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Abstract: PFG NMR has been applied to study intracrystalline diffusion in USY zeolite as well as in the
parent ammonium-ion exchanged zeolite Y used to produce the USY by zeolite steaming. The diffusion
studies have been performed for a broad range of molecular displacements and with two different types of
probe molecules (n-octane and 1,3,5-triisopropylbenzene) having critical molecular diameters smaller and
larger than the openings of the zeolite micropores. Our experimental data unambiguously show that, in
contrast to what is usually assumed in the literature, the intracrystalline mesopores do not significantly
affect intracrystalline diffusion in USY. This result indicates that the intracrystalline mesopores of USY
zeolite do not form a connected network, which would allow diffusion through crystals only via mesopores.

leaching leading to an introduction of additional mesoporosity

e .
Zeolites represent an important class of porous materials tha'[hf“/e _been ﬁpﬁh_{-:"if. It I:S oftedntassumed ltJh;t( ]Ehe_ Z(;eo“tt(.e |
have found numerous applications in catalysis due to their steaming, which 1s usually used o prepare or industra

catalytic activity, framework stability, and a well-defined applications, is very useful not only for increasing the hydro-
structure of micropores with a pore size around 1 ‘nin. thermal stability of zeolites but also for enhancing the rate of
particular, Y-type zeolite is routinely used as a main, catalyti- intracrystalline diffusion due to formation of mesopores in the
cally active component of fluid catalytic cracking catalysts. A crystals._ Mesopores are formed because of a partial collapse of
major problem arising during catalytic applications of zeolites the zeolite fram_e_work cause_d_ by the extra_ctlon Of Al from the
is related to transport limitations caused by a slow rate of framework positions. In addition to steaming, acid leaching

diffusion of reactant and product molecules in zeolite micro- can also be used to introduce mesopores into the zeolite

pores?—*In the case of fluid catalytic cracking of crude oil many frtamfwork% LIJQSe\(;emlylzt ne;v kgowledge a?og;[ tt?]e mehsg.porf[a
reactant molecules are either too large to penetrate the mi-Sucture o zeoltes has become available through direct,

cropores of zeolite Y or can diffuse only very slowly in these 3-D observation of intracrystalline mesopores by using trans-

micropore< This problem was recognized a long time ago. To mIssion elefctror:j mlcbrosctjz_opyb(TEdl\ﬁ_ﬁ Ths S'Z(;a of the bmeso- 5
alleviate it, various types of postsynthesis treatment of Y-type pores was found to be distributed in a broad range between

zeolites such as steaming at elevated temperatures and am&md 50 nm. The TEM images have also shown that a significant
part of the mesopores look more like cavities surrounded by

micropores, rather than like channels with a direct connection
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to the outer crystal surface over the mesopore volume. In
contrast to the pores of the latter type, the pores of the former
type cannot be expected to lead to any significant increase of
the mean intracrystalline diffusivity and of the related rate of
molecular exchange between zeolite crystals and their surround-
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ings. Thus, the TEM data raise some doubts about the
assumption that the diffusion rate may be significantly enhanced
in zeolite USY in comparison to that of the parent zeolite Y.
Although the TEM studies are clearly very useful for a
clarification of the influence of mesopores on intracrystalline
diffusion, they are unable to provide quantitative information
on the extent of such influence on various relevant length scales.
In particular, the relation between the crystal size and the length
scale, where the micropore diffusion determines the diffusion
rate in a macroscopic USY sample, can be obtained only by
direct diffusion measurements. Additionally, monitoring diffu-
sion in a macroscopic sample (viz. a zeolite bed) provides
information about the average, characteristic diffusion properties,
which might be different from those deduced on the basis of
studies of mesopore systems in selected parts of several selected
crystals. Here we report the results of a direct study of molecular
diffusion in zeolite Y before and after hydrothermal treatment
leading to the formation of USY zeolite. The diffusivities have
been measured by using the pulsed field gradient (PFG) NMR
techniqué1%-12 for a broad range of molecular displacements,
including displacements much smaller than and comparable with ' . B

the size of individual crystals. To characterize the connectivity onee e

of intracrystalline mesopores with the external crystal surface, rigure 1. Scanning electron microscopic images of the ammonium-ion
the diffusion measurements have been performed with adsorbateexchanged zeolite Y (a) and of the USY (b) produced by steaming of the
molecules of different sizes (i.e., those that can easily penetrateformer zeolite under the pressure of water vapor of 1 bar at 873 K for 5 h.
into both zeolite micropores and mesopores and those that carpeen chosen for the present study because it allows suppressing
freely access only mesopores). These studies have been madeistortions of the PFG NMR results by internal magnetic field
possible due to recent advances in PFG NMR the techtique inhomogeneities (i.e., internal magnetic field gradients) induced by
and in the synthesis of large (around:®) crystals of Y-type susceptibility variations in heterogeneous samplé& obtain diffu-

zeolitel4 sivity, the attenuation of the PFG NMR signal was measured as a
. . function of the amplitude of the applied field gradieg}, (keeping all
Experimental Section other parameters of the pulse sequence constant. Diffusion measure-

PFG NMR is based on the dependence of the Larmor frequency, ments have been performed by using the home-built PFG NMR
which can be understood as the frequency of the rotation of spins aroundspectrometer FEGRIS 400 operating attaresonance frequency of
the direction of the applied magnetic field, on the amplitude of the 400 MHz!3 The maximum amplitude of the pulsed field gradients was
applied field?1%-12 Superimposing a large constant magnetic field by 35 T/m. The diffusion time was varied in the range between 2.7 and
an inhomogeneous field (i.e., so-called magnetic field gradient pulses), 300 ms to obtain diffusivities in a broad range of the mean square
we can label the positions of the spins by the Larmor frequency and displacements. The values of the mean square displacements were
hence also by the phases accumulated due to the rotation with thecalculated by applying the Einstein relation
Larmor frequency in the local field. The dependence of the accumulated
phase on the spin position is of crucial importance for the measured mz(t)[’: 6Dt (2
PFG NMR signal (spirrecho). If the molecules where the spins are
located do not change their positions during the time of diffusion
measurements, the signal will retain its maximum value. However, if
there was a displacement of the molecules during this time interval,
the measured spirecho signal will lose part of its value. The resulting
signal attenuation®) for the case of normal (i.e., Fickian) diffusion
obtained with the 13-interval PFG NMR sequence may be presented
ag®

The effective diffusion time was determined as discussed in refs 16
and 17.

The PFG NMR diffusion measurements have been carried out with
the samples of USY zeolite and of the parent zeolite Y with a mean
crystal size of around 3m. The latter sample was prepared by
ammonium-ion exchange of zeolite NaY (Si/Al 3.4)}* The USY
zeolite was obtained by steaming the ammonium-ion exchanged zeolite
Y under the pressure of water vapor of 1 bar at 873 K for 5 h. Figure
1 shows scanning electron microscopic images of the samples obtained
by CS44 electron microscope manufactured by CamScan. The results
of the measurements of the nitrogen adsorption isotherms for these
samples are presented in Table 1. The measurements have been
performed by using Quantachrome Autosorb-1 instrument. The surface
areas and pore volumes in Table 1 were determined by using t-plots
according to the “de Boer method&® The total pore volume has been
calculated forp/po = 0.99. The data in Table 1 indicate that, as
expected, the zeolite ultrastabilization by steaming leads to an increase

W = exp(—4y°0°g°Dt) (1)

whereD is the diffusivity,t is the effective diffusion time9 denotes
the duration of the applied gradient pulses with the ampligydendy
is the gyromagnetic ratio. The 13-interval PFG NMR sequence has

(10) Callaghan, P. TRrinciples of NMR MicroscopyClarendon Press: Oxford,
1991

(11) Kimmich, R.NMR Tomography, Diffusometry, Relaxomet8pringer:
Berlin, 1997.

(12) Blumich, B.NMR Imaging of MaterialsClarendon Press: Oxford, 2000.

(13) Galvosas, P.; Stallmach, F.; Seiffert, Gliréfex, J.; Kaess, U.; Majer, G. (16) Fordham, E. J.; Mitra, P. P.; Latour, L. 0. Magn. Reson1996 121,

J. Magn. Reson2001, 151, 260-268. 187-192.

(14) Berger, C.; Glser, R.; Rakoczy, R. A.; Weitkamp, Microporous (17) Vasenkov, S.; Bdmann, W.; Galvosas, P.; Geier, O.; Liu, H.}igar, J.
Mesoporous Mater2005 83, 333—-344. J. Phys. Chem. B001, 105 5922-5927.

(15) Cotts, R. M.; Hoch, M. J. R.; Sun, T.; Markert, J.JTMagn. ResariL989 (18) de Boer, J. H.; Lippens, B. C.; Linsen, B. G.; Broekhoff, J. C. P.; van den
83, 252-266. Heuvel, A.; Osinga, Th. J. Colloid Interface Sci1966 21, 405.
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Table 1. Results from Nitrogen Adsorption on the Ammonium-lon Exchanged Y and USY Zeolites

total specific specific surface specific surface specific volume specific volume
surface area area of micropores area of mesopores of micropores of mesopores
sample (m?lg) (m?lg) (m?lg) (mL/g) (mL/g)
ammonium-ion 763 731 32 0.28 0.07
exchanged Y
usy 688 624 64 0.24 0.17

of the specific surface area and volume of mesopores and to a slightdiffusivities were obtained from the corresponding slopes of
decrease of the specific microporous surface area and volume. the PFG NMR attenuation curves, which were found to comply

1,3,5-Triisopropylbenzene (1,3,5-TIPB; Aldrich, 96%) andctane in all cases with eq 1. The data in Figure 2 indicate that the
(Aldrich, 99%) were chosen as probe molecules for diffusion studies. yeasyred diffusivities decrease with the increasing root-mean-
The molecules of the first type have a critical diameter of around 0.95 square displacement. It is seen that in the semilogarithmic
nm ! which is much larger than the size of the supercage windows of . . : .
Faujasite-type zeolite (around 0.74 nhtjience, these molecules are pre;entatlon of Figure 2_the shape .Of the dependenmes_for any
expected either to have extremely small diffusivities in the micropore particular sample_ remam_s essentially _the same at d'ﬁ?r?nt
system of zeolite Y or to have been unable to penetrate into the l€Mperatures. This behavior can be attributed to the restriction
micropores at all. The molecules of the second type can freely accessOf the diffusion of guest molecules by the size of the zeolite
both the micropores and mesopores. crystals and/or crystal agglomerafes.

For the preparation of the PFG NMR samples, around 300 mg of  In the considered situation, the molecular displacements are
the zeolite was introduced into the NMR tube. Then the tube was go large that during the diffusion time many molecules can reach
connected to the vacuum system, and the sample was activated bythe crystal (agglomerate) external surface. Once they reach the
keeping it under high vacuum (less thamimbar) at 673 K foraround  grface, the molecules are often reflected back to the inner part
40 h. This activation procedure ensures that the zeolite crystals are ;¢ tha crystals due to either a large difference between the
essentially adsorbate-free by the end of the activation. It is also expected . . . . .

potential energy in the intracrystalline volume and in the

to convert most of the NkY zeolite into HY zeolite. The loading with . ; .
n-octane was achieved by freezing a certain amount of the adsorbatesurround'ng gas phase or a h'gh concentration of structural
from the calibrated volume of the vacuum system into the sample tube d€fects, which are expected to exist on the external surface of
with the activated zeolite. The loading afoctane was in all cases ~ Z€olite crystals. Itis interesting to note that the mean separation
0.65 mmol/g. In this case, more than 50% of the available micropore between the restrictive boundaries (i.e., the mean size of the
volume is expected to be filled with the adsorbate. The loading with zeolite crystals and of the crystal agglomerates) does seem to
1,3,5-TIPB was carried out by introducing the liquid adsorbate into be different in different samples. This is demonstrated by the
the PFG NMR tube with the activated zeolite by using a syringe. The observation that the shape of the dependencies in Figure 2 is
amount of 1,3,5-TIPB (around 1.2 10°mL of 1,3,5-TIPB per 1mg gjfferent for the ammonium-ion exchanged and ultrastabilized
of adsorbate-free zeolite Y) was chosen in such a way that the zeolite ;5 5165 |n the latter sample, the measured diffusivities rapidly
sampl_e in the tube was c_ompletely govered with the “qu'd' This decrease for root-mean-square displacements arounadrlds
condition ensures that all intracrystalline mesopores, whlch can pe larger, while in the former one the pace of the diffusivity
accessed from the external crystal surface, are completely filled with ’ .
the liquid. Upon loading, the NMR tubes were sealed and separateddecrease_ remains much_ m_o_re moderate even for rOOt_'mean'
from the vacuum system. square displacements significantly larger than Arb. This
observation can be understood by assuming that the mean size
of the domains where the unrestricted intracrystalline diffusion
Figure 2 shows the measured dependencies of the effectiveoccurs is larger in the ammonium-ion exchanged Y than in the
n-octane diffusivities on the root-mean-square displacement in USY. To estimate the size of these domains in the USY sample,
the ammonium-ion exchanged Y and USY zeolites. The the PFG NMR diffusion data in Figure 2 were fitted by the
corresponding results of the dynamic Monte Carlo simulations.

Results and Discussion

:;ncvhn::;wn vsy The simulations were carried out by assuming that all the
a a 213k domains can be presented as cubes of the same size with ideally
10" v o ek reflecting boundaries. The diffusion was modeled by random
. walks performed on a cubic lattice of size 2000 x 200 as

E s, described in our recent articlés?’ These simulations are
T 10 analogous to the corresponding numerical solution of Fick’s
Q * second law-type equations with constant diffusivities, reflecting
" boundaries and equal initial concentration in all lattice sites.

. . . The condition of reflecting boundaries is used to simulate the
0 L 3 situation frequently encountered in real zeolite systems when

rewe2 D dencies of the effective diffusivit " the rate of molecular desorption is controlled by a low (but
igure 2. Dependencies of the effective diffusivities on the mean square I, .
displacements measured foroctane by PFG NMR (points) and those nonzero_) ,permeabmty,Of the Surface Iaye_r of Z,eO“te Crys{als'
obtained by the dynamic Monte Carlo simulations (lines) for a cubic lattice FOr sufficiently small times used in our simulations, very low
with a size 2.3x 2.3 x 2.3um? The boundaries of the simulation lattice  and zero permeabilities are expected to produce essentially the
were assumed to be impenetrable for diffusing molecules. same results. Lines in Figure 2 show the best fit results

(19) Bhatia, SZeolite Catalysis, Principles and ApplicatigrGRC Press: Boca (20) Vasenkov, S.; Karger, Microporous Mesoporous Mate2002 55, 139~
Raton, FL, 1990; Vols. #18. 145.
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Figure 3. Temperature dependence of th@ctane diffusivity in Y-type
zeolite obtained by the extrapolation of the simulation results in Figure 2
to small displacements (filled points). Also shown for comparison is the
unrestricted intracrystalline diffusivity of-octane measured by PFG NMR

in zeolite NaX for similamn-octane loading (open point). Line shows the
result of the fitting of the diffusivities in Y-type zeolite by the Arrhenius

B ammonium-ion exchanged Y
o usy

1x10" 210" 310"

k Im’s
Figure 4. PFG NMR attenuation curves for 1,3,5-TIPB in the Y-type
zeolites for a diffusion time 10 ms at 298 K. Lines show the best fit
results by using eq 3 withl = 3. The best fit parameters are presented in

Table 2.

0

Table 2. Best Fit Parameters Obtained by Fitting the
Experimental Attenuation Curves in Figure 4 by Eq 3 with N =3

and the Corresponding Volumetric Fractions of Liquid 1,3,5-TIPB
Having Diffusivities D123

law.

best fit parameters, ammonium-ion

corresponding to an edge size of the simulation lattice of 2.3

um. This value is in a good agreement with a mean size of __SPecific volumes exchanged ¥ usY

USY crystallites (2.7 0.6 um), which was estimated from Bl( o) ‘()fﬁ%ooirm (g-i% g)'ooirm
. . f 1 (M</s, .0) X .9) X

thg images of the sampl'e qbtalned by scanning electron P, 2.7+ 0.3)x 10°2 (254 0.3) x 10°2

microscopy (see examples in Figure 1). The images of the USY D2 (m¥s) (4+1)x 1071 4+1)x1012

sample failed to provide any evidence of frequent crystal Ps (3+0.7)x 1073 (4+1)x103

agglomeration (Figure 1b). Hence, in agreement with that D3((n'1"35)) §41:ti1%>élo‘12 (fécilgélorlz

discussed above, the mean separation between the diffusion Zi(mug) (3+1.7)x 10°2 (2+ 1.5) x 102

restrictions is expected to be determined by the mean crystallite v3(mL/g) (4+3)x 1073 (4+£3)x 103

size. At the same time, many crystal agglomerates seem to exist
in the ammonium-ion exchanged sample (Figure la). Crystal
agglomeration in the latter sample is likely to increase the mean Studied sample of USY zeolite-Octane molecules can easily
size of the domains where the intracrystalline diffusion may Penetrate both the zeolite micropores and mesopores. Later in
occur. This exp|ains the diffusion data in Figure 2 for the this article we report the results of the PFG NMR diffusion
ammonium-ion exchanged zeolite Y showing only a relatively measurements performed with another type of probe molecule
slow decrease of the effective diffusivities with increasing (i-e., 1,3,5-TIPB), which is too large to be easily adsorbed into
displacements, even when the root-mean-square displacementfie micropores of Y-type zeolite but, at the same time, is
become |arger than the Crysta”ite size. For root_mean_squaresuﬁiciently small to access mesopores. For these measurements,
displacements, which are significantly smaller than the crystallite zeolite beds were saturated with liquid 1,3,5-TIPB, ensuring
size, good agreement between the measured diffusivities wasthe condition that all mesopores accessible from the external
observed in both samples at all temperatures used (Figure 2)surface of zeolite crystals are filled with the liquid adsorbate.
Figure 3 shows the temperature dependence of the unrestricted "€ PFG NMR attenuation curves for 1,3,5-TIPB in the
intracrystalline diffusivity, which was obtained by the extrapola- Sa@mples with the ammonium-ion exchanged Y and USY zeolites
. . . - > . exhibit pronounced nonexponential behavior (Figure 4). This
tion of the simulation curves in Figure 2 to[i“(t)0= 0. This

d d b Id ibed by the Arrheni result can be explained by assuming the existence of several
temperature dependence can be well describe y the Arr ENUSractions of adsorbate molecules having different diffusivities.
law D = Dg exp(—Eac/RT) with Eaet = 21 kJ/mol. The values

f th i diffusivity in the Y-t lit ; lated In this case, the attenuation curves may be presented as a sum
ot Ine n-octane diftusivity In the Y-ype zeolites extrapolated ¢ o exponential terms of the type written in the right part of
to higher temperatures by using the Arrhenius law izt =

21 kJ/mol were found to be close to the corresponding diffusivity eq 1
of n-octane in NaX measured by PFG NFKIEFigure 3).
At the same time, at least 4 orders of magnitude lower
apparent diffusivities ofh-octane in USY were recently mea-
sured by the zero-length column (ZLC) metifdd-he discrep-
ancy between the results reported in this article and thosewherek = 4y292g’t andP; is the probability of finding molecules
obtained by ZLC might be related to the fact that the apparent with the diffusivity D;.
diffusivities measured by the latter technique can be significantly ~ Fitting of the experimental attenuation curves by using eq 3
reduced by the existence of the transport resistances on theevealed that the smallest number of the exponential terms (viz.
crystallite surface. N in eq 3) needed to get a satisfactory agreement between the
All the data discussed earlier in this article indicate that calculated and the experimental curves is three. Lines in Figure
mesopores formed by the zeolite steaming are essentially of no4 show the best fit results fof = 3 with the best fit parameters
influence for the intracrystalline diffusion af-octane in the ~ presented in Table 2. This table also shows the values of the
specific volume ¢;) of the liquid 1,3,5-TIPB having diffusivity
Di (i = 1, 2, 3). The former values were estimated from the

n=N
Y= P, exp(=kD))

®3)

(21) Cavalcante, C. L., Jr.; Silva, N. Mdsorption2003 9, 205-212.
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best fit results foP; by using the known weights of 1,3,5-TIPB  not form a connected (i.e., percolation) network allowing
and the zeolite introduced into the PFG NMR tubes. For this diffusion of guest molecules through the crystals via only
estimate, it was assumed that the valuespfind P3 corre- mesopores. Creation of such diffusion pathway can be expected
sponding to smaller diffusivities were not significantly affected to lead to an order-of-magnitude increase in the characteristic
(i.e., reduced) by an additional weighting over NMR transverse intracrystalline diffusivities in comparison to the mesopore-free
relaxation time T2) and/or by the molecular exchange with the = crystals. This expectation is related to the possibility for guest

adsorbate fraction having larger diffusivitp{).?> molecules to diffuse out of zeolite crystals via only mesopores
It is seen in Table 2 that the valuesBf, P;, andvi (i = 1, (i.e., very fast) as soon as they reach the mesopore volume for

2, 3) are essentially the same for both samples. This observationpe first time. In contrast, if this diffusion pathway does not
suggests that, in complete analogy with the data obtained for pecome available, only moderate increase in the intracrystalline
n-octane, the mesopores formed by steaming zeolite Y have nogi sjyities can be expected due to generation of mesopores.

significgnt ir_n‘luence on diffusion of 1'3'5'T|PB' Additional PFG Under such conditions, the diffusion process can be described
NMR diffusion measurements performed with the PFG NMR as a consecutive diffusion via mesopores and via zeolite

tube filled only with liquid 1,3,5-TIPB revealed diffusivity, micropores. The latter process is, obviously, the slowest one.

which was in excellent. agreement with the valqstqf Th|s Hence, the diffusion via zeolite micropores is expected to limit
result allows us to assigD; to the unrestricted diffusivity of e
the rate of the overall diffusion.

liquid 1,3,5-TIPB in the intercrystalline volume of the sample ) ]
(i.e., in the volume formed by the gaps between the zeolite ~1he MOSt important practical consequence of the results
crystals and/or crystal agglomerates and in the volume on topreported above is the conclusion that zeolite dealumination is
of the zeolite bed in the PFG NMR tube). The diffusivities apparently not a very efficient way of reducing transport
and D3 can be assigned to the diffusion coefficients of 1,3,5- limitations caused by small pore sizes in zeolites. This conclu-
TIPB in various types of mesopores and/or to the intracrystalline sion emphasizes the importance of recent efforts aiming at
diffusivities of 4% of impurities present in 1,3,5-TIPB. At least fabrication of ordered mesoporous zeolites by using advanced
some of the mesopores mentioned above might be located in aechniques such as the template mettod’ This method is
small amount of nonzeolitic impurities present in the sample. based on synthesis of zeolite nanocrystals in mesopores of an
Comparison of the data in Tables 1 and 2 shows that the valuesinert matrix, which is followed by the matrix removal.
of the total specific volume of the adsorbate having diffusivities
D, andDs are essentially the same in both samples and several Acknowledgment. This work has been done under coordina-
times smaller than the specific volume of mesopores in USY. tion of Leipzig University, Germany, in the framework of the
Hence, even if some of the intracrystalline mesopores in the “TROCAT"” project (Contract GSRD-CT-2001-00520), which
USY zeolite are accessible for 1,3,5-TIPB and the diffusion in is funded by the European Community under the “Competitive
these mesopores contributes to the diffusivibesaandDs, these and Sustainable Growth” Program. We are grateful to the
mesopores represent only a small fraction of all mesopores infollowing project participants for most stimulating discussions
the USY crystals. of the results: Prof. D. Theodorou and Dr. G. K. Papadopoulos
On the basis of all the PFG NMR data discussed above, we (National Technical University of Athens, Greece); Dr. M.
can conclude that intracrystalline diffusion of guest molecules Kotirik, Dr. A. Zikanova Ms. H. Jirglova(HeyrovsKylInstitute
is essentially unaffected by mesopores in USY. This result can of Physical Chemistry, Czech Republic); and Prof. E. W. Hansen
be understood by assuming that mesopores in USY crystals do(University of Oslo, Norway).
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