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The sohMttk0 of S,&xyknol and naphthalone + 
2,S-xyhoI In wporcrltlcal carbon dloxlde wore meawred 
by a flow-typa apparatus at 36 O C  over pressure rang- 
of 8.2-26.2 and 8.5-26.2 MPa, respectively. The 
aolublUHo8 wwo correlatod by a thrw-conrtant cublc 
quatlon of dato wlth two charadwbtk parameton. 

Table I. Solubilities of 3,4-Xylenol (2) in Supercritical 
Carbon Dioxide at 35 OC 

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 

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

Experhnental Sectton 

Equ&moni and Procedure#. A flow-type apparatus was 
used to determine soluMwtles of soydgtate solute h supercrltlcai 
carbon dioxide. A detailed description of the equipment and 
operating procedures is given elsewhere (3, 4). From a cyC 
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 p a d  through the preheater, it became 
supercritical fluid. Then, supercritical carbon dioxide entered 
into a prwquyibrkwn Cew and an equlykium cell. The preheater, 
preequiiibrium cell, and equilibrium cell were immersed into a 
water bath which was controlled within f O . l  O C .  The pree- 
quiiibrium cell was equipped to obtain sufficient equilibrium 
conditions. I t  was made of SUS 316, and Its inner diameter, 
height, and volume were 30 mm, 150 mm, and about 100 mL, 
respectively. Solid 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. Sdid solute was packed into the equilibrium cell 
with glass beads to prevent channeling. When supercritical 
carbon dioxide passed through the preequilibrium cell and 
equlliklum cell, supercrlticel cafbon dioxlde was in contact with 
solid solute under equilibrium pressure. The equilibrium pres- 
sure was measured by a Bourdon gauge calibrated against a 
straln pressure gauge (accuracy &0.3%). The supercritical 
carbon dkxkle contalntng solute wasdecompressedm an 
expansion valve and then krtroducedintoa Ushapedglasstube 
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 cm3 s-'. The 
volume of carbon dioxide was measured by a wet gas meter. 
Then, any small amount of solute in the expansion vaive was 

Table 11. Solubilities of Naphthalene (2) + 2,s-Xylenol (3) 
in Supercritical Carbon Dioxide at 35 OC 

P l M P a  102~~ 102ya P l M P a  102~~ 102~~ 
8.5 1.65 1.21 18.4 3.12 2.41 

11.1 2.26 1.74 22.3 3.09 2.43 
14.2 2.76 2.13 26.2 3.21 2.49 

removed and trapped by using pure carbon dloxide gas. The 
amount of solute trapped was determined with a balance. 
Soiubilltles were determined from the weight of the solute and 
the vdume of carbon dloxide. I n  the case of measuring soiu- 
bilities of mixed solids, a gas chromatograph with a flame ion- 
izatkn detector (Shknadzu Co., Gc3BF) was used for analyzing 
the concentrations of trapped solutes. 

WfeAsk. Reagent-grade naphthalene (supplied by Nakarai 
chemicals, Ltd.) and 2,5-xyienol and 3,4xylenol (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. Highpurity 
COP (more than 99.9%, Seitetu Kagaku Co., Ltd.) was used as 
received. 

Before measuring the solublities of mixed solids (naphthalene + 2,5-xylenoi) in supercritical carbon dioxide, the solid-liquid 
equlibrium temperatures were measured for the binary system 
of naphthalene + 2,5-xylenoi under atmospheric pressure by 
a differential scanning calorimeter (Seiko Instruments Inc., 
DSC-20). The resutts 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 solubilities. The 50 mol % 
mixture was adopted here for measuring solubilities. 

Rewltr and Dkcusslon 

Experimental solubilities of 3,4-xylenoi and naphthalene + 
2,5-xylenoi in supercritical carbon dioxide at 35 O C  up to 26.2 
MPa are given in Tables I and 11. The sOktb#ity m e a w e "  
were carried out under several flow rates at given pressures 
as shown in Figure 2. As illustrated, solubilities obtained are 
independent of Row rate. This shows that they were determined 
under equlibrium conditions. The values listed in Tables I and 
I1 are given by an arlthmetic average of several data points at 
each pressure. I n  a previous work (3), the solubilities of 
naphthalene in supercrnicai carbon dioxide were measured by 
the same apparatus and were compared with literature values 
to check the rellabilky of the apparatus and expewlmentai pro- 
cedure. According to the resuit and the reproducibility of the 
solubility data obtained in this work, the accuracy of the soiu- 
biiity of 3,4-xyienoi is considered to be within 3% and 1 % in 
the pressure range below 10 MPa and above 10 MPa, re- 
spectively. That of napMhelene + 2,Sxylend Is considered to 
be within 3% in the all pressure ranges. 

0 1992 American Chemical Society 



318 J o m l  of Chemhl and Englneerlng Deta, Vol. 37, No. 3, 1992 

360 1""1 

10 

0 -  

Solid 320 1 

I I I 

--0- -.---.- 0- 

- 

-A A- 

-A-A- A- 
--o-o 0- 

0 0  0 2  O L  0.6 08 10 

x2 

Figtwo 1. Sdld-liquid equllibrla of the naphthalene (2) + 2,5-xylenol 
(3) system under atmospheric pressure: (0) experknental data; (-) 
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Flguro 2. Relatlonshlp between solubility of 3,4-xylenol (2) in super- 
crltioei carbon dioxide and fkw rate of carbon dioxide: (0) 28.2 MPa; 
(0) 23.3 MPa; (A) 20.4 MPa; (A) 18.5 MPa; (0) 18.3 MPa; (.) 11.2 
MPa; (0) 8.2 MPa. 

I t  is noted that the solubllitles of naphthalene and 2,5-xylenol 
In ternary systems were about 100% up compared with those 
In binary systems (4, 7). 

Correlation 

The folbwlng fundamental equation can be used to calculate 
 the^ solubilitles of high-boiling compounds In supercrlticai fluid: 

where p denotes the equilibrium pressure, Tis the equilibrium 
temperature, p/" and v , ~  are the saturation vapor pressure 
and the solld-state molar volume of solute, respectively. The 
values of pIMm and v , ~  can be obtained from the properties of 
the pure component. The fugacity coefficient of solute in 
pregsvited gaseous phase is usually evaluated by adopting 
an equation of state. 

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

To evaluate 

(2) 
RT a 

P = - -  v - b v ( v  + c) + b(3v +c) 

Table 111. Critical Temperature T,, Critical Pressure p,,, 
Acentric Factor o, Solid Molar Volume vs, and Saturation 
Vapor Pressure put' a 

103Us/ PMa 
compound T, /K p,/MPa w (m3 mol-') (35 OC)/Pa 

COP 304.2 7.38 0.225 
naphthalene 748.4 40.0 0.302 0.1119 29.17 
2,5-xylenol 706.9 48.0 0.569 0.1257 12.15 
3,4-xylenol 729.tIb 48.95b 0.576c 0.1243d 5.686e 

a Reference 9 except 3,4-xylenol. Reference 10. Given as an 
average value obtained from two vapor pressure equations in ref 
11. dReference 12. eReference 13. 

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;; 1;; 
naphthalene" 0.056 -0.096 
2,5-xylenoln -0.104 -0.517 
3,4-xylenola -0.055 -0.413 
naphthalene + 2,5-xylenolb -0.480 -1.OOO 

a i  = 1, j = 2. b i  = 2, j = 3. 

10 20 30 
p /  MPo 

Flguro 3. Solubility of 3,4-xylenoi (2) in supercrtticai carbon dloxlde 
at 35 O C :  (0) experimental data; (-) calculated line. 

where a ,  b ,  and c are pure component parameters that can 
be calculated with the critlcal properties p,  and T, and Pltzer's 
acentric factor o. To apply eq 2 to a binary or a ternary 
mixture, the following mixing rules for the constants a ,  6 ,  and 
c were used: 

(3) 

(4) 

(5) 

a = CCn y, at at = (1 - ktXa, 

c = CCn y, c// 

/ I  

b = CCYifi bt bl = (1 - /t)(4 + b,)/2 
I /  

= (1 - /yXC, + C/)/2 
I /  

where kt and It denote the characteristic parameters between 
unlike molecules I and /. When eqs 2-5 are utlllzed, the fu- 
gaclty coefficbt I$ /G  can be thermodynamically derived (3, 8). 
As discussed previously (8), the conventional mixing rules with 
kg and Il introduced Into both attraction and size terms give a 
better correlation than the local composition mixing rules, be- 
cause the sdublllties of hlgh-boiling compounds in supercritical 
fluids are quite small. 

The experimental solubilities of 3,4-xylenol and naphthalene + 2,5-xylenoi were correlated by using the properties of pure 
cOmpOnentS Wed In Table 111. The values of k , ,  and I,, were 
determined by fmlng calculated results to the experimental data 
of each carbon dioxide + single solute system. On the other 
hand, those of solute-solute interactions (k23, 123) were deter- 
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Flguro 4. SolubilEty of naphthalene (2) and 2,5-xylenol(3) in super- 
crltlcei carbon dioxide at 35 O C :  (0), (0) experlmentai eolubilltles of 
qW” and 2,5xyknd, reapedve4y: (0) data of the supercrttlcal 
carbon dioxide + naphthalene blnary system from Tsekhanskaya et 
al. (7): 0 deta of the wp”l carbon dkxlde + 2,5xylenol bkrery 
system from Iwai et al. (4) ;  (-) calculated line. 

mined from the experlmentai data of the ternary system. The 
values of lnteractbn parameters determined are ilsted in Table 
IV. As shown in Figure 3, the experimental results for 3,4- 
xylenoi are correlated within 5%. Experimental resutts for 
naphthalene + 2,5-xylenol were correlated within 8 % , as IC 
lustrated in Figure 4. 

Q W r y  
a ,b,c 
ku,lu 

land / 
P pressure 
Pc critical pressure 
P *bl saturatlon vapor pressure 

parameters of eq 2 
characteristic parameters between unke molecules 

R 
T 
TC 

V S  

Y 
9 O  

V 

X 

w 

gas constant 
temperature 
crltlcai temperature 
molar volume 
solid-state molar volume 
solid-phase mole fraction 
solubility (gas-phase mole fraction) 
gas-phase fugacity coefficient 
Pitzer’s acentric factor 

Subscripts 

i J 
1 carbon dioxkie 
2 3  solutes 2 and 3 

components i and j 

R.glrtV No. COS, 12438.9; 3,4-xylend, 95-65-8; 2,5xylenol, 95-87-4; 
naphthalene, 91-20-3. 
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Excess Molar Enthalpies and Excess Molar Volumes of 
1,2,4-Trlmethylbenrene + Cyclic Ethers at 298.15 K 
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Introductlon Exceea molar enthaldes and excoss molar volumes of the 
blnary syrtom 1 , 2 , ~ t ~ h y I ~ z ~  + oxane, + 
l,bdkxane, + oxdane, or + 1,84loxdane have boon 
moa8ured wlth an WB mlcrocalorlmetw and an Anton 
Paar d.ndty meter, reopectlvdy. R . w l k  woro c0rr.lat.d 
by pdynomlal quatknr of tho type X’ = X , X , ~ , ~ ~ # ~ ( X ,  
- x , ) ~ .  Th. resuits are Interpreted In terms of molecular 
Intoractlonr. 

The present paper forms the final part of the program to 
measure excess propertks for several binary mixtures con- 
tainlng some methyl-substituted benzene compounds as a 
common component + some cyclic ethers. The binary mix- 
tures studled In the present work include 1,2,4-trkmthybnzene + four cyclic ethers, oxane, l,rldioxane, oxoiane, or 1,3di- 
oxolane. 
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