Tracer Diffusion in Dense Ethanol: A
Generalized Correlation for Nonpolar
and Hydrogen-Bonded Solvents

Tracer diffusion coefficients were measured for benzene, toluene,
mesitylene, naphthalene, and phenanthrene in dense ethanol at 0.56 <
Te < 1.07 and p, = 1.44. The results were used to examine the tempera-
ture dependence of the degree of association between ethanol mole-

cules across the entire range of temperature. The hard-sphere tracer
diffusion equation and the Stokes-Einstein equation were used to
develop two engineering correlations. The former approach was found
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to be adequate for solvents of relatively compact molecules, and the
latter to be more general in its applications. The absolute deviation of
prediction from observed values of tracer diffusivities is 4%, with a max-

imum error of 13%.

SCOPE

Diffusion coefficients are required for the design of
separation processes involving interface mass trans-
fer. The Taylor-Aris dispersion phenomenon was used
in the present work to measure the tracer diffusion
coefficients of benzene, toluene, mesitylene, naphtha-
lene, and phenanthrene in dense ethanol (T, = 516.2K;
p. = 275.9 kg/m®) from 313.2 to 554.0 K. This was
done particularly to meet the need for diffusion data for
designing supercritical separation processes. The

measured values of tracer diffusivity were employed
first to investigate the degree of solvent molecular
association as a function of temperature and then to
develop an engineering correlation. An alternative cor-
relation scheme was established by empirically
modifying the Stokes-Einstein equation. in both corre-
lations, the supercritical dense gases were treated es-
sentially as expanded liquids.

CONCLUSIONS AND SIGNIFICANCE

Using the measured values of the tracer diffusivity of
a series of aromatic hydrocarbons (benzene, toluene,
mesitylene, naphthalene, and phenanthrene) in both lig-
uid and supercritical dense ethanol at 0.56 < T, < 1.07
and p, = 1.44, we managed to gather information on the
temperature dependence of solvent molecular associa-
tion. The association number was found to decrease
linearly from 2.82 at 293.2 K to 1.85 at 554.0 K. Based
on the hard-sphere tracer diffusion equation, a general-
ized correlation was developed by including the tem-
perature-dependent solvent molecular association.

Correspondence concerning this paper should be addressed to S. H. Chen.
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The correlation was found to be adequate for solvents
of relatively compact molecules. Alternatively, by em-
pirically modifying the Stokes-Einstein equation we es-
tablished the other correlation, which turned out to be
more general in its applications. Both correlations pre-
dict tracer diffusivities that deviate from experimentally
determined values to within + 4% on the average, with
a maximum error of 13%. In essence, the present work
has provided a basis for correlating data for tracer dif-
fusion in liquids and supercritical dense gases within a
consistent framework. In other words, the supercritical
dense gases can be treated as expanded liquids as far
as molecular association and diffusion are concerned.
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Introduction

Because of its uniqueness in enhanced solubility, preferential
extraction of the desired component, and facile precipitation of
extractive(s), extraction with supercritical dense fluids has
gained great popularity in the energy, food, and pharmaceutical
industries in recent years. Of particular interest to the develop-
ment of such separation processes are equilibrium and transport
data over wide temperature and pressure ranges. Although there
have been intensive activities in gathering phase equilibrium
data (Paulaitis et al., 1983; Franck and Schneider, 1984) there
exist relatively few data on transport properties, especially the
binary diffusion coefficients. Diffusion coeflicients are impor-
tant not only for understanding transport processes in dense
fluids, but also for predicting the rate of interface mass transfer
involved in extraction processes.

In a recent series of papers (Sun and Chen, 1984, 1985ab) we
have successfully employed the Taylor-Aris dispersion method
to determine the tracer diffusivities of a series of aromatic
hydrocarbons in dense cyclohexane, n-hexane, and 2,3-dimeth-
ylbutane up to and beyond solvent critical temperatures. The
results have furnished further understanding of diffusion pro-
cesses in tems of a molecular theory that incorporates Sung and
Stell’s (1984) formulation of collective molecular motion. Fur-
thermore, correlations have also been developed on the basis of
the hard-sphere theory of molecular diffusion (Chandler, 1974)
or the corresponding-states principle for self-diffusion (Helfand
and Rice, 1960). However, in all these studies both solute and
solvent molecules are nonpolar and somewhat compact.

In the present work, we chose to work with ethanol
(T, =516.2 K, p, = 275.9 kg/m®), for which there exists inter-
molecular hydrogen bonding that normally denies standard the-
oretical interpretation such as hard-sphere treatment. The Tay-
lor-Aris dispersion technique was used here to measure the
tracer diffusivities of benzene, toluene, mesitylene, naphthalene,
and phenanthrene in liquid ethanol close to the vapor-liquid
coexistence curve over the temperature range covered by 0.61 <
T < 0.97 and in supercritical dense ethanol at 1.00 = T, < 1.07
and 1.44 < pg < 2.05. The observed values of tracer diffusion
coefficients were used to examine the extent of hydrogen bond-
ing between solvent molecules in the context of a hard-sphere
formalism formerly proposed (Sun and Chen, 1984). It appears
that both tracer diffusion and viscosity can be treated within the

tion was generated that covers the entire temperature and den-
sity ranges for the present diffusion measurements.

Experimental

The experimental apparatus and procedures are as described
previously for subcritical (Sun and Chen, 1984) and supercriti-
cal (Sun and Chen, 1985a) diffusion measurements. The solvent
ethanol (99%, University of Rochester Medical Center) and
solutes benzene (99%+), toluene (99%+), mesitylene (i.c.,
1,3,5-trimethylbenzene, 99%), naphthalene (99%-+ ), and phen-
anthrene (98%+ ), all from Aldrich Chemical Co., were used as
received without further purification except for filtration of the
solvent and extremely dilute solutions (typically 0.5 wt.%)
through 0.5 um Teflon membrane (Millipore).

Results and Discussion

Summarized in Table 1 are the observed values of the tracer
diffusion coefficients of aromatic hydrocarbon solutes in dense
(pg = 1.44) ethanol as a function of temperature and of ethanol
density. Each reported value is the mean of three measurements,
and the standard deviation is generally + 1% of the mean.

Temperature dependence of the degree of association
between ethanol molecules

It is well known that ethanol molecules tend to associate with
each other via hydrogen bonding. The degree of such association
has been studied both by molecular modeling (Smith and Nez-
beda, 1984) or direct experimental observation (Narten and
Habenschuss, 1984). Alternatively, the molecular association
has been incorporated in transport processes and treated as a
model parameter, the value of which is then extracted from
measured values of binary diffusivities (McKeigue and Gulari,
1984; Kato et al., 1980). In the present treatment of tracer dif-
fusion data in ethanol, we started with the association number of
2.82 for ethanol determined by the x-ray diffraction method at
293.2 K (Narten and Habenschuss, 1984). To investigate the
temperature dependence of the association number 3(T) for
associated solvent molecules, let us define

DM (BM;) 'V,

D = €8]
same framework of intermolecular hydrogen bonding across an BV3)**(RT,) '
extremely wide temperature range, 0.56 =< T =< 1.07. In addi-
tion, based on an empirical correction to the hydrodynamic the- V. = vV )
ory (i.e., the Stokes-Einstein equation), an engineering correla- R B8V3
Table 1. Tracer Diffusivities (10°D,,, m?/s) of Aromatic Hydrocarbon Solutes in Ethanol
Temperature, K
3132 3732 4236 4734 5003 5162 5162 5302 5302 5302 5428 5428 5428 5540 5540  554.0
pa, kg/m™ 772 716 649 557 467 567 469 418 476 544 411 449 517 398 433 491
10%k,, 825 325 166 0946 0593 0790 0.573 0494 0.586 0736 0465 0.535 0.655 0458 0.513  0.594
N . s/m®
Benzene 228 560 101 180 268 221 292 330 286 230 354 311 266 366 339 293
Toluene 212 511 950 168 245 211 265 304 267 218 322 290 244 333 307 270
Mesitylene 169 427 779 133 206 167 224 260 224 184 275 250 206 285 252 229
Naphthalene 1.73 444 817 142 219 182 235 266 233 191 283 258 215 296 271 242
Phenanthrene 143 380  7.01 121 183 157 199 233 203 166 246 220 188 253 240 208

*Densities of liquid ethanol (up to 516.2 K) from Young, S., Proc. Roy. Soc. Dublin, 12, 374 (1910). Densities beyond 516.2 K estimated using Bhattacharyya and Thodos’

generalized plot, J. Chem. Eng. Data, 9, 530 (1964).

bViscosities of ethanol from Stephan, K., and K. Lucas, Viscosity of Dense Fluids, Plenum Pr., New York (1979).
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and

3)

where V%, the molar volume of a nonassociated solvent at which
tracer diffusivities vanish, is adopted as a measure of the solvent
molecular size to be consistent with the free-volume treatment
of molecular diffusion (Hildebrand, 1977; Dymond, 1974).

For nonassociated solvent, 8 = 1, and Dj as defined by Eq. 1
emerges from dimensional analysis with the aid of computer
simulation of model hard-sphere fluids for binary tracer diffu-
sion (Sun and Chen, 1984). Using the data for tracer diffusion
in liquid cyclohexane from 298.2 to 523.2 K (Sun and Chen,
1984), we arrived at the following equation with V3 = 0.105 =
0.001 m*/kmol:

T = 421 x 10° (Ve = 1)
R

(4)
The failure of Eqs. 1-4 with 8 = 1 to represent tracer diffusion
data for benzene in ethanol can be attributed to the tempera-
ture-dependent molecular association. However, the same set of
equations will be used in the following to extract the value of 8
as a function of T from the diffusion coefficients reported in
Table 1.

In the present treatment of solvent ethanol, we adopted the
idea of moving units (Kato et al., 1980; Chen and Chen, 1984).
Specifically, to an inert solute molecule both size and mass of a
moving unit in the sea of the associated solvent were considered
to be augmented by a factor 8 of a solvent molecule, see Eqs. 1
and 2. In terms of Eq. 4 the tracer diffusivity vanishes at the
solvent molar volume 8¥3,. Using 8 = 2.82 at 293.2 K found by
Narten and Habenschuss (1984) and the tracer diffusivities for
five aromatic hydrocarbon solutes extrapolated to 293.2 K using
the Arrhenius type relationship, we found that for solvent etha-
nol V3 = 0.0188 + 0.001 m’/kmol from the best fit of experi-
mental data to Eq. 4. The effective radius of an ethanol molecule
calculated from the fitted value of V9§ turns out to be 1.96 x
107'° m, a value fairly close to 2.05 x 107'° m found by Khi-
menko et al. (1973) in their study of the polarizability and
molecular radius of a series of aliphatic alcohols. Equation 4 is
then rearranged as follows:

DM {*M*V,\/? |4
(4.27 x 107 (V)Y*(RT)V* vy,

3—2/3 _ 31/3 (5)

which is used to find the value of 3 as a function of temperature
from the observed values of tracer diffusivities in ethanol
reported in Table 1. From the plot of 8 vs. T in Figure 1 the
following linear relationship results:
B(T) =397 — 3.92 x 107°T ©)
The correction for solvent molecular association is shown in Fig-
ure 2 to lead to a generalized linear relationship for the tracer
diffusion of benzene in cyclohexane and ethanol across the
entire range of Vg and in n-hexane at Vi < 2.0. It seems likely
that the noncompact nature of n-hexane molecules has caused
negative deviations for Vg > 2.0.
It is of interest to verify if the value of 8 predicted from Eq. 6
can be extended for the treatment of shear viscosity. Following
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Figure 1. Temperature dependence of association num-
ber, 3(T), in ethanol from 293.2 to 554.0 K.

Dymond’s (1974) fluidity equation based on computer simula-
tion for hard-sphere fluids, and using the viscosity data for
cyclohexane from 298.2 to 523.2 K (Khalilov, 1962) and for
ethanol from 293.2 to 554.0 K (Stephan and Lucas, 1979), we
arrived at the following equation:

TY?
167 x 108V = 1) (7)
MR
in which
v
Hr = s (8)
(BMRT)
Vv
Vg = 9
*= gy ®
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Figure 2. Plot of Ds/ TY 2 vs. Ve
B = 1 for tracer diffusion of benzene in cyclohexane at 0.54 < Ty <
0.95 and pg = 1.76; in n-hexane at 0.66 < T, < 1.07 and pg = 1.35.
B(T) given by Eq. 6 for tracer diffusion of benzene in ethanol at
0.61 = Ty, < 1.07 and pp = 1.44,

Qo
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Figure 3. Plot of T} 2/, vs. V, for viscosity of cyclohex-
ane from 298.2 to 523.2 K, and of ethanol from
293.2 to 554.0 K.

and T is as defined by Eq. 3. With B(T) predicted with Eq. 6 40 In(10*62)
and V% = V§ = 0.0188 m*/kmol for ethanol and with 8 = 1 and ~-08 -06 -04 -0.2
Vo = ¥ = 0.105 m’/kmol for cyclohexane, we plot T¢?/ug vs.
Vg in Figure 3.

1 . . s ethanol.

n summary, both viscosity and tracer diffusivity in nonasso- A be " . . . .

. . . nzene;, O toluene; Q mesitylene; v naphthalene; ¢ phenan-

ciated and hydrogen-bonded fluids can be treated in a general threne. T = 0.97,1.00, 1,03, 1.05, 1.07; pp = 1.44.
framework deduced from hard-sphere equations by allowing the
degree of association to vary with temperature. Equation 4 was
found to be capable of representing the tracer diffusion coeffi- While tracer diffusion coefficients in n-hexane can be predicted
cients of aromatic hydrocarbons in liquid cyclohexane at 0.54 < from Eq. 4 with comparable accuracies at Vy < 2.0, the predic-
T < 0.95and pg = 1.76 (Sun and Chen, 1984), and dense etha- tion error may be as high as +30% at V = 2.47. An alternative

Figure 4. Plot ofin (D,,/T) vs. In (i,) for tracer diffusion in

nol at 0.61 < T =< 1.07 and pg = 1.44 (Table 1), with an abso- correlation scheme is devised in the next section to remove such
lute average deviation of 4% and a maximum deviation of 13%. restrictions.
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Figure 5. Plot of D,,/ T vs. uz %7 V2% tor tracer diffusion coefficients in:
Cyclohexane at 0.54 = T = 0.95 and pg = 1.76 n-hexane at 0.66 = Tk =< 1.07 and p, = 1.35. Ethanol at 0.61 < T < 1.07 and pg = 1.44. Solid straight line is
represented by Eq. 11.
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Development of an engineering correlation by
empirically modifying the Stokes-Einstein equation

Traditionally, molecular diffusion has been discussed in terms
of the Stokes-Einstein equation. Its failure to correlate diffusion
data has become the rule rather than the exception. In a recent
paper, Chen and Chen (1984) corrected the Stokes-Einstein
equation by considering the solute and solvent molecular size
discrepancies from the microfriction point of view (Alwattar et
al., 1973). However, their approach was found to be applicable
to systems where both solute and solvent molecules are relatively
compact. Furthermore, the application was generally limited to
temperatures no higher than 373 K. In what follows an alterna-
tive modification is tested for the present set of tracer diffusion
data in addition to those previously reported (Sun and Chen,
1984, 1985b). In Figure 4 In (D,,/ T) is plotted against In g, for
the tracer diffusion of five aromatic hydrocarbon solutes in
supercritical dense ethanol. The slopes of the five straight lines
are fairly close to each other, —0.798 + 0.006, which deviates
from the Stokes-Einstein value of —1.0. More importantly, it
was also noted that the relationship for each solute, namely,

2 s 0™ (10)
covers the entire temperature and density ranges. Thus, the
empirical correction to the Stokes-Einstein equation, Eq. 10,
seems to have provided a basis for a consistent treatment of sub-
and supercritical diffusion data. Using all the tracer diffusion
data given in Table 1 in addition to those in liquid cyclohexane
at 0.54 < T < 0.95 and pg = 1.76 (Sun and Chen, 1984) and in
n-hexane at 0.66 < T, < 1.07 and pg = 1.35 (Sun and Chen,
1985b), we established the following correlation via multiple
regression:

Dy, 123 x107"
T

- e (1
ug.796 V,_,?'SOS

which is plotted in Figure 5. Equation 11 was found to represent
experimental data with an absolute deviation of 4% and a maxi-
mum error of '13%. The advantage of Eq. 11 over Eq. 4 is that
the correlation of Eq. 11 seems to be insensitive to the noncom-
pact nature of n-hexane molecules at higher values of Vy, as
mentioned for Eq. 4 in the preceding section.
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Notation

D = diffusion coefficient, m’/s
M = molecular weight, kg/kmol
R = ideal gas constant

T = absolute temperature, K

V = molar volume, m*/kmol

AIChE Journal

Greek letters

B = molecular association number
p = density, kg/m’
u = viscosity, Ns/m?

Subscripts

¢ = critical property
R = reduced property
1 = solute
2 = solvent
12 = tracer diffusion of 1 in 2

Superscript

0 = nonassociated solvent
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