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The pore architecture of alkaline treated HMCM-22 zeolite was investigated by '2°Xe NMR spectroscopy.
The spectra show that additional porosities have been formed after the alkaline treatment. Up to a treat-
ment with 0.20 M NaOH new micropores are formed which gradually grow in size to the mesoporous
range at higher alkaline treatment conditions. Furthermore, interconnections between the two indepen-
dent channel systems are formed, leading to an increase in the porosity and a further evolution of the
porosity towards the mesoporous range. The results are in accordance with earlier characterization and
catalytic results and conclusions drawn in our previous study.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Zeolites are attractive materials for various catalytic reactions,
because of their large surface areas, thermal stability and shape
selective pore structure. Unfortunately, in the practical industrial
process some drawbacks of the microporous structure may appear.
Often reactions are largely affected by mass-transfer/diffusion
limitations. Although the small zeolite pores of similar sizes as
the molecules make a selective transport of reactants and/or
products possible, this diffusional transport is usually very slow
(D<10-8 m2s~1). These limitations are more pronounced in case
of large zeolite crystals or two-dimensional pores in slab-like zeo-
lite crystals. In order to enhance this transport, one can introduce
additional mesoporosity into the pore systems, which results in
a shorter effective diffusion length. Several research groups have
investigated various ways of introducing this additional meso-
porosity into the system, either by using a modified synthesis, or
by post-synthesis treatments [1-4].

The MCM-22 zeolite (IZA Code MWW) [5,6] consists of
two non-interconnecting channel systems: a two-dimensional
10-ring sinusoidal channel system (0.41nm x 0.51nm), and a
two-dimensional straight 10-ring (0.41 x 0.55 nm) interlayer pore
system. This interlayer pore contains 12-ring side pockets (with
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inner diameter of 0.71 nm and height of 1.82 nm), resulting in large
cavities. MCM-22 is an industrially attractive catalyst for benzene
alkylation with ethylene or propylene [7,8].

In a previous study [9] we modified the HMCM-22 zeolite (with
a Si/Al-ratio of 17) via a post-synthesis alkaline treatment to cre-
ate an interconnected micro/meso-porous pore system. It was
shown that, although a partial destruction of the zeolite framework
occurred, additional porosity was formed and an interconnection
between the two independent pore structures of MCM-22 was cre-
ated. Concerning the Si/Al-ratio, it should be noted that Groen et al.
[10] showed that the desilication process for a ZSM zeolite is most
effective, though not limited to, a Si/Al-ratio of 25-50. Therefore,
a MCM-22 zeolite with the highest Si/Al-ratio was chosen in our
study, i.e. a Si/Al-ratio of 17. Syntheses with higher Si/Al-ratio were
not (yet) successful, possibly because a lower Al-content compli-
cates either the formation of the MCM-22 monolayers (MCM-56)
or affect the combination of these layers to the layered structure of
MCM-22.

In the current study, the change in the pore sizes of several of the
alkaline modified HMCM-22 samples are investigated in a qualita-
tive way using 129Xe NMR spectroscopy. The results are compared
with the other characterization and catalytic results, presented in
our earlier studies [9].

129Xe NMR spectroscopy is now aroutine technique for the char-
acterization of porous materials. At the beginning, applications of
129Xe NMR to pore systems have concentrated mostly on studies of
crystalline porous materials such as zeolites, and zeolite precursors,
related molecular sieves, metal or organic molecules adsorbed in
zeolites, and mineral clays [11-21]. Then, a limited number of stud-
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Table 1

Textural properties of the parent and modified HMCM-22 samples obtained by nitrogen sorption [9].

Sample name Cnaon (mol1-1) Aggr (m? g™1) Vinicro (cm® g~1) Vineso ® (cm3 g1) Viotal ® (cm3 g~1)
Parent - 501 0.149 0.478 0.647
L005 0.05 523 0.179 0.854 1.030
L010 0.10 618 0.209 0.920 1.129
1020 0.20 551 0.187 0.883 1.070
L030 0.30 441 0.148 0.843 0.991
L040 0.40 294 0.100 0.710 0.810
L050 0.50 239 0.081 0.689 0.770

? Vineso = Vtota] - Vrnicm-
b Total volume for pores below p/po =0.99.

ies on either amorphous or highly disorder porous systems have
been reported [22-25].

The main advantage of the 29Xe NMR is the very high sensitiv-
ity of the chemical shift to the local environment of the Xe atom,
making it, as the best NMR probe for the porosity studies. The main
obstacle in using 29Xe for structural characterization lies in the
fact that the observed chemical shift is often dynamically aver-
aged among various xenon environments and therefore cannot be
directly related to a specific location. It is necessary to analyse all
of the contributions of the observed chemical shift to understand
the system.

In a general way, when we try to study chemically modified
porous materials we need to briefly describe the theoretical loca-
tions of the different possible porosities. The observed 12°Xe NMR
signal for adsorbed xenon (4, ) is the weighted average among the
different environments sampled by a xenon atom on the NMR time
scale:

8obs =80 + 05 + Ixe—xe + Ox

where § is the reference chemical shift of xenon gas at zero pres-
sure (usually set to zero ppm). The §s term is the contribution due
to the interactions of xenon to the pore surface. These interactions
depend on the size of the pores [17-21]. For small pores, the value
of §s is large as the pore size is smaller, while for larger pores (meso-
pores), §s becomes smaller. Also, s is sensitive to the adsorption
of Xenon on strong adsorption sites [26]. xe_xe arises from Xe-Xe
collisions and is expected to vary with Xxenon pressure, or concen-
tration, only for micropores and small mesopores [11,22]. 8x is a
term that takes into account the shift due to the electrical field
caused by cations or electrical impurities due to defects on the
materials, or the effect of paramagnetic species on the observed
material [27].

There is a linear relation between the chemical shift of xenon
and the xenon pressure (or concentration) on NaY zeolite [11].
The extrapolation to zero xenon pressure gives us the term Js, and
the slope is given by the dxe_xe interactions. For HZSM-5 zeolites
[27], there is a linear relation between the chemical shift of xenon
and the xenon pressure at high Xe pressures. But for low Xe pres-
sures, a minimum for the chemical shift was observed, which then
increases sharply (similarly as for the line width) as the pressure
decreased further. Here we cannot obtain the term &s.

For mesoporous materials [22], the Xe adsorption isotherm is
linear, and in contrast to zeolites, the chemical shift of adsorbed Xe
is practically independent of the Xe pressure.

In the case of zeolite HMCM-22 [28,29], at low Xe pressures
there is a linear relation between the chemical shift of xenon and
the xenon pressure (or concentration). At high xenon pressures we
can obtain the term dxe_xe, and at low xenon pressure (by extrap-
olating at zero pressure) we can obtain the term §s.

2. Experimental

HMCM-22 (Si/Al=15) was synthesized according to the earlier
described recipe [9]. To obtain a large uniform sample, multiple
synthesis batches were combined into a large stock. The HMCM-22
stock was modified via alkaline treatment. Therefore, HMCM-22
crystals (5-10g) were suspended in a 0.05, 0.10, 0.20, 0.30, 0.40
or 0.50M solution of sodium hydroxide (NaOH) at 323K (90 ml
solution per gram HMCM-22). After 45 min the suspensions were
diluted with ice-cooled water and the solids were separated via
centrifugation, followed by three washing steps with ice-cooled
water. After drying overnight at room temperature, a two-fold
ion-exchange with a 2.0 M aqueous solution of NH4NO3; was per-
formed, followed by calcination for 10h at 813K (heating rate
2Kmin~1). Thereafter the samples were stored and, depending on
the applied NaOH concentration, labelled as LO05 L010, L020, LO30,
L040 or LO50, respectively. The porous properties of these (mod-
ified) samples are summarized in Table 1 and the corresponding
X-ray diffraction patterns are shown in Fig. 1 [9].

Powder samples were inserted in special NMR tubes (10 mm
o.d.) equipped with a valve. Each sample was first loaded up to a
height of about 20 mm, next evacuated for 1h at room tempera-
ture, and then heated at 573 K under vacuum (103 Pa) during 10 h.
Finally the samples were equilibrated at room temperature to a
known pressure of xenon (Pxe between 0.5 and 133 kPa).

129%e NMR spectra were acquired at 297K using a Bruker
AC 250L NMR spectrometer operating at a Larmor frequency of
69.19 MHz. Chemical shifts were referenced with respect to the
129¥e gas resonance (8 =0 ppm), corrected to the zero density limit

0.50 M NaOH

0.30 M NaOH

0.20 M NaOH

0.10 M NaOH

0.05 M NaOH

Intensity (A.U.)

Parent

0 10 20 30 40
26 (°)

Fig. 1. X-ray diffraction patterns of HMCM-22 treated at 323 K with different alka-
line concentrations for 45 min and the parent HMCM-22 [9].
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Fig. 2. '?9Xe NMR spectra at different xenon pressures for parent HMCM-22.

[30]. Chemical shifts measurements are precise within 0.5 ppm.
Block decay spectra were acquired with a recycle delay of 0.5s
between /2 pulses. Sample spinning and field locking were not
used. Typically 20,000-30,000 signal acquisitions were accumu-
lated for each spectrum.

3. Results and discussion

The 129Xe NMR spectra of the parent sample and modified alka-
line treatments (LO05, L010 and L020) are presented in Figs. 2-5 for
various Xe pressures. The parent HMCM-22 sample (Fig. 2) shows
only a single, symmetrical resonance peak, whose chemical shift
(ranging from 100 to 140 ppm), shift to low magnetic field with
increasing xenon pressure. This implies that only one porosity (the
large supercages with 12-ring side pockets) can adsorb xenon in
this parent sample [28,29]. Under these conditions, xenon can-
not penetrate into the 10-ring porosity, otherwise we should have
observed another resonance at a higher chemical shift. The poros-

N 0.05 M NaOH
\
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Fig. 3. '2°Xe NMR spectra at different xenon pressures for HMCM-22 treated at
323 K with 0.05M NaOH for 45 min (sample LOO5).
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Fig. 4. '>Xe NMR spectra at different xenon pressures for HMCM-22 treated at
323 K with 0.10 M NaOH for 45 min (sample L0O10).

ity of the 10-ring channels is smaller than those leading to the
supercages [17-21,28].

In Fig. 6, the chemical shift of adsorbed Xe is plotted versus the
Xe pressure for the parent sample and samples L005, LO10, and
L020. For the parent sample, the chemical shift of Xe adsorbed in
the supercages with 12-ring side pockets increases as the Xe pres-
sure increases (Fig. 6). There are more and more Xe atoms present in
the supercages and thus increase the contribution of Xe-Xe inter-
actions. This means, that the contribution of Xe-Xe interactions to
the total 129Xe chemical shift increases.

For the HMCM-22 sample treated with 0.05M NaOH (sample
L0O05, Fig. 3) at the pressure of 133 kPa, we can only observe one Xe
resonance. The obtained value of this resonance is lower compared
to the value for the parent sample. This difference corresponds
to decreasing Xe-Xe interactions in the porosity of sample LO05
relatively to the parent sample. This latter resonance is separated

0.20 M NaOH

133 kPa
=) 107 kPa
<
2
£ 67 kPa
c
8
= 40 kPa

160 140 120 100 80
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Fig. 5. 2°Xe NMR spectra at different xenon pressures for HMCM-22 treated at
323 K with 0.20 M NaOH for 45 min (sample L020).
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Fig. 6. Chemical shift of 12°Xe versus xenon pressure for the main peaks ascribed
to the porosities in parent HMCM-22 and HMCM-22 treated at 323 K with 0.05M,
0.10 M or 0.20 M NaOH for 45 min.

into two resonances (line-1 and line-2), for xenon pressures lower
than 80 kPa. The second resonance (line-2), is located at a higher
chemical shift than the one related to the supercages (line-1). The
second resonance (line-2) has also a non linear pressure depen-
dence with the Xe chemical shift (Fig. 6), for much lower xenon
pressures (lower than 3.4 kPa), the Xe chemical shift increases again
and the line width becomes much larger than for line-1. This shift
is due to electrical impurities which can be ascribed to defects, for
instance from extra framework aluminium or additional Lewis sites
[9], that were formed during the desilication on the LO05 sample
[27]. This second resonance can be ascribed to a second porosity
in the modified HMCM-22 sample. The observation that for high
xenon pressures only one resonance is seen is an indication that
the xenon atoms move, within the NMR time scale, in both porosi-
ties and thus indicates that these porosities are interconnected. At
lower Xe pressures, the two observed resonances possess different
chemical shifts. This means that now Xe can be located in two differ-
ent environments, i.e. two kinds of porosities. One of the porosities
corresponds to Xe adsorbed in the supercages with 12-ring side
pockets, like for the parent sample. The second one corresponds to
a porosity coming from the supercages where some of the atoms are
removed from its structure by the desilication treatment and break-
ing into the 10-ring sinusoidal channels and thus forming porosities
where xenon can move inside within the time scale of NMR. As
shown in the textural properties (Table 1), the desilication leads to
an increase in the mesoporosity of the sample. Furthermore X-ray
diffraction shows a partial destruction of the framework. These dif-
ferent characterizations give us the idea that the two porosities are
placed in an intragranular mesoporosity environment and this is
why at high Xe pressure the Xe-Xe interactions decrease.
Increasing the severity of the alkaline treatment further to
0.10 M NaOH (sample LO10, Figs. 4 and 6), results in only one res-
onance peak in the 129Xe NMR spectra for the different xenon
pressures, showing a non linear pressure dependence with the Xe
chemical shift. Compared to the parent and LO05 samples (line-1),
the chemical shift at high xenon pressures has again decreased,
indicating that the size of the porosities is still increasing (less
Xe-Xe interactions). At lower pressures (<40 kPa) the chemical shift
of the resonance of the sample L010 increases relatively to sample
LOO05 (line-1). The existence of only one resonance peak under these
conditions indicates that now more and more atoms are removed
by desilication from the structure of the 12-ring side-pockets in the
supercages, thereby forming connections with the 10-ring sinu-
soidal channels and thus forming a higher quantity of porosities
where xenon can move inside within the time scale of NMR. The

NMR resonance peak ascribed to the parent sample has now com-
pletely disappeared. The new porosity is formed by a combination
of porosities coming from the interconnected 12-ring side pockets
(as part of the supercages as well as external cups) and the 10-ring
sinusoidal channels. These observations are more pronounced for
the HMCM-22 samples treated with 0.20 M NaOH (sample L020,
Figs. 5 and 6). That sample shows a non linear relation between the
129%e NMR chemical shift and xenon pressure, but less accentu-
ated. For high xenon pressures, the Xe chemical shift is again less
pronounced, and for low xenon pressures the chemical shift has
increased relatively to sample LO10.

In summary, our results obtained using 129Xe-NMR for the par-
ent sample up to sample L020, suggest that the porosities of the
HMCM-22 changes, leading to interconnected porosities. There is
at high xenon pressures a decrease in the dxe_xe chemical shift,
and at low xenon pressure an increase in the chemical shift due
to the interconnected different microporosities in the framework.
The disappearance of the characteristic X-ray diffraction peaks
(Fig. 1) for the HMCM-22 zeolite treated with various NaOH con-
centrations indicates a destruction of more and more of the zeolite
framework and thus the disappearance of the characteristic MCM-
22 porosities. Also in our earlier study [9], deconvolution of 29Sj
MAS-NMR spectra indicated a preferential destruction of those
Si-atoms located in the bottom of the 12-ring side pockets (both
inside the supercages as well as in the external cups) and form-
ing the separation between the two independent 2-dimensional
pore systems. These extractions thus lead to the forming of a con-
nection between the two pore systems. The textural properties
shown in Table 1 for the parent and treated alkaline HMCM-22
materials confirm the formation of additional porosity up to an
alkaline treatment of about 0.10-0.20 M NaOH. At 0.20 M NaOH
or above the porosities start to decrease, though the decrease in
micropore volume goes much faster than the mesopore volume,
reaching a micropore volume much lower than that of the par-
ent MCM-22 sample. From these results we can suggest that we
are forming new pores and are creating larger pores. The initial
microporosity, mainly coming from the narrower 2-dimensional
10-ring sinusoidal channel system, and the interlayer pore sys-
tem that contains supercages with 12-ring side pockets (in which
xenon can initially be adsorbed), is modified by the alkaline treat-
ment. The alkaline modification leads to an extraction from the
framework of some Si atoms, thus opening the porosities of the
10-ring channels, making an interconnection between the inter-
layer and intralayer (containing the supercages) pore systems. Now
xenon can be adsorbed in these new interconnected porosities.
As the alkaline treatment becomes stronger and stronger (sam-
ple L020 and above), there is a large extraction of Si atoms, and
the resulting larger porosity is again a merger of modified pores
coming from the initial zeolite structure. The observation of only
one resonance (sample L020), is an indication that the xenon atoms
move, within the NMR time scale, in the merger of interconnect-
ing modified pores, incorporating the mesoporosities created by
desilication.

Increasing the severity of the alkaline treatment further to
0.30-0.50 M NaOH (samples L030, L040 and LO50, Figs. 7-9) results
again, for the L030 sample, in only one resonance peak in the 129Xe
NMR spectra for the different xenon pressures. The chemical shift
as a function of the Xe pressure becomes now practically constant
(Fig. 10). There are practically no Xe-Xe interactions at high Xe
pressure, and at low Xe pressure there is a relatively low decrease
in the shift. The interconnected channels have more and more con-
tribution from the now opened 10-ring sinusoidal channels. The
desilication process continues to destroy parts of the zeolite frame-
work, creating a lot more holes, and Xe obviously can be adsorbed
also in these accessible mesoporosities. The actual porosity is then
a merger of porosities coming from the supercages, interconnect-
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Fig. 7. '»Xe NMR spectra at different xenon pressures for HMCM-22 treated at
323 K with 0.30 M NaOH for 45 min (sample L030).
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Fig. 8. 2Xe NMR spectra at different xenon pressures for HMCM-22 treated at
323 K with 0.40 M NaOH for 45 min (sample L040).
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Fig. 9. '29Xe NMR spectra at different xenon pressures for HMCM-22 treated at
323 K with 0.50 M NaOH for 45 min (sample L050).
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Fig. 10. Chemical shift of 129Xe versus xenon pressure for the main peaks ascribed
to the porosities in parent HMCM-22 and HMCM-22 treated at 323 K with 0.30 M or
0.50 M NaOH for 45 min.

ing 10-ring sinusoidal channels, and newly created mesoporosity
by the desilication process.

For the L040 sample, we can see the appearance of two different
resonances (Fig. 11). The first one (ranging from 120 to 164 ppm)
shows an increasing chemical shift with increasing Xe pressures.
In the full range, its chemical shift is larger relatively to the reso-
nance peak of the parent sample. We can assign this resonance to
adsorbed Xe in 10-ring sinusoidal channels where some Si-atoms
of its structure were removed from the zeolite framework dur-
ing desilication, forming porosities where xenon can move inside
within the time scale of NMR. This porosity is independent of the
porosity made by the interconnected supercages and side pockets
with the 10-ring sinusoidal channels and the mesoporous empty
space seen before. Taking into account that the chemical shift of a
microporous system depends on the pore size [17-21], we can state
that the microporosity of 10-ring sinusoidal channels is smaller
than those initially observed for the supercage (with side pockets)
pore system in the parent sample.

The second resonance found for the L040 sample, with a broad
line width and of which the chemical shift is independent on the
Xe pressure (Fig. 11), has a chemical shift value of 58 ppm and
corresponds to the mesoporous porosity [22]. Here 10-ring sinu-
soidal channels, supercages and a lot of empty spaces are connected
together into one large pore created by the alkaline treatment of
the sample. The zeolite crystals or the aggregates of crystals situ-

160 -
/u/n
140 /
|
) o ./I/./.
120 - —
E 1
£ 100
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80 - == | 040 2nd porosity
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60 = O —0) o)
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Fig. 11. Chemical shift of 12?Xe versus xenon pressure for the main peaks ascribed
to the porosities in parent HMCM-22 and HMCM-22 treated at 323 K with 0.40 M
NaOH for 45 min.
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ated in the intergranular particles are progressively destroyed. Xe
can move and has interactions not only with the 10-ring sinusoidal
channels and the supercages (partly destroyed) but also with large
volume created by desilication, leading to a decrease in the global
chemical shift.

For the LO50 sample, for all pressures the slope of the
line (Fig. 10) is zero, indicating no Xe-Xe interactions and
less adsorption of xenon. The obtained chemical shift of this
very large resonance is 88 (+10ppm). Here again the main
resonance seen in the spectra corresponds to Xe adsorbed in 10-
ring sinusoidal channels (partly destroyed), supercages (partly
destroyed) and a mesoporosity due to a destroyed part of the
zeolite sample, but now the chemical shift has decreased rel-
atively to the resonance seen in the L040 sample. This means
that mesoporosities can evolve as a function of the alkaline
attack of the sample, giving a different average of the chemical
shift.

From the X-ray diffraction pattern of the HMCM-22
zeolite (Fig. 1), we can see that after alkaline treatment above
0.30M NaOH the characteristic diffraction lines completely disap-
pear, indicating a severe destruction of the zeolitic crystallinity.
The textural properties obtained by nitrogen sorption (Table 1)
confirm that parts of the microporous structure are destroyed.
These observations and explanations also confirm our conclusions
in our previous catalytic study in toluene disproportionation [9].
A treatment at low NaOH concentrations results in a increase of
the catalytic activity due to the formation of additional pores,
while at too high NaOH concentrations, the catalytic activity
decreased due to (partial) destruction of the active sites, i.e.
the internal supercages and external half-cups of the HMCM-22
zeolite.

All these experiments suggest that the 10-ring interlayer pore
system and the 12-ring side pockets (both within the supercages
as well as the external cups) of the MCM-22 zeolite are pro-
gressively destroyed, forming larger microporous and mesoporous
empty spaces. At the highest applied alkaline treatment (0.50 M
NaOH, sample L050), the resulting porosity is a merger of enlarged
micropores and a lot of empty spaces. The obtained value of the
chemical shift (58 ppm) for the L040 sample (Fig. 8) and for the LO50
sample (Fig. 9, 88 ppm) is in accordance with these new porosi-
ties. We can also suggest that these new porosities are definitely
mesoporous. These mesoporosities should be an intragranular
mesoporosity, in the case of sample L050, since for external (or
intergranular) empty space, the chemical shift needs to decrease
much more (sample L040) [22,23], i.e. Xxenon is diffusing among
larger micropores, internal empty space and external intergranular
space.

4. Conclusions

The changes in pore sizes, and the formation of larger
(meso)pores were confirmed with 129Xe NMR spectroscopy and
are in accordance with earlier characterization and catalytic results
obtained and conclusion drawn in our previous study. 12°Xe NMR
spectroscopy showed the formation of smaller new porosities and
interconnections which gradually grow in size and relative quantity
after treatment with higher NaOH concentrations. Below a treat-

ment with 0.20 M NaOH, this results in an increase in the micropore
volume, creating interconnections between the two independent
channel systems, compared to the parent HMCM-22 zeolite. Above
a treatment with 0.30 M NaOH, the interconnection to the chan-
nel systems increases and new porosities are formed, including the
space created by the severe destruction of the zeolite by alkaline
treatments. These porosities are in the range of mesoporosity.
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