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Simultaneous Measurement of Self- and Transport Diffusivities in Zeolites
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We have used quasielastic neutron scattering to derive the self- and transport diffusion coefficients
of hydrogen molecules adsorbed in XNaeolite. For H, incoherent scattering is dominant so that
self-diffusion is measured. For,Dthe coherent and incoherent contributions are of the same order of
magnitude so that both collective and individual motions can be characterized. Atlearibentration,
the self- and transport diffusivities have similar values. For higher loadings, the transport diffusivity
increases rapidly and exceeds the self-diffusivity. Only close to the saturation of the zeolite does the
transport diffusivity start to decrease. To our knowledge this is the first time that transport and self-
diffusion coefficients have been measured simultaneously for an adsorbed molecule. In contrast to nu-
merous examples where discrepancies have been stated, these results are in agreement with each other.
[S0031-9007(99)09209-1]

PACS numbers: 68.35.Fx, 61.12.Ex

As crystalline “sponges” with pores of molecular di- where ¢ denotes the adsorbate concentration in equilib-
mension, zeolites have become popular as environmentalljum with the pressurgp. The term(d Inp/d Inc) is the
friendly key materials for numerous industrial applications,thermodynamic factor. Adsorption by zeolites is gener-
including adsorption, catalysis, and ion exchange. In manglly described by a Langmuir-type isotherm so that the
cases, their efficiency is controlled by intracrystalline dif-thermodynamic factor is equal to or larger than 1. The be-
fusion [1,2]. However, there is a remarkable mysteryhavior of non-Langmuir systems is impossible to predict
about its rate: The diffusivities measured at equilibriumso that more experimental and theoretical work is needed
are often found to be much larger than under nonequilibin this case. In first order approximation (i.e., neglecting
rium conditions [3,4], though standard theory would allowcross-correlation effects) one can assupe~= D;. Thus
only the reverse situation [1,5]. Over many years, it haone has to expect th&l, = Dy, which is in contrast to a
been a matter of controversy whether this discrepancy iseries of experimental studies [3,4].
but an artifact generated by the different temporal and spa- For unveiling the origin of the violation of Eq. (1),
tial scales of observation of the experimental techniqguesone needs an experimental technique which allows the
Applying quasielastic neutron scattering to the diffusion ofsimultaneous measurement of transport and self-diffusion.
hydrogen molecules in zeolite Wafor the first time this QENS is at the time being the only technique where
source of discrepancy could be excluded. both D, and D, can be measured. The self-diffusivity

Diffusivities which are measured under the influence ofis obtained by following the motion of tagged molecules.
concentration gradients, i.e., under nonequilibrium condiThe transport diffusivity measures the evolution of local
tions, are generally referred to as transport diffusivitiesconcentration gradients. We have applied the QENS
D,. They are determined by macroscopic methods likeechnigue to a molecule adsorbed in a zeolite, to measure
gravimetry, volumetry, chromatography, or frequencyfor the first time both diffusivities simultaneously.
response techniques. By contrast, self-diffusivifiesare For the hydrogenous molecules studied so far (e.g.,
measured under equilibrium conditions by microscopicRef. [8]), the scattering is essentially incoherent because
techniques, viz. quasielastic neutron scattering (QENS)f the large incoherent cross section of the hydrogen atom.
and pulsed-field gradient (PFG) NMR, which coverThis means that the motion of one individual proton,
molecular displacements over nanometers and micromend therefore, of one given molecule, will be followed.
ters, respectively. Good agreement has been observed Neutrons are Doppler shifted by molecules moving on
recent years between the results obtained from the twa comparable time scale, typicallp 3-10"1% s. If the
microscopic techniques and from equilibrium moleculardiffusion is isotropic, like in N&, the energy spectra of
dynamics (EMD) simulations (e.g., Refs. [6,7]). the scattered neutrons correspond to Lorentzian functions.

For comparison with the self-diffusivities, the transport At small values of the neutron momentum transfer,
diffusivities are often represented in terms of the so-callectorresponding to large distances, their half width at half
corrected diffusivity,Dy, which is defined by the relation, maximum (HWHM) is simplyD,Q?, whereD is the self-

diffusion coefficient [9].
dInp If the scattering from the molecule is predominantly
dlnc>’ (1) coherent, collective motions are probed. First, coherent

Dy(e) = DO(C)<
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scattering involves time-dependent pair correlations,
which can be related t®, [10]. Second, the thermo-
dynamic factor is related to the quasielastic intensity at
small Q values. Therefore the transport diffusivify,,
defined by Eq. (1), can be determined. This coefficient
can be obtained from measurements at equilibrium,
because there are natural density fluctuations in the
system.

If a scatterer with both incoherent and coherent contri-
butions is selected, it is then possible to meadyeand
D, simultaneously. This has been accomplished by Ross 0+ T T T
and co-workers with deuterium in niobium [11-13]. 0 1 2 3 4

We have performed such an experiment with D QA3
adsorbed in N& zeolite. A molecule with a small radius
was selected to minimize the rotational contribution toFIG. 1. Broadenings of the elastic peak @8 for H, in Nax
the scattering (for a molecule, the broadening due to th§ec>|lte (" = 100 K, 7.5 molecules per supercage, on average).

- - - - he crosse$+) are obtained from individual fits of the spectra.
translation is convoluted with the rotation). For smaI_I The curve corresponds to a simultaneous fit to all spectra,

Q values, the quasielastic spectra can be analyzed UsiRgith a jump diffusion model: jump length- 5.9 A; residence
two Lorentzians, due to the incoherent and coherent crosine = 9 ps.

sections of . However, even in this simple case, we
found that it was difficult to fit reliably the spectra with to-cage distance so that one is really measuring long
two Lorentzians and a background. The difficulty wasrange diffusion. The mobility of K in NaX has also
resolved by studying the diffusion of ,Hat the same been obtained by PFG NMR [16]; the diffusivities are
concentrations: It was then possible to fix the width ofthe same within experimental error, which confirms the
the incoherent contribution of Dafter correcting from the validity of the QENS analysis. On the other hand, the
mass difference between the two isotopes. neutron diffraction experiments performed so far on this
The measurements were performed at 100 K (theystem [17] did not locate the adsorption sites so that the
zeolite acts as a catalyst to reach thermal equilibrium)interpretation of the jump mechanism is still preliminary.
at six different loadings: from 0.8 to 7.5 molecules perThe values oD, reported in Fig. 2 correspond to the self-
supercage, on average. At this temperature, orthopaiffusivities of H, divided by+/2; the estimated error is of
mixtures are obtained. At 100 K, the orffpara ratio is 20%. There is clearly an increase of the diffusivity for
1.6 for H, and 2.1 for B. The scattering cross sections larger concentrations, a result also found by PFG NMR
of the mixtures were calculated by taking into account{16]. This shows that there is no gaslike diffusion and
the spin correlations and the rotational levels of thethat the molecules are in interaction with the sodium
molecules [14]. For bl the ratio cohererftncoherent cations, in agreement with a jump diffusion model. As the
scattering is 0.03 so that incoherent scattering dominatezoncentration increases, the residence time determined by
and only the self-diffusion is measured. For,Ehe ratio
coherentincoherent is 4.43; therefore the two contribu-
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tions will contribute to the scattering, and badify and D,

can be determined. 30 1 Dy
The QENS spectra of Hat the different loadings were

obtained after subtraction of the signal of the zeolite. @25'

The data could accurately be fitted with a Lorentzian € 201

function, convoluted with the instrumental resolution. o

The HWHM of the Lorentzians is reported in Fig. 1 e 151 Do

as a function ofQ?. All the spectra could reasonably Q 4o

be fitted simultaneously with a jump diffusion model

[15]. There are two parameters in this model: the time 5

between jumps (the residence time on a given site) and 0

the jump length. The broadening behavior calculated
from this model is shown in Fig. 1 as a continuous line.
We have derived the self-diffusion coefficients from the Molecules/supercage

brr:)ade?r;ngs dleterlmlned tat s;n?l Valgesk’, ml a rall_nge FIG. 2. Different diffusion coefficients obtained for,Dn
where the molecular motion follows Fick's law (linear NaX zeolite, as a function of loading.D;, D,, and D, are,

variation of the width). The firsQ value corresponds respectively, the self-, the corrected, and the transport diffusion
to a length scale of 30 A; this is larger than the cage<oefficients.
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FIG. 4. (a) Coherent intensity for,0n NaX as a function of
0?; (b) width of the coherent scattering \@> (T = 100 K,

15 10 -5 00 5 10 15 4 molecules per supercage).

E (meV) can be seen in Fig. 1). The transport diffusivity is de-
FIG. 3. Comparison between experimerita) and calculated ~termined at smallp values, so that it is independent of
QENS spectra obtained for,Din NaX zeolite at (a)Q =  any model, as for K The values obtained at the dif-

0.58 A~' and (b)Q = 1.22 A™!. The dotted line corresponds ferent loadings are reported in Fig. 2; the estimated error
to the incoherent contribution, the dashed line to the coherqu of 50%

one, and the solid line is the sum of both contributions . )
(T = 100 K, 2.6 molecules per supercage, on average). It appears from Fig. 2 that the self- and transport dif-
fusivities are comparable at low loadings, but there is a

QENS decreases so that increases, indicating a weaker very large increase ab; with the loading. Such an in-
interaction with the cations. crease of the transport diffusivity has been calculated from
For D,, two contributions were taken into account nonequilibrium molecular dynamics (NEMD) [10,19], but
(Fig. 3). The HWHM of the Lorentzian due to the in- it has never been observed experimentally so far. For a
coherent part of the scattering was fixed. The HWHMconcentration of 5.4 molecules per supercage, on average,

and the relative intensity of the Lorentzian correspondinghe ratioD,/D; is of 6.4. Close to the saturation of the
to the coherent part was fitted to the spectra. The relazeolite (9 molecules per supercage in our experimen-
tive intensity of the coherent scattering is proportionaltal conditions), the transport diffusivity decreases which
to a structure factoiS(Q). This quantity is shown in means that the collective motions become affected by the
Fig. 4(a) as a function ofQ?, to visualize the dip in packing density. The corrected diffusivitf),, was ob-

the width of the coherent scattering for the maximumtained fromD, and from the thermodynamic factor cal-
of the structure factor [Fig. 4(b)]. This effect was first culated by fitting a Langmuir isotherm to the adsorbed
predicted by de Gennes [18] and is designed pictoriallyquantities. It appears that the corrected diffusivity is not
as the de Gennes narrowing. The maximumS@P) at  constant, this assumption being often made in the inter-
0% = 1.9 A2 corresponds to an intermolecular distancepretation of macroscopic data [4].

of 4.6 A (the position of the maximum is hardly affected Our experimental results provide clear evidence that,
by the loading). The HWHM in Fig. 4(b) corresponds for H, in NaX, the transport diffusivities exceed the self-
qualitatively to a jump diffusion model (cf. Fig. 1), nar- diffusivities, except at low loadings. The behavior of
rowed byS(Q). The solid line in Fig. 4(b) is just a guide more complex adsorbates remains to be tested. However,
for the eye, since it is not possible to describe analytiby filling the gap between microscopic equilibrium meth-
cally the Q0 dependence of the broadening because obds and macroscopic nonequilibrium techniques, coherent
correlation factors [11,12], and because the model wWitlQENS has the potential to determine what the correct dif-
a fixed jump length does not fit perfectly the data (thisfusivities are.
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