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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;
Ternary system; VLE

List of symbols

A,B,C associated component and non-associated components
Agas Bga, Cya coefficients of Eq. (35)
Ap Bap» Can coeflicients of Eq. (36)

A, imer of component A

A; B, complex between component A imer and component B monomer
A, C, complex between component A imer and component C monomer
a, binary interaction energy parameter for I-J pair

BF free contribution to second virial coefficient

C. Dy, coeflicients of Eq. (31)
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objective function as defined by Eq. (11)

quantities defined by Egs. (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 enthalpy 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 [

universal gas constant

molecular geometric-size parameter of pure component [

ri3

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 [

liquid-phase mole fraction of monomeric component A
vapour-phase mole fraction of component [

lattice coordination number equal to 10

activity coefficient of component I

standard deviations in pressure, temperature, liquid-
phase mole fraction and vapour-phase mole fraction
(ry/r)*"

binary parameters as defined by exp(—a,,/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 [
modified monomeric segment fraction of pure associated compo-
nent A given by Eq. (8)

fugacity coefficient of component [ at Pand T

fugacity coefficient of pure component I at P} and T
molar latent heat of vaporization for alcohol
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An molar latent heat of vaporization for homomorph (ether) of
alcohol
Subscripts
A B, C alcohol and non-associated components
A, B, C, monomers of components A, B and C
A, imer of alcohol A
A;B, complex between alcohol A imer and component B monomer
A, C, complex between alcohol A imer and component C monomer
calc calculated
chem chemical
exp experimental
f complex formation
phys physical
LJ, K components I, J and K
Superscripts
0 pure
* reference state at 50°C
E excess
F free contribution
S saturation
o f 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 g 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
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any number of components as follows

gE n (DI/ n ( >
== X, In[ —}— x,In (4 (1)
RT 121 ! <x,) 121 ! ng s
with
2/3
o105 @)
¥ 1o,
J=1
o, =— 11 3)
Z FyXy
J=1
’ a
ru=exp<—$) @)

where x;, is the nominal mole fraction of component [, ®; and @, are the modified- and
nominal-segment fraction of component I, r; is the molecular geometric-size parameter
of purecomponent I, and a,, is the binary energy parameter for the I-J paira,;, = 0 and
a;=aj.

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, is defined by

@,
KA:ﬁ for A;+ A=A,

AH L 1
- kzew| - 27021 )| g

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

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

P =33, x3, PRexp[(P — Pp)(vk — BL)/RT] ()

where y  is the activity coefficient of the monomer in the pure alcohol, x§_is the mole
fraction of the monomer in the pure alcohol, PJ is the vapour pressure of the
hypothetical monomer, and v is the molar volume of pure alcohol obtained by using
the modified Rackett equation [8]. B 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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ya, is given by

oY Y
lny2‘=1n<%>+ 1— -2 (7

XA,

where the modified segment fraction of the pure alcohol monomer ®$’ and x3 are
expressed as

Y = 8
MUK, ®

Or
Xa, =— —ﬂ'\-'v (&)
: In(1 - K,®})

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,, P(kPa)=7.1972 +0.1752n* — (916.74 + 184.766n*)T " !
—(9.6590+ 1.17110n*)10 " *T
—(1.34082 — 0.152687n*)10~ ¢ T2 (10)

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

F = z [Pfs\i(exp) - })/S\i(calc):l2 (11)
i=1

where P} ..., Was calculated from Eq. (6) and Py ., Was 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

Substance K, —A,H,/kJ mol™! Temperature  Abs. arith.
(at 50°C) range/°C mean dev./Torr
Methanol 143.0 22.5 1.7-60 0.64
Ethanol 119.2 222 19.6-75 0.36
1-Propanol 104.3 220 48.1-90 0.06
2-Propanol 84.6 222 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 A is expressed by the equation [4]

A=i,— K,0Y A H, (12)

where A, 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

E ’ ’ ’
gc em @ 1 @ 1 q) 1
RhT =x,1n <———q)g’,?“> + xgIn ( x]; >+ xcln <—xC:>
AXA

3
Z riX;
—%"}_W"}'XB"}'XC (13)

where r, was estimated by the method of Vera et al. [19] and r; is given by r;=r?".

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 ! Experimental/k] mol ~*

Ethanol 42.73 42.26 1.1 [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 51
Ethanol 1.69 n-Hexadecane 9.01
1-Propanol 2.23 Benzene 2.56
2-Propanol 223 Toluene 3.10
1-Butanol 2.1 p-Xylene 3.65
2-Butanol 2.77 Tetrachloromethane 2.71
iso-Butanol 2.77 Acetonitrile 1.50
tert-Butanol 277 Methyl acetate 2.25
n-Hexane 3.61 Ethyl acetate 219
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

K ,pand K, . between alcohol (A) and an active non-associated component (B or C) are
defined by

Q/
K ,g=—28" for A, +B, =A,B,

P, P,
AH (1 1
=K:Bexp[—T"B<¥—F>J (14)
v,
KAczq);:gé‘ for A,+C,=A,C,
AH,. (1 1

where A, H,,; and A, H,. are the molar enthalpies for chemical complex formation
between alcohol (A) and component (B or C), and K*,; and K¥. are the values of
K, and K, at T*=323.15K. The solvation constants are not concerned with the
association degree of alcohol molecules.

The modified monomer segment fractions of three components, @), , &y, and & ,are
obtained by solving the following mass balance equations

o, 1 Past,
d)r — Ay K (D/ d)/ _ FABJAB
ATT R, AP ‘*(1 KD, KL,
1 Pact:
K d)/ d)/ _ FACJAC 16
+ AC VA, ¥C, (1 _ KA(D;\‘ KA(D;\I ( )
K 4
o, :(I)'Bl<1 +LI[;ABfA§> (17)
A

K ’
®’C=®’C,<1 +—-—ACIP<ACfAC>. (18)
A
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where p,; and p),. are given by p)p=(rg/ra)*>+and pj o= (rc/ra)*?>. fap and f,c are
expressed by

¢} (KA(D/ )i

Jap= 2 o (19)
e i=zl I+ Pap
< (K@)
Jac= 20— — (20)
he igl I+ Pac

The values of f, and f, - are obtained as the relative errors of these quantities become
less than 1076

Substituting the values of @) , @ , @ , f.s and f, obtained from Egs. (16)—(20)
into Eq. (21) gives the modified molar volume of the ternary mixture V’

1_ In(-K,0,) o <1 KABp;\BfAB>
—_—— +_.___
KA

1% Kara rB
9’?_, <] n Kac p/’%CfAC>
KA
The modified molar volume of the pure alcohol V" is calculated by substituting the
value of @Y’ obtained from Eq. (8) into Eq. (22),
1 In(1 - K,®Y)

A 1 22

+ (21)

Fc

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

g""“ = Z X, ln( Y o, ‘c”> (23)

The activity coefficients of the components A, B and C are expressed by
@, rnoF
lnyA=ln((Do, . ) I}‘,-i- V%’
D,
P 24
nT S,
(b! r/
1 =In{—2)-2L4+1
nyg n<xB> % +
1n<chrm>+¢;_ ZM (25)
B K=1 Z (1) T_]K
(DI r/
Inye=In{-&}-=£+1
nyc n< xc) % +

3 ) > Dy teglre/r
_m(z (DJIJC)+x—C~ ) MK3CK( it (26)
J=1 C K=1 Z (D_]TJK

J=1




I. Nagata, K. Gotoh/Thermpchimica Acta 258 (1995) 77-107 85

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

H¥*=HE_ _+ HE 27

chem phys
The total enthalpy for the formation of chemical species in the ternary mixture is
expressed by
Hy=AH,) (i~ Diny, +npap+nac) + A Hyp ) Nyt AHuc 2 Mae (28)
i=1 i=1 i=1
The chemical contribution term of the excess molar enthalpy is given by

HE n=H, —x HS

chem

I‘H ’ ! /
=% Alxaln(l + Ku) + (x4 + phpXp + Phc Xo) In(1 — K, @) )]
A

) KapPasSasXs

+(AH,z—AH - (29)
AB A Ku+KapgPasfan
K ’
+ (A Hye — ArHA)MfA_,CXC_
K, +KycPacSac

where HY) is the value of H, for the pure alcohol.
The physical contribution term is derived by applying the Gibbs—Helmholtz
relation to Eq. (23)

ifb ity
JE zﬁ(gshys/T):_R i e To(1/T) (30)
Y01/ T) P
Z 7, D,
J=1

where the binary energy parameter a, , is assumed to be a linear function of temperature
a;;=C;;+D,(T—273.15) (31)

4, Calculation procedure

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

RT (32
where y, is the vapour mole fraction of component I, P the total pressure, P the vapour
pressure of pure component obtained using the Antoine equation whose parameters
were given by the literature [20, 21]. The fugacity coefficients, ¢, and ¢5, 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—liquid 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 o = 1.0 Torr, g, = 0.001

v (P — P3)
¢y P = leled)lSexp[l——l
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and o, = 0.003. The energy parameters for partially miscible systems were obtained by
solving the equations of isoactivity for the components (Egs. (33) and (34)) in equilib-
riated phases

(v1x)* = (lez)ﬂ (33)

2 2
Y xj=1 and ) xf=1 (34)

I=1 I=1
where the superscripts « and f indicate equilibrium liquid phases. The binary par-
ameters C;, and D;; of Eq. (31) were obtained by minimizing the sum-of-squares of
deviations between experimental and calculated values using the simplex method [22].

5. Calculated results
5.1. Phase equilibria

A single value of A, H, = — 23.2kJ mol ™! [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) Kap(at 50°C) —A H,g/k) mol™!
Methanol + benzene 8.0 83
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 83
Ethanol + toluene 7.5 8.3
2-Propanol + toluene 7.0 83
Ethanol + p-xylene 5.5 83
1-Propanol + p-xylene 50 8.3
2-Propanol + p-xylene 5.0 8.3
1-Butanol + p-xylene 45 83
Methano! + tetrachloromethane 1.5 5.5
I-Propanol + tetrachloromethane 1.0 5.5
2-Propanol + tetrachloromethane 1.0 55
Methanol + acetonitrile 75.0 17.0
Ethanol + acetonitrile 55.0 17.0
1-Propanol + acetonitrile 45.0 17.0
2-Propanol + acetonitrile 350 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 45.0 210

1-Propanol + 2-butanonc 300 210
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formation A, H,, 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
etal. [23-26]. The solvation constants K,, 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 K,p for this system. The complex formation of A;B complexes for the system
does not yield a significant negative excess enthalpy. The final calculated results for
HE due to the presence of negative Hfhys represent adequately the calorimetric
measurements. The values of —A, H,; are in the order: ketones > tetrahydrofuran
> esters, and acetonitrile > hydrocarbons > tetrachloromethane. The values of
K,y for methanol 4 active solvent mixtures are in the order: acetonitrile > 2-
propanone > tetrahydrofuran > methyl acetate > ethylacetate > 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.

aps = Agp + Bpp T+ Cpa T? (33)
agp=Anp+ Bap T+ CapT? (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 coefficientsin
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
System (A + B) Temp./°C  No. of Root-mean-squared devs. Parameters Ref.
data
points SP/Torr 8T/K dxx 103 Sy x 103 arg/K aga/K
Methanol + n-hexane 35 22 0.97 0.04 0.9 32793 63.14 [27]
50 22 0.40 0.03 0.9 293.40 67.71 27
Ethanol + n-hexane 35 9 1.19 0.04 0.2 93 251.23 15.69 [27]
Ethanol + cyclohexane 20 7 0.95 0.00 0.2 37 253.63 23.12 [27]
35 7 2.15 0.05 0.1 31 230.90 25.50 [27]
Ethanol + n-heptane 30 22 1.11 0.02 0.3 310.23 16.37 [28]
Ethanol + n-octane 45 17 1.57 0.03 2.8 42 346.13 16.37 [29]
Ethanol + n-hexadecane 521 29 1.54 0.00 1.4 —508.89 300.08 [30]
1-Propanol + cyclohexane 25 27 1.46 0.00 0.2 382.18 —65.64 [29]
2-Propanol + cyclohexane 50 9 2.49 0.09 0.6 11.4 399.34 -107.05 [31]
2-Propanol + n-heptane 30 11 1.63 0.02 0.7 476.05 —89.88 [32]
1-Butanol + cyclohexane 25 14 1.56 0.02 0.6 13.0 176.60 —56.08 [31]
45 43 1.61 0.03 0.4 288.92 —102.35 [33]
1-Butanol + n-heptane 60 19 2.25 0.05 0.7 6.5 401.68 —100.04 [34]
iso-Butanol + n-heptane 30 22 0.58 0.00 0.0 269.95 —39.55 [28]
Methanol + cyclohexane 25 MS* 295.45 76.15 [35]
40 MS 261.24 79.06 [36]
Methanol + n-heptane 25 MS 312.28 71.27 [37]
Methanol + benzene 35 9 0.93 0.03 1.1 5.1 —159.44 268.67 [27]
55 9 0.80 0.00 1.9 5.5 —7.01 136.52 27
Methanol + tetrachloromethane 35 9 1.67 0.05 0.7 8.6 —351.12 412.81 [27]
Methanol + acetonitrile 25 10 1.44 0.02 0.5 5.8 228.19 231.58 [38]
55 13 0.64 0.04 0.3 25 356.58 —5.06 [36]
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Methanol + methyi 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
Cyclohexane + n-heptane
Acetonitrile + cyclohexane

Acetonitrile + n-hexane

2.87
0.37
1.10
091
0.63
0.54
0.67
1.07
1.09
0.41
1.30
1.61
0.51
091
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

121.36
—50.32
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
164.49
—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
—3391
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]
[27]
[29]
[39]
[27]
[27]
[40]
(31]
[35]
[41]
[41]
[41]
[42]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[35]
[35]
[49]

* MS, mutual solubilities.
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Fig. 1. Vapour-liquid equilibria for binary mixtures consisting of one alcohol and one inert component. Calculated, — —. Experimental: @, (A) ethanol + n-

octane at 45°C [29]; (B) 1-butanol + n-heptane at 60°C [34].
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Fig. 2. Vapour-liquid equilibria for binary mixtures consisting of one alcohol and one active component. Calculated, ——. Experimental: @, (A) Meth-

anol + acetonitrile 55°C [36]; (B) 2-propanol + benzene at 50°C [31].
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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°C [52].
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Fig. 4. Ternary liquid-liquid equlibria for systems where only one binary is partialty 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 25°C
[54]; (D) methanol + tetrahydrofuran + cyclohexane at 25°C [54]; (E) methanol + 2-propanone + cyc-
lohexane at 25°C [52]; (F) 2-propanol + acetonitorile 4 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
System (A + B+ C) Temp. No. Absolute arithmetic mean deviations Ref.
/°C of
data oy, 3% dye épP éP/P
points x10° x10® x10° /Torr /%
Methanol + tetrachloromethane
+ benzene 55 8 1.9 3.0 238 24 04 [27]
Methanol + acetonitrile + benzene 55 17 6.1 4.6 6.5 5.4 1.0 [40]
Ethanol + benzene + cyclohexane S0 19 7.1 4.8 8.4 5.6 1.3 [27]
Ethanol + acetonitrile + benzene 45 21 6.6 6.9 8.5 43 1.4 [40]
1-Propanol + acetonitrile + benzene 45 27 5.7 79 9.7 3.4 1.4 [40]
2-Propanol + benzene + cyclohexane 40 6 6.3 2.1 5.5 L5 0.6 [31]
SS 6 8.3 4.0 47 4.2 1.0 [31]
2-Propanol + acetonitrile + benzene 50 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%
Apg Bas Cas
| mn Apa Bga Caa
Methanol + cyclohexane  2.46-45.78 1.63 127 18370.6754 —116.4343 0.1876  [55]
—2288.2310 15.3783  —0.0250
29.19-45.14 144 097 14214.5213  —87.2200 0.1362  [S6]
—3311.5416 21.7842 —0.0350
Methanol + n-hexane —28.00-33.36 212 185 24231229 —10.7700 0.0125 [57]
2149091 1.6553  —0.0024
—18.15-32.85 0.89 0.6 2023.0718 —9.3203 0.0121  [S8]
—238.2734 1.9022 —0.0030
Methanol + n-heptane ~ —19.50-5091 176  1.87 1223.3910 —3.0593 [55]
—19.4855 0.2957
18.00-50.00 047 0.13 1612.4355 —6.9209 0.0083 [59]
—512.4692 3.7518 —0.0060
—3.15-50.85 132 078 —130.1021 6.1049 —0.0154 [58]
—186.9953 14514 —0.0020
25.00-5000 034 033 113.4234 2.1438 —0.0047 [37]
—44.8989 0.7158  —0.0011
Methanol + n-octane 11.85 61.85 040 026 2142.4758 —9.3567 00109 [S8]
—307.4294 22824 —0.0033
25.00-60.00 027 0.18 7310.0163  —42.0463 0.0625 [37]
—688.3309 46993 —0.0072
Methanol + n-hexadecane 26.85-136.85 1.26 140 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 114965 —0.0183
26.85-51.85 072 043 15599.3832 —93.4688 0.1431  [58]
—1388.3573 9.0915 —0.0143

* 1, linear temperature dependence of the energy parameters assumed.
® 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: @, (A) methanol + cyclohexane [56]; (B) methanol + n-hexane [58]; (C) methanol + n-
heptane [59]; (D) ethanol + n-hexadecane [58].
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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, ——. Experimental: @, (A) data of

Hwang and Robinson [60] at 25°C; (B) data of Goral et al. [40] at 30°C.
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Methanol + n-hexane at 25°C
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Fig. 7. Activity coefficients for methanol + n-hexane. Predicted, ——. Experimental: @, (A) data of Hwang

and Robinson [60] at 25°C; (B) data of Goral et al. [40] at 30°C.
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(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: @, (A) data of Tochigi and Kojima [61] at 50°C; (B) data of Thomas et al. [62] at 20°C
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(A)

Ethanol + n-hexadecane at 25°C
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Fig.9. Activity coefficients for ethanol + n-hexadecane [30]. Predicted, ——. Experimental: @, (A)at 25°C;
(B) at 45°C.
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Table 9
Ternary predicted results for excess molar enthalpies at 25°C
System (A + B+ C) No. of Absolute arithmetic mean dev. Ref.
data points AHE/) mol ™! AHE/HE/%
Methanol + 2-propanone 4+ benzene 57 13.60 2.70 [65]
Ethanol + p-xylene + cyclohexane 59 9.58 1.50 [64]
Ethanol-2-propanone + benzene 57 10.60 1.57 [67]
Ethanol + 2-butanone + benzene 42 14.40 2.46 [75]
1-Propanol + p-xylene + cyclohexane 42 12.51 1.53 [64]
1-Propanol + 2-propanone + benzene 57 8.31 1.12 [71]
1-Propanol + 2-butanone + benzene 54 9.55 1.64 [72]
2-Propanol + bezene + cyclohexane 67 19.80 2.20 [64]
2-Propanol + benzene 4+ methylcyclohexane 61 12.27 1.27 [74]
2-Propanol + toluene + cyclohexane 56 10.55 1.47 [74]
2-Propanol + p-xylene + cyclohexane 55 15.08 1.67 [64]
1-Butano! + benzene + cyclohexane 43 15.46 1.58 [64]
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