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ABSTRACT 

Vapor-liquid and liquid-liquid equilibria and excess enthalpies for binary and ternary 
mixtures including acetonitrile and 1-butanol are well correlated with the association model 
of Nagata and Tamura, which contains four association constants for the alcohol and two 
association constants for acetonitrile, and solvation constants between unlike molecules, with 
allowance for a non-polar interaction term between components. 

INTRODUCTION 

Thermodynamic studies for solutions of acetonitrile with methanol, 
ethanol and propanols have been carried out using the association model 
based on mole fraction statistics [1,2]. The model includes four association 
constants for alcohol molecules, two association constants for acetonitrile 
molecules and two solvation constants between alcohol open-chains and 
acetonitrile complexes, with allowance for the physical interaction term 
expressed by the NRTL equation [3]. The spectroscopic and thermodynamic 
properties of solutions of l-butanol in hydrocarbons are well reproduced 
with the alcohol association model [4]. This paper shows the correlation of 
vapor-liquid equilibrium and excess enthalpy data of binary acetonitrile + 
1-butanol solution, and the prediction of vapor-liquid and liquid-liquid 
equilibrium and excess enthalpy data of ternary mixtures containing 
acetonitrile, l-butanol and a hydrocarbon, by use of the association model 
with binary parameters alone. 

ASSOCIATION MODEL 

In a ternary mixture formed by 1-butanol, acetonitrile and benzene, A 
stands for the alcohol, B for acetonitrile and C for benzene. We assume that: 
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(1) The alcohol exists in the mixture in the forms of linear, hydrogen- 
bonded polymers as well as cyclic ones formed by chemical reactions and 
the association constants for these reactions are defined in terms of mole 
fractions 

K, = x,4,/x:, forA,+A,=A, 

K, = ?4,/x‘4,?4, forA,+A,=A, 

K= x,4,+,/x.4,&4, forAi+A,=Aj+, ia 

K,, = O/i = xA, (cyclic)/x,, (linear) for xA, (linear) = xA, (cyclic) 

(2) Acetonitrile forms cyclic dimer and linear polymers 

G = xE&, for B, + B, = B, 

KB = X~,+,/-%,%?, for B,+ B, = B,+l iZ1 

(3) All of the components solvate each other 

K A,B = XA,B / xA,xB, forA,+B,=A,B i>,l 

K A,B, = XA,B, / xA,xB, forA,+B,=A,B, i>l and j>2 

K A,C = xA,C / xA,xC, forA,+C,=A,C i>,l 

KBC = xBC/xB,xC, for B, + C, = BC 

(1) 
(2) 
(3) 

i>4 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(4) The temperature-dependence of the equilibrium constants is given by 
the van’t Hoff relation and the enthalpies of hydrogen-bond formation and 
complex formation are independent of the temperature and the degree of 
association 

a In KJa(l/T) = -h,/R 

a In K/a(l/T) = -h,/R 

a In KA,B/a (l/T) = - hA,B/R 

a In KA,C/a(l/T) = -k&R 

a In 

a In 

a In 

a In 

KJa(l/T) = - (2h, - h&R 

B,‘a(l/T) = -h,/R 

KA,B,/a (1/T > = - hA!B,/R 

&dwT) = -hdR 

(5) There are non-polar interactions described by the NRTL eqn. (3) 
between all of the components. 

The activity coefficient of any component in the ternary mixture is 
expressed by 

c ‘JI GJI x J 
/ 

X_I GIJ 
XRTR JGRJ 

\ 

’ iGKIxK ’ ? c GKJxK ‘IJ - 1 G,.+J 
(12) 

K K \ K I 
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where 

‘JI = aJI/T (13) 

GJI = exp( - aJ17JI) (14 

aJ, (= a[J) is the nonrandomness parameter set as 0.3 and x$, = 1 for 
benzene. 

The monomer mole fractions of the components are simultaneously 
solved from mass balance equations relating the nominal mole fractions to 
the monomer mole fractions and the equilibrium constants and eqn. (19) 

K¶,E,Gp 
X A = 1 + KA,BXE, + KA,CXC, + 

0 - 4 1 

X xA,+ 2x,x;,+ 

[ 

K,K3x;,(3-22) 1 + 

K,K3K20x;, 

(1 - z)’ (1 -z) 
i 

‘S (15) 

qLG%, + 

Kl,B,XB,W (2 - w ) 
xg = 

K2K34, 

(1 - w)= 
x/l, + K24, + Cl _ z> 

I 

(16) + (2) + 2&x, + &?CXB,XC, /s 
I 

xc= , 

i [ 
KA cxc, x/4, + K24, + 

K2K34, 

o-4 1 + Jk%,xc, + xc, /s 1 (17) 
where w= KBxB,, z=Kx, , and S is the stoichiometric sum given by 

x,,+2K,x;,+ 
K,K,x;,(3-2z) 

(1 - z)’ 1 
K,K,K=OX;~ 

+ (l-z) + 
KA,B,XLp(2 - 4 

(1 - w>= I 

K2K34, 

(l-4 1 xh 
+ (1 - w)= 

+2K;x;,+2K,,x,,x,,+xc, 

(18) 
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The sum of the mole fractions of all chemical species present in the 
mixture must be unity 

1 + &4,BXB, + K4,cxc, + K4,*,G,W Ii x,4, + w:, + W&d, (l-4 (1 _ z) 1 &K@ -7 [ ln(1 - z) + 2 + $ + fj’ + $ 1 + Ic;x;, + &X&XC, + xc, = 1 (1% 

The monomer mole fractions in pure liquid states, x2, and xt,, are 
obtained from eqns. (20) and (21), respectively 

XA”, + I&x;,2 + K,K,x,*13/(1 - z”) 

K2K30 

[ 

*2 *3 *4 

- ~3 ln(l - z”) + z*+t+y+y =7 1 (20) 

x,*,/(1 - w”) + K;x;,* = 1 (21) 

The ternary excess molar enthalpy of the mixture is given by the sum of 
chemical and physical contributions 

HE = KL + HpEhYS (22) 

HE = + KA,BXB, + KA,CXC, + 
KA,B,XB,W 

them 
(1 -w) 1 WW,x:,(2 - z) 

(l-z)2 + 1 h,K2K,K2t’x:, 

(1 - 4 

+ ‘b,&c-%,Xcl /s 1 
h, K, K,x;,3(2 - z”) 

(l-z*)’ + 

hAK2K3K28x;,5 

(1 -z*) 
I 
IS,” 

h,x;,w* 
-xB h b lb K x*,’ + (1 _ w*)2 /s,” (23) 
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where w* = K,x& z* = Kx,“,, and S: and Sf are the stoichiometric sums 
given by 

SA” = XT, + 2 K, x;,= + 
K,K,x,:~(~ - 2z*) K, K, K =0x;,’ 

(1 - z*)’ + (l-z*) (24 

S; = 2K;x,*,= + x;,/(l - w*)’ (25) 

q&s = R c XI 
I 

K 

(26) 

The temperature-dependence of the energy parameters 
given by 

aJI = C, + D,(T- 273.15) a,, = C, + D,(T- 273.15) 

CALCULATED RESULTS 

is assumed to be 

(27) 

Ternary experimental phase equilibrium data are available: vapor-liquid 
equilibrium data for the l-butanol + acetonitrile + benzene at 60 o C [5]; 
liquid-liquid equilibrium data for the acetonitrile + 1-butanol + 
cyclohexane, acetonitrile + l-butanol + n-hexane and acetonitrile + l- 
butanol + n-heptane systems at 25 “C [6]. Excess molar enthalpies were 
measured at 25 o C for the acetonitrile + 1-butanol + benzene system [7]. 

Vapor-liquid equilibrium calculations were performed using the following 
thermodynamic relations for component I 

keep = x,Y&X exp[ ul”(P - P,‘)/RT] (28) 

where +, y and P are the vapor-phase fugacity coefficient, vapor-phase 
mole fraction and total pressure, respectively, uL is the pure-liquid molar 
volume estimated from a quadratic equation in terms of temperature [l]. The 
pure-component vapor pressures P” were obtained from the Antoine equa- 
tion [8,9] and the original ref. 5. The second virial coefficients B,, were 
estimated from the general correlation of Hayden and O’Connell [lo]. The 
energy parameters were calculated using a program which minimizes the 
sum-of-squares of relative deviation in pressure plus the sum-of-squares of 
deviations in vapor-phase mole fraction by means of the simplex method 

1111. 
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TABLE 1 

Solvation equilibrium constants and enthalpies of complex formation 

System (A + B) 

1-Butanol+ acetonitrile 

1-Butanol+ benzene 
Acetonitrile + benzene 

Temp. K,,, Kars, - h,,s -h 

("Cl (kJ mol-‘) (kJ :&) 

60 30 25 22.0 16.8 
25 2.8 8.2 
45 0.2 a 5.2 

a 1 : 1 Complex formation is assumed. 

The equation of liquid-liquid equilibrium for any component I is 

(W,)i = (Y1x,)*l (30) 

where the superscripts I and II denote the two equilibrium liquid phases. 
The thermodynamic association parameters for l-butanol and acetonitrile 

[4,12] were set as: for l-butanol, K, = 30, K, = 90, K= 35 and 8 = 75 at 
25°C h, = -21.2 kJ mol-’ and h, = -23.5 kJ mol-‘; for acetonitrile, 
KL = 8.35 and KB = 2.1 at 45” C, h; = - 8.9 kJ mol-’ and h, = -6.7 kJ 
mol-l. The solvation constants and enthalpies of complex formation are 
listed in Table 1. Table 2 gives the calculated results obtained in fitting the 
model to vapor-liquid equilibrium data for binary systems. Figure 1 com- 
pares the experimental vapor-liquid equilibria of 1-butanol + acetonitrile at 
60” C and 1-butanol + benzene at 45” C with the calculated results. The 

TABLE 2 

Binary parameters and absolute arithmetic mean deviations as obtained from vapor-liquid 

equilibrium data reduction 

System (A + B) Temp. No. of Parameters (K) 
(“C) data 

points 
aAB aBA 

Abs. arith. Ref. 
mean dev. 

Ava AP 
(x 103) (kPa) 

l-Butanol+ acetonitrile 60 8 - 233.28 612.79 5.5 0.120 5 
l-Butanol+ benzene 45 9 251.13 _ 320.78 3.7 0.493 13 
l-Butanol+ cyclohexane 50 14 681.27 - 410.17 9.1 0.280 14 
l-Butanol+ n-heptane 60 19 245.96 - 175.48 3.8 0.187 15 
l-Butanol + n-hexane 59.38 24 499.26 - 308.22 3.2 0.613 16 
Acetonitrile + benzene 55 12 - - 193.98 406.75 5.8 0.213 17 
Acetonitrile + cyclohexane 25 MS b 389.34 478.84 18 

Acetonitrile + n-heptane 25 MS 282.64 646.79 6 
Acetonitrile + n-hexane 25 MS 322.69 527.46 6 

a Ay = I? 1 y,(exptl) - y,(calc) I/N, where N is the total experimental points. 
b MS = mutual solubility. 
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Fig. 1. Vapor-liquid equilibria for (a) I-butanol(l)+acetonitrile(2) at 60” C and (b) l- 
butanol(1) + benzene(2) at 45 ’ C. Calculated ( -). Experimental (0): (A) data of Nagata 
[S]; (B) data of Brown and Smith [13]. 

ternary prediction of vapor-liquid equilibrium for 1-butanol(1) + 
acetonitrile(2) + benzene(3) at 60 o C was made for the fifteen ternary points. 
The average deviations calculated from Ay, = C/” 1 y,(exptl) - y,(calc) 1 ,/N, 
where N is the total experimental points, were Ayl = 0.0036, Ay2 = 0.0062 
and Ay, = 0.0045. The average pressure deviation was 0.693 kPa and the 
average relative pressure deviation was 1.4%. Figure 2 shows the ternary 
predicted solubility envelopes of the three systems at 25’ C. 

The excess molar enthalpies of the three binaries constituting the l- 

TABLE 3 

Binary parameters and absolute arithmetic mean deviations as obtained from excess enthalpy 
data reduction at 25’ C 

System (A + B) No. of Parameters Deviation Ref. 
data 

C., (K) C,(K) Da D, 
(J mol _ ’ ) 

points 

I-Butanol+ acetonitrile 17 -476.65 - 392.48 -2.2380 - 2.0039 6.6 7 
I-Butanol+ benzene 10 701.44 462.37 -1.1130 -1.9384 7.7 19 
Acetonitrile + benzene 15 399.37 - 21.88 2.6004 - 0.9393 1.3 20 



60 

ne 

I-Butanol 

Acetonitrile 

I- eutonoi 
P 0 

C 

Acetonitrile -‘_ MOlV fraction n-Hepta 

Fig. 2. Ternary squid-liquid equilibria at 25’ C. Calculated ( ---). Experimental tie fine 
(+.__-__ 0) data of Nag&a 161: (A) acetonitrile -i- 1-butanol+ cyclohexane; (B) acetonitriie 
-+ l-butanol+ n-he?tane; (C) acetonitrile + l-butanol+ n-heptane, 

butanol + acetonitrite + benzene system were well reduced with the associa- 
tion model using the simplex method and the calculated results are sum- 
marized in Table 3. Figure 3 shows the calculated results and the experimen- 
tal data points for the I-butanol -k acetonitrile and 1-butanol + benzene 
systems at 25 o C. The ternary prediction of excess molar enthaipy was 21 A .J 
mol- ’ for the sixty-six data points of the I-butanol 4 acetonitrile + benzene 
system at 25 0 C using only the binary parameters listed in Table 3. 

In conclusion, the association model is able to reproduce the vapor-liquid 
equilibrium and excess molar enthafpy data of the I-butanol -k acetonitrile 
system and to predict vapor-liquid and liquid-liquid equilibria and excess 
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Fig. 3. Excess molar enthalpies for two binary systems at 25 OC. Calculated ( -). 
Experimental: (A) 1-butanol+acetonitrile, data of Nagata and Tamura [7] (0); (B) I-butanol 
+ benzene, data of Mrazek and Van Ness [19] (A). 

molar enthalpies for the ternary l-butanol + acetonitrile + hydrocarbon sys- 
tems with good accuracy. 

LIST OF SYMBOLS 

A, B, C 
aIJ 

CI, DI 

G 
fI% 

h2 
h/t 

h 0 

h 44 

h A,C 

alcohol, acetonitrile and non-associating component, respectively 
binary interaction parameter 
constants of eqn. (27) 
coefficient as defined by exp( - CI[~T,~) 
excess molar enthalpy 
enthalpy of hydrogen-bond formation of alcohol dimer 
enthalpy of hydrogen-bond formation of alcohol higher polymer 
including cyclic case 
enthalpy of formation of chemical complex A, B between alcohol 
i-mer and acetonitrile monomer 
enthalpy of formation of chemical complex A,B, between alcohol 
i-mer and acetonitrile j-mer 
enthalpy of formation of chemical complex A,C between alcohol 
i-mer and non-associating component 
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hi3 
hB 

h BC 

K2 

K3 

K 

Kc, 

K A,B 

K AJ, 

K A,C 

KL 
KB 

K BC 

P 

P,” 
R 

S 
T 

L 
01 

XI 

Yl 
W 

Z 

enthalpy of formation for head-to-head dimerization of acetonitrile 
enthalpy of formation for head-to-tail chain association of 
acetonitrile 
enthalpy of formation of chemical complex BC between 
acetonitrile and non-associating component 
association constant of dimer formation of alcohol 
association constant of open chain trimer formation of alcohol 
association constant of open chain i-mer formation of alcohol, 
i>3 
association constant for cyclization of open chain i-mer as defined 
by O/i, i > 4 

solvation constant of formation of chemical complex Ai B between 
alcohol i-mer and acetonitrile monomer, i >, 1 
solvation constant of formation of chemical complex A,B, be- 
tween alcohol i-mer and acetonitrile j-mer, i > 1, j 2 2 
solvation constant of formation of chemical complex A,C be- 
tween alcohol i-mer and non-associating component, i > 1 

association constant of head-to-head dimerization of acetonitrile 
association constant of head-to-tail chain association of acetonitrile 
solvation constant of formation of chemical complex BC between 
acetonitrile and non-associating component 
total pressure 
saturated vapor pressure of pure component I 
universal gas constant 
stoichiometric sum 
absolute temperature 
liquid molar volume of pure component I 
liquid-phase mole fraction of component I 
vapor-phase mole fraction of component I 
coefficient as defined by KBxB, 

coefficient as defined by Kx,, 

Greek letters 

(YIJ nonrandomness parameter of NRTL equation (= aJr) 

YI activity coefficient of component I 

8 constant related to K,, 

T/J coefficient as defined by a,/T 

@I vapor-phase fugacity coefficient of component I 

44 vapor-phase fugacity coefficient of pure component I at system 
temperature T and pressure Pf 

Subscripts 
A, B, C alcohol, acetonitrile and nonassociating component, respectively 

A,, A, alcohol monomer and i-mer 
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A,B complex formation between alcohol i-mer and acetonitrile mono- 
mer 

AiB] complex formation between alcohol i-mer and acetonitrile j-mer 
A,C complex formation between alcohol i-mer and non-associating 

component 
BC complex formation between acetonitrile and non-associating com- 

ponent 
them chemical 
I, J, K components 

phys physical 

Superscripts 
E excess 
L liquid 
S saturation 
* pure-liquid reference state 

REFERENCES 

1 I. Nagata and K. Tamura, Thermochim. Acta, 86 (1985) 85. 
2 I. Nagata and K. Tamura, Thermochim. Acta, 98 (1986) 147. 
3 H. Renon and J.M. Prausnitz, AIChE J., 14 (1968) 135. 
4 I. Nagata and K. Tamura, Thermochim. Acta, TCA 4638. 
5 I. Nagata, Thermochim. Acta, 112 (1987) 187. 
6 I. Nagata, Thermochim. Acta, 114 (1987) 227. 
7 I. Nagata and K. Tamura, unpublished data. 
8 I. Brown and F. Smith, Aust. J. Chem., 7 (1954) 269. 
9 J.A. Riddick and W.B. Bunger, Organic Solvents, 3rd edn., Wiley-Interscience, New York, 

1970. 
10 J.G. Hayden and J.P. O’Connell, Ind. Eng. Chem. Process Des. Dev., 14 (1975) 209. 

11 J.A. Nelder and R. Mead, Comput. J., 7 (1965) 308. 
12 I. Nagata and K. Tamura, Thermochim. Acta, 44 (1981) 157. 
13 I. Brown and F. Smith, Aust. J. Chem., 12 (1959) 407. 
14 P. Vonka, V. Svovoda, K. Struhl and R. Holub, Collect. Czech. Chem. Cormnun., 36 

(1971) 18. 
15 C. Berro and A. Peneloux, J. Chem. Eng. Data, 29 (1984) 206. 
16 C. Berro, M. Rogalski and A. Peneloux, J. Chem. Eng. Data, 27 (1982) 352. 
17 T. Ohta and I. Nagata, J. Chem. Eng. Data, 28 (1983) 398. 
18 I. Nagata and T. Ohta, J. Chem. Eng. Data, 28 (1983) 256. 
19 R.V. Mrazek and H.C. Van Ness, AIChE J., 7 (1961) 190. 
20 I. Nagata, K. Tamura and S. Tokuriki, Fluid Phase Equilib., 8 (1982) 75. 


