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Search for isotope effects in the diffusion of methane in krypton at various densities*
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Experimental measurements of the diffusion coefficient of CH4 in Kr at T = 220 K in the density range
0 & p & 2p, are reported. The experimental data are compared with self-diffusion for Kr and CH4 and with the
data for diffusion of Kr in CH4 at about the same reduced temperature, The behavior of the mass effect on
the diffusion process is shown clearly for the first time. At p & p, the deviation from Enskog s predictions is
already marked, whereas at p ) 1.5p, the mass effect is of the same kind as for hard spheres.

INTRODUCTION

In the 1ast few years many authors have studied
the influence of tracer mass M~ on the diffusion
process (isotope effect), both from the theoreti-
cal" and from the experimental standpoint. ' '

In the low-density limit (p«p, ) the Chapman-
Enskog' solution of Boltzmann's equation says
that in a binary mixture the diffusion coefficient
D is inversely proportional to the square root of
the reduced mass p, of the two species. Such be-
havior has been checked experimentally many
times. '

For increasing density in hard-sphere fluids,
the extrapolation of Boltzmann's equation was
performed by Enskog' with the assumption that
the fluid's dynamics follow from uncorrelated
binary collisions, so that a behavior of D of the
kind Dcc 1/~p, is deduced. However, Enskog's
theory fails already at densities greater than the
critical density both insofar as the value of the
self-diffusion coefficient is concerned and in
the p'cture of the dep de ce of D on the mass, ""
in the case of binary diffusion.

No complete theory, like Enskog's theory for
hard spheres, is available for real fluids. Some
attempts with perturbation theories" show that,
at densities around the triple point, & is nearly
independent of the tracer mass M~. Such behavior
seems to be confirmed by the existing experimental
data both on Lennard- Jones' fluids and on a real
fluids, "' with the exception only of isotopic dif-
fusion in C,H„where it is claimed that D ccl/vM~. '

At intermediate densities, p, ~ p & p„, little in-
formation is available about the dependence of D
on M~. Indeed, we have no theoretical estimate
in this range and, from the experimental stand-
point, only one datum is available by molecular
dynamics in hard spheres, "while in the case of
real fluids, we only have some diffusion mea-
surements of Kr in CH, (at infinite dilution of Kr)."
Unfortunately these measurements supply only an
indication of the mass effect on the diffusion pro-

cess since the observed effect nearly falls within
the experimental errors, for the considered mix-
ture and density range.

Since the intermediate density range is impor-
tant in order to study the evolution of many-body
effects in the diffusion process, we have studied
the behavior of D vs p in the diffusion of CH4 in
the mixture CH~-Kr (CH, at tracer concentration)
at T =220 'K and in the density range 0&p ~2p, .
Since Kr and CH4 have nearly the same molecular
parameters, we expect a comparison between the
density evolutions of the self-diffusion coefficients
in Kr-Kr and in Kr-CH4 to exhibit the mass effect
only. Moreover, in our measurements the differ-
ence between a D dependence on ~p and a depen-
dence on 4M~ is more evident than in Ref. 13.

EXPERIMENTAL RESULTS

Measurements have been performed by means
of Anderson and Saddington's' capillary method.
The experimental setup and the procedure used
have been described already in Bef. 15. The only
modification of apparatus was the replacement of
the Geiger-Muller counter by a scintiQation count-
ing system which allows the counting of '4C. The
Kr-CH, mixture (where CH~ was at tracer con-
centration) was prepared with Kr pure to within
0.00&%, CH~ was labeled by '~C. '6 The radius of
our capillary was R = 0.4 mm and its length was
L =4.81 cm.

The error in D mainly follows from errors in
the CH4 concentration measurements. Va3.ues of
the density have been computed using the PVT
data given in Bef. 17.

The experimental data are reported in Table I.
In the last column, all the Dp values have been
normalized at pp 220 'K, using the scale factor
(To/T)" (see Hefs. 15 and 18). We plot in Fig.
1 the normalized Dp values vs p. The continuous
line is an interpolation curve drawn by hand.

The extrapolation to zero density agrees within
the experimental errors with the value of Bef. 13
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TABLE I. Experimental results for diffusion of CH4 in a CH4-Kr mixture.

P (atm) p (g/'cm')
Diffusion

time t (sec)
D

(10 cm /sec)
Dp(220/T) '

(10 g./cm

sec�)

219.33
219.69
219.47
219.55
219.37
219.36
219.62
219,44
219.80
219.31
219.49
219.74
219.62
219.09
215.05
201.86
180.39
174.66

18.98
43.59
53.73
59.87
63.69
68.24
70.74
72.16
73.04
73.43
76.74
81.77
97.82

100.03
97.62
96.92
94.75
95.19

0.099
0.283
0.407
0.52
0.63
0.84
0.94
1.02
1.03
1.08
1.16
1.24
1.40
1.43
1.50
1.71
1.96
2.01

1800
1800
1800
1800
1800
1800
1800
1860
1800
1800
1800
2700
2700
2700
2700
2700
3600
3600

3.50 + 0.33
1.27 + 0.06
0.97+ 0.05
0.70 + 0.02
0.61 + 0.02
0.51+0.Oi
Q.42 + 0.02
0,47*0.01
0.47+ 0.01
0.37 ~ 0.01
0.33 ~ 0.01
0.30 + 0.01
0.197 + 0.007
0.190+ 0.007
0.18 + 0.02
0.107 + 0.009
0.062 + 0.003
0.056+ 0,005

0.35 + 0.04
0.36 + 0.02
0.395+0.025
0.365 + 0.01.5
0.39 + 0.02
0.43 + 0.02
0.39+0.02
0.48+ 0.02
0.485 + 0.015
0.4QQ + O.015
0.385 + 0.010
0.370 + 0.015
0.28 + 0.01
0.27+ 0.01
0.28 + 0.03
0.20+ 0.02
0.146 + 0.008
0.14 + 0.01

while it disagrees with the value predicted by
Chapman-Enskog theory using, for Kr and CH~,
a Lennard- Jones intermolecular potential with the
following parameters":

(r„,= 3.68 A, e„,/Ka =174.7 'K,

oc„=3.68 A, eca /Ka = 166.8 'K,

and using the following combination rules for 0»
and g~-2.

DISCUSSION

Self-diffusion data of Kr at 220 'K,""of CH~
at 194.8 'R,"and data on the diffusion of Kr in
CH4 at 203 'K" are available in the literature.
The whole of these data cover about the same
reduced density range (0 &p/p, ~2) as ours, and
are recorded at about the same reduced tempera-
ture.

Our first aim is to compare the behavior of Dp
vs p for our data with that obtained in the other
three cases. In order to perform such a compari-
son, we have plotted in Fig. 2 the ratio Dp/(Dp)~
vs p/p, for the four series of measurements. We
have used reduced quantities in order to eliminate
the trivial differences due to different molecular
parameters. It turns out from the analysis of Fig.
2, that in the case of diffusion of impurities, the
analytic behavior of jap vs p depends on the solvent
and not on the tracer, as already pointed out in
Ref. 13. Moreover, while the data for diffusion
in CH~ can be fitted very well by a second-order

polynomial in p,"the data for diffusion in Kr can
only be fitted by a polynomial of much higher or-
der (at least sixth order).

Our second aim is to study the variation of the
mass effect with density in the diffusion process
Kith this aim, we compute as in Ref. 13 the quan-
ti

(Dpc~-Kr)/(Dpca4-Kr4 0

(&p „,)/(Dp „,)p
Since we consider the ratio D/D~ 0 both in the case
of diffusion of impurities and in the case of self-
diffusion, we eliminate in this way the small dif-
ferences of temperature and of intermolecular
parameters between CH~ and Kr.

Following Enskog's theory, y should be constant
and equal to 1 in the entire range of density con-
sidered, since for Kr and CH, we have g(o»)
=g(o») in the entire range of density.

However, if, as yointed out in Refs. 3, 6, and 8,
at p =p, D is independent of M~, y must decrease
with density, in our case approaching the value
0.57 at p=p„. Indeed, y=[2M~/(Mr +M&)]'~.

In Fig. 3 experimental values of y from our
measurements and from Ref. 15, are plotted ver-
sus p. The shaded region shows the uncertainty
in y due to the errors in the diffusion coefficients.

It is evident from Fig. 3 that, even at very low
densities, y disagrees with the value it should
have following Enskog's theory, which, at den-
sities around p„ falls weU outside the experi-
mental error. With increasing density, y de-
creases rapidly, showing the increasing impor-
tance of many-particle correlations.
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FIG. 1. Experimental
data for Dp vs p normalized
at T =220 K. The curve
has been drawn by hand
through the experimental
data.
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It is interesting now to compare the behavior of

y vs p for real fluids with the one we have for a
system of hard spheres, for which there are com-
puter experiments" at two densities only, V/Vo
=1.6 and 3. At both densities the computer-ex-
periment results indicate thai

Mr +Ms ~s

where a =0.44 at V/Vo = 1.6 and o, =0.36 at V/Vo = 3
(see Ref. 12).

In order to plot the hard-sphere data of y on Fig.
3, which describes the situation in real fluids, it
is necessary to define the value of Vo, i.e. , the
close packing volume of Kr. We chose V, =¹„ss/
W, consistent with the self-diffusion measure. -
ments in Kr at the same temperature. In Ref. 20

Dg

(Og),

FIG. 2. (Dp)/(Dp)& 0 vs
p/p, for (a) our measure-
ments of the diffusion co-
efficient of CH4 in Kr, (b)
self-diffusion of Kr (Ref.
15), (c) self-diffusion of
CII4 (Ref. 18), (d) diffusion
of Kr in CH4 (Ref. 13). The
curves (a) and (b) have been
drawn by hand through the
experimental data; the
curves (c) and (d) represent
the best fit of experimental
data (Ref. 13).
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FIG. 3. y vs p from Eq. (1) of the text. The levely=1
indicates the reduced mass behavior. Dash-dotted line
indicate the value y =0.57, corresponding to the M& in-
dependence of B. The filled circles are the results of
molecular dynamics at V/Vo =1.6 and V/Vo =3 in a hard-
sphere mixture. The solid line represents our experi-
mental data; the shaded region gives a measure of ex-
perimental errors.

(2)

the effective hard-sphere diameter, g„~, is worked
out for Kr at 220 'K as a function of density (see
Fig. 5 of Ref. 20).

With this choice of V„ the computer-experiment
data at V/VD = 1.6 and 3 are plotted in Fig. 3, and
correspond to p =2.45 and 1.45 g/cm', respec-
tively.

As we can see from Fig. 3, the behaviors of y
vs p in a real fluid and in a hard-sphere system
are in good qualitative agreement even if, at
p =1.45 g/cms, the deviation is at the limit of the
experimental error. The same conclusion had al-
ready been suggested in Ref. 13, even if, in that
case, the situation was rather unclear.

Therefore, if we assume that y(M~, Mr, p) can
be written as

t.5

FIG. 4. o, vs p from our data and Eq. (2) in the text.

theory predictions is certainly bigger than the un-
certainty due to the experimental errors.

CONCLUSIONS

In the present work we show for the first time
in a clear way the behavior of the so-called iso-
tope effect in the diffusion process as a function
of density. The isotope effect behavior that we
find in the mixture CH~-Kr is in qualitative agree-
ment with the few results obtained from computer
experiments on hard spheres. This shows once
more that the general characteristics of a fluid can
be described by the behavior of a hard-sphere fluid.

Computer experiments on hard-sphere systems
at different densities (for instance V/Vo = 5 and 2)
would be interesting in order to check quantita-
tively the already discovered good qualitative
agreement.

We have also noticed that the general behavior
of Dp vs p, along an isotherm, is essentially
given by the solvent alone.

It is also interesting to notice that the low-
density region, both in our work and in Ref. 13,
shows clearly now that, for the CH~-Kr mixture
at T/T, =1.05, the combination rules for the inter-
molecular parameter, simply based on the addi-
tivity, fail definitely.

where o, = a(p) for real fluids too, the present
data show that ~ must have the behavior shown
in Fig. 4, where we report the range 1 &p &2 g/cm'
since for p &1 g/cm' the deviation from Enskog's
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