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Abstract 

An associated-solution model, based on the new local composition model (see Nagata et al. 
Thermochim. Acta, 224 (1993) 59-69), is presented. The association parameters of pure alcohols 
have been estimated using ethers as homomorphs of alcohols. The model shows a good 
performance in representing vapour-liquid equilibria, coexistence curves, and excess enthalpies 
for binary alcohol mixtures and in predicting ternary vapour liquid and liquid liquid equilibria 
and excess enthalpies for many alcohol mixtures from binary parameters. 

Keywords: Associated solution; Binary system; Excess enthalpy; LLE; Molecular complexation; 
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List of symbols 

A,B,C 

ABA, BBA, CBA 
AAB, BAB, CAB 
Ai 
AiBI 
AIC 1 

alj 
B v 

CH, DIj  

associated component  and non-associated components 
coefficients of Eq. (35) 
coefficients of Eq. (36) 
imer of component  A 
complex between component  A imer and component  B monomer  
complex between component  A imer and component  C monomer  
binary interaction energy parameter  for 1 - J  pair 
free contribution to second virial coefficient 
coefficients of Eq. (31) 

* Corresponding author. 

0040-6031/95/$09.50 ((5 1995 Elsevier Science B.V. All rights reserved 
SSDI 0040-603 1(94)02218-6 



78 I. Nagata, K. Gotoh/Thermochimica Acta 258 (1995) 77-107 

F 
LB, Lc 
gE 

A r HA 
A~HAa 

Ar HAC 

H E 

Hf 
H& 
KA 
KAB, KAC 

H I 
n* 

P 
pS 

R 
r !  

r) 
T 
V' 
v2' 

XI 
X o 

A~ 

Yl 
Z 

objective function as defined by Eq. (11) 
quantities defined by Eqs. (19) and (20) 
excess molar Gibbs energy 
enthalpy of hydrogen-bond formation of associated component A 
enthalpy of complex formation between associated component 
A and active non-associated component B 
enthalpy of complex formation between associated component 
A and active non-associated component C 
excess molar enthalpy 
total enthaipy of complex formation 
total enthalpy of hydrogen-bond formation of pure component A 
self-association constant of associated component A 
solvation constants between associated component A and active 
non-associated component B or C 
number of moles of component I 
effective number of carbon atoms in an ether molecule 
total pressure 
saturated vapour pressure of pure component I 
universal gas constant 
molecular geometric-size parameter of pure component I 
r2/3 

absolute temperature 
modified molar volume of associated mixture 
modified molar volume of pure associated component A 
liquid molar volume of pure component I 
liquid-phase mole fraction of component I 
liquid-phase mole fraction of monomeric component A 
vapour-phase mole fraction of component I 
lattice coordination number equal to 10 

Greek letters 

71 
(Tp, (TT, ~x, (Ty 

7~ i j  

@, 

2 

activity coefficient of component I 
standard deviations in pressure, temperature, liquid- 
phase mole fraction and vapour-phase mole fraction 
(rj/rt) z/3 

binary parameters as defined by exp(-all~T) 
segment fraction of component I given by Eq. (3) 
modified segment fraction of component I given by Eq. (2) 
modified monomeric segment fraction of component I 
modified monomeric segment fraction of pure associated compo- 
nent A given by Eq. (8) 
fugacity coefficient of component I at P and T 
fugacity coefficient of pure component I at ps and T 
molar latent heat of vaporization for alcohol 



Subscripts 

A , B , C  
A1, B1, C1 
Ai 
AIB1 
AIC1 
calc 
chem 
exp 
f 
phys 
I , J ,K  

Superscripts 
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molar latent heat of vaporization for homomorph (ether) of 
alcohol 

alcohol and non-associated components 
monomers of components A, B and C 
imer of alcohol A 
complex between alcohol A imer and component B monomer 
complex between alcohol A imer and component C monomer 
calculated 
chemical 
experimental 
complex formation 
physical 
components I, J and K 

o pure 
* reference state at 50°C 
E excess 
F free contribution 
S saturation 
cg/~ phases 

1. Introduction 

There are many solution models with which to treat the strongly non-ideal behav- 
iours of solutions containing a self-associating alkanol. These models should describe 
accurately thermodynamic properties such as vapour liquid equilibria, liquid-liquid 
equilibria, and excess enthalpies for various alkanol solutions over the whole concen- 
tration range [1]. An association model based on a continuous self-association concept 
has been published from this laboratory [2, 3] for the good description of the thermo- 
dynamic properties of alkanol mixtures. In the model the association constants 
of alkanols were obtained from mixture properties and was unable to show phase 
separation for non-associated mixtures. The association parameters should be es- 
timated from pure-component properties as pointed out by Brandani [-4] and a basic 
expression for the excess Gibbs free energy function 9 e must be workable for partially 
miscible mixtures. 

Recently a new local composition model for mixtures involving three or more 
components has proved its good performance in the representation of binary coexist- 
ence curves of liquid-liquid equilibrium over a wide temperature range and ternary 
and quaternary phase equilibria [5 7]. The new model gives gE for systems containing 



80 I. Nagata, K. Gotoh/Thermochimica Acta 258 (1995) 77-107 

any number of components as follows 

( ) R T -  X l l n  - ~ x/In ~ ~)j'CjI 
~=1 \ x l /  i=1 J 1 

with 

(1) 

r 2/3 x 1 
~; - ( 2 )  

~ 2 / 3  v 
~ j  ~ J  

J = l  

~I  rIxI (3) 

r j  X j  
J = l  

exp( ) ,4, 
where x t is the nominal mole fraction of component I, ~} and q)~ are the modified- and 
nominal-segment fraction of component I ,  r I is the molecular geometric-size parameter 
of pure component I, and alj is the binary energy parameter for the I J pair ai; = 0 and 

aij = aft. 
In this paper we apply this new model to associated solutions involving one alcohol 

and non-associated components. 

2. Determination of association parameters for pure alcohols 

The alcohol associates to form linear polymers by successive chemical reactions. The 
self-association constant K A is defined by 

1) t 

KA _ Ai+l 
*A,O;, 

= K* e x p [ - -  

for A i + A 1 = Ai+ 1 

ArHA( 1 

where K* is the value of K A at T* =323.15K and ArH A is the molar enthalpy of 
hydrogen-bond formation. K a is independent of the association degree. 

Brandani [4] presented the key equation for calculation of the vapour pressure of 
a pure alcohol liquid ps  given below 

ps  = 7o  x 0A1PS exp[(PA s -- PS)(  vL --  B ~ ) / R T ]  (6) 

where y° 1 is the activity coefficient of the monomer in the pure alcohol, x° A, is the mole 
fraction of the monomer in the pure alcohol, Ph s is the vapour pressure of the 
hypothetical monomer, and v k is the molar volume of pure alcohol obtained by using 
the modified Rackett equation [8]. B v is the free contribution to the second virial 
coefficient which is calculated by the method of Hayden and O'Connell [9]. The related 
parameters used are taken from Prausnitz et al. [10]. 
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7 °, is given by 

In , ° -  ( ox~ ) q~o, 
7A1- In + 1 (7) 

\ A I /  xO~ 

where the modified segment fraction of the pure alcohol monomer @°' 1 and x ° A, are 
expressed as 

1 
* ° ' 1 -  1 + K A (8) 

X ° = KA (I)°', 
- A1 ln(1 -- KAq)0A') (9) 

The methyl-R ethers were assumed to be the homomorphs with the same number of 
carbon atoms as in the pertinent alcohol [11, 12]. Ambrose etal. [13] measured the 
vapour pressures of many ethers and presented a general equation to reproduce their 
experimental vapour pressure data for the ethers in terms of the effective number of 
carbon atoms in the ether molecule n* 

log~o P(kPa ) = 7.1972 +0.1752n* - (916.74 + 184.766n*)T- 1 

- (9.6590+ 1.17110n*) 1 0 - 4 T  

- (1.34082 - 0.152687n*) 10- 6 T 2 (10) 

The values of n* were taken from Refs. [12] and [13]. 
K A at 50°C and h A for eight aliphatic alcohols were calculated by minimizing the 

objective function 

F ~ s _ p S  32 (11) = [PAi(exp) Ai(ealc)3 
i=1 

S where Ph(calc) w a s  calculated from Eq. (6) and s Ph(exp) w a s  evaluated using the Antoine 
equation [14] at equally spaced points within the temperature range listed in Table 1, 
where the values of association constants and enthalpies of hydrogen-bond formation 

Table 1 
Association parameters and results of fit of vapour pressure data for alcohols 

S u b s t a n c e  K A A rHA/kJ mol ~ Temperature Abs. arith. 
(at 50°C) range/°C mean dev./Torr 

Methanol 143.0 22.5 1.7 60 0.64 
Ethanol 119.2 22.2 19.6 75 0.36 
1-Propanol 104.3 22.0 48.1 90 0.06 
2-Propanol 84.6 22.2 52.3-80 0.05 
1-Butanol 95.6 21.5 78.6 115 0.27 
2-Butanol 68.6 20.8 67.7 -95 0.32 
iso-Butanol 78.7 21.2 69.9-105 0.33 
tert-Butanol 38.1 19.7 56.8-80 0.28 
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are shown, along with the absolute arithmetic mean deviations between the calculated 
and experimental vapour pressure. The values of the enthalpy for hydrogen-bond 
formation calculated in this work are comparable to the enthalpy of dilution of ethanol 
in saturated hydrocarbons at 25°C [15]. The molar latent heat of vaporization for the 
associated fluid 2 is expressed by the equation [4] 

2 ~- Ah -- KA(I)AIAr HA (12) 

where 2 h is the molar latent heat of vaporization for the alcohol's homomorph, 
which is taken from Ref. [16]. Table2 presents the evaluated and experimental 
molar latent heats of vaporization for alcohols at 25°C, indicating that agreement 
is good and that the association parameters obtained in this work are physically 
reasonable. 

3. Association model 

The excess Gibbs free energy of a ternary mixture involving an alcohol (A) and two 
non-associated components (B and C) is expressed as the sum of the chemical and 
physical contribution terms. The chemical contribution term [2, 3] based on Eq. (1), is 
expressed by 

,, ( , , )  ( ' )  
g c h e m - - X A l n ( ~ ÷  x .  ln - " '  ÷ x c l n  @c, 
R T ~X(I)A, XAJ k XB // \ XC ,1/ 

3 
t 

Z r lx1  l 

rAXA , 
I= 1V~___7 ~ + 7 +x~ + x  c (13) 

where r I was estimated by the method of Vera et al. [19] and rj is given by rj = r 2/3. 

Table 3 gives the values of the molecular size parameters r. The solvation constants 

Table 2 
Comparison of calculated and experimental molar latent heats of vaporization at 25°C 

Substance Molar latent heat of vaporization Deviation/% Ref. 

Calculated/kJ mol 1 Experimental/kJ tool 

Ethanol 42.73 42.26 1.11 [ 17] 
1-Propanol 47.89 47,49 0.85 [17] 
2-Propanol 46.70 45.34 3.00 [17] 
1-Butanol 52.78 52.34 0.83 [17] 
2-Butanol 50.44 49.74 1.41 [17] 
iso-Butanol 51.40 50.79 1.20 [17] 
tert-Butanol 47.24 46.69 1.19 [18] 
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Table 3 
Values of molecular size parameter r for pure components 

Component r Component r 

Methanol 1.15 n-Decane 5.77 
Ethanol 1.69 n-Hexadecane 9.01 
1-Propanol 2.23 Benzene 2.56 
2-Propanol 2.23 Toluene 3.10 
1-Butanol 2.77 p-Xylene 3.65 
2-Butanol 2.77 Tetrachloromethane 2.71 
iso-Butanol 2.77 Acetonitrile 1.50 
tert-Butanol 2.77 Methyl  acetate 2.25 
n-Hexane 3.61 Ethyl acetate 2.79 
Cyclohexane 3.18 Tetrahydrofuran 2.36 
Methylcyclohexane 3.72 2-Propanone 2.06 
n-Heptane 4.15 2-Butanone 2.60 
n-Octane 4.69 

KAB and KAC between alcohol (A) and an 
defined by 

KA B -- (1)A' B~ for A i + B 1  = A I B 1  

active non-associated componen t  (B or C) are 

where A r HAB and ArHAc are the molar  enthalpies for chemical complex format ion 
between alcohol (A) and componen t  (B or C), and K]B and K* c are the values of 
KAB and Kgc at T* = 323.15 K. The solvation constants are not  concerned with the 
association degree of alcohol molecules. 

t The modified m o n o m e r  segment fractions of three components ,  ~A,, ~B, and Ocl, are 
obtained by solving the following mass balance equations 

+' ( 1 PABfAa~ t A I  

~ A - - 1 - - K A O A ,  ~-KAa@A'qbB' I - - K A * A ,  ~ J  

1 PACfAC'] (16) 
+ KAC~A'~C' 1 -- KAOPA1 KAOPA, j 

@~=O~,  1~ ~ / (17) 

 .c0kcLc] 
* c  = * c ,  1 4- ~ / .  (18) 

=K:Bexp[ 1 ,14, 
KA c -  A,C, for A i + C l = AiC 1 

: K  exp[ 
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where PAB and PAC are given by PAa = (ra/rA)2/3,and P'AC = (rc/rA) 2/3. fAB and fAC are 
expressed by 

fAB = ~, (KA~A~)', 
i=1 i+PAB 

(19) 

,~, t i 
fAC = S~ (KA@A') (20) 

i=~-~1 i+ p'Ac 

The values offA R andfA c are obtained as the relative errors of these quantities become 
less than 10 -6. 

Substituting the values of (I)],, @~,, ~c,, fAB, andfAc obtained from Eqs. (16) (20) 
into Eq. (21) gives the modified molar volume of the ternary mixture V' 

' dp'_B,I ff KABPABfAB~ 1 In (1 - -  KA( 1 )  A ) f l  

* ~ (  KAcPAcfA¢~ 
+ 1 -t ~-A -/ (21) 

The modified molar volume of the pure alcohol V °' is calculated by substituting the 
value of (I)°'l obtained from Eq. (8) into Eq. (22), 

1 ln (1  - K A O ° '  ) 
vO , - KArA (22) 

The physical contribution term is given by the residual term of Eq. (1) 

gphys --  X I In (I)j rsl (23) 
R T  I = 1  J = !  

The activity coefficients of the components A, B and C are expressed by 

In 7A = In A, - -  ~ ,  -t rA 
V o, 

l n ( s~  ) +  (IDA- i ( ~ K ~  AK(rA/FK) (24) 
i (1)JTJA XA K = I  ~" ~i)jTJjK 

J = l  

rB lnyB =ln  - ~ +  1 

--In ~ *szjB + - - - -  i O ~  BK(rB/rK) 
J = I XB K = 1 2 (~J 7JjK 

J = l  

r C In Yc = In - ~ + 1 

(y= ,*yZ ,c )+  (I)c- i*K~ cK̀ rc/rK) (26, 

XC K = I  Z ~J"CJK 

~ I n 

J = l  
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The excess molar enthalpy of the mixture is given as the sum of the chemical and the 
physical contribution 

H E = HcEhem + H E (27) phys 

The total enthalpy for the formation of chemical species in the ternary mixture is 
expressed by 

H f =  ArM A ~ ( i -1) (hA,  +r/A/B -I-nAiC)+ ArHAB ~ r/A, B + ArHAc ~ r/Ai C (28) 
i=1 i=1 i=1 

The chemical contribution term of the excess molar enthalpy is given by 

nEhem = H I -- x A H°A 

ArHA 
-- [XAln(1 + KA) + (X A -1- J0ABX B -~- PAcXc)ln(1 -- KA(IIA,)] 

KA 

~_ (A r HA B _ Ar HA ) 2 A B  PAafA~ XB (29) 
+ KA. P'*Bf*B 

K ACP'ACfAcXc 
+ (At HAc -- AtriA) KA + KACP'ACfAC 

where H°A is the value of Hf for the pure alcohol. 
The physical contribution term is derived by applying the Gibbs-Helmhol tz  

relation to Eq. (23) 

Z grSl 

H p ~ y  s - -  - -  R . ,  - X (30) 
(?(l/T) I= 1 ~ zslO s 

J=l 

where the binary energy parameter a H is assumed to be a linear function of temperature 

als = C H + D H ( T -  273.15) (31) 

4. Calculation procedure 

Vapour-l iquid equilibria of the binary and ternary mixtures were calculated using 
the relation 

Oly tP=7,x fpSq) , expL  ~ j (32) 

where Yr is the vapour mole fraction of component I, P the total pressure, pS the vapour 
pressure of pure component obtained using the Antoine equation whose parameters 
were given by the literature [20, 21]. The fugacity coefficients, 4b and 4 s, were calculated 
from the volume-explicit virial equation of state truncated after the second term. The 
second virial coefficients were obtained from the method of Hayden and O'Connell [9]. 

Binary vapour-l iquid equilibrium data were reduced using a computer program 
based on the maximum likelihood principle described by Prausnitz et al. [10]. The 
standard deviations in the measured variable were used as a v = 1.0 Torr, a r = 0.001 
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and ay = 0.003. The energy parameters  for partially miscible systems were obta ined by 
solving the equat ions  of isoactivity for the components  (Eqs. (33) and  (34)) in equilib- 
riated phases 

(7ixl) ~ = ( ~ 1 x y  (33) 
2 2 

x ~ = l  and • x f - - 1  (34) 
I = 1  I = 1  

where the superscripts ct and fl indicate equi l ibr ium liquid phases. The binary par- 
ameters C H and  DIj of Eq. (31) were obtained by minimizing the sum-of-squares of 
deviat ions between experimental  and calculated values using the simplex method [22]. 

5. Calculated results 

5.1. Phase  equilibria 

A single value of ArH A = - 23.2 kJ m o l -  1 [ 15] is used for all alcohols studied here. 
Table  4 shows the values of the solvation parameters.  The enthalpies of complex 

Table 4 
Solvation parrameters 

System (A + B) KAB (at 50'C) - A  rHAB/kJ mol 1 

Methanol + benzene 8.0 8.3 
Ethanol + benzene 7.5 8.3 
1-Propanol + benzene 7.0 8.3 
2- Propanol + benzene 7.0 8.3 
1-Butanol + benzene 6.5 8.3 
2-Butanol + benzene 6.5 8.3 
tert-Butanol + benzene 6.5 8.3 
Ethanol + toluene 7.5 8.3 
2-Propanol + toluene 7.0 8.3 
Ethanol + p-xylene 5.5 8.3 
l-Propanol + p-xylene 5.0 8.3 
2-Propanol + p-xylene 5.0 8.3 
l-Butanol + p-xylene 4.5 8.3 
Methanol + tetrachloromethane 1.5 5.5 
l-Propanol + tetrachloromethane 1.0 5.5 
2-Propanol + tetrachloromethane 1.0 5.5 
Methanol + acetonitrile 75.0 17.0 
Ethanol + acetonitrile 55.0 17.0 
1-Propanol + acetonitrile 45.0 17.0 
2-Propanol + acetonitrile 35.0 17.0 
Methanol + methyl acetate 35.0 17.0 
1-Propanol + ethyl acetate 30.0 17.0 
2-Propanol + ethyl acetate 30.0 17.0 
Methanol + tetrahydrofuran 40.0 20.0 
Methanol + 2-propanone 70.0 21.0 
Ethanol + 2-propanone 55.0 21.0 
1-Propanol + 2-propanone 40.0 21.0 
Ethanol + 2-butanone 45.0 21.0 
1- Propanol + 2-butanone 30.0 21.0 
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formation ArHAB were estimated approximately by taking the difference between 
the enthalpy of infinite dilution of ethanol in saturated hydrocarbons and that 
of ethanol in active solvents and were assumed to be independent of the number 
of carbon atoms in alcohol molecules and are the same as those estimated by Nagata 
et al. [23 26]. The solvation constants KAB were estimated by fitting the model 
to mixture properties (vapour-liquid equilibria and excess enthalpy data); 
they decrease with increasing number of carbon atoms in the alcohol. Nagata and 
Miyamoto [23] reproduced well IR spectroscopic results for 1-propanol + tetra- 
chloromethane using the UNIQUAC associated-solution model with four associa- 
tion constants and a small value of the solvation constant; we adopted a small value 
of KAB for this system. The complex formation of AIB complexes for the system 
does not yield a significant negative excess enthalpy. The final calculated results for 
H E due to the presence of negative HpEhys represent adequately the calorimetric 
measurements. The values of - A  r HAa are in the order: ketones > tetrahydrofuran 
> esters, and acetonitrile > hydrocarbons > tetrachloromethane. The values of 
KAB for methanol + active solvent mixtures are in the order: acetonitrile > 2- 
propanone > tetrahydrofuran > methyl acetate > ethyl acetate > benzene > toluene 
> p-xylene > tetrachloromethane. Table 5 gives the binary calculated results obtained 
by fitting the model to experimental phase equilibria data. Figs. 1 and 2 illustrate 
examples for selected binary mixtures. The ternary predicted vapour liquid 
equilibrium results obtained from the model with only binary parameters agree well 
with experimental values as shown in Table 1. Furthermore, Figs. 3 and 4 demonstrate 
the good workability of the model in predicting ternary liquid liquid equilibria using 
binary parameters alone. 

In representing the binary coexistence curves over a wide temperature range, we 
assume the quadratic temperature dependence of the energy parameters. 

aBA = ABA + BBA T +  CBA T 2 (35) 

aAB = AAB A- BABT-[- CAB T2 (36) 

Calculated results are given in Table 7 and are compared with the experimental data 
for four mixtures as shown in Fig. 5. Each experimental data point was analyzed using 
the model parameters, which are assumed to be linearly or quadratically temperature- 
dependent. For each system Table 7 shows the parameter set, which provides a smaller 
deviation between the experimental and calculated liquid compositions than the other 
one. The precision of the measurements in the systems studied affects the quality of 
correlation. The parameters listed in Table 7 were used to predict activity coefficients in 
the miscible regions to verify their physical significance. The predicted values are well 
compared with the experimental ones as shown in Figs. 6 9. 

5.2. Excess enthalpy 

The binary calculated results for excess enthalpy data are presented in Table 8 and 
are compared with the experimental values of selected mixtures in Fig. 10. Table 9 gives 



Table 5 
Calculated results for binary phase equilibrium data 

e ,  

System (A + B) Temp./°C No. of 
data 
points 

Root-mean-squared devs. 

6P/Torr 6T/K 6x x 103 6y x 103 

Parameters 

a~B/K aBA/K 

Ref. 

Methanol + n-hexane 35 22 
50 22 

Ethanol + n-hexane 35 9 
Ethanol + cyclohexane 20 7 

35 7 
Ethanol + n-heptane 30 22 
Ethanol + n-octane 45 17 
Ethanol + n-hexadecane 52.1 29 
1-Propanol + cyclohexane 25 27 
2-Propanol + cyclohexane 50 9 
2-Propanol + n-heptane 30 11 
1-Butanol + cyclohexane 25 t4 

45 43 
1-Butanol + n-heptane 60 19 
iso-Butanol + n-heptane 30 22 
Methanol + cyclohexane 25 MS a 

40 MS 
Methanol + n-heptane 25 MS 
Methanol + benzene 35 9 

55 9 
Methanol + tetrachloromethane 35 9 
Methanol + acetonitrile 25 10 

55 13 

0.97 0.04 0.9 327.93 63.14 [27] 
0.40 0.03 0.9 293.40 67.71 [27] 
1.19 0.04 0.2 9.3 251.23 15.69 [27] 
0.95 0.00 0.2 3.7 253.63 23.12 [27] 
2.15 0.05 0.1 3.1 230.90 25.50 [27] 
1.11 0.02 0.3 310.23 16.37 [28] 
1.57 0.03 2.8 4.2 346.13 16.37 [29] 
1.54 0.00 1.4 - 508.89 300.08 [30] 
1.46 0.00 0.2 382.18 -65.64 [29] 
2.49 0.09 0.6 11.4 399.34 - 107.05 [31] 
1.63 0.02 0.7 476.05 - 89.88 [32] 
1.56 0.02 0.6 13.0 176.60 - 56.08 [31] 
1.61 0.03 0.4 288.92 - 102.35 [33] 
2.25 0.05 0.7 6.5 401.68 - 100.04 [34] 
0.58 0.00 0.0 269.95 -39.55 [28] 

295.45 76.15 [35] 
261.24 79.06 [36] 
312.28 71.27 [37] 

0.93 0.03 1.1 5.1 -159.44 268.67 [27] 
0.80 0.00 1.9 5.5 7.01 136.52 [27] 
1.67 0.05 0.7 8.6 -351.12 412.81 [27] 
1.44 0.02 0.5 5.8 228.19 231.58 [38] 
0.64 0.04 0.3 2.5 356.58 - 5.06 [36] 

t ~  

I 

"--.1 



Methanol + methyl acetate 
Methanol + tetrahydrofuran 
Methanol + 2-propanone 
Ethanol + benzene 

Ethanol + toluene 
Ethanol + acetonitrile 
Ethanol + 2-butanone 

1-Propanol + benzene 
1-Propanol + acetonitrile 
2-Propanol + benzene 
2-Propanol + acetonitrile 
Benzene + cyclohexane 

Tetrachloromethane + cyclohexane 
Tetrachloromethane + benzene 
Acetonitrile + benzene 

Tetrahydrofuran + cyclohexane 
Methyl acetate + cyclohexane 
2-propanone + cyclohexane 
Cydobexane + n-heptane 
Acetonitrile + cyclohexane 

Acetonitrile + n-hexane 

30 
25 
35 
25 
45 
35 
5O 
25 
55 
45 
55 
5O 
5O 
2O 
39.99 
40 
40 
45 
55 
25 
35 
25 
25 
25 
4O 
5O 
4O 

7 
19 
11 
11 
12 
10 
12 
12 
14 
11 
l0 
15 
15 
11 
7 
9 
8 

11 
12 
19 
8 

12 
3O 
MS 
MS 
MS 
MS 

2.87 
0.37 
1.10 
0.91 
0.63 
0.54 
0.67 
1 . 0 7  

1 . 0 9  

0.41 
1.30 
1.61 
0.51 
0.91 
0.29 
0.48 
0.46 
0.68 
1.15 
0.78 
1.19 
0.93 
0,07 

0.10 
0.01 
0.04 
0.01 
0.01 
0.01 
0.02 
0.01 
0.04 
0.00 
0.04 
0.05 
0.02 
0.00 
0.01 
0.01 
0.01 
0.02 
0.04 
0.00 
0.04 
0.00 
0,00 

0.8 
0.0 
0.4 
1.0 
0.5 
0.6 
0.3 
0.7 
1.3 
0,4 
0.7 
1.1 
0.6 
0.1 
0.2 
0.2 
0.2 
0.4 
0.6 
0.1 
0.6 
0.3 
0.1 

8.6 

2.9 
7.4 
3.6 
3.8 

6.2 
9.8 
2.1 
5.2 
5.2 
3.5 
0.9 
1.9 
1.8 
1.9 
3.2 
7.0 

7.9 
4.7 
0.7 

121.36 
-5O.32 
302.88 

- 120.92 
38.18 

- 132.42 
499.90 
199.82 
553.55 

75.35 
583.02 
288.90 
550.32 

49.95 
33.62 

107.80 
1 6 4 , 4 9  

18.93 
-56 .39  
-78 .77  
211,01 
191.76 

71.72 
630.87 
523.65 
496.60 
458.45 

76.40 
163.60 

13.58 
309.28 
115.19 
259.91 

--33,91 
99,35 

-- 133.82 
45.10 

- -  104,41 
- 56.45 

- 101,95 
97.42 

112.10 
- 44.06 
-98 .52  
367.26 
426.28 
296.92 
279,52 
561.75 

-26 .25  
1321.7 
1244.2 
1169.1 
1151.7 

[27] 
[29] 
[27] 
[39] 
[27] 
[273 
[29] 
[39] 
[27] 
[27] 
[40] 
[313 
[35] 
[4 t ]  
[41] 
[41] 
[42] 
[42] 
[43] 
[44] 
[45] 
[46] 
[47] 
[48] 
[35] 
[35] 
[49] 

E 

~ 0  

MS, mutual solubilities. 
I 
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Fig. 3. Ternary liquid liquid equilibria for systems where two binaries are partially miscible. Calculated, 
• Experimental tie-line: • - • ,  (A) methanol + n-heptane + cyclohexane at 25"C [51]; (B) meth- 

anol + acetonitrile + cyclohexane at 40'JC [52]. 
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Fig. 4. Ternary liquid liquid equlibria for systems where only one binary is partially miscible. Calculated, 
• Experimental tie-line: • • ,  (A) methanol  + benzene + cyclohexane at 25-'C [52]; (B) methanol  

+ tetrachloromethane + cyclohexane at 25~C [53]; (C) methanol  + methyl acetate + cyclohexane at 2 5 C  
[54]; (D) methanol  + tetrahydrofuran + cyclohexane at 25r'C [54]; (E) methanol  + 2-propanone + cyc- 
Iohexane at 25"C [52]; (F) 2-propanol + acetonitorile + cyclohexane at 50°C [52]; (G) ethanol + acetonit- 
rile + n-hexane at 40°C [54]. 
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Fig. 4. (continued) 

the predicted results for twelve ternary mixtures. These results confirm that the model 
works satisfactorily for binary and ternary alcohol mixtures. 

6. Conclusions 

The proposed association model is able to reproduce well vapour-liquid equilibria, 
coexistence curves and excess enthalpy data for binary alcohol mixutres and also to 
predict ternary phase equilibria and excess enthalpies from only binary information 
with good accuracy. 
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Table 6 
Ternary predicted results for vapour liquid equilibria 

95 

System (A + B + C) Temp. No. Absolute arithmetic mean deviations 
/ C  of 

data by A 6y~ 6y c 3P 6P/P 
points x 103 x 103 x l0 g /Torr /% 

Re[ 

Methanol + tetrachloromethane 
+ benzene 55 
Methanol + acetonitrile + benzene 55 
Ethanol + benzene + cyclohexane 50 
Ethanol + acetonitrile + benzene 45 
l-Propanol + acetonitrile + benzene 45 
2-Propanol + benzene + cyclohexane 40 

55 
2-Propanol + acetonitrile + benzene 50 

8 1.9 3.0 2.8 2.4 0.4 [27] 
17 6.1 4.6 6.5 5.4 1.0 [40] 
19 7.1 4.8 8.4 5.6 1.3 [27] 
21 6.6 6.9 8.5 4.3 1.4 [40] 
27 5.7 7.9 9.7 3.4 1.4 [40] 

6 6.3 2.1 5.5 1.5 0.6 [31] 
6 8.3 4.0 4.7 4.2 1.0 [31] 

23 5.8 7.7 7.0 4.6 1.3 [50] 

Table 7 
Calculated results for mutual solubility data 

System (A + B) Temperature Average abs. Parameters Ref. 
range/' C dev./mol% 

AAB BAB CAB 
I a 11 b ABA BBA CBA 

Methanol+cyclohexane 2.46 45.78 1.63 1.27 18370.6754 -116.4343 0.1876 [55] 
-2288.2310 15 .3783  -0.0250 

29.19 45.14 1.44 0.97 14214.5213 87.2200 0.1362 [56] 
- 3311.5416 21.7842 0.0350 

Methanol + n-hexane -28.00 33.36 2.12 1 .85  2423.1229 -10.7700 0.0125 [57] 
- 214.9091 1.6553 0.0024 

-18.15 32.85 0.89 0.66 2023.0718 9.3203 0.0121 [58] 
-238.2734 1.9022 0.0030 

Methanol + n-heptane - 19.50 50.91 1.76 1 .87  1223.3910 - 3.0593 [55] 
- 19.4855 0.2957 

18.00 50.00 0.47 0.13 1612.4355 6.9209 0.0083 [59] 
-512.4692 3.7518 0.0060 

- 3.15 50.85 1.32 0.78 130.1021 6.1049 -0.0154 [58] 
- 186.9953 1.4514 -0.0020 

25.00 50.00 0.34 0.33 113.4234 2.1438 -0.0047 [37] 
-44.8989 0.7158 0.0011 

Methanol + n-octane 11.85 61.85 0.40 0.26 2142.4758 - 9.3567 0.0109 [58] 
-307.4294 2.2824 -0.0033 

25.00 60.00 0.27 0.18 7310.0163 -42.0463 0.0625 [37] 
- 688.3309 4.6993 0.0072 

Methanol + n-hexadecane 26.85 136.85 1.26 1 .40  2115.5522 -5.4714 [58] 
11.3755 0.3521 

Ethanol+n-hexadecane 25.00 52.10 1.77 0.58 18632.7077 -113.4959 0.1761 [30] 
- 1750.8946 1 1 . 4 9 6 5  0.0183 

26.85 51.85 0.72 0.43 15599.3832 93.4688 0.1431 [58] 
- 1388.3573 9.0915 -0.0143 

a |, linear temperature dependence of the energy parameters assumed. 
b 11, quadratic temperature dependence of the energy parameters assumed. 
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Fig. 5. Calculated coexistence curves for alcohol + saturated hydrocarbon mixtures: Calculated, - -  
Experimental: 0 ,  (A) methanol + cyclohexane [56]; (B) methanol + n-hexane [58]; (C) methanol + n- 
heptane [.-59]; (D) ethanol + n-hexadecane [.-58]. 
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(c) 
Methanol + n-heptane 

6o 

97 

50 

? 
~ 4 0  

20 

10 i i i i i i i i i 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Mole fraction of methanol 

60 

(D) 
Ethanol + n-hexadecane 

50 
oo 
\ 

40 
o~ 

E 
I--- 

30 

20 I I I I I I I I I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Mole fraction of ethanol 

Fig. 5. (continued) 
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(A) 
Methanol + cyclohexane at 25°C 
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Fig. 6. Activity coefficients for methanol + cyclohexane. Predicted, - -  
Hwang and Robinson [60] at 25"C; (B) data of Goral et al. [40] at 30~C. 

0.1 0.2 0.8 0.9 

Mole fraction of methanol 
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(A) 
M e t h a n o l . +  n-hexane at 25°C 
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(B) 
Methano l  + n -hexane at 30°C 
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Fig. 7. Activity coefficients for methanol + n-hexane. Predicted, - - .  Experimental: 0 ,  (A) data of Hwang 
and Robinson [60] at 25°C; (B) data of Goral et al. [-40] at 30°C. 
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F] 

(A) 
Methanol + n-heptane at 50°C 
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Fig. 8. Activity coefficients for (A) methanol + n-heptane and (B) methanol + n-octane. Predicted, 
Experimental: 0 ,  (A) data of Tochigi and Kojima [61] at 50°C; (B) data of Thomas etal. [62] at 20°C 



(A) 
Ethanol + n-hexadecane at 25°C 

5 

i 

I. Nagata, K. Gotoh/Thermochimica Acta 258 (1995) 77-107 101 

3 

F- 

2 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 

Mole fraction o ethanol (B) 
Ethanol + n-hexadecane at 45°C 

0.9 0,95 1 

0 ~ ~  
0 0.1 0.2 0.3 0.4 0.5 0.9 

Mole fraction of ethanol 

Fig,9. Activity coefficients for ethanol + n-hexadecane [30]. P r e d i c t e d , - - .  Experimental: Q, (A) at 25'~C; 
(B) at 45°C. 
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Table 9 
Ternary predicted results for excess molar enthalpies at 25°C 

105 

System (A + B + C) No. of Absolute arithmetic mean dev. 

data points AHE/J m o l i  AHE/HE/% 

Ref. 

Methanol + 2-propanone + benzene 57 
Ethanol + p-xylene + cyclohexane 59 
Ethanol-2-propanone + benzene 57 
Ethanol + 2-butanone + benzene 42 
1-Propanol + p-xylene + cyclohexane 42 
1-Propanol + 2-propanone + benzene 57 
l-Propanol + 2-butanone + benzene 54 
2-Propanol + bezene + cyclohexane 67 
2-Propanol + benzene + methylcyclohexane 61 
2-Propanol + toluene + cyclohexane 56 
2-Propanol + p-xylene + cyclohexane 55 
1-Butanol + benzene + cyclohexane 43 

13.60 2.70 [65] 
9.58 1.50 [64] 

10.60 1.57 [67] 
14.40 2.46 [75] 
12.51 1.53 [64] 
8.31 1.12 [71] 
9.55 1.64 [72] 

19.80 2.20 [64] 
12.27 1.27 [74] 
10.55 1.47 [74] 
15.08 1.67 [64] 
15.46 1.58 [64] 
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