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Abstract

A chemical association model based on mole fraction statistics is used to predict the
ternary excess molar enthalpies of the n-butylamine + 1,4-dioxane + acetonitrile system
using only binary parameters derived from excess molar enthalpy data for its three
constituent binary systems. The model assumes that the self-association of n-butylamine
and acetonitrile, the solvation between unlike molecules and the binary non-specific
molecular interactions between the components are given by the NrRTL equation.

LIST OF SYMBOLS

A,B,C n-butylamine, 1,4-dioxane and acetonitrile

ay binary energy parameter for the I-J pair

Cy, Dy, constants of eqn. (22) for the I-J pair

Gy coefficient as defined by exp(—a;7y)

HE excess molar enthalpy

ha, enthalpy of formation of n-butylamine dimer

ha enthalpy of hydrogen-bond formation in n-butylamine imer
has enthalpy of formation of chemical complex A,B between

n-butylamine imer and 1,4-dioxane
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enthalpy of formation of chemical complex A,C, between
n-butylamine imer and acetonitrile jmer

enthalpy of formation of chemical complex BC between 1,4-
dioxane and acetonitrile

enthalpy of formation for head-to-head dimerization of
acetonitrile

enthalpy of formation for head-to-tail chain association of
acetonitrile

equilibrium constant of dimer formation of n-butylamine
equilibrium constant of open chain imer formation of n-
butylamine, i >2

equilibrium constant of formation of chemical complex A B
between n-butylamine imer and 1,4-dioxane

equilibrium constant of formation of chemical complex A,C,
between n-butylamine imer and acetonitrile jmer

equilibrium constant of formation of chemical complex BC
between 1,4-dioxane and acetonitrile

equilibrium constant of head-to-head dimerization of acetonitrile
equilibrium constant of head-to-tail chain association of
acetonitrile

universal gas constant

stoichiometric sum

stoichiometric sums for pure n-butylamine and acetonitrile
absolute temperature

liquid-phase mole fraction of component I

coefficient as defined by K x4,

Greek letters

ay non-randomness parameter of NrTL equation for I-J pair, here
taken as 0.3

Ty coefficient as defined by a,,/T

Subscripts

A,B,C n-butylamine, 1,4-dioxane and acetonitrile

A, A, n-butylamine monomer and imer

AB complex formation between n-butylamine imer and 1,4-dioxane

AC complex formation between n-butylamine imer and acetonitrile
jmer

BC complex formation between 1,4-dioxane and acetonitrile

C, C acetonitrile monomer and imer

cal calculated

chem chemical
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exp experimental
LJ components
phys physical

Superscripts

E excess
* pure liquid

INTRODUCTION

The phase equilibrium and excess molar enthalpy properties of binary
and ternary mixtures containing acetonitrile or an amine and non-
associating components have been successfully reproduced using a chemical
association model based on mole fraction statistics [1-9]. The model
assumptions are that acetonitrile and the amine self-associate, and form
chemical complexes with active non-associating components, and that the
non-specific interactions between unlike molecules are expressed by the
~NRTL equation [10]. The model has not been applied for binary and ternary
mixtures involving both acetonitrile and an aliphatic amine, because no
experimental data on phase equilibrium or excess molar enthalpy were
available to us. Recently, experimental excess molar enthalpy results were
published for the ternary n-butylamine + 1,4-dioxane + acetonitrile system
and its three component binary systems [11-14]. These data seem to be
useful for testing the chemical association model cited above.

ASSOCIATION MODEL

To predict the ternary excess molar enthalpies for the n-
butylamine(A) + 1,4-dioxane(B) + acetonitrile(C) system at 25°C, we must
obtain the binary parameters of our association model in the correlation of
binary excess molar enthalpies for the three component systems at 25°C. As
stated previously, we take into consideration the self-association of
n-butylamine(A) and acetonitrile(C), the solvation between unlike mole-
cules in the chemical part of the association model, and the non-specific
molecular interactions between components in the physical part of the
model. Four association constants for n-butylamine(A) and acetonitrile(C)
are defined by

K., =xa,/x4%, for A, + A, =A, (1)
Ka=xa,. /Xaxa, for Al+A =A., (i>1) (2)
Ko, = xo,/xE, for C,+C, =C, 3)

Ke=x¢, [xcxe, forC,+C =C.,, (i=1) (4)
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The temperature dependences of the equilibrium constants are given by
the van’t Hoff relation

aln K /o(1/T) = —hn /R (5)
aln KA/3(1/T) = —hA/R (6)
310 K /o(1/T) = —he,/R 7
310 Ko/o(1/T) = —he/R (8)

Before proceeding to the ternary expression of the excess molar enthalpy
HE, we describe briefly the basic equations of H® for three component
binary systems.

Binary systems

n-Butylamine(A) + 1,4-dioxane(B)

The solvation constant for the formation of chemical complexes A,B is
given by
Kap=Xxap/Xaxs for A, +B,=AB (i=1) %)

The nominal mole fractions of both components are expressed in terms of
the monomer mole fractions of the components

Xa=(1+ Kapxp)[xa, + Kaxi(2—2)/(1—2)]/S (10)
xp = {xs, + Kapxp,[Xa, + Kaxa /(1 - 2)]}/S (11)
where z = K, x, and the stoichiometric sum S is given by
S=(1+Kapxs)[xa + Kaxi,(2—2)/(1-2)]

+ Kap¥s[Xa, + Kaxa, /(1= 2)] + x5, (12)

The mole fractions of all chemical species present in the mixture must
satisfy the following equation

Z Xa, T Z Xap T Xg,
=1 =1

:(1 +KA.BxBl)[xA|+KA2x?A\|/(1 _Z)]+x31:1 (13)
The monomer mole fractions x4, and xg, are solved from eqns. (10)—(13).
The excess molar enthalpy of the mixture H* consists of two contributory
terms: chemical and physical
HE:HEhem_'_HEhys (14)
H?hem = {(1 + KA,BxBl)[hAzKAzsz]/(l - Z) + hAKAzKAx:j\l/(l - Z)z]
+ hapKasxs[xa + Kaxa/(1-2)]H/S
—Xalha Kax X/ (1= 2%) + ha K Kax2/(1 - 2%))/SX (15)

For the pure amine state eqns. (12) and (13) reduce to
SE=x% + KaxXi(2 - 2z%)/(1 — z*) (16)
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XA+ Kax3/(1—-2%)=1 17)
Equation (17) provides the value of x%,.

!
TpaGga TasGas
XA+ xgGpa  Xp T XAGap

E —
phys — RxAxB{

XaTeaGsaToa  XsTapGasTas
- AB 2 2 (18)

(xa + x5Gpa)°  (xs + x2Gap)

where

Taa =apalT Tag=aas/T (19)
GBA = CXp(—aBATBA) GAB = exp(_aAB TAB) (20)
Tpa = 0Tpa/0(1/T) Tap = 0Tas/d(1/T) (21)
We assume the linear temperature dependence of the energy parameters
(IBA = CBA + DBA(T - 27315) aAB = CAB + DAB(T - 273.15) (22)

Each of the non-randomness parameters (a; = ay) is taken as 0.3.

n-Butylamine(A) + acetonitrile(C)

We introduce a solvation constant between n-butylamine(A) and
acetonitrile(C).
Kac, =Xaclxaxe forA,+C=AC (i=1,j=1) (23)

The nominal mole fractions of the components are related to the
monomer mole fractions of the components

XA = [1 + KA:CIXCI/(l - KCxCl)][xAl + KAlezM(z - Z)/(l - Z)Z]/S (24)
xe ={[xa, + Kaxi /(1 = 2)]Kac xc/(1 = Kexc)?
+xo/(1 = Kexe,) +2Ke,x2} S (25)

where the stoichiometric sum S is
S = [1 + KA,C,xcl/(]‘ - KCxC1)][xA| + KA2x2A1(2 - Z)/(l - Z)z]
+ [xA] + KAzxi]/(l - Z)]KA’C’xCI/(l - KCxC|)2
+ xC]/(l - KCxC|)2 + 2KC2x2C1 (26)

The sum of the mole fractions of all species present in the mixture must
be unity

1+ KA,C,xcl/(l — Kexe)][xa, + Kaxa /(1 —2)]
+ xCl/(l - KCxCl) + KC:xgl = 1 (27)

The monomer mole fractions are solved simultaneously from eqns.
(24)—(27). For the pure acetonitrile state we obtain

KCQXglz + Xé‘/(l - KC'xél) = 1 (28)
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The value of x§ is obtained from eqn. (28). The chemical contribution
term is

HGom = ([1 + Kacxe,/(1 = Kexe)[ha Kaxa /(1 = 2) + haKa,Kaxi /(1 — 2)7]
{1+ Kaclxa + Kaxih /(1 — 2)heKexe /(1 — Kexe ) + he, Ko xg,
+ [xa, + KaXa /(1 — 2)hacKacXe/(1 — Kexe))/S
—XA[ha Ka XX (1 — 2%) + haKa Kax /(1 — 2%)7)/ S
= Xc[he,KexE + heKcx &/ (1 — Kexd )]/ SE (29)

where the value of S for the pure acetonitrile state S¥ is
SE=2Kcx&E +x¥/(1 — Kext ) (30)
1,4-Dioxane(B) + acetonitrile(C)

Complex formation between 1,4-dioxane and acetonitrile is assumed
according to the following solvation constant

Kgc = xgcl/xgxe, for B+ C,=BC 31

The stoichiometric mole fractions xz and x. are expressed in terms of the
mole fractions of the chemical species

xp = (KgcXg,Xc, + X5,)/S (32)

xe ={2Kexe, +xe /(1 = Kexe, ) + Kpexp X, /S (33)

where the sum S is given by

S =2Kcxe txe/(1 — Kexe)? + 2Kgexg Xc, + X, (34)
The mole fraction of each chemical species present in the mixture must

satisfy the relationship

Xc, t+ 2 Xc, ¥ Xpe t+ Xp,

=1

=Kcxé +x¢,/(1 — Kexe) + Kpexpxe, + xp, = 1 (35)

The monomer mole fractions of the components xg, and x, are
simultaneously solved from eqns. (32), (34) and (35). The chemical term
HE .. is defined as

HEhem = [hCKCx2C1/(1 - chcl)z + hCzKC XZC‘ + hBCxleCI]/S
- xC[hczKC x + thCxEE‘Z/(l ch%‘)z]/szk‘ (36)

Ternary system

The equations for the mole fractions of the three components of the
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ternary system are
XA = {[1 + KA‘BXB] + KA,C,xC|/(]‘ - chcl)]

X [xa, + Kaxh 2 2)/(1 = 2)°]}/S (37)
xp = {KapXxp,[Xa, + Kaxa/(1 = 2)] + KscXpXc, + Xp,}/S (38)
Xc= {[xA| + KAgx?Al/(l - Z)]KA,C,XC./(I - Kexe)

+xc,/(1 = Kexe,)* + 2Kexg, + Kpexp X /S (39)

where the stoichiometric sum S is
S = [1 + KA,BxB] + KA,C,XQ/(I - KCxC|)][xA1 + KA2x2A|(2 - Z)/(l - 2)2]
+ KapXp[xa + Kaxa,/(1 —2)] + 2KpcXp Xc, + X5,
+ [xAI + KAszAl/(]' - Z)]KA,C,xC|/(1 - chcl)z
+ xC|/(1 - KCxC|)2 + ZKCZX%I (40)
The sum of the mole fractions of chemical species present in the mixture
must be unity.
{1 + KapXxp, + KA,C,xC|/(1 - KC-xCl)} : [xm + KA3x2A|/(1 - Z)]
+ xp, + Kgcxpxe, + xco,/(1 — Kexe) + Kexeg, = 1 (41)
The ternary excess molar enthalpy HF is
HE = ([1 + KA,BXBI + KA,C,xC|/(1 - K(‘xCl)][hAzKAzsz‘/(l - Z)
+ HAK A Kaxi /(1= 2)] + he, Ko, xE,
+ {1+ Kac[xa + Kaxa, /(1 — 2)WhcKexé /(1 — Kexe )
+ [xA| + KA3x2A|/(1 - Z)][hA,BKA,BxB1 + hA,C,KA,C,xcl/(]» - chcl)]
+ hscxslxc,)/s —xA[hAzKAzxtj/(l - Z*) + hAKAzKAxX?/(l - Z*)Z]/S/t
—xclhe, KexE + heKexE/(1 - ch?.)Z]/S?

< HtuG C < (1 G
c 2 xJ;TTIH/T;)l) 2 1uGpx, 2 xj—;{ﬁz
J=A I=A K=A
+R§x, - + . . (42)
2 Gixk ( > GKI-xK>
K=A K=A

CALCULATED RESULTS

The association parameters for n-butylamine and acetonitrile were taken
from previous papers [1, 5]: for n-butylamine, K,,=0.6 and K, =1.2 at
60°C, and h,,=-9kImol™' and h,=-9kJmol™'; for acetonitrile,
K., =835 and K-.=2.1 at 45°C, and h.,= —-89kJmol™" and hc=
—6.7kJ mol™'. Table 1 gives the values of the solvation constants and
enthalpies of complex formation. The temperature dependences of the
equilibrium constants were fixed by the van’t Hoff relationship. All & values
were assumed to be independent of temperature. Table 2 shows the binary
results of excess molar enthalpy data reduction. Figure 1 presents a
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TABLE 1

Solvation constants at 25°C and enthalpies of complex formation

Mixture K —h/{(kI mol™")
n-Butylamine(A) + 1,4-dioxane(B) * 1.5 7.1
n-Butylamine(A) + acetonitrile(C) " 3.6 14.0
1,4-Dioxane(B) + acetonitrile(C) © 3.5 73

2i:1 complex formation is assumed. "i:j complex formation is assumed. °1:1 complex
formation is assumed.

TABLE 2

Binary parameters and arithmetic mean deviation for the three systems at 25°C

Mixture (A + B) No.of Cap/K Dag Cga/K  Dga Abs. arith. Ref.
data mean dev./
points (Jmol™")

n-Butylamine +

1,4-dioxane 9 674.05 2.5600 51598  3.1825 5.9 12
n-Butylamine +

acetonitrile 9 433.82 —1.8930 —378.68 -0.4369 7.9 13
1,4-Dioxane +

acetonitrile 9 582.02 2.6803 380.71  0.5914 2.8 14

® Smoothed experimental data, which were obtained at equally spaced mole fractions from
the Redlich—Kister equation whose constants are given in ref. 12.

800

n-butylarmine{A)+acetomitnle(C)

400

n-butylamine(A)+1,4-dioxane(B)

HEin J/mot

acetonitrile(C)+1,4-dioxane(B)

200 1 L 1 1
Qo0 0.2 0.4 0.6 0.8 10

Mole fraction of first component
Fig. 1. Excess molar enthalpies H® of binary mixtures at 25°C. Experimental data: B,

n-butylamine + 1,4-dioxane [12]; @, n-butylamine + acetonitrile [13]; A, acetonitrile +1,4-
dioxane [14]. Results calculated from the associated model,




TABLE 3

Ternary excess molar enthalpies of n-butylamine(A) + 1,4-dioxane(B) + acetonitrile(C) at
25°C

Xa Xg Xc H::xp/ HE, 8H"?/
(Jmol™") (Jmol™") (Jmol™")
xa/xg =0.5165; x), = 0.3406
0.1090 0.2110 0.6800 200 219.7 -19.7
0.1234 0.2390 0.6376 225 243.5 —185
0.1394 0.2699 0.5907 250 267.5 -17.5
0.1487 0.2878 0.5635 275 280.1 =5.1
0.1661 0.3218 0.5121 280 300.8 -20.8
0.2007 0.3885 0.4108 320 330.5 -10.5
0.2180 0.4220 0.3600 325 339.6 —14.6
0.2459 0.4750 0.2791 330 346.9 -16.9
0.3250 0.5750 0.1000 350 354.4 -4.4
xp/xp =0.9940; x; = 0.4985
0.0497 0.0500 0.5403 95 118.5 -23.5
0.0797 0.0802 0.8401 180 184.5 4.5
0.1196 0.1204 0.7600 245 263.2 —18.2
0.1225 0.1223 0.7552 260 268.8 -8.8
0.1785 0.1795 0.6420 350 356.4 —6.4
0.2052 0.2064 0.5884 395 388.5 6.5
0.2469 0.2494 0.5037 435 425.1 9.9
0.2827 0.2845 0.4328 440 444.6 -4.6
0.3700 0.3722 0.2578 450 448.0 2.0
0.4387 0.4413 0.1200 420 420.5 —0.5
xa/xp = 1.4844; x}, = 0.5975
0.0567 0.0383 0.9050 120 140.7 -20.7
0.1256 0.0846 .7898 270 287.2 -17.2
0.2087 0.1406 0.6507 430 415.7 14.3
0.2241 0.1509 0.6250 440 433.2 6.8
0.3107 0.2093 0.4800 500 494.6 5.4
0.3577 0.2410 0.4013 505 503.5 1.5
0.4005 0.2699 0.3296 515 498.3 16.7
0.4272 0.2878 0.2850 500 489.6 10.4
0.5224 0.3519 0.1257 440 432.7 7.3
xg/x-=0.5254; xp, = 0.3444
0.0920 0.3127 0.5953 150 166.6 -16.6
0.1400 0.2962 0.5638 250 263.2 -13.2
0.2386 0.2623 0.4991 400 412.0 -12.0
0.3989 0.2070 0.3941 535 530.0 5.0
0.4271 0.2015 0.3714 545 534.6 10.4
0.5340 0.1605 0.3055 550 531.6 18.4
0.6450 0.1248 0.2302 490 476.0 14.0
0.8701 0.0451 0.0848 250 2349 15.1
xp/x-=1.0872; xf; = 0.5209
0.0300 0.5002 0.4698 —60 5.7 —65.7
0.1030 0.4672 0.4298 145 164.7 -19.7
0.2990 0.3451 0.3559 420 432.5 -12.5
0.4986 0.2597 0.2417 500 487.0 13.0
0.6717 0.1710 0.1573 440 412.0 28.0
0.8903 0.0571 0.0526 190 180.5 9.5
xp/x-=0.4956; x, = 0.3314
0.1102 0.6674 0.2224 140 140.7 -0.7
0.1852 0.4412 0.3736 270 296.5 —-26.5
0.2233 0.3262 0.4505 350 375.1 —-25.1
0.2508 0.2431 0.5061 420 431.3 -11.3
0.2948 0.1103 0.5949 500 530.4 -30.4
xa/xc=0.9970; x, = 0.4992
0.2688 0.4617 0.2695 350 368.7 -187
0.2994 0.4083 0.2923 400 407.9 -79
0.3269 0.3452 0.3279 440 446.7 -6.6
0.3667 0.2656 0.3677 500 494.7 5.3
0.4202 0.1584 0.4214 580 560.1 19.9
0.4640° 0.0700 0.4660 653 626.1 26.9
A§HE = Hf,q, — HE,. ®Mole fraction of n-butylamine is corrected according to xj/x¢ = 0.9970.
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graphical comparison of the experimental results and calculated values for
the constituent three binary systems of the ternary mixture. The ternary
excess molar enthalpies of the n-butylamine + 1,4-dioxane + acetonitrile
mixture were predicted using the binary parameters alone. Table 3 gives the
ternary detailed calculated results. The absolute arithmetic mean deviation
and standard deviation of the ternary excess molar enthalpies were
14.1Jmol™" and 19.8 Jmol™', respectively. De Ruiz Holgado et al. [11]
fitted their binary and ternary excess molar enthalpy data using four
empirical polynomials [15-18] and they obtained the standard deviations
between the calculated and experimental excess molar enthalpy values
using only binary parameters: 81 J mol™! by the method of Tsao and Smith
[15]; 71 Tmol ™' by Kohier’s equation [16]; 72 Jmol™' by the method of
Radojkovit et al. [17]; 72 J mol™' by the equation of Jacob and Fitzner [18].
These values for the deviations seem to be too large in comparison with the
present deviation of 19.8 J mol™' derived from our association model.

We conclude that the model used in this work represents well the excess
molar enthalpies for binary and ternary mixtures containing an amine,
acetonitrile and one active non-associating component using binary
parameters alone.
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