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ABSTRACT

Heats ol mixing, HE, of aniline + toluene at 298.15 and 308.15 K and that of aniline +
cyclohexane at 308.15 K have been measured over the entire composition range. The
excess Gibbs free energies of mixing, GE, for aniline + cyclohexane mixtures at 308.15 K
have been obtained from the measured vapour pressure data. The HE and GE values are
positive throughout the entire aniline concentration range and HE > GE. The results have
been analysed in terms of the Barker and ideal associated model theory of non-electrolyte
solutions. It has been observed that the ideal associated model approach which assumes
the presence of AB, AB., AiB: and B molecular species describes well (within 40 J
mole™! at the worst) the general dependence of HE on xpg (mole fraction of aniline) over
the whole composition range for aniline + toluene mixtures. The equilibrium constants
for the various association reactions, along with the enthalpies of formation of various
molecular species have also been calculated.

INTRODUCTION

Aniline molecules are known to be associated [1—4] in the pure state
through hydrogen bonding. IR [5] spectroscopic studies have indicated that
while one of the hydrogens of the —NH, group of aniline forms a strong
hydrogen bond, the second hydrogen in the —NH, group interacts weakly
with the m-electrons of adjacent aniline molecules. Further, while Kreglewski
and Wilhoit [6] have interpreted the thermodynamic data of aniline + ben-
zene mixtures in terms of electron donor—acceptor interactions, Chowdary
and Krishnan [7] have interpreted their excess volume data on aniline +
cyclohexane mixtures as suggesting that the addition of cyclohexane causes a
rupture of the hydrogen-bonded network in aniline. It would, therefore, be
interesting to study the nature of aniline in its binary mixtures with toluene.
The present work describes interactions in aniline + toluene mixtures.

EXPERIMENTAL

Aniline, cyclohexane and toluene (all B.D.H., A_.R. grade) were purified as
described earlier [8,9]. The purity of the final samples was checked by den-
sity determinations at 298.15 + 0.01 K which agreed to within £0.00005 g
ml ! with the corresponding literature values [10—14].
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Heat of mixing measurements were made in an adiabatic calorimeter
which has been described elsewhere [15]. The time was recorded by an
electronic timer (type TO1 SR No. 010) Systronic, Ahmedabad (India)
which could be read to *0.0001 sec. The temperature variations of the
thermostatic bath were found to be within +0.01 K. The uncertainty in H®
values is about 0.3%.

Vapour pressures of aniline + cyclohexane mixtures were determined by a
static method described previously [16]. The apparatus (excluding the mano-
metric part) was placed in a water thermostat which was placed in another
water thermostat. The temperature of the outer thermostat was controlled
to +0.01 K and the temperature drift in the inner thermostat was found to
be less than +0.003 K. The mercury heights in the manometer were read by a
cathetometer which could read to +0.001 cm. All vapour pressure measure-
ments are reproducible to better than +0.02 Torr.

Our measured vapour pressure (150.7 Torr) for cyclohexane at 308.15 K
agrees within 0.3% with the values evaluated at 308.15 K from the vapour
pressure data reported by Willingham et al. [17] at various temperatures. We
are unaware of any vapour pressure data for aniline at 308.15 K with which

"to compare our results.

RESULTS

The excess enthalpies of mixing for the system aniline + toluene at 298.15
K and 308.15 K and for the system aniline + cyciohexane at 308.15 K are
recorded in Table 1. The data have been fitted to the equation
HE
xg(1 — xp)

= [ho + hy(2xg — 1) + hy(2xp — 1)°] (1)

where xg is the mole fraction of aniline and h,, h, and h, are disposable
parameters. These parameters were evaluated by the method of least squares

TABLE 1

Experimentally measured heat of mixing values

Aniline (B) + toluene (A) Aniline (B) + toluene (A) Aniline (B) + cyclohexane
Temperature 298.15 K Temperature 308.15 K (A)

Temperature 308.15 K
Mole fraction HE Mole fraction HE
of B (J mole™!) of B (d mole™1) mole fraction HE

of B (J mole™1)
G.2151 787.5 0.2322 695.3 0.1985 1086.3
0.3433 990.1 0.3658 201.8 0.2919 1312.9
0.4528 10225 0.4634 930.2 04125 14521
0.5136 998.7 0.5872 842.2 0.5105 1454.7
0.6255 8964 0.6881 691.7 0.5529 1435.6

08852 357.6 0.7911 490.0 0.6765 1298.7




TABLE 2

Parameters of equation 1 along with the standard deviations §(HE)in J mole™!

Mixture Temp. hg h, ha 5 (HE)
(K)

Aniline + toluene 298.15 4047.38 —916.38 252.96 6.55

Aniline + toluene 308.15 3671.20 —860.70 —691.78 8.40

Aniline + cyclohexane 308.15 5844.39 —361.27 1977.39 7.47

and are given together with the standard deviations of molar heats of mixing,
8(HE) in Table 2.

Vapour pressure data for aniline + cyclohexane mixtures at 308.15 K were
used to evaluate the molar excess Gibbs free energies of mixing, G¥, by
Barker’s method [18]. The form of the function used for G* following Red-
lich and Kister [19] is
GF ,
7= *8(1 = xp)[Go + Gi(2xp — 1) + Ga(2xg —1)*] (2)
where G, G, and G, are adjustable parameters. These parameters along with
the GF data at 308.15 K for aniline + cyclohexane mixtures are recorded in
Table 3. In these calculations the required virial coefficients were obtained
from Berthelot’s equation [20] and the critical constant data were taken
from the literature [21].

DISCUSSION

Deshpande et al. [22] have determined HF for the aniline + toluene sys-
tem at 298.15 K. Our results are in excellent agreement with those reported

TABLE 3

Measured total vapour pressure, P; activity coefficients, 7; residual vapour pressure, £ =
Peypt — Pcalcs Gibbs excess free energy of mixing GE and the parameters of eqn. 2 for dif-
ferent mole fractions xg of aniline at 308.15 K

xXg P (torr) v, B P, (torr) Ppg (torr) R (torr) GE
(J mole™1)

0.1925 136.29 1.1116 3.7170 121.81 0.73 —1.83 713.99
0.2397 1383.27 1.1711 3.0748 114.72 0.91 —3.88 816.34
0.3248 135.87 1.3118 2.3013 101.86 1.23 —0.58 1040.78
0.5183 134.70 1.8211 1.4577 72.67 1.96 —0.49 1254.89
0.5917 133.98 21030 1.2988 61.60 2.24 1.53 1244.32
06712 127.33 24828 1.1786 49.63 2.51 1.12 1168.81
0.6911 124.48 2.5925 1.1549 416.64 2.62 0.54 1138.79
0.7831 106.43 3.1949 1.0718 32.79 2.97 —1.51 937.70
0.8585 85.59 3.8397 1.0296 21.42 3.26 —0.10 690.56
0.9480 41.44 4.8617 1.0040 7.90 3.62 —0.06 290.49

Go = 1.9505, G, =0.3108 and G, = 0.0888.
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by those workers for 0 < xg < 0.3 and xg > 0.7. However, in the interme-
diate range our results differ from their results by as much as +70 J mole™*
at xg = 0.45. We are, however, unaware of any GE data for aniline + cyclo-
hexane mixtures at 308.15 K with which to compare our results.

Heats of mixing for aniline + toluene are positive throughout the concen-
tration range studied here. Further, HY data at 308.15 K when combined
with GE data [22] at 308.15 K gave T'SE values that are positive at all aniline
mole fractions and the curve of TSF against xg is unsymmetrical about xp
(Fig. 1).

At the simplest qualitative level, the observed HE data for this mixture
may be accounted for if we assume that (i) aniline is self associated and there
is a decrease in self association when it is mixed with toluene, and (ii) there
is a weak interaction between aniline and toluene.

The decrease of self association of aniline due to factor (i) would increase
the orientational freedom of the aniline molecules, so that T'SF should be
strongly positive. On the other hand, since the measured HF is due to the
cumulative effects of factors (i) and (ii) mentioned above, the positive HE for
this mixture may be accounted for if it is assumed that the effects due to
factor (i) outweigh those due to factor (ii).

We examined our results using Barker’s theory [23] which allows a mole-
cule of type A occupying r, sites on a Z co-ordinated lattice to have g% =
raZ— 2r, + 2 neighbouring contact sites, each site having an interaction
energy with the neighbouring part of the surface of another molecule. The
contact sites are further sub-divided into classes, the number in the uth class
of the molecule A denoted by Q7. It was assumed that aniline + toluene have
the following geometrical parameters.

Lattice Z=4
Aniline molecule=B: rg =2, Q5 =1,Q8 =1, QE = 4,
Toluene molecule = A: r, = 2, Qf = 6,

where H, N and R represent respectively, the hydrogen, nitrogen and hydro-
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Fig. 1. Aniline + toluene system at 308.15 K_
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carbon surface of aniline while R' denotes the hydrocarbon surface of
toluene (since molar volumes of aniline and toluene at 298.15 K are nearly
the same, we have taken r, = rg = 2).

The interactions first considered were a specific (N ... H) of strength U,
between the nitrogen and hydrogen of aniline, an interaction (R ... R’) of
strength U; between the aromatic ring of aniline and the aromatic ring of
toluene and non-specific interactions for all the remaining contact points
(these interactions correspond to a model that takes into account the self
association of aniline and also dipole—induced dipole interactions between
aniline and toluene). For the sake of simplicity, these non-specific interac-
tions were considered to have the same strength U,. Excess energies of mix-
ing at constant volume (U%) were then calculated. From the expression

Uv = —2RT[{Xp(Xn + Xy + Xp') + Xg-(Xn + Xy)i7 In 7y
+ XgXgp M3 In 03 + (XnXy — xgXnXu)n- In 2]

where the various parameters X depend upon the number of interactions of
various contact sites of different classes in molecules A and B in the manner
described in ref. 23. These parameters were evaluated in the manner sug-
gested by Barker [23] and the calculated U%Y values at Xz = 0.3, 0.5 and 0.7
are recorded in Table 4. It is evident from Table 4 that the theoretical H*
values fail to reproduce the corresponding experimental H® values very well.
(It is normally customary to convert U} values to HF values using the rela-
tion U = HE — TVEa,_ /(Ky)m where a.,, (K;)m and VE are the expansivity,
isothermal-compressibility and excess volume of the mixture. As VE = 0,
therefore, U ~ H¥.)

We next considered two different models « and § in which, in addition to
the non-specific interactions mentioned above, the interactions assumed
were:

Model a: (i) specific (R ... R') interactions of strength U, between the
aromatic ring of aniline and the aromatic ring of toluene. (ii) no self associa-
tion of aniline. This model is based on the observations of Bellamy and Wil-
liams [24] that there is no self association in aniline and only non specific
interaction play the predominant role.

Model §: (i) specific (N ... H) interactions of strength U, between aniline—
aniline molecules. (ii) specific (H ... R') interactions of strength U, between
the hydrogen of the —NH, group and the aromatic ring of the hydrocarbon.

It was found that H™ values calculated from Barker’s theory for Model 8
(which is based on spectroscopic studies of aniline [5]) at x5 = 0.3 and 0.5
reproduce the experimental data reasonably well but the agreement was not
that impressive for xg > 0.5 (this in sharp contrast with the analysis [22] of
HE data for this mixture in terms of the Balescu’s theory which fails to
predict even the sign of HF). The failure of Model 8 at xg > 0.5 may be due
to the simplicity of the model assumed or to the presence of associated com-
plexes of general formula Ap,B, and B;. HE values (designated as H), HE©)
and HE®) for the three models given above, along with the experimental
HE values at 298.15 K, and HE, ,, values together with HE,, . values at 308.15
K (from Model 8) at xg = 0.3, 0.5 and 0.7 for aniline + toluene mixtures are
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reported in Table 4 along with their interaction energies U; (i = 1—4). The
HE and activity coefficient data for this mixture were then analysed in terms
of an ideal associated model [25,26].

It is assumed that in a binary solution of aniline + toluene (aniline desig-
nated as B,, since aniline is self associated) mutual equilibrium of the species
A,B, and B, where[=1,2,3,..1,m=1,2,3,..m,x=1,2,3,...xandn =
1, 2, 3, ... n, exists according to the reactions

mA +B, = A,.B,. +B, (3)

so that equilibrium constants for the various association reactions repre-
sented by eqn. (3) are

— /
Km,x/n - aAmB_t/agaﬁnn (4)
and
ap
_ 1
Ki/n = =i7m (9)
ag;

where a denotes activities. If the activity coefficients of the various species
represented in eqn. (3) are assumed to be unity [25,28], the material balance
equation for the system can be written as

9 I —
an+tap, + 23 K, ./nafay/"+ Zl) Ky afn=1 (6)
X

We next considered the two simple cases
case (i) I=m=1,x=1,2andn=2.
case (ii) I=1,n=2;m=1,x=1,2andm=x=2.

In order to evaluate the various K’s in egn. (6) for the two cases (i) and
(ii) mentioned above, the observed activities of the components of these
binary mixtures were corrected [29—31] for dispersion contributions by
expressing an = YoXa/vA and ag, = Y. XB./YB, Where y4 and vg, are the
activity coefficients of a reference mixture. Since cyclohexane is inert in
nature and has nearly the same volume as that of toluene, cyclohexane
(A*) + aniline (B3) was taken as the reference system for the present analysis.
A series of values were next assumed for the various K’s in eqn. (6) and the
process was repeated till a set of K values was obtained which yielded

(1—as—ag,) _
?/2 P2=D

aB:,_

values that corresponded very closely with those obtained from the experi-
mental a, and ag, values. It was observed that eqn. (6) with the following set
of K values

Ki0.5=0.58; K;;=0.06; Kg5=0.06 for case (i)

and eq. (6) with the following set of K values

K1‘0_5 = 0.57; Kl,l = 0-06; K0_5 = 0-06; KZ.I = 0.8 for case (11)
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yvielded D values that reproduce equally well the corresponding values ob-
tained from experimental values for this system. The criterion of effective-
ness was the variance of the fit 62D defined by

E (Dcalc —Dexpt)z

q

oD = (7)

(@ —p)

where q is the number of points used in the fit and p is the number of
adjustable parameters.

Since 02D =0.0057 and o¢3D =0.0051

casc (i) casc (ii)

are nearly the same, therefore, the analysis of the activity coefficient data
described above suggests that these mixtures may be assumed to have either
AB, AB, and B, or AB, AB,, A,B, and B molecular species in solution.

We next considered our H* data. Examination of H" data of this mixture
in terms of models that involved consideration of AB, AB, and B and AB,
AB., A.B, and B molecular species in solutions required that HF be
expr.:ssed as

’IABAH.‘\B + H__\B:AH__\B: + HBAHB

H" =  (NA+Ng,) (8)

HE = NagAH g -{-_”;\E_’._aAH.—‘\E;._T_”ﬂlB_wAHA-nB-. + ngAHg (9)

(N\ + NBﬂ)

where 7n,p, nap., ., and nig are the amounts of species AB, AB., A,B. and
B present at equilibrium in solution. N, and Ng, are the stoichiometric
amounts of A and B., and AH represent the enthalpy of formation of the
various molecular species present in this mixture.

If the equilibrium mole fraction of A, B,, AB, AB. and B are represented
by Z., Zg., Zas, and Zg then for an ideal associated mixture A + B., con-
taining AB, AB, and B molecular species

ZatZp,tZaptZap, T Zg=1 (10)
where

Za, B, = Knix:mZ3/Z3/" (im=1,x=1and 2,n = 2)

Zg=Ko.5 752

The experimental HF values were again corrected for dispersion contribu-
tions by subtracting from HE,,, the HF values for the cyclohexane + aniline
system at 308.15 K.

Consequently, in egns. (8) and (9)
H* = HE,,, — H® (cyclohexane + aniline) (11)
Algebraic manipulation of eqns. (8) and (10) and material balance equations
Na=np tnapt+nag, (12)

NB;' = rlB: =+ }_'nAB =+ !lnB =+ nAB-_n (13)



TABLE 5

Equilibrium constants, K, and the enthalpies of formation AH, of the various molecular
species present in aniline + toluene mixtures at 308.15 K

AB A2B> AB, B Reaction
K 0.58 0.06 0.06 N
AH (kJ mole™!) —4.24 —0.05 =210 A+*B27AB+AB,+B
K 0.57 0.08 0.06 0.06

5 —> B
AH (kJ mole™!y —4.00 —1.02 —005 210 "Bz TAB+AB;+AB;+

leads to
JH® = K1 0.5ZAAHap + K1 1ZAAHpp, + Ko.5Z5; AHg (14)
where

2+ 0.5Kq.5 + 0.5K, 0. 5zA + Ky 1ZAZE]

J=22 O T

Xg,

In order to evaluate the various AH in eqn. (14), we assumed some values
of Z, and determined the corresponding Zg, values from egn. (10) using
the K values described above for a solution containing AB, AB. and B molec-
ular species. With these Z, and Zg, values we calculated xg, (mole fraction
of aniline) by suitable manipulation of eqns. (10), (12) and (13) and then
assigned various values to AH,p, AH,p, and AHp till they gave HE values
[from eqns. (11) and (14)] that compared well with the corresponding
experimental HE values. The various AH values are recorded in Table 5 and
the calculated HF values are compared with the corresponding HF experi-
mental values in Fig. 2. It is evident from this figure that the theoretical HF
values describe well the general behaviour of H® for 0 < xp, < 0.5 for this
mixture. However, for xg, > 0.5, the theoretical values exceed the corre-
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sponding Hg,,, values as much as 140 Jd mole™'.
A similar process was applied to the case when the mixture contained AB,

AB,, A.B, and B molecular species and the various AH values were evaluated
in a manner similar to the one described above when the solution was
assumed to contain the AB, AB. and B molecular species. These AH values
are given in Table 5 and the calculated HF values are plotted in Fig. 2. The
theoretical HE curve reproduces reasonably well (within +40 J mole™" at the
worst) the corresponding experimental results.

The analysis of HF and activity coefficient data for (toluene + aniline)
mixtures thus suggests that this mixture is characterized by the presence of
AB, AB.,, A,B, and B molecular species in solution.
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