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Porous structure of pillared zeolites IPC-3PI and MCM-36 depends in the lower mesopore
region on the stacking of MWW layers.
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High-resolution adsorption analysis of pillared zeolites IPC-3PI and MCM-36

Arno$t Zukal* and Martin Kubu

Department of Synthesis and Catalysis, J. Heyrovsky Institute of Physical Chemistry of the
ASCR, v.v.i., Academy of Sciences of the Czech Republic, Dolejskova 2155/3, 182 23 Prague,
Czech Republic. E-mail: arnost.zukal@jh-inst.cas.cz; Fax: +420 286 582 307, Tel.:

+420 266 053 935

Porous structure of pillared zeolites [IPC-3P1 and MCM-36 and their precursors IPC-3P and
MCM-22P, respectively, has been investigated by means of a high-resolution adsorption
analysis. The analysis was based on argon adsorption isotherms measured at 87 K from the
relative pressure of 10°. The isotherms were processed by means of 7-plot method, which
made possible to distinguish adsorption in micropores and adsorption in mesopores. Pore size
distribution was evaluated from argon isotherms using Non-Local Density Functional
Theory. Obtained results have shown that the microporous structure of the MWW layers is
preserved in both pillared zeolites. In contrast to precursors [PC-3P and MCM-22P pillared
samples are characterized by the formation of porous structure belonging to the lower
mesopore region. The distribution of mesopores in zeolite [PC-3PI is broader and shifted to

larger widths in comparison with the zeolite MCM-36.
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Introduction

Zeolites are widely applied in industry for adsorption, separation and catalysis. Their success
can be attributed to the presence of micropores with well-defined structures and acidity of the
framework. Nevertheless, the presence of micropores limits in many cases the performance of
zeolite materials. The size of channels in three-dimensional (3D) zeolite frameworks, in
practice below about 1 nm, restricts the accessibility of internal surface of channels for bulky
molecules.' To overcome this disadvantage, different synthetic procedures were investigated.
Higher accessible internal surface can be achieved by decreasing crystal size,”* preparation
of zeolites with larger pores™® or by formation of thin zeolite layers.” Synthesis of so-called
two-dimensional (2D) zeolites from layered precursors which are swollen and pillared has
afforded combined microporous-mesoporous materials with enhanced surface areas.®’ Based
on the layered precursor MCM-22P, a MCM-36 molecular sieve was produced.'’ The
precursor MCM-22P was swollen at elevated temperature in solution of cationic long-chain
surfactant in the hydroxide form or in the mixture of its halide salt with a
tetraalkylammonium base under high pH. Prepared material was converted into product with
siliceous pillars by treatment with tetraethyl orthosilicate (TEOS) followed by hydrolysis of
TEOS. In analogy to this synthesis, the hydrolysis was also performed with solutions of
AICI3-NaOH or MgO/BaO-AlCI;-NaOH to prepare materials with aluminum-based binary
oxides."!

Recently, a new pillared zeolitic material IPC-3PI was prepared from novel layered
(two-dimensional) precursor IPC-3P.'? The precursor was obtained as an intermediate during
the synthesis of TUN zeolite at shorter synthesis time. In accordance to the Ostwald rule the
precursor IPC-3P represents the least stable phase crystallizing first. (At a longer synthesis

time, 3D zeolite TUN can be prepared as the final product of the synthesis.) To prepare
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pillared material, the precursor IPC-3P was treated similarly as precursor MCM-22P in
solution of hydroxide form of cationic long-chain surfactant. Swollen material IPC-3SW was
converted using TEOS into pillared product IPC-3PI.

To describe the porous structure of IPC-3PI and MCM-36 zeolites and precursors
IPC-3P and MCM-22P, the series of experimental techniques including gas adsorption was
applied.lo'19 Adsorption of different gases was studied only under standard analysis
conditions, which are insufficient to completely analyze microporous-mesoporous structures.
For detailed analysis of these structures it is necessary to know the course of the adsorption
isotherm in the whole region of pore filling, i.e. from the smallest amounts adsorbed to the
amounts corresponding to completely filled pores. As physical adsorption of gases in
microporous structures occurs in the region of relative pressures substantially lower than in
the case of adsorption on mesoporous materials, the region of micropore filling spans several
orders of magnitude beginning at relative pressure of 107 - 107,

Nitrogen is generally accepted as the standard adsorptive for determination of surface
areas and mesopore distributions using BET and BJH methods. However, the characterization
of microporous structure of zeolites with nitrogen at temperature of its normal boiling point
(77.36 K) is difficult.” The filling of zeolitic micropores with nitrogen takes place at relative
pressures from 107 to 107, where the rate of diffusion and adsorption equilibration is very
slow. This may cause under-equilibration of measured adsorption isotherms, which will give
erroneous results of the micropore analysis. The cations in zeolites, structural defects or
surface functional groups give rise specific adsorption sites; the quadrupole moment of
nitrogen molecule interacts with them. Therefore, nitrogen probes energetic heterogeneity of
microporous materials and its adsorption is much more sensitive to the details of the structure

of micropore walls.
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In contrast to nitrogen, argon as an adsorptive at temperature of its normal boiling
point (87.30 K) fills micropores at higher relative pressures from 10° to 102, leading to
accelerated diffusion and equilibration processes and also to a better precision of
measurement.”’ Argon is considered not to interact with different heterogeneities of the
microporous network. In general, argon at 87.30 K is always a better molecular probe than
nitrogen since it does not give rise to specific interactions with a variety of specific
adsorption sites.”’ For example nitrogen isotherms on MFI zeolite are shifted to lower
pressures due to increasing concentration of silanol groups or amount of Al sites. On the
other hand, the argon isotherms are independent on the amount of silanol and Al sites.”
Hence the true textural characteristics of microporous materials can be evaluated from the
argon adsorption data.

In this contribution, pillared zeolites [PC-3PI and MCM-36 and their precursors have
been investigated. To characterize these materials, X-ray diffraction patterns and nitrogen
isotherms at 77 K were recorded. The high-resolution adsorption analysis was performed
using argon adsorption isotherms at 87 K measured from the relative pressure of 10°. The
argon adsorption data were processed firstly by means of z-plot method. After that,
corresponding pore size distributions were evaluated using Non-Local Density Functional

Theory (NLDFT).

Experimental section

Synthesis
Since the synthesis of 2D zeolite IPC-3PI from the new precursor IPC-3P was reported only
recently,12 the preparation of this material is described in greater details. The zeolite MCM-

36 investigated in this paper was prepared following synthesis protocol given in Ref.'® based
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on the procedure reported in 1995 (see Ref.'®). For this reason, synthesis of MCM-36 is
described only briefly.

The lamellar precursor IPC-3P is formed initially during the synthesis of zeolite
TNU-9 with 1,4-bis(N-methylpyrrolidinium)butane (1,4-MPB) and Na’ ions as structure
directing agents.” The synthesis of this material was performed in 500-mL Teflon-lined
stainless steel autoclave heated at 433 K under agitation and autogenous pressure for 5 days.
The solid product was filtered off, washed out with excess of distilled water and dried in the
oven at 353 K overnight. This sample is denoted IPC-3P.

Swelling of IPC-3P was performed in 100 mL flask in which 3 g of dried IPC-3P was
mixed with 60 mL of cetyltrimethyl ammonium hydroxide (CTMA-OH, obtained by ion
exchange with AG1-X8 resin, BioRad) and the solution was stirred for 24 h at room
temperature. After swelling, the mixture was centrifuged for 15 min followed by three-fold
washing with distilled water and centrifugation for another 15 min. Finally, the solids were
dried overnight in the oven at 333 K. The obtained dried sample was denoted IPC-3SW.

The swollen material was treated with tetracthyl orthosilicate (TEOS, 98 %, Aldrich)
for 18 h at 358 K under reflux using 30 mL of TEOS per 1 g of the swollen sample. The
solids were separated by centrifugation and dried in air at 313 K overnight. To ensure
complete hydrolysis of TEOS, the powder was treated with water (200 mL/1 g of the sample)
for 1 day. The product was centrifuged, washed with water and dried at 333 K. The obtained
material was marked [PC-3PI.

The zeolite MCM-22P was synthesized using Ludox LS-30 and solid sodium
aluminate as sources of silicon and aluminum, respectively. Hexamethyleneimine was
employed as a structure directing agent. The hydrothermal synthesis was carried out at 423 K

for 5 day; the product was isolated by centrifugation following by washing and drying.
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MCM-36 was prepared similarly as IPC-3PI, ie. by using cetyltrimethyl ammonium
hydroxide for swelling and tetraethyl orthosilicate for pillaring.

Before adsorption measurements, all samples were calcined in a stream of air at 813
K for 8 h with a heating rate 1 K/min. After calcination the samples were treated four-times
with 1 M NH4NO; solution (99%, Lach-Ner) for 4 h at room temperature using 100 mL of
solution per 1 g of sample. (Calcined samples IPC-3P and MCM-22P are coded IPC-3 and

MCM-22, respectively.)

Methods

The structure and crystallinity of all samples was examined by X-ray powder diffraction
(XRD) using a Bruker AXS D8 Advance diffractometer equipped with a graphite
monochromator and position sensitive detector Vantec-1 using CuKa radiation in Bregg-
Bretano geometry.

Adsorption measurements were performed with an ASAP 2020 (Micromeritics, United
States) volumetric instrument. In order to achieve necessary accuracy in the accumulation of
adsorption data in a wide range of pressures, the instrument was equipped with three pressure
transducers (13.3 Pa, 1.33 kPa and 133 kPa). The fresh zeolite samples were degassed
starting at an ambient temperature up to 383 K (temperature ramp of 0.5 K min™) until the
residual pressure of 1 Pa was attained. After further heating at 383 K for 1 h, the temperature
was increased up to 573 K (temperature ramp of 1 K min™). At this temperature, degassing
continued under the turbomolecular pump vacuum for 6 h. Adsorption isotherms of nitrogen
at 77.3 K and argon at 87.3 K were recorded using liquid bath of N, or Ar. Because helium
penetrates deep into the micropores and takes a long time to diffuse from the zeolite particles,

argon adsorption isotherms were measured on each sample two times. First
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adsorption/desorption isotherm was measured in the region of relative pressures from 0.01 to
0.99. After that, the sample was evacuated directly on the sample port at 573 K for 2 h using
turbomolecular pump to prevent an influence of residual helium on the shape of isotherm at
the lowest equilibrium pressures. The following measurement of adsorption isotherm was
performed in the region of relative pressures from ca 10 to 0.6. In this case the sample was
not exposed to helium because entered values of the free space volume were taken from the

first measurement.

Results and discussion

XRD patterns of the layered precursors [PC-3P and MCM-22P and their calcined forms are
shown in Figure 1. All the materials are characterized by relatively sharp and well-defined
maxima at 2@ = 7.1, 25 and 26 °, corresponding to the (100), (220) and (320) reflections of
the MWW layers. The XRD patterns were discussed in the Ref.'?; in this paper was suggested
that the MWW layers in the IPC-3P are not vertically aligned as the MWW layers in the
MCM-22P. (Suggested different stacking of MWW layers in both zeolites is schematically
shown in Figure 2.) The conclusion concerning disordered stacking of MWW layers in the ¢
axis observed by XRD is not generally accepted. Ref.” and references therein question that
XRD is an adequate physical technique to detect such differences. Therefore, the high-
resolution adsorption analysis of materials under study is useful because it can give more
insight into the structure and properties of pillared zeolites.

XRD patterns of samples IPC-3PI and MCM-36 are shown in Figure 3. The patterns are
qualitatively similar in the range of 2@ = 5-40 °. The interlayer peaks in the low-angle region

correspond to layer spacing of 4.90 nm and 4.33 nm for IPC-3PI and MCM-36, respectively.
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Nitrogen isotherms on calcined samples IPC-3, IPC-3SW, IPC-3PI, MCM-22 and
MCM-36 are displayed in Figure 4. Surface areas Sggr of samples IPC-3, IPC-3SW and
MCM-22 were calculated using adsorption data in the range of relative pressures from 0.07 to
0.18. Adsorption data in the range of relative pressures 0.05 - 0.12 were used for calculation
of Sggr for samples IPC-3PI and MCM-36. Evaluated surface areas are listed in Table 1. It
should be noted that surface area Spgr is frequently used for a comparison of different
microporous/mesoporous materials although in this case the application of BET method is not
quite correct due to presence of micropores. Isotherms on samples IPC-3PI and MCM-36
show an increase in the adsorbed amount at relative pressures between 0.05 and 0.30. Similar
increase in the amount adsorbed was observed with isotherms on MCM-41 mesoporous

molecular sieves due to filling of pores with diameter of 2.5 — 3.0 nm.***

The similarity with
isotherms on mesoporous molecular sieves and high values of surface area (642 m*/g and 586
m?/g for IPC-3PI and MCM-36, respectively) indicate the formation of new mesoporous
structure in samples IPC-3PI and MCM-36 owing to swelling and pillaring.

Precursors IPC-3P and MCM-22P crystallize as aggregates of thin sheets which are
preserved upon calcination.**® Due to nitrogen condensation in interlayer voids in these
aggregates, all isotherms yield narrow hysteresis loops. The volume Vpjy and diameter Dgjy
of the interstitial voids determined from desorption branch of the hysteresis loops are given in
Table 1. Because the hysteresis loops and parameters Vgjy and Dgyy are similar for all
samples, it can be concluded that the swelling and pillaring practically do not change the
interlayer voids.

According to the XRD and nitrogen adsorption data, the structure of materials under

investigation appears to be as follows:

. The precursors IPC-3P and MCM-22P consist of MWW layers.
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. The layer spacing of pillared materials [PC-3PI and MCM-36 increases to 4.90 nm and
4.33 nm for [PC-3PI and MCM-36, respectively.

. A new porous structure belonging to the lower mesopore region is formed in pillared
samples while the interstitial voids among the particles are practically unchanged.

In order to gain more complete information on the porous structure of zeolites under
study, argon adsorption was investigated. The use of argon is advantageous because this
adsorptive does not give rise to specific interactions with different specific adsorption sites.'
In order to achieve a high resolution, argon isotherms were measured at 87 K from the
relative pressure p/ps of ~10°. The isotherms in linear coordinates are shown in Figure 5. To
show the low pressure region, the argon isotherms are displayed in semi-logarithmic
coordinates in Figure 6. The inspection of these data reveals that isotherms of calcined
samples IPC-3SW and IPC-3PI are almost identical at the relative pressure p/ps < 107, The
isotherms on zeolites IPC-3 and MCM-22 are in this region slightly shifted to the higher
amounts adsorbed in comparison with [PC-3PI and MCM-36; this difference can be
explained by the formation of 3D structure during calcination of precursors IPC-3P and
MCM-22P. Argon isotherms are qualitatively similar to the nitrogen isotherms at relative
pressure higher than 0.05.

The first step of the analysis of argon adsorption data was based on the utilization of the
t-plot method.”” The choice of the reference isotherm, i.e. the dependence of the statistical
thickness ¢ on the relative pressure p/ps for a reference material, is important for the correct
application of the #-plot method.” In the case of investigated zeolites, the argon isotherm on
non-porous silica with flat open surface seems the most suitable reference isotherm.
Therefore, to transform argon adsorption data into the #-plot, the reference isotherm (Figure

7) evaluated from the data on LiChrospher Si-1000 Silica (EM Separations, Gibbstown, NJ,
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US) was used.” In the region of the lowest equilibrium pressures it was completed with the
data on Davisil Silica (Grace Davison Discovery Sciences, Lokeren, Belgium).*

The ¢ values were interpolated by polynomial procedure for the series of log p/pg -5.5, -
5.4,-5.3,...,-0.1. The isotherm on investigated sample was interpolated for the same series
of log p/po. The t-plot, i.e. the dependence of amount adsorbed @ on the thickness ¢ was then
constructed for corresponding values of p/py.

The t-plots for samples IPC-3 and IPC-3PI are shown in Figure 8. (The parts of
isotherms corresponding to capillary condensation in interstitial voids were not transformed.)
The almost vertical part for # < 0.05 corresponds to the filling of micropores of the MWW
layers. In the case of IPC-3 the subsequent linear part of the #-plot corresponds to the
adsorption on the outer surface of zeolite particles. In the case of IPC-3PI the steeper linear
part of the #-plot corresponds not only to adsorption on the original surface of zeolite particles
but also to completed filling of the mesopores formed by calcination of swollen and pillared
materials. The argon condensation in these mesopores gives rise to a swing of ¢-plot in the
interval of ¢ from 0.5 to 0.6.>" It should be noted that similar effect was observed in the case
of argon adsorption on MFI nanosheets.”> Due to a short distance between MFI sheets a
condensation of argon occurs which can be distinguished from adsorption in the zeolite
framework.

The linear part of z-plot can be expressed as @ = A + B t, where a is amount adsorbed
and 4 and B are constants. The intercept 4 is equivalent to the adsorption capacity of
micropores.”’ Based on this parameter, it is possible to calculate micropore volume under
assumption that the adsorbed argon has a bulk-like liquid density. However, this assumption
is questionable for the adsorbate confined in zeolite micropores because the densities of the
adsorbed states are not equivalent to those of the condensed liquids.*® Therefore, the volume

of micropores is estimated here using NLDFT approach. The slope B is equivalent to the
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surface area of mesopores; this surface area Sipior = 1.375 B. (The coefficient 1.375 was
evaluated from constants given in Ref.zg.)

Similar #-plots were obtained for the pair MCM-22 and MCM-36 (Figure 9) and for the
sample IPC-3SW (not shown). Evaluated parameters 4, B, and Sipio; are listed in Table 1. An
inspection of Table 1 reveals that the micropore capacity of samples IPC-3PI and MCM-36 is
ca 85 % of micropore capacity of calcined precursors. On the other hand, the surface area
Stplot Of pillared samples is considerably higher and it attains 288 — 299 m?*/g. The decrease in
the micropore capacity can be explained by the presence of pillars from amorphous silica
without micropores, the increase in the surface area clearly takes place due to adsorption on
the inner surface of mesopores formed by the swelling. The texture parameters determined
for the sample IPC-3SW (Table 1) show that it contains mesopores as sample IPC-3PI;
however, the volume of mesopores is smaller in comparison with pillared sample.

The application of #-plot enables to distinguish the adsorption in micropores and
adsorption in mesopores, which is important for determination of pore size distribution. From
it follows that calculated pore sizes distributions are not deformed due to simultaneous
adsorption in both pore groups. The amount ay; adsorbed in micropores is given by the
difference (a - B ). The dependences of ayy vs. ¢ in Figures 8 and 9 show that at 7 <0.1 (i.e. at
p/po < 0.01) the term B ¢ is negligible; hence, adsorption of argon at low relative pressure
occurs practically only in micropores. On the other hand, at ¢t > 0.3 (i.e. at p/po > 0.1) amy 1
constant, i.e. due to completely filled micropores adsorption takes place only in mesopores.

In the second step of the analysis of argon adsorption, the pore size distributions
(PSD) of all samples were calculated from argon isotherms by the NLDFT model for
cylindrical pores in H exchanged zeolites. The application of NLDFT has enabled us to
calculate pore size distribution in the lower mesopore region. The interval of relative pressure

for calculations performed using Micromeritics software spans values from p/p, ~10° to p/po
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~0.6. Evaluated PSD curves displayed in Figure 10 show two distinct pore groups. (As
described in the caption, the Figure 10 consists of two parts for clarity.) The distribution of
the first group of micropores is centered at the pore width w ~ 0.56 nm. It evidences that the
MWW microporous structure is preserved in all samples. The micropore volume (Table 1) of
pillared materials IPC-3PI and MCM-36 determined by the DFT method is 85 % and 90 %,
respectively, of the micropore volume of samples IPC-3 and MCM-22. Since the pillars are
formed from amorphous silica, all the micropores are present only in the MWW layers.
Therefore, the decrease in the micropore volume of samples IPC-3PI and MCM-36 takes
place due to pillaring with 10 — 15 wt. % of amorphous silica. It should be noted that the
micropore volumes of pillared materials determined in the Ref.'> from nitrogen isotherm
using the #-plot method were smaller than data in Table 1. The values obtained by the DFT
method from argon isotherms seem more realistic.

In contrast to the mesopores formed by interstitial voids, the second group of pores
belongs to lower mesopore region. The mesopore volume Vi increases from 0.104 cm’/g for
the IPC-3SW to 0.169 cm’/g for the IPC-3PI; for MCM-36 the mesopore volume of 0.138
cm’ /g is slightly lower than that of IPC-3PI (Table 1). The mesopore size distribution curves
for samples [PC-3SW, IPC-3PI and MCM-36 shown in Figure 10 are centered at 3.1 nm, 3.0
nm and 2.8 nm, respectively. The decrease in these values corresponds to the decrease in the
interlayer spacing from 4.9 nm to 4.3 nm determined for IPC-3PI and MCM-36, respectively.
As the thickness of MWW layers is 2.5 nm,® the differences between the layer spacing and
layer thickness are with all samples somewhat smaller than the values corresponding to the
center of mesopore distribution. We speculate that this problem is connected with the shape
of mesopores formed between pillars. Although the X-ray patterns of I[PC-3PI and MCM-36

are similar, it can be supposed that possible misaligned stacking of MWW layers in the
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zeolites IPC-3P, IPC-3SW and IPC-3PI gives rise to the broader mesopore distribution in

IPC-3PL.

Conclusions

High-resolution adsorption analysis represents a complementary approach to the X-ray
diffraction method for evaluation of texture properties of 2D zeolites. Based on the argon
adsorption data measured at 87 K from the relative pressure of 10, the textural parameters
inaccessible by means of X-ray diffraction were determined. The isotherms were processed
by means of #-plot method with the argon isotherm on non-porous silica used as the reference.
The application of #-plot made possible to distinguish adsorption in micropores and
adsorption in mesopores, which is important for determination of pore size distribution. PSD
curves evaluated using the NLDFT model for cylindrical pores in H exchanged zeolites show
two distinct groups of micropores and mesopores. The microporous structure of the MWW
layers was preserved in all materials. The mesoporous structures of zeolites [PC-3PI and
MCM-36 formed by pillaring belong to the lower mesopore region. The PSD curves reveal

that the distribution of mesopores the IPC-3PI zeolite is broader than that in MCM-36 zeolite.
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Table 1 Characteristics of samples under study based on nitrogen and argon adsorption

17

Dalton Transactions

isotherms
Nitrogen Argon

Sample Sger | VBm Dgy A B St-plot ar* | Vme*
m*/g | em’/g | (am) | cm’STP/g | em’STP/gnm | m%g | cm’/g | cm’/g
IPC-3 452.1 | 0.24 5-10 99.7 74.0 101.7 | 0.190 | 0.035
IPC-3SW | 532.0 | 0.30 4-10 91.8 136.8 188.1 | 0.171 | 0.104
IPC-3PI | 642.0 | 0.28 5-8 85.2 209.6 288.2 | 0.160 | 0.169
MCM-22 | 483.0 | 0.26 4-10 103.0 95.8 131.7 | 0.200 | 0.070
MCM-36 | 586.4 | 0.26 4-8 89.7 217.6 299.2 | 0.180 | 0.138

(*) The micropore and mesopore volumes were determined using NLDFT method.
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