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ABSTRACT 

Vapoyliquid and liquid-liquid equilibria and excess enthalpies for ternary mixtures 
formed from acetonitrile, benzene, n-heptane, tohrene, and carbon tetrachloride are suc- 
cessfully correlated with a modified version of the associated solution theory proposed by 
Lorimer and Jones in 1977, which assumes two types of self-association for acetonitrile 
and binary complexes between acetonitnle and unsaturated hydrocarbons and does not 
include any ternary parameters. 

NOTATION 

constants of eqn. (24) 

exp(--ar,,*r,,) 
binary interaction parameter 
excess Grbbs free energy 
standard enthalpy of head-to-head dimer formatron of acetomtrlle 
standard enthalpy of chain polymer formation of acetonitrile 
standard enthalpy of complex formation between acetomtrile and unsaturated 
hydrocarbon 
excess enthalpy 
equilibrium constant of head-to-head dimer formatron of acetokitrile 
equilibrium constant of chain polymer formation of acetonitrile 
equilibrium constant of compiex formation between acetonitrile and unsaturated 
hydrocarbon 
number of moles of a particular species 
total pressure 
saturated vapor pressure of pure component i 
gas constant 
storchrometrrc sum given by eqn. (3) 
abosolute temperature 
molar liquid volume of pure component I 
hquid phase mole fraction of component i 
vapor phase mole fraction of component i 

Greek symbols 
nonranciomness parameter 
activity coefficient of component i 

* To whom correspondence should be addressed. 
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711 t&i - &dIRT 

z 

vapor phase fugacity coefficient of component i 
vapor phase fugacity coefficient of pure component i at system temperature T 
and pressure pT 

Superscripts 
L liquid 
0 pure acetomtrile 

;, II 
saturation 
phases 
head-to-head dlmer 

Subscrrpts 
A acetonitrlle, component 1 
Ai, Ai acetomtrrle monomer and r-mer, respectively 
AB complex formation between acetonitrlle and unsaturated hydrocarbon (=com- 

ponent B) 

A,B acetonitrile i-mer-unsaturated hydrocarbon complex 

B, C unassociated components 2 and 3, respectively 
them chemical 
f complex formation 
1, j, h components 

phys physrcal 

INTRODUCTION 

Lorimer and Jones [l] have derived equations for the excess Gibbs 
energy, excess enthalpy, and volume of mixing from thermodynamic associa- 
tion theory for complex binary liquid mixtures containing self-associating 
species and binary complexes. The equations were used to correlated experi- 
mental data for the three thermodynamic properties for the three binary sys- 
tems formed from acetonitrile, carbon tetrachloride, and chloroform. How- 
ever, 2 good fit to the excess enthalpy data of acetonitrile-carbon tetra- 
chloride was not obtained. Furthermore, the association theory could not 
represent correctly mutual solubility data for acetonitrile-n-heptane mix- 
tures. This may be because nonspecific interactions among the various 
species present are not well described through general nonspecific interac- 
tions of the simple mixtures. 

The theory has not been extended to ternary mixtures. Experimental data 
are available for three ternary systems formed from acetonitrile, benzene, 
n-heptane, toluene, and carbon tetrachloride. Palmer and Smith [Z] pre- 
sented data on isothermal vapor-liquid and liquid-liquid equilibria for the 
acetonitrile-benzenen-heptane system at 45”C, and Werner and Schuberth 
[ 31 also measured liquid-liquid equilibria for the same system at 20°C. 
Heinrich and Dojcansky [4] investigated liquid-liquid equilibria for the 
acetonitrile-toluene-n-heptane system at 40” C. Missen and co-workers 
[5,6] obtained excess Gibbs free energies and excess enthalpies for the 
acetonitrile- benzene--carbon tetrachloride system at 45” C 

In this work, we present a modification of the association theory of Lori- 
mer and Jones to represent the thermodynamic properties of binary and ter- 
nary Liquid mixtures containing acetonitrile. 
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THEORY 

Excess Gibbs energy 

We use a mole fraction model to describe a ternary associated solution 
where acetonitrile molecules (A) self-associate and interact with two other 
nonassociated components (B and C). A physical interaction term for non- 
polar interaction is assumed to be given by the NRTL of Renon and Praus- 
nitz [7], which is more flexible than a general nonspecific interaction used 
by Lorimer and Jones [l] in data reduction. 

The model is summarized as follows. We assume two association reactions 
for acetonitiile: dimerization corresponding to antiparallel association of 
acetonitrile dipoles, and chain association corresponding to head-to-tail 
association of acetonitrile dipoles. 

Al + Al = A; K2 = d2f3i2A1 (1) 

Ai + 4 = &+I KA = xA,+JxA~xA~ i21 (2) 

Acetonitrile and benzene (or toluene) molecules are assumed to form com- 
plexes [ 81. 

A, + B = AiB KAB = XA,BIXA,XB 121 
1 

(3) 

Component C is inert and does not form any complex with acetonitrile. XA, 
and xi2 refer to i-mer and head-to-head dimer, respectively. K1, KA, and KAB 
are mole fraction equilibrium constants. The species mole fractions are inter- 
related with the following equations 

XA, +xk2 + XA,B +XB~ +XC~ = 
xAl 

I- KAXA~ 

+ K,xi, + KA~A~~B~ 
r=l Z=T ~--AXA~ 

KABxA,xB, 

i=l 
XA,B +- xB~ = 1 _ KAxA1 

xCl = x$ 

(4) 

KABXA1xB1 =x s 

(1 -KAXA,)~ 
l (5) 

+ XB, = x223 (6) 

(7) 

The stoichiometric sum, S, is given by 
03 0 OD 

s = c ix_+ + 2x& + i2 ixAiB + c XAiB + xB1 + xc1 
i=l i=l 

xAl 
= (1 - KAxA1)= 

+ 2K2xLl + KABXAIXBi 
(1 - KAxA1)= 

+ &?%?L + xBl + xc1 

(1 -KAxA~) 
(8) 

where x1, x2, and x3 are the nominal mole fractions of components. The 
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mOnOmer mole fractions xA19 xB1, and xc1 are obtained by solving eqns. (4)- 
(8) by iteration if the equilibrium constants are known. The assumption of 
AB complex formation leads to similar equations, which will not be 
described here. 

The excess Gibbs energy is given by the sum of g&m and gpEhYS. 

gz = g,EhtXn + gpEh,, 

&hc?ln 
=x1 In XAl 

RT 
0 +3c&-+-- xB1 +Xsln- Xc1 

XIXAl x2 x3 

where 

k=l 

(11) 

(12) 

(13) 

The nonrandomness parameter CY,, (=a,,) was assumed to be equal to 0.3 for 
all binaries studied in this work, as recommended by Renon and Prausnitz 
[7], and each binary system has two adjustable parameters (g21 -gg,, and 
g12 -gZ2). xi1 is the value of xA1 at pure acetonitrile state. 

The activity coefficient of component i is expressed by the sum of chemi- 
cal and physical contributions. - 

In 'Yi = In(Ti)chem + In(Tl)phys (14) 

MTI)chem = ~n(~Al/~l&) (15) 

ln(-f2)&ern = lnbB#2) (16) 

M73hhem = W3c&3) (17) 

5 TjlGjlXj 
j=l 

GkiXk 
k-1 

+2 
j=l 

EXjG 
j=l 

IE GkjXk 
k-l 

m 

C xrTr1Grj 
r=l 

Tij - 

5 

k=l 
GkjXk 1 (18) 

Excess en thal’y 

The excess enthalpy is also given as the sum of chemical and physical con- 
tributions. 

hE = hzem + hzhys (19) 
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The enthalpy of complex formation is expressed by 

0 00 

hf = h2n& + hA c (i - I)(%, + nA,B) -I- hAB c nA,B (20) 
i=l i=l 

The definition of the excess enthalpy gives 

hcEhem = hf - x,h$ 

where hf is the value of hf for pure acetomtnle. 

-x1 
xoA1 

(I- K~xh,)' 

+ 2K24$ 
I 

I (22) 

hE phys is given by differentiation of (g&,/T) with temperature. it a(T~iG~l) 
1=1 xJ w/n 

E 7 G x 2 x a(%,) 
Whys/T) & x I _3=1 

11 11 I 

fGws = 
k=l k w/v 

W/T) 
I 

1=1 

I 
2 GkxXk 
k=l 

(& Gkixk)? (23) 

We assume that the energy parameters change linearly with temperature. 

gj, -gli = Cl + Di(T - 273.15) (24) 

CALCULATED RESULTS 

Reproduction of binary data 

The equilibrium constants and the standard enthalpy changes for acetoni- 
trile association are the same as those given by Lorimer and Jones [l] : K2 = 
8.35 and KA = 2.1 at 45”C, h2 = -8.9 kJ mole-’ and hA = -6.7 kJ mole-‘. 
We used KAB = 0.2 at 45°C and hAB = -5.2 kJ mole-’ for complex formation 
between acetonitrile and benzene (or toluene). The temperature dependence 
of the equilibrium constant is fixed by the van’t Hoff equation. Tables 1 and 
2 list the results of binary data fit. 

Vapor-liquid equilibrium calculations were performed using the following 
equation [163 

#iYiP = 'YjXi#Pf exp[z$(P -PP,“)/RT] (25) 

The fugacity coefficient c$ is obtained fiom the volume explicit virial equa- 
tion truncated after the second term and the pure component and cross-virial 
coefficients are estimated by the generalized method of Hayden and O’Con- 
nell [17]- Antoine constants are used to calculate the pure component vapor 
pressure P. The simplex method [la] was used to determine energy parame- 
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ters from vapor-liquid equilibrium data by minimizing the sum of squares of 
deviations in ln(yJy,) for all data points. The energy parameters for the 
carbon tetrachloride-benzene system at 45°C were obtained by linear inter- 
polation. 

Liquid-liquid equilibria provide one set of equations for each component 
to calculate the compositions of two liquid phases in mutual equilibrium. 

tXiTI )I = (&Ti )I1 (26) 

Figures 1-5 compare calculated values with experimental data. Agreement 
with experiment seems to be acceptable. When the energy parameters for the 
partially miscible binary (acetonitrile-n-heptane) were obtained from solu- 
bility data, the reproduction of binary vaporliquid equilibria is remarkably 
good, as show-n in Fig. 2. This suggests that these energy parameters could be 
used for ternary prediction. 

Ternary prediction 

The accuracy of the ternary prediction of vapor-liquid equilibrium and 
excess enthalpy data for two systems is given in Table 3. The RMSD of the 
predicted ternary gE values based on the NRTL equation was 107.5 J mole-’ 
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0 02 0: 05 08 10 

Xl 

Fig. 1. Representation of vapor-liquid equilibria and activity coefficients for the acetoni- 
trile (l)-carbon tetrachloride( 2) system at 45OC. Expenmental data of Brown and Smith 
[9], 8; calculated, -. 

Fig. 2. Representation of vapodiquid equilibria and activity coefficients for the acetoni- 
trile( 1)-n-heptane(2) system at 45OC. Experimental data of Palmer and Smith [ 2],0; 
calculated, - (vapor-liquid equilibria), - - - - - - (solubility data only). 



0 02 04 
Xl 

06 08 10 

Fig. 3. Representation of vapor-liquid equilibria and activity coefficients for the acetoni- 
trile(l)-benzene(2) system at 45OC. Experimental data of Palmer and Smith [2], Q; 
calculated, - (AiB complex), - - - - - - (AB complex). 

Fig. 4. Representation of excess functions for the acetonitrile (l)-toluene(2) system. 
Experimental: gE data of Orye and Prausnitz [lo] at 45OC, Q; hE data of Sergio et al. 
[15] at 41.2OC, *; calculated, -. 

Fig. 5. Representation of exceaa enthalpies for three binary systems at 45’C. Experimen- 
tal, 0 : 1, data of Brown and Fock [ 141 for acetonitrile( 1 )-carbon tetrachloride (2); 2, data 
of Palmer and Smith [Z] for acetonitrile(l)-benzene(2); 3, data of Lien and Missen [S] 
for benzene( l)-carbon t&rachloride( 2). Calculated, -. 
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Fig. 6. Representation of ternary liquid-liquid equilibria for the acetonitriIe[l)-ben- 
zene(2)-n-heptane(3) system at @C. Experimental data of Palmer and Smith [23, 
a-.- - -cp; calculated, - A3 complex was assumed for acetonitrile-benzene, 
- _ - - - -A$ complexes were assumed. 

Fig. 7. Representation of ternary Liquid-Squid equilibria for the acetonitrile(Y_)-ben- 
zene(Z)-n-heptane(3) system at 20°C. Experimental data of Werner and Schuberth 131, 
0 (solubiity), @-- ’ - * --Q (tie line). Calculated, -. 
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TOLUENE 

XEiO:IIiSILE G2 03 'I-"E'TG'li 

Fig 8. Representation of ternary liquid-liquid equilibria for the acetonitrile (l)-toluene 
(2 j-n-heptane (3) system at 40°C. Experimental data of Hemrich and Dojcansky [4],0 
(solubfirty), 8- - - - --B, (tie line). Calculated, - 

for the acetonitrile-benzene-n-heptane system [ 191. This was not as accu- 
rate as the values obtained mth the present associated solution equations. 

The ternary solubility envelope and tie lines can be predicted with the 
activity coefficient equations and the method of Null [203. Figures 6-8 
show observed and calculated liquid-liquid equilibria for the two systems: 
acetonitrile-benzene-n-heptane and acetonitrik-toluene-n-heptane. The 
predicted results based on the binary data alone agree well with the experi- 
mental data except in the region of the plait point where successful predic- 
tion is often difficult. Both models of A,B and AB for complex formation 
between acetonitrile and unsaturated hydrocarbons give similar results in 
ternaries as well as binaries. 

In conclusion, the modified version of the associated solution model of 
Lorimer and Jones is able to predict well the excess thermodynamic prop- 
erties of ternary liquid mixtures containing acetonitrile with only binary 
parameters. 
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