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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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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 [l, 21. This paper reports the excess molar enthalpies 
for aniline + 1-propanol and aniline + 1-propanol + benzene measured 
with an isothermal dilution calorimeter at 298.15 K [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 298.15 K 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 (Kant0 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 Hz 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 Hg values for the aniline + 1-propanol and 
aline + 1-propanol + benzene systems at 298.15 K. The binary experimen- 
tal Hz data for the aniline + 1-propanol and aniline + benzene systems 

TABLE 1 

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

Xl HE 
(J mol-‘) Fmol-‘) 

0.0157 31.1 -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 -0.3 0.9409 210.7 -0.1 
0.4255 744.1 -0.1 0.9773 84.4 -1.2 

Hii 
(J mol-‘) (bJ’mol_‘) 

a 6 = experimental value minus calculated value. 
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TABLE 2 

Experimental ternary excess molar enthalpies at 298.15 IS for the aniline(l) c 1-propanol(2) 
benzene(3) system obtained by mixing pure benzene with [xi aniline + (1 - x~)l-propanol~ 

Xl x3 HE S” x3 

(Jmol-‘) (Jmol-‘) 
Xl x3 x1 

1; = 0.2512 x; = 0.5004 x; = 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 978.2 -3.8 0.6503 0.1306 867.6 -9.3 
0.2w5 0.2017 922.0 il.5 0.4171 0.2665 1054.3 -7.7 0.5952 0.2043 964.5 -10.1 
0.1874 0.2540 1001.8 11.8 0.3874 0.2258 1125.1 -9.8 0.5305 0.2907 1053.0 -1.5 
0.1763 0.2982 1060.1 10.8 0.3572 0.2862 1184.2 -10.6 0.4620 0.3824 1115.6 -1.5 
0.1641 0.3466 1114.0 8.5 0.3266 0.3473 1229.2 -10.3 0.4118 0.4495 1138.6 3.2 
0.1520 0.3947 1157.8 6.2 0.2986 0.4032 12~56.7 -9.7 0.3703 o.soSa 1141.7 6.6 
0.14@7 0.4397 1189.1 4.4 0.2719 0.4567 1270.2 -8.5 0.3545 0.5261 1138.8 7.7 
0.1304 0.4809 1208.2 2.0 0.2520 0.4963 1271.3 -7.8 0.3179 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 1216.5 -3.6 0.2012 OS978 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 0.2117 0.7170 993.4 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 0.6%1 1147.2 -7.4 0.1417 0.7168 1113.2 -4.9 0.1698 0.7730 898.6 11.9 
0.0697 0.7225 1118.5 -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 0.7865 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 

a 6 = experimental value minus calculated value. 

were correlated with eqn. (1). 

fig,ij = XiXj 2 A,(Xi - Xj)“-‘/[ 1 - k(Xi - Xi)] (1) 
?l=l 

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

Table 3 shows the parameters of eqns. (I) and (2) and the standard 
deviations CT. The experimental tf: values for the three binary systems are 
presented in Fig. 1. 

TABLE 3 

Parameters A, of eqns (1) and (2) and standard deviations u 

System (1 + 2) A, AZ A, A.+ AS A, k 
i mol.-‘) 

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 
l-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 298.15 K; 0, 
aniline(l) + 1-propanol(2), this work, A ; aniline(l) + benzene(2) [5]; n , 1-propanol(1) + 
benzene (2) [6]; -, calculated from smoothing equations or the UNIQUAC associated- 
solution model. 
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Fig. 2. Curves of constant excess molar enthalpies for the aniline(l) + 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 HE values of the aniline(l) + l-propa- 
nol(2) + benzene(3) system were fitted to eqn. (3) 

E&3 = IS?& = HZ,,, + ZL + -GXG~A (3) 

where 

AIRT = 2 B,(l - 2x3)V[l - Z(1 - 2x3)] (4) 
n=l 

The parameters of eqn. (4) were obtained using a unweighted least 
squares method: RI = 1.6375; & = 0.6402, B3 = 0.2537, B, = 0.3745, B5 = 
-0.3670, and 1 = -1.1202; and the arithmetic mean deviation AAD = 
7.3 J mol-l, the standard deviation u = 8.5 J mol-‘, and the relative mean 
deviation is 0.7%. Contours of the ternary HE,,,23, 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 Ai and Bi and these homopolymers solvate multiply to 
produce copolymers (AiBi)k, A,(B,A,),, (B,A,), and Bi(AjBk)l, and that 
the resulting polymers and benzene (C) make further complexes: AiC, 
B,C, (A,B,),C, Ai(B,A,),C, (BiAj),C and Bi(AjB,),C, where the subin- 
dices i, j, k and I 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. 

KB 1= B,+l 

for A,B,A, + B, = AiBjAkBl 

K 
AC 

1~ AiC 

(5) 

(6) 

(7) 

(8) 

K I= BiC 

(9) 

The ternary HE is expressed as the sum of two contributions: chemical 
and physical 

~AKAC%,XA@A, 

+(h,~~+hAcnA) @ 
A 

+(hB& +hBCUB) 

DA 

+ UAKAB 

&(I + rAKA&,)+f$(l+ rBKBc%,)] 

rB@A AB 
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+ CJBXBQB, 
u u 

A B 

(1+ r,KBCW} 
+ h 

B 
I 

uBXB@B, 

@ (2- rArBKiB@A,@B,UAUB)@ + rBKBC@Cl) 
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DB 
+- 

[ 
XA (1 + rAKAC@C,) •t f& (l + rBKBCQC~)] 
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+ UB UAX A@A, 
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B A 

(1 + rAKAC@C,)} 

+hAB 
{[ 

$$ (l + rAKAC@pC,) 

B A 

+ s (1 + h&B&C,)] 

(1 + rArBKiB@A,@B, UAUB) 

A B 
K AB 

+ 2”AxA@A, 

@A 

(1 + rAKAc@)C,) + 2uBz@B1 (1 + rBKBC@C,)} 

B 

‘?AxA@A, + XA 

@A ~AKAB*A 

+ hBc~B&d’c, 

uBxB@Bz + 

B 
B rBK*,B,Q.) l(l 

- ~A~BK:B@A,@B, UAUB,) 

rArB~BQA$%l UA UB 

c 6J&!!_ 

- R c qIxI ’ 

d(W) 

x(1 

(10) 

- rArBK%B@A$h UA uB)2 I 7 OJTJI 

where the segment fraction cPl, the surface fraction &, the symbols 4 and 
UI and the binary parameter rJI are given by 

@‘I = v-1 
/ 

c xJrJ 

J 

6 = XI& 
/ 

c XJql 
J 

(11) 

(12) 

4 = K,%,l(l - Kr%,)2 (13) 

u, = l/(1 - K&k,) (14) 

rJ1 = exp( -aJd T) (15) 

The energy parameter aJ1 is assumed to be a linear function of 
temperature 

a,, = C,I + DJI(T - 273.15) (16) 
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For the pure liquid state @F, and 0: are expressed by 

Q;, = fl + 2K, + (If 4K~~5]/2~~ (17) 

Q = K,cP;J(l - K,@;,)* (18) 

The monomeric segment fractions of components a.+,, 4pB, and ajC, are 
obtained from a simultaneous solution of eqns. (18)-(20) 

e’s = (1 + 6&BC~C,)~ + 
rBKABSA% 

Cl- rArBKiBSA&$ 
x (2 + rAKABSB(2 - rArBKLSA&) f rdABSA 

f QC,[(rAKAC + rBKBc) + w-JCdk& 
x (2 - rArBKfiBSASB) + rArBKABKACSAI) 

ac = act 1 -t rcKAcSA + rcKBc& + 
i 

rAQ&SAS, 
(1 - rArBK~*SA~) 

KAc + KBc +K - - 
rB KAB rA KAB 

S i-K AC A S AC B 

(19) 

(20) 

(21) 

where the sums ,!?, and SI are defined by eqns. (21) and (22) 

Sr = %,/(I - KQ,,)* (22) 

S, = Q*,/(l - &@l,) (23) 

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

TABLE 4 

Association parameters and molecular structural constants for pure components 

Component K, at 
323.15 K 

-h, r 4 
(kJ mol-‘) 

Aniline 15.0 15.4 2.98 2.38 
1-Propanol 87.0 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) KAB at 323.15 K -hAB (kJ mall’) 

Aniline + l-propanol 23.0 (298.15 K) 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 
of data 
points C,,(K) ‘G(K) Dz, D,, 

Deviations a 
(J mol-‘) 

AAD (I 

Aniline + 1-propanol 18 -1.861 158.8 0.0394 -0.08525 4.6 6.6 
Aniline + benzene 14 -188.1 519.5 -1.073 -2.111 4.5 9.0 
I-Propanol + benzene 10 807.5 355.0 2.055 1.3121 5.7 8.4 

a AAD = absolute arithmetic mean deviation; u = standard deviation. 

Table 6 shows the results of fitting the UNIQUAC associated-solution 
model to the binary experimental El”, values. The parameters are eqn. 
(16), C,, and I&, were obtained by minimizing the sum of the squares of 
deviations between the experimental and caluclated HE, 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 HE, values and predicted values from the 
UNIQUAC associated-solution model are AAD = 14.8 J mol-‘, RMSD = 
17.8 J mol-‘, and ARD = 1.4%. The values are comparable with those of 
previous papers [ 1,2]. 
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