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Vapor-Liquid Equilibrium for 2-Propanol and Carbon Dioxide 

Maciej Radosz 
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Vapor and llquld equlllbrlum composltlons have been 
measured for 2-propanol and carbon dloxlde at 44, 62, 81, 
and 121 OC (317, 335, 354, and 394 K) and at pressures 
from 1.4 to 12 MPa. Phase equllibrlum K ratios are 
correlated wlth equatlons of state. 

Introduction 

Pure component properties for aliphatic alcohols are rela- 
tively well established (1-3), as are phase equilibria at low 
pressures (4, 5). However, phase equilibria at elevated pres- 
sures are scarce. For example, TPXY data, experimentally 
measured phase equilibrium compositions of coexisting liquid 
(X) and vapor ( Y )  phases at constant temperature ( T )  and 
pressure (P), are virtually nonexistent. One category of binaries 
where TPXY data are needed is that of aliphatic alcohols and 
compressed gases. These are important binaries because 
aliphatic alcohols can be not only manufactured in the presence 
of but also separated with compressed gases. In  particular, 
separating alcohols from water with compressed supercritical 
gases attracts attention (6, 7) because the conventional dis- 
tillative separations are very energy intensive. 

2-Propanol and carbon dioxide are selected for this lnvesti- 
gation to back up thermodynamic models needed to correlate 
and predict phase equilibria in multicomponent polar mixtures 
at elevated pressures. For example, ternary data for 2- 
propanol, carbon dioxide, and water (7, 8) are being used to 
develop an equation of state with densitydependent mixing 
rules (9) and a group-contribution equation of state (70). Re- 
gardless of the approach taken, the binary interaction param- 
eters should be based on binary TPXY data which, for 2- 
propanol and carbon dioxide, have not been available. 

Experlmental Sectlon 

These binary TPXY data for 2-propanol and carbon dioxide 
are measured with a variable-volume circulation apparatus 
shown in Figure 1. In  general, this apparatus is applicable to 
vapor-liquid, vapor-liquid-liquid, and liquid-liquid equilibria at 
temperatures from 10 to 260 OC and at pressures up to 35 
MPa. The concept of circulating phases in batch cells has been 
rather common in phase equilibrium measurements. The sam- 
pling method is similar to that proposed by Tsang and Streett 
( 11) who evaporated and homogenized the condensed-phase 
samples prior to on-line GC analysis. 

The keystone of the apparatus is a batch windowed cell 
which serves as a mixing and separating vessel and makes it 
possible to observe phase separation visually. Two circulation 
pumps provide the mixing energy needed to promote mass 
transfer. A variable-volume cylinder, which is part of the top 
phase recircuiating loop, is used to maintain constant pressure 
while sampling. An on-line gas chromatograph allows rapid 
composition measurements. All parts of the apparatus which 
are in contact with phases, as shown in Figure 1, are enclosed 
in an air bath to ensure temperature uniformity. The experi- 
mental equipment and procedure are described in greater detail 
elsewhere (8). 

2-Propanol used in this work was supplied by Fisher Scientific 
Co. (A-417 of 99+% purity) and carbon dioxide was supplied 
by Matheson (Coleman Instrument of 99.99+ % purity). Both 
compounds were used for measurements without further pu- 
rification. 
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Table I. Vapor-Liquid Equilibrium for 2-Propanol and 
Carbon Dioxide 

43 

CO, mole fraction 
T, " C  P, psia (MPa) liquid vapor 

43.5 850 (5.86) 0.4520 0.9915 
43.6 1000 (6.90) 
43.6 1150 (7.93) 
61.8 200 (1.38) 
61.7 400 (2.76) 
61.7 600 (4.14) 
61.8 850 (5.86) 
61.3 1000 (6.90) 
61.7 1150 (7.93) 
62.0 1250 (8.62) 
61.8 1350 (9.31) 
81.6 850 (5.86) 
81.3 1000 (6.90) 
81.2 1250 (8.62) 
81.3 1500 (10.34) 
81.3 1650 (11.38) 

121.5 1000 (6.90) 
121.4 1250 (8.62) 
121.4 1500 (10.34) 
121.4 1750 (12.07) 
121.0 1800 (12.41) 

0.6038 
0.8440 
0.0785 
0.1529 
0.2370 
0.3538 
0.4368 
0.5297 
0.5950 
0.6908 
0.2962 
0.3603 
0.4739 
0.6114 
0.7133 
0.2831 
0.3675 
0.4583 
0.5586 
0.5889 

0.9894 
0.9855 
0.9664 
0.9791 
0.9818 
0.9830 
0.9813 
0.9794 
0.9764 
0.9713 
0.9672 
0.9665 
0.9629 
0.9515 
0.9335 
0.8946 
0.8959 
0.8875 
0.8652 
0.8532 

Experlmental Results 

Experimental mole fractions of carbon dioxide are reported 
in Table I and plotted vs. pressure in Figures 2 and 3 for 
coexisting liquid and vapor phases. The four isotherms, 44, 62, 
81, and 121 O C ,  have been measured in the high-pressure and, 
therefore, highdenslty region, as expected in supercritical ex- 
traction. In addition, the 62 O C  isotherm have been measured 
at lower pressures, down to 200 psia, to provide also the low- 
density phase compositions. This isotherm smoothly extrapo- 
lates to the 2-propanol vapor pressure at the carbon dioxide 
mole fraction equal to zero (Figure 3). 

The mole fractions in Table I are averages of two to three 
GC analyses of each phase. Reproducibility of the results from 
one series of analyses, as well as from the repeated mea- 
surements, is typically 0.001, and always less than 0.003, in 
mole fractions. Based on this and other tests carried out on 
the systems of known phase equilibrium, n decaneln -butane 
and water/2-butanol (8), the overall accuracy is believed to be 
better than 0.005 in mole fractions. The temperature and 
pressure measurements are accurate to 0.1 O C  and 3.5 psi, 
respectively. 

Correlatlon 

The experimental TPXY data from Table I are correlated with 
three cubic equations of state, the Redlich-Kwong versions 
proposed by Soave (72), by Peng and Robinson (73), and by 
Zudkevitch and Joffe (74) .  These equations differ in the at- 
tractive part of the compressibility factor and in the way the 
pure component parameters are determined. 

The Soave and Peng-Robinson energy parameters a are 
temperaturedependent while the molecular size parameters b 
are temperatursindependent. Both a and b are calculated from 
generalized equations, originally fitted to vapor pressure, utilizing 
critical temperature, critical pressure, and Pitzer's acentric 
factor. On the other hand, the Joffe-Zudkevitch (RKJZ) pa- 
rameters a and b are both temperature-dependent (75). 
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Flgure 1. Simplified diagram of variable-volume circulation apparatus. 
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Figure 2. Experimental vapor-phase composition. 
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Flgure 3. Experimental liquid-phase composition. 

Moreover, they are adjusted to vapor pressure and liquid den- 
sity, when used, rather than calculated from the criticals. 

For mixtures, the common averaging equations are used 

/ I  / i  
a,,, = CCx,xpI/ b,,, = CCx,xk0 (1) 

av = (1 - C,)(a@,)0.5 4 = 0.5(1 + DvXb/ + bjl (2) 

which are quadratic in mole fractions and are referred to as 

Table 11. Binary Interaction Parameters for Equations of 
State 

absolute av devn in K 
ratio, % 

C D carbon dioxide 2-propanol 
Soave 0.098 0.000 2.8 6.6 
Pene-Robinson 0.107 0.000 3.0 7.2 
R K ~ Z ~  
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Figure 4. Experimental vapor-liquid ratio of mole fractions for carbon 
dioxide (K ratio) at 62 OC. 

vdWl (van der Waals one-fluid) mixing rules. 
Four series of calculations were made, with RKJZ adjusting 

both binary parameters C and D (RKJZP), and with Soave, 
Peng-Robinson, and RKJZ (RKJZ1) adjusting only C and setting 
D equal to zero. In  all the cases, a regression program (76) 
minimizing deviations in the equilibrium K ratios was used. 
Results of the first series (RKJZS) are shown in Figure 2 for the 
vapor-phase composition and in Figure 3 for the liquid-phase 
composition. The binary parameters and average absolute 
deviations (percent AAD) are given in Table 11. 

In addition, the predictions from RKJZP and RKJZl are il- 
lustrated in Figure 4 for the carbon dioxide equilibrium K ratio 
and in Figure 5 for the 2-propanol equilibrium K ratio. Based 
on Figure 5, and Table 11, the two-parameter predictions 
(RKJZP) appear to be more accurate than the one-parameter 
predictions (RKJZ1, which is similar to Soave and Peng-Rob- 
inson) for the P-propanol K ratio, especially, at hi-r pressures. 

Concluslon 

The vapor-liquid equilibrium data measured for 2-propanol 
and carbon dioxide have been correlated with cubic equations 
of state. These data should be useful in developing new 
thermodynamic models of hlgbpressve phase equilibria in polar 
mixtures, such as the equation of state with densltydependent 
mixing rules and the group-contribution equation of state. 

Glossary 
a energy-related parameter 
b molecular size-related parameter 
C binary energy-related parameter 
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Flgure 5. Experimental vapor-liquid ratio of mole fractions for 2- 
propanol (K ratio) at 62 OC. 

D binary molecular size-related parameter 
i ith component property 
1 jth component property 
K 

m mixture property 
X mole fraction 

equilibrium vapor/liquid ratio of mole fractions (K 
ratio) 
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Excess Enthalpies of Binary Mixtures of n -Decane with Hexane 
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Calorlmetrlc measurements of excess enthalples are 
reporled for each of the flve mlxtures (n-decane-an 
lsomerlc hexane) at 298.15 K. The results for equlmolar 
mlxtures, together wlth prevlously publlshed results for 
other ( n  -alkane-lsomerlc hexane) mlxtures, are well 
correlated In terms of the acentrlc factors of the 
n-alkanes. 

Currently we are studying the variations in the excess ther- 
modynamic properties of binary mixtures which result from 
isomeric changes in one of the components. I n  this regard, 
we have been investigating systems formed by mixing an n- 
alkane with the five isomeric hexanes: n-hexane (n-C6), 2- 
methylpentane (2-MP), 3-methylpentane (3-MP), 2,2-dimethyl- 
butane (2,2DMB), and 2,3dimethylbutane (2,3DMB). Previous 
papers have reported excess enthalpies for mixtures of each 
of these isomers with nheptane ( 7 ) ,  n-octane (2), and ndo- 
decane (3). The present paper describes a similar study of 

(n decane-isomeric hexane) mixtures. 
Excess enthalpies of (n decane-nC6) mixtures have been 

studied several times in the past (4 -e ) ,  but we are unaware 
of previous measurements on any of the other mixtures. 

Experimental Sectlon 

Excess molar enthalpies I-$,!, were determined at 298.15 K in 
an LKB flow microcalorimeter. Details of the equipment and 
its operation have already been described ( 1 ,  7). For most of 
the measurements, the error in the determination of pm is es- 
timated to be less than 0.5%. However, it may be somewhat 
higher for small h', (< lo  J mol-'). 

The component liquids were obtained from the Phillips Pe- 
troleum Co. and were used without further purification. The 
n-decane was Pure Grade with a purity of at least 99 mol % . 
The isomeric hexanes were Research Grade with purities ex- 
ceeding 99.9 mol %. At 298.15 K, the densities (in kg m-3) of 
the samples used for the calorimetric measurements were as 
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