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a b s t r a c t

The introduction of mesoporosity in zeolites by desilication has become a simple routine method to gen-
erate hierarchical materials with improved catalytic performance. The mesopore formation upon alkali
leaching has been investigated employing electron microscopy, infrared spectroscopy, temperature pro-
grammed desorption of ammonia, and a catalytic test reaction. We are able to demonstrate that the
mesopores are formed by two modes. They are created both as a consequence of Al-directed dissolution
eywords:
SM-5
esoporosity

lkali treatment

of siliceous areas and selective dissolution or etching along boundaries, intergrowths, and defects within
each particle are important. This has allowed us to identify a preferred particle morphology for effi-
cient desilication. Particles constructed of fused subunits appear to be very susceptible towards directed
mesopore formation by desilication. The desilication may also lead to alterations of the aluminum envi-
ronment, seen as a reduction in the concentration of strong Brønsted sites and the appearance of a second

trodu
com
ethanol to gasoline
ntergrowths

family of weaker sites. In
to a material with a more

. Introduction

Microporous zeolites have found widespread application in
atalytic and separation processes within the refining and petro-
hemical industries, as recently reviewed by Vermeiren and Gilson
1]. The microporous nature of the zeolites, comprising pores and
avities of molecular dimensions, results in a high internal sur-
ace area and shape selective properties and is the major cause
f such widespread application. However, it is the same micro-
orosity that imposes constraints on the effective use of zeolites

n many applications, primarily due to diffusion resistance expe-
ienced by bulky reactant molecules, which will lead to inefficient
tilization of the internal catalytic surface, or in the most severe
ituation, the complete exclusion of reactants [2]. Such a situation
s particularly pertinent for the catalytic cracking or hydrotreat-
ng/cracking of crude oil, which is becoming increasingly heavier.

everal research strategies exist that might circumvent this lim-
tation. Substantial progress has been reported for the synthesis
f zeolites and related materials with extra large pores, i.e. pores
ith a circumference defined by more than 12 T-atoms [3]. How-
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∗∗ Corresponding author. Tel.: +45 45 27 20 00; fax: +45 45 27 29 99.
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ction of mesoporosity by carbon templating rather than desilication leads
plex distribution of surface hydroxyl groups.

© 2010 Elsevier B.V. All rights reserved.

ever, the synthesis of such materials is not yet straightforward, and
the hydrothermal stability might sometimes be an issue [4]. Eas-
ier access to the full internal surface might be gained by reducing
the dimension of the crystallites by the synthesis of nanometer
sized zeolite crystals [5], but this leads to other issues related to
powder handling and processing. Another strategy is to introduce
a second level of porosity comprising substantially larger pores, i.e.
mesopores, leading to the creation of so-called hierarchical zeolites
[6–8]. Again, several routes might be pursued in order to reach this
goal, such as various templating techniques [9], or post synthesis
treatments. Among the post synthesis treatments, desilication by
dilute alkali leaching has been shown to be and efficient and rela-
tively straightforward method by which to introduce mesoporosity
into zeolite crystals and has quickly become a routine method.

Early systematic studies of desilication methods were per-
formed by Le Van Mao et al., who observed selective silicon removal
from zeolite frameworks after leaching with sodium carbonate
solutions [10]. In further works, the adjustment of the pH by
adding sodium hydroxide in order to control the desilication pro-
cess was explored [11,12]. Ogura et al. reported improved catalytic
properties after alkali treatment with NaOH and attributed their

observations to enhanced diffusion properties within the material
due to mesoporosity [13,14]. The advantage of leaving the catalyt-
ically active sites largely unaffected together with the simplicity of
the method led to more systematic investigations of the desilica-
tion method, especially by Groen et al. for the case of zeolite ZSM-5

dx.doi.org/10.1016/j.cattod.2010.12.013
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:stian.svelle@kjemi.uio.no
mailto:pabb@topsoe.dk
dx.doi.org/10.1016/j.cattod.2010.12.013
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15–21]. However, also the transferability of the method to other
eolite topologies has been studied [22]. Today, studies on the effect
f desilication on a variety of zeolite topologies have been reported
23–32]. Whereas the first studies were primarily concerned with
he introduction and characterization of mesoporosity, the catalytic
roperties of many of the obtained materials are also reported
13,23–26,33–36]. Recently, also protocols with other desilication
gents than NaOH and Na2CO3 have been developed [37–39]. Even
o, by far the most extensive investigations concerned with the
nfluence of treatment parameters on the mesopore formation have
een made for zeolite ZSM-5. The influence of parameters like con-
entration of the alkaline solution, temperature and exposure time
nd the general susceptibility towards alkali leaching may vary
rom topology to topology, but some principles seem to be quite
niversally applicable.

The underlying mechanism of mesopore formation is based on
he hydrolysis of Si–O–Si and Si–O–Al bonds in alkaline medium.
he hydroxide anions (OH−) can attack the zeolite framework at
efect sites, namely silanol groups. The expelled silicate anion is
tabilized by the accompanying alkali cation, leaving a vacancy in
he framework. When comparing different counter ions, the best
ffect was found for NaOH due to its superior capability to stabi-
ize silicate anions [21]. However, the mode of mesopore formation,
oncerning e.g. where and to which extent each zeolite particle
s attacked by the alkaline solution, is more elusive. Two main
roposals appear in the literature, i.e. mesopore formation by the
issolution of siliceous areas defined by surrounding and more
ersistent Al tetrahedra and mesopore formation along internal
rystallite boundaries caused by twinning and other intergrowth
henomena.

Ciziek et al. found an important correlation between the Al
ontent of the material and its susceptibility towards desilication.
epulsion between the negatively charged AlO4 tetrahedra and
H− was suggested to hamper the hydrolysis of Si–O–Al bonds
ompared to the hydrolysis of Si–O–Si bonds and hence, Al has
moderating influence on the dissolution rate of the material

40]. However, the study of Ciziek et al. was not concerned with
esopore formation, but with non-directed dissolution of MFI

rystals. The importance of the Al content for the controlled gen-
ration of mesoporosity has been made exceedingly clear by the
etailed studies of Groen et al. for zeolite ZSM-5 [16,18,19,21].
hey demonstrated that an initial Si/Al ratio of 25–50 is most
avorable for the controlled desilication of the zeolites ZSM-5, mor-
enite and ZSM-12 [16,23,27]. At lower Si/Al ratios, the mesopore
ormation is limited by the repulsion between OH− and the neg-
tively charged lattice, whereas higher Si/Al ratios open up for
xtensive mesopore formation accompanied by a severe loss of
rystallinity [16]. For other topologies, as also pointed out by Pérez-
amírez et al. in addition to the initial Si/Al ratio, the stability
f framework Al within the respective zeolite topology is crucial
o the formation of mesoporosity [7]. In the case of e.g. zeolite
eta, the treatment with alkaline solutions leads to the dissolution
f the framework without preserving the catalytically important
rønsted acid sites [24]. Low framework Al stability has also been

ound to be problematic for the desilication of zeolite SSZ-13
30].

Ogura et al. proposed that mesopores are formed along bound-
ries of ZSM-5 crystallite twinning, which were suggested to
ave a poor resistance against alkaline media [41]. This kind of
isorder, linear, two-dimensional and macro-defects have been
tudied extensively, however, mostly in other respects. Struc-

ural disorder and stacking faults may e.g. cause an interruption
f the zeolite three-dimensional pore system, and as a conse-
uence, parts of the pore system might be unavailable, making
arts of the crystal ineffective in catalysis. For example, the dif-
usion rates of toluene were found to be 3 magnitudes lower in
ay 168 (2011) 38–47 39

polycrystalline ZSM-5 than in a single crystal [42]. In the course
of diffusion studies, and recently also in connection with catal-
ysis, attention has been paid to the investigation of intergrowth
boundaries in zeolites [43–48]. Traditionally, defects like stacking
faults and the intergrowth of different crystal structures in zeolites
have been investigated by electron microscopy and atomic force
microscopy [49–52]. Not only intergrowth of two different zeo-
lite structures can be observed, but also intergrowth of structural
subunits. In large crystals, these intergrowth boundaries become
visible in optical microscopy when etching and/or coloring dyes
are applied [53]. Very recently, Weckhuysen and co-workers and
Roeffaers et al. developed confocal fluorescence microscopy set-
ups that allow both the investigation of intergrowth structures
and the mapping of catalytic activity in individual zeolite crystals
[48,54–57].

In this work, we have studied the mode of mesopore formation
after desilication of several ZSM-5 samples using predominantly
electron microscopy (TEM and SEM), in addition to the regular
array of characterization techniques. We clearly observe mesopore
formation according to both suggestions summarized above. The
dissolution of certain areas (possibly siliceous) leading to “holes”
in the particles is clearly observable. In addition, we find meso-
porous “superhighways” that appear to have been formed along
crystallite intergrowth boundaries. These observations allow us
to identify preferred crystal morphology for efficient desilication,
and it appears that effects of crystal size are subsidiary to the
effects of morphology. We also report on the changes in acidic
and consequently catalytic properties upon desilication, as inves-
tigated using Fourier transformed infrared spectroscopy (FTIR),
temperature programmed desorption of ammonia (NH3-TPD-TGA),
and catalyst performance in the methanol to hydrocarbons (MTH)
reaction. Moreover, we compare mesopore formation by desilica-
tion to the alternative route of carbon templating, in particular
with respect to the concentration and nature of the surface
defects.

2. Experimental

2.1. Catalyst preparation

A commercially available H-ZSM-5 from Zeochem International
(PZ-2/100H, stated Si/Al ratio 50) was used and is referred to as c-
ZSM-5 (c = commercial), while its desilicated counterpart has been
named c-ZSM-5-at (at = alkali treated). Three samples were syn-
thesized in the lab: one sample with comparable characteristics
to the commercial sample (h-ZSM-5, h = home made), one sample
consisting of similar morphology as the former but with large crys-
tal size (h-ZSM-5-xl, xl = large crystals) and one carbon templated
mesoporous sample (h-ZSM-5-ct, ct = carbon templated).

The h-ZSM-5 sample was synthesized by slowly adding 0.95 g of
NaAlO2 to a mixture of 119.14 g tetrapropylammonium hydroxide
in 138 mL of deionized H2O, while stirred in an ice-bath. To this
mixture first 119.13 g of Ludox® TMA and then 22.7 g of sodium
silicate were added. The mixture was further stirred for 15 h, while
the temperature reached ambient temperature. The resulting gel
was transferred into a Teflon® lined stainless steel autoclave and
heated for 48 h at 423 K. The product was recovered by filtration and
washed three times with water. After drying at 383 K, the sample
was calcined in air to 823 K for 8 h. The acidic form of the desili-
cated zeolite was produced by two consecutive ion exchanges with
a buffer solution of 1.7 M NH4NO3/0.94 M NH3, using 10 mL solu-

tion per gram catalyst, at 353 K under stirring for 2 h. After each
exchange, the NH4-form of the zeolites were filtered, washed with
water, and dried in air at 383 K. The final H-form of the parent zeo-
lite and desilicated zeolite were obtained by heating the NH4-form
in air to 823 K for 3 h.
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optimum for efficient desilication (25–50) as identified by Groen
and co-workers, and an intermediate conversion capacity for the
parent sample. Sample h-ZSM-5 is synthesized in house and has
similar particle size and Si/Al ratio to c-ZSM-5 and a moderate con-
version capacity for the parent sample. Sample h-ZSM-5-xl is also

Table 1
Particle sizes and textural properties from N2 adsorption.

Catalyst Crystal size
(�m)

Surface area
(m2/g)

Vmicro

(mL/g)
Smeso

(m2/g)

c-ZSM-5 0.5–3 389 0.11 177
c-ZSM-5-at 483 0.11 275
0 S. Svelle et al. / Catalys

The h-ZSM-5-xl was prepared from a solution of 1254 g sodium
ilicate (27.7% SiO2, 8.2% Na2O, Borup Kemi) with 726 g deion-
zed water and another solution of 156 g tetrapropylammonium
romide (98% Aldrich), 44 g aluminum sulphate octadecahydrate
Sigma–Aldrich > 99%), 104.9 g sulfuric acid (96%) and 660 g deion-
zed water. A detailed synthesis procedure is given in another
ontribution in this issue [58].

The desilication procedure for the materials discussed in this
tudy was as follows: the starting materials were treated with a
.3 M NaOH solution (33 mL solution per gram catalyst material)
or 30 min at 343 K, followed by cooling in an ice-bath to stop the
esilication, and then washed three times with water by centrifu-
ation. The h-ZSM-5-xl-at, was prepared in a similar manner; the
aterial was treated by 30 mL solution per gram catalyst material

t 338 K for 60 min. The desilicated ZSM-5 was dried over night
t room temperature before further treatment. The acidic form of
he desilicated zeolites was produced by the same ion-exchange
rocedure as described above for h-ZSM-5.

For the synthesis of carbon templated mesoporous zeolites,
arbon black particles (BP-2000) having an average particle diam-
ter of 12 nm, obtained from Carbot Corporation, was used as
nert matrices. Carbon black was dried at 383 K for 24 h prior
o use and then impregnated to incipient wetness, using alu-

inum isopropoxide as aluminum source. A detailed description
f the synthesis procedure has been described in [59]. The
omposition of the final synthesis gel was: 1Al2O3:80 SiO2:50
PA2O:1Na2O:1600·H2O.

.2. Catalyst characterization

TEM investigations were carried out using an FEI CM200
EG-TEM operating at 200 kV. TEM specimens were prepared by
rushing some specimen powder in a mortar and dispersing the
owder in ethanol. The suspension was then drop-cast onto a 200
esh copper grid covered with a lacy carbon film. The grids were

ried in air at room temperature.
SEM work was done on a FEI XL30 FEG-SEM operating at

–15 kV. SEM specimens were prepared by placing a small amount
f sample powder on carbon tape on SEM stubs. In order to min-
mize the charging issue, the samples were coated with ca. 12 nm
hick Pd/Pt layer.

Nitrogen physisorption was performed at 77 K using a
icromeritics ASAP 2020 instrument. All samples were outgassed

n vacuum at 573 K for 16 h prior to measurements.
The acid site density of the materials was determined by tem-

erature programmed desorption of ammonia (NH3-TPD). The
PD profiles were monitored by thermogravimetric analysis (TGA),
sing a Mettler TG/DSC1 LF instrument. Between 40 and 60 mg sam-
le was dried in N2 at 773 K for 2 h in a TGA crucible, and cooled
o 423 K. Ammonia was adsorbed at that temperature for about
0 min, using a mixture of 2% NH3 in He (75 mL/min), and purged

n pure N2 (75 mL/min) for 4 h to remove all loosely bound NH3,
ntil no further weight changes were observed. The desorption of
H3 was then monitored by the weight loss while increasing the

emperature to 873 K with 10 K/min in a flow of 75 mL/min N2.
The FTIR measurements to characterize the Brønsted sites,

ilanol groups, and other defects in the zeolite material were
erformed on a Nicolet 6700 FTIR spectrometer, operating in
ransmission mode at 2 cm−1 resolution on self supported pellets.
rior to measurements, the samples were pre-treated at 773 K at
≤ 1 × 10−4 mbar for 1 h. The differences in acid strength and distri-

ution of the different surface hydroxyl groups were derived from
he changes in IR absorption of CO probe molecules adsorbed at
100 K and a partial pressure of 70 mbar. In order to have the pos-

ibility to compare band intensities within the full set of spectra,
pectra have been normalized to the pellet thickness.
ay 168 (2011) 38–47

2.3. Studies of catalytic activity

The catalytic activity and deactivation rate for the conversion of
methanol to hydrocarbons were determined from the measured
hydrocarbon yield with time on stream at constant flow, pres-
sure, and temperature. The measurements were performed in a
parallel reactor setup consisting of 10 parallel reactor channels,
in which each channel is exposed to the same reaction feed gas
at the same reaction conditions. Each reactor channel was filled
with a 150 mg sample of the catalyst (sieve fraction 150–300 �m)
and exposed to a feed of 14.2% methanol in N2 at 623 K and 15
bar, using a total flow of 350 N mL/min, which resulted in a flow
of 35 N mL/min in each individual reactor channel. These condi-
tions correspond to a WHSV of about 3 gMeOH/gcat h. The reactor exit
gas was analyzed by sequentially connecting the individual reac-
tor channels to a mass spectrometer (Balzers GAM 400 or Balzers
ThermoStar) via a 12 ports channel selection valve. The conver-
sion (hydrocarbon yield) in the reaction exit gas was determined
by following m/e = 32 (methanol) and m/e = 46 (DME) signals with
time. The data were analyzed according to the deactivation model
discussed by Janssens [60]. In this model, it is assumed that deac-
tivation can be described as a reduction in the effective amount
of catalyst with time on stream and that the reaction is first order
in methanol. This allows straightforward determination of a rate
constant that describes the catalyst activity and a deactivation coef-
ficient. For active catalysts (initial conversion 100%), this coefficient
is inversely related to the more familiar conversion capacity in units
of grams methanol converted per gram catalyst [60].

3. Results and discussion

As mentioned in Section 1, the exact effects of the desilication
procedure are difficult to predict and appear to depend on, among
other things, the chemical nature of base employed, the concen-
tration of base, the catalyst to base ratio, the Si/Al ratio of the
sample, the crystal size, and the crystal morphology. This com-
plexity and interdependency of parameters often lead to results
that in our experience may be perceived as erratic or confusing.
During the course of our work on desilication of ZSM-5, we have
created, characterized, and investigated the catalytic properties in
the conversion of methanol to hydrocarbons (MTH) of a multitude
of samples, and based on this experience some fairly evident fea-
tures have been identified. In this report, we will focus on three sets
of parent and desilicated ZSM-5, as well as one mesoporous sam-
ple prepared by carbon templating. The results from N2 sorption
experiments and approximate particle sizes are listed in Table 1,
Si/Al ratios as determined by ICP and TPD in Table 2, and param-
eters related to catalyst performance in Table 3. The commercial
c-ZSM-5 sample displays fairly small particles, a Si/Al close to the
h-ZSM-5 0.5–1.5 373 0.14 109
h-ZSM-5-at 473 0.10 269
h-ZSM-5-xl 15–20 347 0.10 146
h-ZSM-5-xl-at 431 0.10 243
h-ZSM-5-ct 1–5 395 0.09 215
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Table 2
Aluminum content and distribution from ICP and NH3-TPD-TGA.

Catalyst Si/Al ratio ICP Si/Al ratio NH3-TPD-TGA NH3 desorption below 350 ◦C (%) NH3 desorption above 350 ◦C (%)

c-ZSM-5 54 50 38 62
c-ZSM-5-at 19 33 50 50
h-ZSM-5 45 47 37 63
h-ZSM-5-at 20 40 53 47
h-ZSM-5-xl 39 Not available – –
h-ZSM-5-xl-at 28 35 53 47
h-ZSM-5-ct 39 65 48 52

Table 3
Activity and deactivation parameters for the conversion of methanol to hydrocarbons.

Catalyst Conversion capacity (gMeOH/gcat) Activity (molMeOH/gcat h) Deactivation (mgcat/molMeOH)

c-ZSM-5 341 43.1 13.3
c-ZSM-5-at 1224 14.4 3.6
h-ZSM-5 291 11.6 15.6
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h-ZSM-5-at 1104
h-ZSM-5-xl 340
h-ZSM-5-xl-at 876
h-ZSM-5-ct 581

ynthesized in-house and comprises very large particles. It is oth-
rwise similar to the h-ZSM-5 sample with respect to Si/Al ratio
nd catalytic properties.

.1. What is the mode of mesopore formation?

Two modes of mesopore formation upon desilication have been
roposed, as outlined above. First, Groen and co-workers have
emonstrated that siliceous areas of the zeolite particles may be
electively dissolved, and this is apparently controlled by the dis-
ribution of trivalent framework atoms, in effect the Si/Al ratio [7].
econd, Ogura et al. have emphasized the potential importance of
issolution along boundaries or defects within each particle [41].

n this section, we will focus on the commercial ZSM-5 sample (c-
SM-5-at) and its desilicated counterpart (c-ZSM-5-at). In Fig. 1,
e display TEM images of c-ZSM-5-at at increasing magnifica-

ion. Clearly, mesopores formed according to both proposals are
resent. We interpret the bright, near circular areas as the removal

f siliceous areas. Very similar features have also been observed in
ther TEM studies of desilicated zeolites [14,26,32,37,39,61–69]. In
ddition, the formation of radial channels is clearly distinguishable,
hich we consider to have been formed along the aforementioned
efects or boundaries within each particle. Similar phenomena

Fig. 1. Representative TEM images of
9.9 4.1
7.0 13.6
5.5 5.2

13.3 7.8

observed by other techniques have previously been referred to by
Kox et al. [56] as mesopore “superhighways”. Both panels of Fig. 1
display such mesopores, and this is a general feature for the zeo-
lite particles of this sample (not explicitly shown). Typically, many
“superhighways” are created within a single particle. These images
lead us to the conclusion that both modes of mesopore forma-
tion suggested in the literature are active and will to some extent
influence the outcome of any desilication procedure.

At this point, a brief discussion of MFI crystal morphology is
warranted. Fig. 2 is a collection of SEM micrographs showing some
of the crystal habits commonly encountered. Panel A of Fig. 2 is
an example of the archetype MFI morphology, often described as
twinned prisms. The particles shown in panel B of Fig. 2 appear to be
less complex, appearing as smooth and “coffin” shaped without the
side protrusions seen in panel A. It should be noted, however, that
Weckhuysen and co-workers have shown that even as-synthesized
particles that appear to be single crystals are composed of a handful
of subunits that often, but not always, are fused in a manner leading

to the formation of pyramidal boundaries [70]. In panels C and D, on
the other hand, the particles appear to have considerable surface
roughness or structure. This is so pronounced in panel D that the
typical MFI morphology is hardly discernible. It is straightforward
to speculate that particles of such a complex morphology might

desilicated ZSM-5 (c-ZSM-5-at).
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Fig. 2. SEM micrographs showing various ZSM-5

ctually be formed by the fusion of a multitude of smaller, possibly
rimary crystallites. Similarly, Hayasaka et al. have demonstrated
hat the crystallization of zeolite ZSM-22 is a two step process, com-
rising the formation of nanorods that are subsequently aligned
nd fused through their lateral surfaces, which are Al enriched [71].
uch phenomena are also well known for non-zeolitic materials. In
n inspiring review, Imai and Oaki have shown how similar mul-
ilevel hierarchies of lengths from nanometers to millimetres are
ommonly observed in the sophisticated architectures of carbon-
te based biominerals. These authors refer to these superstructures
s mesocrystals, composed of crystallograpically oriented crystals,
ormed by self organized growth [72].

Based on these perspectives with respect to crystal
inter)growth and the modes of mesopore formation during
esilication, we identify the ZSM-5 morphology shown in panels C
nd D of Fig. 2, where the particles do appear as if they have been
ormed through the fusion of many smaller units, as the ideal mor-
hology for efficient desilication by the mode proposed by Ogura
t al. [41]. This point will be elaborated in the following section.

.2. The effects of particle size on desilication

SEM images of parent and desilicated ZSM-5 samples are shown
n Fig. 3. The pore size distributions are given as insets in each panel,
nd textural properties are given in Table 1. All three samples con-
ist of particles having the optimum morphology for desilication
s discussed in the preceding section. Desilication is thus likely
o proceed also according to the mode suggested by Ogura et al.
41]. Indeed, this is partly visible for all samples also when using
EM, albeit not so clearly as demonstrated for the c-ZSM-5-at sam-
le with TEM in Fig. 1. Panels A and B of Fig. 3 show c-ZSM-5 and

-ZSM-5-at respectively, and will not be discussed further. Pan-
ls C and D, on the other hand, show the parent and desilicated
ersions of h-ZSM-5. This material consists of particles of similar
ize to those seen in c-ZSM-5, and efficient desilication is read-
ly achieved. This is straightforwardly seen in the SEM images and
hologies. Note the differences in magnification.

the accompanying BJH pore size distribution, as well as from the
substantial increase in the external surface area and the profound
improvement of the catalytic properties listed in Table 3. The Si/Al
ratio as determined by ICP is more than halved as a consequence of
the treatment, indicative of extensive dissolution. The influence of
zeolite particle size is explored for h-ZSM-5-xl, which displays the
same optimum morphology as c-ZSM-5 and h-ZSM-5, but consists
of very large particles. The SEM images of the parent and desilicated
sample in panels E and F of Fig. 3 again show considerable modifi-
cation of the external particle surface. Also, the reduction in Si/Al
ratio and the textural data listed in Table 1 as well as the improve-
ment in catalytic properties (Table 3) point to efficient desilication
also of this sample comprising very large particles. It has previously
been reported that desilication is inefficient for crystals larger than
3 �m, and it was proposed that this could be due to mass transfer
limitations of the desilication process itself or Al gradients leading
to more resistant particles [73]. The results presented for h-ZSM-
5-xl-at clearly demonstrate that large particles are not intrinsically
unsusceptible to desilication, as the increase in the external surface
and the improvement of the catalytic properties is comparable to
those achieved for the considerable smaller particles of c-ZSM-5-at
and h-ZSM-5-at. However, a more severe treatment procedure was
required to desilicate h-ZSM-5-xl to an extent comparable to that
achieved for h-ZSM-5 at milder conditions (see Section 2). Also,
it should be kept in mind that our samples all display the com-
plex morphology discussed above, and it appears plausible that
the predominant mode of mesopore formation in h-ZSM-5-xl-at is
dissolution or etching along boundaries, intergrowths, and defects
within each particle.

3.3. The effects of desilication of Al environment, acidity, and

catalytic properties

Full NH3-TPD profiles of all materials except the h-ZSM-5-xl
sample, are given in Fig. 4, and a quantitative analysis of the des-
orption experiments is listed in Table 2. Clearly, and as mentioned
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bove, for all materials, desilication leads to a decrease in the Si/Al
s determined by ICP. This is in line with the observations gener-
lly reported. Comparison of the ICP values to those determined

sing NH3-TPD reveal three general features. First, ICP and TPD
gree very well for the parent samples. This implies that virtually
ll Al atoms occupy tetrahedral framework positions and contribute
o strong Brønsted acidity for these unmodified materials. Second,
uch an agreement is very clearly not found for the desilicated
n) and desilicated (right column) ZSM-5. Top row (panels A and B): c-ZSM-5 and
E and F): h-ZSM-5-xl and h-ZSM-5-xl-at.

materials; the Si/Al ratios available are in both cases significantly
higher in the TPD measurements compared to ICP. This means
that a sizeable fraction of the Al does not contribute to any TPD-

measurable acidity, in turn suggesting that extra framework Al is
formed upon desilication. Third, inspection of the actual TPD pro-
files in Fig. 4 reveals that the distribution of acid sites also changes
considerably upon desilication for the samples presented in this
work. It appears that desilication leads to a considerable forma-
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ion of weaker acid sites, as evidenced by significant desorption at
airly low temperatures seen for c-ZSM-5-at and h-ZSM-5-at. This
s further emphasized in Table 2, where the desorption has been
ubdivided (somewhat arbitrarily) into a high temperature loss
above 623 K) and low temperature loss (below 623 K). Interest-
ngly, the desorption profiles presented in Fig. 4 are quite different
rom those presented in some literature reports, wherein the TPD
rofiles are virtually unaltered after desilication of ZSM-5 samples
18,19]. Others reports do, however, describe an increase in the
oncentration of weak acid sites and/or a reduction of the strong
cid sites [14,23,26,39], suggesting that further systematic studies
ight be required to determine the cause of such different behav-

ors.
Complementary information to that obtained by TPD is available

y comparing the IR spectra of the activated samples in the hydrox-
ls stretching region (3800–3200 cm−1) as displayed in Fig. 5. The
pectra have been normalized with respect to the pellet thickness,
nd the band intensities are therefore within reasonable accu-
acy representative of the amounts of the respective species. Black
urves correspond to parent samples, while grey curves refer to
esilicated counterparts. All the spectra are characterized by var-

ous components for which the relative abundances differ within
he series, and in particular: (i) a complex absorption in the range
f 3750–3700 cm−1 due to isolated and weakly perturbed silanols
composed of up to four contributions at 3745, 3735, 3726 and
700 cm−1, as highlighted in the inset of Fig. 5); (ii) a component at
bout 3668 cm−1, ascribed to partial extra-framework Al and (iii)

he well known band at 3610 cm−1, corresponding to the Si(OH)Al
rønsted acid sites. Alkali treatment affects the spectra in similar
ays (from black to grey curves): (i) the isolated silanol compo-
ent at 3745 cm−1 gains in intensity, while the features at lower

requencies associated to weakly interacting silanols, become less
Fig. 5. FTIR spectra of the � (OH region) for the parent (black spectra) and desilicated
(grey spectra) ZSM-5. The inset shows an expanded view of the complex absorption
due to isolated and weakly perturbed silanols for the c-ZSM-5 sample (up to four
components are seen at 3745, 3735, 3726 and 3700 cm−1).

evident; (ii) the Brønsted band at 3610 cm−1 tends to decrease, and
concurrent formation of entrapped extra-framework Al is observed
for the c-ZSM-5-at and h-ZSM-5-at samples. In contrast, the parent
h-ZSM-5-xl contained a significant contribution of partial extra-
framework Al, of which some is clearly removed upon desilication.
These observations agree very well with the information gleaned
from NH3-TPD, and it is tempting to link the appearance of partial
extra framework Al seen at 3668 cm−1 to the formation of com-
paratively weak acid sites. Taken together, the features observed
both with IR and TPD suggest that for the present set of samples,
the alkali treatment does not cause simply a dissolution of the zeo-
lite framework, but also a reorganization of the tetrahedral lattice
positions, resulting in (i) an increase in the concentration of iso-
lated silanols, previously suggested to be indicative of mesopore
formation [34,74]; (ii) a decrease of defective regions associated
to internal hydroxylated nests; (iii) a reduction in the density of
strong Brønsted acid sites; (iv) an increased concentration of weak
acid sites.

Obviously, the profound changes in both acidic properties and
porosity outlined in the preceding paragraphs are expected to influ-

ence the catalytic properties of the materials, and this is indeed
the case. Catalyst performance in the conversion of methanol to
hydrocarbons is summarized in Table 3. Comparison of catalyst per-
formance is a complex issue, but some features appear to be general.
First, it appears that desilication leads to a reduced activity. This is
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adsorption at low temperature (Fig. 7). Both samples show very
similar behavior for the components at 3668 and 3610 cm−1, which
are shifted to 3460 and 3290 cm−1 respectively. In parallel, in the
CO stretching frequency region (Fig. 7b), an asymmetric maxima at
2175 cm−1, with a shoulder at 2170 cm−1 is observed. Differences
S. Svelle et al. / Cataly

easonable for the current set of samples, for which a reduction
n the density of strong Brønsted acid sites has been demonstrated.
econd, a reduction in the magnitude of the deactivation coefficient
r, conversely, an increased conversion capacity is always seen after
esilication, in agreement with previous reports for the same reac-
ion [34]. The cause of this reduced tendency towards deactivation
s probably complex, but two evident causes, in addition to the
ffects of the changes in acidity outlined above, are fairly straight-
orward. It has been proposed that mesoporosity leads to enhanced

ass transfer of coke precursors [65], or possibly an increased toler-
nce for coke deposition i.e. that a higher coke loading is required
o deactivate the catalyst [75]. An alternative or co-contributing
ause could be related to the rearrangement of surface hydroxyls
een in the silanol region of the IR spectra: in particular, the abun-
ance of species associated to the IR component at 3726 cm−1 has
ery recently been demonstrated to be detrimental for the catalytic
erformances of the catalysts [76].

.4. Carbon-templating versus desilication

As mentioned in Section 1, several synthesis strategies might
e followed in order to achieve a material with a hierarchical pore
ystem. Apart from the already described method of desilication via
ase treatment, the carbon templating method has been reported

n many occasions to result in hierarchical zeolites with improved
atalytic properties [7,77–79]. From a practical point of view, the
arbon templating method clearly is more time consuming and
equires more preparative steps to achieve the desired hierarchical
aterial, i.e. when compared to desilication via base treatment. On

he other hand, the carbon templating method can be applied to
wide range of zeolite materials; it is largely independent of the

i/Al ratio of final material; and extensive material loss through
issolution is not an issue.

Regardless of the practical aspects of the two approaches, the
ore important question is if the mesopores created via the two

ifferent methods, are essentially comparable or if there are sub-
tantial differences between them. Several authors have addressed
his question [65,80]. Mei et al. compared desilicated ZSM-5 to sam-
les where the mesoporosity was introduced by using starch as
soft template and found that the mesopores thus created were

ocated predominantly inside the zeolite body and played a limited
ole in the diffusion of gas molecules and had little effect on the
atalytic performance [80]. Also, Kim et al. have compared meso-
orous ZSM-5 samples made by using organosilane surfactants to
atalysts prepared by desilication and carbon templating [65]. We
ave prepared a carbon templated sample (h-ZSM-5-ct), with the
im of comparing it to the home-made, alkali treated sample (h-
SM-5-at). The SEM image shown in Fig. 6 confirms that a rather
imilar particle size and morphology was achieved. Even though the
otal surface and mesopore surface area of h-ZSM-5-at are some-
hat higher compared to h-ZSM-5-ct (Table 1), the overall textural
roperties of the two samples appear rather similar, facilitating a
omparison between them.

In Fig. 7 the IR spectra of h-ZSM-5-at (top) and h-ZSM-5-ct
bottom) are shown, before (dashed dotted curves) and after CO
dsorption (full line curves). Note that for both samples, signifi-
ant amounts of extra-framework Al are evidenced in the spectra
band at 3668 and 3785 cm−1). This is also reflected in the shape
f the NH3-TPD desorption curves, which suggest a significant
mount of weak acid sites also in the carbon templated material.
he most striking difference between the two catalysts, however,

s evident in the range of the silanol groups (3700–3750 cm−1). The
R spectrum of the h-ZSM-5-ct sample shows considerable compo-
ents at 3700 and 3726 cm−1, indicating a high amount of internal
efects compared to h-ZSM-5-at. This is significant, as a correla-
ion between defects located in the micropores of ZSM-5 and the
Fig. 6. SEM micrograph and BJH pore size distribution plot for carbon-templated
ZSM-5 (h-ZSM-5-ct).

deactivation rate of the catalyst during MTG reaction recently has
been established [76]. Indeed, the parameters related to catalytic
performance listed in Table 3 show that the desilicated sample out-
performs the carbon templated catalyst with respect to conversion
capacity (or slow deactivation), although not dramatically. Both the
analyses of Al content and distribution (Table 2) and the intensity of
the Brønsted band at 3610 cm−1 indicate that the concentration of
strong acid sites is somewhat smaller in the carbon templated sam-
ple. However, this is not reflected in a lower activity for h-ZSM-5-ct
sample, as one might have expected. This emphasizes the complex-
ity of comparing the catalytic performance of samples of widely
different preparation and treatment procedures.

The acid strength of the surface hydroxyls was explored by CO
Fig. 7. FTIR spectra of progressive CO coverages on: h-ZSM-5-at (top); h-ZSM-5-
ct (bottom); part (a) �(OH); part (b) �(CO) after background subtraction; zeolites
background spectra: dot dashed lines; effect of maximum CO coverages: black full
lines; intermediate CO coverages: grey lines.
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Fig. 8. Schematic representation of differe

re, however, observed in the silanol regions upon adsorption of
O. For both samples, not all silanols are eroded upon CO interac-
ion. Apparently, not all these surface hydroxyls are available for

olecules diffusing into the catalyst particles from the gas phase.
his feature is most pronounced for the desilicated samples, and
onversely, the silanols of h-ZSM-5-ct are considerably more exten-
ively engaged. The components at 3726 and at 3700 cm−1 (only
learly visible in case of h-ZSM-5-ct), are readily eroded giving
ise to a pronounced broad band with a maximum at 3650 cm−1

xtending to 3530 cm−1. The spectra associated to the h-ZSM-5-at
ample show a more symmetric band centered at 3670 cm−1. In the
O stretching region of h-ZSM-5-ct, a distinct band is observed at
156 cm−1, while for h-ZSM-5-at, at the same position an unstruc-
ured broad absorption is monitored. The observed features in the
O adsorption spectra reveal that h-ZSM-5-ct is characterized by an
nusual distribution of surface sites and acidity caused by a high
mount of internal silanols.

It is evident from these results that hierarchical zeolites with
imilar textural properties and Brønsted acid site densities can
ave significantly different surface properties depending on the
hosen synthetic approach. In our case, the carbon templating
ethod resulted in a material with a high concentration and wide

istribution of surface hydroxyls/defects. An explanation for this
igh amount of internal silanols could be given by considering
he relative high local temperature peaks during the combustion
f the carbon template via calcination. Therefore, care should be
aken when removing the hard template, to avoid damaging the
eolite structure, which might decrease the beneficial effects of
esopores for catalytic applications. These observations straight-

orwardly lead to the notion of combining carbon templating and
esilication, and this has already been demonstrated to be highly
fficient [81].

. Summary and conclusions
In this contribution, we have addressed the mode of mesopore
ormation in ZSM-5 by desilication, which is a simple and fast

ethod to introduce mesoporosity leading to improved catalyst
erformance. Mesopore formation according to both Al-directed
issolution of siliceous areas and selective dissolution or etching
alized mesopore formation mechanisms.

along boundaries, intergrowths, and defects within each particle
are important. Fig. 8 gives a schematic overview of the different
mesopores and their formation mechanism. This realization has
allowed us to identify a preferred particle morphology for efficient
desilication of ZSM-5, as particles constructed of fused subunits
appear to be very susceptible towards directed mesopore forma-
tion by desilication, irrespective of particle size. Moreover, FTIR
and NH3-TPD have revealed that the concentration and distribu-
tion of surface hydroxyls associated to various silanols, partially
extra-framework Al, and Brønsted sites may be strongly influence
by desilication. A tendency for a reduction in the concentration
of strong Brønsted sites and concurrent formation of weaker acid
sites has been demonstrated. This leads to a somewhat lower
catalytic activity in the conversion of methanol to hydrocarbons,
but desilication also causes a substantially improved resistance
towards deactivation. Carbon templating tends to lead to a more
defect rich mesoporous material than desilication. Nevertheless,
improved performance in the MTH reaction is observed for catalysts
prepared by both methods, although we emphasize that the com-
parison of catalyst performance between (mesoporous) samples of
ZSM-5 prepared by different routes is not straightforward, as the
Si/Al ratio, distribution of defects observable with FTIR, mesoporos-
ity, particle size and other characteristics will influence activity and
deactivation rates in an interdependent manner.
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