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Direct Observation of the Mesopores in ZSM-5 Zeolites with Hierarchical Porous
Structures by Laser-Hyperpolarized 2Xe NMR
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Mesopore-modified ZSM-5 zeolites with hierarchical porous structures (Meso-ZSM-5) have been synthesized
by using tetrapropylammonium hydroxide and starch as cotemplates. One- and two-dimensional '>*Xe NMR
spectroscopy has been employed to study the porosity under the continuous flow of laser-hyperpolarized
xenon gas. Besides the micropores, the mesoporous domains in Meso-ZSM-5 zeolites are directly observed
by variable-temperature experiments. Combining with nitrogen adsorption, the influence of the Si/Al ratios
on the mesopores in Meso-ZSM-5 is also investigated. The exchange of Xe atoms in different types of pores
is very fast at ambient temperature. Two-dimensional exchange spectroscopy (EXSY) is used for the first
time to monitor such an exchange process, and the results indicate that even at very low temperature Xe
atoms still undergo much faster exchange between mesopores and micropores in Meso-ZSM-5 than in the
mechanical mixture of conventional ZSM-5 and mesoporous silica. The results demonstrate that these
hierarchical pores may have good connected networks that facilitate xenon diffusion and exchange. Also,
this may give some indications for other molecules adsorption and diffusion in mesoporous zeolites especially

in the process of catalysis.

1. Introduction

Zeolites based on uniform microporous pores in the molecular
dimension have found wide applications in chemical industry.!-?
However, the catalytic activity of zeolites is often limited by
the diffusion of reagents and reaction products through the
framework pore network due to the small channels and cavities
(typically smaller than 1.2 nm).3 Recently, the materials with
hierarchical porosity have aroused great interests in both
synthesis and catalytic applications, as they can combine the
advantages of microporous zeolites with high activity and
stability and mesoporous materials with large pore size.*~!0
Several efforts have been made to synthesize micro-/mesoporous
composite zeolites by partial desilication,’ recrystallizing the
walls of the mesoporous materials,® assembling the zeolite
precursors, seeds, or nanoparticles as building blocks, adding
polymers, or using functional organosilica, etc.”~® The promising
mesopore-modified zeolites with fully crystalline walls and
intracrystal mesopores can be obtained by adding soft or hard
templates during the synthesis and then removing these
scaffolds.!%!! One of our previous studies shows that nanosized
CaCOs as hard template is a useful approach for creation of
intracrystal pores.!!®

The porous structures are crucial and decisive for molecule
diffusion processes and the shape selectivities in catalytic
reactions. These hierarchical porous zeolites have already shown
the improved performances in various hydrocarbon conversions
such as cracking and isomerization of alkanes,!% alkylation of
aromatics,!? and some cases in environmental catalysis.!® The
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benefits of introduced mesopores have been attributed to the
improved mass transport to and from the active sites located in
the micropores of zeolites.!!~'* However, the direct demonstra-
tions of such enhanced diffusion and the textural porosity of
these composite zeolites have not been well established in the
literature so far. Normally, N, adsorption is of the first choice
to study the porous texture of the materials and the changes
therein upon post-treatments. Yet the ideal models present the
limited network effects and poor descriptions of the geometrical
and energetic effects of the pores as well as the wall surfaces.!>16
Although the advanced high-resolution transmission electron
microscopy provides the direct method for charactering the fine
structures, the inferred partial and local information may be
misleading at some times and cannot represent the whole picture,
and there are disadvantages for the study of the electron-beam-
sensitive zeolites.!”

129Xe NMR spectroscopy is a powerful tool for probing the
porosity and species distribution in porous materials.'® The
optical pumping by laser for the production of hyperpolarized
(HP) xenon facilitate it working at very low concentration of
xenon (~1%) under continuous flow.!” The observed '*Xe
chemical shift could reflect mainly interactions between xenon
atoms and the surface. Xe is also very sensitive to the geometry
and may represent the connectivity and uniformity of the pores.
Our study and other studies show that this technique is very
attractive for materials analysis.2?~22 Moreover, HP '2Xe NMR
two-dimensional exchange spectroscopy (EXSY) is able to
monitor microscopic motions of Xe atoms between different
porous environments.?’23 Therefore, laser-hyperpolarized '*Xe
NMR is a sensitive and direct tool to explore the porosity of
such materials with hierarchical pores and has the potential to
reveal textural connectivity as well as the dynamics of adsorbed
Xe therein.
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In the present work, Meso-ZSM-5 zeolites with hierarchical
pores have been synthesized by using starch as cheap templates.
Continuous-flow hyperpolarized '*Xe NMR has been employed
to study the porous structure by variable-temperature experi-
ments. Combining with nitrogen sorption, the influence of the
Si/Al ratio on the mesopore size distributions as well as the
mesoporous volumes of Meso-ZSM-5 has been discussed. For
comparison, the porosities of pure-phased ZSM-5, porous silica,
and their mechanical mixture are also investigated. Two-
dimensional (2D) exchange NMR experiments are used to
illustrate the exchange process of xenon in Meso-ZSM-5 and
in the physical mixture counterparts to reveal their porous
structure differences.

2. Experimental Section

2.1. Sample Preparation and Characterization. Meso-
ZSM-5 with Si/Al ratios of 100, 50, and 25 (Meso-ZSM-5-n,
where n denotes the Si/Al ratio) were synthesized by adding
starch into the gel of the ZSM-5 with the typical composition
of 200Si10,:xAL,03:40—160TPAOH:6000—20 000H,0:0.05 starch,
where x = 1, 2, and 4, respectively. ZSM-5 with an Si/Al ratio
of 50 was synthesized by the same method using tetrapropy-
lammonium hydroxide (TPAOH) as the template but without
adding starch. After aging, the gel was transferred into a Teflon-
lined stainless-steel autoclave and kept at a desired temperature
for a few days. After crystallization, all samples were thoroughly
washed with deionized water, dried at 353 K, and then calcined
at 823 K in air for 7 h. Mesoporous silica with the same
mesopore size was purchased from BASF AG, Germany. The
weight ratio of ZSM-5 and silica in mechanically mixed sample
was 2:1, and the two parts were blended thoroughly. The crys-
talline phases of these samples were confirmed by XRD patterns
obtained at room temperature on a Rigaku D/max-rb diffrac-
tometer with Cu Ko radiation, and the relative crystallinity of
zeolites was calculated on the basis of the intensity of the peaks
of angle 26 = 22—25° in the patterns.?* The nitrogen adsorption
and desorption isotherms were measured at 77 K on a Quan-
tachrome Autosobe-1 physical adsorption apparatus. All samples
were outgassed at 573 K overnight before measurements.

2.2. Continuous-Flow Hyperpolarized 12?Xe NMR. Laser-
hyperpolarized (HP) '2Xe NMR experiments were carried out
at 110.6 MHz on the Varian Infinity-plus 400 spectrometer using
a 7.5 mm probe. Prior to each experiment, samples were pressed,
crushed, and sieved into 20—40 mesh particles, then dehydrated
at 673 K under vacuum (<107 Torr) for ca. 20 h. Optical
polarization of xenon was achieved with a homemade apparatus
as reported in our previous study,?%d~f with the optical pumping
cell in the fringe field of the spectrometer magnet and 60 W
diode laser array (Coherent FAP-System). A flow of 1% Xe—1%
N,—98% He gas mixture was delivered at the rate of 200—250
mL/min to the sample in detection region via plastic tubing.
Variable-temperature NMR measurements were performed in
the range of 138—298 K. All one-dimensional spectra were
acquired with 3.0 us 71/2 pulse, 100—200 scans, and 2 s recycle
delay. The chemical shifts were referenced to the signal of xenon
gas. Although the line of the xenon gas is temperature
dependence, generally chemical shifts vary no more than 1 ppm
in the temperature range of the experiments. The two-
dimensional exchange experiments (2D-EXSY) were performed
at 143 K using a 90°—#,—90°—71,—90°—1, pulse sequence in
TPPI mode. Each 2D spectrum was acquired with 32 points in
the #; dimension and 1024 points in the #, dimension. Before
Fourier transformation, the #; dimension was zero-filled to 256
points. Mixing times were varied from 0.1 to 10 ms.
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Figure 1. XRD patterns of Meso-ZSM-5 with Si/Al ratios of 25, 50,
and 100, respectively, as well as conventional ZSM-5, silica, and the
mechanical mixture of conventional ZSM-5 and silica. All of the
patterns were collected at room temperature on a Rigaku D/max-rb
diffractometer in a 26 range of 4—50°.

TABLE 1: Pore Structural Parameters and Relative
Crystallinities of Meso-ZSM-5 with Si/Al Ratios of 25, 50,
and 100 as Well as Conventional ZSM-5, Silica, and Their
Mechanical Mixture

relative Viicro Vmeso  BET surface

sample  Si/Al crystallinity (%) (cm/g)* (cm’/g)’ area (cm?/g)°
Meso-ZSM-5 25 75 0.10 0.44 375
Meso-ZSM-5 50 87 0.10 0.34 373
Meso-ZSM-5 100 91 0.11 0.14 367
ZSM-5 50 100 0.16 375
mixture 70 0.10 0.30 350
SiO, 0.02 1.1 244

“ Calculated by z-plot method. ® Calculated by BJH model from
the desorption curve. ¢ Calculated by multipoint BET method.

3. Results and Discussion

3.1. XRD and Nitrogen Adsorption. As shown in Figure
1, the XRD pattern of ZSM-5 is consistent with that reported
in the literature,?* and the patterns of Meso-ZSM-5 also agree
well with that of the conventional ZSM-5. Except for Meso-
ZSM-5 with an Si/Al ratio of 25, the other two samples with
higher Si/Al ratios have high crystallinity. The apparent relative
crystallinity (taking the crystallinity of conventional ZSM-5 as
100%) decreases with increasing the aluminum concentration,
as listed in Table 1. The high content of aluminum may inhibit
the crystallization of Meso-ZSM-5 when adding starch as the
template. Figure 2 shows the nitrogen physisorption isotherms,
and the inset is the corresponding BJH mesopore size distribu-
tion. For Meso-ZSM-5, the N, adsorption and desorption curves
exhibit type-IV isotherm with a steep increase at relative
pressures P/Py < 0.02 and a hysteresis loop above P/Py = 0.4.
These adsorptions are interpreted as micropores filling and
capillary condensation in mesopores, respectively.! The me-
sopore sizes of Meso-ZSM-5 with Si/Al ratios of 25 and 50 are
distributed in the range of 10—30 nm and centered at ca. 20
nm, while the mesopore in Meso-ZSM-5 with Si/Al ratio of
100 is not obvious. The surface areas as well as micropore and
mesopore volumes are summarized in Table 1. The mesopore
volumes increase with decreasing the Si/Al ratios, while the
surface areas and micropore volumes change in a minor way.
From Figure 1, we also know that Meso-ZSM-5-50 and the
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Figure 2. Nitrogen adsorption/desorption isotherms of Meso-ZSM-5
with Si/Al ratios of 25, 50, 100 and conventional ZSM-5 zeolites at 77
K, and the inset shows the mesopore size distribution of Meso-ZSM-5
calculated by BJH model from the desorption curve.
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Figure 3. Laser-hyperpolarized '»Xe NMR spectra of Xe adsorbed
in Meso-ZSM-5 with Si/Al ratio of 25. The temperature is varied from
293 to 138 K. The spectra were acquired in a static state with 3.0 us
/2 pulse, 100—200 scans, and 2 s recycle delay.

mechanically mixed sample (ZSM-5/Si0,) show similar dif-
fractions in XRD patterns. Meanwhile, their nitrogen adsorption
isotherms are analogous, and their surface areas as well as pore
volumes show no big difference (see Table 1). So it cannot get
any valuable information from the routine XRD and nitrogen
adsorption measurements to distinguish mesoporous zeolites and
mechanically mixed zeolite/silica counterparts.

3.2. HP 'Xe NMR of Meso-ZSM-5 with Different Si/Al
Ratios. The variable-temperature laser-hyperpolarized (HP)
129X e NMR spectra of Meso-ZSM-5 with different Si/Al ratios
are shown in Figures 3—5. The peaks at O ppm in all spectra
are from xenon in the gas phase. From 293 to 153 K, there is
only one downfield signal A, which may originate from the
adsorbed xenon in zeolites. The chemical shifts of the line from
Xe in zeolites increase when the temperature decreases from
293 to 143 K. It is a general trend in variable-temperature '*Xe
NMR experiments for porous materials mainly due to the
increase of the Xe-surface as well as Xe—Xe interactions at
lower temperatures. At 143 K, a new upfield line B emerges
for Meso-ZSM-5-25 (Figure 3) and Meso-ZSM-5-50 (Figure
4) and shifts downfield with decreasing temperature. This means
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Figure 4. Laser-hyperpolarized '*Xe NMR spectra of Xe adsorbed
in Meso-ZSM-5 with Si/Al ratio of 50. The temperature is varied from
293 to 138 K. The spectra were acquired in a static state with 3.0 us
7t/2 pulse, 100—200 scans, and 2 s recycle delay.
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Figure 5. Laser-hyperpolarized '>’Xe NMR spectra of Xe adsorbed
in Meso-ZSM-5 with Si/Al ratio of 100. The temperature is varied from
293 to 138 K. The spectra were acquired in a static state with 3.0 us
/2 pulse, 100—200 scans, and 2 s recycle delay.

that there is more than one type of pore distribution environment
in the Meso-ZSM-5 zeolites with Si/Al ratios of 25 and 50,
and the fast exchange of Xe among these pores exists above
153 K. For comparison, the variable-temperature HP 2Xe NMR
spectra of Xe adsorbed in conventional ZSM-5 with an Si/Al
ratio of 50 are shown in the Supporting Information (Figure
S1), and the chemical shift variations with temperature of all
samples are also shown in Figure S2. There is only one line
ascribed to Xe adsorbed in the channels, that is, micropores of
ZSM-5 in Figure S1. The temperature-dependent behavior of
line A in Figures 3—5 is similar to that of conventional ZSM-
5. Figure 6 shows the laser-hyperpolarized (HP)!*Xe NMR
spectra of Meso-ZSM-5 with different Si/Al ratios and con-
ventional ZSM-5 at 293 and 143 K, respectively. Obviously,
as indicated in Figure 6, the downfield signal A with much
stronger intensities in the spectra of Meso-ZSM-5 should be
assigned to Xe adsorbed in the micropores of Meso-ZSM-5.
The new upfield line B when decreasing the temperature to 143
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Figure 6. Laser-hyperpolarized '*Xe NMR spectra of Xe adsorbed in Meso-ZSM-5 with Si/Al ratios of 25, 50, 100, respectively, and conventional

ZSM-5 zeolites at temperatures of 293 and 143 K.

K may come from Xe adsorbed in the mesopores of Meso-
ZSM-5. The nearly overlapped two peaks in the mesoporous
region may indicate the relatively broad distribution of meso-
pores in Meso-ZSM-5. The peak area of signal A is larger than
that of signal B. This can be due to the preferential adsorption
of xenon in the micropores rather than in the mesopores at lower
temperatures. From Figure 6 we can see that line A shifts
downfield with decreasing Si/Al ratio in the Meso-ZSM-5. As
pointed out by Chen and Zhang et al.,?> the chemical shifts of
adsorbed Xe depend on the chemical composition of the zeolite
surface, that is, the aluminum content in the present case. So,
the largest chemical shift of Xe absorbed in the microprous
channels of Meso-ZSM-5 comes from the sample with an Si/
Al ratio of 25. Also, this influence may also exist in line B
from the mesopores. One can see that line B in Meso-ZSM-5-
25 shows a relatively larger chemical shift than that in the Meso-
ZSM-5-50, although their mesopore size distribution is similar.
Besides the chemical shift, there is also obvious change in the
line-shape of signal A when decreasing the temperature, which
is probably due to the chemical shift anisotropy. Line B in Meso-
ZSM-5-50 is broader than that in the Meso-ZSM-5-25. The
origin may be probably due to the former containing more
different pore environments for Xe. Surprisingly, there is no
obvious signal of Xe adsorbed in the mesopores of Meso-ZSM-
5-100 during the entire temperature range in the spectra (see
Figure 5). It may be not unexpected if considering the nitrogen
adsorption results (see Figure 2 and Table 1).

From the above results, we know that the Si/Al ratio of Meso-
ZSM-5 has great influence on the mesopore size distribution
and the mesopore volumes. With incorporating more aluminum
species, Meso-ZSM-5 may possess more uniform mesopores
and larger mesopore volumes.

3.3. HP ¥Xe NMR of Meso-ZSM-5 and Mechanically
Mixed ZSM-5/Silica Counterparts. To get a better understand-
ing of the porous structure in Meso-ZSM-5, we prepared a
mechanical mixture of conventional ZSM-5 with an Si/Al ratio
of 50 and porous silica with mesopore size and volume similar
to those in the Meso-ZSM-5. Figure 7 shows the VT HP 1Xe
NMR spectra of mechanically mixed ZSM-5 and silica samples.
At room temperature, there is nearly a single line, which may
be assigned to Xe adsorbed in micropores of conventional ZSM-
5. When the temperature decreases to 173 K and even lower,
an additional upfield peak becomes much more obvious as
compared to Meso-ZSM-5-50, which indicates that there are
two types of pores in the mechanical mixture. For a better
understanding of the porous structure in Meso-ZSM-5 zeolites,

138K

143K
A 153K

163K

173K
193K

213K
233K

253K
o 273K
293K

b U 1 T
300 200 100 0 Ppm
Figure 7. Temperature-dependent laser-hyperpolarized '*Xe NMR
spectra of Xe adsorbed in a mechanical mixture of silica and
conventional ZSM-5. The temperature is varied from 293 to 138 K.
The spectra were acquired in a static state with 3.0 us 7/2 pulse,
100—200 scans, and 2 s recycle delay.
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Figure 8. Laser-hyperpolarized '*Xe NMR spectra of Xe adsorbed
in Meso-ZSM-5-50, conventional ZSM-5, silica, and mechanical
mixture at 153 and 143 K.

Figure 8 shows the HP 12Xe NMR spectra of Meso-ZSM-5
and mechanically mixed ZSM-5/silica counterparts as well as
the reference samples, conventional ZSM-5 and silica at 153
and 143 K, respectively. The exchange of Xe atoms in different
pores of the individual material is slow at such low temperatures,
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Figure 9. Laser-hyperpolarized '>*Xe 2D-EXSY NMR spectra of
Meso-ZSM-5-50 at 143 K with different mixing times: (A) Tmix =
02 ms; (B) Tmx = 1| ms; (C) Tmx = 5 ms using a
90°—1,—90°—7,—90°—1, pulse sequence in TPPI mode. Each 2D
spectrum was acquired with 32 points in the #; dimension and 1024
points in the #, dimension. Before Fourier transformation, the f,
dimension was zero-filled to 256 points.
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Figure 10. Laser-hyperpolarized '*Xe 2D-EXSY NMR spectra of
mechanically mixed conventional ZSM-5 and silica at 143 K with
different mixing times: (A) Tmix = 1 ms; (B) Tmix = 5 ms; (C) Tmix =
10 ms. Each 2D spectrum was acquired with 32 points in the
dimension and 1024 points in the #, dimension. Before Fourier
transformation, the ¢, dimension was zero-filled to 256 points.
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so the signals in the '*Xe NMR spectra of mechanical mixture
may represent the characteristic structure of zeolite ZSM-5 and
porous silica, respectively. It can be seen from Figure 8 that
the downfield signal should come from Xe in the micropores
of ZSM-5, while the upfield line should be ascribed to Xe
adsorbed in the mesopores. At 143 K, the chemical shift
difference (A0) of xenon in these two domains is 56 ppm for
the Meso-ZSM-5 zeolites, which is less than that of 70 ppm
for the mechanically mixed ones. The results show that Xe
exchange may be faster between micropores and mesopores in
the Meso-ZSM-5 zeolites than in the mechanically mixed
counterparts, which may also demonstrate the connectivity of
these two pores is different. Similar phenomena have also been
found by Liu et al. in the characterization of mesoporous/
microporous composite materials by '*Xe NMR.?¢ The ex-
change rate of Xe atoms between Al-MCM-41 (or Al-SBA-
15) and ZSM-5 is lower in the mechanical mixture than in the
corresponding composite mesoporous materials. In the spectra
of Meso-ZSM-5-50, the line of Xe in mesopores is much broader
than that in the mechanical mixture. The origin may be also
due to the mesopore size distribution difference. Meso-ZSM-
5-50 may possess less uniform mesopores than the ZSM-5/silica
mechanical mixture.

3.4. HP »Xe Two-Dimensional Exchange Spectra. A
powerful tool for the study of exchange process is 2D-exchange
NMR spectroscopy (EXSY). The technique can be extended to
study the dynamic processes of adsorbed Xe in porous solid
materials.?’” 2D EXSY is obtained by monitoring frequencies
before and after a so-called mixing time, Tmix, during which
spin exchange and/or molecular reorientation motions can occur.
Changes in the NMR frequencies manifest themselves as off-
diagonal intensities in a 2D exchange spectrum, which depends
on the mixing time. The cross-peaks indicate an exchange of
xenon atoms between the corresponding environments on the
diagonal within the period of 7.;.2% To see more clearly the
exchange of adsorbed Xe atoms between these two different
domains and how fast these exchange processes might be, HP
129Xe 2D EXSY spectra were recorded at 143 K for Meso-
ZSM-5-50 and mechanically mixed ZSM-5/silica counterparts,
which are shown in Figures 9 and 10, respectively. The
corresponding 1D projection is displayed above the EXSY for
clarity. The absence of cross-peaks in Figure 9A demonstrates
that the exchange between the micropores and mesopores in
Meso-ZSM-5-50 does not occur during short exchange times
Tmix < 0.2 ms. The presence of cross-peaks between two '*Xe
NMR peaks assigned to exchanging Xe between micropores
and mesopores in Figure 9B suggests that the exchange of xenon
between these environments exists at a time scale of 1 ms. The
cross-peaks get more strong when increasing Tpix to 5 ms. So,
for Meso-ZSM-5-50, the Xe exchange takes place between these
two types of porous domains at the time scale of less than 1
ms. There seem to be two peaks corresponding to the mesopores
in the material as indicated by the three diagonal peaks in all
three of the spectra. The small cross-peaks in Figure 9C at least
indicate the exchange between these two mesopore peaks. We
estimate that the Xe may undergo exchange between these pores
considering some unclear cross-peaks. For the mechanically
mixed sample, 2D exchange spectra show that there is no Xe
exchanging between conventional ZSM-5 and silica at the Tpmix
of 1 ms (Figure 10A). The xenon exchange emerges when Tix
increases to 5 ms and becomes rapid for the appearance of strong
cross-peaks when Ty increases further to 10 ms (Figure 10B,C).
So, for the mechanical mixture, the Xe exchange occurs when
the mixing time close to 5 ms. It is the interparticle diffusion
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of Xe between these two domains, which could be slower than
that in Meso-ZSM-5-50. This reveals that the microporous and
mesoporous domains in the Meso-ZSM-5 may stay much closer
and have better connectivity than that in the physical mixture.
The incorporated connected mesopores may be responsible for
the enhanced diffusion of Xe through the crystals. The result
may also give some indications for other molecules adsorption
and diffusion in mesoporous zeolites especially in the process
of catalysis.

4. Conclusions

The porous structures of mesopore-modified ZSM-5 zeolites
have been studied by continuous-flow laser-hyperpolarized '2°Xe
NMR. Different adsorption domains of Xe in these hierarchical
porous zeolites can be directly observed by variable-temperature
experiments. The exchange of Xe atoms in different types of
pore environments is very fast at ambient temperatures. Com-
bining with nitrogen physisorption, we found that the Si/Al ratios
of resultant samples have great influence on the mesopore size
distribution and mesopore volume in Meso-ZSM-5. The two-
dimensional exchange NMR spectroscopy (EXSY) has been
used for the first time on such hierarchical zeolites, and the
results show that Xe atoms still undergo faster exchange between
different types of pores in the Meso-ZSM-5 than in the
mechanically mixed ZSM-5/silica counterparts even at very low
temperature. The results demonstrate that microporous and
mesoporous domains in the Meso-ZSM-5 may stay much closer
and have better connectivity than in the conventional physical
mixture, which facilitate the Xe atoms diffusion and exchange.
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