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ABSTRACT 

Vapour-liquid and liquid-liquid equilibria and excess molar enthalpy data for ternary 
mixtures formed by 2-methyl-tpropanol, acetonitrile and a non-associating component have 
been predicted using an association model with binary parameters obtained from constituent 
binary systems. The model assumes the association of the alcohol and acetonitrile and 
solvation between unlike molecules, allowing for a non-polar interaction term given by the 
NRTI equation. 

INTRODUCTION 

The vapour-liquid equilibria (VLE), liquid-liquid equilibria (LLE) and 
excess molar enthalpies (HE) for mixtures of 1-butanol [l], 2-methyl-l-pro- 
pan01 [2] and 2-butanol [3] with acetonitrile have been analysed using an 
association model based on mole-fraction statistics. This paper reports the 
comparison of the thermodynamic properties for the mixtures containing 
2-methyl-2-propanol and acetonitrile with the results calculated from the 
association model. 

The following ternary expe~mental results have been published from this 
laboratory: VLE data for 2-methyl-2-propanol + acetonitrile + benzene at 
60 o C 141; LLE data for 2-methyl-2-propanol + acetonitrile + cyclohexane, 
or + n-hexane, or + n-heptane at 25 o C [S]; and excess molar enthalpy data 
for 2-methyl-2-propanol + acetonitrile + benzene at 30 o C [6]. The related 
experimental data of the binary mixtures constituting these ternary mixtures 
are also available: VLE for 2-methyl-2-propanol + acetonitrile at 60 O C [4]; 
2-methyl-2-propanol-!- benzene at 45 O C [7]; 2-methyl-2-propanol + cyclo- 
hexane at 45 O C [8]; 2-methyl-2-propanol + n-hexane at 40 * C [9]; Zmethyl- 
2-propanol -k n-heptane at 40 o C [9]; and acetonitrile + benzene at 55 O C 
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[lo]; LLE for acetonitrile + cyclohexane [llf, or +n-hexane, or -tn-heptane 
at 2.5 O C [123; and excess molar enthalpies for 2-methyl-2-propanol + 
acetonitrile or benzene and acetonitrile + benzene at 30 o C [6]. 

ASSOCIATION MODEL 

In a ternary mixture containing 2-methyl-Zpropanol, acetonitrile and 
benzene, we designate 2-methyl-2-propanol by A, aeetonitrile by B, and 
benzene by C. The model assumptions are su~~sed as follows. 

(I) Four ass~iation constants intruding linear polymers and cyclic poly- 
mers of the alcohol are defined in terms of mole fractions of the alcohol 
species 

K, = x,,/x:, for A, +A, =A, 0) 

K, = %,/%4,xA, forA,fA,=A, (2) 

K = x*,+,/x.4,x‘+, for A, + Ai = Ai+*, i > 3 (3) 

Kcr = 8/i = x,,+, fcyclic)/x,i (open) 

(2) Two association constants 
polymers are given by 

for A,(open) = A,fcyclic), i > 4 

(4) 

of acetonitrile cyclic dimer and linear 

KrIj = xrJcyclic)/xi, for B, + B, = B2 (cyclic) (5) 

K, = xB,+,/xB,xB, for B, + B, = Bi+r, i 2 1 (6) 

(3) Solvation constants between the pairs of the associating components 
and benzene are expressed by 

K A,B = XA,B / xA,xB, for A, + B, = A,B, i > 1 (7) 

K A$, = xA,B,/xA,xB, for Ai + Bi = A,B,, i 2 1, j 2 2 (8) 

K A,o = xA,C/xA,xC, forA,+C,=A,C, i>l (9) 

KIK = xr&%,xc, for B, + C, = BC 00) 

(4) These equilibrium constants change with temperature according to the 
van’t Hoff relation. The enthalpies of formation are independent of temper- 
ature 

aln K2 h, -- 
i3(1,‘T) = R 

a h K hA -- 
3(1/r) = R 

3 In K3 2/1,-h, 
3(1/T) = - R 

3 In 8 h, -- 
a(ip7) = R 



aInK; h; - -_i 
3(1/T) = R 

i3 In K, h, -- 
3(1/T) = R 

a ln KA,B hA,F3 alnK*B k4, -- 
a(l/T) = R i3(l,Tj’ = - I (11) 

a ln KA,C hA c 

a(l/T) = -R 
alnK,c hJ3c -- 
a(l/T) = R 

(5) The non-polar interactions between all the components are expressed 
by the NRTL equation [13]. 

The activity coefficients of each component in the ternary mixtures, 
derived from the model assumptions, are expressed by 

xI, 
c ‘JI GJIxJ 

In yI= ln--;i + J=A 

XI,XI c GK,xK + J?A ;:+ 

K=A K=A 

[ ‘IJ- ff;:;I;] 

where 

‘Jl = (g, - g,, )/T 

GJI = exp( - aJI ?__I ) 

and (Ye, (= a,J) is the non-randomness parameter set at 0.3. 

03) 

04 

The monomer mole fraction xI, in eqn. (12), related to the mole fractions 
in terms of the equilibrium constants, is obtained by solving eqns. (15)-(19) 
simultaneously 

KA B KBx;, 
XA = ’ + KA,BXB, + KA,CxC, + 

(Lu) 

xA, + 2K,x;, + 
K,K,x:,(3 - 22) 

(1 - z)’ 1 K,K,K28x& 

+ (l-z) s (15) 

KA,B,KF3x;,(2 - WI 3 

xEj= KA,BXB, + 
(1 - W)2 

xA, + K,x:, + 11”‘:; 1 
(16) x + 2 K;x;, + + KBCxB,xC 

K2 K3x:, 

0 - 4 I 

+ KBCXB,XC, + xc s 1 (17) 
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where the stoichiometric sum S is given by 

S = 1 + &,,r+ + &A, + 
K,,B,Kr&, 

0-W) I 

x xA, + 2K,x:, + 
K,K,x;,(3 - 22) 1 K,K,K’Bx;, 

(1 - z)’ + (l-z) 

+ KA,GB, + KA,CXC, + 
[ 

K~,~,K,x;,(2 - w) 

(1 - w)2 I 

x xA, + K,x;, + 
K2 K34 

(I- 4 1 
+ 2Jh&pC, + xc, 08) 

with z = Kx,, and w = KBxB,. The total sum of mole fractions of the species 
present in the mixture must be equal to unity 

K,,qK&, 
II 

K,K,d, 

1 + KA,B+, + KA,Cxc, + 
(1-w) 

xA, + K2x:, + (1 _ =) 1 
K2K38 

-7 ln(l 
z2 z3 

- z) + z + -z_ + 7j- + $ 1 
+ K;x;, + (12’,) + KBcx+, + xc, = 1 (19) 

The monomer mole-fractions of the alcohol and acetonitrile in the pure 
liquids are obtained from eqns. (20) and (21) 

*3 
K2K3fJ 

~2, + K,x,*: + :yz2i - ~3 ln(l -z*) + z* + 

(20) 
4, 

Kg + (l _ w*) = 1 (21) 

where z* = Kx,“, and w* = K,x,*l. The monomer fraction of pure liquid 

benzene is given by xc*, = 1. 
The ternary excess molar enthalpy of the mixture, given by the sum of the 

chemical and physical contributions, is expressed by 

HE = GLl + HpEhys 

KA,qKl&, 

= 

ii 
1 + KA,B%, + KA,CxC, + 

(1-w) 1 
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hA,BKA,BXB, + hA,CKA,CxC, + 

hA,B,KA‘B,KBx;, 

0 - w) 1 
+ h BCKBCXB,XC s 1 I/ 

h,K,K,x$(2 - z*) h,K,K,K=Ox;: 

(pz*)2 + (l-z*) SA” 

wbx~~ 
h;K;xi;+ c1 _ w*)2 ‘,* 

+ R c x, J=A 
I=A c GK,xK 

i 

c XJ~JIGJ,)/~(~/~)I 

K=A i 

I c 31GJIxJ c XK[a(GK,)/a(l/T)] 
J=A K=A - 

( c GK,xK)2 
/ 

(22) 

K=A 

where Sz and Sg are given by 

S,* = xi, + 2K,x,*: + 
K,K,xf(3 - 2z*) + K,K,K=Bx,*: 

(1 -z”)’ (1 -z*) (23) 

* 

S,* = 2K;x;,’ + 
(1 x:*)2 

The temperature dependence of the energy parameters is assumed to be 
given by 

g,,-g,,=C,,+D,,(T-273.15) (25) 
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CALCULATED RESULTS 

The VLE data reductions were performed using the thermodynamic 
relation 

9,_@ = Y~x&~P~ exp[ ul”(P - JY)/RT] (26) 

where P is the total pressure and y1 is the vapour-phase mole fraction. The 
fugacity coefficients, #+ at P and #i at Pi, were calculated from the 
volume-explicit virial equation of state, truncated after the second term. 
Second virial coefficients were estimated by the method of Hayden and 
O’Connell 1141. The vapour pressures of pure components, P:, were taken 
from the original references or were calculated by the Antoine equation with 
constants from the literature 1151. The liquid molar volumes u,” were 
calculated from the modified Rackett equation [16]. Values of the related 
parameters for the evaluation of these properties are given by Prausnitz et al. 

[171. 
In LLE calculations, the basic expressions are given by the following 

equations 

(27) 

(28) 

where the superscripts I and II indicate the equilibrated liquid phase. 

Binary data reductions 

The association constants of 2-methyl-2-propanol and acetonitrile were 
taken from previous papers: for 2-methyl-Z-propanol, K, = 20, K, = 40, 
K= 30 and 6= 55 at 25OC, h,= -21.2 kJ mol-’ and h,= -23.5 kJ 
mol-’ [6,18]; for acetonit~le, Ki = 8.35, K, = 2.1 at 45 o C, /z;3 = - 8.9 kJ 
mol-’ and h, = -6.7 kJ mol-r [l-3,6& The solvation parameters between 
unlike molecules are as follows: iu, B = 20 and K,+ n = 10 at 60°C for 
2-methyl-2-propanol + acetonitrile [6];1 KA c = 1.8 at 25OC for 2-methyl-2- 
propanol + benzene 16,181; KBc = 0.2 at ‘45 o C for acetonitrile + benzene 
[l-3,6]. The enthalpies of complex formation are the same as those pub- 
lished previously: h,,, = -22 kJ mol-’ and h,,,, = - 16.8 kJ mol-’ for 
2-methyl-2-propanol + acetonitrile [6]; h,,, = - 8.3 kJ mol-’ for 2-methyl- 
2-propanol + benzene [6,18]; h,, = -5.2 kJ mol-’ for acetonitrile -t- 
benzene [l-3,6]. 

The optimum set of energy parameters in the NRTL equation 171 was 
obtained by ~ni~sing the sum-of-squares of relative deviations in pressure 
plus the sum-of-squares of deviations in vapour-phase mole fraction by 
means of the simplex method [191. The binary energy parameters of the 
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TABLE 1 

Binary parameters and absolute arithmetic mean deviations as obtained from phase equi- 
librium data reduction 

System (A + B) Temp. No. of Parameters Deviations 

(“C) data 
gBA - gAA gAB - gBB aAB Vapour Pressure 

points (K) 
(K) mole- &Pa) 

fraction 
(X 10s) 

2-Methyl-2-propanol + 
acetonitrile 

2-Methyl-2-propanol + 
benzene 

2-Methyl-2-propanol + 
cyclohexane 

2-Methyl-2-propanol + 
n-hexane 

2-Methyl-2-propanol+ 
n-heptane 

Acetonitrile + 
benzene 

Acetonitrile + 
cyclohexane 

Acetonitrile + 
n-hexane 

Acetonitrilet- 
n-heptane 

60 11 260.36 _ 227.86 

45 11 148.85 

45 45 299.76 

40 14 283.77 

40 276.32 

55 406.75 

25 478.84 

25 527.46 

25 

13 

12 

MS” 

MSa 

MS= 

- 212.98 

- 331.14 

- 310.05 

- 287.72 

- 193.98 

389.34 

322.69 

282.64 646.79 

0.3 4.3 0.200 

0.3 7.4 0.250 

0.3 0.373 

0.3 7.9 0.270 

0.3 6.8 0.080 

0.3 5.8 0.213 

0.3 

0.3 

0.3 

a MS, mutual solubility data. 

I 

0 0.2 04 0.6 0.8 I 0 0.2 0.4 0.6 08 I 

Mole fraction of 2-memyl-2-propond Mok? fmcikm of 2-rrefh,+2ompolol 

Fig. 1. Vapour-liquid equilibria for: a. 2-methyl-2-propanol (A)+acetonitrile (B) at 60°C; 
and b, 2-methyl-2-propanol (A) + benzene (B) at 45 o C. - Calculated. 0, Experimental: 

a, data of Nagata [4]; b. data of Brown et al. [7]. 
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TABLE 2 

Binary parameters and absolute arithmetic mean deviations as obtained from excess enthalpy 
data reduction at 30 ’ C 

System (A + B) No. of Parameters Absolute 

data C 

points (2; 
D BA D arithmetic 

AB (YAB 
mean 

deviation 
(J mol-‘) 

2-Methyl-2-propanol + 
acetonitrile 16 - 159.32 -989.33 -2.3826 -3.5204 0.3 6.3 

2-Methyl-2-propanol-k 
benzene 13 - 308.89 -679.63 - 1.9987 - 1.5380 0.3 8.3 

Acetonitrile + 

benzene 16 391.04 - 23.20 2.6193 -0.9700 0.3 1.9 

acetonitrile + hydrocarbon mixtures were calculated using eqns. (27) and 
(28) from the mutual solubility data. Table 1 gives the energy parameters 
and the absolute arithmetic mean deviations obtained from the binary VLE 
and LLE data reductions. Figures la and b compare the experimental binary 
VLE results with the calculated values. The results of fitting the model to the 
experimental HE values of the binary mixtures at 30°C are given in 

Fig. 2. Excess molar enthalpies for three binary systems at 30” C: -, calculated. 

Experimental, data of Nagata and Tamura [6]: 1, 2-methyl-2-propanol+acetonitrile (0); 2, 
2-methyl-2-propanol + benzene (A); and 3, acetonitrile + benzene (0). 
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A Z-Methyl-Z-Propond 

Acetonitrile 
Mole fraCtion Cyclohezane 

ii-Methyl-&%opord 

Acetonitrile 
Mole fraction n-Hexane 

C ZMethyl-2.Propand 
I 

Acetonitrile n-Heptane 

Fig. 3. Ternary liquid-bquid ec@ibria at 2%“ C: -. calculated. w ----I). Experimental 
tie liwz, dala of Nagafa \5k. A, acetonitrile + 2-methyl-2-propanol + cyclohexaoe; B, 
acetonitrile-6 Z-methyl-2.propadol-t- n-hesane: and C, acetooitrilei Z-methyl-Z-propanol+ n- 
heptane. 

Table 2. Figure 2 shows the correlated results of the excess molar enthalpy 
for the three binary mixtures. 

Ternary predictions 

The ternary VLE and LLE data were calculated using the association 
mode\ with only the binary parameters given in Table 1. The absolute 
arithmetic mean deviations in the vapaur-phase compositions between the 
eqerimentaI and predicted values for the ternary VtE of the Z-methyl-X- 
propanol (A) -i- acetonitrile (B) + benzene (C) system at 60* C were A y,., = 
5.8, A_Y~= 5.5 and Aye- 2.9. These values are calculated from A,v, = 
103Zy \ y,( J, apt) - yr( J, talc) I/N, where N is the number of data points, 
The &soIute arithtnetic mean deviation in the pressure was 0.413 Wa, and 
the average relative deviation was 0.61%. Figure 3 compares the experimen- 
tal ternary LL?Z results with the predicted values fur the three ternary 
systems at 25” C. Tire ternary H E data for the 2-methyl-2-propanol + 
acetonitriile + benzene system at 30°C were predicted from the associatjon 
model using the binary parameters given in Table 2. The arithmetic mean 
deviation in the ternary HE data was 17.8 J rno\- ‘. 
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Finally, we can conclude that the association model reproduces the VLE, 
LLE and HE data of the 2-methyl-2-propanol + acetonitrile + non- 
associating component systems with good accuracy using only the binary 
parameters. 
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LIST OF SYMBOLS 

A, B, C 
CIJ? DIJ 
G,J 
g/J - gJJ 

h* 

hA 

h A,B 

h A,5 

h A,“ 

hi3 

hB 

h BC 

HE 

K, 

K3 

K 

Kc, 

K A,B 

2-methyl-2-propanol, acetonitrile and benzene 
constants of eqn. (25) 
coefficients defined by exp( - a,J~,J) 
binary interaction parameter of NRTL equation 
enthalpy of formation for 2-methyl-2-propanol dimer 
enthalpy of hydrogen-bond formation for 2-methyl-2-pro- 
pan01 i-mer 
enthalpy of formation for chemical complex A,B between 
2-methyl-2-propanol i-mer and acetonitrile monomer 
enthalpy of formation for chemical complex A,B, between 
2-methyl-2-propanol i-mer and acetonitrile j-mer 
enthalpy of formation for chemical complex A,C between 
2-methyl-2-propanol i-mer and benzene 
enthalpy of formation for head-to-head dimerisation of 
acetonitrile 
enthalpy of formation for head-to-tail chain association of 
acetonitrile 
enthalpy of formation for chemical complex BC between 
acetonitrile and benzene 
excess molar enthalpy 
equilibrium constant for dimer formation of 2-methyl-2-pro- 
pan01 
equilibrium constant for open-chain trimer formation of 2- 
methyl-2-propanol 
equilibrium constant for open-chain polymer formation of 
2-methyl-2-propanol, i > 3 
equilibrium constant for cyclisation of open chain polymer of 
2-methyl-2-propanol as defined by 6/i, i > 4 
solvation constant of formation for chemical complex A,B 
between 2-methyl-2-propanol i-mer and acetonitrile monomer 
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K AZB, 

K A,C 

KB 

K BC 

P 
P” 
R 
s 
T 
L 

UI 
XI 
Yl 
W 

L 

Greek letters 

Subscripts 

A B, C 
A,, Ai 

B,, B; 
A;B 

fvJ 

A$ 

BC 
them 

PhYS 
I, J, K 

solvation constant of formation for chemical complex A,B, 
between 2-methyl-2-propanol i-mer and acetonitrile j-mer 
solvation constant of formation for chemical complex A,C 
between 2-methyl-2-propanol i-mer and benzene 
equilibrium constant of head-to-head association of 

acetonitrile 
equilibrium constant for head-to-tail association of 

acetonitrile 
solvation constant of formation for chemical complex BC 
between acetonitrile and benzene 
total pressure 
saturated vapour pressure of pure component 
universal gas constant 
stoichiometric sum 
absolute temperature 
molar liquid volume of pure component I 
liquid-phase mole fraction of component I 
vapour-phase mole fraction of component I 
coefficient as defined by KBxB, 

coefficient as defined by Kx,, 

non-randomness parameter of NRTL equation 
activity coefficient of component I 
constant related to KC,, 
coefficient as defined by (g, - gJJ)/T 

vapour-phase fugacity coefficient of component I 
vapour-phase fugacity coefficient of pure component I at 
system temperature T and pressure Pi 

2-methyl-2-propanol, acetonitrile and benzene 
2-methyl-2-propanol monomer and i-mer 
acetonitrile monomer and i-mer 
complex formation between 2-methyl-2-propanol i-mer and 
acetonitrile monomer 
complex formation between 2-methyl-2-propanol i-mer and 
acetonitrile j-mer 
complex formation between 2-methyl-2-propanol i-mer and 
benzene 
1 : 1 complex formation between acetonitrile and benzene 
chemical 
physical 
components 
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Superscripts 

E excess 
L liquid 
s saturated 
* pure liquid 

REFERENCES 

1 I. Nagata and K. Tamura, Thermochim. Acta, 124 (1988) 53. 
2 I. Nagata and K. Tamura, Thermochim. Acta, 140 (1989) 109. 
3 I. Nagata and K. Tamura, Thermochim. Acta, 154 (1989) 333. 
4 I. Nagata, J. Chem. Thermodyn., 21 (1989) 225. 

5 I. Nagata, J. Chem. Thermodyn., 21 (1989) 457. 
6 I. Nagata and K. Tamura, J. Chem. Thermodyn., 21 (1989) 955. 
7 I. Brown, W. Fock and F. Smith, J. Chem. Thermodyn., 1 (1969) 273. 

8 H.T. French, J. Solution Chem., 12 (1983) 869. 
9 B. Janaszewski, P. Oracz, M. Goral and S. Warycha, Fluid Phase Equil., 9 (1982) 295. 

10 T. Ohta and I. Nagata, J. Chem. Eng. Data, 28 (1983) 398. 

11 I. Nagata and T. Ohta, J. Chem. Eng. Data, 28 (1983) 256. 
12 I. Nagata, Thermochim. Acta, 114 (1987) 227. 
13 H. Renon and J.M. Prausnitz, AIChE J., 14 (1968) 135. 
14 J.G. Hayden and J.P. O’Connell, Ind. Eng. Chem. Process Des. Dev., 14 (1975) 209. 
15 J.A. Riddick and W.B. Bunger, Organic Solvents, Wiley-Interscience, New York, 3rd 

edn., 1970. 
16 C.F. Spencer and R.P. Danner, J. Chem. Eng. Data, 17 (1972) 236. 
17 J.M. Prausnitz, T.F. Anderson, E.A. Grens, C.A. Eckert, R. Hsieh and J.P. O’Connell, 

Computer Calculations for Multicomponent Vapor-Liquid and Liquid-Liquid Equi- 
libria, Prentice-Hall, Englewood Cliffs, NJ, 1980, Appendix C. 

18 I. Nagata and K. Tamura, Thermochim. Acta, 121 (1987) 447. 
19 J.A. Nelder and R. Mead, Compt. J., 7 (1965) 308. 


