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ABSTRACT

The thermodynamic properties of solutions containing 2-methyl-1-propanol and
acetonitrile have been analysed using an association model, which assumes the self-associa-
tion and solvation of 2-methyl-1-propanol and acetonitrile, and includes a non-polar interac-
tion term given by the NRTL equation. Vapour-liquid and liquid-liquid equilibria and
excess molar enthalpy data for ternary mixtures including 2-methyl-1-propanol, acetonitrile
and a non-associating component have been predicted by the association model using binary
parameters only.

INTRODUCTION

The thermodynamic properties of binary and ternary solutions containing
acetonitrile and simple aliphatic alcohols, namely methanol, ethanol [1],
propanols [2] and 1-butanol [3], have been predicted over the entire con-
centration range using an association model based on mole fraction statis-
tics. The association of 2-methyl-1-propanol has been examined in the
accurate prediction of the thermodynamic properties of binary and ternary
mixtures of the alcohol and hydrocarbons [4]. In this study the thermody-
namic properties of binary and ternary mixtures containing acetonitrile and
2-methyl-1-propanol are analysed by the association model. Experimental
data for ternary mixtures containing 2-methyl-1-propanol and acetonitrile
were obtained from recent publications as follows: the vapour-ligiud equi-
libria of 2-methyl-1-propanol + acetonitrile + benzene at 60°C from ref. 5,
the liquid-liquid equilibria of 2-methyl-1-propanol + acetonitrile +
cyclohexane, 2-methyl-1-propanol + acetonitrile + n-hexane and 2-methyl-
1-propanol + acetonitrile + n-heptane at 25° C from ref. 6 and excess molar
enthalpy of 2-methyl-1-propanol + acetonitrile + benzene at 25°C from ref.
7.
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This paper shows how well the vapour—liquid and liquid-liquid equilibria
and excess molar enthalpy data of mixtures containing acetonitrile and
2-methyl-1-propanol can be predicted using the association model with
binary parameters only.

ASSOCIATION MODEL

We consider a ternary mixture formed by 2-methyl-1-propanol, acetonitrile
and benzene. A denotes the alcohol, B denotes acetonitrile and C represents
benzene. The association of the alcohol and acetonitrile and the solvation
between all of the components in the mixture can be characterized by the
following equilibrium constants defined in terms of the mole fractions of
chemical species present in the mixture.

(1) The alcohol forms linear open polymers as well as cyclic polymers by
hydrogen bonding.

Ky=x, /x5 for Aj+A =A, (1)

Ky=x,/Xxp x5 fOor Aj+A,=A, (2)

K=x,_ /XpXa for Aj+A;=A;,,i23 (3)

K. =0/i= A, (cyclic)/A,(open) for A,(open) = A, (cyclic), i > 4 (4)
(2) Acetonitrile forms cyclic dimers and linear polymers.

Ky = xp (cyclic)/x3 for B, + B, = B,(cyclic) (5)

Ky=xp /xpxp for B;+B; =B, i>1 (6)

(3) The alcohol linear polymers, acetonitrile polymers and benzene solvate
each other.

Kap=Xap/XaXp, forA,+B,=AB,i>1 (7)
Kap =Xap/Xaxp for A;+B,=AB, i>1, jz1 (8)
Kac=Xac/XaXc, forA;+C;=AC,i>1 (9)
Kpc = Xgc,/XpXc, for B, + C; =BC (10)

These equilibrium constants change with temperature according to the
van’t Hoff relation.
d1ln K, h, d In K, 2h, —h,
3,T) . R 91/T) R
dln K = hy dlné h

a1 "R 2,1 R
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dn Ky hp dInKy _ hy an
a(1/T) R a(1/T) R

dln K, 5 has d In KA,_BJ_ hA,-Bj

3(L/T) R a(1/T) R

dIn K, c _ hac dIn Kpe hyc

a(1/T) R a(1/T) R

Furthermore, the non-polar interactions between all the components are
given by the NRTL equation [8].

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

X Z T Gyrxy Z XrTRsGRy
Iny,=In — =4 + L7 - A
s St IJ
x,";x, Z Gyrxg J=A Z Girxk Z Gysxk
K=A K=A K=A
(12)
where
Tr = (gJI - 811)/T (13)
Gy = exp( — 0‘11‘711) (14)

o, (=a;,) is the non-randomness parameter set as 0.3 and xc =1 for
benzene.

The monomer mole fractions x, , xp, and xc, are obtained by solving
eqns. (15)—(19) simultaneously. The mass balance equations are related to
the mole fractions in terms of the equilibrium constants.

2
KA,B,Kme ]

X | x4, +2K,x3, +

K, K.x2(3-2z K, K.K?6x3
( ) 2K }/S (15)
(1-2z)

KA,-BJ-KBxlzil(z - w) 2 Kszle
xp={|KapXp T a1 )2 Xa, T Koyxa, + o —3
—w

X
+2Kpx} + —— + KBCxleCI} / S (16)

(1-w)’

2 K2K3xi]
xc={Kpcxc,|xa, + Kyxs + W + KpexpXe, +xc | [ S 17)
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where z = Kx, , w= Kyxp and the stoichiometric sum S is given by
KA,-BI-KBxlz}] ]
(1-w) |
K,K3x} (3-2z2) ]
(1-2 |

S = I:l + KA,BXB] + KA’CXC] +

X

Xa, T 2K2x,i1 +

K,K,K?0x}, KapKpxp, (2 —w)
————(TT + KA,BxB] + KAI_CxC] + (1 B W)2
K2K3xi]
X XA, +K2xil + ﬁ
X,
+2KBxB1 —_— + 2KBCxleC1 + xcl (18)
(1-w)’

The total sum of mole fractions of the species present in the mixture must be
equal to unity.

KA,.B,KBXlZa1
(1-w)

3
K2K3xA1

2
1+ KA,.BXB, + KA,CxC] + [xA1 + szA] + ———(1 )

2 Z
[1 (1—z)+z+7+—3—+—

K, K30

Xp,

-’r-I(BxB1 m

+ KgexpXe, + x¢, =1 (19)

The monomer mole fractions of the alcohol and acetonitrile in the pure
liquid state are obtained from eqns. (20) and (21), respectively.

. KKyxX  K,Kq6
X3 + Kyxg + 2 3A 23
1 1 (1___2*) K3

. . z * 2 z *3 z * 4
X |In(l—z*)+:z L e (20)
’ *2 xl’;l
KBxBl + m = (21)
The ternary excess molar enthalpy of the mixture is expressed by
H Hcllilem + H]glys (22)
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where HE, and HE phys are given by eqns. (23) and (26).

KA,BjKBxlzil
(1-w)

Hchem {[1 + KA,BxB] + KA,-CxCI +

haK,Ksx} (2—z) | hoK,K3K?0x3
X | hyKyxx +

(1-2z) (1-2z)

K2K3xf.‘] hBKBxB1
(1-2z) J]a-w)

+ |1+ Kap|Xa, + szil + + ki KBxB‘

3
K2K33CAl

(1-2z) }[hAiBKAinB] +hacKacxe,

hA‘-BjKA,BJKBxIZS,
+ + hBCKBCxB xC S
1-w) e

+ x4, t szi] +

[ ARG Kyx2(2—2%)  haK,K K?0x}
i (1—2z*) (1—2*)
[ hpKpxy’
P! BABXB,
_xB hBKBxl’;l + (1 _w*)2 :I/S; (23)
where z* = Kx2 and w* = Kgxg; SS and Sg are given by
, KK xr(3-2z%) K,K,K*0x}
= y * * } 1
St=xx +2K, x5 + 1_:°) + D (24)
Xp
S 2KBxB, m (25)
(74 Gr) 3(G;)
—_— G
Z X7 3(1/T) Jg. T Xy Z Ka(l/T)
phys Z Z Gorx - 2 (26)
= K=A KoK ( > GKIXK)

K=A

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

8n—8u=Cnu+ Dy (T - 273-15) (27)
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DATA REDUCTION

Vapour-liquid equilibrium data reduction was performed using the ther-
modynamic relation

D,y P=v,x,9;Pf CXP[ U}(P - PIS)/RT] (28)

where y is the vapour-phase mole fraction and P is the total pressure. P* is
the vapour pressure of the pure component; this was taken from the original
references or was calculated using the Antoine equation whose constants are
available from the literature [9]. The fugacity coefficients @ were estimated
from the volume-explicit virial equation of state truncated after the second
term. The second virial coefficients were calculated by the method of
Hayden and O’Connell [10]. The liquid molar volume v“ was calculated
from the modified Rackett equation [11]. Values of the related parameters
for the evaluation of these properties are given in the compilation of
Prausnitz et al. [12].

Liquid-liquid equilibria were evaluated from the simultaneous solution of
the following equations

('YIXI)I = (YIxI)II (29)

(1§Ax1)1=1’ ( Y x,)n=1 (30)

I=A

where the superscripts 1 and II indicate the equilibrated liquid phases.

CALCULATED RESULTS

The association constants and enthalpies of dimerization and polymeriza-
tion for 2-methyl-1-propanol and acetonitrile were taken from previous
papers: for 2-methyl-1-propanol, K, =30, K; =85, K=30 and 8 =70 at
25°C, hy= —21.2kJ mol ' and h, = —23.5 kJ mol~! [4,7]; for acetonitrile,
Kp=2835and Kz=2.1 at 45°C, hg= —89 kI mol™! and hg= —6.7 kJ
mol ! [1-3,13]. The solvation constants and enthalpy of complex formation
between 2-methyl-1-propanol, acetonitrile and benzene were set as follows
[7]: for the alcohol polymer and acetonitrile, K, =25 at 60°C and

hap=—22 kJ mol™ . for the alcohol polymer and acetonitrile polymer,
KA 5 =20 at 60°C and ha,p,= —16.8 kJ mol™ 1. for the alcohol polymer
and benzene, K, ac=25at 25°Cand h ac= —8 2 kJ mol }; for acetonitrile

and benzene, Ky =0.2 at 45°C and hpc= —5.2 kJ mol™%. All A values
were assumed to be independent of temperature.

The calculated results are given in Table 1 together with the energy
parameters obtained on fitting the association model to the experimental
vapour-liquid equilibria of binary mixtures. The energy parameters were
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TABLE 1

Binary parameters and absolute arithmetic mean deviations as obtained from vapour-liquid
equilibrium data reduction

System (A + B) Temp. No.  Parameters Deviations Refer-
S da!.a 88A— 8aa 8B~ 8pp ®ap Vapour Pressure N°
ponts gy (K) mole  (kPa)
fraction
(x10%)

2-Methyl-1-propanol

+ acetonitrile 60 14 —-160.97 40471 03 32 0.187 [5]
2-Methyl-1-propanol

+ benzene 45 10 —153.43 197.80 0.3 42 0.387 [14]
2-Methyl-1-propanol

+ cyclohexane 25 10 427.33 —38222 03 129 0.373 [15]
2-Methyl-1-propanol

+ n-hexane 59.38 21 45787 —30690 0.3 29 0.467 [16]
2-Methyl-1-propanol

+ n-heptane 60 16 24717 -17378 03 25 0.080 [17]
Acetonitrile

+ benzene 55 12 —193.98 40675 03 538 0.213 [18]
Acetonitrile

+cyclohexane 25 MS ? 389.34 478.84 0.3 [19]
Acetonitrile

+ n-hexane 25 MS? 322.69 52746 0.3 [20]
Acetonitrile

+ n-heptane 25 MS @ 282.64 646.79 0.3 [20]

% MS = mutual solubility data.

obtained from the minimization of the sum-of-squares of relative deviations
in pressure plus the sum-of-squares of deviations in vapour-phase mole
fraction using the simplex method [21]. Figures 1(a) and 1(b) illustrate two

TABLE 2

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

System (A + B) No. Parameters Absolute Refer-
dat . .
P K) K) 1y
(Jmol™")
2-Methyl-1-propanol 15 —444.88 —229.12 —2.2512 —1.6399 0.3 86 7
+ acetonitrile
2-Methyl-1-propanol 16 —693.70 43899 —1.0710 —2.4598 0.3 3.5 7
+ benzene
Acetonitrile 14 399.37 —21.88 2.6005 —0.9393 0.3 1.3 [13]

+ benzene
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Fig. 1. Vapour-liquid equilibria for (a) 2-methyl-1-propanol(A) + acetonitrile(B) at 60 ° C and
(b) 2-methyl-1-propanol(A) + benzene(B) at 45° C. Calculated ( ). Experimental {(@®): (a)
data of Nagata [S]; (b) data of Brown and Smith [14].
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Fig. 2. Excess molar enthalpies for two binary systems at 25°C. Calculated ( ).
Experimental: (A) 2-methyl-1-propanol + acetonitrile, data of Nagata and Tamura [7] (®); (B)
2-methyl-1-propanol + benzene, data of Nagata and Tamura [7] (0), data of Brown et al. [14]
(2).
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Fig. 3. Ternary liquid-liquid equilibria at 25° C. Calculated ( ). Experimental tie-line
(®—--@) data of Nagata [6]: (A) acetonitrile + 2-methyl-1-propanol 4 cyclohexane; (B) aceto-
nitrile + 2-methyl-1-propanol + n-hexane; (C) acetonitrile + 2-methyl-1-propanol + n-heptane.

examples which compare the calculated vapour-liquid equilibria with the
experimental results. Table 2 lists the results of the excess molar enthalpy
determined from the binary correlations for the three binary systems con-
stituting the 2-methyl-1-propanol + acetonitrile + benzene system at 25°C.
Figure 2 compares the experimental excess molar enthalpy with the calcu-
lated results from the association model.

Ternary calculations were carried out using the association model with the
binary parameters obtained from Table 2. The absolute arithmetic mean
diviations between the experimental and predicted values for the
vapour-liquid equilibria of 2-methyl-1-propanol(A) + acetonitrile(B) +
benzene(C) at 60 ° C were Ay, = 0.0057, Ayg = 0.0076 and A y. = 0.0050 for
the vapour-mole fractions, which were calculated from Ay,=X%|y,(/,
expt) — y; (J, calc) |/N, where N is the number of data points. The absolute
arithmetic mean deviations in the pressure were 0.640 kPa, and the average
relative deviation was 0.12%. The ternary liquid-liquid equilibrium predic-
tions for the three mixtures are shown in Fig. 3. The absolute arithmetic
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mean deviation of the excess molar enthalpy was 23.8 J mol ! for the 70
data points of 2-methyl-1-propanol + acetonitrile + benzene at 25°C.

Finally, we can conclude that the association model predicts well the
thermodynamic properties of binary and ternary mixtures containing
acetonitrile and 2-methyl-1-propanol.

LIST OF SYMBOLS

A B C
Cis» Dyy

81y~ 8y

alcohol, acetonitrile, benzene

constants of eqn. (27)

coefficients defined by exp(—a,,7,,)

binary interaction parameter

enthalpy of formation of alcohol dimer

enthalpy of hydrogen-bond formation for alcohol polymer
enthalpy of formation of chemical complex A ;B between alco-
hol polymer and acetonitrile

enthalpy of formation of chemical complex A;B; between alco-
hol polymer and acetonitrile polymer

enthalpy of formation of head-to-head dimerization of acetoni-
trile

enthalpy of formation of head-to-tail chain association of aceto-
nitrile

enthalpy of formation of chemical complex BC between acetoni-
trile and benzene

excess molar enthalpy

equilibrium constant for formation of alcohol dimer
equilibrium constant for formation of alcohol open chain trimer
equilibrium constant for formation of alcohol open chain poly-
mer, i >3

solvation constant for formation of chemical complex A ;B
between alcohol polymer and acetonitrile

solvation constant for formation of chemical complex A;B,
between alcohol polymer and acetonitrile polymer

solvation constant for formation of chemical complex A;C
between alcohol polymer and benzene

equilibrium constant for head-to-head association of acetonitrile
equilibrium constant for head-to-tail association of acetonitrile
solvation constant for formation of chemical complex BC be-
tween acetonitrile and benzene

equilibrium constant for cyclization of open chain polymer as
defined by 8/i, i > 4

total pressure

saturated vapour pressure of pure component
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gas constant

stoichiometric sum

absolute temperature

molar liquid volume of pure component 7
coefficient as defined by Kpxp

liquid-phase mole fraction of component 7
vapour-phase mole fraction of component /
coefficient as defined by Kx,

Greek letters

a, non-randomness parameter of NRTL equation

Y activity coefficient of component I

0 constant related to K,

T coefficient as defined by (g,, — g,,)/T

P, vapour-phase fugacity coefficient of component 7

d; vapour-phase fugacity coefficient of pure component I at sys-
tem temperature 7 and pressure P;

Subscripts

A, B, C alcohol, acetonitrile, benzene

ALA, alcohol monomer and polymer

AB complex formed between alcohol polymer and acetonitrile

AB, complex formed between alcohol polymer and acetonitrile poly-
mer

AC complex formed between alcohol polymer and benzene

B,, B, acetonitrile monomer and polymer

BC complex formed between acetonitrile and benzene

chem chemical

phys physical

I, J, K components

Superscripts

E €xcess

L liquid

s saturated

* pure liquid
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