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a b s t r a c t
Pulsed ﬁeld gradient NMR has been applied to investigate water diffusion in Na+-form zeolites beta and
LTA if, in addition to the micropores, the intracrystalline space is traversed by a network of mesopores. In
zeolite beta, the presence of the mesopores is found to enhance the rate of molecular diffusion by a factor
of 3. The measurements with mesoporous zeolite LTA yield diffusivities which reproduce the order of
magnitude of the diffusivities found in previous studies with genuine microporous specimens.
Ó 2010 Elsevier Inc. All rights reserved.

1. Introduction
The use of microporous materials in mass separation and shapeselective catalysis results from the intimate contact of the guest
molecules with the host surface [1]. This, in general, is brought
about by choosing a pore size as close to the molecular dimension
as possible. This closeness, however, has to be purchased by small
transport rates of the guest molecules in the host system which, in
turn, may notably reduce the performance of microporous materials in their technological application. This limitation may be
circumvented by the application of materials with hierarchically
organized pore systems [2–7] where molecular exchange between
ranges of microporosity with the crystal surroundings is accelerated by a hierarchical pore connectivity of micropores and mesopores (or even macropores) traversing the intracrystalline space.
Until now, few works have been devoted to generate such meso/
micropore structure in the zeolite crystal through hard templating
[8–10], or supramolecular soft-templating [3,11–13] methods, and
post-synthetic dealumination or desilication [14–17]. Of these
routes, the synthesis method that uses quaternary ammoniumtype cationic organosilane surfactant (OS) as the mesoporegenerating agent has attracted much attention as easy one-pot
hydrothermal method [3,4,18,19]. Also, this method has the advantage of controlling mesopore diameter and volume according to
the size and the amount of OS.
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Recently, Cho et al. reported that mesoporous LTA zeolite
synthesized by using OS exhibited more than hundred times rapid
xenon uptake in comparison with solely microporous LTA [19]. The
enhanced molecular transport was directly evidenced by 129Xe
NMR technique and volumetric adsorption at room temperature.
Also, there have been other reports which showed the effects of
meso/micropore structure on molecular diffusion in zeolites. Christensen et al. reported that a hierarchical MFI zeolite, which was
synthesized in a nano-carbon template, adsorbed isobutene gas
signiﬁcantly faster than conventional MFI zeolite [20]. Groen
et al. measured the rate of neo-pentane uptake by a desilicated
MFI zeolite, and reported that the adsorption rate was increased
to about 100 times, in comparison with conventional MFI zeolite
[21]. Liu et al. used hyperpolarized 129Xe NMR spectroscopy to
investigate xenon exchange between mesopores and micropores
in a starch-templated MFI zeolite [22]. They reported that xenon
exchange between the two kinds of pore systems occurred rapidly
in the NMR time scale, using a variable-temperature NMR experiment and 2D exchange spectroscopy.
Being directly sensitive to the rate of molecular displacements
over micrometers during observation times of milliseconds till seconds, the pulsed ﬁeld gradient technique of NMR (PFG NMR) [23–
25] has proved to be a particularly versatile tool for studying the
translational dynamics of guest molecules in porous materials
[26], in particular in zeolites [27]. In the present study, these
potentials have been exploited for the investigation of water diffusion in Na+-form BEA and LTA zeolites containing a hierarchical
micro- and mesopore architecture, which were synthesized by
using OS.
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2. Experimental

2.2. PFG NMR diffusion measurements

2.1. Materials synthesis and characterization

The PFG NMR technique is able to determine the probability distribution P(z,t) (the ‘‘propagator’’) of molecular displacements of
typically micrometers in the direction of the applied ﬁeld gradients
over an observation time of milliseconds till seconds. In general,
PFG NMR measurements are performed under equilibrium conditions, reﬂecting the rate of molecular re-distribution within the system under study. P(z,t) results as the Fourier transform of the
primary quantity, the PFG NMR signal attenuation S(q,t), which is
directly accessible by the experiments [26,28]. The quantity q is
the product q = cdg of the gyromagnetic ratio (for protons,
c = 2.67  108 T1 s1) and the width (d) and amplitude (g) of the
gradient pulses. It is referred to as the generalized scattering vector.
Analysis is particularly straightforward if, with respect to the
considered space and time scales, the system under study may
be considered to be homogeneous and isotropic. In this case,
molecular diffusion follows Fick’s 1st law and the propagator
may be easily shown to be represented by a Gaussian with the
mean square width (molecular mean square displacement) given
by the Einstein relation [26,28,29].

The hydrothermal syntheses of BEA and LTA zeolites were performed with adding an OS (see Table 1, footnote e, for molecular
structure) as the mesopore-generating agent into conventional
synthetic compositions. In the syntheses of BEA zeolites, sodium
silicate (Na2O 17 wt.%, SiO2 29 wt.%, aqueous solution), sodium
aluminate (Na2O 53.0 wt.%, Al2O3 42.5 wt.%), tetraethylammonium
hydroxide (40 wt.% aqueous solution, denoted by ‘TEAOH’),
sodium hydroxide and OS (49.6 wt.% solution in methanol) were
homogeneously dissolved in distilled water. The molar composition of the initial synthetic mixture was 100SiO2/1.95Al2O3/
54TEAOH/5Na2O/4900H2O/n OS (n = 0, 2 or 5). The synthetic mixture was heated for 10 days at 403 K inside a tumbled autoclave.
The product was ﬁltered, washed by distilled water, dried at
373 K and calcined at 823 K. The obtained BEA zeolite samples
are denoted by ‘Na-BEA-n’. Here, ‘Na’ means the Na+-containing
synthesis condition of the BEA zeolite, and the numbers following
‘BEA’ refer to the number of OS moles (n) used for the gel composition. According to the elemental analysis using inductively coupled plasma atomic emission spectroscopy, the BEA zeolite
products exist approximately in the 90% H+–10% Na+ form. The
synthesis of LTA zeolite was performed as reported elsewhere
[19], except for the difference in the amount of OS. All zeolite
products are prepared in the Na+ form. Thus obtained LTA
zeolite samples are denoted by ‘Na-LTA-n’. Characterization of
the zeolite samples was performed with XRD, SEM, and N2 sorption analysis as described in Ref. [19]. Additionally, Ar and water
sorption analyses were carried out for Na-LTA zeolite samples.
Ar sorption isotherms were volumetrically measured at the temperature of liquid Ar (87 K) using a Micromeritics ASAP 2020
instrument. Water sorption isotherms were measured at 300 K
using gravimetric analysis system which was equipped with
a magnetic suspension microbalance (Rubotherm). Before the
adsorption measurements, three Na-LTA zeolite samples were
outgassed for 3 h at 573 K under 104 Pa.

hr 2 ðtÞi ¼ 6Dt

ð1Þ

During observation time t, with D denoting the coefﬁcient of
self-diffusion also referred to as the (self-) diffusivity. In this case,
the PFG NMR attenuation curve follows a simple exponential
dependence

Sðq; tÞ ¼ expðq2 DtÞ  expðq2 hr 2 ðtÞi=6Þ

ð2Þ

In PFG NMR diffusion measurements with nanoporous particles
of ﬁnite size, just like zeolite crystallites, the situation is often more
complicated. With increasing ‘‘observation’’ time t more and more
molecules will leave their crystallites, so that only a certain fraction p(t) of the molecules will have remained in one and the same
crystallite over the total observation time. In this case, the PFG
NMR attenuation curve may be approached by the sum of two
exponentials.

Table 1
Pore textural properties of LTA and BEA zeolites synthesized with various amounts of organosilane surfactant.
ne

Sample
a

Na-LTA-0
Na-LTA-2a
Na-LTA-5a
Na-LTA-0b
Na-LTA-2b
Na-LTA-5b
Ca-LTA-0c
Ca-LTA-2c
Ca-LTA-5c
Na-BEA-0d
Na-BEA-2d
Na-BEA-5d
a

0
2
5
0
2
5
0
2
5
0
2
5

SBETf (m2 g1)
13
45
86
N.D.j
496
525
475
541
599
530
580
587

Vtotg (mL g1)
0.01
0.09
0.20
N.D.j
0.34
0.51
0.23
0.36
0.55
0.34
0.45
0.56

Vmicroh (mL g1)
j

N.D.
N.D.j
N.D.j
N.D.j
0.11
0.11
0.21
0.21
0.20
0.16
0.16
0.17

Vmesoi (mL g1)
N.D.j
N.D.j
N.D.j
N.D.j
0.23
0.4
0.02
0.15
0.35
0.18
0.29
0.39

The porosity of Na-LTA zeolites measured from N2 adsorption isotherm at 77 K.
The microporosity of Na-LTA zeolites could not be measured from N2 adsorption isotherm at 77 K because of too slow N2 uptake into micropores of Na-LTA zeolite in
equilibration time scale of sorption analyzer. Therefore, the pore textural properties of Na-LTA zeolites were measured from Ar adsorption isotherms at 87 K.
c
LTA zeolite samples which were ion-exchanged by Ca2+ ion were designated by Ca-LTA-n. Ca2+ ion exchange is known to increase the a-cage (micropore) aperture enough
for rapid uptake of N2 molecules into LTA zeolite frameworks. The pore textural properties of Ca-LTA zeolites could be measured from N2 adsorption isotherms at 77 K.
d
The porosity of Na-BEA zeolites measured from N2 adsorption isotherm at 77 K.
e
n is the number of organosilane moles in synthesis composition. The synthesis composition is 100SiO2/333Na2O/67.0Al2O3/20,000H2O/n (CH3O)3SiC3H6N(CH3)2C16H33 for
LTA, and 100SiO2/1.95Al2O3/54TEAOH/5Na2O/4900H2O/n (CH3O)3SiC3H6N(CH3)2C3H6N(CH3)2C3H6 for BEA.
f
SBET, BET surface area obtained from N2 or Ar adsorption isotherm in the relative pressure range of 0.05–0.20.
g
Vtot, total pore volume was derived at P/P0 = 0.97.
h
Vmicro, micoropore volume was calculated from the t-plot method.
i
Vmeso, mesopore volume was calculated as the difference between Vtot and Vmicro.
j
Not determined. Data are not given explicitly.
b
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Sðq; tÞ ¼ pðtÞ exp q2 hr2 ðtÞiintra =6 þ ½1  pðtÞ


 exp q2 hr 2 ðtÞilong-range =6

Dlong-range ¼
ð3Þ

Determination of the function p(t) for different observation
times provides direct evidence on the rate of molecular exchange
between the different crystallites. Exactly the same information,
however, over much larger space and time scales are provided by
conventional tracer exchange experiments. This way of analysis
of PFG NMR data has therefore been referred to as NMR tracer
desorption [27,30].
As a key quantity of these studies, one may determine the socalled ﬁrst statistical moment of the tracer exchange curve via
the relation [27,30,31].

M 1  sintra ¼

Z

1

pðtÞdt

ð4Þ

0

The ﬁrst statistical moment M1 coincides with the intracrystalline mean life time. This may be easily rationalized by considering
the approach pðtÞ  expðt=sÞ from which, via Eq. (4), the intracrystalline mean life time sintra is identiﬁed as the time constant
s of the exponential.
For an assessment of the PFG NMR data it is important to rationalize the information contained in the mean square displacements appearing in Eqs. (2) and (3). For an assessment of
hr2(t)iintra it is essential to have in mind that the mean value of
the squared displacements within a crystal is conﬁned by the crystal size, yielding a maximum value of

Drestr: ¼

R2
5t

ð5Þ

where the crystal is approached by a sphere of radius R. PFG NMR
studies of intracrystalline diffusion are thus yielding an intracrystalline mean square displacement hr2(t)iintra which coincides with the
prediction of the Einstein relation, Eq. (1), hr2(t)iintra = 6Dt for sufﬁciently small displacement, i.e., small observation times and which,
with increasing time, eventually approaches the limiting value as
given by Eq. (5). For mesoporous zeolites, i.e., for micropore spaces
traversed by mesopores, the intracrystalline mean square displacement may be noted in the form

hr2 ðtÞiintra ¼ hr 2 ðtÞimicro þ hr 2 ðtÞimeso
2

ð6Þ

2

where hr (t)imicro and hr (t)imeso denote, respectively, the mean
squared total displacements in the micro and mesopores during
the observation time t. As a consequence of the mutual interpenetration of the networks of micro and mesopores, the respective
molecular displacements are independent from each other so that,
in Eq. (6), cross terms of the type hr(t)micro r(t)mesoi vanish. Considering dynamic equilibrium between micro and mesopores one may
note

t micro =tmeso ¼ pmicro =pmeso

ð7Þ

hr 2 ðtÞiintra
þ pinter Dinter
6t

ð10Þ

where, in addition, we have made use of the relations pinter  pintra
(i.e. tintra  t and, since pinter + pintra = 1, pintra  1). For molecular
displacements notably exceeding the crystal sizes (as a prerequisite
of the measurement of long-range diffusion), the ﬁrst term on the
right-hand side may be shown to be notably exceeded by the second term [39,47] leading to

Dlong-range ¼ pinter Dinter

ð11Þ

As a general requirement of all diffusion studies by PFG NMR,
the signal intensity must be large enough to ensure a reliable
determination of its attenuation and hence, via Eqs. (2) and (3),
respectively, of the molecular displacements. This means, in particular, that for any system there is a certain lower temperature limit
for the range of measurement. This limit is mainly determined by
the transverse nuclear magnetic relaxation time which decreases
with decreasing temperature and, eventually, prohibits the application of ﬁeld gradients of sufﬁciently large intensities q [23–27].
Prior to the PFG NMR measurements, the zeolite material was
introduced into sample tubes of 7.5 mm outer diameter, to a ﬁlling
height of 10 mm. Under continuous evacuation, these tubes were
heated at a rate of 10 K h1 to 673 K. After keeping them at this
temperature for about 12 h and cooling down, under continued
evacuation, the guest molecules (water) were introduced by means
of liquid nitrogen from a calibrated volume under a well-deﬁned
pressure. Subsequently, the sample tubes were closed hermetically. Equilibration of the guest molecules within the sample was
conﬁrmed by a repetition of the measurements over a time span
of several weeks, which yielded completely coinciding results.
The volumes of the water bulk phase corresponding to the
amounts adsorbed were chosen to coincide with the total pore volumes determined by N2 adsorption as presented in Table 1. For the
Na-LTA-0 sample which was synthesized without OS, the signal
intensities brought about by the amount adsorbed turned out to
be insufﬁcient so that this sample had to be left out of our
considerations.
In addition to its omnipresence in technological application, the
use of water as a guest molecule was in particular motivated by the
fact that, among the proton-containing molecules, it is the only one
for which, as a consequence of the above indicated limitations, PFG
NMR may be applied to diffusion studies in the micropores of both
types of zeolites considered in this study. All diffusion measurements have been performed by means of the home-built PFG
NMR spectrometer FEGRIS 400 operating at a 1H resonance frequency of 400 MHz, with a maximum gradient amplitude of
35 T m1 [32,33]. Application of the stimulated-echo technique
[23–25] allowed a variation of the observation time from 2 to
10 ms.

where tmicro(meso) and pmicro(meso) denote, respectively, the total time
(during observation time t) and the relative amount of molecules in
the micro(meso)pores. Combining Eqs. (6) and (7), by use of Eq. (1)
one ﬁnally obtains

3. Results and discussion

Dintra ¼ pmicro Dmicro þ pmeso Dmeso

Characterization results of BEA and LTA zeolites from SEM
investigation and sorption analysis were summarized in Figs. 1
and 2. Table 1 provides a survey of the quantitative analysis of
the adsorption data. The SEM images for Na-BEA zeolites in
Fig. 1a show similar particle morphologies for all three zeolite samples synthesized under the presence or absence of OS. The zeolite
particle diameters were approximately in the range of 200 nm–
1 lm, exhibiting very high surface roughness in the 50-nm or
smaller nanoscale. Fig. 1b and c reports N2 adsorption isotherms
and corresponding pore-diameter distributions of the Na-BEA

ð8Þ

Correspondingly, one has for displacements through the bed of
zeolite crystallites

hr2 ðtÞilong-range ¼ hr 2 ðtÞiintra þ hr 2 ðtÞiinter

ð9Þ

where the subscripts now refer to displacements in the crystal interior and the intercrystalline space. By the same reasoning as used
for deriving equation (8) and with the corresponding notation, we
do now obtain

3.1. Host systems under study
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Fig. 1. (a) SEM images of Na-BEA zeolite samples with different mesoporosity, (b) N2 adsorption isotherms of Na-BEA zeolite samples at 77 K and (c) corresponding BJH
mesopore size distributions.

zeolites. This adsorption data shows that the Na-BEA-0 zeolite
sample contained very little mesoporosity as compared to NaBEA-2 and Na-BEA-5.
The SEM images for LTA zeolites are shown in Fig. 2a. The SEM
images are essentially the same as reported in [19]; the surface
roughness increased with the OS content in gel composition. Cho
et al. analyzed the surface structure using high-resolution SEM to
clarify that the surface roughness was due to formation of intracrystalline mesoporous channels with a narrow distribution of
diameters [34]. In Fig. 2b, N2 sorption isotherms of Na-LTA zeolite
samples showed no adsorption of nitrogen at low relative pressure
(P/P0 < 0.02), indicating that N2 molecules scarcely diffused into
micropores of LTA zeolite in the equilibration time scale of the
sorption analyzer [35]. Slow uptake
of nitrogen was attributed to
0
tight micropore apertures (4.20 Å
A) of the Na-LTA zeolite for N2 molecules (kinetic diameter = 4.4 Å
A, [36]). Therefore, the adsorbate was
replaced 0 by Ar with smaller molecular size (kinetic diameter = 3.9 A
Å). The Ar sorption results of Na-LTA zeolites containing
mesoporosity (i.e., Na-LTA-2 and Na-LTA-5) exhibited micropore
ﬁlling of Ar atom (i.e., the adsorption increase in the region
P/P0 < 0.02) as well as capillary condensation in mesopores
(Fig. 2c). On the other hand, the Ar adsorption isotherm for NaLTA-0 (the LTA sample which was synthesized by the synthesis
procedure without OS) showed very little adsorption into micropores. This result for Ar sorption indicated that the molecular diffusion into the Na-LTA zeolite was signiﬁcantly enhanced by the
generation of mesopores. However, the uptake rate into small
micropores was still too slow to reach equilibrium within the
given equilibration time (30 min at each point) in the case of the
Na-LTA-0 zeolite. Hence, for the measurement of microporosity
in LTA zeolite samples, the Na-LTA zeolites were fully ionexchanged by Ca2+. The LTA zeolite samples which were fully
ion-exchanged by Ca2+ were denoted by ‘Ca-LTA-n’. The Ca2+ ion
exchange is known to increase the a-cage aperture to 0.48 nm
[19]. N2 sorption isotherms of Ca-LTA zeolites conﬁrmed that the
LTA zeolite samples had approximately the same amount of microporosity, regardless of the OS content in synthesis composition

(Fig. 2d). However, the mesoporosity of the samples gradually increased with respect to the amount
of used OS.
0
Water (kinetic diameter = 2.8 Å
A, [36]) adsorption by the Na-LTA
zeolites occurred quite rapidly at 300 K, requiring an equilibration
time less than 5 min at each relative pressure. The adsorption isotherms in Fig. 3 show that mesoporous Na-LTA zeolites (i.e., NaLTA-2 and Na-LTA-5) had a very small amount of adsorption due
to micropores as compared with the solely microporous Na-LTA
zeolite (Na-LTA-0, see also Table 1). The water adsorption, corresponding to P/P0 < 0.02, decreased against the increase in mesoporosity. This result is quite surprising whereas Ca-LTA zeolite
samples exhibited very similar adsorption capacities due to micropore ﬁlling in the case of N2 adsorption. As judged from the difference between water and N2 adsorption, the mesoporous zeolite
samples were more hydrophobic than the solely microporous
Na-LTA-0 zeolite. The hydrophobicity may be suggested as a result
of Si–C bonds, which could remain on the mesopore walls after
calcination at 823 K (see the OS molecular structure in Table 1).
No carbon black formation was detectable by eyes. Nevertheless,
elemental analysis of the freshly calcined LTA samples showed
the C/Si molar ratios of 0.078 for Na-LTA-2, and C/Si = 0.086 for
Na-LTA-5. Such carbon content could make the mesoporous LTA
zeolite samples somewhat hydrophobic if the carbon existed as
in Si–C bonds at the surface of the mesopore walls.
3.2. Water diffusion in mesoporous Na-BEA
Over the whole temperature range considered (20 to 100 °C),
the PFG NMR signal attenuation curves were found to be monoexponential, following the dependence of Eq. (2). Fig. 4 provides
a summary of the resulting diffusivities. For comparison, also the
diffusivity data for bulk water [37] and the coefﬁcients of intracrystalline diffusion of water in zeolite NaX [38] are presented.
Via Eq. (1), the mean diffusion paths covered in the present experiments were found to range from about 0.6 to 10 lm. The magnitude of these displacements notably exceeded the extension of
the individual zeolite particles as shown by Fig. 1a.
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Fig. 2. (a) SEM images of Na-LTA zeolite samples with different mesoporosity, (b) N2 adsorption isotherms of the Na-LTA zeolite samples at 77 K and corresponding BJH
mesopore size distributions and (c) Ar adsorption isotherms at 87 K and corresponding BJH mesopore size distributions, and (d) N2 adsorption isotherms of Ca-LTA zeolite
samples at 77 K and BJH mesopores size distributions. Ca2+ ion exchange is known to increase the a-cage (micropore) aperture enough for rapid uptake of N2 molecules into
LTA zeolite frameworks.

For beds of zeolite crystallites, diffusion measurements performed under such conditions are known to yield the long-range
diffusivity [27,39] which results as the product of the relative num-

ber pinter of molecules in the intercrystalline space and their diffusivity Dinter (Eq. (11)). If the rate of mutual collisions of the
molecules in the intercrystalline space is much smaller than the
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Fig. 3. Water adsorption isotherms of Na-LTA zeolite samples at 300 K which were
measured by using gravimetric analysis system.
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Fig. 4. Arrhenius plot of diffusivities of water in Na-BEA-0 (triangles), Na-BEA-2
(squares) and Na-BEA-5 (ﬁlled circles). For comparison, diffusivities of bulk water
(open circles, line shows ﬁt of the Arrhenius equation to the data with
EA = 16.5 kJ mol1) and water in NaX zeolite (stars, line shows ﬁt of the Arrhenius
equation to the data with EA = 18.7 kJ mol1).

rate of collisions with the pore wall (which may be implied in the
present study), the temperature dependence of the effective diffusivity is essentially given by pinter. Since pinter is proportional to the
guest pressure in the surrounding atmosphere, it follows an Arrhenius dependence with the isosteric heat of adsorption as the relevant activation energy.
For zeolites in the Na+-form, the heat of water adsorption and,
correspondingly, the activation energy of long-range diffusion
(60 kJ mol1) [40] notably exceed the activation energies
observed in the present study (20–30 kJ mol1). The observed
displacements should result, therefore, from molecular trajectories
on which the water molecules remain in intimate contact with the
matrix of the host materials. This might be brought about by
‘‘bridges’’ between the different particles and/or large areas of intimate mutual contact. The energy differences to be overcome on
such diffusion paths may be estimated to be 22 kJ mol1, as
resulting as the activation energy from the experimental diffusivity
data in the medium-temperature region from about 300 K to
360 K.
For an assessment of the observed diffusivities, Fig. 4 as well
contains literature data on the diffusivity in bulk water [37] and
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on the intracrystalline diffusivity of water in zeolite NaX [38,41].
The activation energies of water diffusion in NaX, Na-BEA-0 and
Na-BEA-2 zeolites were found to be close to that in the bulk ﬂuid,
indicating a similar strength in the binding energies of the water
molecules with the other water molecules and with the sodium
cations. At sufﬁciently high temperatures, the activation energy
in Na-BEA-5 was also close to this value. The sequence in the magnitude of the diffusivities reﬂects the expected behaviour: the rate
of diffusion increases with the increase of pore space in the host
system.
In Na-BEA-5, the diffusivities perceptibly deviated from an
Arrhenius dependency and became smaller with decreasing temperature. Such behaviour may be referred to the existence of additional transport resistances which become progressively relevant
with decreasing temperatures. On the basis of the given data, a
speciﬁcation of the mechanisms giving rise to this behaviour is
not possible. In the temperature range below the water freezing
point, however, the observed behaviour might be easily referred
to the onset of freezing in the free space between the particles
and, eventually, in the mesopores. These frozen regions were supposed to serve as the additional obstacles progressively impeding
the propagation within the (remaining) ﬂuid phase. In [42], this
process has even been found to give rise to an effect of hysteresis
in comparison with the diffusion properties of the sample on the
melting and freezing branches.
Most remarkably, for sufﬁciently low temperatures (i.e., for a
sufﬁciently large amount of blockages for the remaining ﬂuid molecules), the water diffusivity in Na-BEA-5 was found to drop to the
values for intracrystalline diffusion in zeolite NaX. At sufﬁciently
high temperatures, on the other hand, it approached the diffusivity
in bulk water. PFG NMR diffusion measurements with zeolites
Na-BEA-0 and Na-BEA-2 at similarly low temperatures were
prohibited by the rapidly decaying transverse nuclear magnetic
relaxation time in these samples.
It is important to emphasize that, with diffusion path lengths
notably exceeding the size of the individual crystallites, it is the
inﬂuence of the mesoporosity on long-range rather than on intracrystalline diffusion which is explored by the present studies. With
Eq. (11), variation in the long-range diffusivities is seen to be possibly caused by both a variation in the relative amount pinter of
molecules in the intercrystalline space and in the intercrystalline
diffusivity Dinter, with the latter quantity depending on both the
geometry of the intercrystalline space. With the presently available
data it would be rather speculative to decide which of these inﬂuences gives rise to the observed sequence of the diffusivities as
reﬂected by Fig. 4.
3.3. Water diffusion in mesoporous Na-LTA zeolite
In striking contrast with BEA zeolite specimens, the PFG NMR
attenuation curves for water diffusion in Na-LTA-2 exhibit a pronounced deviation from a mono-exponential dependence. As an
example, Fig. 5 shows the attenuation curves observed at 50 °C
as a function of the observation time t. Following Eq. (3), the attenuation curves can be approached by a superposition of two exponentials, where the slope of the second, less steeply decaying one
is known to provide information about the intracrystalline diffusivity [44–46]. It turned out, however, that, as a consequence of the
scattering in the attenuation data, in particular for large observation times t and large gradient intensity values q2t, a reliable ﬁtting
procedure necessitates some further assumption. As a ﬁrst-order
approximation, we have therefore chosen to represent the value
of hr2(t)iintra by its maximum value, as following by inserting Drestr.
(Eq. (5) into Eq. (1)). Fig. 6 displays the relative contribution p(t) of
the thus resulting, slowly decaying component as a function of the
observation time, together with the corresponding quantities for
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Fig. 5. Spin-echo diffusion attenuation functions for water in the Na-LTA-2 sample
measured at 50 °C at different diffusion times of 2 ms (circles), 3 ms (squares), 5 ms
(triangles) and 10 ms (diamonds). The solid lines show the slow diffusing
components, approached by equating the effective diffusivity with the limiting
value as given by Drestr. (Eq. (5)). The dotted line is ﬁt of Eq. (2) to the experimental
data at low-q limit with the diffusivity Dlong-range = 4.9  109 m2 s1. The crossed
circles show diffusion attenuation for the sample Na-LTA-5 measured at 2 ms
diffusion time.

40, 50 and 60 °C. These curves have been referred to as the NMR
tracer desorption curves [27,30]. For an estimate of the intracrystalline mean life times, the curves have been approached by exponentials. The resulting time constants (i.e., the intracrystalline
mean life time, sintra) are indicated in the insert.
Under the conditions of diffusion limitation, the intracrystalline
mean life time is correlated with the intracrystalline diffusivity
Dintra by the relation [31,39]

Dintra ¼ R2 =ð15sintra Þ

ð12Þ

where, once again, the crystal has been approached by a sphere of
radius R. In turn, the right-hand side of Eq. (12) may be considered
as the deﬁnition of an effective diffusivity (Dintra,tracer-desorption)

which would result by considering the time constant in classical tracer exchange experiment. Since, in addition to the inﬂuence of intracrystalline diffusion, intracrystalline life time may be
further enhanced by possibly existing surface resistances [48],
Dintra,tracer-desorption represents a lower limit of the (genuine) intracrystalline diffusivity.
Fig. 7 displays these values for water in the mesoporous Na-LTA
zeolite under study (where a mean crystal radius of R  2 lm has
been implied). Also included are the literature data for water diffusion in solely microporous LTA zeolite [39,43]. For comparison, also
the maximum value of Drestr., following from Eq. (5) with t = 2 ms,
is indicated. With Fig. 5, the PFG NMR attenuation curves are found
to be nicely approached with intracrystalline mean square displacements as following from Eq. (5), i.e., by assuming the limiting
case of restricted diffusion. Under such conditions, the genuine
(i.e., unrestricted) intracrystalline diffusivity can immediately be
concluded to exceed the value of Drestr.. Not unexpectedly, water
diffusion in Na-LTA-2 is thus found to deﬁnitely exceed the diffusivity in solely microporous Na-LTA. With Eq. (8), this ﬁnding
may be formulated by the following inequality.

Dmicro < pmicro Dmicro þ pmeso Dmeso

ð13Þ

where we have equated the diffusivities in the micropore spaces of
solely microporous and Na-LTA-2. By considering the normalization
condition pmicro + pmeso = 1, this inequality is seen to be equivalent
with the inequality Dmicro < Dmeso, i.e. the fact that molecular propagation in the mesopores occurs at higher rates than in the micropores. Since, under the given conditions, PFG NMR is only able to
provide a lower limit of Dintra, it is impossible to further specify this
enhancement. It is important to note that, though being of a similar
order of magnitude, the value of Dintra,tracer-desorption is notably below
these values. This ﬁnding has to be attributed to the inﬂuence of
surface barriers which are known to occur quite commonly in
LTA-type zeolites [39,49,50].
In Fig. 7 we have also displayed the diffusivities Dlong-range 
hr2(t)ilong-range/(6t) as resulting from the ﬁrst, steep part of the signal attenuations (after subtraction of the slowly decaying, second
part). Here we observed these high activation energies which one
has to expect for long-range diffusion via the intercrystalline space.
The deviation to smaller diffusivities as observed for the largest
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Fig. 6. Water diffusion in Na-LTA-2: The relative fraction p(t) of the slowly decaying
component of the PFG NMR spin-echo attenuation (see Fig. 5 for the representation
at 50 °C) as a function of observation time t obtained at different temperatures 40
(circles), 50 (squares) and 60 °C (triangles). The lines show ﬁts of the exponential
function to the data at short times t with the time constants sintra indicated in the
inset.

Fig. 7. Arrhenius plot of diffusivities of water in Na-LTA-2. The ﬁlled circles
refer to long-range diffusivities (Dlong-range), the ﬁlled triangles to diffusivities
Dintra,tracer-desorption estimated from tracer-desorption experiments. The horizontal
line represents the value of Drestr. following from Eq. (5) with R = 2 lm for an
observation time t = 2 ms. For comparison, the literature data [39,43] on water
diffusivity in Na-LTA-0 is shown by the ﬁlled squares. The open triangles show the
long-range diffusivities for the sample Na-LTA-5.
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temperatures reﬂects the transition from Knudsen to bulk diffusion
in the intercrystalline space. It is brought about by the increasing
gas phase concentration and, consequently, the increasing probability of mutual encounters of the gas molecules. Owing to the
much larger distance in the intercrystalline pore space, this effect
is expected to occur more pronounced in the beds of Na-LTA crystals than within the agglomerates of Na-BEA zeolite. It is interesting to note that there is also a perceptible deviation from the
Arrhenius plot to larger values in the low-temperature range, i.e.
in the limit of small displacements. With reference to the ﬁrst term
on the right-hand side of Eq. (10), this behaviour may be easily referred to the increasing contribution of intracrystalline displacements on the overall displacements (see, e.g., the detailed
consideration of this phenomenon in [47]).
Most remarkably, these long-range diffusivities in beds of NaLTA-2 are found to be nicely approached by the diffusivity data
of water in Na-LTA-5. Having in mind that (i) the long-range diffusivity Dlong-range  pinterDinter of the guest molecules is dominated
by the conditions of the free space between the crystals, i.e. by
the resulting diffusivities (Dinter) and the relative amounts of molecules (pinter) and that (ii) these conditions may be expected to be
similar to each other in Na-LTA-2 and Na-LTA-5, this agreement
may be taken as a nice conﬁrmation of our data interpretation. It
is interesting to note that the more extensive mesopore network
in the interior of Na-LTA-5, on the other hand, led to a notable
acceleration of intracrystalline mass transfer and, equally important, to a reduction of transport resistances on the external surface
of the individual crystallites so that molecular exchange between
different crystallites became so fast that, even during the shortest
observation times considered, essentially all guest molecules exchanged their positions between different crystals. This leads to
the situation reﬂected by the dotted (straight) line in Fig. 5 (diffusion attenuation of water in Na-LTA-5): there is no perceptible
fraction of molecules, anymore, which would remain within one
and the same crystal (and would give rise, therefore, to the second,
less steep decay, as observed with Na-LTA-2).

4. Conclusion
PFG NMR has been used for the exploration of mass transfer in
mesoporous zeolites. With water as a probe molecule, over the
space scale accessible in the PFG NMR measurements (0.6–
10 lm) mass transfer in Na-BEA zeolite was found to follow normal diffusion, in accordance with Fick’s 1st and 2nd laws. The considered displacements notably exceed the sizes of the individual
particles. The measured diffusivities have to reﬂect, therefore, both
the transport properties within the individual particles and the features of their interconnections within the agglomerates of Na-BEA
zeolite. This transport mechanism deviates from the common type
of mass transfer through beds of zeolite crystallites where mass
transfer is dominated by diffusion through the intercrystalline
space. It is thus only the inﬂuence of mesoporosity on the longrange diffusivities rather than on the intracrystalline diffusivities
which are recorded by this type of experiments. It is interesting
to note that, in comparison with Na-BEA-0 and Na-BEA-2, there
is a pronounced increase in the long-range diffusivities of water
in Na-BEA-5. Within the limits of the present study, however, it
is impossible to unambiguously identify the origin of this ﬁnding.
The PFG NMR diffusion studies of water in mesoporous LTA
zeolite reveal a totally different pattern. In the case of Na-LTA-2
zeolite, one may clearly distinguish between those molecules
which, during the observation time, remain in one and the same
crystal and those, which are able to exchange their positions
between different crystals. Mass transfer of the latter fraction is
expected to follow the mechanism of long-range diffusion. The
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large activation energies of the corresponding diffusivities conﬁrm
this assumption. The mean square displacement of those molecules which, during the observation time, did not leave the individual crystals may be notably exceeded by the displacements in an
inﬁnitely extended crystal. Hence, it is only possible to estimate
a lower limit of the intracrystalline diffusivity. On the basis of this
estimate, the mesoporosity is found to lead to both an increase in
the intracrystalline diffusivities and a decrease in the transport
resistances on the external surface of the zeolite crystallites.
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