
critical point, the empirical methods based on Equ a t‘ ions 
(1) and (2)  appear to provide the best practical esti- 
mates of kT,+ near the critical locus at this time. 
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NOTATION 

T =  
P =  
v =  
k T , z  = 
u =  
e =  
A , C  = 
A =  

U O  = 

temperature 
pressure 
molar volume 
isothermal compressibility 

( P  - ̂p)/^p 
( T  - T c ) / T c  
constants 
experimental exponent defining divergence of 
k , ,  according to Equation ( 1) or (2) 
an arbitrary reduced reference pressure (U = 
0.1) 

kCT,+ = the (erroneous) value of k , ,  predicted by an 
empirical equation of state upon substitution 
of the critical value for the independent variable 
the (erroneous) maximum value of k T , ,  calcu- 
lated by an empirical equation of state when the 
pressure (and volume) are allowed to vary 

krnT,+ = 

pm = pressure corresponding to kmT,= 

k l ,  kz,  k3 = exponents in FOV equation 
A = 

= 

value of a given independent variable ( P  or V) 
at which k , ,  shows a singularity 
the critical value of a given independent variable 
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Infinite Di I ution Diffusion Coefficients 
in Liquids 

The extension of the Enslcog theory by Tham and Gubbins for the 
calculation of diffusivities is applied to the prediction of infinite dilution 
diffusion coefficients 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 Dijm T~ M j / p j T  is independent of temperature for all 
systems. 

C. J. VADOVIC 
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- 

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 Dijw ~j Mj/pj 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- 
fujivities for binary alcohol and aqueous solvent solutions. 
An improvement in accuracy from 1201, 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 

D.. u - - pz Ell - p1 Ezz ($) (1)  
121 p1+ nz pz 

where no DijO is the dilute gas value, gij is the radial dis- 
tribution function, and the P's and E s  describe the inter- 
actions of the species i and i as a function of composition 
with 

and 
agik 

Pm = 2 6im + 2p bmi g im + 8 ni Pbir - = 3 Eim 
i a% 1 

(3) 

(4) 

where 6 is the Kronekker delta, 

P h h  = &h (R1 + 
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 

1 3 ( Ri Rj 0 ' 2 )  
gij (aij) = - + 

1 - 5  (1-65)' R i + R j Y 3  

where Y, = 8 x i  Rin. 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 

The radial distribution function reduces to 

g i j m  = - 
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1 

+ 
The dilute gas value for a binary mixture is given by 

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 

Dijw (i = 1) = Dijw (9) 

Thus, an expression for the deviation from the self-diffu- 
sion value due to a change in solute may be developed 

Mi + Mj % gjjw Diim= Djj ( u i ~ ~ u j i  )' ( 2Mi ) (12) 

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 giJw/gjjw is 
plotted versus the length parameter ratio uiJujj. 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 

(13) 
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However, it may be shown that 

introduces an average error of less than 5% over the range 
0.8 < Uii/Ujjj < 1.2. 

In Figure 2 the quantity ( 2 a j j / ( ~ i i  + ~ j i ) ) 2  is plotted 
versus the length ratio ujj/uii. It is immediately apparent 
that in the range 0.8 < ujj/uii < 1.2, the length ratio 
( 2 ~ d ~ i i  + u j j ) 2  is approximately a linear function of 
ujj/uii. The use of the relation 

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

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 

a{{ = y v,p (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 

ail = E v p  (18) 

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

Thus the choice of V, or Vc 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 

V- = 0.310 Vci (19) 

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: 

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 

Dij" r)j Mj 
= 0.103 

Pi T 

I I I I 

1.1 L 
/ 

/ 

Equa. (5) 

Equa. (141 

/ - 

0.8 0.9 1 .o 1.1 

.?g. 1. Plot of radial distribution function ratio vs. length parameter 
ratio. 

I I I 1 
0.6 0.8 1 .o 1.2 

Q j j/Qi i 

Fig. 2. Length function vs. length parameter ratio. 

or 

Dij" qj Mj 
Pj T 

= 0.219 

It is immediately apparent that the quantity Dij" M j  ~ j /  

pj 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 Dij"/Djj" with good accuracy. Also pre- 
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TABLE 1. DIFFUSION COEFFICIENT GROUP FOR ASSOCIATED SYSTEMS 

Solvent 

CS 
c6 

c7 

Cs 

c9 
ClO 
ClZ 

ClS 

(Dij” )em 
x 105 

5.45 
4.21 
2.73 
2.19 
3.12 
1.78 
2.368 
1.719 
1.70 
1.31 
1.45 
1.143 
0.809 
0.67 
0.869 
0.760 
0.49 
0.32 

298 
318 
333 
298 
318 
333 
298 
313 
328 
298 
313 
333 
298 
313 
328 
298 
313 
328 

1.65 
2.18 
2.73 
0.478 
0.880 
1.27 
2.420 
3.069 
3.800 
1.896 
2.450 
3.285 
1.486 
1.915 
2.415 
1.785 
2.279 
2.795 

4.63 
4.66 
4.63 
5.45 
5.30 
5.24 
4.82 
4.73 
5.04 
6.25 
6.09 
6.14 
4.90 
4.79 
4.72 
3.26 
3.33 
3.29 

2.21 
3.09 
3.66 
2.10 
2.78 
3.60 
1.569 
1.913 
2.409 
2.090 
2.650 
3.445 
1.275 
1.611 
1.979 
3.915 
4.744 
5.616 

TABLE 2. DIFFUSIVITIES IN PARAFFINIC SYSTEMS 

Ref. 

U 

b 
e 
d 

e 
a, b 

C 
C 
b 
b 
e 
C 

C 

f 
d 
e 
f 

(Dij“ Icalc. X lo5 
This work Wilke-Chang 

5.62 
4.08 
2.27 
1.80 
3.06 
1.52 
2.28 
1.61 
1.72 
1.32 
1.51 
1.15 
0.795 
0.618 
0.847 
0.729 
0.435 

5.07 
3.73 
2.67 
2.30 
2.86 
1.89 
2.17 
1.77 
1.66 
1.29 
1.14 
1.00 
0.817 
0.70 
0.59 
0.55 
0.42 

0.334 0.36 - g 
Average error 5.85% 10.02% 

Exp. 

1 
1 
0.608 
0.498 
1 
0.543 
1 
0.732 
1 
1 
2.05 
1.53 
1 
0.796 
2.71 
2.47 
1.53 
1 

Dji“ qi 
Mi/piT 
x 106 

4.40 
4.70 
4.78 
4.22 
4.50 
4.68 
5.16 
4.75 
4.76 
3.81 
3.78 
3.33 
3.78 
3.76 
3.76 
7.60 
7.78 
7.90 

Dij O0 /Djj “ 
This work 

1 
1 
0.556 
0.442 
1 
0.497 
1 
0.705 
1 
1 
1.91 
1.45 
1 
0.777 
2.53 
2.18 
1.30 
1 
4.43% 

a. Birkett, J. D., and P. A. Lyons, “Diffusion in Denterio-Normal Hydrocarbon Mixtures,” J. Phys. Chen.,  69, 2782 (1965). 
b. Douglas, D. C., and D. W. McCall, “Diffusion in P a r a 5  Hydrocarbons,” ibid., 62, 1102 (1958). 
c. Van Gee, A. L., and A. W. Adamson, “Diffusion in Liquid Hydroclrbon Mixtures,” ibid., 68, 238 (1964). 
d .  Biblack. D. L., and D. K. Anderson, “Mutual Diffusion in the Liquid System Hexane-Hexadecane,” ibid., 206. 
6. -., “Mutual DiEusion in Nonideal Nonassociating Liquid Systems,” ibid., 3790. 
f .  Kett. T. K., Ph.D. dissertation, Michigan St. Univ., Lansing (1968). 
8. Extrapolated. 

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

Dij” = 7.4 X lo-* (4 Mj)H T / w  Vio.’ (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. I t  is interesting to note that the equation presented 
by Lusis-Ratcliff (1968) results in an average error of 
13.96% for these binary pairs. 

Reference 

Haluska & Colver 
( 1971) 

Haluska & Colver 
(1971) 

Sanni, Fell, & 
Hutchison 
(1971) 

Sanni, Fell, & 
Hutchison 
( 1971) 

Sanni, Fell, & 
Hutchison 
(1971) 

Sanni, Fell, & 
Hu tchison 
(1971) 

Wilke-Chang 

1 
1 
0.718 
0.618 
1 
0.662 
1 
0.816 
1 
1 
1.39 
1.23 
1 
0.857 
1.64 
1.53 
1.17 
1 

13.11% 

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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Dijm qj Mj 
Pi T 

= 0.103 

Mi -k M j  N / 2  x ( %)'I3 ( ) V p 3  (25) 
vci 2 Mi 

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 
( 2 5 )  is rewritten as 

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  I 
s 0.9 =- t - Calc i 

- -  Unity  

u. - 
0.8 0.9 1.0 1.1 

Fig. 3. Mass factor plot. 

been further compared to experimental diff usivities 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 ( Vci/Vci) '13 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 OD = F (Vcj/Vci)2/3 (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 10.8% 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 

Dij qj Mj/pjT = 1.08 X (Vcj/Vci)2/3 (VCj)'l3 
(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 b y  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 

C6H5CH3 

'6 H11CH3 

C6H5CH3 

'gHgNH2 

'SHl 2 

'gHgCH3 

'gH8 

C6H12 
cc14 
C6H1 2 
nC7H16 

C6H6 

SOLVENT 

C6H11CH3 
C6H5CH3 

C6H5NH2 

C6H5CH3 

C6H5CH3 

'gH12 

'gH1 2 

C6H6 

C6H12 
C Cl4 

'gH6 

nC7H16 

2/3 2/3 
(VcjlVci)  (Vcjl Circles: Haluska and Colver (1971) 

Squares: Sanni, Fe l l  and Hutchison (1971) 

Fig. 4. Plot of diffusivity group for associative systems. 
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TABLE 3. DIFFUSIVITIES WITH WATER AS SOLVENT 

Solute 

Data of Bonoli and Witherspoon (1968) 

Benzene 

Toluene 

Ethylbenzene 

Cyclopentane 

Methylcyclopentane 

Cyclohexane 

275 
283 
293 
313 
333 
275 
283 
293 
313 
333 
275 
283 
293 
313 
333 
275 
283 
293 
313 
333 
275 
283 
293 
313 
333 
275 
283 
293 
313 
333 

0.58 
0.75 
1.02 
1.60 
2.55 
0.45 
0.62 
0.85 
1.34 
2.15 
0.44 
0.61 
0.81 
1.30 
1.95 
0.56 
0.64 
0.93 
1.41 
2.18 
0.48 
0.59 
0.85 
1.32 
1.92 
0.46 
0.57 
0.84 
1.31 
1.93 

Data cited in Reid and Shenvood (1966) 

Methanol 288 1.26 
Ethanol 283 0.84 

288 1 .oo 
298 1.24 

n-propyl alcohol 288 0.87 
n-butyl alcohol 288 0.77 
Benzyl alcohol 293 0.82 
Acetic acid 293 1.19 

Acetone 293 1.16 
298 1.28 

Aniline 293 0.92 
Acetonitrile 293 1.26 
Ally1 alcohol 288 1.04 

Ethyl acetate 293 1.00 

0.52 
0.70 
0.94 
1.47 
2.22 
0.45 
0.62 
0.83 
1.29 
1.95 
0.40 
0.55 
0.74 
1.15 
1.74 
0.52 
0.70 
0.94 
1.46 
2.22 
0.45 
0.61 
0.82 
1.28 
1.94 
0.46 
0.63 
0.84 
1.31 
1.98 

1.40 
0.94 
1.11 
1.44 
0.93 
0.79 
0.93 
1.24 
0.88 
1.08 
1.24 
0.91 
1.08 
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 
Shenvood (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 

= radial distribution function f = Boltzmann’s constant 
M = molecular weight 
N = Avogadro’s number 
n = number density 
P = interaction parameter 
R = length parameter ratio 
T = temperature, O K  

V = molar volume, cu.cm./g.-mole 
x = mole fraction 
Y” = pxi R” 
Greek Letters 
OL, B, y, E = empirical parameters 
6 = Kronekker delta 
5 = reduced density 
7) = viscosity, centipoise 
p = density, g./cu.cm. 
u = length parameter 
4 = association parameter 

Subscripts 
c = critical 
i, j ,  k = components 
m = melting 
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