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VISCOSITY AND THERMODYNAMICS

OF VISCOUS FLOW OF 1-PROPANOL

WITH ANILINE, N-METHYLANILINE
AND N,N-DIMETHYLANILINE

MOHAMMAD A. SALEH*, SHAHANARA BEGUM
and MOHAMMAD HEMAYET UDDIN

Department of Chemistry, University of Chittagong,
Chittagong-4331, Bangladesh

( Received 9 April 2000)

Viscosities of the systems, 1-propanol+ aniline, 1-propanol+ N-methylaniline and
1-propanol + N,N-dimethylaniline have been measured in the temperature range 294.15
to 323.15K for the whole range of composition. The viscosities have been plotted against
mole fraction of anilines. The viscosity — composition curves show minima, though not
well-defined, in highly rich, moderately rich and moderately poor regions of 1-propanol
respectively for 1-propanol+aniline, 1-propanol + N-methylaniline and 1-propanol +
N,N-dimethylaniline systems. The excess viscosities have been found to be negative for
all the systems throughout the whole composition and plotted against mole fraction of
anilines. The thermodynamic activation parameters, such as, enthalpies, entropies and
free energies and their excess values have been evaluated. The excess free energies have
been found to be negative for all the systems and over the whole range of composition.
The excess free energies have been plotted against the mole fraction of anilines. The
viscosities, excess viscosities and excess free energies have been explained by assuming
that the associated compounds, aniline, N-methylaniline and 1-propanol, are dissociated
into smaller units in the solution systems by the rupture of H-bonds.

Keywords: Viscosity; Thermodynamic activation parameters for viscous flow; Aniline;
N-methylaniline and N,N-dimethylaniline

1. INTRODUCTION

The present paper involves a study on viscometric properties of the
three binary systems formed by 1-propanol with aniline, N-methylani-

*Corresponding author.
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line and N,N-dimethylaniline. This is a part of a series of systems
constituted by alkanols and anilines for which volumetric and visco-
metric properties are currently being studied in our laboratory. The
survey of literature covering the last few years shows, to the best
of our knowledge, no such publications with which to compare our
results. However, there are a few studies which have some relevance
with our work and therefore are worthy of consideration [1-5). The
paper reports the viscosity data and the thermodynamic parameters
for viscous flow which are hitherto not known, and gives some insight
into the nature of interaction between 1-propanol and anilines.

2. EXPERIMENTAL

1-propanol used for experiment was procured from Aldrich, the
quoted purity was 99%. It was allowed to stand over molecular sieves
(4A) for 2-3 weeks prior to its use. Aniline, N-methylaniline and
N,N-dimethylaniline were procured from B.D.H. The quoted puri-
ties were 98 —99%. Anilines were purified by distillation using a simple
distillation set and only colourless middle fractions were collected and
used to prepare the mixtures. The mixtures of different compositions
were made by carefully weighing the pure liquids. The densities of the
pure liquids and mixtures were determined by using a bicapillary
pyknometer. The pyknometer was calibrated with distilled water.
An analytical balance with an accuracy of +0.1 mg was used for
weighing. An Ostwald viscometer of the British Standard Institution
with sufficiently long efflux time was used, so that no kinetic energy
correction was necessary in the viscosity measurement. The time of
flow was recorded by a timer accurate up to =+ 0.1 sec. Temperature
was controlled by a thermostatic water bath with a fluctuation of
+0.05K.
Excess viscosity, 7%, was calculated by the equation,

nf =n—exp(x; In g + x2 In 1) (1)

where 7 is the measured viscosity, 7, is the viscosity of 1-propanol and
x, is its mole fraction. 7, is the viscosity of aniline or N-methylaniline
or N,N-dimethylaniline and x, is the respective mole fraction.
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The enthalpy of activation, AH”, and entropy of activation, AS7,
for viscous flow were calculated by using the Eyring equation of the
form,

In(nVm/hN) = AH?/RT — AS7/R (2)

All the terms of this equation have their usual meaning. In all cases we
obtained excellent fitting of In (nVm/hN) versus 1/T as indicated by
very high correlation coefficients in the range of temperature studied.
AH? and AS” have been calculated from the slopes and intercepts,
respectively, obtained by the least squares method. By using the values
of AH”™ and AS”, the free energy of activation for viscous flow, AG*
was calculated by the following equation,

AG* = AH” — TAS* (3)

The excess thermodynamic functions, AG™Z, AH? and AS7”E
have been calculated by the following equation,

YE=Y - (Y1 4+ x212) (4)

where Y is the thermodynamic property of the solution. Y; and Y, are
the properties of the pure components forming the binary mixtures,
and x; and x; are the respective mole fractions. The excess properties,
n® and AG™E, have been fitted to Redlich-Kister polynomial equation
of the form,

n
¥ or AG*E = x1x; ZA,-(ZXl - l)i (5)
i=0
where A; is the fitting coefficient. Using n=3, at each temperature,
four A4; values and standard deviation, o, have been obtained.

3. RESULTS AND DISCUSSION

Viscosities of the pure liquids, aniline (A), N-methylaniline (NMA),
N,N-dimethylaniline (DMA) and 1-propanol (P) at different tem-
peratures are shown in Table 1. The viscosity data are found to agree
extremely well with literature values. The compounds used in this
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TABLE I Viscosities, 7, of pure liquids at different temperatures

T/K 308.15
Liquids 29415 298.15 303.15 np/mP 313.15 318.15 323.15
Aniline 41538 36952 30970 26.631 23.292
3695  30.97°  26.63*  23.29"

26.153°
N-methyl- 17.883  16.053 14468 13209 12.059
aniline 17.38*  1547°  14.02°  12.69°

15.146°
N,N-dimethyl- 11908 11.066 10.394  9.716  9.055
aniline 11.80°  10.96* 10.20°  9.68°
1-propanol 20978 19413 17289 15488 13.663 12452 11.209

17.28

® Ref. [4]; " Ref. [7]; °Ref. [8].

study are all highly polar and associated through hydrogen bond and/
or through such physical forces as dipole —dipole and dipole—induced
dipole interactions in their pure state. The viscosities and densities of
these liquids at 303.15K are: A (n=30.97mP, p=1.0128 g cm ),
NMA (n=1788mP, p=09781gcm~>), DMA (y=11.91mP,
p=0.9480g cm~>) and P (n=17.29mP, p=0.7962g cm>). The
density values have been taken from Ref. [6]. The physical data sug-
gest that aniline is extensively associated as can be understood by
the increased H-bonding by two aminic hydrogen. NMA has one
hydrogen capable of H-bond formation and therefore is less
extensively associated than aniline. The association is further com-
plicated by CHj; group because of steric hindrance. N,N-dimethyl-
aniline having no aminic hydrogen and therefore is not associated
through H-bonding; however, the molecule is associated through
dipolar forces which are rather weak. l-propanol is known to be
strongly associated through H-bonding like other aliphatic alkanols.

The viscosities and excess viscosities of the systems, P+ A, P+ NMA
and P+DMA, are shown in Table II. The excess viscosities are
expressed by a polynomial equation (Eq. (5)). The coefficients of the
equation, 4;, and the standard deviations, o, are shown in Table III.
Figure 1 shows the variation of viscosity of the system P+A as a
function of mole fraction of A. As aniline is added to 1-propanol,
the viscosity generally decreases initially slightly, and on continued
addition, the viscosity increases at an increasing rate until the pure
state of aniline is reached. The viscosity of the system, P+NMA, is
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TABLE III Coefficients, 4;, of Redlich-Kister equation (Eq. (5)) and standard de-
viation, ¢, for excess viscosities of different systems

System T/K Ao Ay A, A o(mP)
1-propanol (x;)+ 29415 -—-18.3679 —4.2866 —2.0109  2.1289  0.08377
Aniline (x;) 208.15 —17.8428 —3.2572 —3.8350 1.0869 0.10434
303.15 -14.5604 —0.7613  2.1135  7.3197 0.13711
308.15 —124767 -1.4101 24872 10.7297  0.09400
313.15 -10.3239 -0.0023 41711 6.3950  0.03860
1-propanol (x;)+ 303.15 —10.2988  1.6747 37112 09407  0.04442
N-methylaniline (x;) 308.15 —9.0932 1.4558 —3.4941 0.7966  0.03108
313.15 —7.9607 1.5323 -2.7505 0.0999  0.03241
318.15 —7.1580  1.,1230 -—2.8330  0.7284  0.03072
323.15 —6.1678  0.7367 —2.3103 1.5015  0.03407
1-propanol (x;) + 303.15 —11.3241  4.1849 —-4.9450  3.6693  0.02066
N,N-dimethyl- 308.15 —9.9504 3.8866 —4.4074 2.3790  0.05923
aniline (xy) 31315 —89157  3.5793 —-47608  0.6325  0.04235
318.15 —7.7938 23724 —45117 20921  0.06638
323.15 —6.8851  2.1398 —3.2504  2.0941  0.05304

n/mpP

45

0.2

0.4

0.6

xp (Aniline)

FIGURE 1 Viscosity of the system 1-propanol (x,) -+ aniline (x,) against mole fraction
of aniline. A - 294.15K, [J — 298.15K, ¢ — 303.15K, O - 308.15K, * - 313.15K.

represented by Figure 2 as a function of mole fraction of NMA. It
is interesting to note that the viscosity decreases from both ends of
the composition curve and forms a depression with broad minimum



07:55 28 January 2011

Downl oaded At:

472 M. A. SALEH et al.

/mP

0.0 0.2 0.4 0.6 0.8 1.0

%, (N-methylaniline)

FIGURE 2 Viscosity of the system l-propanol (x;)+ N-methylaniline (x;) against
mole fraction of N-methylaniline. A — 303.15K, [J - 308.15K, @ — 313.15K, O -
318.15K, % - 323.15K.

occurring at ~ 0.4 mole fraction of NMA. Figure 3 shows the plots of
viscosity against mole fraction of DMA. The viscosity decreases rather
rapidly, and following a broad minimum, the viscosity continues to
increase slowly up to the pure state of DMA. For comparison, the
viscosities of the systems at 303.15K are plotted in Figure 4. It is to be
noted that the minima of the three systems, though not well-defined,
shift from very rich, to moderately rich and then to moderately poor
1-propanol regions, respectively, for P+A, P+ NMA and P4+ DMA
systems. Assuming that the minima correspond to maximum disso-
ciation of the associated components, one would naturally envisage
that aniline is predominantly dissociated in alcoho! — rich solution.
N-methylaniline and 1-propanol are largely dissociated respectively
in alcohol — rich and N-methylaniline — rich regions. But at about
equimolar composition, the dissociation of both the components is
thought to be mutually favoured and hence the broad minima at about
the middle of the composition curve. In P+DMA system, 1-propanol
is assumed to be predominantly dissociated in DMA - rich region.
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X, (N,N-dimethylaniline)

FIGURE 3 Viscosity of the system 1-propanol (x;) + N,N-dimethylaniline (x,) against
mole fraction of N,N-dimethylaniline. Symbols are the same as in Figure 2.

32
b
28 '
24 |-
o
E 2t
=
16
~———pg—~o—70
12
8 P S S S S R
0.0 0.2 0.4 0.6 0.8 1.0
X2 (Anilines)

FIGURE 4 Comparison of the viscosities of the different systems at 303.15K. The
plots are drawn as viscosity against mole fraction of anilines. A —1-propanol (x;)+
aniline (x), - 1-propanol (x;)+ N-methylaniline (x,), O —1-propanol (x;) + N,N-di-
methylaniline (x).
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The excess viscosities (n°) were calculated by using Eq. (1). The
values are represented in Figures 5—7 as a function of mole fraction of
anilines at different temperatures. Examination of the figures shows
that excess viscosities are negative for the whole range of composition
of all the systems and that the values decrease with the increase of
temperature.

In order to explain the negative excess viscosities, one is apt to
consider the dissociation of one component in the other, especially
when the latter is in large excess. Thus we can see in Figure 1 that,
when aniline, whose viscosity is about twice as much the viscosity of
1-propanol, is added to the latter, the viscosity decreases, contrasting
the usual expectation of the increase of viscosity. This is a consequence
of large-scale dissociation of aniline in 1-propanol-rich solution. We
observe a similar situation in P+DMA system (Fig. 3). When the
concentration of 1-propanol is low compared to the concentration of
N,N-dimethylaniline a similar decrease of viscosity of the mixture is
observed. This again contrasts our expectation of increase of viscosity
in view of the fact that the viscosity of 1-propanol is much more larger

0.0 ¥

-05 |

-2.0

25

n&/mP

30 | o

35 |

4.0 |

A

50 " L s 2 ' : L L A
0.0 0.2 04 0.6 08 1.0

X, (Aniline)

FIGURE 5 Excess viscosity of the system 1-propanol (x;) + aniline (x,) against mole
fraction of aniline. Symbols are the same as in Figure 1.
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-20

-25

3.0 . I " ' s
0.0 02 0.4 0.6 08 1.0

X, (N-methytaniline)

FIGURE 6 Excess viscosity of the system 1-propanol(x;)+ N-methylaniline (x;)
against mole fraction of N-methylaniline. Symbols are the same as in Figure 2.

0.0

-0.6

-1.0 +

nE/mP

20 +

25

30 }

.35 . « L L s \ PR "
0.0 0.2 0.4 0.8 0.8 1.0

X (N,N-dimethylaniline)

FIGURE 7 Excess viscosity of the system 1-propanol (x;)+ N,N-dimethylaniline (x2)
against mole fraction of N,N-dimethylaniline. Symbols are the same as in Figure 2.
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than that of N,N-dimethylaniline. For the system P+NMA, in which
the viscosities of both the components are comparable, the viscosity is
found to decrease from both ends of the composition curve (Fig. 2),
indicating that both the compounds are dissociated mutually in their
co-solvents.

The viscosity behaviour and the negative excess viscosities of the
three systems can best be explained by the following assumptions:

(i) Smaller units are formed by the dissociation of associated
compounds by the rupture of H-bond in solution systems, which
reduce the resistance to flow and hence the negative excess
viscosities.

(ii) The dissociation of more viscous liquids (that is, the liquids which
are more extensively associated through H-bond) takes place
preferentially in solutions rich in less viscous liquids (that is, the
liquids which are either less extensively associated through
H-bonding or weakly associated through dipolar forces).

Table IV shows the thermodynamic activation parameters, enthal-
py, AH #, entropy, AS # and free energy, AG?, for viscous flow of the
pure liguids. The high positive entropies of aniline and 1-propanol
indicate that in the activated state of the flow process the species
formed are structurally more disordered than those in the ground
state, probably due to the rupture of hydrogen bonds of these com-
pounds. N-methylaniline has AS* value only marginally positive,
which indicates that the overall order of the structure of the activated
species is not virtually different from the structural order of the ground
state species. The fairly high negative entropies of N,N-dimethylaniline
indicate that the structure of the activated species is much more
ordered than that in the ground state.

TABLE IV Enthalpy (AH?), entropy (AS7) and free energy (AG*) of activation for
viscous flow of the pure liquids

AH*kimol™' AS*/Jmol ' K~! AG*[kImol~!
303.15K 313.15K 323.15K
Aniline 23.020 21.239 15759 15.616 15472
N-methylaniline 15.341 —0.882 15.608 15.617 15.626
N,N - dimethylaniline 10.325 —15.364 14983 15.136 15.290

1-propanol 16.510 6.369 14.579 14.516 14.452
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The enthalpies, entropies and free energies of activation for viscous
flow and their excess values for the different systems are shown in
Table V. The excess free energies, AG™Z, are represented by a Redlich-
Kister type equation (Eq. (5)). The coefficients of the equation and the
standard deviation, o, are listed in Table VI. The sign of AG7E for a
system is regarded to be a more reliable criterion as to tell about the
strength of interaction. Thus, if AG™ is positive the interaction
between the components in a binary system is strong; the strength
of interaction, however, depends upon the magnitude of AG”Z. If, on
the other hand, the sign of AG” is negative the interaction between
component molecules is weak or very weak, depending upon the mag-
nitude of negative AG™~. Figure 8 shows the variation of AG*F as
a function of mole fraction of anilines. It can be seen that for all
the systems, the AG™F values are negative over the whole range of
composition, indicating that the interaction between 1-propanol and
each of the anilines is weak. The negative AG™~ can be viewed as the
reduction of the energy barrier that the species in the solution are to
surmount in the flow process. The barrier height is reduced due to the
formation of smaller units as a result of the breakage of H-bonds of
the associated compounds. Earlier in this discussion, the negative
excess viscosities of these systems have been explained by the same
concept. Examination of Table V shows that excess entropies of all
the systems are generally negative for all concentrations studied. The
negative values indicate that the complexes formed in the activated
state of the flow process are structurally more ordered than those in
the ground state.

TABLE VI Coefficients, 4;, of Redlich-Kister equation and standard deviation, o, for
excess free energies of activation for viscous flow of different systems

System T/K Ay A, A, Ay o (kJmol™")
1-propanol (x;)+ 303.15 —1.6963 0.2508 —0.2614 0.5202  0.04551
Aniline (x) 313.15 —1.6773 04591 04675 1.1963 0.01081

323.15 —1.6486 0.5324 0.8603 1.7343  0.01538

1-propanol (x;)+ 303.15 —1.4435 0.3247 —0.4483 —0.0102 0.00642
N-methylaniline (x;) 313.15 —1.4241 0.3161 —0.4902 0.1327 0.00726
32315 —-1.4062 0.3088 —0.5148 0.2646  0.00875

1-propanol (x;)+ 303.15 —1.8712 0.4460 —0.5580 0.2777  0.00672
N,N-dimethyl- 313.15 —-1.7698 0.4503 —0.7080 0.2771  0.01266
aniline (x) 323.15 -1.6670 0.4245 —0.8604 0.3269 0.01824
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FIGURE 8 Excess free energy of activation for viscous flow against mole fraction of
anilines. Symbols are the same as in Figure 4.
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