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Diffusion Coefficients of Organic Compounds at Infinite Dilution in Mixtures
Involving Associating Compounds. Experimental Determination and Modeling by

Group Contribution Methods
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Diffusion coefficients of aromatic compounds at infinite dilution in binary mixtures have been measured at
298.15 K with respect to composition using the Taylor dispersion technique. The binary mixtures considered
in this work were from alcohols (methanol, ethanol) and acetone with hexane, heptane, cyclohexane, carbon
tetrachloride, and chloroform; the aromatic compounds were benzene, benzaldehyde, acetophenone, and
phenol. The purpose of this work was to study the influence of the polarity of the binary mixtures on diffusion
coefficients. The data were correlated by the Leffler—Cullinan equation, using the measured values of diffusion
coefficients in pure solvents and estimating the viscosity of the binary mixtures with group contribution
methods. Special attention was paid to the capability of models to take into account the polarity of the
mixtures; for this purpose, in addition to the Grunberg—Nissan model, the UNIFAC-VISCO group contribution

method was also considered.

Introduction

This paper is a continuation of the study of the diffusion
properties of several solutes in various binary mixture solvents
at 298.15 K." Experimental data of diffusion coefficients are
useful for investigating the structure of liquids and improving
molecular theories for the liquid state.” Such data are also useful
for predicting the rate-limiting factor in chemical processes.
Different methods were published in the literature for their
measurement, such as the diaphragm cell,* the optical,s’8 and
the Taylor dispersion”™'! techniques. The last one, which is one
of the most widely used, was selected in this work as it is an
accurate, rapid, and easy to handle method.'>™'

Infinite dilution diffusion coefficients DY, of benzene were
measured at 298.15 K in binary mixtures formed from alcohols
(methanol, ethanol) and acetone with saturated components
(hexane, heptane, cyclohexane, carbon tetrachloride, and chlo-
roform). Three other solutes (benzaldehyde, acetophenone, and
phenol) in methanol + ethanol mixed solvent were also
measured.

Concerning the modeling of the experimental data, it was
shown in previous papers'? that the use of the experimental
values DY, of solutes in pure solvents should always be taken
into consideration. It was also observed that the Leffler—
Cullinan'® equation provides the best correlation of experimental
diffusion coefficients assuming that the mixture viscosities can
be predicted by means of reliable group contribution methods.

In a previous work devoted to the modeling of diffusion
coefficients of aromatic components in alkane and cycloalkane
solvents, satisfactory results were obtained by means of the
Grunberg—Nissan'” group contribution method. In this study,
special attention was paid to the capability of models to take into
account the polarity of the solvents. For this reason, in addition to
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the Grunberg—Nissan model, the UNIFAC-VISCO'**° group
contribution method was also considered.

Experimental Section

Diffusion coefficients at infinite dilution were measured using
the Taylor dispersion technique. The apparatus employed in this
study is similar to the one used in our previous works'? and
described in the original publication of Huss et al.>' In the present
work, we will only recall the main features of the apparatus. It is
based on the diffusive flow generated by the slow running of a
solution, called carrier, in a long capillary tube and the dispersion
of a very small amount of a solute injected into the carrier. A
655A liquid chromatographic pumping system (Merck-Hitachi,
Tokyo, Japan) was used to provide the constant laminar flow,
and the temperature was kept at 298.15 K using a thermostatted
bath (Karlsruhe, F.R.G.). The detector was a Merck UV/vis filter
photometer operating at 254 nm. The purity of reagents was
superior to 99.9 %.

As previously reported,'! the main sources of uncertainties
in the calculation of the diffusion coefficients are the measure-
ment of the retention time (0.5 %) and the determination of the
width of the peak (1 %). Taking into account these experimental
errors, the resulting uncertainty on the diffusion coefficients was
estimated to be about 3 %.

The experimental values of diffusion coefficients measured
in pure solvents are reported in Table 1. When available,
literature values are also reported. It can be seen, as in our
previous work,? that our measurements are consistent with those
data, since they are inside the combined uncertainties of the
published data.

The infinite dilution diffusion coefficients of benzene in the
binary mixtures measured at 298.15 K are reported in Table 2.
The influence of the aromatic solute was also checked, and data
measured for benzaldehyde, acetophenone, and phenol in the
methanol + ethanol solvent are given in Table 3.
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Table 1. Experimental Values of Infinite Dilution Diffusion
Coefficients D7, at 298.15 K and Comparison with Literature Values

10°D5 fem?*+s ™!
this
solute solvent work lit.
benzene hexane 470  4.79,'° 4.76,>" 4.723°
benzene heptane 375 3.40,* 3.87,%°3.53,3% 3.913!
benzene cyclohexane 1.92  1.90,%' 1.86,%°* 1.90,%' 1.95'¢
benzene acetone 425 4.28,'°4.16%
benzene methanol 2,66 2.66%
benzene ethanol 1.88  1.81%
benzene chloroform 2.80 2.88,%2.35%
benzene carbon 145  141%
tetrachloride
benzaldehyde — methanol 1.84  1.79*!
benzaldehyde ethanol .02 -
acetophenone  methanol 1.64 —
acetophenone  ethanol 091 —
phenol methanol .76  —
phenol ethanol .01 -

“ Measurements performed at 297 K.

Results and Discussion

Diffusion coefficient data DT, of solute 1 in the mixture 2 +
3 were correlated by means of the Leffler—Cullinan'® equation,
which is expressed for a binary mixture by the following relation

In(DT,1n,) = %, In(DVy,) + x5 In(DTym;), x3=1 — x,
(D

where 7,,, 17,, and 75 are, respectively, the viscosities of the
mixture and of the pure components 2 and 3.

In this work, the viscosity #,, was estimated according to
two group contribution methods developed in the literature
according to the Eyring theory.?

* The Grunberg—Nissan method'” assumes that

In(y7,) = x,1n(1,) + x31n(y;) + x,x;G,, 2)

which, as was previously shown,? allows expressing eq 1 as

In(DY,) = x, In(Dy,) + x; In(D}) — x,x,G,,
with G, = SA, — SA, + W (3)

where 2A; and W are estimated from the group contributions
proposed by the authors.

e The UNIFAC—VISCO method proposed by Chevalier
et al.'#20

In this method, the viscosity 7,, of the mixture is correlated
to those of the pure components 77, and 75 by means of the
following relation

A*G®
= x, In(Vyn,) + x3In(Viy;) + “RT

xn=1—-x )

In(V,,1,,)

where V,,, V,, and V; are, respectively, the molar volumes of
the mixture and of the pure components 2 and 3, and A*G" is
the excess molar free energy of activation which is estimated
according to the group contributions developed in the original
works, 820

In the same way as for the Grunberg—Nissan method, the
diffusion coefficient at infinite dilution DY, can by expressed
from eq 1 as
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(D) = x,1 (D°° ”’) + 1 (D°° ’”) A*G (5)
n ) = X, In — x. In /| —
1 2 12‘72 3 13‘73 RT

In the original works,'® " the molar volume V,, of the mixture

was approximated by the ideal mixture volume V¢, As was
described in previous papers**~>* devoted to the measurement
of the mixture densities, the excess volumes of these mixtures
are very small so that this approximation will not affect the
diffusion coefficient estimation.

The results of the two correlations are presented in Table 4.
All calculations are performed by using in eqs 3 and 5 the
experimental values of D}, and D7} given in Table 1. AAD is
the average relative absolute deviation

coexptl oo,caled
_ |D 1m D Im
AAD = —X
n |

Dt;o’;;:xptl (6)
where n is the number of experimental points.

The correlation of diffusion coefficients DT, given by eqs 3
and 5 essentially differ in the models considered for the
representation of the free energies G,, and A*G® of the mixed
solvents. Hence, to get a significant interpretation of the results
obtained with the two models, the different mixed solvents were
classified, in Table 4, according to their thermodynamic
properties; in particular, since the components 2 and 3 of the
different mixed solvents have similar sizes, we have focused
on the molar mixing enthalpy H"/x,x;.

The first group of solvents consists of one alcohol (methanol
or ethanol) with a saturated component (hexane, heptane,
cyclohexane, chloroform, or carbon tetrachloride). The mixing
properties of these solvents are mainly governed by the breaking
of the hydrogen bonds between alcohol molecules. As shown
in Figure 1 for the systems hexane + ethanol and carbon
tetrachloride + ethanol, the H/x,x; curve is highly asym-
metrical, with a maximum effect for the infinite dilution of the
alcohol in the saturated component; for both solvents, the value
of the molar enthalpy of mixing at infinite dilution of ethanol
is about (22 to 25) kJ-mol~!, which means the order of
magnitude of the hydrogen bond enthalpy. Results presented
in Table 4 show that both the Grunberg—Nissan and UNIFAC—
VISCO models provide a poor representation of the diffusion
coefficients of benzene at infinite dilution in these solvents. As
is also illustrated in Figure 2, the UNIFAC—VISCO model gives
the worst results.

The second group of solvents concerns methanol or ethanol
with acetone. Figure 3 shows, for the acetone + methanol
mixture, that the molar enthalpies of mixing at infinite dilution
are rather small, and the H%/x,x, curve is quite symmetrical.
Indeed, the breaking of hydrogen bonds between methanol
molecules is partially compensated by the formation of new
bonds between methanol and acetone molecules. Figure 4
presents the diffusion coefficient of benzene at infinite dilution
in acetone + methanol. As for the first group of solvents, both
models provide poor results, and the UNIFAC—VISCO also
gives the worst correlation of DS,

The third group contains mixtures of acetone with a saturated
component. For the acetone + hexane mixture, Figure 3 shows
that the molar enthalpies of mixing at infinite dilution are greater
than for the acetone + methanol mixture and that, by comparison
with the hexane + ethanol system (Figure 1), the H /x,x; curve
presents a very moderate asymmetry in the dilute range of
acetone. These effects can be explained by the breaking of
interactions between acetone molecules, whose energies are
smaller than those of the hydrogen bonds in alcohols. For these
solvents, the UNIFAC—VISCO model provides a better estima-
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Table 2. Experimental Infinite Dilution Diffusion Coefficients of Benzene (1) in Various Mixtures”

10°DY, 10°DY, 10°DY,,
X, cm?es™! X, cm?es™! X, cm?es™!

Hexane (2) + Ethanol (3) Heptane (2) + Ethanol (3) Cyclohexane (2) + Ethanol (3)
0.0000 1.88 0.0000 1.88 0.0000 1.88
0.2024 2.13 0.1000 2.11 0.1894 1.97
0.2864 2.25 0.1835 2.30 0.3539 1.99
0.3942 2.45 0.3908 2.73 0.4506 2.01
0.4739 2.65 0.4991 2.99 0.5626 2.04
0.6082 3.05 0.6068 323 0.6898 2.06
0.7083 343 0.8001 3.60 0.8348 2.06
0.7796 3.82 1.0000 3.75 1.0000 1.92
0.8913 4.35
1.0000 4.70

Chloroform (2) + Methanol (3) Carbon Tetrachloride (2) + Ethanol (3) Acetone (2) + Methanol (3)

0.0000 2.66 0.0000 1.88 0.0000 2.66
0.1962 2.26 0.2035 1.72 0.1220 2.95
0.3340 2.24 0.2998 1.70 0.2099 3.21
0.4441 2.23 0.4042 1.67 0.3594 3.50
0.5340 2.27 0.5047 1.64 0.5372 3.71
0.6117 2.40 0.6052 1.65 0.7061 3.87
0.6609 2.45 0.7033 1.63 0.7900 3.96
0.7958 2.60 0.8067 1.59 0.8781 4.12
0.8844 2.83 0.8980 1.56 1.0000 4.25
1.0000 2.89 1.0000 1.45

Acetone (2) + Ethanol (3) Acetone (2) + Hexane (3) Acetone (2) + Cyclohexane (3)
0.0000 1.88 0.0000 4.70 0.0000 1.92
0.1163 2.27 0.1926 4.82 0.1900 2.46
0.2030 2.54 0.4004 4.75 0.3000 2.71
0.3396 2.93 0.5055 4.68 0.5033 3.21
0.4016 3.12 0.7667 4.50 0.7449 3.80
0.5058 341 0.8910 4.39 0.8777 4.10
0.5437 3.50 1.0000 4.25 1.0000 4.25
0.7084 3.90
0.8097 4.16
1.0000 4.25

Acetone (2) + Carbon Tetrachloride (3) Carbon Tetrachloride (2) + Cyclohexane (3)

0.0000 1.45 0.0000 1.92
0.2164 1.84 0.2047 1.89
0.3132 2.06 0.3317 1.85
0.4050 2.28 0.4330 1.81
0.5146 2.51 0.5333 1.75
0.5823 2.69 0.6298 1.69
0.6717 2.95 0.7166 1.64
0.8005 3.38 0.7959 1.59
0.9073 3.80 1.0000 1.45
1.0000 4.25

“ x, is the mole fraction of component (2) in the mixed solvent.

Table 3. Experimental Infinite Dilution Diffusion Coefficients of
Aromatics (1) in Methanol (2) + Ethanol (3) Mixtures®

10°D5, fem?+s ™!

X, benzaldehyde acetophenone phenol
0.0000 1.02 0.91 1.01
0.2269 1.19 1.06 1.18
0.3477 1.29 1.15 1.26
0.4596 1.38 1.23 1.34
0.5484 1.45 1.29 1.41
0.6232 1.51 1.35 1.46
0.7067 1.58 1.41 1.52
0.7959 1.65 1.47 1.59
0.8961 1.74 1.55 1.67
1.0000 1.84 1.64 1.76

“ x, is the mole fraction of component (2) in the mixed solvent.

tion of DT, than the Grunberg—Nissan model. Except for the
acetone + carbon tetrachloride solvent, quite satisfactory results
can thus be obtained.

The last group corresponds to nearly ideal systems, since the
mixtures contain similar molecules, regarding both the size and
the mutual interactions between the pure compounds. In that

case, the UNIFAC—VISCO model is highly superior to the
Grunberg—Nissan method for predicting the diffusion coef-
ficients of aromatics at infinite dilution.

Taking into account all above remarks, it appears that the
UNIFAC—VISCO model is unable to represent the free energies
A*G® of mixed solvents containing one alcohol. Results
presented in Table 4 highlight the necessity of developing a
more specific model for the modeling of diffusion coefficients
of aromatics in nonideal mixed solvents. At the present time, a
new UNIFAC group contribution method is under development.
With respect to the UNIFAC—VISCO model, the main feature
of the new model is that the group contributions are directly
determined from the infinite dilution coefficients, as expressed
by eq 5.

Conclusion

Diffusion coefficients at infinite dilution of several aromatics
in binary ideal, nonideal, and associated binary mixed solvents
were experimentally determined at 298.15 K using the Taylor
dispersion technique. Experimental determinations were cor-
related with the Leffler—Cullinan equation taking into account,
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Table 4. Average Absolute Percent Deviations AAD between Experimental and Calculated Diffusion Coefficients of Aromatics at Infinite
Dilution in Binary Mixture Solvents”

solvents solutes n Grunberg—Nissan UNIFAC—VISCO
(0] hexane + ethanol benzene 8 10.1 31.8
heptane + ethanol benzene 6 3.6 8.7
cyclohexane + ethanol benzene 6 2.9 5.6
chloroform + methanol benzene 8 11.8 16.2
carbon tetrachloride + ethanol benzene 8 8.4 78.3
(ID) acetone + methanol benzene 7 6.5 24.7
acetone + ethanol benzene 8 2.0 18.3
(1) acetone + hexane benzene 5 8.7 0.5
acetone + cyclohexane benzene 5 1.5 1.9
acetone + carbon tetrachloride benzene 8 21.9 20.7
(IVv) methanol + ethanol benzaldehyde 8 17.4 2.7
methanol + ethanol acetophenone 8 17.5 2.8
methanol + ethanol phenol 8 17.5 2.7
carbon tetrachloride + cyclohexane benzene 7 13.7 2.8
mean values 100 10.8 16.8
“ Comparison of results obtained with different group contribution methods for the calculation of the mixture viscosity.
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Figure 1. Experimental molar excess enthalpies H"/x,x; at 298.15 K for

ethanol (3) with component (2): +, hexane;
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Figure 2. Correlation of experimental diffusion coefficients DY, of benzene
(1) at infinite dilution in various mixed solvents of ethanol (3) with
component (2): +, hexane; x, carbon tetrachloride; using the Leffler—Cullinan
equation. ——, UNIFAC—VISCO method; ----, Grunberg—Nissan method.

as recommended in previous works,? the experimental values
of diffusion coefficients in the pure solvents. Two group
contribution methods were considered for the estimation of the
mixture viscosity. Poor predictions of infinite dilution coef-
ficients of aromatics in mixed solvents were obtained with the
rough Grunberg—Nissan method. The second method, the

Figure 3. Experimental molar excess enthalpies H*/x,x; at 298.15 K for
acetone (2) with component (3): +, hexane;* x, methanol.*
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Figure 4. Correlation of experimental diffusion coefficients DY, of benzene
(1) at infinite dilution in various mixed solvents of acetone (2) with
component (3): +, hexane; x, methanol; using the Leffler—Cullinan
equation. ——, UNIFAC—VISCO method; ----, Grunberg—Nissan method.

UNIFAC—VISCO model, provides fair results for ideal systems
or nonideal systems containing no alcohol. However, the model
fails to represent diffusion coefficients in mixtures containing
one alcohol with a saturated or polar component. The present
study evidenced the need of a more general group contribution
method for the representation of infinite dilution diffusion
coefficients.
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