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Abstract 

The UNIQUAC associated-solution model is used to predict ternary excess enthalpies of 
methanol + benzene + n-heptane and methanol + methyl tert-butyl ether + n-heptane from 
binary information. The model assumes that the excess enthalpy is expressed as the sum of 
chemical and physical terms. The chemical ~ntribution term is due to the ass~iation of 
alcohol and the solvation between alcohol i-mer and a solvating component and the physical 
contribution term represents non-specific interactions between unlike molecules in solution. 

LIST OF SYMBOLS 

41 

f.1 
R 

binary energy parameters 
coefficients of eqn. (13) 
molar ent~alpy of a hydrogen bond 
molar enthalpy of complex formation 
excess molar enthalpy 
association constant 
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4 surface fraction of component I 

TAB, rBA binary parameters as defined by eqn. (12) 

@r segment fraction of component I 

% monomer segment fraction of component I 

Subscripts 

A, B, C alcohol, an active non-associating component and an inert 
component 

AB chemical complex A,B 
them chemical 

phys physical 

Superscripts 

0 

* 
pure alcohol state 
reference state, here taken as 50°C 

INTRODUCTION 

The thermodynamic properties of associated solutions have been dealt 
with using so-called chemical models. Usually these models contain two 
contribution terms: chemical and physical. One of the most useful chemical 
models is the UNIQUAC associated-solution model [l-14]. This model has 
good prediction performance for excess enthalpy data for ternary mixtures 
composed of completely miscible binary mixtures but has not been tested 
for ternary mixtures which involve binary mixtures with partial miscibility. 
So it would be interesting to study the predictive ability of the model for 
such ternary mixtures. Ternary experimental excess enthalpies have been 
published for methanol + benzene + n-heptane at 30°C [15] and methanol 
+ methyl tert-butyl ether (MTBE) + n-heptane at 25 and 40°C [16]. Similar 
data for the binary mixtures constituting the two ternary mixtures are also 
available from the literature: methanol + benzene [15]; methanol + rr- 
heptane [17,18]; methanol + MTBE [18]; benzene + n-heptane [15]; MTBE 
+ n-heptane [18]. The mixture methanol + n-heptane shows phase separa- 
tion in the temperature range studied. 

THE UNIQUAC ASSOCIATED-SOLUTION MODEL 

A brief summary of the model is described here. According to the model 
assumptions, the alcohol molecules form open chains by successive reac- 
tions such as Ai + A, = Ai+i and an active non-associating component B 
produces chemical complexes by the reaction Ai + B, = A,B. The two 
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equilibrium constants KA and KAB depend only on temperature and are 
independent of the chain length 

Qr i 
j+_Lk.L__..._ 

QApPAI i + 1 

h,l 1 
=Kzexp -R T--T” I ( 

Q, A,B 1 
K 

*u = m ir, f rg 

(1) 

(2) 

where QAi, qAi+,, @A,, eAjB, Q>,% are the segment fractions of Ai, Ai+l, A,, 
A,B and B,, h, and hAu are the enthalpies of hydrogen bonding and 
complex fo~ation, rA and rB are pure component segment parameters, 
and R is the universal gas constant. 

The excess enthalpy of binary mixtures involving an associating compo- 
nent A and a eon-~sociating component B is given by the sum of two 
contribution terms: chemical and physical 

The chemical contribution term H&., for the alcohol (methanol) + inert 
component (~-heptane~ is 

Hckn = hAKAxA( @A, - @&) (4) 
where xA is the mole fraction of the alcohol, <PA, and @i, are the segment 
fractions of the monomeric alcohol in the mixture and in the pure alcohol 
respectively. 

@A, = [2KAQtA + 1 - (4&aA + 1)“.5]/2K3’~ (5) 

where the nominal segment fractions are given by 

@.k= rAxA/frAxA+r,xBf @B=rEiXB/(rAXA+YBXB) (61 

When @A = 1, QA, reduces to @i,. 
The ~fz%n of binary mixtures including the alcohol and an active 

non-associating component (benzene or MTBE) is described by 
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fn eqn. (7) the monomer segment fractions @AI and Q?,, are obtained from 
simultaneous solution of the following mass balance equations 

Q, 
@A = (1 _ KyuA,z (1 + IAKABQB,) 

@B =@‘I 
TBKABQA 

l+ (l-KA@Al:) I 
(8) 

(9) 

The physical contribution term H$$ represents non-specific interac- 
tions between unlike molecules in each binary mixture. 

HpEhys= 
4 x eB(aTBA/a(l/T)) 

+qBXB 
eA(aTAE3/a(1/T)) 

A A 8 +* T 
'B + 'ATAB 1 (10) 

A B BA 

with the surface fractions 6, and 8, and the binary coefficients 7BA and 
TAB given by 

@A =~A~A/(qA~A+q~~B) e~=q~~B/(qA~A+qB~~) (11) 

TBA=exp(-aBA/T) TAB=exp(-aAB/T) (12) 

The energy parameters are assumed to be a linear function of temperature. 

a&, = CA + DA( T - 273.15) @An = C, + &(T- 273.15) (13) 

The HE of the ternary system composed of an associating component A 
(methanols + an active non-associating com~nent B (benzene or h4TBE) 
+ an inert component C (n-heptane) is calculated by combining eqn. (7) 

for H&In and eqn. (14) for H$& 

c e~(a~~~/a(l/~)~ 

Two sets of the association parameters for methanol were used: I, 
KA = 173.9 at 50°C [19] and h, = -23.2 kJ mol-’ [20]; II, KA = 125.1 at 
50°C and h, = -23.6 kJ mol-’ [lo]. The solvation parameters for two 

TABLE 1 

Structural parameters for pure components 

Component r 4 

Benzene 2.56 2.05 
n-Heptane 4.15 3.52 
Methanol 1.15 1.12 
Methyl tert-butyl ether (MTBE) 3.26 2.81 
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I, l Methanoi (11 + benzene 12) 
2, A Benzene(l) + n-heptone(2) 

0.6 0.8 1.0 
!&le fraction of ccmonent 1 

Fig. 1. Molar excess enthalpies for methanol+ benzene and benzene+ n-heptane at 30°C. 
~~erimental data of Battler and Rowley 1151: 1, methanol~be~~ene (0); 2, benzene+ n- 
heptane ( A >; caIeulated ( -_) using KA = 125.1 WPC) and h, = -23.6 k.l mol-“. 

binary mixtures are KAB = 4 at 50°C and h, = - 8.3 W mol -I [S] for 
methanol + benzene and KAB = 10 at 50°C and h, = - 18.4 W moi-” for 
methanol f MTBE. The pure-component molecular structural parameters 

MTEE + n-heptane 
800 

700 

600 

T 500 

-z 

E 400 

“tE 300 

205 

0 
0.0 0.2 0.4 0.6 0.8 1.0 

Mole fraction of MTBE 

Fig. 2. Molar excess enthaipies for MTEGS+ ~-heptane. Ex~e~mentai data of TuseI-Langer 
et al. [18]: (01, ‘B’C, (A ), 40°C; calculated (----- 1. 
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Methanol + n-heptane 

Mole fraction of rwthanol 

Fig. 3. Molar excess enthalpies for methanol + n-heptane. Experimental: (01, 25°C 1181; (H 1, 
30°C [17]; (A ), 40°C [18]; calculated ( -) using KA = 125.1 (SO’C) and h, = - 23.6 kJ 
mol-‘. 

I- and q were calculated by the method of Vera et al. [21] and are listed in 
Table 1. 

The binary calculated results are given in Table 2 and the experimental 

MTBE + methanol 

0. 0 0.2 0.4 0.6 0.a 1. 0 
tile fraction of MITE 

Fig. 4. Molar excess enthalpies for methanol + MTJSE. Experimental data of Tusel-Langer 
et al. [18]: (a), 25°C; (A ), 40°C; calculated ( -) using K,+ = 125.1 (SO’C) and h, = - 23.6 
kJ mol-‘. 
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TABLE 3 

Calculated results of ternary data 

SystemA+B+C Temp. 
(“C) 

Number of 
data 
points 

Deviations a 

AAD (J mol-‘) ARD (%) 

Ib II c I II 

Ref. 

Methanol + benzene 
+ n-heptane 30 13 34.9 31.7 7.0 7.2 15 

Methanol + MTBE 25 121 32.4 24.0 6.2 5.1 16 
+ n-heptane 40 113 32.0 26.2 5.8 5.1 16 

a AAD, absolute arithmetic mean deviation; ARD, absolute relative deviation. 
b KA = 173.9 at 50°C and h, = -23.2 kJ mol-‘. 
’ K, = 125.1 at 50°C and h, = -23.6 kJ mol-‘. 

values are compared with the calculated results derived from the UNIQUAC 

associated-solution model in Figs. l-4. In the binary mixtures benzene + II- 
heptane and MTBE + n-heptane the excess enthalpies were calculated 
with eqn. (10) for the physical contribution term and good agreement is 
obtained. For the mixture MTBE + methanol the UNIQUAC associated-solu- 

Methanol + MTBE + n-heptane 

goo1 

I I I I I 
0.0 0.2 0.4 0.6 0.8 1.0 

Mole fraction of n-heptane 

Fig. 5. Comparison between experimental and calculated excess enthalpies for ternary 
mixtures of [x1 n-heptane + x2 MTBE + (1 - xi - x,) methanol], which were prepared by 
mixing pure methanol with [xi MTBE + (1 - xi)n-heptane], with x2 MTBE = 0.3 at 25” and 
40°C. Experimental data of Tusel-Langer and Lichtenthaler [16]: (*), 25°C; (A), 40°C. 
Calculated: (- ), uniquac associated-solution model using KA = 125.1 (50°C) and h, = 
- 23.6 kJ mol- ‘; (- - - - - -), ERAS model. 
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tion model describes the S-shaped dependence on composition quite well 
in comparison to the ERAS (Extended Real Associated So&ion) model 
and the NRTL equation [16,18,22]. For the mixture methanol + n-heptane 
the experimental excess enthalpies in the region of partial miscibility were 
not used in parameter determination, in which mutual solubilities were 
taken from Sorensen and Arlt [23] and the energy parameters satisfy the 
thermodynamic criterion that the activities of components should be equal 
in the two liquid phases (Y and /3. 

(xiYi)” = (XiYi)p i= 1,2 (15) 
The UNIQUAC associated-solution model can be used to predict the 

excess enthalpies of ternary mixtures by using the binary parameters 
without any additional parameters. Table 3 shows the ternary predicted 
results, showing that the association constant of Nagata [lo] provides 
smaller deviations between the experimental and calculated values than 
that of Brandani [19]. As shown in Fig. 5, the ERAS model provides, for all 
ternary data points of methanol + MTBE + n-heptane, calculated excess 
enthalpy values which are clearly too small and the discrepancy between 
the experimental and calculated excess enthalpy values is up to 20-30% 
[16]. The UNIQUAC associated-solution model improves the discrepancy 
significantly. 

We may conclude that the UNIQUAC associated-solution model can be 
used in the prediction of excess enthalpies for ternary associated mixtures 
containing one binary system of partial miscibility. 
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