Department of Chemical Engineering, Facully of Engineering, Kyushu Universlty, Fukuoka 812, Japan

The solubliities of 3,4-xyienol and naphthalene +
2,5-xylenol In supercritical carbon dioxide were measured
by a fiow-type apparatus at 35 °C over pressure ranges
of 8.2-26.2 and 8.5-26.2 MPa, respectively. The
solubliities were correlated by a three-constant cublc
equation of state with two characteristic parameters.

Introduction

Separation methods for coal-derived components have re-
celved considerable attention recently ( 7) for use as the raw
materials of fine chemicals. Supercritical fluid extraction is
showing promise as one of the new separation methods (2).
The solubllity data and an accurate correlation method are
needed for the design of a supercritical fluld extraction process.
In previous works (3, 4), the researchers measured the solu-
bilites of naphthalene, 2,5-xylenol, and 2,8-xylenol. In the
present work, solubilities of 3,4-xylenol and naphthalene +
2,5-xylenol in supercritical carbon dioxide were obtained and
were correlated by using a three-constant cubic equation of
state (5, 6) with two characteristic parameters.

Experimental Section

Equipment and Procedures. A flow-type apparatus was
used to determine solublities of solid-state solute in supercritical
carbon dioxide. A detalled description of the equipment and
operating procedures is glven elsewhere (3, 4). From a cyl-
inder, carbon dioxide was supplied and was liquefied through
a cooling unit. The liquefied carbon dioxide was sent to a
preheater by a high-pressure liquid chromatography pump.
When carbon dioxide passed through the preheater, It became
supercritical fluid. Then, supercritical carbon dioxile entered
into a preequilibrium cell and an equilibrium cell. The preheater,
preequilibrium cell, and equilibrium cell were immersed Iinto a
water bath which was controlied within £0.1 °C. The pree-
quilibrium cell was equipped to obtain sufficlent equilibrium
conditions. It was made of SUS 318, and Its inner diameter,
height, and volume were 30 mm, 150 mm, and about 100 mL,
respectively. Solild solute was packed into the cell. The
equilibrium cell was made of SUS 304, and Its inner diameter,
height, and volume were 30 mm, 170 mm, and about 120 mL,
respectively. Solid solute was packed into the equliibrium cell
with glass beads to prevent channeling. When supercritical
carbon dioxide passed through the preequilibrium cell and
equilibrium cell, supercritical carbon dioxide was in contact with
solid solute under equilibrium pressure. The equillbrium pres-
sure was measured by a Bourdon gauge calibrated against a
strain pressure gauge (accuracy £0.3%). The supercritical
carbon dioxide containing solute was decompressed through an
expansion valve and then introduced into a U-shaped giass tube
in which gaseous carbon dioxide and solid solute were sepa-
rated. Usually 0.5-1.0 g of solute was trapped, and the flow
rate of carbon dioxide was adjusted to be 1-4 cm® s~'. The
volume of carbon dioxide was measured by a wet gas meter.
Then, any smalil amount of solute in the expansion valve was
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Table I. Solubilities of 3,4-Xylenol (2) in Supercritical
Carbon Dioxide at 35 °C

p/MPa  10%, p/MPa 10%, p/MPa 10%,
8.2 2.34 18.5 7.68 23.3 8.65
11.2 5.12 20.4 8.19 26.2 9.10

16.3 7.19

Table II. Solubilities of Naphthalene (2) + 2,5-Xylenol (3)
in Supercritical Carbon Dioxide at 35 °C

p/MPa  10%, 10%, p/MPa  10%, 10%;,

8.5 1.65 121 184 3.12 2.41
11.1 2.26 1.74 22.3 3.09 243
14.2 2.76 2.13 26.2 3.21 2.49

removed and trapped by using pure carbon dioxiie gas. The
amount of solute trapped was determined with a balance.
Solubliities were determined from the weight of the solute and
the volume of carbon dioxide. In the case of measuring solu-
bilitles of mixed solids, a gas chromatograph with a fiame ion-
ization detector (Shimadzu Co., GC-3BF) was used for analyzing
the concentrations of trapped solutes.

Materials. Reagent-grade naphthalene (supplied by Nakaral
Chemicals, Ltd.) and 2,5-xylenol and 3,4-xylenol (supplied by
Tokyo Kasei Co., Ltd.) were used without further purification.
Gas chromatographic analysis indicated that their purities were
more than 99.9%, 99%, and 99 %, respectively. High-purity
CO, (more than 99.9%, Seltetu Kagaku Co., Ltd.) was used as
recelved.

Before measuring the solubliities of mixed solids (naphthalene
+ 2,5-xylenol) in supercritical carbon dioxide, the solid-liquid
equilibrium temperatures were measured for the binary system
of naphthalene + 2,5-xylenol under atmospheric pressure by
a differential scanning calorimeter (Selko Instruments Inc.,
DSC-20). The results obtained are shown in Figure 1. This
figure shows that the present system Is a simple eutectic
mixture and the eutectic temperature (324.1 K) is higher than
the experimental temperature of solubliities. The 50 mol %
mixture was adopted here for measuring solubilities.

Results and Discussion

Experimental solubilities of 3,4-xylenol and naphthalene +
2,5-xylenol In supercritical carbon dloxide at 35 °C up to 26.2
MPa are glven in Tables [ and 11. The solubliity measurements
were carried out under several flow rates at given pressures
as shown in Figure 2. As lllustrated, solubllities obtained are
independent of flow rate. This shows that they were determined
under equilibrium conditions. The values listed in Tables I and
11 are given by an arithmetic average of several data points at
each pressure. In a previous work (3), the solubllities of
naphthalene in supercritical carbon dioxide were measured by
the same apparatus and were compared with literature values
to check the reliabllity of the apparatus and experimental pro-
cedure. According to the resuit and the reproducibliity of the
solubility data obtained in this work, the accuracy of the solu-
bility of 3,4-xylenol is considered to be within 3% and 1% in
the pressure range below 10 MPa and above 10 MPa, re-
spectively. That of naphthalene + 2,5-xylenol is considered to
be within 3% in the all pressure ranges.
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Figure 1. Solid-liquid equilibria of the naphthalene (2) + 2,5-xylenol
(3) system under atmospheric pressure: (O) experimental data; (—)
smoothed line.
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Figure 2. Relationship between solubility of 3,4-xylenol (2) in super-
critical carbon dioxide and flow rate of carbon dioxide: (O) 26.2 MPa;
(@) 23.3 MPa; (A) 20.4 MPa; (A) 18.5 MPa; (O0) 16.3 MPa; (@) 11.2
MPa; (0) 6.2 MPa.

It Is noted that the solublities of naphthalene and 2,5-xylenol
in ternary systems were about 100% up compared with those
in binary systems (4, 7).

Correlation

The following fundamental equation can be used to calculate
the solubillities of high-boiling compounds in supercritical fluid:

[ v,3p - p;*™)

RT (M

1
Y P o exp
where p denotes the equilibrium pressure, T is the equilibrium
temperature, p,**™ and v,® are the saturation vapor pressure
and the solid-state molar volume of solute, respectively. The
values of p,**™ and v, can be obtained from the properties of
the pure component. The fugacity coefficient of solute in
pressurized gaseous phase ¢,° Is usually evaluated by adopting
an equation of state.

To evaluate ¢,%, the following cubic equation of state pro-
posed by Yu et al. (5, 6) was adopted:

_ AT a
PE Vb~ viv+ c) + b3V +0)

6

Table III. Critical Temperature T, Critical Pressure p,,
Acentric Factor v, Solid Molar Volume v5, and Saturation
Vapor Pressure p*t°¢

103,_,8 pum
compound T.,/K p./MPa w (m® mol?) (35°C)/Pa
CO, 304.2 7.38 0.225
naphthalene 7484 40.0 0.302 0.1119 29.17
2,5-xylenol 7069  48.0 0.569 0.1257 12.15

0.1243¢ 5.686¢

¢ Reference 9 except 3,4-xylenol. ®Reference 10. °Given as an
average value obtained from two vapor pressure equations in ref
11. YReference 12. ¢Reference 13.

3,4-xylenol  729.8° 48.95° 0.576°

Table IV. Values of Characteristic Parameters for
Supercritical Carbon Dioxide (1) + Solute (2) and
Supercritical Carbon Dioxide (1) + Naphthalene (2) +
2,5-Xylenol (3) Systems

solute k,'j l,' .
naphthalene® 0.056 -0.096
2,5-xylenol® ~0.104 ~0.517
3,4-xylenol® ~0.055 ~0.413
naphthalene + 2,5-xylenol? -0.480 -1.000

ej=1,j=2 % =2j =3

T T I

-

O—Q—O‘—O—O—'

/o/

1

07 -

Y2

] I L
10 20 30

p/ MPa

Figure 3. Solubility of 3,4-xylenol (2) in supercritical carbon dioxide
at 35 °C: (O) experimental data; (—) calculated line.

where a, b, and ¢ are pure component parameters that can
be calculated with the critical properties p. and T and Pitzer’s
acentric factor w. To apply eq 2 to a binary or a ternary
mixture, the following mixing rules for the constants a, b, and
¢ were used:

a= ;;y,y, a a;=(1-k)a a) (3)
b= ZI:Zl:y,y, by by=(1-I)b+ b)/2 (4)
c= lezllyfy, o G=0-hNe+c)/2 (5

where k; and /, denote the characteristic parameters between
unlike molecules /and /. When eqs 2-5 are utllized, the fu-
gaclty coefficlent ¢,% can be thermodynamically derived (3, 8).
As discussed previously (8), the conventional mixing rules with
kyand /; introduced Into both attraction and size terms give a
better correlation than the local composition mixing rules, be-
cause the solubilities of high-boiling compounds in supercritica!
fluids are quite small.

The experimental solubiiities of 3,4-xylenol and naphthalene
+ 2,5-xylenol were correlated by using the properties of pure
components listed in Table III. The values of k,, and /,, were
determined by fitting calculated results to the experimental data
of each carbon dioxide + single solute system. On the other
hand, those of solute-solute interactions (k 53, /23) were deter-
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Figure 4. Solubility of naphthatene (2) and 2,5-xylencl (3) in super-
critical carbon dioxide at 35 °C: (O), (O) experimental solubilities of

and 2,5-xylenol, respectively: (@) data of the supercritical
carbon dioxide + naphthalene binary system from Tsekhanskaya et
al. (7): (W) data of the carbon dioxide + 2,5-xylenol binary
system from Iwali et al. (4); (—) calculated line.

mined from the experimental data of the ternary system. The
values of interaction parameters determined are listed in Table
IV. As shown in Figure 3, the experimental results for 3,4-
xylenol are correlated within §%. Experimental results for
naphthalene + 2,5-xylenol were correlated within 8%, as i
lustrated in Figure 4.

Glossary

ab,c parameters of eq 2

Ky dy characteristic parameters between unilke molecules
land /

p pressure

P critical pressure

per saturation vapor pressure

R gas constant

T temperature

T, critical temperature

v molar volume

vS solid-state molar volume

x solid-phase mole fraction

y solubility (gas-phase mole fraction)
¢° gas-phase fugacity coefficient
w Pltzer’'s acentric factor
Subscripts

1 components / and /

1 carbon dioxide

2,3 solutes 2 and 3

Registry No. CO,, 124-38-9; 3,4-xylenol, 95-65-8; 2,5-xylenol, 95-87-4;
naphthalene, 81-20-3.

Lierature Clted

(1) Yoshitomi, S.; Nobe, Y.; Ukegawa, K. Nenryo Kyokaishi 1988, 67, 2.
(2) Aral, Y.; Iwai, Y.; Yamamoto, H. Nenryo Kyokaishi 1988, 67, 822.
(3) Iwal, Y.; Yamamoto, H.; Sohda, M.; Tanaka, Y.; Shimizu, T.; Arai, Y.
Mem. Fac. Eng., Kyushu Univ. 1989, 49, 175.
(4) Iwal, Y.; Yamamoto, H.; Tanaka, Y.; Arai, Y. J. Chem. Eng. Data
1990, 25, 174.
(5) Yu, J.-M.; Lu, B. C.-Y. Fluid Phase Equilib. 1987, 34, 1.
(8) Yu, J-M.; Ly, B. C.-Y.; Iwal, Y. Fluid Phase Equililb. 1987, 37, 207.
(7) Tsekhanskaya, Yu. V.; lomtev, M. B.; Mushkina, E. V. Russ. J. Phys.
Chem. 1964, 38, 1173.
(8) Iwal, Y.; Lu, B. C.-Y.; Yamamoto, H.; Aral, Y. Kagaku Kogaku Ron-
bunshu 1989, 15, 876.
)] gzl, Y.; Iwal, Y.; Shimizu, T.; Fukuda, T. Nerryo Kyokaishi 1990, 659,
(10) Simmrock, K. H.; Janowsky, R.; Ohnsorge, A. Critical Data of Pure
Substance; Chemical Data Series; DECHEMA: Frankfurt/Main, FRG,
1986; Vol. II, Part 2, p 814,
(11) Boublk, T.; Fried, V.; Hala, E. The Vapor Pressures of Pure Sub-
stances; Physical Science Data 17; Elsevier: Amsterdam, 1984,
(12) Weast, R. C., Melin, J. A., Eds. CRC Handbook of Chemistry and
Physics; CRC Press: Boca Raton, FL, 1982.
(13) Andon, R. J. L.; Biddiscomebe, D. P.; Cox, J. D.; Handiey, R.; Harrop,
D.; Herrington, E. F. G.; Martin, J. F. J. Chem. Soc. 1980, 5248,

Recelved for review October 7, 1991, Revised February 25, 1992. Accept-
ed March 9, 1992. We gratefully acknowledge the financlal support of a
Grant-in-Ald for Energy Research of the Minlstry of Education, Science and
Culture (No. 80045085), the Kurata Research Grant (1985), General Sekiyu
Research & Development Encouragement & Assistance Foundations (1985),
and Japan Securitles Scholarship Foundation (1987).

Excess Molar Enthalpies and Excess Molar Volumes of
1,2,4-Trimethylbenzene + Cyclic Ethers at 298.15 K
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Excess molar enthalpies and excess molar volumes of the
binary systems 1,2,4-irimethylbenzene + oxane, +
1,4-dioxane, + oxolane, or + 1,3-dloxolane have been
measured with an LKB microcalorimeter and an Anton
Paar density meter, respectively. Resulis were correlated
by polynomlal equations of the type X® = x.x,>, 5.8 (x4
- X3)*. The results are Interpreted In terms of molecular
Interactions.

Introduction

The present paper forms the final part of the program to
measure excess properties for several binary mixtures con-
taining some methyl-substituted benzene compounds as a
common component + some cyclic ethers. The binary mix-
tures studied in the present work include 1,2,4-trimethylbenzene
+ four cyclic ethers, oxane, 1,4-dioxane, oxolane, or 1,3-di-
oxolane.
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