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a b s t r a c t

An H-ZSM-5 zeolite sample consisting of large particles (5–15 �m) was synthesized and base treated using
sodium hydroxide, guanidinium hydroxide and guanidinium carbonate to create a hierarchical pore sys-
tem. In the case of sodium hydroxide as demetallation agent a high degree of mesoporosity was achieved
and with guanidinium hydroxide, mesoporosity was observed after prolonged treatment. All samples
were tested in the methanol-to-gasoline (MTG) reaction and iron-impregnated samples were tested for
eywords:
-ZSM-5
ierarchical zeolites
ethanol-to-gasoline

e-ZSM-5

selective catalytic reduction of NO with ammonia (SCR). In the MTG reaction an improved catalyst life-
time was observed which has been correlated to the creation of mesopores. In the SCR reaction improved
NO conversion was observed for all base treated samples. In accordance with spectroscopic results this
has been attributed to a higher abundance of active and dispersed Fe sites in the base treated sam-
ples. All samples were characterized by a multitude of experimental techniques including physisorption

micro
elective catalytic reduction measurements, electron

. Introduction

Zeolites represent an important group of crystalline inorganic
aterials containing micropores with well-defined structures.

hey are widely applied in industry for separation, adsorption and
atalysis, and may be tailored with respect to different properties
uch as the number and strength of acid sites, redox proper-
ies, the hydrophobicity/hydrophilicity of the micropores and the
ore architecture [1–3]. For catalytic applications, the wide range
f zeolite structures with different pore sizes and pore geome-
ries entails various kinds of shape selectivity. However, in many
ases it appears that the sole presence of micropores in zeolite
atalysts may also limit the catalytic performance of the zeolite,
articularly when diffusion in the micropores becomes signifi-
antly slower than the catalytic reaction. Over the last decade it
as been established, that the presence of an auxiliary mesopore

ystem effectively enhances the rate of diffusion of molecules in
eolites [4–7], leading to improved catalytic activity and longer cat-
lyst lifetime [7–13]. Additionally, mesopores have been shown to
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scopy and spectroscopic methods.
© 2011 Elsevier B.V. All rights reserved.

provide better dispersion of a metal component in comparison with
conventional microporous systems [14–17].

Several preparative strategies have been developed to increase
the accessibility of the active sites and various aspects of these
efforts have been reviewed and highlighted during the last years
[18–25]. Overall, mesopores in zeolites can be created during syn-
thesis or in a post-synthesis modification step. The predominant
approach for the creation of mesopores directly during synthesis
is to apply templates such as carbon nanoparticles [26], however,
many other templating approaches have been reported as well [24].
Aside from synthesizing mesoporous zeolites directly, mesopores
can also be created post-synthetic by demetallating part of the
zeolite for instance by steaming (dealumination), acid treatment
(dealumination) or base treatment (desilication) [19,25]. Alkaline
treatment of zeolites has received attention for many years [27,28],
however, it was not until microscopy images and porosity data
were reported [29,30] and the field was systematically investigated
on ZSM-5 [31,32] that the potential of the approach was realized.
Apart from ZSM-5 other mesoporous zeolites including mordenite
[33] and beta [34] have been prepared by desilication using sodium
hydroxide or sodium carbonate as the base. Recently, also organic

bases such as tetraalkylammonium hydroxides, which are rela-
tively expensive, have been used to generate mesoporosity [35,36].
The main practical benefit of using organic bases is that calcination
of the treated material directly affords the zeolite in its acidic form,
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Table 1
An overview of the base treatments with product yield, Si/Al ratio and textural properties of the parent and treated zeolites.

Sample name Treatmenta Yield (%) Textural properties

Base C (mol/L) t (h) SBET (m2/g) Smicro
b (m2/g) Sext

b (m2/g) Vmicro
b (cm3/g) Vmeso

c (cm3/g)

HZ(Pa) – – – – 347 200 146 0.10 0.13
HZ(0.3)NaOH(1) NaOH 0.3 1.0 41 431 188 243 0.10 0.67
HZ(0.8)NaOH(1) NaOH 0.8 1.0 11 274 102 172 0.05 0.56
HZ(0.3)GC(1) Gua2CO3 0.3 1.0 97 355 207 148 0.10 0.15
HZ(0.8)GC(1) Gua2CO3 0.8 1.0 97 348 213 135 0.11 0.13
HZ(1.5)GC(1) Gua2CO3 1.5 1.0 97 349 210 139 0.11 0.13
HZ(0.6)GH(1) GuaOH 0.6 1.0 97 347 207 139 0.11 0.13
HZ(1.6)GH(1) GuaOH 1.6 1.0 95 343 207 136 0.11 0.13
HZ(3.0)GH(1) GuaOH 3.0 1.0 92 348 208 140 0.11 0.13
HZ(0.8)GC(5.5) Gua2CO3 0.8 5.5 93 363 218 145 0.11 0.15
HZ(1.6)GH(5.5) GuaOH 1.6 5.5 85 384 221 163 0.12 0.20
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a All preparations were carried out using 30 mL base/gram zeolite at 65 ◦C.
b t-plot method.
c Vtotal (N2 uptake at p/po = 0.99) − Vmicro.

hereas alkali metal based bases necessarily entails an additional
on-exchange step.

Herein we report an inexpensive method to produce meso-
orous ZSM-5 using guanidinium hydroxide and compare the
pproach to samples treated with sodium hydroxide or guani-
inium carbonate. The catalytic performances of the samples were
xplored in the MTG reaction as well as in SCR of NOx with
H3. These particular reactions were chosen because they are
oth of technical importance and the challenges are very differ-
nt. In the MTG reaction, deactivation by coke-formation is the
ain challenge, whereas in SCR it is the dispersion of active iron

pecies. The samples in this study were characterized using X-ray
owder diffraction (XRPD), elemental analysis (ICP-OES), scan-
ing electron microscopy (SEM), transmission electron microscopy
TEM), energy dispersive X-ray analysis (EDX), temperature-
rogrammed desorption of ammonia (NH3-TPD), Fourier transform

nfrared spectroscopy (FTIR) (with and without NO adsorbed on
he samples), diffuse reflectance ultraviolet–visible spectroscopy
DRUV–VIS) and nitrogen physisorption measurements.

. Experimental

.1. Preparation of H-ZSM-5 zeolite

The synthesis of the conventional Na-ZSM-5 was adopted from
he published procedure [37] and the following chemicals of
eagent grade were used: sodium silicate (27.7% SiO2, 8.2% Na2O
orup Kemi), tetrapropylammonium bromide (98%, Aldrich), alu-
inum sulfate octadecahydrate (>98%, Sigma–Aldrich), sodium

hloride (98%, Sigma–Aldrich) and deionized water. The compo-
ition of the zeolite gel was: SiO2: 0.011 Al2O3: 0.05 TPA2O: 0.66
a2O: 20 H2O.

The resulting zeolite gel was transferred into a stainless steel
utoclave and crystallized at 120 ◦C for 8 days. After the autoclave
as cooled to room-temperature, the product was suspended in
ater, filtered by suction, re-suspended in water, and filtered again.

his procedure was repeated four times. Then the product was
ried at 110 ◦C for 10 h. The organic template was removed by con-
rolled combustion in air in a muffle furnace at 550 ◦C for 18 h, and
nally the sample was ion-exchanged twice with a 1.0 M solution
f ammonium nitrate (1:20 mass ratio) and calcined again at 550 ◦C
or 5 h.

.2. Base treatments of H-ZSM-5
For each base treatment 15 g of zeolite was suspended in 450 mL
f base solution and stirred for 1 h at 65 ◦C. The remaining zeo-
ite was filtered by suction, washed with de-ionized water, dried
and calcined at 550 ◦C for 5 h. All samples treated with sodium
hydroxide were furthermore ion-exchanged and calcined using the
ion-exchange procedure described in Section 2.1.

Guanidinium hydroxide was obtained by mixing solutions of
calcium hydroxide with guanidinium carbonate in a molar ratio
of 1:1.2 and stirred for 10 h. The obtained calcium carbonate was
separated from the formed guanidinium hydroxide solution by fil-
tration. All samples have been named according to HZ(x)y(z), where
x, y and z are the concentration, identity of base and time of treat-
ment respectively as given in Table 1.

2.3. Iron impregnation on base treated H-ZSM-5

Fe-containing HZSM-5 catalysts were prepared by impregnation
of the base-treated H-form of the zeolite with an aqueous solu-
tion of iron nitrate with the aim of an iron loading of 4.5 wt%. For
impregnation, the incipient wetness method was used. The impreg-
nated samples were dried at 100 ◦C for 8 h followed by calcination
at 550 ◦C for 5 h. Fe-containing samples have been named accord-
ingly FeZ(x)y(z), where x, y and z are the concentration, identity of
base and time of treatment, respectively.

2.4. Characterization

XRPD patterns were recorded on a Phillips PW1800 system in
�–2� geometry working in reflectance mode using Cu K�1 radiation
(� = 1.541 Å).

Elemental composition of each sample was determined using
inductively coupled plasma optical emission spectroscopy (ICP-
OES) on acid digested samples using a Perkin Elmer Optima 7300
DV instrument.

SEM images were recorded on samples with deposited Pd/Pt for
improved conductivity using a FEI Quanta 600 instrument.

For TEM images, the samples were crushed and dispersed in
ethanol using ultrasound. A droplet was added to a Cu grid covered
with a lacey C film and the grid was dried in air. Representative
images of the zeolite were obtained at 200 kV on a Philips/FEI CM-
200 electron microscope.

Nitrogen physisorption was performed at liquid nitrogen tem-
perature using a Micromeritics ASAP 2020 instrument. All samples
were outgassed in vacuum at 300 ◦C for 16 h prior to measurements.

NH3-TPD was performed using 100 mg of sample (150–300 �m
sieve fraction) loaded into a quartz tube reactor (i.d. 4 mm). Prior
to NH3 adsorption, the sample was treated for 2 h at 500 ◦C in a

flow of dry nitrogen (100 N mL/min) in order to remove physically
adsorbed water and other impurities. The sample was then satu-
rated with ammonia (4000 ppm NH3 in N2, flow 100 N mL/min) at
150 ◦C for 1 h. After saturation with ammonia the sample was kept
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ig. 1. Representative SEM micrograph of the parent H-ZSM-5 sample showing lar
agnification of one particle showing many intergrowths (b).

n a N2 flow for 4 h to remove weekly adsorbed ammonia. Dur-
ng the desorption step the temperature was ramped to 600 ◦C at
0◦/min. The rate of NH3 desorption was monitored by a CX4000
asmet FTIR gas analyzer.

DRUV–VIS spectra of the powdered Fe-containing samples were
ecorded at room temperature on dried samples (120 ◦C/12 h) using
Varian Cary 300 instrument in the 200–800 nm range. The base-

ine was recorded using a Spectralon® standard reference. The
e-containing samples were diluted to 1 wt% in the ZSM-5-parent
ample. Spectra were recorded in reflectance mode and converted
nto the Kubelka-Munk function F(R). For all samples the F(R) values

ere <2.
FTIR spectra were recorded on a Bio-Rad FTS 575C spectrom-

ter equipped with a MCT detector. All samples were measured
s self-supporting disks with a wafer density of ca. 10 mg/cm2 in
ransmission mode (spectral resolution of 2 cm−1 over 256 scans).
ll spectra have been normalized to the pellet density. For activa-

ion and treatments with different probe molecules, the samples
ere mounted into a home-made, in situ IR cell [38] (KBr win-
ows) connected to a vacuum/gas dosing apparatus and attached to
quartz reactor in which pre-treatment was carried out. Iron-free

amples were activated at 450 ◦C under vacuum (∼10−5 mbar) for
4 h, before cooling to 150 ◦C. Reference spectra and all following
pectra were measured at 150 ◦C. Pyridine adsorption was carried
ut at 150 ◦C for 30 min at a partial pressure of 5–7 mbar, followed
y desorption of excess pyridine into a cryo-vacuum (liq. N2) for
0 min. The relative amounts of Lewis (L) and Brønsted (B) acid
ites was determined after adsorption of pyridine from the integral
and intensities at 1450 cm−1 (L) and at 1550 cm−1 (B) using extinc-
ion coefficients (ε) (L) = 2.22 cm/�mol, and ε (B) = 1.67 cm/�mol as
eported in literature [39].

The pre-treatment of Fe-containing samples was carried out by
eating (5◦/min) the samples in 15% O2/Ar (60 mL/min) from RT to
00 ◦C for 14 h and afterwards cooled to RT. Before dosing NO, the
ell was evacuated at RT for 30 min (∼10−5 mbar). NO adsorption
as performed at RT by admitting 3–5 mbar NO into the cell. After
h of adsorption (intermediate spectra not shown), excess NO was

emoved carefully until no rotational contribution (gas phase) to
he spectra was observed.

.5. Catalytic testing

.5.1. Methanol-to-gasoline catalytic test
The conversion of methanol into gasoline was performed in a

0-channel parallel steel reactor setup (i.d. 3.0 mm). Each reactor

as loaded with 150 mg zeolite catalyst (150–300 �m sieve frac-

ion) and one channel was left empty for feed analysis. Methanol
>99.9% Aldrich Chromasolv®) was fed to the reactor using a syringe
ump (ISCO 500D, dual pump system) and evaporated in an argon
ticles, with an average size between 5 and 15 �m (a). SEM micrograph at a higher

stream. The methanol conversion was measured under the con-
ditions: 350 ◦C, 15 bar (14.2% MeOH in Ar) using a total flow of
350 N mL/min. The reactor exit gas was monitored with an online
GAM200 mass spectrometer connected via a channel selector valve
(Valco, 10-position valve SC configuration). The individual reactor
flows were measured and accounted for in the data analysis, which
has been described in further detail elsewhere [40].

2.5.2. NH3-SCR catalytic test
The selective catalytic reduction of NO by ammonia (NH3-SCR)

was carried out in a fixed bed quartz reactor (i.d. 4 mm). For each
test 40 mg of catalyst, sieve fraction 150–300 �m, diluted with SiC
to a total bed height of 14 mm, was loaded between two layers of
inert quartz wool. The reactant gas composition used was 500 ppm
NO, 530 ppm NH3, 10% O2, and 5% H2O, balanced with N2, and the
total flow rate was maintained at 300 N mL/min. Prior to the activity
measurements samples were treated in the reaction mixture for
1 h at 550 ◦C. The activity test was carried out by ramping down
from 550 ◦C to 170 ◦C, at 2 ◦C/min. The outlet gas was analyzed by
a Gasmet CX4000 FTIR analyzer.

3. Results and discussion

3.1. Characterization of the obtained materials

3.1.1. Synthesis and textural properties
The zeolite gel composition was chosen to produce large parti-

cles with many crystal intergrowths, because it has been suggested
earlier that desilication by alkaline treatment proceeds via attack
at intergrowth boundaries [41]. A Si/Al ratio of 40 was selected
according to the optimum ratio of 25–50 for desilication by alka-
line bases also reported in the literature [31,32,42]. The XRPD of the
parent sample after combustion of the organic template confirmed
phase-pure ZSM-5-type material. SEM micrographs of the parent
H-ZSM-5 are given in Fig. 1a and b showing that the parent sam-
ple consists of large spherical particles with diameters between
5 and 15 �m (Fig. 1a). A minor fraction of very small particles is
also observed. Higher magnification (Fig. 1b) reveals that the larger
particles are made from the intergrowth of smaller zeolite crys-
tals. SEM images of selected post-treated samples, which exhibit
the typical sponge-like appearance of mesoporous zeolites, can be
found in the supporting information (S1).

Table 1 summarizes the textural properties of the conventional
ZSM-5 and the mesoporous materials obtained via the different
base treatments, including the parameters and yields for each pro-

cedure. For the parent sample, HZ(Pa), the micropore volume and
specific surface area are within the typical range for microporous
ZSM-5. All samples treated with guanidinium bases for 1 h do not
show significant differences while the 0.80 M NaOH treatment was



74 P.N.R. Vennestrøm et al. / Catalysis Today 168 (2011) 71–79

Fig. 2. Nitrogen physisorption isotherms together with the corresponding BJH pore
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Table 2
Overview of acidic properties for selected samples.

Sample Si/Ala NH3-capacityb N(B)/N(L)c

�mol/g Si/Al

HZ(Pa) 34.9 214 77 2.0
HZ(0.3)NaOH(1.0) 17.6 327 64 1.0
HZ(0.8)GC(5.5) 34.7 236 70 1.8
HZ(1.6)GH(5.5) 32.0 256 69 1.9

a ICP-OES.

determine the amount of EFAL by calculating the B/L ratio in the
ize distribution from the desorption isotherm for selected samples showing the
eneration of mesopores.

pparently too severe, leading to a deterioration of the material as
ndicated by the decrease to half the original micropore volume and
he loss of 89 wt% of material. These materials were excluded from
urther analysis. For the prolonged (5.5 h) guanidinium hydroxide
nd the 0.30 M NaOH treatment significant changes are evident
rom the N2-physisorption data, indicating the formation of meso-
ores.

The N2-physisorption isotherms and derived pore size distribu-
ions of these two samples are shown in Fig. 2 together with that
f HZ(Pa) and HZ(0.8)GC(5.5). The isotherm from HZ(Pa) is typical
or microporous material with a high nitrogen uptake at relative
ow pressures. Furthermore, a small uptake at intermediate pres-
ures is noticed which is ascribed to the high surface roughness
nd intercrystalline voids. A similar uptake and a shallow hys-
eresis between 0.45 and 0.85 p/po is observed for HZ(0.8)GC(5.5),
robably caused by the same effects. For the HZ(0.3)NaOH(1) and
Z(1.6)GH(5.5) samples a combined IUPAC type I and IV isotherm is

een with a clear hysteresis and uptake of nitrogen >0.4 p/po, which
s typical for hierarchical materials with both micro- and meso-
orosity. The BJH pore size distributions are centered around 170 Å
nd 130 Å for the sodium and guanidinium hydroxide treated sam-
les, respectively. Smaller mesopore diameters in ZSM-5 samples
ave also been observed by Abello et al. [36] during desilication
ith tetraalkylammonium hydroxide bases compared to alkaline

reatments. The difference was ascribed to the higher affinity of
he organic cation to the zeolite surface resulting in slower desili-
ation kinetics as well as a shielding effect towards OH− attack by
he organic cation.

The yields after the different base treatments agree well with
he degree of mesoporosity and the severity of the treatment. This
ndicates that further mesoporosity might be generated for even
onger treatments with guanidinium hydroxide.

Interestingly, the typical decrease in micropore volume, usu-
lly observed after desilication has not been observed in our
aterials. Instead, an increase to 0.11–0.12 cm3/g for the longer
uanidinium treatments was measured. An explanation may be
iven by taken into consideration that the parent sample contained
inor amounts of very small crystallites (see Fig. 1), which is also
b NH3-TPD (desorption at 150 ◦C), assuming NNH3 = NAl.
c Ratio of Brønsted and Lewis acidity measured by Pyridine-FTIR.

reflected in the relatively large external surface area of the parent
material. During base treatments the dissolution of smaller parti-
cles competes with the creation of mesopores. The two phenomena
will have a compensating effect on the microporosity of the samples
because the creation of mesopores typically occurs at the expense
of microporosity, whereas the dissolution of smaller particles will
oppositely lead to an increase in microporosity. The high surface
to bulk ratio for the small particles eventually leads to the com-
plete dissolution of them. If at the same time only a moderate
mesopore formation takes place, a net increase in microporosity
will be observed, which is the case for the guanidinium treated
samples. If however dissolution of small particles occur together
with the formation of extensive mesoporosity, as is the case for
HZ(0.3)NaOH(1), both effects will compensate each other and no
or only very moderate changes in microporosity will be observed.

Recently it was reported that a combined use of tetraalkylam-
monium hydroxides with sodium hydroxide leads to an optimal
desilication procedure where mesoporosity is generated without
compromising the microporosity [43]. Our results indicate that the
behavior of the guanidinium cation is somewhat analogue to the
tetraalkylammonium cation (seen by the smaller mesopore diam-
eters and slower desilication kinetics) although the guanidinium
cation is not a template for the zeolite structure. Therefore the
combined use of guanidinium and sodium hydroxide should also
lead to optimal desilication procedures with preservation of the
microporosity.

3.1.2. Acidic properties
Table 2 summarizes the acidic properties for HZ(Pa),

HZ(1.6)GH(5.5), HZ(0.8)GC(5.5) and HZ(0.3)NaOH(1) measured
by elemental analysis, ammonia capacity and from infrared spec-
troscopy using pyridine as a probe molecule. Elemental analysis
reveals a decrease in Si/Al ratio for the alkali treated sample
as a consequence of the selective silicon leaching, while only a
slight decrease is observed for both guanidinium treated sam-
ples confirming a less extensive silicon removal. The NH3 capacity
increases for all treated samples and is highest for HZ(0.3)NaOH(1).
However, the large difference between Si/Al ratios from elemental
composition and ammonia capacity can only be explained by
the presence of weak- or non-acidic extra-framework aluminum
(EFAL).

To further understand and quantify the different aluminum
related sites in the materials, pyridine adsorption experiments have
been performed and monitored via IR spectroscopy. The charac-
teristic IR band of pyridine adsorbed on Brønsted acid sites (B)
occurs at 1545 cm−1 and corresponds to the 19b vibration of the
pyridinium ion, while pyridine adsorbed to a Lewis acid site (L)
gives rise to a band at 1455 cm−1. Taking into account the respec-
tive molar extinction coefficients, these bands have been used to
base treated samples (see Table 2 and Fig. 3). It should be noted
that EFAL can occur as clustered species and therefore not all alu-
minum atoms are necessarily exposed to the surface. Consequently,
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Table 3
Chemical composition and ammonia capacity for iron containing samples.

Sample name Fe wt%a Fe/Ala NH3-capacityb

FeZ(Pa) 4.40 1.85 0.20 mmol/g
FeZ(0.3)NaOH(1) 4.58 0.94 0.22 mmol/g
FeZ(0.8)GC(5.5) 4.44 1.81 0.17 mmol/g
FeZ(1.6)GH(5.5) 4.42 1.80 0.19 mmol/g
ig. 3. FTIR spectra on selected H-ZSM-5 samples in the region of pyridine vibration.

he amount of Lewis acid sites does not automatically represent the
mount of EFAL atoms. The B/L ratio of 2.0 for the HZ(Pa) sample
ndicates that a significant amount of the aluminum in the start-
ng material is present as EFAL. A decrease in the B/L ratio, down
o a value of one occurs for the alkali treated sample. This can
nly be rationalized by assuming that framework aluminum has
een co-extracted during the desilication and converted to EFAL.
n comparison the B/L ratio in guanidinium base treated samples
ecreases only slightly as a result of the reduced silicon removal
nd/or because realumination is less likely to occur due to the
hielding effect from the guanidinium cation.

To check whether the removal of framework aluminum and the
ubsequent deposition as EFAL had any effects on the accessibility
o the acid sites in the micropores, it is useful to consider the IR dif-
erence spectra before and after pyridine adsorption (Fig. 4). From
he difference spectra it is evident that all bands related to acid sites
re eroded, which means that they are accessible for pyridine and
onsequently for any other molecule of similar size.

.2. Performance in the MTG reaction

A straight forward and reliable measure of the catalyst perfor-
ance in MTG is to compare the conversion capacities. The capacity

an be calculated by dividing the weight amount of methanol
assed over the catalyst bed when conversion has decreased to
0% by the catalyst mass [40]. Fig. 5a shows the conversion curves
f the samples as a function of grams of methanol passed over
he catalyst bed. The conversion capacity decreases according
o HZ(0.3)NaOH(1) > HZ(1.6)GH(5.5) > HZ(0.8)GC(5.5) > HZ(Pa),
esulting in conversion capacities of 876, 527, 400 and

40 gMeOH/gcat, respectively.

Hence, the conversion capacity of the sodium hydroxide treated
ample increases by a factor of 2.6 compared to the parent sam-
le, which is consistent with previous reports on desilication and
a ICP-OES.
b NH3-TPD.

MTG lifetime [44]. For HZ(1.6)GH(5.5) the conversion capacity is
increased by a factor of 1.6, while HZ(0.8)GC(5.5) converts 1.2 times
more methanol compared to the parent sample. A plot of the exter-
nal surface area versus conversion capacity is shown in Fig. 5b and
suggests that the observed catalyst enhancement correlates with
the generated mesoporosity during the base treatments. Deviations
from the relation might be due to several factors such as internal
defects [45] or other microstructural differences. It is worth men-
tioning that the higher acid site density in the samples after base
treatments did not have a negative effect on the life-time. This is
despite that earlier findings have shown that low Si/Al ratios lead
to accelerated coking [44].

3.3. Iron loading on treated samples

3.3.1. Introduction of iron in the base treated H-ZSM-5 zeolites
The four selected samples were loaded with iron using a sim-

ple incipient wetness impregnation procedure aiming for 4.5 wt%
Fe. This high amount of iron was chosen to study the potential
improved dispersion of iron in the base treated materials. It has
been reported earlier that hierarchical ZSM-5 is able to disperse sig-
nificantly higher amounts of active iron species compared to purely
microporous zeolites [17]. In Table 3 the chemical composition and
ammonia capacity for the samples are reported.

The amount of iron is comparable for all samples, whereas the
Fe/Al ratio varies slightly for the FeZ(0.3)NaOH(1) sample due to
the extensive desilication treatment.

Representative TEM images of FeZ(Pa), FeZ(0.3)NaOH(1) and
FeZ(1.6)GH(5.5) of the main sample morphologies are given in
Fig. 6. TEM images were taken with the purpose of visualizing
the porosity of the base treated samples and the distribution
of iron. Due to the observed similarities between FeZ(Pa) and
FeZ(0.8)GC(5.5) in TEM, FeZ(Pa) was chosen as representative
for both samples. The micrographs clearly show the presence of
mesopores for the two base treated samples. FeZ(1.6)GH(5.5) is
composed of discrete mesopores with pore sizes in the range of
approximately 10 nm which is in good agreement with the pore size
distributions from the N2-physisorption data. For FeZ(0.3)NaOH(1)
the mesopores have developed into a sponge-type network, with a
broader pore size distribution. In addition to the zeolite morphol-
ogy, agglomerates of iron oxide particles with particle sizes in the
range of 2–100 nm were observed for all samples as a consequence
of the high iron load (not shown). However, the presence of highly
dispersed iron species in the zeolites was confirmed by EDX mea-
surements in zones where iron oxide agglomerates could not be
visually observed (S2, supporting information). This heterogeneity
between large iron agglomerates and highly dispersed iron species
is further confirmed by spectroscopic methods, which are reported
in the following section.

3.3.2. Iron speciation

NO adsorption on metal oxide surfaces is known to give rise

to a range of species which can be distinguished with FTIR due to
the sensitivity of the vibrations of these bonds to the metal valence
state [46]. In this study, NO adsorption was used to probe the nature
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ig. 4. FTIR spectra on selected H-ZSM-5 samples in the �(OH region) correspondin
ines, while the difference spectra after pyridine adsorption is given in a dashed-do

f surface metal sites after an oxidative pre-treatment (see Section
.4). The use of oxidative conditions rather than a pre-treatment at
igh temperature in vacuum or inert gas, as usually applied, should
ive a more realistic picture of the involved metal sites in SCR,
hich under operating conditions will be exposed to high amounts

f oxygen.
In Fig. 7 the NO adsorption spectra for the FeZ(Pa),
eZ(0.3)NaOH(1), FeZ(0.8)GC(5.5) and FeZ(1.6)GH(5.5) sam-
les in the stretching vibration region of N–O are shown. The
ost dominant feature in the spectra is the band centered at

877 cm−1 assigned to mononitrosyl complexes with Fe3+-species

ig. 5. Conversion of methanol per gMeOH passed over the catalyst bed for selected samp
50 mgcat ∼ WHSV = 2.8 h−1. Relation between mesopore surface area in m2/g and conver
e spectra shown in Fig. 3. The spectra before pyridine adsorption are given in solid
ne. (a) HZ(Pa), (b) HZ(0.3)NaOH(1), (c) HZ(1.6)GH(5.5), (d) HZ(0.8)GC(5.5).

[46]. The band is for all four samples very asymmetric confirming
the heterogeneity of iron clusters and species in the samples.
There is a clear increase in the band intensity in the order
FeZ(Pa) < FeZ(1.6)GH(5.5) < FeZ(0.8)GC(5.5) < FeZ(0.3)NaOH(1)
indicating a higher dispersion of the iron in the same order. All
samples show two smaller bands at 1816 and 1919 cm−1 which are
assigned to highly dispersed Fe2+ sites with two nitrosyl ligands,

e.g. Fe2+(NO)2 [46]. However, a couple of bands at 1918 and
1810 cm−1 has also been assigned to highly dispersed Fe2+(NO)3
complexes [47]. Rivallan et al. recently discussed the nature of two
different Fe2+(NO)3 complexes giving rise to the same couple of

les (a). Conditions were 350 ◦C, p = 15 bar, total flow = 350 N mL/min in 10 reactors,
sion capacity in gMeOH/gcat (b).
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[49,50] we assign the bands to LMCT transitions in Fe2O3 clusters
of increasing nuclearity. Note that the ratio between intensities
of the two maxima is different in the four spectra. In particular,
Fig. 6. Representative TEM micrographs of the iron loaded ZSM-5 zeolites

ands and named the related iron sites FeA and FeB. With decreas-
ng NO partial pressure the complex formed at FeA is gradually
ransformed into Fe2+(NO)2 with a corresponding increase in the
ands at 1845 and 1767 cm−1. The fact that no bands for the
i-nitrosylic complex appear upon removal of NO ligands from
he Fe2+(NO)3 complex formed at FeB, has been explained by a
igand substitution of neighbouring SiOSi or SiOAl groups in the
ramework of the zeolite. Hence, FeB species should be located
n different geometric positions as the FeA sites. It is important
o mention that we have not observed the appearance of new
ands upon decreasing the NO pressure for any of the samples
not shown). Regardless the exact assignment of the bands at 1919
nd 1816 cm−1 it is clear that they represent highly dispersed
e2+-sites, and that the base treated samples contain a significantly
igher amount.

All base treated samples furthermore show a medium inten-
ity band at 2134 cm−1 together with a broad contribution ranging
rom 1650 to 1550 cm−1, which are assigned to NO+ and NO3

−

pecies, respectively. The parent sample shows only weak bands
t these wavenumbers. The formation of these surface species has
een explained by the disproportionation of N2O4 which is formed
ia oxidation of NO [47] and therefore represent relevant interme-
iates in the SCR reaction [48].
The optical properties of the Fe containing zeolites have also
een investigated by DRUV–VIS spectroscopy on samples in air,
iluted with the parent H-ZSM-5 sample (Fig. 8). Fe containing zeo-

ig. 7. FTIR spectra of NO adsorbed on selected iron containing ZSM-5 samples.
three samples (A) FeZ(Pa), (B) FeZ(0.3)NaOH(1) and (C) FeZ(1.6)GH(5.5).

lites are generally characterized by complex strong absorptions in
the UV–visible region, with ligand to metal charge transfer (LMCT)
character, from the oxygen atoms to the iron sites. Very similar fea-
tures are expected in case of tetrahedral or octahedral species, so
the technique is not unequivocal in case of isolated species. Con-
versely, the frequency of LMCT bands are affected by the clustering
and shifted towards higher wavelength with increasing nuclearity.
The set of spectra in Fig. 8 show very similar features. All spectra are
characterized by two main components. The first band has a max-
imum ranging from 375 to 400 nm, while the second is situated
between 505 and 525 nm. Following the assignments in literature
Fig. 8. DRUV–VIS spectra of selected iron containing ZSM-5 samples.
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ig. 9. NO conversion with NH3 of zeolites loaded with iron as a function of tem-
erature. Conditions used were: 500 ppm NO, 530 ppm NH3, 10% O2, 5% H2O and N2

alance (total flow 300 N mL/min), 40 mg catalyst (150–300 �m sieve fraction).

eZ(Pa) shows two maxima with similar intensity. For the two
amples treated with guanidinium bases, the component at lower
avelengths is more intense with respect to the second one and

herefore suggests a higher abundance of smaller Fe2O3 clusters
ompared to the parent iron containing sample.

From the obtained spectra it is not possible to make any consid-
ration about the presence of isolated sites as their spectroscopic
eatures, if present, would have been covered by the much more
ntense absorption of clustered units. The UV–VIS results, though
ot clear without ambiguity, supplement the NO-FTIR data and lead
o the picture of a higher amount of dispersed and most likely also
ligomeric sites on the base treated samples compared to FeZ(Pa).
roen et al. have carried out alkaline treatments of ZSM-5 zeo-

ites already containing iron [51,52]. In general they observe an
ncrease in isolated iron species at the expense of oligomeric clus-
ers upon base treatment. Although we have introduced iron after
eaching, it demonstrates how base treatments lead to changes in
ron speciation towards higher dispersion.

.4. Iron zeolite performance in NH3-SCR

Fig. 9 shows the NO conversion as a function of temperature in
elective catalytic reduction of NO with NH3 for the conventional
nd base treated samples loaded with iron.

The base treated samples outperform the parent sample at
ll temperatures in the same order as in the MTG reaction (i.e.
eZ(Pa) < FeZ(0.8)GC(5.5) < FeZ(1.6)GH(5.5) < FeZ(0.3)NaOH(1)). It
as been reported that at lower temperatures monomeric iron
pecies are active in SCR, whereas at higher temperatures also
ligomeric species contribute to activity [53,54]. In this case spec-
roscopic results have shown that the base treated samples are
ble to accommodate a higher amount of dispersed Fe species
ompared to the conventional zeolite. The improved SCR activ-
ty observed over the base treated samples could therefore be
xplained by a better iron dispersion leading to a higher amount of
ctive iron species in these samples. The sample with the highest
egree of mesoporosity (FeZ(0.3)NaOH(1.0)) shows the lowest light

ff temperature. However, the sample prepared from guanidinium
arbonate, which has no or low degree of mesoporosity, shows
nly a slightly higher light off temperature than the guanidinium
ydroxide sample with some mesoporosity. A positive effect of the
s Today 168 (2011) 71–79

mesopores on the SCR activity could therefore be present, but the
small differences in activity between the base treated samples indi-
cate that the mesopores do not influence the catalyst performance
in SCR to the same extent as for the MTG reaction. Instead, it appears
that desilication influences the speciation of iron inside the zeolite.

Above 450 ◦C the observed NO conversion over FeZ(0.3)NaOH(1)
is lower than over the FeZ(1.6)GH(5.5), due to a higher degree of
ammonia oxidation, which again might be ascribed to the relative
different amounts of iron species in each sample as deduced from
DRUV–VIS and infrared spectroscopy.

4. Conclusions

A new base treatment procedure for ZSM-5 zeolite was
introduced, which resulted in a hierarchical pore system using
guanidinium hydroxide. The results of this treatment were com-
pared to procedures involving guanidinium carbonate and the
typically applied sodium hydroxide. In comparison to the sodium
hydroxide treatment, the guanidinium hydroxide base treatment
provokes only moderate leaching of Si from the framework for com-
parable treatment times. The data suggests that the mesoporosity
can easily be further increased by longer treatment times.

In the methanol-to-gasoline reaction all base treatments lead
to longer catalyst lifetimes. A good correlation between the con-
version capacity and the mesoporosity of the samples was found
despite the higher acid site density in the desilicated materials. The
base treatments provoke a shift in the relative amounts of Brønsted
and Lewis acidic sites, which was most drastically observed for the
alkali treated sample.

Iron impregnated samples were tested in the selective catalytic
reduction of NO with NH3. Also for this reaction the mesoporos-
ity was beneficial for the higher activity of the samples, but less
pronounced than for MTG. On the basis of spectroscopic results,
the improved NO conversion could be correlated to an increasing
number of active Fe sites facilitated by the prior base treatment.
Interestingly, the guanidinium base treated materials showed an
enhanced selectivity towards NO reduction at higher temperatures.

The new desilication method represents a versatile alternative
to the commonly applied alkali bases and may also be an attrac-
tive approach in industry as the mesopore generation does not
require an additional ion-exchange step. Furthermore an optimal
desilication procedure may be envisioned by the combined use
of guanidinium and sodium hydroxide to generate mesoporosity
without compromising microporosity.
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