critical point, the empirical methods based on Equations
(1) and (2) appear to provide the best practical esti-
mates of kr, near the critical locus at this time.
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NOTATION

T = temperature
P = pressure

\% = molar volume

isothermal compressibility

AL A
(P — P)/P
(T —T)/T,
constants
experimental exponent defining divergence of
k.. according to Equation (1) or (2)
an arbitrary reduced reference pressure (o =
0.1)
the (erroneous) value of kr. predicted by an
empirical equation of state upon substitution
of the critical value for the independent variable
the (erroneous) maximum value of kr, calcu-
lated by an empirical equation of state when the
pressure (and volume) are allowed to vary
pressure corresponding to k™.

I n I

q
@
i

b
:_]0
8]

it

k1, ko, k3 = exponents in FOV equation

A = value of a given independent variable (P or V)
at which kr; shows a singularity
¢ = the critical value of a given independent variable
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Infinite Dilution Diffusion Coefficients

in Liquids

The extension of the Enskog theory by Tham and Gubbins for the

calculation of diffusivities is applied to the prediction of infinite dilution
diffusion coeflicients in binary organic systems. The resulting expression is
a function only of the size and mass of the diffusing species. Excellent
agreement is obtained for nonassociating n-alkane mixtures as well as for
associated systems. Extension of the expression to alcohol and aqueous sys-
tems is shown to require only an empirical correction factor. It is also shown
that the quantity D;* 7; M;/p;T is independent of temperature for all

systems.

C. J. YADOVIC
and C. P. COLVER

School of Chemical Engineering
and Materials Science
University of Oklahoma
Norman, Oklahoma 73069

SCOPE

The use of statistical mechanical approaches in the pre-
diction of diffusion has provided much insight into the
analysis of experimental data. Enskog and subsequent ex-
tensions to binary systems have analyzed the transport
properties of dense fluids in terms of a rigid sphere model
(Chapman and Cowling, 1952). Loflin and McLaughlin
(1969), by an application of the Rice-Allnatt theory (1961),
have described diffusion in a mixture of Lennard-Jones
fluids. In these approaches the diffusion coefficient is de-
scribed in terms of the size and mass of the diffusing spe-
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cies, as well as the interactions encountered by the species
under study. However, these theories have been shown
to provide only qualitative agreement with data and, as
such, are of only limited value.

In this work the rigid sphere model of a dense fluid will
be utilized as a basis for the development of a predictive
equation for diffusion in binary systems at infinite dilu-
tion. The rigid sphere molecule exhibits infinite repulsion
at collision and zero interaction at all other intermolecular
distances. A description of diffusion in pure fluids exhibit-
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ing this type of interaction was provided by Enskog.
Thorne (Chapman and Cowling, 1952) extended this work
to binary systems; Tham and Gubbins (1971) provided a

description of diffusion in a multicomponent mixture. The
primary dependent variables in the present treatment will
be shown to be the size and mass of the diffusing species.

CONCLUSIONS AND SIGNIFICANCE

It is demonstrated that the results of statistical mechani-
cal developments can be successfully applied to diffusion
in liquid systems. In particular the rigid sphere Enskog
approach may be modified to yield good results. Further
the molecular length parameter may be characterized in
terms of either the critical volume or the liquid volume
at the melting point. It has also been shown that for a
particular system the quantity D;;* 5; M;/p; T is a constant
when plotted as a function of temperature. Consequently,
if the diffusivity is known at one temperature it may be
calculated at any other temperature. For unassociated
systems, such as n-alkanes, the mass of the diffusing spe-
cies is an important factor, but for associated molecules the

mass effect is overshadowed by molecular interactions.

An expression is derived, which is shown to closely rep-
resent both binary and self diffusion data for most organic,
nonhydroxyl systems. Comparison with previous relation-
ships of Wilke-Chang (1955) and Lusis-Ratcliff (1968)
demonstrates the superiority of the proposed expression.

Finally, application of a correction coefficient to the
proposed expression permits accurate prediction of dif-
fusivities for binary alcohol and aqueous solvent solutions.
An improvement in accuracy from 129} to less than 6.5%
is achieved over the Wilke-Chang expression for all data
tested.

EQUATION DEVELOPMENT
The general expression for diffusion in a mixture of
rigid spheres has been presented by Tham and Gubbins
(1971) as
_ Py Eyy — Py Epy (no Dijo)
K ny Py 4+ ny Py 8ii

where n® D;;° is the dilute gas value, g;; is the radial dis-
tribution function, and the P’s and E’s describe the inter-
actions of the species ¢ and j as a function of composition
with

(1)

Epy = 8 + 2p bi g +3 n pbis aag}i': (2)
and
P = ? 8im + 20 bmi gim + 3 ni pbix 65: = ? Eim
(3)

where 8 is the Kronekker delta,
pbu = Lxn (B + Ry)3/2Y; (4)

R is the reduced molecular diameter, and { is the reduced
density of the mixture. An accurate expression for the
radial distribution function of rigid sphere mixtures has
been developed by Carnahan and Starling (1969) and is

o1 3 (R,-R]- gyz)
g”(”")"1—4+<1—c)2 R+ R; Y;
2 R; R; gY2)2
—_ 5
+(1—C)3 (Ri+Rj Ys (3)

where Y, = 3x; R These then are the general equations
which describe diffusion in a rigid sphere mixture.

At infinite dilution the diffusion process is described by

a single solute molecule, isolated from all other such

molecules, in a medium of solvent molecules. For this con-
dition the descriptive equations reduce to
; 09,0

Dijw = hm D = i D” (6)

1Y)
n;->0 s iR
4 n; 8ij

The radial distribution function reduces to

ol B (m )
& T 1-1¢ (=02 Noyu+ oy
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i -2- )3 ( a,-:f o ) ¢ M

The dilute gas value for a binary mixture is given by
3 (NkT)‘/2 1 (Mi+M]-)‘/2
(

D= —
! 2 2m ou 4+ o) N M; M;

(8)

As can be seen by these equations, the infinite dilution dif-
fusion coefficient of a rigid sphere fluid is described in
terms of the size and mass of the diffusing species.

A particular application of these equations is for identi-
cal size and mass of solute and solvent species, as in the
case of self-diffusion. Equations (6), (7), and (8) re-
duce to

Dy= (i=j) = Dy~ (9)
o1 3 L. 2 (LY
G =T T e 2 A= (2 )
(10)
and

3 (NkT )‘/2 1
0Dl =— | — s 11
" Djj 8 \ M - (11)
Thus, an expression for the deviation from the self-diffu-
sion value due to a change in solute may be developed

Dijw __ ( 20']']‘ )2 ( Mi -+ MJ' )1/2 gjj“ (12)
2M; g~

Dy
The diffusion ratio is seen to be dependent only on size,
mass, and radial distribution functions of the species in-
volved,

In order to provide a more tractable form, several sim-
plifying assumptions for liquid systems may be made. In
Figure 1 the radial distribution function ratio g;*/g;;* is
plotted versus the length parameter ratio oy/oj;. For most
organic molecules the molecular diameter is in the range
of 5 to 7 Angstroms. Assuming an average diameter of 6
Angstroms the length ratio should fall in the range of 0.8
to 1.2. In this region the radial distribution function may
be represented by

o + oy

8i° _ g (13)
&ii Fjj
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However, it may be shown that

gi® o
introduces an average error of less than 5% over the range
0.8 < oy/oy; < 1.2,

In Figure 2 the quantity (20;;/(ou + @) )2 is plotted
versus the length ratio oj;/0. It is immediately apparent
that in the range 0.8 < oj/0;3 < 1.2, the length ratio
(204/0 + ;) is approximately a linear function of
aji/ay. The use of the relation

( 2 [+ 471 )2 _ ojj
oy + oy oy

introduces almost no error in the region in which most
liquid mixtures occur. Thus Equation (12) may be re-

written as
Dij“ _ (0'55 )2 ( Mi+Mj )V’
Djj” - T 2 M;

Here it is seen that the ratio of the coefficients of the in-
finite dilution to self-diffusion is reduced to simply a
function of size and mass.

A major drawback in the use of Equation (16) is that
the molecular lengths are not generally known. Numerous
authors, including Ashcroft and Lekner (1966) and Vad-
ovic and Colver (1970}, have related the molecular length
parameter to the volume at the melting point, or

(15)

(16;

(17)

where y is a constant for a given class of compounds.
Dullien has suggested that the critical volume be used to
obtain the length parameter, that is

o = € VeI/3

oy =y V3

(18)

It has further been shown by Vadovic and Colver (1972)
that for most organic compounds, the following relation-
ship holds

Vi = 0.310 Vi (19)

Thus the choice of Vi, or V. depends entirely on the avail-
ability of critical or melting point data.

Several accurate expressions for the self-diffusivity of
liquids have recently been presented in the literature. For
example, Dullien (1972) presented an expression which
may be written as

Dj;= 7y My

e T (20)

= 0.103 X 10~ V.23

Alternately, Vadovic and Colver (1972), from a considera-
tion of the rigid sphere theory of Longuet-Higgins and
Pople (1956), have presented the following equation:

Dy~ w5 M;

=0.219 x 1076V, 238
piT ™

(21)

Both these equations have been shown to accurately pre-
dict self-diffusion in liquids. It should be noted that the
density dependence is a direct result of the theoretical
analysis.

Substituting these results into Equation (16) yields

Dy~ =; M;
—_— = 0.103
pi T
Ve \23 { M;+ M; \/2
o (LY (MY
Vci 13 2Mi
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—— Equa. (5)
— — Equa. (14)
| 1 1
0.8 09 1.0 1.1
i/ 9y
Jig. 1. Plot of radial distribution function ratio vs. length parameter
ratio.
I T 1
12
e
+ 10
e
~
b 08|
o~ —— Calec.
— — Equa. (I5)
| |
0.6 08 1.0 1.2
ALY
Fig. 2. Length function vs, length parameter ratio.
or
Dy* o M
8 MW 0219
p T »
Vi V22 [ M+ M; \/2
X 10_6( ! ) —_— Vn2® (23
Vi 2 M; n (23

It is immediately apparent that the quantity Di;* M; =/
pi T should be a constant for a particular binary mixture.
This is indeed the case as shown in Table 1 for the data
of Haluska and Colver (1971) and that of Sanni, Fell, and
Hutchinson (1971).

In order to test the developed relationship, Equation
(22) was tested with the data for binary mixtures of n-
alkanes at 25°C. The molecules in this series are normally
considered to be nonassociated and undergo uniform in-
teraction with other members of the series. These interac-
tions are somewhat ideal, and as such a rigid sphere ap-
proach would be expected to yield at least qualitative
results, In Table 2 the calculated results are compared to
the literature values. The proposed equation reproduces
both the infinite dilution diffusion coefficient and the ratio
of diffusivities Dy=/Dj;* with good accuracy. Also pre-
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TaBLE 1. DirrFusioN COEFFICIENT GROUP FOR ASSOCIATED SYSTEMS

Dj;* wy Dji= w;
M;/piT Mi/piT
I i T D= X 105 X 106 Dji= x 108 X 108 Reference
CgH;CH;3 CgH1,CH;3 298 1.65 - 4.63 2.21 4.40 Haluska & Colver
318 2.18 4.66 3.09 4,70 (1971)
333 2,73 4.63 3.66 4.78
CsHsCHj3 CegHsNH. 298 0.478 5.45 2.10 422 Haluska & Colver
318 0.880 5.30 2.78 4.50 (1971)
333 1.27 524 3.60 4.68
CgHiz CgH5CHj3 208 2.420 4.82 ° 1569 5.16 Sanni, Fell, &
313 3.069 4.73 1.913 4.75 Hutchison
328 3.800 5.04 2.409 4.76 (1971)
CsHs CsHiz 298 1.896 6.25 2.090 3.81 Sanni, Fell, &
313 2.450 6.09 2.650 3.78 Hutchison
333 3.285 6.14 3.445 3.33 (1971)
CCly CesHio 298 1.486 4.90 1.275 3.78 Sanni, Fell, &
313 1.915 4.79 1.611 3.76 Hutchison
328 2.415 4.72 1.979 3.76 (1971)
n-C7Hyy CsHs 298 1.785 3.26 3.915 7.60 Sanni, Fell, &
313 2.279 3.33 4744 7.78 Hutchison
328 2.795 3.29 5.616 7.90 (1971)
TABLE 2. DIFFUSIVITIES IN PARAFFINIC SYSTEMS
(Dy;= )exp (Dij* )eate. X 105 Dij=/Dy=
Solute Solvent X 108 Ref. This work Wilke-Chang Exp. This work Wilke-Chang
Cs Cs 5.45 a 5.62 5.07 1 1 1
Cs Cs 421 b 4.08 3.73 1 1 1
Cis 2.73 e 2.27 2.67 0.608 0.556 0.718
Cis 2.19 d 1.80 2.30 0.498 0.442 0.618
Cr Cy 3.12 ab 3.06 2.86 1 1 1
Cis 1.78 e 1.52 1.89 0.543 0.497 0.662
Cs Cs 2.368 ¢ 2.28 2.17 1 1 1
Cis 1.719 c 1.61 1.77 0.732 0.705 0.816
Cs Cs 1.70 b 1.72 1.68 1 1 1
Cio Cio 1.31 b 1.32 1.29 1 1 1
Cs Ciz 1.45 e 1.51 1.14 2.05 1.91 1.39
Cs 1.143 c 1.15 1.00 1.53 1.45 1.23
Ci2 0.809 c 0.795 0.817 1 1 1
Cis 0.67 f 0.618 0.70 0.796 0.777 0.857
Cs Cis 0.869 d 0.847 0.59 271 2.53 1.64
Cz 0.760 e 0.729 0.55 2.47 2.18 1.53
Ci2 0.49 f 0.435 0.42 1.53 1.30 1.17
Cis 0.32 g 0.334 0.36 1 1 1
Average error 5.85% 10.02% 4.43% 13.11%

. Birkett, J. D.,, and P. A, Lyons, “
. Douglas, D. C,, and D. W. McCal},
Van Geet, A. L.,
. Biblack, D. L.,

and A. W, Adamson,

Kett, T K., Ph.D. dissertation, Michigan St. Univ., Lansing (1968).
" Extrapolated.

R*a Qo oh

sented in the table are the results as calculated by the
Wilke-Chang (1955) equation

1)1,7°° =74 %108 (¢ Mj),/z T/'rh' ViO'e (24)

The average errors produced by Equations (22) and (24)
are 5.86 and 10.02% respectively. Also it should be no-
ticed that Equation (22) reproduces the data for the sol-
vents dodecane and hexadecane with good agreement,
whereas the Wilke-Chang equation does not. The Wilke-
Chang result predicts a much lower dependence upon
solute properties than that which is experimentally ob-
served. It is interesting to note that the equation presented
by Lusis-Ratcliff (1968) results in an average error of
13.96% for these binary pairs.
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Diffusion in Deuterio-Normal Hydrocarbon Mixtures,” J. Phys. Chem., 69, 2782 (1965).
“Diffusion in Paraffin Hydrocarbons,” ibid., 62, 1102 (1958).

“Diffusion in qumd Hydroc ‘rbon Mixtures,”
and D. K. Anderson, “Mutual Diffusion in the Liquid System Hexane-Hexadecane,’ ibid., 206.
“Mutual Diffusion in Nonideal Nonassociating Liquid Systems,” ibid., 3790.

ibid., 68, 238 (1964).

To further test the proposed equation the results were
compared with the data given in Table 1. In these systems
either one or both of the mixture constituents have asso-
ciative properties. As such these molecules are nonideal
and can be expected to exhibit irregular interactions. It
should be noted that for these systems and similar systems
the mass factor is expected to be negligible due to the
small differences in mass between the solute and solvent
species. As shown in Figure 3, the mass factor of the mix-
ture is very nearly unity for mixtures with species of sim-
ilar mass. As a further consideration, in associated systems
the effect of association are most likely to be much greater
than the effect of mass. Consequently, Equation (22) may
be rewritten as
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D= n; M;

= 0.103
Pi
Ve \23 ( M; 4+ M; \V/2
xlo—ﬁ( ch) ( 2:4 ’) Vs (25)
i i

where N = 1 for nonassociated systems and N = 0 for a
system where one or both of the species exhibits associa-
tive tendencies. Hence, for associative systems Equation
(25) is rewritten as

\%

5%, . . \2/8
Da= M _ 6103 x 10-¢ (—’) V.23 (26)
pi T Ve
The results of this equation when compared with the data
given in Table 1 are plotted in Figure 4. As can be seen,
good agreement with experiment is achieved over a wide
range of variables. The average error resulting from the
use of Equation (26) is less than 9%, whereas the use
of Equation (25) with N = 1 results in an error of 12.8%.
The Wilke-Chang and Lusis-Ratcliff expressions result in
errors of 13 and 15% respectively. Equation (26) has

I { T

-
-
T
|

=
(=]

((Mi +Mj)/2m; ) V2

o
o
T

1

—— Calc

Unity

1 1 1
0.8 09 10 11

MI/Mi

Fig. 3. Mass factor plot.

been further compared to experimental diffusivities for
over 50 binary systems made up of associating and non-
associating solvents and solutes. The overall average agree-
ment [see the thesis by Vadovic (1972) for individual
comparisons] is within 9%.

In some cases, most notably for alcohol and water as sol-
vents, the predicted values of the diffusivities, as calcu-
lated by Equation (26), were found to be much lower
than those observed experimentally. It was also found that
the parameter (V;/V.)?? reproduced the qualitative
trend of the data. Consequently, the following formulation
was developed to aid in the prediction of diffusivities in
these cases

Dij”/Djj” = F(ch/VCi)z/s (27)

where F is a constant characteristic of the class of com-
pounds being considered.

In the consideration of primary alcohols as solvents it
was found that application of Equation (27) with F =1
gave diffusivities for organic nonalcoholic solutes approxi-
mately 50% lower than the experimentally observed val-
ues. But the use of a value of F = 2.08 gave an average
deviation of 10.89% when compared with the experimental
data presented in Lusis and Ratcliff (1971).

A similar situation was found for water as a solvent. The
predicted values, however, were consistently lower than
those measured experimentally. The coefficient in Equa-
tion (26) was empirically adjusted to give

Dy; 15 My/p;T = 1.08 X 1078 (Vi/ V)23 (V)23
(28)

by best-fit with the aqueous data of Bonoli and Wither-
spoon (1968) and data cited in Reid and Sherwood
(1966). The data of Bonoli and Witherspoon, for cyclic
hydrocarbons in water in the temperature range of 2 to
60°C, were reproduced to within 5.5%; all of the aqueous
data tested compared to within 6.5%. Table 3 gives in-
dividual comparisons. These deviations are significantly
lower than those produced by previously published cor-
relations; the Wilke-Chang equation, for example, yields
an average error of 12%.

In the consideration of alcohol and water systems, it
must be remembered that they exhibit conditions which

SOLUTE SOLVENT

x 10°8
e
LI}

N
1

1 | 1 1

—— Equa.(26)

CgHsCHy
CgHyCH3
CgHs5CH;
CgHgNH,
CeMy2
CgHsCH3
CeHe
Cehi2
CCly

CgHy4CH
CgHsCH3
CgHsNH,
CgHsCH3
CeMy2
CeMi2
CGHG
CeHiz
CCly
CgHg

.

CeH12

Y 20 40 60 80

2/3

EE e BDOmBgOe © 0 o

Circles: Haluska and Colver (1971)
Squares: Sanni, Fe!ll and Hutchison (197!)

Fig. 4. Plot of diffusivity group for associative systems.

Page 550 May, 1973

AIChE Journal (Vol. 19, No. 3)



TaBLE 3. DirrFusiviTiEs WITH WATER AS SOLVENT

(Dijw )exp (Dijw )calc.
Solute T X 103 % 108
Data of Bonoli and Witherspoon (1968)
Benzene 275 0.58 0.52
283 0.75 0.70
- 293 1.02 0.94
313 1.60 1.47
333 2.55 2.22
Toluene 275 0.45 0.45
283 0.62 0.62
293 0.85 0.83
313 1.34 1.29
333 2.15 1.95
Ethylbenzene 275 0.44 0.40
283 0.61 0.55
293 0.81 0.74
313 1.30 1.15
333 1.85 1.74
Cyclopentane 275 0.56 0.52
283 0.64 0.70
293 0.93 0.94
313 141 1.46
333 2.18 2.22
Methylcyclopentane 275 0.48 0.45
283 0.59 0.61
293 0.85 0.82
313 1.32 1.28
333 1.92 1.94
Cyclohexane 275 0.46 0.46
283 0.57 0.63
293 0.84 0.84
313 1.31 131
333 1.93 1.98
Data cited in Reid and Sherwood (1966)
Methanol 288 1.26 1.40
Ethanol 283 0.84 0.94
288 1.00 111
298 1.24 1.44
n-propyl alcohol 288 0.87 0.93
n-butyl alcohol 288 0.77 0.79
Benzy! alcohol 293 0.82 0.93
Acetic acid 293 1.19 1.24
Ethyl acetate 293 1.00 0.88
Acetone 293 1.16 1.08
298 1.28 124
Aniline 293 0.92 0.91
Acetonitrile 293 1.26 1.08
Allyl alcohol 288 1.04 0.97

are outside the range of validity for the original assump-
tions in the derivation. As such, the F-factor should be
considered as a correction which allows extension of Equa-
tion (27) to systems with alcohol and water as solvents.
The correlating parameter used was the critical volume.
It was used merely for convenience as the critical volumes
are tabulated for many organic compounds in Reid and
Sherwood (1966). However, for systems in which the
critical volumes are not available the liquid volume at the
melting point may be employed with little loss in accuracy.

NOTATION

b = molecular covolume

D;; = binary diffusion coefficient, sq.cm./sec.

Dii® = dilute gas diffusivity, sq.cm./sec.

Dy~ = infinite binary diffusion coefficient, sq.cm./sec.
E = interaction parameter

F = constant
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radial distribution function
Boltzmann’s constant
molecular weight
Avogadro’s number
number density
interaction parameter
length parameter ratio
temperature, °K

molar volume, cu.cm./g.-mole
mole fraction

Sx; Rn

Greek Letters
a, B, v, € = empirical parameters

SEE LTS 22

(i wmwgwnn

w H
3

) = Kronekker delta

{ = reduced density

7 = viscosity, centipoise
p = density, g./cu.cm.

o = length parameter

¢ = association parameter
Subscripts

c = critical

i, j, k = components

m = melting
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