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ABSTARCT 

 

The boundary conditions of intraparticle diffusion in nanoporous materials may be chosen to 

approach the limiting cases of either absorbing or reflecting boundaries, depending on the 

host-guest system under study and the temperature of measurement. Pulsed field gradient 

nuclear magnetic resonance (PFG NMR) is applied to monitor molecular diffusion of n-

hexane and of an n-hexane – tetrafluoromethane mixture adsorbed in zeolite crystallites of 

type NaX under either of these limiting conditions. Taking advantage of the thus established 

peculiarities of mass transfer at the interface between the zeolite bulk phase and the 

surrounding atmosphere, three independent routes for probing the crystal size are compared. 

These techniques are based on (i) the measurement of the effective diffusivity under complete 

confinement, (ii) the application of the so-called NMR tracer desorption technique and (iii) an 

analysis of the time dependence of the effective diffusivity in the short-time limit where, by 

an appropriate variation of the adsorbate and the measuring conditions, the limiting cases of 

reflecting and adsorbing boundaries could be considered. All these techniques are found to 

yield coinciding results, which are in excellent agreement with the crystal sizes determined by 

microscopy.  
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I. INTRODUCTION 

 

Molecular diffusion is among the celebrated topics of current research of nanoporous 

materials 1-3. The reasons for this include (i) the key role of diffusion in numerous practically 

important processes like chemical separations and catalysis 1,4, (ii) the multitude of basic 

phenomena of fluid – solid interaction appearing in the features of molecular propagation 2,5 

and (iii) the intriguing discrepancy between the results of various experimental techniques 

1,3,4,6. It is in particular due to the introduction of pulsed field gradient nuclear magnetic 

resonance (PFG NMR) to diffusion studies with nanoporous materials, that in the last few 

years our knowledge about the guest mobility in nanoporous materials has been substantially 

improved 4. 

 

Equally important from a practical point of view and probably even more demanding with 

respect to its relevance for fundamental research, however, is the process of molecular 

exchange between the adsorbate phase and the surrounding atmosphere. So far, research of 

this topic has mainly involved theoretical studies of the rate of sorbate release from the 

intracrystalline space 7-9. Analysing the elementary processes of molecular uptake, in ref. 10 

also the reverse process has been considered. In this way, e.g.,. for zeolite ZSM-5 in an 

atmosphere of toluene a “sticking” probability of the order of 10-7 (corresponding to a 

rejection probability of (1 - 10-7 )) has been estimated. Dynamic equilibrium between the 

adsorbate and gaseous phases implies that molecular escape rate from intracrystalline space 

into the surrounding atmosphere has to be of a similar, incredibly small magnitude. 

 

Being sensitive to the distribution of molecular displacements (and not only to its second 

moment) 4,11,12, PFG NMR is able to discriminate between those molecules which leave the 
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individual particles during the observation time and those which are reflected into their 

interior. In this way, PFG NMR has the potential to provide direct information about the 

rejection rate of molecules encountering the particle surface from inside. Using the principle 

of dynamic equilibrium, this information may be likewise used to estimate the sticking rate of 

molecules encountering the particle surface from the gas phase. Studies of this type are 

complicated, however, by the fact that the experimentally observable effect of the rejection 

probability most decisively depends on the considered length of the diffusion step to which 

the rejection probability is referred to 7,8. It may in particular be shown that for any finite 

constant rejection rate < 1, the experimentally observable behaviour becomes 

indistinguishable from that of rejection probability 0, if only the length of the diffusion step is 

considered to be sufficiently small 7. Provided that upon leaving the particle, the guest 

molecule fades out of observation for diffusion steps much smaller than the totally covered 

diffusion paths, the existence of a finite rejection rate < 1(just like rejection rates equal to 0) 

would be adequately reflected by subjecting the diffusion problem to the boundary conditions 

of an absorbing wall 13. Only with rejection rates equal to 1, intraparticle diffusion can be 

considered to proceed under confinement by reflecting walls, following the shape of the 

particle surface. 

 

The concept of step-wise molecular propagation is nothing more than a – rather productive – 

model assumption. In this context, also the escape rate from intraparticle space into the 

surrounding atmosphere, being defined on the basis of such a step model, cannot be expected 

to be anything else than a model parameter. Its physical significance depends on the chosen 

step length. 
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Using a mesoscopic perspective, molecular exchange at the particle boundary may be 

quantified to a much better extent by introducing a transmission probability ρ defined by the 

appropriately chosen boundary condition of intracrystalline diffusion  

 

0/),,(),,(grad0 =′+′ ∈ Σρ rtrrPtrrPnD .       (1) 

 

),,( trrP ′  denotes the probability density (the so-called propagator 4,11,14 that a molecule 

starting at position r  at time 0 shall have got to r ′  at time t, where r  is a position in the 

particle surface. D0 is the intraparticle diffusivity and n  denotes the unit vector normal to the 

particle surface at position r . Within the above considered model, the transmission 

probability ρ  represents the escape probability per time unit and step length. 

 

In diffusion studies using PFG NMR the physical significance of the transmission probability 

ρ as introduced by Eq. (1) may appear in essentially two different ways. As a first option, Eq. 

(1) may be considered to describe a PFG NMR experiment in the case of completely confined 

diffusion, as soon as signal intensity is lost as a consequence of nuclear magnetic relaxation in 

the boundaries. In this case, ρ denotes the surface relaxivity. This is the usual situation, one is 

confronted with on considering fluids within the pores of rock. Refs. 15 provide an excellent 

theoretical framework for their interpretation. 

 

A second option is related to the interrelation of the rates of the intracrystalline diffusivity 

(Dintra) and the so-called long-range diffusivity Dl.r.. The latter quantity is approached by the 

product pinterDinter of the relative amount of molecules in the interparticle space and their 

diffusivity 16. Let us first consider the condition Dintra << Dl.r . Since generally the activation 

energy of intracrystalline diffusion is much smaller than the heat of adsorption, for most 
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systems this condition may be easily fulfilled by choosing sufficiently large temperatures. If 

there are no additional transport resistances at the outer surface of the particles, molecules 

encountering the particle surface will soon dissipate over the whole space. In the PFG NMR 

experiment their contribution to the signal may be easily separated from that of the molecules 

that have not encountered the surface and are still within the particles. Considering only these 

latter molecules, we have exactly the same situation as with absorbing boundaries 17. If - on 

the other hand– molecular exchange with the surroundings is excluded by either additional 

transport resistances at the surface (“surface barriers”) or by an extremely low rate of 

molecular transport through the bed of particles (generally to be ensured at sufficiently low 

temperatures), diffusion is essentially confined to the intraparticle space, so that now the 

particle surface acts as a reflecting wall. We make use of these two experimental options in 

the present communication. 

 

Following a few investigations that have applied aspects of this theory to the interpretation of 

PFG NMR diffusion measurements with nanoporous materials 18, the present communication 

provides a first complete analysis of PFG NMR diffusion measurements with nanoporous 

materials. The cases of both reflecting and absorbing boundaries are considered and compared 

with the results of two further, independent techniques of PFG NMR analysis, viz. the 

measurement under the conditions of completely restricted diffusion and the so-called NMR 

tracer desorption technique. 
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II. EXPERIMENTAL 

 

Figure 1 gives an overview of the specimen of zeolite NaX applied in this study. The zeolite 

crystallites were synthesized using triethylamine and were kindly provided by George T. 

Kokotailo. The distribution curve of the crystal radii given in Fig. 1(b) represents the (crystal) 

volume-weighted probabilities, which coincide with the probability that a guest molecule 

within the sample resides in a crystal of radius r. The radii r are effective quantities, resulting 

from the crystal surface S and volume V via the relation 3V/S. The subsequent discussion of 

the NMR experiments implies different ways of averaging over the sample sizes. The 

following mean values shall be of particular interest: 
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The average of the three values is, thus, 11.0 ± 0.5 µm. It shall turn out that the differences 

between these values are of the order of the uncertainty of the results stemming from the 

different applications of PFG NMR. 

 

For the PFG NMR diffusion measurements about 200 mg of the NaX zeolites were introduced 

into 7.8 mm outer diameter NMR tubes. The zeolites were activated by increasing the 

temperature at a rate of about 10 K/h under continuous evacuation until the samples reached a 
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final temperature of 673 K where they were kept for additional 20 h at a pressure of less than 

about 5×10-3 mbar. After cooling to room temperature, a controlled amount of the guest 

molecules were introduced by freezing them into the sample from a calibrated volume. In this 

way, we prepared a sample containing only n-hexane at a loading of 2 molecules per 

supercage and a second sample containing n-hexane and tetrafluoromethane, each at a loading 

of 1 molecule per supercage (two component adsorption). After introduction of the 

adsorbates, the samples have been fused and stored for several weeks so that the guest 

molecules could equilibrate over the sample before measurement. 

 

The diffusion measurements were carried out at a proton resonance frequency of 400 MHz (n-

hexane) and a fluorine resonance frequency of 376.4 MHz (tetrafluoromethane) using the 

home-built NMR spectrometer FEGRIS 400 NT 19. The spectrometer is equipped with a ultra-

high intensity pulsed field gradient facility consisting of an actively shielded Anti-Helmholtz 

gradient coil and two Techron gradient current amplifiers connected in push-pull-

configuration 19. In order to circumvent the possibly disturbing influence of internal field 

gradients, the 13-interval pulse sequence with alterning pulsed field gradients was employed 

20. The width δ of the pulsed field gradients was chosen to be 0.4 ms, the duration 2τ of the 

“dephasing” and “read” intervals (separation between the first two π/2 pulses and between the 

last π/2 pulse and the signal (“echo”) maximum, respectively) was set to 1.2 ms. The 

amplitude g of the field gradient pulses was varied between 0.1 and 8.5 T/m. The time ∆ 

between the two pairs of alternating gradient pulses covered a range from 1.6 ms up to 20 ms. 

The accuracy of temperature control in the measurements was of the order of ±0.5 K. 
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III. RESULTS AND DISCUSSION 

 

A. Restricted Diffusion 

 

Compared to other experimental techniques applied to diffusion studies in nanoporous 

materials, PFG NMR is distinguished by a number of advantages including its non-invasive 

character and the possibility to vary the observation scales from microscopic to mesoscopic 

dimensions 4,5,11,12. The latter option provides a straightforward means for an independent 

check of the validity of the obtained diffusion data. Provided that molecular propagation 

during the observation time of the PFG NMR experiment is confined to the individual 

crystallites, the maximum molecular displacements have to be a sole function of the crystal 

size. Thus, for crystallites approaching the shape of a sphere of radius R, the effective 

diffusivity Deff resulting from the PFG NMR experiment in the limit of large observation 

times t = ∆, is found to obey the simple relation 4,5,11,12 

 

)5/(2
eff tRD = .          (3) 

 

The effective diffusivity Deff of the PFG NMR experiments is related to the mean square 

displacement <r2(t)> of the molecules under study during the observation time t via  

 

)6/()(2
eff ttrD >=<           (4) 

 

which in the case of normal, unrestricted diffusion coincides with the Einstein relation, with 

Deff becoming the genuine diffusivity of the system. The effective diffusivity Deff follows 
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immediately from the PFG NMR attenuation curve Ψ(q, t) of the spin echo, whose 

dependence in the limit of small gradient pulse intensities obeys the relation 

 

)exp(),( eff
2

0
lim tDqtq

q
−=Ψ

→
         (5) 

 

with q denoting the intensity parameter of the field gradient pulses (sometimes referred to as a 

generalized scattering vector). In the limit of small pulse widths and small separations 

between the two pulses of the bipolar pulse pair in the 13-interval pulse sequence (i.e., for δ, τ 

<< ∆), q is given by  

 

gq )2( δγ=            (6) 

 

with γ denoting the gyromagnetic ratio. 

 

The excellent agreement between the root mean square displacements determined by PFG 

NMR under the condition of completely restricted diffusion and the crystal size has 

repeatedly served as an independent check of the reliability of the PFG NMR diffusivity data 

on zeolitic diffusion 4. In the present study the conditions of restricted diffusion are ideally 

fulfilled for n-hexane. At room temperature the long-range diffusivity of n-hexane in NaX is 

at least 2 orders of magnitude smaller than the intracrystalline diffusivity 21. This is an 

immediate consequence of the large heat of adsorption (≈ 80 kJ/mol) 22, acting as an 

activation energy of long-range diffusion. Molecular escape from the intracrystalline space 

into the surrounding atmosphere is therefore practically excluded. Figure 2 displays the PFG 

NMR signal attenuation curves measured at observation times of 500 and 800 ms. Analysing 
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these data on the basis of Eqs. (3) and (5) leads to effective diffusivities of 5.42 × 10 –11 m2s-1 

and 3.55 × 10 –11 m2s-1 with the corresponding (volume-weighted) root mean square crystal 

radii of 11.6 µm and 11.9 µm, respectively. These values are in good agreement with the 

value of 11.6 µm determined microscopically via Eq. (2a). 

 

B. NMR Tracer Desorption 

 

The NMR tracer desorption technique 4,23 is applied under exactly the opposite situation as 

considered in section III A, i.e. with long-range diffusivities Dl.r = pinterDinter significantly 

exceeding the intracrystalline diffusivities Dintra. Now, molecules encountering the crystallite 

surface during the observation time t will cover much longer distances through the bed of 

crystallites than they would have in the intracrystalline space. In the representation of the 

PFG NMR spin echo attenuations in Fig. 3, these molecules give rise to the first steep decay. 

Having in mind that these molecules undergo much larger displacements, this steep decay is 

an immediate consequence of Eq. (5) with Deff given by the long-range diffusivity. As 

expected, the relative contribution of the fast decaying part to the signal (i.e., the relative 

number of molecules leaving their crystallites during t) is increasing with the observation 

time t. In comparison with section IIIA, in the present analysis also gradient pair distances are 

considered for which the long-time limit cannot be applied anymore. Therefore, the abscissa 

of Fig. 3 is scaled in terms of  

 

( )[ ] ( ) ([ tgg 22 26/2/2 δγδτδγ =−−∆ ) ]        (7) 
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which – taking account of the more general case - has to replace q2t in Eq. (5) 20. With Eq. (5) 

one finds easily that in the long-time limit the abscissa notation of Fig. 3 coincides with the 

simpler notation chosen in section IIIA. 

 

Figure 4 displays the relative contribution γ(t) of the second, more slowly decaying part of the 

spin-echo attenuation curve as presented in Fig. 3 for the five (effective) observation times t ≡ 

)6/2/( δτ∆ −−  = 1.63, 3.63, 5.63, 7.63 and 14.63 ms. This curve represents the relative 

fraction of molecules which after time t have not yet left the crystallites in which they have 

been at time t = 0. Since such information is typically provided by conventional tracer 

desorption experiments, this special type of application of PFG NMR has been termed NMR 

Tracer Desorption or - owing to the much smaller time scale - “Fast Tracer Desorption” 4,23.  

 

Figure 4 shows the experimentally observed NMR tracer desorption curve of 

tetrafluoromethane in the specimen of NaX zeolite. Clearly, γ(t) decreases with increasing t 

since more and more tetrafluoromethane molecules encounter the crystallite boundary with 

increasing t and are, obviously, allowed to pass through it into the intercrystalline gas phase. 

The analytical expression for diffusion-limited tracer desorption depends on crystallite size 

and shape. For mono-disperse spherical crystallites of radius R one obtains 3,4  
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In the case of a size distribution of spherical crystallites  Eq. (8a) is modified to  ( )(Rp )
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The full line in Fig. 4 represents the fit of Eq. (8a) to the experimental values of the tracer 

desorption. For the ratio D0/R one obtains a value of 0.873 s-1. With a value of D0 = 4.17 × 10 
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–10 m 2s -1, which in section III C shall be shown to represent the best experimental value for 

the intracrystalline diffusivity, one obtains a radius of R = 10.7 µm which is in good 

agreement with the value of 11.0 µm resulting from Eq. (2c). The dashed line in Fig. 4 

represents the forward modelling of Eq. (8b) where we used the size distribution known from 

SEM (Fig. 1) and the D0
 of 4.17 × 10 –10 m 2s –1 as parameter. Both models for the tracer 

desorption are in very good agreement with the experimental data, showing that the crystallite 

size and the intracrystalline diffusion control the exchange of tetrafluoromethane through the 

NaX crystallites. 

 

C. Short-Time Limit of the Effective Diffusivity 

 

From the very beginning of the applications of PFG NMR to diffusion measurements in 

zeolites 4, mean diffusion paths <r2(t)>1/2  during the time t of the PFG NMR experiment have 

been required to be smaller than the crystal size as a necessary and sufficient supposition for 

obtaining genuine intracrystalline diffusivities. Recent progress in the PFG NMR 

instrumentation and the thus obtained enhanced sensitivity have made it possible that today 

even in this short-time limit of PFG NMR more profound information may be deduced 18,19,24. 

The analysis is based on the formalism developed by Mitra and co-workers 15, which was 

originally derived for pore fluids. In the given context of beds of zeolites in equilibrium with 

a gas phase, as a consequence of the generally negligible contribution of the gas phase to the 

signal, the roles of the pore fluid and of the pore walls in refs. 15 are assumed by the 

intracrystalline phase of guests in the zeolite crystallites and the crystal surface, respectively. 

Again approximating the crystal shape by spheres of radius R, the dependence of the effective 

diffusivities as defined by Eq. (5) up to second order results to be 15 
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for a reflecting (as considered in section IIIA) and an absorbing (as considered in section III 

B) crystal surface, respectively.  D0 ≡D(t=0) denotes the genuine intracrystalline diffusivity. 

 

As an example for the primary data obtained in this study and their accuracy, Fig. 5 displays 

the spin-echo attenuation curves for n-hexane at 298 K for three effective observation times t 

= 1.63 ms; 4.83 ms and 8.63 ms. Following the discussion of section III A, the physical 

situation of these experiments corresponds to that of reflecting boundaries. The effective 

diffusivities D(t) are taken from the (initial) slope of these curves as required by Eq. (5).  

 

In contrast, for the tetrafluoromethane fraction, which remains during t in the individual 

crystallites (situation considered in section III B), the case of absorbing boundaries (Eq. (10)) 

applies. The corresponding effective diffusivities are determined from the slope of the second, 

less steep decay of the spin-echo attenuation curves displayed in Fig. 3. 

  

Figure 6 represents these relative effective diffusivities D(t)/D0 as function of tD0  together 

with the best fits of Eqs. (9) and (10), respectively, with D0 and R as fitting parameters. The 

molecules under study were n-hexane under single-component adsorption (T = 298 K, ( )) 

and n-hexane (T = 298 K, (∆)) and tetrafluoromethane ( T = 203 K, ( )) under two-

component adsorption. The temperatures were chosen to yield values of (D0t)1/2 as small as 
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possible. As discussed in sections III A and B, the measuring conditions for n-hexane 

correspond to reflecting (Eq. (9)) and for tetrafluoromethane to absorbing (Eq. (10)) boundary 

conditions. The values of the genuine intracrystalline diffusivities  D0 and the crystallite radii 

obtained by the fitting procedure are summarized in Table I. Moreover, Table I also includes 

the ratios O(2)/O(1) of the terms in second and first order of (D0t)1/2 in Eqs. (9) and (10), for 

the minimum and maximum observation times tmin  and tmax, respectively. From this 

comparison it appears that the estimate in second order may in fact be expected to be 

sufficiently accurate, while a first-order estimate would still lead to substantial deficiencies.  

 

 D0 / m2s-1 R / µm (O(2)/O(1))tmin (O(2)/O(1))tmax 

2 n-hexane/cav., single 

component adsorption, 298 K 

3.53×10-10 9.1 0.080 0.196 

1 n-hexane/cav., two- component 

adsorption, 298 K 

5.54×10-10 7.8 0.070 0.197 

1 tetrafluoromethane/cav., two-

component adsorption, 203 K 

4.17×10-10 9.1 0.240 0.721 

 

Table I. Estimate of the genuine intracrystalline diffusivities (D0) and the crystal radii (R) by PFG 

NMR data analysis on the basis of the Mitra formalism (Eqs. (9) and (10) and Refs. 15). The 

two last columns represent the ratio of the contributions in second and first order in Eqs. (9) 

and (10) for the shortest and largest observation times considered in Fig. 6. 

 

Again, as observed already in sections IIIA and III B by two completely different ways of 

analysis, satisfactory agreement is found between the NMR data and the microscopically 

determined value of the crystal radius. Particularly satisfactory is the fact that in the two-

component sample, in which one component is subject to the conditions of absorbing and the 
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other to the conditions of reflecting boundaries, the correspondingly different ways of 

analysis yield similar mean radii. The absolute values of the diffusivities correspond to the 

quite generally expected behaviour 4,25. This refers in particular to the smaller diffusivity of 

the bulkier n-hexane molecule in comparison with tetrafluoromethane, which in the present 

measurements is taken into account by the higher measuring temperature for n-hexane, and to 

the slightly enhanced diffusivity of the n-hexane molecules on passing from the sample with 2 

molecules per cavity (single-component adsorption) to the two-component sample, where one 

n-hexane molecule per cavity has been replaced by the more mobile tetrafluoromethane 

molecule. 

 

 

IV. CONCLUSION 

 

For the first time, the influence of the finite size of the zeolite crystallites has been 

simultaneously considered for one and the same sample under three different measuring 

conditions, viz. the condition of (i) completely restricted diffusion, of (ii) NMR tracer 

exchange and (iii) in the short-time limit of diffusion. The satisfactory agreement of the 

results obtained by each of these methods with the microscopically determined crystal sizes is 

a solid confirmation of the consistency of the applied methods. So far, the measurements have 

been carried out under the limiting conditions of either reflecting or absorbing boundaries, for 

which analytical expressions are readily available. The consideration of the intermediate case 

shall be a challenging task of future investigations both with respect to experimental 

procedure and theoretical analysis. 

In the present study the application of ultra-high-intensity field gradient pulses permitted the 

measurement of effective intracrystalline diffusivities deviating from the genuine ones by but 
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a few percents. This is the more remarkable since the studies have been performed with 

medium-sized crystallites (R ~ 10 µm) rather than with extremely large ones (R ~ 100 µm) as 

described, e.g., in 4. In this way, by applying the Mitra formalism, intracrystalline zeolitic 

diffusivities with a so far unattained accuracy of a few percents could be obtained. 

Measurements of such high accuracies are of extreme importance for future activities in 

elucidating the origin of the discrepancy between the results of different experimental 

techniques of diffusion measurement in zeolites 4. 
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Tables 

 

 D0 / m2s-1 R / µm (O(2)/O(1))tmin (O(2)/O(1))tmax 

2 n-hexane/cav., single 

component adsorption, 298 K 

3.53×10-10 9.1 0.080 0.196 

1 n-hexane/cav., two- component 

adsorption, 298 K 

5.54×10-10 7.8 0.070 0.197 

1 tetrafluoromethane/cav., two-

component adsorption, 203 K 

4.17×10-10 9.1 0.240 0.721 

 

Table I. Estimate of the genuine intracrystalline diffusivities (D0) and the crystal radii (R) by 

PFG NMR data analysis on the basis of the Mitra formalism (Eqs. (9) and (10) and 

Refs. 15). The two last columns represent the ratio of the contributions in second and 

first order in Eqs. (9) and (10) for the shortest and largest observation times 

considered in Fig. 6. 
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Figure Captions 

 

 

Fig. 1. Scanning electron micrograph (1a) and (volume-weighted) distribution of the crystal 

radii (1b) of the investigated sample of zeolite NaX. 

 

Fig. 2. PFG NMR signal attenuation curves for n-hexane in the two-component sample 

measured at T = 298 K, t = 500 ( ) and 800 ms ( ). Analysis of the data using Eq. (3) yields 

a root mean square crystal radius of 11.6 µm and 11.9 µm, respectively.   

 

Fig. 3. PFG NMR spin echo attenuation of tetrafluoromethane  measured at T= 203 K with t ≡ 

)6/2/( δτ∆ −−  = 1.63 ms ( ), 3.63 ms ( ), 5.63 ms (∆), 7.63 ms (◊) and 14.63 ms (∇ ). The 

solid lines represent the best fit using a two-exponential fitting function with the amount of 

molecules γ(t) remaining in the crystallite, the intracrystalline diffusivity D(t) and the 

diffusivity of the molecules leaving the crystallites as fitting parameters. 

 

Fig. 4. NMR tracer desorption curve. The diagram displays the relative contribution γ(t) of the 

second, more slowly decaying part of the spin-echo attenuation curve as presented in Fig. 3 

versus the observation time t. The values were obtained by performing two-exponential fits, 

which are presented in Fig. 3. 

 

Fig. 5. PFG NMR spin echo attenuation of n-hexane in the two-component sample measured 

at T= 298 K with t ≡ )( 6/2/ δτ∆ −−  = 1.63 ms ( ), 4.83 ms ( ) and 8.63 ms (∆).  
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Fig. 6. Relative effective intracrystalline diffusivities D(t)/D0 as function of tD0  for n-

hexane in the single-component sample ( ), in the two-component sample (∆) and for 

tetrafluoromethane in the two-component sample ( ), respectively. The lines shown in the 

diagram represent the best fits of Eqs. (9) and (10) to the experimental data of D(t) with D0 

and R as fitting parameters.  
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Figures with figure captions 
 
 
Note: Figures on separate sheets follow at the end of the manuscript 
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Fig. 1. Scanning electron micrograph (1a) and (volume-weighted) distribution of the crystal 

radii (1b) of the investigated sample of zeolite NaX. 
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Fig. 2. PFG NMR signal attenuation curves for n-hexane in the two-component sample 
measured at T = 298 K, t = 500 ( ) and 800 ms ( ). Analysis of the data using Eq. (3) yields 
a root mean square crystal radius of 11.6 µm and 11.9 µm, respectively.   
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Fig. 3. PFG NMR spin echo attenuation of tetrafluoromethane  measured at T= 203 K with t ≡ 

)6/2/( δτ∆ −−  = 1.63 ms ( ), 3.63 ms ( ), 5.63 ms (∆), 7.63 ms (◊) and 14.63 ms (∇ ). The 

solid lines represent the best fit using a two-exponential fitting function with the amount of 

molecules γ(t) remaining in the crystallite, the intracrystalline diffusivity D(t) and the 

diffusivity of the molecules leaving the crystallites as fitting parameters. 
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Fig. 4. NMR tracer desorption curve. The diagram displays the relative contribution γ(t) of the 

second, more slowly decaying part of the spin-echo attenuation curve as presented in Fig. 3 

versus the observation time t. The values were obtained by performing two-exponential fits, 

which are presented in Fig. 3. 
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Fig. 5. PFG NMR spin echo attenuation of n-hexane in the two-component sample measured 

at T= 298 K with t ≡ )( 6/2/ δτ∆ −−  = 1.63 ms ( ), 4.83 ms ( ) and 8.63 ms (∆).  
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Fig. 6. Relative effective intracrystalline diffusivities D(t)/D0 as function of tD0  for n-

hexane in the single-component sample ( ), in the two-component sample (∆) and for 

tetrafluoromethane in the two-component sample ( ), respectively. The lines shown in the 

diagram represent the best fits of Eqs. (9) and (10) to the experimental data of D(t) with D0 

and R as fitting parameters.  
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O. Geier et al., Fig. 1a 
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O. Geier et al., Fig. 1b 
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O. Geier et al., Fig. 2 
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O. Geier et al., Fig. 3 
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O. Geier et al., Fig. 4 
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O. Geier et al., Fig. 5 
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