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ABSTRACT

Vapor-liquid and liquid-iiquid 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 mode! 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 1-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, 1-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

Ky=x,/x} for 4, + A, = A, (1)
Ky=x,/%4%4 for A, + A, = A, (2)
K=x, /x,4x, ford,+4,=A4,,,i>3 (3)
K. =0/i=x,(cyclic)/x, (linear) for x, (linear) = x , (cyclic) i>4
(4)
(2) Acetonitrile forms cyclic dimer and linear polymers
Kjp=x5/xp for B, + B, = B, (5)
Kpy=xp /xpxp forB,+B =B, i>1 (6)
(3) All of the components solvate each other
Kyp=2X4p/Xq4Xp, ford,+ B,=A4,B i>1 (7)
Ky5=%X45/X4xp  forA,+B=A,B, i>land j>2 (8)
Kyc=X40/X4%Xc, forA4,+C,=A4,C i>1 (9)
Kpe=Xpc/Xp Xc, for B, + C, = BC (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

dln K,/9(1/T)=—h,/R dln K,/9(1/T)=~-Q2h,—h,)/R
dln K/9(1/T)= —h,/R dlné/9(1/T)=—h,/R
d In KA‘B/B(I/T) = —h,p/R 0 In KA,B,/a(l/T) = —h, /R
9 In KA,C/a(l/T) = —h4sc/R d1n Kpe/3(1/T)= —hpe/R
(11)

(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

X, ZTJIGJIxJ x G ZxRTRJGRJ
Iny, = ln( : ) + L +y =L g R (12)
! x,’:x, Z Gyrxg J Z Gryxk v Z Gryxy
K K K
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where
Ty=ay/T (13)
Gy = exp(— aJITJI) (14)

a;; (=ay;) is the nonrandomness parameter set as 0.3 and xg =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)

KA‘Bij‘w
X4 = 1+KA,»BXBI+KA,CXC,+W
K,K;x3(3-22)| K,K,K?0x>
X| x4 +2K,x5 + 2 A . i s (15)
(1-z) (1-2)
KA,B,xB]w(z - w) 5 K2K3xf,|
' (1-w) (1-2)
Xp, X
(l—w) +2KBxB + Kgexpxc, ) /S (16)
» KzKale
xe={Kgexe|xq + Kyxi + F:Z—) + KpexpXe +xc b /S (17)
where w= Kgxp, z=Kx, and S is the stoichiometric sum given by
KAIB Xg W
S=|1+K, x5 +K,cxc + (1—;_
w)
K,K.x3 (3-22
X xA]+2K2x§]+ 2 A )
(1-z)°
K,K,K?*0x;, © X Kypxpw(2—w)
+ Xp + Xc +
1-2) 4,8%B, 4,c%c, (1 _w)2

K,K,x3 x
- AI} ( - +2KBXB +2Kpexp Xe, + Xc,

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

KABXB, ) K2K3x,3,1
1+KA,B'XB]+KA,CXC, m-)— XA]+K2XA1+*—(‘iTZ—T
KZK 0 2,2 Z3 z4
[1 (1_2)+Z+7+?+T
X
B Kjx3 + Kpexg xe, +x¢, =1 (19)

Taow)
The monomer mole fractions in pure liquid states, x; and xj, are
obtained from eqns. (20) and (21), respectively
xi +Kx3'+ K, Kyxj, /(1 —2z*)
K2 K30 *2 *3 *4 ]

. Z_LZ2 L E
In(1 z)+z+2+3+4

xp/(1—w*)+Kpxz?=1 (21)

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

=1 (20)

Hchem + thys (22)
. KA‘B)xB‘w
Hpem = {|1 + K pxp + KA,CxCI + 1- W)
hAK2K3in(2—Z) hAK2K3K20le
X thzxf11 + 3
(1-2) (1-2)

K2K3)cf11 hpxgw
(1-2z) ]) (1-w)
K2K3)C/311

hA,B,KA,B,xBlW}

+[1+ KA,leixA, + K,x; +

+hyKpxp +|x, + Kyxj +

X lhA,BKA,BxBl + hA,CKA,CxC, + 1- w)
+hBCKBCxB,xC1}/S

*
A

h K Kax3P(2—z2%)  h,K, K K?0x}’
+
(1-2z*)° (1-2%)

., hexpw? N
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where w* = Kyx5, z* = Kx}, and Sy and S} are the stoichiometric sums
given by

K,K;x3’(3-2z%)  K,K,K*0x}’
+

S¥=xi +2K,x*+ (24)
Y A 2% 4, (1- %) a—-z%)
Sy =2Kpxpt+xp /(1 —w*) (25)
d(7,G G
Z Xy (TJI o) ZTJIGJIXJZXK -
. /Ty 5 a(1/T)
thys RZXI - (26)

G 2
! % K1Yk ( % GKIXK)

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

CALCULATED RESULTS

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

Vapor-liquid equilibrium calculations were performed using the following
thermodynamic relations for component 7

&y P = x;v, 01 Pr CXP[ U}(P - P,S)/RT] (28)
P
In ¢, = 2ZyJBIJ -2 ZnyJBIJ) T (29)
J I J RT

where ¢, y and P are the vapor-phase fugacity coefficient, vapor-phase
mole fraction and total pressure, respectively, v" is the pure-liquid molar
volume estimated from a quadratic equation in terms of temperature [1]. 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 [10]. 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
[11].
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TABLE 1

Solvation equilibrium constants and enthalpies of complex formation

System (A + B) Temp. K45 KA,B, ~hyp - hA'B]
(°0O (kJ mol ™) (kJ mol™1)

1-Butanol + acetonitrile 60 30 25 220 16.8

1-Butanol + benzene 25 2.8 82

Acetonitrile + benzene 45 02° 5.2

21:1 Complex formation is assumed.

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

(YIXI)I = (YIXI)H (30)

where the superscripts I and II denote the two equilibrium liquid phases.
The thermodynamic association parameters for 1-butanol and acetonitrile
[4,12] were set as: for 1-butanol, K, =30, K;=90, K=35 and =75 at
25°C, h,= —21.2 kJ mol™! and A, = —23.5 kJ mol™!; for acetonitrile,
K;=2835and Kz;=2.1 at 45°C, hy= —8.9 k] mol™! and hyz= —6.7 kJ
mol ~!. 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) Abs. arith. Ref.
(°O g::;its a4 dp, mea? dev.

Ay AP

(x10%) (kPa)
1-Butanol + acetonitrile 60 8 —233.28 612.79 5.5 0120 5
1-Butanol + benzene 45 9 —-251.13 320.78 3.7 0493 13
1-Butanol + cyclohexane 50 14 681.27 —410.17 91 0.280 14
1-Butanol + n-heptane 60 19 24596 —175.48 3.8 0.187 15
1-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 0213 17
Acetonitrile + cyclohexane 25 Ms P 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

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

ternary prediction of vapor-liquid equilibrium for 1-butanol(1) +
acetonitrile(2) + benzene(3) at 60 ° C was made for the fifteen ternary points.
The average deviations calculated from Ay, = Zjv | yi(exptl) — y,(calc) | /N,
where N s the total experimental points, were Ay, = 0.0036, Ay, = 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 1-

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.
—1
daa C K K b, Dby ImelD)
points
1-Butanol + acetonitrile 17 —476.65 —39248 -—2.2380 —2.0039 6.6 7
1-Butanol + benzene 10 701.44 46237 -1.1130 —1.9384 7.7 19

Acetonitrile + benzene 15 399.37 —21.88 2.6004 —0.9393 1.3 20
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Fig. 2. Ternary liguid-hquid equilibria at 25°C, Caleulated ( ). Experimental tie {ine
(e ®) data of Nagata {6} {A) acetonitrile + 1-butanol +cyclohexane; (B) acetonitrile
+ 1-butanol + n-hexane; {C) acetonitrile + 1-butanol + n-heptane,

butanol + acetonitrile + 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 1-butanol + acetonitrile and 1-butanol + benzene
systems at 25° C. The ternary prediction of excess molar enthalpy was 21.6 J
mol ! for the sixty-six data points of the 1-butanol + acetonitrile + benzene
system at 25° C using only the binary parameters listed in Table 3.

In conclusion, the association model is able to reproduce the vapor-liquid
equilibrinm and excess molar enthalpy data of the 1-butanol + 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°C. Calculated (

Mole fraction of I-butanol

).

Experimental: (A) 1-butanol + acetonitrile, data of Nagata and Tamura [7] (®); (B) 1-butanol
+benzene, data of Mrazek and Van Ness [19] (a).

molar enthalpies for the ternary 1-butanol + acetonitrile + hydrocarbon sys-
tems with good accuracy.

LIST OF SYMBOLS

A, B, C alcohol, acetonitrile and non-associating component, respectively

apy
C,, D,

binary interaction parameter

constants of eqn. (27)

coefficient as defined by exp(—a,;7,)

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 A4,C between alcohol
i-mer and non-associating component



W N

o
~

L e

ES

=]

e
&

e

akeke
CONCON
o)

oy
o}

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 /-mer as defined
by 8/i, i >4

solvation constant of formation of chemical complex A;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

solvation constant of formation of chemical complex A4,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 7

universal gas constant

stoichiometric sum

absolute temperature

liquid molar volume of pure component [

liquid-phase mole fraction of component [

vapor-phase mole fraction of component [

coefficient as defined by Kpzx5

coefficient as defined by Kx

Greek letters

Ay
Yr
]
Trs
9,
¢

Subscripts

nonrandomness parameter of NRTL equation (= «,,)

activity coefficient of component [

constant related to K,

coefficient as defined by a,,/T

vapor-phase fugacity coefficient of component 7

vapor-phase fugacity coefficient of pure component I at system
temperature 7 and pressure P/

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

Ay, A;

alcohol monomer and i-mer
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chem
I, J, K
phys
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complex formation between alcohol i-mer and acetonitrile mono-
mer

complex formation between alcohol i-mer and acetonitrile j-mer
complex formation between alcohol i-mer and non-associating
component

complex formation between acetonitrile and non-associating com-
ponent

chemical

components

physical

Superscripts

* » Hom

excess

liquid

saturation

pure-liquid reference state
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