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Isothermal Vapor-Liquid Equilibria for the Ternary
System 2-Propanol | Tetrahydrofuran
1-Chlorobutane at 25°C
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Isothermal vapor-liquid equilibria (VLE) for mixtures containing 2-propanol + tetrahy-
drofuran + I-chlorobutane have been measured using a modified version of a Boublik—
Benson still at 25°C. A test of thermodynamic consistency, like the McDermott—Ellis
method was applied to the activity coefficients. Excess molar Gibbs free energies were
calculated over the entire range composition. Different expressions existing in the lit-
erature were used to predict activity coefficients.

KEY WORDS: Vaporliquid equilibrium; binary and ternary systems; excess molar
free energies; activity coefficients.

1. INTRODUCTION

Measurements of vapor-liquid (VLE) are necessary for the interpretation of
distillation processes. This paper reports the results of measurements on VLE for
the 2-propanol (2-PR) (1) + tetrahydrofuran (THF) (2) 4+ 1-chlorobutane (CIBU)
(3) system at 25°C.

Experimental data for this system have not been previously reported. Some
thermodynamic properties of the corresponding binary mixtures have been
published.' = This work is a continuation of our study on thermodynamic prop-
erties of mixtures.

In this system, the three components are polar and the first component presents
association in its pure state. From the experimental VLE data activity coeffi-
cients can be calculated, as well the excess molar Gibbs free energies (G®). In
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the literature there are different expressions for calculating G?® for a ternary sys-
tem knowing the values for the corresponding binary systems.

Thermodynamic interactions of some chloroalkanes with THF have been
studied by Biros ef al.® and by Sharma et al.®)

For activity coefficients, we applied the semiempirical van Laar equation
(modified by Carlson and Colburn), as well as the Wilson, NRTL, and UNIQUAC
equations. Finally, we applied the predictive group-contribution method (UNIFAC).

2. EXPERIMENTAL

The substances have been purified as described Ref. 1. Densities were deter-
mined with a digital densimeter AP model 45. A thermostatically controlled bath
(constant to & 0.01 K) was used. Calibration was done with air and doubly dis-
tilled water. Temperatures were read from calibrated thermometers. The accuracy
in density was + 0.1 kg-m ™.

Equilibrium data were determined by using a modified version of the equilib-
rium still described by Boublik and Benson‘® working at 25°C. The pressures were
determined using a Barocel pressure transducer, type 590, and a digital pressure dis-
play and controller, model 1501. The estimated error in pressure was £ 0.15 kPa.
The analysis of the liquid and condensed vapor were carried out using Perkin—
Elmer Sigma 300 gas chromatograph, with a thermal conductivity detector. The
current supplied to the detector was 150 mA. The copper column was 1.8 m long
and was packed with 1.5% Carbowax 20 M over Carbopack B 60/80.

The column temperature was 150°C and hydrogen was used as the carrier
gas. Calibration analyses were carried out with 15 samples of known composition.
Three or more injections for each sample were made and an LCI-100 integrator
was used to calculate areas. Mole fractions were obtained with a computation
program. With this method, the sample concentrations were accurate to better than
0.001 mole fraction.

3. RESULTS AND DISCUSSION

The experimental results for the pure liquids are reported in Table I, together
with literature values for comparison.

Values of the mole fractions in the liquid and the vapor phases, and values
of pressures, activity coefficients, and Gibbs free energies of the mixtures are
summarized in Table IL

The liquid-phase activity coefficients were calculated from experimental data,
taking into account the nonideality of the vapor phase by employing the equation

. wP | B WP - P) . P {v¢ _
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where
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Table I. Properties Characterizing Pure Components at 25°C
pi x 1073 (kg-m™) PP (kPa)
Substance Exp. Lit. Exp. Lit.
2-Propanol 07813  0.78126° 5.81 5.81%
Tetrahydrofuran 0.8819  0.8811¢ 2160 21.60°
1-Chlorobutane 0.8803  0.88095%  13.34 13.54°
aRef. 7.
bRef. 8.
5 = 2Bj— Bi — Bi )

P? is the vapor pressure of pure liquid i and x;, yi
fractions in the liquid and vapor phases of the mixture.

are the respective mole

Table IL. Experimental Values of 2-Propanol(1) + Tetrahydrofuran(2) + 1 -Chlorobutane(3)
X System at 25°C
x1 x2 »n »n PE&Pa) 1 2 v Ghy (-mol™h)
0.012 0755 0.010 0.835 19.89 2826 1.019 0.987 59.4
0.026 0241 0.043 0305 15.95 4514 0938 1.061 166.6
0.115 0469 0.087 0554 17.35 2258 0951 1116 286.6
0.197 0729 0.095 0.841 18.62 1.532 099 1.203 235.7
0.213 0.197 0.166 0219 16.34 2177 0844 1274 681.6
0.256 0645 0.140 0.759 17.45 1.629 0953 1331 302.6
0.266 0388 0.155 0480 16.57 1.653 0951 1308 5135
0.295 0.590 0.148 0.735 17.06 1461 0986 1298 331.8
0.307 0.563 0.154 0.713 16.95 1452 0997 1297 362.9
0.343 0.507 0.180 0.653 16.25 1457 0972 1354 397.1
0.343 0.167 0212 0.188 15.95 1686 0834 1461 829.4
0.376 0.445 0201 0.584 15.80 1443 0963 1421 456.4
0.394 0323 0213 0420 15.50 1429 0936 1508 583.9
0.446 0343 0219 0465 15.33 1287 0966 1719 532.9
0.451 0302 0221 0403 15.08 1264 0935 1719 543.0
0.483 0.133 0257 0.163 14.70 1338 0.837 1.663 774.5
0.507 0265 0244 0390 14.65 1205 1002 1762 556.1
0.565 0.130 0267 0202 14.25 1.153  1.030 1.859 677.2
0.598 0.119 0307 0.146 13.63 1.198 0.778 1975 671.1
0.618 0208 0313 0340 13.28 1.151 1.010 1.985 516.9
0.655 0,183 0369 0.303 12.39 1.195 0954 1883 5226
0.713 0.160 0347 0312 12.48 1.039 1134 2522 408.9
0.721 0041 0346 0059 12.83 1.055 0859 2407 598.2
0.754 0.140 0400 0.287 11.52 1.048 1.099 2.559 367.2
0.756 0.073 0371 0.130 12.30 1.034 1.020 2.695 486.7
0.860 0.051 0471 0.123 10.60 0996 1191 3.636 297.8
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The values of the virial coefficients of the pure components and the cross-
virial coefficients for the binary systems are: By = —2.047 x 1073 m3-mol};
By, =—1.280 x 1073 m3-mol™%; B33 = —2.112 x 1073 m*-mol; By = —1.507 x
10~3 m3-mol™; Bj3 = —1.780 x 10~ m*-mol; By3 = —1.629 x 10> m*-mol .
These values were estimated by the method of Hayden and O’Connell.)

The ternary data reported in Table II were found to be thermodynamically
consistent, as tested by the McDermott-Ellis'” method. Following Tamir and
Wisniak,(!) two experimental points are considered thermodynamically consistent
if the following condition is fulfilled:

D < Dy 3

where:

D= Z(xia + xip)(In Yo — 10 ¥ia) @

i=1

1 1 1 1 1
Dpax = Z(xia +xib)[__ F==F=—p __":l Ax
Xib Yib Xia Yia

i=1
n

- AP
+2) (Inyp — lnyi)Ax + D G+ Xib) 5~ &)
=1 i=1

The uncertainties in the measurements were Ax =0.001 and AP =0.15kPa.
Knowing the activity coefficients, it is possible to calculate the excess molar
Gibbs free energies by the expression

n
Gy = RTY xilay ()

i=1

Figure 1 shows the lines of GF of the three binary systems. The excess function
of the binary system can be represented by the expression

n
Gﬁ = XiXj Z ak(xi = Xj)k (7)
k=0
The least-squares method (using the Marquardt{'?) algorithm was used to
determine the values of the coefficients. In each case, n was varied and the minimum
number of coefficients needed to represent the results was found by examining the
minor standard deviation of the estimate

o = [X (65 — G ey = )] ®

The values adopted for the coefficients and standard deviations of the fit are
indicated in Table IIL.
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Fig. 1. Excess molar Gibbs free energies for the binary systems

at 25°C.

If interactions in a ternary system 1 + j + k are assumed to be dependent on
the pairwise interactions of the constituents i + j, j + k, and i + £, it should be
possible to evaluate excess properties of ternary mixture of nonelectrolytes from
the corresponding functions of the binary systems. All three binary systems shows
positive values of GF with large values for the 2-PR(1) + CIBU(3) system and
small values for the THF(2) + CIBU(3) system.

From the different expressions existing in the literature to predict Gibbs frec
energies of a ternary system from the binary systems,(>~1> we applied those
introducing fitting parameters, like that of Cibulka,('© who proposes the following
expression

Gty =G5 + Gy + G, + x1x2x3(4 + Bx) + Cxay ©)

Table I Coefficients ay for Eq. (7) and Standard Deviations for Binary Systems at 25°C

Systems ag ay az a3 as o (J-mol™1)
2-PR(1) + THF(2) 1020.6 —497.1 3769 1833 —657.6 0.025
2-PR(1) + CIBU(3) 40598 —2220.6 4595 10249 13578 0.22

THF(2) + CIBU(3) 156.8 —15.6 2828 102.1 —91.8 0.67
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Fig. 2. Lines of constant excess molar Gibbs free energies (J-mol™1) for 2-propanol (1} !
tetrahydrofuran (2) + 1-chlorobutane (3) system at 25°C.

where A4, B, and C are fitting parameters calculated from expcrimental data. The

parametcrs obtained for the cxcess Gibbs free energy arc 4 = —1234.7, B =
4255.4, and C = —505.1 with the root-mean-square deviation defined as
GE - GE 217
SD = {:2( _o‘bs exp (10)
Hexp

Figure 2 shows the lines of constant G,,.

Different equations exist in the literature to represent activity coefficients for
ternary systems, as indicated by Prausnitz et al.(!” The van Laar equation for a
ternary system is

Iny; = x2A (A1 /A1) + x2A1i3(As1/ A1) + x2x3 Az Az /ApAds
+ A+ Az — Ap(A13/A3n)/(x1 + X2 A0/ A1z + x3A3/Az)* (11)

The expressions for y; and y; are of exactly the same form as that for y;.
To obtain y;, the subscripts in Eq. (11) are changed by replacing 1 with 2, 2 with
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Table IV. Constants of van Laar, Wilson, NRTL, and UNIQUAC Equations

Systems
Equations 2-PR(1) + THF(2) 2-PR(1) + CIBU(3) THF(2) + CIBU(3)
van Laar A = 0.6792 Az = 2.8634 Az == 0.7861
Az =0.2952 Az = 1.1604 A3y =0.0791
Wilson A =0.3116 A3 =0.0333 A2z = 0.9666
Ay = 1.4825 A3 = 0.7232 A3 = 0.9566
NRTL 112 = —0.6569 113 = —0.0592 123 = 0.0940
1 = 1.4438 131 = 2.9069 132 = —0.0151
apz = 0.424 a1y = 0.396 ayy = 12.63
UNIQUAC ry = 3.2491 rp = 2.9415 r3 = 3.7153
q1 =3.124 q2 = 2.720 q3 = 3.192
712 = 1.5007 713 = 1.5262 3 = 0.9895

1 = 0.4907 31 = 0.2390 T3 = 0.9884

3, and 3 with 1. To obtain y3, replace 1 with 3, 2 with 1, and 3 with 2. All the
parameters in Eq. (11) may be obtained from binary data. Table IV shows these
constants.

For a solution of m components, the activity coeflicients of any component £
in Wilson’s equation is:

m
ln}ﬁ.c:—m.)_:xﬂ\iﬁl“l,(x' .k/Yx, u) S

=1 i=1 =1

For each possible binary pair in the multicomponent system, two parameters
are needed and the constants are listed in Tablc I'V.
For a solution of m components, the NRTL equation is:

! m

N ! N 2 "
Iny, = LL injin/ L Gﬁxi] -+ L lixj'Gij >_=4 Gh-xl
=1 e = ,

i=1

[tu (Zxrtrjuq ZGux,) (13)

where
Gy = oxp( -uiTy) (14)

The constants used are listed in Table IV.
The UNIQUAC model for a ternary system gives:
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Table V. Average Deviations for the 2-Propanol(1) 4- Tetrahydrofuran (2) 4
1-Chlorobutane (3) at 25°C

Equations op (kPa) oyl oy2 0y3
van Laar 0.817 0.031 0.017 0.027
Wilson 0.065 0.026 0.017 0.021
NRTL 0.067 0.036 0.026 0.031
UNIQUAC 1.022 0.032 0.017 0.029
UNIFAC 2218 0.032 0.017 0.029

m m
Iny, = n(i/x:) + (2/2)q: n(8; /i) + i — (¢a/xi)2_:lej -q lfl)_‘:'f“’jfji
=1

=i

m [- m -
1gi- qi )| O Zé‘kml (15)
F A=
This equation requires only pure component and binary parameters and the
constants are sumarized in Table 1V, where, for convenience only, z is taken
as 10.
These equation are semiempirical and not predictive. We applied the UNIFAC
method, which is a predictive group-contribution method used by Fredenshind
et al "® and Gmehling ef al.(? and gives:

Iny, = lny°+1In yiR (16)

where ¥ is the combinatorial term and y* is the residual term. The constants used
are in the refercnces mentioned above.
The values P and y were computed with the following cquation:

Pt = xii P} + 5200 P5 +x3y3 P3 a7
Yicol = XiVi P} [ Peol (18)

over the complete concentration range, where £’ are the corrected vapor pressures
of the components following Eq. (1).
Table V gives the average deviation by applying all these equations.
Liquation {12) gives srualier deviations compared with (he average deviailois
from the other cquations.
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