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ABSTRACT

The spectroscopic and thermodynamic properties of solutions of propanols in various
nonassociating components can be described well by an associated solution model in which
the association of alcohol molecules into open-chain and cyclic hydrogen-bonded species and
the formation of complexes between the terminal hydroxyl group of the alcohol chain
molecules and a solvating component are taken into account, with allowance for a non-polar
interaction term. Ternary predicted values of vapor-liquid equilibria and excess enthalpies
for mixtures including propanocl and two nonassociating components are in good agreement
with experimental results.

INTRODUCTION

The properties of alcohol solutions have been studied by many investiga-
tors who used chemical association models. Chemical models have some
advantages over physical models, because the extremely nonideal behavior of
the alcohol solutions can be explained by introducing equilibrium constants.
Recently, we [1,2] presented a chemical model which can account for the
infrared spectroscopic change in the dilute solution of alcohol, the activity
coefficients of the alcohol and nonassociating components, the excess en-
thalpies over the whole composition range and the occurrence of phase
separation. In this paper the new model is further extended to the spectro-
scopi¢ property, isothermal vapor-liquid equilibrium and excess enthalpy
data of solutions of propanols with nonassociated components.

* Author to whom correspondence should be addressed.
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THEORY

The model we have selected is one which has been used for the systems
methanol- and ethanol-nonassociating component [1,2]. The model assumes
that linear chain species of alcohol of any length as well as closed cyclic
species are present, the smallest cyclic alcohol being a pentamer, and further
that linear polymeric complexes are formed between the terminal hydroxyl
group of alcohol chain species and an active nonassociating component. The
NRTL equation [3] has been allowed as a physical interaction term for
non-polar interaction.

The enthalpies of hydrogen-bond formation in the alcohoi dimer and
higher polymers are h, and h,, which are assumed temperature-indepen-
dent. The equilibrium constants for the linear and cyclic alcohol polymer
formation are expressed by K, for A+ A=A,, K, forA,+ A=A, X for
all linear polymerization A, + A=A,,;, where i>3, and K =6/i for
A ;(open) = A (cyclic), where & is independent of i and i > 4. The solvation
equilibrium constants between unlike molecules are given by K5 for A; + B
=A,B, K,c for A;+ C=A,C and Ky, for B+ C=BC.

The activity coefficients of all components in a ternary mixture composed
of the alcohol (A) and two nonassociating components (B and C) are given
as the sum of the chemical and physical contribution terms. These two terms
are expressed by

(0 Yp )eperm = ln( xA,/X*Ale) (1)
(ln T )chem = ln(xBl/xB) (2)
(ln YC)chem = ln(xCI/xC) (3)
Z 771G %, 2 x,Gyy 2 XrTrsGry
(In ¥, )pnys = +Y S e (4)
e Z Gyixk J E Gysxk " E Gyxk
K K K

where

T = (811 — 8u )/RT (5)
G, = exp(— aJI"'JI) (6)

where the nonrandomness parameter a,(=a;;) is taken as 0.3 and the
binary parameters, g, — g;,; and g;, — g,,, are obtained from experimental
phase equilibrium data.

The monomer mole fractions as the three components are related to the
overall mole fractions of the components.

X5 = {(1 + K pxp + KACxC])[xAl + 2K2xf\l + K2K3xf\1(3 —-2z)/(1- 2)2]

+K,K,K0x5 /(1-2)} /S (7)
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Xp = {XB1 + Kpexpxe, + KABXBI[XAI + szil + K2K3xil/(l - Z)]}/S (8)
Xc= {xc, + KpexpXc, + KACXCI[XA, + sz;le + K2K3xf\‘/(1 - z)]}/S (9)
where z = Kx, and S is the stoichiometric sum given by
S = (1 + Kapxp, + Kacxc,)| xa, + 2K,x3, + K, Kx3 (3 - 22) /(1 - 2)’]
+ K, K,K0x5, /(1= 2) +(Kapxp, + Kacxc,)| xa, + Kpx2,
+K2K3x,il/(1 — z)] +2KpexpXc, + X5, + Xc, (10)

The sum of the mole fractions of all chemical species present should be
unity.

i x 5 (linear) + i Xa8 + i Xac, i x4, (cyclic) + xp ¢, + x5 + X,
i=1 i=1 i=1 i=5
= (1+ Kppxp, + Kacxe, )| xa, + Koxd, + K K53 /(1 - 2)
—(K,K:8/K%)[In(1 —z)+z+22/2+2° /3 + z4/4
+KpcxpXxc, +xp +xc, =1 (11)
These mass balance equations can be solved for x, , xp and xc at any

composition.
At pure alcohol state eqn. (11) reduces to

™Ms

x*, (linear) + Z x*, (cyclic)
1 i=5

= x*, + K, x*; + K, Kx*) /(1 - z*)
- (K2K30/K3)[ln(1 —2¥) 4 2* 4+ 2¥2 /2 + 2% /3 4 24 /4] =1 (12)
Equation (12) can be solved for x*,

The excess molar enthalpy of the ternary mixture is expressed by the sum
of chemical and physical terms.

h(l:ihem = {(1 + KABXB, + KACXC|)[h2K2x3\, + hAK2K3xZ,(2 - Z)/(l - 2)2]

i

+h K, K K?0x}, /(1 -2)+ (hABKABxB, + hACKACxCI)
X [ x4, ¥ Kpx2, + Ky Kaxd /(1= 2)] + hacKacXpxc,}/S
~xa [ Kyx* + B K Kox* (2= 2%) /(1 - 2*) |
+h K, K K20x%, /(1 2%)] /8 (13)
where S* is the value of-S at pure alcohol state.
S*=x*, +2K,x*; + K,K;x*; (3-22*)/(1- z*)’?
+K,K,K*0x*; /(1 - z*) (14)
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a("'JlGJl)

. [Z J a(l/T) ?TJI JIxJZxKa(l/T)

R =R X, S0 . (15)
x
1 [ ~ KI'K (ZGKIxK) J
K

and the temperature dependency of the energy parameter is given by

o — &y =C;+ D,(T—273.15) (16)

The infrared spectroscopic data provide a fraction of the number of free
hydroxyl groups in the stoichiometric number of alcohol molecules, 8

Y. x4 (linear)
B= i=1
Y ix, (linear) + }_ ix, (cyclic)
i=1 i=5
B xp +Kyx5 + K, Ksx3 /(1-z) a7)
xa +2K,x2 +(K,Ky/K?)22[(3-22) /(1 - 2)2 + 622/(1 = 2))]

CALCULATED RESULTS
Reproduction of binary experimental data

The temperature dependency of the equilibrium constants is expressed by
the van’t Hoff relation.

dln K,/0(1/T)= —h,/R, dln K,/0(1/T)= —(2h,— h,)/R
dln K/9(1/T)= —h,/R, dn6/31/T)=—h,/R

dIn K,p/3(1/T)= —hup/R, d1n Kuc/3(1/T)= —hac/R

9 In Kye/3(1/T)= —hyc/R (18)

Many combinations of K,, K;, K and § were tested for reproducing the
experimental thermodynamic functions of alcohol-saturated hydrocarbon
mixtures with good accuracy. Finally, a good set of these equilibrium
constants at 25°C was selected as follows: for 1-propanol, X, = 35, K, = 90,
K =40 and 6 =75; for 2-propanol, K, =35, K; =85, K=30 and 6 =70.
The value of 4, is —21.2 kJ mol~! and h, is —23.5 kJ mol~! [1,2]. Table 1
lists the values of the solvation constants and enthalpies of complex forma-
tion. The values of enthalpies of complex formation were taken from
previous papers [1,2,4]. Figure 1 shows that the model fits infrared data well
for the 1-propanol-n-heptane and 2-propanol-tetrachloromethane systems.
Lien [5) made infrared spectroscopic measurements for the 1-propanol-n-
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Fig. 1. Observed and calculated infrared spectroscopic data for fraction of free OH groups of
propanol molecules for (a) 1-propanol-#-heptane and (b) 2-propanol-tetrachloromethane.
Calculated ( ). (a) Experimental (a, 15°C; @, 25°C; 4, 35°C; 0, 45°C; O, 55°C), data
of Lien [5]. Note that the ordinates for 25, 35, 45 and 55°C curves are replaced upwards by
0.2, 0.4, 0.6 and 0.8, respectively, to avoid overlap. (b) Experimental (®), data of Hoffmann
[6] at 21.5°C.

TABLE 1
Solvation equilibrium constants and enthalpies of complex formation
System Temp. K —h
°O) (kJ mol™1)
1-Propanol-benzene 25 -3 8.2
1-Propanol-butyl chloride 25 1.8
1-Propanol—chloroform 55 12 24.5
1-Propanol-ethyl acetate 25 13 15
1-Propanol- p-xylene 25 25 83
2-Propanol-benzene 25 28 8.2
2-Propanol-2-butanone 50 12
2-Propanol-chloroform 50 8 245
2-Propanol-ethyl acetate 25 12 15
2-Propanol-tetrachloromethane 25 0.9 5.5
2-Propanol-toluene 25 24 8.3
2-Propanol- p-xylene ' 25 23 83

Chloroform—benzene 26 0.36 4
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heptane system and his absorbance data obtained by the subtraction method
were used to derive the infrared data in Fig. 1a.
Vapor-liquid equilibrium data were reduced by using the equation

&, P = x,v,4;P; exp|vE(P — P})/RT] (19)

where y is the vapor mole fraction, P is the total pressure, P° is the
saturation pressure of pure component, ¢ is the fugacity coefficient obtained
from the volume-explicit virial equation of state truncated after the second
term and o' is the pure liquid molar volume. The pure component vapor
pressures were calculated by using the Antoine equation [7,8]. The second
virial coefficients were estimated by the generalized method of Hayden and
O’Connell [9].

The energy parameters were obtained by minimizing the sum-of-squares
of relative deviation in pressure plus the sum-of-squares of deviations in
vapor-phase mole fraction by means of the simplex method [10]. Table 2
presents binary results of vapor-liquid equilibrium data reduction and Figs.
2 and 3 give typical examples to show the capability of the model in data
reduction. Table 3 gives binary results of excess enthalpy data and Fig. 4
shows that the model is able to reproduce excess enthalpy data having endo-
and exothermic regions for propanol-chloroform mixtures with sufficient
accuracy. :

TABLE 2
Binary results of vapor-liquid equilibrium data reducticn
System (A-B) Temp. No. of Energy parameters  Abs. arith. mean dev. Ref.
O da!a Ba — 8aa 8ap — £pp Vapor mole Press.
POItS (y'mol=?y (I mol~!) fraction (mmHg)
(x10%)
1-Propanol-benzene 45 11 1983.40 —1456.30 7.0 2.8 11
1-Propanol-butyl chloride 25 15 2424.32 —1883.79 1.8 12
1-Propanol-chloroform 55 9 6110.96 —2933.11 5.8 1.4 13
1-Propanol—ethyl acetate 55 12 1650.76 —1237.18 8.1 2.9 14
1-Propanol- n-heptane 25 11 710.68 30.23 04 12
1-Propanol- n-hexane 45 5 530.15 60.30 2.2 1.0 15
2-Propanol-benzene 45 12 —73999 136841 7.7 2.2 16
50 15 —861.33 1637.21 54 1.8 17
2-Propanol-2-butanone 50 5 230.47 472.66 14.5 38 18
2-Propanol-chloroform 50 11 2299.67 —1450.17 3.0 1.2 19
2-Propanol-cyclohexane 50 11 2249.27 —1503.39 3.1 24 17
2-Propanol-ethyl acetate 55 12 —1158.01 1672.73 9.7 21 14
Benzene-cyclohexane 50 5 2138.02 -—-502.08 7.2 1.1 20
2-Butanone—benzene 50 5 2230.07 —1322.14 138 0.6 18
Butyl chloride— n-heptane 25 11 1071.05 71.05 0.2 12

Chloroform-benzene 50 19 —1549.19 200891 3.1 1.5 21
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Fig. 2. Vapor-liquid equilibria for (a) 1-propanol(1)— n-hexane(2) and (b) 1-propanol(1)-ben-

zene(2) at 45°C. Calculated (
data of Brown and Smith [11].

). Experimental (®): (a), data of Brown et al. [15]; (b),

Ternary predictions from binary data

Tables 4 and 5 summarize vapor-liquid equilibrium and excess enthalpy
predictions for several representative ternary mixtures. Agreement is accep-
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Fig. 3. Vapor-liquid equilibria for (a) 2-propanol(1)-benzene(2) and (b) 2-propanol(1)-chlo-

roform(2) at 50°C. Calculated (
data of Nagata [19].

). Experimental (®): (a), data of Nagata et al. {17]; (b),
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Predicted results for ternary vapor-liquid equilibria
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). Experimental data of Nagata et al. [23]: (O), 1-pro-

System Temp. No. of Abs. arith. mean dev. Ref.
°O data
points Vapc?r mole Pressure
fraction (mmHpg)
(x10%)
1-Propanol-
butyl chloride— 25 44 22 12
n-heptane
2-Propanol- 8.2
benzene- 40 6 41 1.5 16
cyclohexane 6.6.
2-Propanol- 12.2
benzene— 55 6 5.1 1.7 16
cyclohexane 8.3
2-Propanol- 9.3
2-butanone— 50 19 11.3 1.5 18
benzene 49
2-Propanol- 129
chloroform— 50 16 9.0 6.6 19
benzene 6.5
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TABLE 5
Predicted results for ternary excess enthalpies at 25°C
System No. of Abs. arith. . Ref.
data mean dev.
points (T mol™ 1
1-Propanol-ethyl acetate—cyclohexane 55 26.5. 32
1-Propanol- p-xylene—cyclohexane 42 10.9 26
2-Propanol-benzene—cyclohexane 67 16.7 28
2-Propanol-ethyl acetate—cyclohexane 57 194 32
2-Propanol-toluene—cyclohexane 56 11.9 33
2-Propanol- p-xylene—cyclohexane 55 17.9 26

table between calculated and experimental values. The calculated results
indicate that the association model can be used to predict the ternary
thermodynamic properties of solutions of propanols with nonassociating
components from binary information alone.

NOTATION

C,, D, constants of eqn. (16)

G, coefficients as defined by exp(—a;;7;;)

g1 binary interaction parameter

h, enthalpy of formation of dimer

h, enthalpy of hydrogen bond formation in i-mer

hap,hac  enthalpies of formation of chemical complexes A;B and A,;C
hpc enthalpy of formation of chemical complex B,C,

hE excess enthalpy

K, equilibrium constant of dimer

K, equilibrium constant of open chain trimer

K equilibrium constant of open chain j-mer formation, i > 3
equilibrium constant for cyclization of open chain j-mer as
defined by /i, i > 4

K,5;K,\c equilibrium constants of formation of chemical complexes A;B

and A,C
Ky equilibrium constant of formation of chemical complex B,C,
P total pressure
p; saturation pressure of pure component
R universal gas constant
T absolute temperature
vy molar liquid volume of pure component [
x, liquid mole fraction of component 7
Y vapor mole fraction of component [/

z coefficient as defined by Kx,
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Greek letters

o, nonrandomness parameter of NRTL equation
B coefficient as defined by eqn. (17)
Y activity coefficient of component I
6 constant related to K,
™ coefficient as defined by (g,, - g,;)/RT
¢, vapor phase fugacity coefficient of component /
5 vapor phase fugacity coefficient of pure component I at system

temperature 7 and pressure P;

Subscripts
A, B, C alcohol and nonassociating components
AL A, alcohol monomer and /-mer
A,B, A,C complex formation between alcohol i-mer and components B
and C
BC 1:1 complex between components B and C
chem chemical
1,J,K components
phys physical
Superscripts
E excess
L liquid
] saturation
* pure alcohol
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