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Vapor-Liquid Equilibria for the System Cyclohexane—-tert-Butyl

Alcohol

Jalme O. Triday* and Claudina Veas

Departamento de Procesos Quimicos, Universidad Técnica Federico Santa Marla, Valparalso 110-V, Chile

Isothermal vapor pressure data over the whole range of
composition were obtained for the binary system
cyclohexane—tfert-butyl alcohol. Data were taken at
temperatures of 328.2 and 343.3 K by using a
vapor-recirculating equilibrium still. Data were correlated
by the Wiison, NRTL, and modified UNIQUAC equations.
The Wiison equation gives the best fit for the
two-parameter models. The three-parameter NRTL
equation gives the best fit for all the modeis considered in
this work.

Table I. Physical Properties of Chemicals

refractive index vapor press.( kPa
at 298.2 K 3282 K 343.3K

exptl lit. exptl lit. exptl lit.

cyclohexane 1.4236 1.42354° 43.72 43.68° 72.44 72.58°
tert-butyl alcohol 1.3860 1.3852° 30.43 30.73° 60.98 60.82°

sReference 16. ®Reference 17. °Reference 8.

Table II. Vapor-Liquid Equilibrium Data for the Binary
System Cyclohexane (1)-tert-Butyl Alcohol (2) at 328.2 K

Introduction

The vapor-liquid equilibria for the system cyclohexane—
tert-butyl alcohol have been previously Investigated (7-6).
Most of these studies have been carried out under Isobaric
conditions (2-5). Prigogine and Desmyter ( 7) have measured
this system at 300 K for a range of composition up to 60% of
the alcohol mole fraction. Buchowski and Bartel (6) have re-
ported data at 303.15 K over the whole range of composition.

The aim of this work was to provide equilibrium data for the
binary system cyclohexane-tert-butyl alcohol at 328.2 and
343.3 K. This paper reports the results of these measurements
and their correlation by the Wilson, Renon—Prausnitz (NRTL),
and modified Abrams—Prausnitz (UNIQUAC) equations.

Experimental Section

Chemicals. Cyclohexane and tert-butyl alcohol were Merck
analytical-grade reagents used without any further purification
(minimum purities of 99.5%). Some physical properties of the
chemicals are listed in Table I along with literature values.

Vapor Pressure Measuremenis. \apor pressures were
measured at constant temperature as a function of composition
by using a vapor-recirculating equilibrium stil. The equllibrium
still was a simpiified version of the one described by Hipkin and
Myers (7). Instead of the vapor jacket used in the original
design, the contactor is self-lagged with its own vapor assuring
adlabatic conditions. A schematic view of the apparatus is
shown in Figure 1. The equillibrium still was connected through
a cold trap to the regulating and measurement pressure de-
vices. Pressures were measured by a mercury manometer.
Mercury heights were determined with a cathetometer whose
accuracy was 0.2 mm. All observed pressures were cor-
rected to give the equivalent helght of a mercury column at
273.2 K and standard gravity. Temperatures were measured

* Address comrespondence to this author at the Department of Chemical En-
gineering, University of California, Davis, CA 95616.

P/kxPa x ¥
1 30.43 0.000 0.000
2 35.32 0.034 0.166
3 38.15 0.069 0.253
4 41.56 0.128 0.334
5 44,00 0.156 0.393
6 48.00 0.231 0.474
7 50.37 0.315 0.531
8 51.96 0.391 0.567
9 53.26 0.471 0.609
10 54.04 0.536 0.628
11 54.26 0.601 0.657
12 54.44 0.679 0.683
13 54.42 0.736 0.705
14 54.13 0.802 0.729
15 53.82 0.835 0.738
16 51.08 0.948 0.821
17 43.72 1.000 1.000

Table III. Vapor-Liquid Equilibrium Data for the Binary
System Cyclohexane (1)-tert-Butyl Alcohol (2) at 343.3 K

P/ kPa Xy Y1
1 60.98 0.000 0.000
2 65.33 0.018 0.073
3 69.61 0.073 0.187
4 74.40 0.111 0.264
5 79.26 0.144 0.329
6 83.64 0.202 0.391
7 90.89 0.342 0.496
8 93.57 0.444 0.523
9 93.94 0.489 0.575
10 94.40 0.504 0.587
11 95.10 0.599 0.628
12 94.81 0.618 0.623
13 94.96 0.643 0.643
14 94.93 0.655 0.630
15 93.41 0.783 0.695
16 87.76 0.941 0.790
17 77.85 0.994 0.924
18 72.44 1.000 1.000

with a certified thermometer (Will Scientific 710-5) with a stated
accuracy of £0.1 K.

Composltions of the liquid and condensed vapor were ob-
tained from measurements of their refractive indices at 298.2

0021-9568/85/1730-0171$01.50/0 © 1985 American Chemical Society
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Figure 1. Schematic view of the equilibrium still.

K by using a Abbe-type refractometer with an accuracy of
£0.0002. Compositions were estimated to be within £0.005
mole fraction accuracy for the liquid phase and £0.010 for the
vapor phase.

Considering the accuracy of the measured variables, the
experimental vapor pressures are accurate to better than 0.1
kPa at both temperatures.

Results and Discussion

The vapor-liquid equilibrium data for the system cyclo-
hexane-tert-butyl alcohol at 328.2 and 343.3 K are reported
in Tables II and III, respectively.

The experimental data were correlated by the Wilson (8),
Renon-Prausnitz (9), and modified Abrams—Prausnitz equations
(10, 11).

For binary system these models give the following forms for
the excess Gibbs energy, gF,

Wilson
g5 /RT = ~xyIn (x4 + x,A10) ~ x5 In (x, + X445, (1)

Vv, A - Ny
A= v oxp| -~ 2)

A, is the binary energy interaction parameter for the /-/ pair;
V, is the liquid molar volume of component /.

where

NRTL
g* 721G 21 712G 12
RT x,xz(x1 + x,G + X, + Xx,Gyy ®)
where
Ty = (gy - gy)/RT (4)
Gy = expl-ay 1)) 5

gy Is the binary energy interaction parameter for the /—/ pair;
ay is the mixture nonrandomness parameter.

Modified UNIQUAC
g® = g&(combinatorial) + gE(residual) (6)

gF(combinatorial)
RT B
Lol o] Z 8, 8,
Xin—+x,n—+ = XyIn— + n— § (7
1 Py 2 X, D) q1X4 Y qoXp s )
g(residual)/RT =

—q4x,In (0, + 6,75) -~ g'x,in (6 + 6,/7,,) (8)

where the coordination z is set equal to 10 and segment frac-
tion ¢ and area fractions 6 and 6’ are given by

¢ = xr/ ;xj r (9)
6= x QI/ZI:XI 9 (10)
6, = x QI,/ZI:XJ q' (11)

the parameters r, q, and g’ are pure-component molecular
structure constants depending on the molecular size and the
external surface area.

7y = exp[-(u; - uy)/RT] (12)

where y s the binary energy parameter for the /—/ pair. When
g = q’, eq 6 reduces to the original UNIQUAC (5).

The fugacity coefficients are calculated by the virial equation
of state in terms of pressure, truncated after the second term.
Second virial coefficients were calculated by using the corre-
lation of Hayden and O’Connell (72). The molar volumes were
calculated by using the Rackett equation as modified by
Spencer and Danner (13). For the liquid phase the standard-
state fugacities at zero pressure were calculated by the cor-
relation of Prausnitz et al. (74).

The computer program developed by Prausnitz et al. (74)
was used in the correlation of the binary vapor-liquid equilibrium
data. The adjustable binary parameters of the excess Gibbs
energy equations were estimated by a nonlinear regression
method based on the maximume-likelihood principle (75). The
following objective function is minimized:

s?=

f (p-By (T-Ty N ey~ &y P N Viu-7uP

1=1 0'p2 0'1'2 0'12 ayz

(13)

where N is the total experimental points and ¢’s are the esti-
mated standard deviation for each of the measured varlables,
i.e., pressure, temperature, and liquid-phase and vapor-phase
composltions. A circumflex denotes the calculated variable.

The estimated standard deviations for the measured variables
were 0.1 kPa for pressure, 0.1 K for temperature, and 0.001
and 0.010 for liquid-phase and vapor-phase compositions.

The resulting parameters of the Wilson, NRTL, and modified
UNIQUAC equations for the binary system cyclohexane-tert-
butyl alcohol are shown in Table IV. Two alternatives were
considered for the NRTL equation depending on whether the «;,
parameter was fixed or not. As recommended by Renon and
Prausnitz (9) the «,, parameter was set equal to 0.47 for
systems formed by aromatic and alcohols.

The compromise between goodness of fit and number of
parameters requires some method of discriminating between
models. A useful parameter for the comparison is obtained
from the sunt of the weighted squared residuals (eq 13) divided
by the number of data points minus the number of degrees of
freedom. This quantity is a measure of the overall fit of the
equation to the experimental data and it approximates to the
overall variance of errors. These estimated varlances are also
given in Table IV aiong with the obtained parameters.



Table IV. Wilson, NRTL, and UNIQUAC Parameters for
the Binary System Cyclohexane (1)-tert-Butyl Alcohol (2)

(812/R)?/  (Bn/R)?/

eq temp/K K K ary g2t
Wilson 328.2 1148 +67 23533 0.40
3433 129569 118+ 28 0.39

NRTLe 328.2 970 £ 55 3564 £ 31 0.47 0.49
343.3 109559 24029 0.47 0.50

NRTL 328.2 1185 +68 522+ 43 0.71 +£0.02 0.20
3433 1187+65 512x56 0.71 £0.03 0.23

UNIQUAC? 3282 937 +41 -193%6 0.50
343.3 1027 +£40 -226+6 0.48

¢ A; is Ay — A; for the Wilson equation, g;; — g;; for the NRTL
equation, and u;; — u;; for the UNIQUAC equation. ®s?is the esti-
mated variance of the fit. °a;, was fixed. 9r; = 3.97, ¢, = g/ =
3.01; r, = 3.45, g, = 3.05, gy’ = 0.88.
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f

molecular-interaction area parameter for the pure
component /

molecular-volume parameter for the pure compo-
nent /

R gas constant, J mol~' K-

s? sum of the welghted squared residuals defined by eq
13

' estimated variance of the fit

T absolute temperature, K

uy UNIQUAC binary parameter for the /—j pair interac-
tion, J mot™

v liquid molar volume for the component /, cm® mol™

X; liquid mole fraction for the component i

Y vapor mole fraction for the component /

z coordination number

Greek Letters

ay NRTL nonrandomness parameter

y Wilson binary parameter for the /-/ pair interaction,

J mol™!

Ay defined by eq 2

Ty defined by eq 4 and 12

¢ volume fraction defined by eq 9

6, area fraction defined by eq 10

6, area fraction defined by eq 11

g estimated standard deviation

Reglstry No. Cyclohexane, 110-82-7; tert-butyl alcohol, 75-85-0.
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Figure 2. Residuals for the three-parameter NRTL fit to the VLE data

for the system cyclohexane (1)-tert-butyl alcohol (2) at 328.2 K.

The analysis of varlances shows that the Wilson equation
gives the best fit for two-parameter models while the UNIQUAC
and NRTL (a4, = 0.47) show a similar fit. The three-parameter
NRTL equation gives the best fit for the models considered here.

An analysls of residuals for the varlables (l.e., pressure,
temperature, vapor and liquid mole fractions) can be used to
detect any lack of fit.

Figure 2 shows the obtained residuals when the three-pa-
rameter NRTL equation was used to correlate the equilibrium
data at 328.2 K. A similar behavior was obtained for the data
at 343.3 K.

Since these plots show a random distribution of the residuals,
the three-parameter NRTL equation was considered suitable to
represent the data.
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Glossary

gt excess Gibbs energy, J mol™’!

9y NRTL binary parameter for the /-/ pair interaction,
J mol~!

Gy defined by eq 5

N total experimental points

P pressure, kPa

q molecular-geometric area parameter for the pure

component /
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