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ABSTRACT

A chain-forming associated solution theory based on the UNIQUAC equation is
presented for alcohol-unassociated active component liquid mixtures of the Mecke—
Kempter type. The capability of the theory in reproducing the excess Gibbs free energy
and excess enthalpy data for many binary mixtures is successfully shown. Ternary exten-
sion of the theory is presented in the calculations of vapor—liquid and liquid—liquid equi-
libria and excess enthalpy data from binary data.

NOTATION

C, D constants of eqn. (34)

f summation as defined by eqn. (24)

gt excess Gibbs free energy

h enthalpy of formation of a hydrogen bond or alcohonl-unassociated
component bond

hE excess enthalpy

K chemical equilibrium constant

l; bulk factor of pure component i as defined by eqn. (14)

n number of moles of a particular species

P total pressure

P saturated vapor pressure of pure component

q; surface parameter of pure component {

r; volume parameter of pure component i

R gas constant

T absolute temperature

Uj; binary interaction parameter

\ 74 segment number of one true mole of solution in which alcohol com-
plexes and alcohol-unassociated active component complexes are con-
sidered as chemical species

vk molar liquid volume of pure component i

X; liquid-phase mole fraction of component i

* To whom correspondence should be addressed.
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Vi vapor-phase mole fraction of component i
VA lattice coordination number, a cons..ant here set equal to 10

Greek svmbols

Y; activity coefficient of component i

0; surface fraction of component

Pan ra/ra

Pac re/ra

Tii exp[—(u;; — ui)/RT]

O; volume fraction of component i

Y; vapor-phase fugacity coefficient of component i

v vapor-phase fugacity coefficient of pure component i at system tem-

perature T and pressure P;

Superscripts

L liquid

M mixing

0 pure alcohol

s saturation

I, 11 phases

Subscripts

A alcohol, component 1

A;, A; alcohol monomer and i-mer, respectively

AB complex formation between alcohol and component B
AB alcohol i-mer-unassociated component B complex

AC complex formation between alcohol and component C

A;C alcohol i-mer-unassociated component C complex
B, C unassociated components 2, 3, respectively

chem chemical

f complex formation

i, j, k components

phys physical

T total

INTRODUCTION

Previous studies on concentrated alcohol solutions have shown that the
thermodynamic properties of alcohols in unassociated components could be
correlated in terms of continuous association models which are based on the
alcohol self-association concept. The thermodynamic properties of athermal
associated mixtures consisting of a continuously associated component
(species A;,i=1,2,3 ...) and a chemically inert component (one species)
have been theoretically investigated on the basis of the Mecke—Kempter
model using Flory’s approximation for the entropic term [1,2]. In the
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representation of the excess enthalpies of these mixtures, the residual inter-
action expressed by the Scatchard—Hildebrand equation is further included
[3,4]. Wiehe and Bagley [5] considered the ratio of the molar volumes of
the components as an adjustable parameter in the derivation of a theory of
solutions of alcohols in inert components by using the athermal Flory equa-
tion. The theory of Wiehe and Bagley fails to predict liquid—liquid phase
separation and is unable to give a good description of excess enthalpy. Wiehe
et al. [6] have coupled the two-parameter Flory—Huggins equation with stoi-
chiometric models of association and interaction with unassociated active
components to obtain a good prediction of ternary vapor—liquid equilibria
from binary data. The failure of the previous approaches in the successful
correlation of the three thermodynamic properties (vapor—liquid and
liquid—liquid equilibria and excess enthalpy) of alcohol solutions of the
Mecke—Kempter type is mainly due to the deficiencies of the equations
used. A more flexible equation than the Flory—Huggins equation should be
adopted as the basic equation to improve the associated solution theery. The
UNIQUAC equation is applicable to binary and multicomponent mixtures of
nonpolar and polar liquids as well as polymer solutions to give goocd
representation of both vapor—liquid and liquid—liquid equilibria [7]. We
have applied the UNIQUAC equation to the associated solution theory for
alcohol-saturated hydrocarbon mixtures [8].

The resultant theory has been shown to be more useful than the previous
approaches in the correlation of the excess Gibbs free energy and excess
enthalpy.

In the present extension of our previous theory [8], the Mecke—Kempter
model is derived for the calculation of the three thermodynamic properties
of binary and termary alcohol mixtures including unassociated active compo-
nents.

THEORY

For a ternary mixture cf an alcohol (A = component 1) and two unassoci-
ated active components (B = component 2, and C = component 3), we [9]
have derived the expressions of the activity coefficients and the excess Gibbs
free energy, which are given as the sum of the chemical and physical terms,
by using the UNIQUAC equation with the following assumptions.

(1) The alcohol self-associates to form open chain hydrogen-bonded com-
plexes (A;) given by successive chemical reaction

.L\1+AI'=A|'+1 (1)
Alcohol i-mers and unassociated active component form chemical complexes
(A;B and A;C) according to

A;+B=A;B (2)
A;+C=AC (3)

(2) Structural parameters of chemical complexes are expressed by those
for pure components, i.e.

ra; = =1iry, qa; =g, Ta;s = I +ra;and g8 =iy +qa
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(3) Physical interactions between all the components can be given by the
residual term of the UNIQUAC equation.

In v; = In(¥;)enem + IN(Vi)pnys (4)
In(r)enem =052 ) + 75—+ (F)aun(3) + @ —to,
A X1
+A—L) 0+ (AL Ga v h L (5)
n(72denem = 1n(222) + 122+ (£) ¢, 1n(32) + @ — 1210
A=) A1) 6P L= (6)
1
_ 1 (®oc _ I3 (Z) (03 _
In(¥3)chem ln( s ) +1 7"‘ 5 ) 93 In 33‘) + (1 —15)9;
LR SRS R A EREE S| (7)
3 i 3 0.1
In(¥:)phys =~ 1“(_2-:1 0;75:) + 9: —q; z%—sLL— (8)
i= J=
27 01:Thj
k=1
Tji = exp[—(u;; — u;;)/RT] 9)

where the binary parameters (i;; — u;;) can be obtained from experimental
data and V is the segment number of one true mole of the alcohol solution.

1_ 3 Da; + 2, 0aB 5 Pa;c (10)
VO i=1 rA'. i=0 rAB i=0 rr\l'C

V? is V at pure alcohol state.

1_3 %, (11)
V i=1 I'Al_

8 is the surface fraction, ¢ is the volume fraction, the coordination number Z
is equal to 10 and ! is the bulk factor.

0, =——3q‘x" (12)
_Z; q;X;
J=1

& =1 (13)
_E T X;j

L= (Z)ei—an— 1) as)
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gE = g::hem + nghys (15)
8chem _ Pa, ) (¢OB) (¢oc) rixi
“RT x'ln(qb?,_lx. +x,In x, +x;31In o +——V0 + x5 + x5

3

2 E A o

TV (2 )2 dix h‘(¢,) (16)

gghys — 17
“RT lZiq:rc ln(EG iTii) a7)

For the associated mixtures of the Mecke—Kempter type, we may define the
chemical equilibrium constants for eqns. (1—3) as follows.

Da,
K.= i+l (18
AT Gaba, (18)
Kpp=2AB_ (19)
Pa;P08
- Pajc
K 20
AC ™ ¢A¢oc (20)

Then, the monomer volume fractions of the components, ¢, ,, 9os; and ¢goc
are given by solving the following material balance equations between the
nominal components and the chemical complexes.

— - - Na;BTA; Na;cla; o
§¢A+§—V +§——V (21)
Oa ( 1 pABfAB)
=_ A 4K —
1— KA(nbA]_ AB¢OB¢A1 1-—- KA¢A1 KACDAI
1 PAcfAc)
+ Kpc? (———— e 21
acPocPa, 1= KA¢A1 KA¢A1 (21)
E "-AlBrl dom (1 + KABpABfAB) (22)
Ka
2"A,C"3 doc (1 +KAC£ACfAC) (23)
i=0 A

where p sp is the rz 10 of r, to ry and pac = r3/r1- fae and fac are expressed by

E (KA¢A1 )l - (24)
i=1 [+ Paz
from 2 Eabay) (25)

i=1 [+ pac
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0%, V, and V? are given by

=+ K (26)
1 In(1 ~Ka%a,)  don [ KABpABfAB) Poc ( KacPacfac)
1__ + BacPaclac) (9y
v Kar, ra (.1 TR, LT ) @D

1 In(l —EKx0%,)

1__ X 28
k! KA"l ( )

The ternary excess enthalpy is also represented as the sum of the chemical
and physical contribution terms.

hE=hE .o + hEn,e (29)

The enthalpy of formation of the complexes is expressed by

ilr =hA Z;(l. '_—1)('!Ai+nAiB+”A,-C)+hABE nA,_B"'hAC E nAiC (30)
i=1 i=1 =1

The definition of the excess enthalpy gives

hS em =Ff —x,h?

h . . .
= R‘TA‘ [, In(1 + KA) + (x; + papX2 + Pac¥3) In(1 — K;0,4,)]
A

. KasPaBiapX:2 + . KacPaclacXs
¥ ap ™ Ra) K, + Kaippasfas (Rac —ha) Ka + KacPaclac
where h, is the enthalpy of formation of an alcohol hydrogen bond, k.3 is
the enthalpy of complex formation of an alcohol-interacting component B
bond and A ¢ Is similar to /1, p.

(31)

TABLE 1

Values of the pure component sitructural parameters

Component r q l Component r q l
Methanol 115 1.12 0 Tetrachloromethane 271 237 0
Ethanol 1.65 155 0 Methyl ethanoate 225 200 O
1-Propanol 223 198 0 Ethyl ethanoate 279 243 O
2-Propanol 223 198 0 Ethyl methanoate 226 201 O
1-Butanol 277 242 0 2-Propanone 206 185 O
Cyclopentanol 288 230 1 2-Butanone 260 228 0
Cyclohexanol 345 274 1 Triethylamine 402 341 O
n-Hexane 3.61 3.09 0 Diethyl ether 2792 238 O
Cyclohexane 3.18 255 1 Tetrahvdrofuran 236 189 1
Methyleyclohexane 3.72 298 1 Piperidine 3.15 252 1
Benzene 256 205 1 Pyridine 240 192 1
Toluene 310 248 1 N ,N-Dimethylacetamide 301 261 O
Dichloromethane 183 1.67 (O Ethanenitrile 150 140 O
Trichloromethane 230 204 O




TABLE 2

Values of hop and K 5o for binary alcohol solutions

Sys‘:em _hAB KAB Ref
(kecal mole™1) [T°C]
Methanol—benzene 2.2 9 25
Ethanol—benzene 2.2 8 25
1-Propanol—henzene 2.2 7 25
2-Propanol—benzene 2.2 7 25
1-Butanol—5enzene 2.2 7 25
Methanol—toluene 2.6 9 25
Ethanol—toluene 2.6 8 25
1-Propanoi—toluene 2.6 7 25
2-Propanol—toluene 2.6 7 25
1-Butanol—toluene 2.6 7 25
Methanol—dichloromethane 5.0 230 50
Methanol—trichloromethane 5.9 185 50
Ethanol—trichloromethane 59 85 50
1-Propanol—trichloromethane 5.9 55 50
2-Propanol—trichloromethane 5.9 45 50
1-Butanol—trichloromethane 5.9 50 50
Methanol—tetrachloromethane 3.8 2.2 25
Ethanol—tetrachloromethane 3.8 2 25
1-Propanol—tetrachloromethane 38 2 25
2-Propanol—tetrachloromethane 3.8 2 25
1-Butanol—tetrachloromethane 3.8 2 25
Methanol—ester 4.8 190 a5
Ethanol—ester 1.8 120 25
1-Propanol—ester 1.8 85 25
2-Propanol—ester 1.8 70 25
1-Butanol—ester 1.8 75 25
Methanol—ketone, amine 5.5 190 50
Ethanol—ketone, amine 5.5 20 50
1-Propanol—ketone 5.5 60 50
2-Propanol—ketone 5.5 15 50
1-Butanol—ketone 2.5 50 50
Cyclopentanol—2-propanone 5.5 30 50
Cyclohexanol—2-propanone 5.5 20 50
Methanol—diethyl ether, tetrahydrofuran 5.9 150 50
Ethanol—diethyl ether 2.0 95 50
Methanol—piperidine 3.5 200 50
Ethanoi—pyridine 5.2 150 50
1-Propanol—pyridine 5.5 60 50
1-Butanol—pyridine 5.5 20 50
Methanol—YN,N-dimethylacetamide 5.9 185 50
Ethanol—N,N-dimethylacetamide 5.9 85 50
1-Propanol—N, N-dimethylacetamide 5.9 35 50
1-Butanol—N ,N-dimethylacetamide 5.9 50 50
Ethanol—ethanenitrile 5.0 100 50
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[=]

ENh o T

0.2 0.4 0.6 0.5 1.5
MOLE FRACTION METHANGL

Fig. 1. Excess enthalpies for methanol—chloromethane at 35°C: ( ) calculated;

experimental data: (O) methanol—dichloromethane, Moelwyn-Hughes and Missen [13];

(&) methanol—trichloromethane, Moelwyn-Hughes and Missen [13]; (0) methanol—tetra-

chloromethane, Otterstedt and Missen [24].
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CXCFSS ENTHALPY, aL/moL

-200F _

0 0.2 0.4 0.€ 0.8 1.0
FOLE FEACTION ALCOHOL
Fig. 2. Excess enthalpies for n-alcohols—N,N-dimethylacetamide at 25°C: ( —) calcu-
lated; (0) experimental data of Oba et al. [26]: (I) methanol—N,N-dimethylacetamide;
(II) ethanol—N,N-dimethylacetamide; (III) 1-propanol—N,N-dimethylacetamide; (IV) 1-
butanol—N, V-dimethylacetamide.
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55

Fig. 3. Vapor—liquid equilibria for ethanol—benzene at 45°C: (———) calculated; (0)

experimental data of Brown and Smith [42].
340 T T T T
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PRLSSURL, lowr

e
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MOLE FRACTION ETHANOL

Fig. 4. Vapor—liquid equilibria for ethanol—trichloromethane at 35°C: (
lated; (©) experimental data of Scatchard and Raymond [44].

) calcu-
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Combining use of eqn. (17) and the Gibbs—Helmholtz equation gives the
physical contribution term of the excess enthalpy.

3
a‘r,- i

E 3 = 6;
REunye = 2Eoneel 1) g 55 g 272 201D (32)

0(1/7T) i=1 3
E 0;7ji
i=1

CALCULATED RESULTS

The pure component structural parameters were estimated according to
the method suggested by Vera et al. [10].Table 1 gives r and g for pure com-
ponents. These values seem to be consistent with the restraints imposed on
the quasi-lattice theory of liquids [10,11]: /=0 for straight or branched
open-chain molecules; /=1 for cyclic molecules (aromatics, cycloalkanes,
etc.).

The equilibrium constant K, at 50°C is 350 for methanol, 170 for etha-
nol, 110 for 1-propanol, 85 for 2-propanol, 95 for 1-butanol, 80 for cyclo-
pentanol, and 70 for cyclohexanol [8]. We have used one value for h,, —6
kcal mole™! [12]. The van’t Hoff equation fixes the temperature dependence
of the equilibrium constant by
dlnK _ _h (33)
a(1/T) R

The value of K,g and h,g listed in Table 2 are selected which best repro-
duce all experimental data available to us. In excess enthalpy data reduction,
we have assumed that the energy parameters could be expressed by linear
functions of temperature

Ui — Ui = C,' + D,(T_ 273.15) (34)

J

The coefficients C; and D; were obtained using the simplex method
described by Nelder and Mead [35].
The condition for vapor—liquid equilibrium at normal pressures is given
by
(P— B)vr
RT

where y; is the vapor mole fraction, P is the total pressure, P} is the saturated
pressure, and vF is the molar liquid volume for pure component i at tempera-
ture T. J;, the fugacity coefficient of component i at P, and J}, that at satu-
ration, can be calculated from second virial coefficients in accordance withk
the methods described by Prausnitz et al. [53].

The condition for liquid—liquid equilibrium between liquid phase I and
liquid phase II becomes

xlyl=xi'7i" (36)
Some typical results are shown in Tables 3 and 4 and in Figs. 1—4. Figures

U viP = x;v; Ui P} exp (35)
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land 2 illustrate a good ability of the associated solution theory in the
correlation of excess enthalpy data. Figure 3 shows experimental and calcu-
lated phase equilibria for the ethanol—benzene system at 45°C. The good
quality data of Brown and Smith [42] are well represented by the present
model. Figure 4 shows a good fit of the model to the excellent data of Scat-
chard and Raymond [44] for ethanol—trichloromethane. This system
exhibits extrema in the activity coefficients. Su: i extrema are usually not

TABLE 5

Calculation of ternary excess enthalpy data at 25°C

Svystem No. of Abs. arith. Ref.
data mean dev.
points (cal mole™1)
Ethanol—toluene—cyclohexane s 5.4 52
2-Propancl—benzene—methylevelohexane 53 3.4 33
2-Propanol—benzene—cyvciohexane G7 5.4 32
TABLE 6

Calculation of ternary vapor—liquid equilibrium data ai 50°C

System No. of Abs. arith. mean dev. Ref.
data
points Vapor mole Pressure
fraction (Torr)
(%x1000)
2-Propanone 7
Trichloromethane 30 9 12.2 37
Methanol 14
2-Propanone o7
Methanel 35 16 6.9 37
Methy! ethanoate 12
—T T Y T

Fig. 5. Liquid—liquid equilibria for methanol—tetrahydrofuran—cyclohexane at 25°(C.
(— — —)calculated; (o——0) experimental data of Sugi et al. [54 ]
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Fig. 8. Liquid—liquid equilibria for ethanol—ethanenitrile—n-hexane at 40°C: (— — —)
calculated; (0———o0) experimental data of Sugi and Katayama [41].

well correlated by the UNIQUAC equation.

Ternary calculations of excess enthalpy and vapor—liquid equilibrium data
from the binary parameters given in Tables 3 and 4 were carried out; the
results are presented in Tables 5 and 6. The agreement between termary cal-
culated and experimental liquid—liquid solubility curves was not satisfactory
for methanol-containing systems in which the two-phase region is extremely
small (Fig. 5). Figures 6 and 7 show observed and calculated vapor—liquid
equilibria for the two miscible binaries of the ternary ethanol—ethane-
nitrile—n-hexane system. The calculations agree substantially with the
experimental values of this ternary (Fig. 8). Ternary predictions by the
UNIQUAC equation gave too large immiscible range, because the UNIQUAC
equation does not fit adequately the binary vapor—liquid equilibria for alco-
hol—hydrocarbon systems.

CONCLUSION

The UNIQUAC associated solution theory of the Mecke—Kempter type is
useful in the correlation of the excess thermodynamic functions of concen-
trated alcohol solutions involving various kinds of unassociated components
in binary as well as ternary systems. However, the calculated ternary liquid—
liquid equilibria did not agree well with the experimental values of those sys-
tems having a small two-phase region.
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