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Two zeolites of different topology: ZSM-5 and ZSM-12 were subjected to desilication in the NaOH solu-
tions of increasing concentrations. Changes in the properties of modified zeolites were investigated by
several methods (?°Si and 27 Al MAS NMR, FTIR, SEM, XRD, and sorption techniques). It was shown that

’(ey\_/\{ord§i desilication led to the formation of mesopores, and indicated that the process started at the faulting sites

Desilication called “silanol nests” for ZSM-5 while this mechanism for ZSM-12 was different. Acidic properties of

lel\(/jlltﬁy It parent and desilicated zeolites were investigated by the adsorption of pyridine and CO followed by IR
-J zeolite

spectroscopy. For both zeolitic series the number of Brgnsted acid centres was virtually independent of
the desilication progress (differences below 20%), while the number of Lewis centres increased by more
than 100% in some cases. Pyridine thermodesorption experiment revealed the presence of the second
type of Bransted sites in desilicated zeolites, their acidic properties may be compared to the hydroxyls

ZSM-12 zeolite
a-Pinene isomerisation

existing in mesoporous materials of M41S family.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Catalytic activity of zeolites is to the large extent controlled
by the size and shape of their channels, which are of microp-
ore dimensions. The presence of micropores, while advantageous
for shape-selective reactions might impose diffusion limitations.
Tailoring the porosity, hence diffusivity of zeolites, is one of
the challenges in zeolite synthesis. Enormous synthetic effort to
increase the size of channels resulted in successful synthesis of
mesoporous materials with pores between 2 and 25 nm. Unfortu-
nately, these mesoporous materials suffer from their low thermal
stability and particularly from the absence of strong acid sites of
Breonsted type.

Controlled mesopore formation for high-silica zeolites can
be realized by the formation of hierarchical structures [1], co-
templating with mesoporous carbon [2] or desilication: extraction
of the silicon from the framework by the treatment in basic
solutions [3]. Some of the novel strategies for the develop-
ment of micro/mesoporous composites were presented in the
reviews of Van Donk et al. [4], Cejka and Mintova [5] or Mintova
and Cejka [6].

Treatment with alkaline solutions might bring about various
results, depending on the conditions used. In the case when alu-
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minium source is available as extraframework species or added
deliberately to a solution, realumination of the zeolite occurs [7,8].

Treatment with diluted bases in the absence of the additional
aluminium source results in the ultimate removal of silica from
the zeolitic framework, decreasing Si/Al ratio, and consequently
increasing concentration of the acid centres present. Addition-
ally, mesopores formation improves internal transport of bulkier
molecules hence, in many cases, improving catalytic activity of
the desilicated zeolite. It was shown that for high-silica zeolites
in the intermediate Si/Al ratio, the formation of mesopores may be
controllable [9].

Hierarchical zeolites may be also prepared via desilication by
tetra-alkylammoniumhydroxide (TPAOH and TBAOH) solutions
[10]. This method allows for avoiding an extra ion-exchange pro-
cedure, as subsequent calcination leads directly to the protonic
form of zeolite. At the same time hierarchical structure may be
achieved without the loss of the crystallinity [11]. Desilication may
be also carried out in microwave-mediated conditions, accelerating
the development of intracrystalline mesoporosity [12]. Among dif-
ferent zeolites, subjected to desilication ZSM-5 is the one, the most
frequently used, but some other zeolite structures were also tested,
e.g. ferrierites [13], beta [14] or mordenites [15]. Other framework
trivalent heteroatoms can also regulate hydrolysis of silicon leading
to the formation of the secondary mesoporosity [16].

The choice of a-pinene isomerisation as the test reaction was not
accidental. First, the diameter of a-pinene (6.8 A x 6.9A) [17] is sig-
nificantly bigger than the diameters of the channels of both zeolites


http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:gil@chemia.uj.edu.pl
dx.doi.org/10.1016/j.cattod.2010.01.059

B. Gil et al. / Catalysis Today 152 (2010) 24-32 25

Table 1
Structural features of zeolites under study.

Sample Area, m?/[g Volume, cm?3/g Relative crystallinity degree, %
Total External Micropore Total Micro- Meso-
ZSM-5 347 67 280 0.226 0.140 0.086 91
ZSM-5,0.1M 414 193 216 0.289 0.093 0.196 100
ZSM-5,0.5M 433 211 222 0.395 0.105 0.290 93
ZSM-5,1.0M 302 150 148 0.517 0.072 0.447 67
ZSM-12 342 103 239 0.479 0.100 0.379 90
ZSM-12,0.1M 294 125 169 0.240 0.081 0.159 100
ZSM-12,0.5M 306 167 139 0.421 0.072 0.349 81
ZSM-12,1.0M 280 189 91 0.578 0.043 0.535 43

chosen for modification; for ZSM-12: 5.6 A x 6.0A and for ZSM-5:
5.3 A x 5.6 A at maximum. Thus, the reaction for the parent samples
should be influenced to some extent by the restricted diffusivity of
the substrate, which could be improved as a result of mesopores
formation [14]. Secondly, the isomerisation of a-pinene proceeds
on the acidic catalyst via confirmed formation of the carbenium
ions not interacting with the Lewis acid centres [18]. Therefore,
formation of Lewis centres, a known side-effect of the desilication
reaction [19], would be possibly not influencing the course of the
a-pinene isomerisation. The presence of basic sites leads to double-
bond migrations, and thus formation of (3-pinene [20]. The latter
reaction was never observed in our case.

In the present work, two series of zeolites: ZSM-5 (Zeolyst) and
ZSM-12 (home-made), both with the initial Si/Al ~ 45, were desili-
cated using NaOH solutions of increasing concentrations at 85 °C.

2. Experimental

ZSM-12 zeolite was synthesized, following conditions given in
Ref. [21], while ZSM-5 was provided by Zeolyst Inc. The initial Si/Al
ratio of both zeolite samples was ca. 45. The materials were mod-
ified by desilication with 0.05, 0.1, 0.5 and 1.0 M NaOH solutions
at 85°C for 1h, under atmospheric pressure. For each case, 25 ml
of NaOH solution was heated up to 85°C in a flask combined with
reflux, then 3 g of the calcined (at 400 °C) zeolite was added and the
mixture was vigorously stirred for 1 h. After modification, the zeo-
lite samples were transformed into ammonium forms by fourfold
ion exchange with 0.5 M ammonium nitrate (2 h) without calcina-
tions in between ion-exchange procedures. Finally samples were
transformed into the hydrogen forms by calcinations in vacuum at
550 °C. The parent and modified samples were characterized by 29Si
and 27Al MAS NMR, FTIR, SEM, EDX, XRD, TPD and sorption tech-
niques. Textural (XRD and SEM) properties of the samples were
already described elsewhere [22].

The N, adsorption at 77 K was performed in a Quantachrome
Nova 2000 series analyzer on samples activated in vacuum at 300 °C
for 20 h. BET method was applied to calculate the total surface area,
while discrimination between micro- and mesoporosity was done
by the t-plot method.

Solid state Magic-Angle-Spinning Nuclear Magnetic Resonance
(MAS-NMR) spectra were acquired on the APOLLO console (Tec-
mag) at the magnetic field of 7.05T (Magnex). For the 29Si
MAS-NMR spectra a 3 us rf pulse (/2 flipping angle) was used,
4kHz spinning speed, and 256 scans with the delay of 20s were
acquired. The 27Al spectra were recorded using the 2 s rf pulse
(m/6 flipping angle), 8 kHz spinning speed, and 1000 scans with
acquisition delay 1s.

Catalytic tests (a-pinene isomerisation) were carried out in the
liquid phase at 75 and 90 °C, using batch type reactors under reflux.
For each run 5 ml of a-pinene was heated to chosen temperature.
Subsequently, 250 mg of the catalyst (previously calcined to obtain
the H-form) was added to the reaction mixture. Reaction was car-
ried out under isothermal conditions with continuous stirring. After

selected times (5, 15, 30, 60, 120 and 180 min) 12 .l of aliquots
were obtained for analysis (ca. 2% of volume change). The reaction
products were analyzed by GC (HP 5890) equipped with a packed
column and a TCD detector.

Si and Al contents in the samples were determined in ICP AES
study with the use of the Optima 2100 spectrometer (PerkinElmer,
USA). RSD of determination were in the range of 0.18-2.22% for Al,
and 0.13-1.86% for Si, respectively. Additionally, EDX analysis was
recorded on a JEOL JSM 7500F electron microscope.

ZSM-5 ]

0,0 0,2 0,4 0.6 08 e
v’}y
ZSM-12 //’ /v
] ,v/'
}'va
e
,..w"‘"v"'v
.
WMW
. = .o:.‘_'.ﬁ-
b aY as-on00 0o !.‘._'.':'..t-
autilcecsee L
a —u=N— ,—‘——"l——'—l:l"’l:_../
._’__.—.—-"-_-_
L |
I T T T T T T T T r !
0,0 0.2 0.4 0.6 b b
P/,

Fig. 1. Adsorption isotherms of the parent and desilicated ZSM-5 and ZSM-12 zeo-
lites. a — non-treated zeolite, b — desilicated in 0.1 M NaOH, c - desilicated in 0.5 M
NaOH, d - desilicated in 1.0 M NaOH.



26 B. Gil et al. / Catalysis Today 152 (2010) 24-32

A Si(0Al) ‘ B
(A) ~ ®
Si(0AI)
Si(1Al)
Si(1Al)
80  -80  -100 110 -120  -130 -80  -90  -100  -110  -120  -130
ppm from TMS ppm from TMS
(C) _ (D)
Si(0Al) Si(0Al)
Si(1Al) | Si(1A) \
Si(2Al) Si(2Al)
and/or and or \
Si(SSiOH)\ Si(3SIOH) \,
80 -90 400 110 -120 -130 -éo -9'0 -160 -1'10 -1'20 -150

ppm from TMS

ppm from TMS

Fig. 2. 2°Si MAS NMR spectra of parent and desilicated zeolites ZSM-5. A — non-treated zeolite, B — desilicated in 0.1 M NaOH, C - desilicated in 0.5M NaOH, D - desilicated

in 1.0 M NaOH.

The acidity of zeolites was investigated by the adsorption of
CO, pyridine and a-pinene used as probe molecules, followed
by FTIR spectroscopy. All samples were activated in the form
of self-supporting wafers (ca. 5mgcm~2) at 550°C under vac-
uum for 1h prior to the adsorption of probe molecules. The
adsorption temperatures were: carbon monoxide at —100°C, pyri-
dine at 170°C, and a-pinene at 75°C. Spectra were recorded
on a Bruker Tensor 27 spectrometer, equipped with an MCT
detector, working at 2cm™! resolution. All measured spectra
were recalculated to a ‘normalized’ wafer of 10mg (density
3.2gcm2). For quantitative characterization of acid sites the fol-
lowing bands and absorption coefficients were used: pyridine PyH*

(A)
Si(0AI)

Si(1Al)

N

band at 1545cm~!, £=0.078 cm pmol~! PyL band at 1454cm™1,
£=0.165 cm wmol 1.

3. Results and discussion
3.1. XRD studies

XRD measurements confirmed that the zeolite structure was
preserved at lower NaOH concentrations, while the relative crys-
tallinity (compared to the most crystalline samples of the series)
of the samples treated by 1.0 M NaOH dropped to the level of ca.
70% (ZSM-5) and 40% (ZSM-12), see Table 1. These data suggest that
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Fig. 3. 2°Si MAS NMR spectra of parent and desilicated zeolites ZSM-12. A - non-treated zeolite, B - desilicated in 0.1 M NaOH, C - desilicated in 0.5 M NaOH, D - desilicated

in 1.0 M NaOH.
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the MFI structure of ZSM-5 zeolite is more resistant to destructive
force of NaOH that the MTW structure of ZSM-12 of the same Si/Al
ratio. Two facts have to be emphasized at this point. Firstly, the
most crystalline samples for both series are the one treated with
0.1 M NaOH which suggest that the parent zeolites already contain
some extraframework amorphous phase, very easily removed in
basic solution. Secondly, the presence of the amorphous part must
influence the results of the acidity measurement. All the results are
calculated for the ‘normalized’ weight of the catalyst and one have
to be conscious of the fact that some part of this weight is made
up by crystalline and some of the amorphous phase. At the same
time the catalytic results are calculated also for the catalyst weight
therefore the ‘diluting’ effect of the amorphous phase is influencing
the acidity and activity measurement to a similar extent.

3.2. N, adsorption studies

Desilication caused changes in the pore structure, as showed
by the N sorption experiments, the isotherms are presented in
Fig. 1. For both zeolites, the increase in the external surface area
was accompanied by the significant increase of the mesopore vol-
ume and decrease in the micropores area. At the same time, the total
sample surface area after modification did not change considerably.
Such behaviour can be explained by the formation of mesopores
at the expense of micropores. It can be assumed that the part of
the micropores may be blocked by the extraframework material.
Removal of silicon atoms with accompanying oxygen atoms may
result in the formation of silica-rich, amorphous debris. The extent
of formation of such extraframework material was rather limited
for desilication in NaOH of concentrations up to 0.5 M since it was
observed that crystallinity of the corresponding samples was only
slightly changed (Table 1). This hypothesis will be further con-
firmed by the NMR and IR studies (vide infra).

3.3. NMR studies

29Si MAS NMR spectra (normalized to the mass of the sam-
ples, Figs. 2 and 3) show three, poorly separated peaks located
between —105 and —112 ppm, which can be assigned to Si(0Al),
Si(1Al) sites, and one, common for Si(2Al) and SiOH sites. From the
relative intensities of these peaks some information about the desil-
ication can be deduced: whether it is completely random process,
or if there is a preferential removal of Si atoms near neighbour-
ing Al atoms. The signal characteristic of Si(0Al) is dominating the
spectra both for the parent and modified samples, and its rela-
tive intensity is gradually decreasing with the desilication progress.
An increase of the relative intensity of the signal at —105 ppm
is caused more by the increase of the number of SiOH groups
(confirmed by IR, vide infra), than by the increase of the number
of Si(2Al) sites. The latter possibility can easily be rejected from
consideration after noticing that the intensity of Si(1Al) signal is
decreasing as well, which can be best observed for the ZSM-12
series (Fig. 3). If the abundance of Si(1Al) groups does not increase
during desilication, the abundance of Si(2Al) groups should not
increase either, as seen by the deconvolution results. Furthermore,
the OH groups connected with Si(1Al) or Si(2Al) sites should display
slightly different acidic character, caused by the so-called chemical
factor [23], thus the number of the next-neighbouring Al atoms,
decreasing the partial charge located on the acidic proton. Changes
in acidity can be easily followed by IR spectroscopy and will be
presented later.

Since NMR spectroscopy can be considered as quantitative
method, from the intensities of the Si signals in the 29Si MAS NMR
spectra the values of Si/Al were calculated, according to the method
presented in Ref. [24] after deconvolution into separate signals
(Figs.2 and 3). The results are presented in Table 2 together with the

Table 2

Si/Al ratio, calculated from ICP AES analysis, 2°Si MAS NMR spectroscopy and the
concentration of the Brognsted and Lewis acid sites (IR spectroscopy on the basis of
pyridine adsorption).

Sample Si/Al Concentration, pmol/g
ICP NMR EDX Bronsted Lewis
Strong Weak

ZSM-5 49.6 39.7 48.2 256 49 60
ZSM-5,0.1M 47.8 34.1 43.2 197 54 28
ZSM-5,0.5M 371 23.7 - 179 86 31
ZSM-5,1.0M 18.9 18.5 18.1 211 112 148
ZSM-12 47.0 41.5 211 193 18 38
ZSM-12,0.1M 441 34.7 444 188 54 57
ZSM-12,0.5M 432 21.1 30.3 157 94 110
ZSM-12,1.0M 321 17.7 15.6 130 126 166

ICP and EDX analysis results. Si/Al ratios are systematically lower
when calculated on the basis of the NMR and EDX than from ICP,
reflecting partial amorphization of the desilicated material.

27A1 MAS NMR spectra (Fig. 4) are dominated by the signal at
60 ppm, originating from tetrahedral aluminium sites, while the
number of the octahedral species (signal at 0 ppm) is small. Nev-
ertheless, for both series, the intensity of the signal at 0 ppm is
gradually increasing with desilication, suggesting progressive dam-
age of the zeolitic framework (amorphization).

From the analysis of the NMR spectra it can be concluded that
there seem to be no preference in the way Si (or Al) atoms are
removed from the framework. Only small increase of the intensity
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Fig.4. 27 AlMAS NMR spectra of parent and desilicated zeolites ZSM-5 (A) and ZSM-
12 (B). a - non-treated zeolite, b — desilicated in 0.1 M NaOH, ¢ - desilicated in 0.5 M
NaOH, d - desilicated in 1.0 M NaOH.
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of the octahedral Al signal suggest that extraframework mate-
rial is rather washed away than remaining and blocking internal
pores.

3.4. IR studies of the OH groups

Changes in the structure of desilicated zeolites can be followed
by IR spectroscopy, exploring the distribution of different kinds of
OH groups in the first place. Fig. 5 presents the spectra of the parent
and desilicated zeolites ZSM-5 and ZSM-12 normalized to the same
sample density (3.2 gcm™2). It can be observed that due to desili-
cation defect sites, known as the “silanol nests” were removed in
the first order. The IR band characteristic for these groupings (at
3500cm~1) in zeolite ZSM-5 decreased its intensity after reaction
with 0.1 M NaOH and disappeared almost completely after treat-
ment with 0.5 M NaOH (Fig. 5A). It can be deduced that these defect
sites are the places the most incurred to the attack of the base.
Such suggestion was very recently proposed by Holm et al. [19]. For
zeolite ZSM-12 the band characteristic for silanol nests is steadily
decreasing with increased base concentration, but is visible even
after treatment with 1.0M NaOH (Fig. 5B, spectrum d), suggest-
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ing slightly different desilication mechanism. Differences may arise
from different T-site density of both zeolites and different dimen-
sionality of the channel system: three-dimensional for ZSM-5 and
one-dimensional for ZSM-12. Differences in the internal transport
may play a role in a removal of dissolved fragments of the frame-
work, bearing in mind similar channel dimensions and Si/Al ratio
of both zeolites.

For zeolite ZSM-5 in the spectrum of non-treated sample, the
band at 3700 cm™! is present. This band corresponds to the OH
groups, attached to the extraframework aluminium species, which
are the most probably located on the external surfaces of the crys-
tals [25]. Treatment in even diluted base solutions readily removes
these defects. On the contrary, the extraframework aluminium
species of other character is formed as a result of desilication, with
the characteristic band at 3670 cm~!. Both for ZSM-5 and ZSM-12
zeolites, the band at 3670 cm~! appears when the concentration of
NaOH reaches 0.5 M. Analogous in the frequency and shape band
is observed of ZSM-5 zeolites with low Si/Al ratio and is charac-
teristic for OH groups attached to intrachannel, extraframework Al
species [26]. The appearance of the band at 3670cm™~! is accom-
panied by the decrease of the intensities of bands, characteristic

ZSM-12
0,01 B
a
1o
C
0,00 d
1 » 1 *- 1
2200 2150 2100
0,089 (D) Ay = 306 cm
- =
0,04 -
0,00
-0,04 1
T T 1
3600 3400 3200 3000
v,cm’

Fig. 6. IR spectra of CO, adsorbed on parent and desilicated zeolites. Spectra in the region of CO stretching vibrations (A and B) and of OH groups interacting with CO (C and
D). Spectra on parts C and D are subtraction spectra, resulting from the subtraction of spectra of activated sample from the spectra after CO adsorption and normalization to
the same intensity of the OH.--CO band. a - non-treated zeolite, b - desilicated in 0.1 M NaOH, c - desilicated in 0.5M NaOH, d - desilicated in 1.0 M NaOH.
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Fig. 7. IR spectra of OH groups (A and C) and PyH* (B and D) on zeolite ZSM-5 (A and B) and ZSM-12 (C and D), recorded during pyridine desorption at 250, 350, 450 and
520°C. Spectra in C and D are the subtraction spectra (spectrum after Py desorption minus spectrum of activated zeolite).

for Si—-OH-Al groups. Treatment with NaOH seems to decrease
the number of acidic OH groups with increased concentration of
the base. This observation confirms the results from NMR mea-
surement, which suggest removal of both Si and Al atoms from
the zeolite framework. Formation of the mesopores is connected
with the increase in the intensity of SiOH groups with the band
at 3745 cm~!. Silanols, with such high stretching frequency, are
the so-called terminal silanols, located almost exclusively on the
external surfaces of zeolite crystals. The mesopores’ surface can
be considered as the external, with its ‘chemistry’ closer to the
mesoporous silica than microporous zeolite.

From the analysis of the IR spectra of OH groups alone it can
be concluded that the treatment with NaOH caused increase in
the amount of external silanol groups, now located mostly in the
mesopores, and dealumination of the samples, manifested in the
decrease of the intensity of Si-OH-Al groups together with the
appearance of extraframework Al-oxo/hydroxo species.

3.5. IR studies of CO sorption

Carbon monoxide, when adsorbed on acidic zeolites can
distinguish between Brgnsted and Lewis sites. Furthermore, differ-
entiation between Lewis sites, appearing in the zeolite as a result
of dehydroxylation (IR bands at 2230cm~!) from the ‘intrinsic’
Lewis sites [27] analogous to the ones present in Al,O3 (IR band
at 2180cm™1) is also possible. This differentiation is feasible only
when using CO as a probe molecule. Pyridine and ammonia ‘recog-
nize’ both types of Lewis sites as one. Unfortunately, the frequency
at which the band of adsorbed CO appears is not a direct measure
of the strength of the Lewis site [28]. CO interacts with Lewis acid
centres in the first order, and only after that it starts to interact
with OH groups. The band of CO bonded onto Brensted sites at
2175cm™! is so intense that it would obscure much less intense

bands of CO-Lewis complexes. Fig. 6A and B shows therefore the
spectra of the small amount of CO (ca. 2-3 molecules for a unit cell)
adsorbed in zeolites. For both series of zeolites, the band charac-
teristic of Lewis sites originating from dehydroxylation is absent.
Slight broadening (appearance of the tail on the higher frequency
side) of the band at 2175cm™!, observed for desilicated zeolites
(Fig. 6A and B, spectra b-d) may be a result of the appearance of
the band at 2180 cm~!, so the presence of the intrinsic Lewis acid
sites. It has to be noted that the intensities of CO-Lewis complexes
are very small due to extremely low absorption coefficient of this
band, thus on the basis of the intensity of this band it would be
extremely hard to judge the amount of the Lewis sites. This was
done in the experiment with pyridine adsorption, and taking into
account the absence of the Lewis acid sites originating from dehy-
droxylation, only the ‘intrinsic’ Lewis sites are present in both series
of zeolites.

The interaction between CO and OH groups is frequently used
to estimate the acid strength of the Brgnsted sites. Carbon monox-
ide was introduced into the contact with zeolites at —100°C in the
amount enabling interaction with all OH groups present. When
CO is adsorbed on acidic OH groups, the O-H bond is weakened
and corresponding stretching frequency shifted towards lower fre-
quencies (red-shifted). At the same time, the intensity of such band
is lowered and half-width increased. The bigger the value of the
frequency shift the more acidic are interacting OH groups. Addi-
tionally, as the perturbed band is wider the differences in the acid
strength which may be caused by desilication, should be much
easier to observe. The value of the red-shift for ZSM-5 is equal to
319cm~! and 306 cm~! for ZSM-12 (Fig. 6C and D) pointing at the
slightly higher acid strength of OH groups in zeolite ZSM-5. Sub-
sequently recorded spectra were subtracted from the spectra of
activated samples and normalized to the band at ca. 3500cm™!
(Fig. 6C and D). For both series of zeolites, the shape of the red-
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shifted band is not changing with the desilication progress; this
concerns both the value of the red-shift (Av) and the half-width of
the band of interacting OH groups. Therefore it can be concluded
that the acid strength of the Si-OH-Al groups is not influenced by
desilication.

3.6. IR studies of pyridine sorption

Adsorption of pyridine, followed by IR spectroscopy allows
quantification of the acid sites, both Brensted and Lewis types.

Excess pyridine was adsorbed in zeolites at 170 °C, subsequently
desorbed for 20 min at high vacuum (residual pressure 10~% mbar)
at 170, 250, 350, 450 and 520°C. After desorption at the desired
temperature, the sample was cooled down to 170°C and the IR
spectrum recorded to rule out the influence of the temperature on
the intensity and the half-width of the IR maxima.

The experiment preformed in this manner allowed establishing
two aspects of acidity. The first is the concentration of Brensted
and Lewis centres, determined from the intensity and the absorp-
tion coefficients of the 1545cm~! band of protonated pyridine
(Brensted sites) and the 1450 cm~! band of coordinatively bonded
pyridine (Lewis sites). The second is the relative acid strength deter-
mined under dynamic conditions. Desorption of pyridine, having
kinetic diameter 5A, from the microporous channels of the par-
ent zeolites of diameter no greater than 6 A, has to be influenced
by two factors: the strength of the acid site bonding pyridine and
the diffusion coefficient. During pyridine desorption from zeolites
with secondary mesoporous channel system, diffusion coefficient
should increase along with increase of the channel diameter and
mesopores volume. The influence of the altered acid strength can be
ruled out, because the experiments of carbon monoxide adsorption
(static experiment) clearly demonstrated that the acid strength of
Si—-OH-Al groups did not changed with desilication. Similar results
were observed in the experiments of CO adsorption and pyridine
desorption from the zeolites of different channel connectivity [29].

The calculated concentrations of the Brgnsted and Lewis centres
are presented in Table 2. For both series of zeolites the number of
Bronsted acid centres (calculated as the number of PyH* cations)
is virtually independent of the desilication progress (differences
below 20% which may be also attributed to the partial amorphiza-
tion), while the number of Lewis centres increases drastically (by
more than 100% in some cases). Such steep increase of the amount
of Lewis acid sites may be the proof for the formation of the amor-
phous phase for zeolites treated with the most concentrated (1.0 M)
base.

The fact that the number of Brensted acid centres stays at the
same level for non-treated and desilicated zeolites, while the inten-
sity of the band characteristic of Si-OH-Al groups is decreasing
seems to be a contradiction. This apparent inconsistency can be
explained after analyzing the changes of the IR bands of PyH* and
OH groups during pyridine thermodesorption.

Fig. 7 shows the IR maxima characteristic of OH groups in ZSM-5
and ZSM-12 zeolites treated in 0.1 M NaOH during pyridine des-
orption (for other zeolites the results were analogous, spectra not
shown). Pyridine reacts with acidic OH groups in zeolites according
to the scheme: zeol-OH + Py <> zeol-O~ + PyH*. Pyridine desorption
results in the decomposition of PyH* cations leading to the restora-
tion of OH groups. For the case of desilicated zeolites, it can be easily
observed that pyridine desorption at increasing temperatures, even
if causing the decomposition of pyridinium cations (decrease of the
1545 cm~! band) is not followed by the increase in the intensity of
the band characteristic of OH groups. Therefore, in the examined
zeolites some centres, able to protonate pyridine but at the same
time not manifesting themselves as the band at ca. 3610cm~!, do
exist. The possible nature and origin of such centres will be dis-
cussed later (vide infra).

1,0

total
B strong
0.8 weak
0,6

Ades"Amax

0,4 | n
0,2 N
o0 Ho-—— — - -~ -
ZISM-5 ZSM-5, ZSM-5, ZSM-5, Z5M-12 ZSM-12, ZSM-12, ZSM-12,
01M 0.5M 1.0M 0.1M 0.5M 1.0M

Fig. 8. Acid strength of OH groups in parent and desilicated zeolites ZSM-5 and
ZSM-12. Ages/Amax represents a fraction of pyridinium ions (from the intensity of IR
band at 1545 cm~1) still present after desorption at given temperature (Tges).

The population of Brgnsted acid sites can be therefore divided
into two parts. The first is the population of the strong acid centres,
Si—-OH-Al groups. The second, is the population of weaker Brgnsted
centres, able to protonate pyridine but releasing it at lower tem-
peratures than Si—-OH-Al groups do. Concentration of both kinds of
Brgnsted centres can be estimated on the basis of pyridine ther-
modesorption experiment under assumption that almost all weak
Brgnsted centres released pyridine before this base started to des-
orb from the Si-OH-Al groups. This assumption obviously leads
to some, although rather small, underestimation of the amount
of weak Brensted sites and overestimation of the strong Brgnsted
sites. As for all zeolites up to 450°C the band characteristic of
Si—-OH-Al groups was not restored, this temperature was taken
as a borderline. Intensity of the 1545 cm~! pyridinium band was
therefore taken as equal to the number of weak acid centres and
the difference between the intensity of pyridinium band at 250°C
(maximal intensity) and 450 °C, was taken as the number of strong
Brensted sites: Si—-OH-Al groups. It can be seen (Table 2) that
although the overall concentration of the Brensted sites is virtu-
ally constant, the concentration of the strong acid sites decreases
and concentration of the weak acid centres increases. Therefore,
the resultant average strength of acid centres should decrease with
the desilication progress.

Usually the ratio of PyH* band intensities at 1545 cm~! at differ-
ent desorption temperatures Ages/Amax is taken as a determinant of
the acid strength, where Age, is the intensity of the 1545 cm~! band
at the chosen desorption temperature, while Amax is the maximum
intensity of this band - for all samples here - after desorption at
250°C. The higher this ratio, the stronger are the Brensted cen-
tres, because higher temperature is required to break the bond
between the acidic OH group and pyridine molecule. In the case of
series of desilicated zeolites discussed here two such ratios might
be considered: separately for strong and weak Brgnsted centres.
If the same desorption temperature, 450°C, is kept as borderline,
the ratio A4509/A250 should characterize the strength of the weak
Brognsted sites and the ratio Asyo/A450 should represent the strength
of the Si—-OH-Al groups. The results of such comparison are visu-
alized in Fig. 8. Now one can clearly observe that the acid strength
of both types of zeolites is influenced in different way. While the
strength of both strong and weak acid sites for zeolite ZSM-5 seems
to be unaffected by the desilication, for ZSM-12 zeolite is decreasing
steadily with the desilication progress (Fig. 8).

3.7. Origin of the weak Brensted centres

Desilication resulted in the formation of mesopores, penetrat-
ing the zeolites’ crystals and their framework. From the analysis
of IR spectra it is obvious that more and more silanol groups
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Fig. 9. IR spectra of OH groups in non-modified ZSM-5 zeolite interacting with a-
pinene at 75°C, a - activated zeolite, b - immediately after a-pinene adsorption, ¢
- after 30 min contact.

emerged on the mesopores surface - they appeared when silanol
nests, hydrogen-bonded silanols (vicinal SiOH) and siloxane or even
Si-O-Al bridges were cut and fragments protruded into void of the
mesopore. The dangling bonds had to be terminated and as a result
Si—OH or both Si—OH and Al-OH groups (when Si—O-Al bridge was
broken) appeared. It can be imagined that some of the mesopores
were formed this way that Si-O-Al bond was not destroyed but as a
whole situated on the mesopore’s wall. Such Si-OH-AI group may
be compared to the hydroxyls existing in mesoporous materials of
M41S family [30] or of ITQ-2 material [31]. It is known that such OH
groups are characterized by unusually low adsorption coefficient,
therefore are practically invisible for IR spectroscopy [27]. What
is more, their acid strength is also deeply lowered. All the features,
characteristic for mesoporous Si-OH-Al groups can be attributed to
the weak Brgnsted sites, appearing as aresult of desilication in both
series of zeolites under investigation. Therefore we assume that
Si—-OH-Al groups protruding into the newly formed mesopores can
be identified with Si-OH-Al groups analogous to the ones, formed
in mesoporous materials. Itis impossible to observe such OH groups
in the IR spectra, as the weak acid centres constitute from 20 to
50% of all the Bransted sites, and with greatly diminished absorp-
tion coefficient this maximum would be obscured by the IR band
of standard bridging Si—-OH-AI groups.

3.8. IR studies of «-pinene sorption

The diameter of a-pinene (6.8 A x 6.9 A) is clearly bigger than
the channel diameter of bothZSM-5 (5.1 A x 5.5 Aand 5.3 A x 5.6 A),
and ZSM-12 (5.6 A x 6.0 A) zeolites. The question therefore arises
whether some centres, present on unmodified sample were inac-
cessible to a-pinene and became accessible as a result of the
mesopores formation. For that reason, a-pinene was adsorbed at
the reaction temperature in zeolite of the smallest channels, i.e.
ZSM-5. Recorded spectra are presented in Fig. 9. Under static con-
ditions 30 min were enough for a-pinene to penetrate the whole
zeolite crystal. The band of Si-OH-Al groups disappeared com-
pletely; therefore all OH groups were consumed by the reaction
with pinene. It can be therefore concluded that even in unmodified
zeolites all acid centres were accessible to a-pinene, thus formation
of mesopores is responsible for the improved transport of reac-
tants and not for the increased accessibility to centres, previously
inaccessible.

Table 3

Catalytic performance of parent and desilicated zeolites ZSM-5 and ZSM-12. Sc -
selectivity to camphene; Sl - selectivity to limonene; HRTP - high retention time
products.

Sample Conversion, mol% Sc/Sc+Sl1 HRTP

75°C 90°C 75°C 90°C 75°C 90°C
ZSM-5 11.4 10.0 49.5 49.3 33 6.7
ZSM-5,0.1M 9.3 9.5 45.5 46.2 3.2 3.6
ZSM-5,0.5M 171 17.2 50.3 53.7 4.1 3.0
ZSM-5,1.0M 29.9 27.5 49.8 49.8 3.1 34
ZSM-12 43.6 7.6 58.9 57.9 10.1 14.9
ZSM-12,0.1M 36.5 423 50.7 51.5 4.7 83
ZSM-12,0.5M 69.6 15.4 53.5 49.9 4.9 7.8
ZSM-12,1.0M 40.7 20.5 40.3 383 4.4 9.6

3.9. Catalytic study of «-pinene isomerization

Test reaction of a-pinene isomerisation was carried out at tem-
peratures: 75 and 90 °C for 180 min in liquid phase. During reaction
the catalyst, which was white initially, turned orange (75°C) and
brownish (90°C). After the catalyst was removed from the solu-
tion, the intensity of the colour was diminished. The main products
of a-pinene isomerisation are camphene, limonene, a-terpinene,
p-cymene, terpinolene and fenchene together with HRTP (high
retention time products), among them the oligomeric products
with multiple bonds. The latter are appearing when the acid centres
of high acid strength, enabling the successive reactions, are present
[32]. Their quantity also increases with the increasing void space
(presence of mesopores) and increased reaction temperature and
lower conversion. Oligomers can be considered as coke precursors,
effectively blocking the free reaction volume.

Catalytic activity of unmodified zeolite ZSM-12 is higher than
ZSM-5 (Table 3) even if the concentration of acid centres is higher
for the latter (Table 2). The most probable reason for higher activ-
ity of ZSM-12 in this case is the channel architecture. Although
this zeolite is one-dimensional, the size of its 12-ring channels
(5.6 A x6.0A) is bigger than those of ZSM-5 zeolite (10-rings:
51Ax5.5A and 5.3A x 5.6A), enabling not only faster diffusion
of reactants but also easier formation of the bulky transition-state.
On the other hand, in ZSM-12 zeolite selectivity to HRTP reaches
almost 15% at 90 °C, thus suppressing the catalytic activity.

The influence of desilication on catalytic activity is best com-
pared at 75°C, temperature at which the formation of heavy
oligomers is hindered.

Desilication increases catalytic activity of the samples, which is
resulting mainly from the increase of the external surface (includ-
ing mesopores surface) thus improved reactant transfer. The best
results were achieved over ZSM-5 zeolite. The conversion on
unmodified sample was ca. 11 mol%, while desilication improved
it three times (to 30 mol% for zeolite treated with 1.0 M NaOH). In
more open zeolite ZSM-12 the improvement was only ~1.5 times
for zeolite ZSM-12, desilicated with 0.5 NaOH but further increase
of the base concentration lowered the catalytic activity. The latter
effect can be explained taking into account XRD data, showing that
the crystallinity of this sample dropped to ca. 40%.

The influence of desilication on the selectivity towards main
products (at 75 °C): camphene and limonene is not changing con-
siderably mainly because there seemed to be enough space for the
formation of the transition state leading towards both products in
unmodified zeolites. Only for the reaction carried at 90 °C, the con-
tribution of the HRTP is decreasing with desilication. This effect may
be the result of combining effects of the increased reaction volume
and slightly decreased acid strength of desilicated zeolites.

On the other hand, virtually constant amount of the HRTP on
desilicated zeolites, especially for ZSM-12, much lower than for
non-treated samples may be considered as a proof that a-pinene
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conversion is carried out not at the external surfaces of the zeolitic
crystals but at the internal, acidic sites. To which extent given reac-
tion proceeds on the external surface, or in the pore system, or even
in a rim of the crystal is not known in details for most of the zeo-
lite systems studied so far. The only exception is when a very large
difference between the molecule diameter and the entrance to the
channel system exists, which is not a case here. Generally, discus-
sion on this problem was carried out by Giindiiz et al. [18] and
Dimitrova et al. [33]. Authors show that if the reaction proceeds on
the internal strong Brensted sites, the main products of a-pinene
conversion are the isomerisation products, and disproportionation
of terpinene and terpinolene. For that reason we can suppose that
the increased accessibility of the internal acidic centres on which
such reactions, leading to HRTP, are proceeding (despite increased
external surface area) is responsible for the better catalytic perfor-
mance of desilicated zeolites.

4. Conclusions

Textural properties for both ZSM-5 and ZSM-12 zeolites change
along with the concentration of NaOH used for desilication; the
main alteration being the increasing contribution of mesopores,
formed at the expense of micropores. 29Si and 27 Al MAS NMR stud-
ies have shown that in both cases only the treatment in 1 M NaOH
caused meaningful decrease in the amount of tetrahedral Al but still
without significant increase of octahedral Al. At the same time the
NMR signals from the framework Si decreased by 20-40% depend-
ing on the zeolite. NMR data show also that ZSM-5 zeolite is more
resistant to the destructive power of NaOH than ZSM-12.

Acidic properties of desilicated zeolites were investigated by
the adsorption of pyridine and CO followed by IR spectroscopy and
set against the activity in a-pinene conversion. For both series the
number of Bransted acid centres (calculated as the number of PyH*
cations) is virtually independent of the desilication progress (dif-
ferences below 20%), while the number of Lewis centres increases
drastically (by more than 100% in some cases).

Pyridine thermodesorption experiments showed that the sig-
nificant part of Brensted-type acidity cannot be identified with
Si-OH-Al groups characterized by the IR band at ca. 3610cm~1. It
was suggested that some Si-OH-Al groups are now protruding to
the mesopores. In general, the acidic properties of such OH groups
can be compared to the hydroxyls existing in mesoporous materials
of M41S family. Such interpretation has never been offered before.
The conversion of a-pinene, in the case of our zeolites changes
parallel with the changes in the eternal surface and the number
of weakly acidic OH groups, which are located at the mesopores’

surface. Desilication process affected pore structure, acidity and
catalytic activity of the zeolites under study.
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