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Abstract

Excess molar enthalpies for aniline + 1-propanol and aniline + 1-propanol + benzene
at 298.15 K have been measured using an isothermal dilution calorimeter. The experimen-
tal values have been correlated with smoothing polynomials and compared with those
calculated from the uNiQuac associated-solution model with binary parameters.
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A/B,C aniline, 1-propanol and benzene

ay binary interaction parameter for J-I pair

A, constants of eqns (1) and (2)

A;, B; i-mers of aniline and 1-propanol

A,B,C complex containing i molecules of aniline, j molecules
of 1-propanol and one molecule of benzene

AC complex containing i molecules of aniline and one
molecule of benzene

B.C complex containing i molecules of 1-propanol and
one molecule of benzene

B, constant of eqn. (4)

Cy, Dy coefficients of eqn. (16)

HE excess molar enthalpy

E 12, HE 13, HE 23 excess molar enthalpies of binary mixtures 1-2, 1-3

and 2-3

ha, hg enthalpies of hydrogen-bonded formation of aniline
and 1-propanol

huap, Mac, hec enthalpies of complex formation between unlike
molecules
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association constants of aniline and 1-propanol
solvation constants between unlike molecules
constant of eqn. (1)

constant of eqn. (4)

molecular geometric area parameter of pure com-
ponent 1

universal gas constant

molecular geometric volume parameter of pure com-
ponent I

sum as defined by eqn. (22)

sum as defined by eqn. (23)

absolute temperature

quantity as defined by eqn. (13)

quantity as defined by eqn. (14)

liquid mole fraction of component I

liquid mole fraction of component I in a binary
mixture

lattice coordination number, here set as 10

activity coefficient of component I
experimental value minus calculated value
function as defined by eqn. (4)

area fraction of component 1

binary parameter as defined by exp(—ay/T)
segment fraction of component 1

monomer segment fraction of component 1

aniline, 1-propanol and benzene

monomers of components A, B and C

binary complexes

chemical

components I, J and K

i, j, k and I-mers of aniline and 1-propanol or indices
physical

pure liquid state
reference state
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INTRODUCTION

The ternary liquid-liquid equilibrium and excess molar enthalpy data of
aniline + methanol or ethanol + hydrocarbon mixtures have been success-
fully predicted by using the uniQuAc associated-solution model with only
binary parameters [1,2]. This paper reports the excess molar enthalpies
for aniline + 1-propanol and aniline + 1-propanol + benzene measured
with an isothermal dilution calorimeter at 298.15K [3]. The uniQuac
associated-solution model based on the multisolvation of two associating
components [4] will be applied for the prediction of the ternary excess
molar enthalpy by using binary parameters. Excess molar enthalpies HE
at 298.15K for the two binary systems constituting the ternary system
have been reported: aniline + benzene [5}]; 1-propanol + benzene [6].

EXPERIMENTAL

Aniline (Nacalai Tesque Inc., special grade) and 1-propanol (Wako
Pure Chemical Industries Ltd., special grade) were used as received.
Benzene (Kanto Chemical Co., Inc., first grade) was purified by repeated
fractional recrystallization. The densities of the chemicals used, measured
with an Anton-Paar densimeter (DMA40), agreed well with literature
values [7]. The binary and ternary excess molar enthalpies HE were
measured with an isothermal dilution calorimeter at 298.15 K. The errors
in the observed HE values were less than 0.5% of the measured values.

RESULTS

Tables 1 and 2 give the Hp, values for the aniline + 1-propanol and
aline + 1-propanol + benzene systems at 298.15 K. The binary experimen-
tal HE data for the aniline + 1-propanol and aniline + benzene systems

TABLE 1 .
Excess molar enthalpies for the aniline(1) + 1-propanol(2) system at 298.15 K

X HE é° x HE é°
(Jmol™) (I mol™) (J mol™) (Jmol™)

0.0157 311 -0.1 0.4787 775.4 -0.1
0.0488 102.7 0.1 0.5381 789.9 -0.0
0.1029 225.5 -0.1 0.6024 780.4 0.1
0.1684 369.2 -0.0 0.6768 734.1 -0.1
0.2343 497.7 -0.3 0.7557 640.4 -0.4
0.3062 614.2 0.0 0.8274 512.7 0.5
0.3547 677.8 0.9 0.8968 343.6 0.3
0.3836 707.6 -03 0.9409 210.7 -0.1
0.4255 7441 -0.1 0.9773 84.4 -1.2

* 4 = experimental value minus calculated value.
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TABLE 2

Experimental ternary excess molar enthalpies at 298.15K for the aniline(1) + 1-propanol(2)
benzene(3) system obtained by mixing pure benzene with [x] aniline + (1 — x;)1-propanol]

E a E a E a
X, X3 H [ X X3 H 8 X, Xy H, [

mol™) (Tmol™) @mol™") (Tmol ™" @mol™) (Fmol™

x;=0.2512 x7=0.5004 xy = 0.7480
0.2418 0.0374 611.8 5.3 0.4875  0.0258 832.5 -0.5 0.7271  0.0279  702.4 ~2.6
0.2288  0.0888 719.5 10.1 0.4679  0.0650 901.7 -2.2 0.6934 0.0730  780.1 ~5.1
0.2146  0.1455 825.9 10.8 0.4443  0.1121 918.2 -3.8 0.6503 0.1306  867.6 -9.3
0.2005  0.2017 922.0 1.5 0.4171 01665  1054.3 -7.7 0.5952  0.2043  964.5 -10.1
0.1874 0.2540 1001.8 11.8 0.3874 02258 1125.1 -9.8 0.5305  0.2%07 1053.0 -1.5
0.1763 0.2982  1060.1 10.8 03572 0.2862 1184.1 ~10.6 0.4620 0.3824 1115.6 ~-1.5
0.1641 03466 1114.0 85 0.3266 0.3473  1229.2 ~10.3 0.4118 0.4495 1138.6 3.2
0.1520 0.3%47 1157.8 6.2 0.2986  0.4032  1256.7 -9.7 0.3703  0.5050¢ 11417 6.6
0.1407 0.4397 1189.1 4.4 0.2719 0.4567 1270.2 ~8.5 0.3545  0.5261 11388 7.7
0.1304 0.4809 1208.2 2.0 0.2520 0.4963 12713 ~7.8 03179 0.5750 1122.6 9.3
0.1187  0.5274  1218.0 -1.4 0.2287 0.5430 1260.4 -8.9 0.2787 0.6275 1090.4 11.3
0.1068 0.5748 12165 -3.6 0.2012 0.5978 1233.6 ~8.8 0.2416  0.6770 1044.0 12.4
0.0951 0.6211 1201.1 -6.0 0.1790  0.6422 1199.4 -8.1 02117 07170 9934 13.0
0.0844 0.6639 1175.7 —6.4 0.1598 0.6807 1161.3 ~5.2 0.1933 0.7416  955.6 12.9
0.0763 0.6961 1147.2 -7.4 0.1417 0.7168  1113.2 -4.9 0.1698  0.7730  898.6 11.9
0.0697 0.7225 11185 ~7.2 0.1268 0.7467 1065.9 —4.1 0.1495  0.8001 841.3 10.7
0.0622 0.7525 1077.0 -8.4 0.1168 0.7665 1029.8 -3.8 0.1320 0.8235  785.4 9.7
0.0532 0.7882 1017.2 ~9.4 0.1068  0.7863 989.5 ~-3.4
0.0463 0.8158 961.0 -10.3 0.0913 0.8175 918.3 ~3.0

0.0788  0.8426 851.9 -2.7

* & = experimental value minus calculated value.
were correlated with eqn. (1).
m
HE = xx; 2 A — x)" 71 = k(x; = x;)] 6y
n=1

Mrazek and Van Ness [6] fitted eqn. (2) to the HJ, values for the
1-propanol + benzene system

HE\,fj = 104x2x3 Z An(xz - X3)n“1 (2)
n=1

Table 3 shows the parameters of eqns. (1) and (2) and the standard

deviations 0. The experimental HE values for the three binary systems are

presented in Fig. 1.

TABLE 3
Parameters A, of eqns (1) and (2) and standard deviations o

System (1 + 2} A, Ay Ay A, As Ag k o
(Fmol ™"

Aniline + 1-propanol 3132.82 2640.31  430.13 263.97 -0.6536 0.5

Aniline + benzene 3003.51 —721.57 447.94 —333.36 1.3

1-Propanol + benzene  2.6287 1.5119 0.2274 0.5056 ~0.1927  0.0603
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Fig. 1. Experimental excess molar enthalpies for three binary systems at 298.15K; @,
aniline(1) + 1-propanol(2), this work, A; aniline(1) + benzene(2) [5]; M, i-propanol(1)+
benzene (2) [6]; ——, calculated from smoothing equations or the UNIQUAC associated-
solution model.

0
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I-Propanol

Aniline Benzene

Fig. 2. Curves of constant excess molar enthalpies for the aniline(1)+ 1-propanol(2) +
benzene(3) system at 298.15 K; ——, calculated from eqns. (3) and (4); ~--——--—
calculated from the UNIQUAC associated-solution model.

The ternary experimental Hy values of the aniline(l)+ 1-propa-
nol(2) + benzene(3) system were fitted to eqn. (3)

5,123 = HSl,lZ = HE:,B + Hﬁ,za + X, x%5A (3)
where
A/RT = B,(1 -2y /[1 = I(1 - 2x5)] (4)
n=1

The parameters of eqn. (4) were obtained using a unweighted least
squares method: B, = 1.6375; B, =0.6402, B, =0.2537, B,=0.3745, Bs=
—0.3670, and /= —1.1202; and the arithmetic mean deviation AAD =
7.3 Jmol™', the standard deviation o = 8.5 J mol™!, and the relative mean
deviation is 0.7%. Contours of the ternary HG, ;,;, calculated from eqns
(3) and (4), are plotted in Fig. 2.

DATA ANALYSIS

We assume that aniline(A) and 1-propanol(B) self-associate to form
homopolymers A; and B, and these homopolymers solvate multiply to
produce copolymers (A;B;),, A;(B;A,);, (B;A)), and B,(A;B,),, and that
the resulting polymers and benzene (C) make further complexes: A,C,
B.C, (AB)).C, Ai(B;A.).C, (B:A)),C and B,(A;B,),C, where the subin-
dices i, j, k and [ take values from one to infinity. The equilibrium
constants are assumed to be independent of the degrees of association and
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solvation and are defined in terms of the segment fractions and molecular
volume parameters of chemical species.

KA=%;-£T for A, + A=Ay,

)
Ky =E;'I:—;]‘3—Ii—i—1 for B, + B, = B,.,

-] 2 (3]

(I)AiBjAkBl Y ABjAx s,

= for A,B;A, + B,=A,B,A
KAB QAiBI‘Ak¢BI rAiBiAkBerrB or i A2 j&xk Bl 1B! kBI
h 1 1
~Knenp| ¢ (777 ™
QA'C i
=T q A, + A,
Kac DD irnt e for C,=AC
h 1 1
=K:Ce"p["1l;—c(?"r*)] ®)
Py l
~D.q for B, + C,=B,C
KBC (I)B‘ q)q irB e or 1
h 1 1
= Kc e"P[ - —;g (?— T)] )

The ternary HE is expressed as the sum of two contributions: chemical
and physical
HrE: mchem+HE1phys
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J

where the segment fraction @, the surface fraction 6, the symbols U, and
U, and the binary parameter 7;; are given by

<I>1=xm/2 Xyly (11)
J

91=x1(I1/2 X31q; (12)
U, = K®,/(1 — K,®,,)* (13)
Ui=1/(1- K®y) (14)
Ty = exp(—an/T) (15)

The energy parameter a; is assumed to be a linear function of
temperature

a_“ = C_“ + D_“(T - 273. 15) (16)
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For the pure liquid state @5, and Uy are expressed by
5 =[1+2K,+ (1 +4K)*°)/2K3 an
07 = K@7/(1 - Ky@r)? (18)

The monomeric segment fractions of components ®,,, @5, and P, are
obtained from a simultaneous solution of eqns. (18)—(20)

rAKABSAsB

(1 = rarsK%apSaSs)?

X {24 rg KapSa(2 — rara KipSaSs) + 7aKApSs

+ D [(raKac+ reKpc) + rare KapKacSa

X (2= rars KapSaSs) + rars KapKncSs]} (19
rBKABSASB

(1 — rars KipSaSs)?

X {2+ raAKapSs(2 — rare KapSaSe) + raKapSa

+ @ [(raKac + r8Kpc) + rare KapKpcSs

(DA = (]. + rAKACq)C,)SA +

®p = (1 + s KpcPc)Ss +

X (2 - rArBK?\BSASB) + rArBKABKACSA]} (20)
raTs KipSaSs
Q=P {l + 1 KacSa +1rcK +
c C: rcKacSa + rcKpcSs (1- rArBKiBSASB)
Kac Ksc ]}
X | e - + KpcSa+ KpoS
|24 4 KacSa KncSy @y

where the sums §; and §; are defined by eqns. (21) and (22)
§i=®,/(1 - Ki®y) (22)
SI = q)ll/(l - K]q)]l) (23)

The association parameters for aniline [8] and 1-propanol [9, 10] are
shown in Table 4, together with the pure-component molecular structural
constants, estimated from the method of Vera et al. [11]. Table 5 gives the
solvation parameters for binary mixtures [8, 12]. All standard enthalpies
were assumed to be independent of temperature.

TABLE 4

Association parameters and molecular structural constants for pure components

Component K, at —ha r q
323.15K (kJ mol™")

Aniline 15.0 15.4 2.98 2.38

1-Propanol §7.0 23.2 2.23 1.98

Benzene 2.56 2.05
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TABLE 5

Solvation parameters for binary mixtures

System (A + B) Kap at 323.15K —hap (kI mol™)
Aniline + 1-propanol 23.0 (298.15K) 20.7

Aniline + benzene 1.0 10.8

1-Propanol + benzene 2.5 8.3

TABLE 6

The results of fitting the UNIQUAC associated-solution model to binary excess enthalpy data

System (1 +2) Number Parameters Deviations ®
of data (Jmol™)
points Cu(K)  Ci(K) Dy Dy,

AAD o

Aniline + 1-propanol 18 -1.861  158.8 0.0394 ~0.08525 4.6 6.6

Aniline + benzene 14 —188.1 5195 -1.073 -~2.111 4.5 9.0

1-Propanol + benzene 10 807.5 355.0 2.055 1.3727 5.7 8.4

2 AAD = absolute arithmetic mean deviation; o = standard deviation.

Table 6 shows the results of fitting the uniQuac associated-solution
model to the binary experimental Hp, values. The parameters are eqn.
(16), C;; and Dy;, were obtained by minimizing the sum of the squares of
deviations between the experimental and caluclated HF, for all data points
by means of the simplex method of Nelder and Mead [13].

The absolute arithmetic mean deviation (AAD), root-mean-square
deviation (RMSD) and average relative deviation (ARD) between the
fifty-five ternary experimental Hf, values and predicted values from the
uNIQuac associated-solution model are AAD =14.8 Jmol™!, RMSD =
17.8 Y mol™!, and ARD =1.4%. The values are comparable with those of
previous papers [1, 2].
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