
ject to a certain amount of uncertainty. A 5 %  error in 
the slope of a plot of the major axis dimension versus the 
equivalent spherical diameter would result in a 50% 
error in the amplitude of oscillation. This magnitude of 
uncertainty would account for most of the system to sys- 
tem variation seen in Figure 1. Brunson and Wellek 
(1970) reviewed several theories for physical mass trans- 
fer in drops whose surface area could be described by 
Equation ( 1 ) .  For the reviewed theories, the percent 
error in the mass transfer coefficient is one-fourth as large 
as the percent error in the amplitude of oscillation. Thus, 
a 50% error in the amplitude of oscillation would lead to 
less than a 13% error in the calculated mass transfer 
coefficient. I t  must be kept in mind, however, that the 
data in Table 1 is based on chemically pure systems. 
Impurities could cause even greater deviation in the 
amplitude of oscillation and the rate of mass transfer. 
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Liquid phase diffusion coefficients for dilute solutes are 
commonly related to some parameter describing the solute 
molecular size, solvent viscosity, and solvent molar volume 
as well as many other parameters, but almost without ex- 
ception including the system temperature. The relationship 
between these variables has been investigated based on 
hydrodynamic considerations, absolute rate theory, and by 
assuming similarity between diffusion processes in gases 
and liquids. In all cases, however, it would be desirable to 
test the functional dependence of diffusivity on each dif- 
ferent variable by actual experiment. Such a procedure 
was alluded to by Hildebrand (1971) in his discusslon 
concerning studies of liquid phase diffusion. Unfortunately, 
solute and solvent properties cannot be independently 
changed since all fluid properties vary with temperature, 
for example. Nonetheless, it is noted that although most 
empirical correlations contain the system temperature as 
a separate variable, strong support for its inclusion in cor- 
relations appears to be  lacking, particularly for simple 
(nonaqueous) liquid solutions, The temperature range for 
diffusivity measurements is often small and experiments 
are seldom chosen to separate the effect of temperature. 

It has been previously shown by Hayduk and Cheng 
(1971) that for many systems the diffusivity is simply re- 

lated to the solvent (or solution) viscosity and apparently 
not dependent on temperature as a primary variable. This 
was expressed as 

D = A p B  ( 1 )  

EXPERIMENT 

Experiments were performed using the steady state capillary 
cell method described earlier by Malik and Hayduk (1968). 
Each cell was constructed of a 0.1080 +- 0.0005 cm precision 
bore capillary, sealed into a glass tube equipped with two vac- 
uum stopcocks for charging and purging the cell with deaerated 
solvent. The top portion of the capillary was joined to a second 
capillary stem, which was at least 10 cm in length, also of 
the same size precision bore for some experiments, and of 
smaller bore (0.0504 k 0.0005 cm) for others. Both types of 
cells were found to be equally satisfactory. The cells were 
completely filled with deaerated liquid up to a level of at least 
2 cm in the lower capillary, and immersed in a constant teni- 
perature bath controlled to +- 0.01”C. The stem of the capillary 
was continually exposed to a small flow of propane gas while 
a steady state concentration profile was allowed to develop in 
the solution, a procedure requiring about 10 to 24 hours. The 
absorption rate was subsequently measured by introducing a 
bead of propane-saturated solvent into the top of the capillary 
stem by means of a syringe. An accurate measurement by 
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cathetometer of the rate of descent of the bead and the length 
of the diffusion path, along with the barometric pressure, solu- 
bility data corrected to the prevailing partial pressure, permit- 
ted calculation of the diffusion coefficient. 

Beginning with Ficks law the equations for evaluating the 
diffusivities from experimental measurements as derived by 
Malik and Hayduk (1968) are as follows: 

( 3 )  

Equation ( 2 )  was expected to apply where the total mass con- 
centration along the diffusion path remained nearly constant 
and Equation ( 3 )  for a nearly constant total molar concentra- 
tion. Due consideration was given to the continuous, albeit 
small, volumetric expansion of the enclosed solvent resulting 
from the actual volume in solution of absorbed propane. An ef- 
fective density for dissolved propane of 565 kg/ms at  25°C as 
obtained by Sage et al. (1934) in solutions of petroleum 
fractions was used. This density is considerably greater than 
that for liquid propane at 25°C and its saturation pressure, of 
496 kg/ms, That the apparent density of dissolved gases in 
solution is greater than for liquified gases at their saturation 
pressures was observed as early as 1931 by Horiuti. The ef- 
fective density of dissolved propane was considered to have 
the same temperature coefficient as that for liquid propane. 
Because the densities of the paraffin solvents were closer to 
those of propane than the corresponding molar volumes, Equa- 
tion ( 2 )  was used in evaluating diffusivities in the paraffin 
solvents. On the other hand, the molar volumes of chloroben- 
zene and butanol were similar to those of dissolved propane so 
that Equation ( 3 )  was used for those solvents. Using the in- 
appropriate equation resulted in differences in diffusivity of 
up to 2.7%. 

The effective solute diffusivity was considered to remain con- 
stant along the diffusion path. Hence the diffusivities as calcu- 
lated from the experimental results represented integral average 
diffusivities corresponding to the average concentration along 
the diffusion path. The solute concentration varied from the 
saturated solubility at the gas-liquid interface to essentially 
zero in the bulk of the diffusion cell. Because of the relatively 
low average concentration employed (less than 7% ) the results 
can be considered to approximate diffusivities at infinite dilu- 
tion. 

The propane used in these experiments was Instrument grade 
having a specified minimum purity of 99.5 mole % purchased 
from the Matheson Company. The solvents were all purchased 
from tlie Fisher Chemical Company, having specified minimum 
purities of 99.0 mole %. The densities, viscosities and propane 
solubilities obtained from literature sources are given in Table 
1. 

N A  L 
D =  

CAEh (1 + CAO)/(l + CAL) 

RESULTS AND DISCUSSION 

The diffusivities at 2 5 ° C  for propane in hexarie, heptane, 
octane, hexadecane, n-butanol, and chlorobenzene, and 
at 0 ° C  and 5 0 ° C  in the last two solvents as well, are  
listed in  Table 1. These data are also shown in Figure 1 
as the logarithm diffusivity versus logarithm solvent vis- 
cosity. Diffusivities a t  2 5 ° C  of propane in  95% n-heptanol 
and  n-octanol as measured by Dim e t  al. (1971), also 
shown in Figure 1, are slightly lower than those in the 
purer, essentially water-free solvents bu t  lie within 10% 
of the log D-log relation obtained in  this work. Diffusivi- 
ties in water (or  its solutions) are  usually lower than those 
in other solvents of similar viscosity. The equation of the 
line describing the propane diffusivity-solvent viscosity 
relation was obtained as follows: 

D = 0.591 (lO- 'O) p-0.545 ( 4 )  

This equation is expected to apply a t  any temperature in 
the range a t  least from 0 ° C  to 50°C,  and in any solvent 
with the exception of solvents in  which molecular interac- 
tions are extreme such as in  water. 

Hayduk and Cheng (1971)  found that the self-diffusiv- 
ity of a substance was expressed by the same diffusivity- 
viscosity relation as that obtained in  other solvents. The 
self-diffusivity of liquid propane should therefore cor- 

0. I 1.0 
VISCOSITY, Ns/m2 x lo3 

Fig. 1. Diffusivities of dissolved propane in liquid solutions. 

TABLE 1, SOLVENT PROPERTIES AND PROPANE DIFFUSIVITIES 

Temp., Density ( a ) ,  Viscosity, Solubility 
Solvent "C kg/m3 x 10-3 Ns/m2 x 103 x L 

Hexane 
Heptane 
Octane 
Hexadecane 
Chlorobenz. 
Butanol 
Chlorobenz. 
Butanol 
Chlorobenz. 
Butanol 

25 
25 
25 
25 
25 
25 
0 
0 

50 
50 

0.6548 
0.6795 
0.6985 
0.7700 
1.1016 
0.8060 
1.1280 
0.8242 
1.0746 
0.7867 

(a) Rossini et al. (1953) 
(b) Weast, editor (1968); extrapolated 
( c )  Caldwell and Babb (1956) 
(d) Hayduk and Castaneda (1973) 
(e) Hayduk et al. (1972) 
(f) Thomsen and Gjaldbaek (1963) 
(9 )  2 standard deviation of results from mean 

0.2985 ( a )  
0.3967 ( a )  
0.5151 ( a )  
3.095 ( a )  
0.755 ( c )  
2.605 ( b )  
1.180 ( b )  
5.186 ( b )  
0.576 ( b )  
1.411 ( b )  

0.1168 
0.117 
0.120 
0.137 
0.0570 
0.0367 
0.1034 
0.0706 
0.0353 
0.0226 

24.0 
21.65 

12.93 
14.16 
10.07 
25.4 
18.60 
9.12 
6.43 

- 

10 

Diff usivity, 
m*/s x 109 

4.87 Zk 0.20 ( g )  
4.40 -+- 0.08 
3.83 & 0.17 
1.48 3. 0.02 
2.77 L 0.09 
1.57 2 0.04 
2.08 k 0.01 
1.02 4 0.01 
3.35 t 0.10 
2.17 t c ~  0.08 
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respond to the viscosity of liquid propane as if it were 
a solvent. While the self-diffusivity of propane has not 
( to the authors’ knowledge) been determined, a correla- 
tion by Dullien (1972) is available for estimation: 

Based on collision integrals for diffusion and viscosity and 
Lennard-Jones parameters as tabulated by Bird et al. 
(1960) the self-diffusivity of propane at 0 °C  was cal- 
culated using Equation (5) as 8.60 nm2/s. The viscosity 
of liquid propane was reported by Huang e t  al. (1966) 
as 0.126 m N  s/m2 at 0°C and the saturation pressure. 
Assuming that the self-diffusivity at the saturation pressure 
can be compared with that at atmospheric pressure, the 
calculated self-diffusivity is shown in Figure 1. Consider- 
ing that propane diffusivities are presented in solvents 
for viscosities which change by a factor of ,over 50, the 
simple linear relation between log D-log EL, including that 
for the self-diffusivity, is considered most significant. 

Diffusivities in n-paraffin solvents of methane as reported 
by Hayduk and Buckley (1972) and of ethane as reported 
by Hayduk and Cheng (1970) are also shown in Figure 1. 
The diffusivities of small molecules have been considered 
by Hildebrand and co-workers (1964, 1965) to be related 
to the cross-sectional or collision area of the diffusing 
molecule (&) . As a result, in any single solvent at con- 
stant temperature the product DO* would be expected to 
be constant. These factors for methane, ethane, and pro- 
pane for diffusivities in the common solvents, hexane, 
heptane, octane, and hexadecane are indeed found to be 
at least approximately constant. I t  should be pointed out 
that while Du2 may remain constant for small or essen- 
tially spherical diffusing molecules, it would be expected 
to increase for elongated molecules such as n-paraffins, 
which have been shown by Hayduk and Buckley (1972) 
to have diffusivities greater by as much as 30% when 
compared with other essentially spherical molecules of the 
same molar volume. 

In  Figure 1 are shown the propane diffusivities as pre- 
dicted by the Wilke-Chang correlation (1955) and more 
recent Akgerman and Gainer correlation (1972). While 
the latter correlation is apparently somewhat more suc- 
cessful, neither predicts propane diffusivities accurately, 
particularly in viscous solvents. In summary, it appears 
that the influence of temperature on propane diffusivities 
in chlorobenzene and butanol is only indirect by virtue of 
its effect on solvent viscosity. To provide an even better 
test as to whether diffusivity is completely independent 
of temperature as a separate variable, measurements over 
an even greater range in temperature are required. Fur- 
thermore, diffusivities should be preferably measured in 
nonassociating solutions so that the extent of association 
should not be variable with temperature. 
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NOTATION 

A, B = 

CAE = 

CAO = 

CAL = 

AlChE 

constants based on relation between diffusivity 
and solvent viscosity 
apparent molar concentration dissolved propane 
kg moles/m3 
molar concentration propane at interface, kg moles 
propane/m3 
molar concentration propane in bulk of cell, kg 
moles propane/m3 
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D =  
L =  
L =  
nA = 
N A  = 
R =  
T =  

E L =  

x =  

u =  

diffusion coefficient of dilute solute, m2/s 
Ostwald coefficient of solubility (Table 1) 
diffusion path length, m [Equations ( 2 ) ,  (3) ] 
mass flux, kg/m2s 
molar flux, kg moles/m2s 
gas constant 
absolute temperature, O K  

solubility in mole fraction propane 
dynamic viscosity, Ns/m2 
Lennard-Tones dlstance parameter 

RD, fiv = collision- integrals for diffusion, and for viscosity 
PAE = apparent mass concentration dissolved propane, 

= mass concentration propane at interface, kg pro- 

= mass concentration propane in bulk of cell, kg 

kg/m3 

pane/m3 

propane/m3 
p A L  
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