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The dehydration of glycerol to acrolein has been studied using H-ZSM5 zeolite treated in alkaline medium
in order to develop mesoporosity by desilication. Treatment of H-ZSM5 zeolite (Si/Al: 15) in NaOH solu-
tions leads to mesoporosity development due to the preferential extraction of Si from the zeolite frame-
work (desilication) without significant modification of the intrinsic zeolite properties. The samples were
studied by powder X-ray diffraction (XRD), N2 adsorption, pyridine-temperature programmed desorption
(Py-TPD) and FTIR of adsorbed pyridine. The coke deposits were analyzed by temperature programmed
oxidation (TPO). The alkaline treatment conditions led to an increase in the mesopore surface area from
254 m2 g�1 for the calcined zeolite to 325 m2 g�1 for the alkaline-treated material, while the micropore
volume was only slightly decreased (from 0.136 to 0.130 ml g�1). Besides substantial mesoporosity devel-
opment, the zeolite maintained Brønsted acidic properties, which are highly attractive in order to pro-
mote acid-catalyzed reactions like glycerol dehydration. Catalytic testing of the modified solids
showed an improved performance in dehydration of glycerol to acrolein, due to the unique interplay
between improved physical transport in the shortened micropores and the preserved high density of acid
sites. The catalyst stability was improved upon desilication due to an increase in coke tolerance. A treat-
ment of both solids in air at 773 K led to a partial regeneration of acid sites for glycerol dehydration.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Biodiesel production is an attractive alternative to substitute
non-renewable fuels, and it is a method for energy production
actually in use. The rising worldwide biodiesel production, partic-
ularly in Argentina, led to an increasing generation of glycerol and
a decrease in its price in the market. Therefore, this situation stim-
ulated the search for alternatives to generate high value-added
chemicals [1]. Among the different possibilities, one of the attrac-
tive alternatives is the glycerol dehydration to produce acrolein.
It is a chemical intermediate for the production of acrylic acid,
acrylic acid esters, superabsorbers, polymers and detergents [2].
At present, no acrolein is produced commercially in Argentina,
and its production worldwide is done from the selective oxidation
of propylene over BiMoOx based mixed oxides [3]. To carry out the
reaction of interest it is possible to follow two different paths,
liquid-phase or gas-phase reaction. In the first case, there are
different operational problems. The harsh conditions together with
the presence of liquid acids generate an extremely corrosive
medium, resulting in high equipment investments and mainte-
nance costs. As a result, it is unfeasible to produce acrolein com-
mercially from glycerol in liquid phase due to technical and
environmental problems, such as reactor corrosion, catalyst/reac-
tion mixture separation and waste management [3]. Besides, in
order to avoid excessive loss of selectivity, the conversion has to
be limited to 15–25%.

In light of the above-mentioned drawbacks, the scientific com-
munity has turned preferentially to the study of the gas phase reac-
tion over solid acid catalysts, such as metal phosphates [4,5], metal
sulfates [6,7], metal oxides [8,9], heteropolyacids (HPAs) supported
on metal oxides [10,11] and zeolites [12,13]. Furthermore, in many
reactions, the traditional liquid-acid catalysts were progressively
substituted with zeolite-based processes [14]. Application of these
solid-acid catalysts offers several key advantages. Zeolites are envi-
ronmentally harmless, noncorrosive, and separate easily from the
reaction mixture as compared to homogeneous catalysts. In partic-
ular, zeolites are used in many catalytic processes because they
exhibit good thermal stability, good resistance to the presence of
water, large surface area and in this case, a right acid sites density
for the desired reaction. Moreover, the shape-selective properties
of zeolites related to the presence of an ordered microporous
network, can restrict the formation of undesired products by control
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of reactant or product diffusion as well as the volume available for
transition states. But the purely microporous nature of zeolites fre-
quently posses transport limitations, particularly when bulky mol-
ecules are involved, which adversely affect catalytic performance. A
breakthrough was the synthesis of mesostructured aluminosilicates
[15]. Emerging mesoporous materials however generally do not
comply with most practical requirements as a result of limited ther-
mal stability and poor acidic properties. Consequently, new synthe-
sis procedures for preparation of small zeolitic crystals [16] or post-
treatment procedures to create extra-porosity were increasingly
investigated [17–19].

Conventional steaming and acid leaching methods, as well as
treatments in alkaline media have been applied to modify several
zeolites properties. The latter method removes preferentially Si
from the zeolite framework (desilication) [20–22], while the for-
mer ones lead to dealumination. Desilication was firstly applied
to study chemical changes of MFI crystals upon contact with NaOH
solutions, and this treatment has shown to induce a significant
mesoporosity in MFI-type zeolites [23–25]. Furthermore, this
treatment made it possible in several cases to maintain the crystal
structure and the acidic properties of the solids. Besides, mercury
intrusion porosimetry measurements on several alkaline-treated
zeolites provide convincing evidence that the mesoporosity cre-
ated upon desilication is fully accessible from the external surface
of the zeolite crystals, being crucial when improved molecular
transport in the pore system is aimed at [26]. Then, the combined
micro- and mesoporous zeolites fabricated by desilication still
exhibit shape selective properties, with a shorter micropore diffu-
sion path length and an enhanced access to the micropores via the
newly created mesopores.

It was also reported that the mesoporosity and pore size distri-
bution [27] is independent of the crystal morphology, and the
mechanism to generate intracrystalline mesoporous is mainly influ-
enced by the Si/Al ratio. Ogura et al. [24] have studied the desilica-
tion of H-ZSM5 with a Si/Al ratio equal to 19.7 (NaOH 0.2 M; 353 K;
5 h), and the mesoporous generation was corroborated. Suzuki et al.
[23] have analyzed the effects of the alkaline treatment with NaOH
0.5 M on H-ZSM5 Si/Al: 37 varying the duration of the treatment
and the temperature of the alkaline solution. It was concluded that
the maximum generation of mesopores was obtained at 30 min
after treatment initiation and that longer times did not significantly
modified the results. Also, a treatment at 323 K was not effective,
and a temperature of 343 K was required to achieve adequate mes-
oporosity and the preservation of the crystal phase. Later, Groen
et al. [28] studied the optimum treatment for several zeolites
(MFI, BEA, MOR and FERR). They observed that the better conditions
(temperature, concentration and time of treatment) depend on their
structure, the size of their interconnected channels and the uni-, bi-
or tri-dimensional configuration. The optimum treatment on H-
ZSM5 (Si/Al: 37) was obtained with 30 ml of NaOH 0.2 M per g of
zeolite (OH�/Si molar ratio equal to 0.4), at 338 K for 30 min [19].
Besides, the strong acid sites concentration increased due to the
decreased in the Si/Al ratio, while the acid strength hardly changes.
Moreover, the same authors stated that the optimal Si/Al ratio of H-
ZSM5 zeolite was in the range of 25–50 [29]. Additionally, a recent
study of H-ZSM5 (Si/Al: 47) [30] established that the presence of
mesopores does not contribute significantly to increase the amount
of Brønsted acid sites, and only influences the accessibility of
micropores (shortens the diffusive path).

Desilicated H-ZSM5 zeolites have been investigated in several
reactions, including cumene cracking [31], degradation of low-den-
sity polyethylene [32], methane dehydroaromatization [33], cata-
lytic cracking of n-octane [34], hydroxylation of benzene to
phenol [35], methanol to gasoline [36], n-hexane isomerization
and cracking [37,38], conversion of propanal to gasoline-range mol-
ecules [39], the selective production of olefins from bioethanol [40],
light olefin production by heavy oil cracking [41] and the ethe-
rificación of 1,2-propylene glycol with 1-octene [42]. In most cases,
improved activity, stability, and selectivity have been reported. In
general, the observed improvement has been ascribed to enhanced
diffusion due to the generation of mesopores channels. The versatil-
ity of this alkaline treatment opens new avenues to improve diffu-
sion characteristics in zeolite-catalyzed applications.

Regarding the catalytic glycerol dehydration, it has been stud-
ied by mean of the utilization of several zeolites (H-ZSM5, H-Beta,
H-Y, H-ZSM11) [43] and the obtained results were related with
their channel structure. It was determined that H-ZSM5 zeolite
performance was better than the obtained by H-Beta and H-Y zeo-
lites. It was demonstrated that H-zeolites with smaller channels,
the ones marginally larger than the molecular diameter of glycerol,
were preferential for the reaction. It was found that as the channel
diameter increased, the selectivity to acrolein was affected. More-
over, H-ZSM11 zeolite with lower channel complexity was more
likely to obtain superior catalytic performance due to enhanced
diffusion. The results imply that steric hindrance or channel pat-
tern has a stronger influence than acid sites density on coke forma-
tion. Regarding acidity, it is accepted that the production of
acrolein is catalyzed by Brønsted acid sites, while the Lewis acid
sites increase the selectivity to hydroxyacetone [44,45].

To investigate the deactivation by coke deposition during the
glycerol dehydration, and to obtain catalysts with higher long-term
stability, Possato et al. [46] studied this reaction with different H-
ZSM5 zeolites (Si/Al: 15, 25 and 40). Besides, the more siliceous
zeolite was treated with NaOH aqueous solutions. Alkaline treat-
ment allowed a rapid diffusion and consequently improved the
reaction kinetics. However, the severity of the treatment nega-
tively interfered on the Brønsted and Lewis acid sites relative con-
centration and, consequently, in the efficiency of the catalysis
performed by these materials. On the other hand, during the cata-
lytic reaction the intracrystalline mesopores allowed carbonaceous
compounds to be deposited herein, resulting in less blocked
micropores. The glycerol conversion and the stability obtained
with the alkaline treated zeolite were better than the parent zeo-
lite. However, the catalysts used in their study did not present
the best selectivity to acrolein when compared to other catalysts.

To improve the acrolein selectivity, preserving the good conver-
sion and stability, in this paper the glycerol to acrolein dehydration
using H-ZSM5 zeolite (Si/Al: 15) modified by alkaline treatment was
studied. Although this Si/Al ratio is outside the range recommended
by Groen et al. [29], it was reported that the treatment of the less
siliceous zeolites allows the formation of narrower mesopores and
a less broad pore size distribution. It is expected that as result of
the higher Al concentration and due to the modified mesopores size
distribution, the acrolein selectivity could improve. On the other
hand, water can strongly adsorb on the surface acid sites of the solid
acid catalysts and disturb the adsorption of accessible reactants,
then, a 20 wt.% glycerol in water solution was fed, which is a more
concentrated solution than that used by Possato et al. [46]. Finally,
since the selectivity to acrolein obtained with non-treated H-
ZSM5 zeolites reported by Gu et al. [43] was successful at a weight
hourly space velocity (WHSV) of 1.56 g Gly/(g zeolite�h), in the pres-
ent work it was investigated the reaction at two different space
velocities closed to this WHSV value (0.72 and 3 g Gly/(g zeolite�h)).
2. Experimental

2.1. Catalyst preparation

The commercial zeolite used in this study was an H-ZSM5 pro-
vided by Zeolyst (CBV-3020E), with a nominal Si/Al ratio of 15, in
the protonic form. For alkaline treatment, ca. 2 g of calcined zeolite
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was vigorously stirred in 60 ml of a NaOH solution (0.2 M) at 338 K
for 0.5 h, following the procedure previously established for ZSM5
zeolites [47]. The zeolite suspension was then cooled down imme-
diately using an ice bath. The remaining product was filtered, care-
fully washed until neutral pH, and finally dried at 373 K overnight.
This material was named ‘alkaline-treated zeolite’. The alkaline-
treated samples were converted into the H-form by two consecu-
tive exchanges in 0.5 M NH4NO3 aqueous solution, for 2.5 h in
reflux followed by air-calcination at 823 K for 2 h. This catalyst
was named ‘treated zeolite’. The as-received materials were cal-
cined under identical conditions prior to the characterization and
hereafter denoted as non-treated.

2.2. Catalyst characterization

2.2.1. N2 Adsorption–desorption isotherms
Nitrogen adsorption–desorption isotherms were recorded at

liquid-nitrogen temperature and relative pressure (P/P0) interval
between 6 � 10�7 and 0.998 on a Quantachrome equipment, which
was used to assess the created mesoporosity. Samples were evac-
uated prior to measurements at 523 K for 3 h under a vacuum of
1 � 10�5 Pa. The BET model [48] was used in the relative pressure
range 0.01–0.10 to calculate the total surface area, while the
micropore volume and mesopore surface area were derived from
the t-plot, according to Lippens and de Boer [49]. The pore-size dis-
tribution was calculated according to the BJH model [50], applied
to the adsorption branch of the isotherm. Although adsorption
studies with model materials like MCM-41 and SBA-15 have pro-
ven that the BJH pore-size model can lead to an underestimation
of the actual mesopore-size up to 40% [51], the model is appropri-
ate for comparing mesopore-size distributions in materials of
similar nature.

2.2.2. Microscopy analysis
Scanning electron microscopy (SEM) of the non-treated and

treated samples at 25 kV were carried out using an electron micro-
scope (JEOL JSM 35C). In order to ensure that the data collected
was representative of the whole sample, scans were made at more
than one location. The reproducibility verified indicates homoge-
neous zeolite particles.

2.2.3. X-ray diffraction and ICP-OES studies
X-ray diffraction patterns were measured in a Shimadzu XD-D1

instrument with a monochromator, CuKa radiation and a scanning
rate of 1 min�1. Si and Al concentrations in the solid materials and
in the filtrate obtained upon alkaline treatment were determined
by inductively coupled plasma atomic emission spectroscopy
(ICP-OES). Measurements were performed in a Perkin Elmer
Optima 2100 DV. Samples were dissolved using a mixture of
perchloric and nitric acids.

2.2.4. Temperature programmed desorption of pyridine (Py-TPD)
Pyridine TPD experiments were carried out to evaluate the acid-

ity of the samples. The catalysts were pretreated in situ in N2 flow
at 573 K during 1 h. After cooling down to room temperature, three
consecutive saturation steps with pure pyridine were performed.
After this, pure nitrogen was flowed and the temperature was
increased up to 423 K, until no pyridine was detected. The TPD
experiments were carried out heating at 12 K min�1 in the temper-
ature range 423–1073 K, and pyridine was detected using a FID
detector after methanation, using a setup similar to that described
in Section 2.3.

2.2.5. FTIR studies
The acidic properties of the samples were also studied by pyri-

dine adsorption followed by infrared spectroscopy (FTIR). Spectral
measurements of pyridine adsorption on the samples were per-
formed on a JASCO FT-IR 5300 spectrometer equipped with a DTGS
detector. The range and resolution of acquisition were 4600–400
and 4 cm�1 respectively. A self-supporting wafer for each sample
(�20 mg and 13 mm of diameter) was prepared, placed in a ther-
mostatized cell with CaF2 windows connected to a vacuum line,
and evacuated for 8 h at 673 K. The background spectrum was
recorded after cooling the sample to room temperature. Afterward,
the solid wafer was exposed to pyridine vapors (Sintorgan, 99% pur-
ity) until the system was saturated to 46 mm Hg at room tempera-
ture; the contact time at this pressure was 12 h. The IR spectrum for
each sample was obtained after pyridine desorption by evacuation
for 1 h at 373, 473, 573 and 673 K. All the spectra were recorded
at room temperature before and after pyridine adsorption and
desorption at each temperature. The difference spectrum was
finally obtained by subtracting the background spectrum previously
recorded. The integrated molar extinction coefficients values used
for quantification were 1.67 cm/lmol for the 1545 cm�1 band char-
acteristic of pyridine on a Brønsted acid site and 2.22 cm/lmol for
the 1455 cm�1 band of pyridine on a Lewis acid site following the
procedure of Emeis [52].

2.3. Coke characterization

The coke was characterized by temperature-programmed oxi-
dation (TPO). The experiments were carried out using a modified
technique [53] in which the gases coming out of the analysis cell
passed through a methanation reactor. A H2 stream was fed to this
reactor, which was loaded with a Ni catalyst, and where CO and
CO2 were converted to CH4. This compound was continuously mea-
sured using a FID detector. Under these conditions (673 K, 6% O2,
40 ml min�1), a 100% conversion of COx was reached and in this
way the sensitivity of the technique was greatly improved. The
analysis cell was loaded with approximately 10 mg of used catalyst
and the analyses were performed employing a heating rate of
12 K min�1 starting from 293 K. Equipment calibrations were per-
formed using pulses of CO2 diluted in He.

2.4. Catalytic activity

The dehydration of glycerol was conducted at atmospheric
pressure in a continuous fixed-bed stainless steel reactor, using
0.4 g of catalyst (particle size 40–80 mesh) without diluents. Prior
to the catalytic tests, catalysts were pretreated at 573 K in N2 flow
for 1 h to remove adsorbed water. The reaction feed was an aque-
ous solution containing glycerol (20 wt.%). It was evaporated in a
preheater at 533 K, with 50 ml min�1 of N2 as carrier gas, and
was introduced in the system at different rates to evaluate the
effect of space velocity. It is well known that diffusion is driven
by the concentration difference between internal and external
space of catalyst [54]. The introduction of carrier gas could enlarge
the concentration difference by supplying glycerol (and removing
products) continuously to (and from) outer space of catalyst, which
could stimulate the diffusion of glycerol into channels and prod-
ucts out of channels of H-zeolites, resulting in higher glycerol con-
version and acrolein selectivities. Throughout this work, the space
velocity used (WHSV) represents the mass of glycerol per gram of
catalyst, per hour. The reactor was placed in an electrically heated
furnace. After the reaction, the carrier flow was maintained for 1 h,
in order to purge the system.

Reaction products together with the unconverted glycerol were
collected in a cold trap maintained at 278 K at 30 min intervals.
The analysis of the products was carried out offline in a Shimadzu
gas chromatograph (GC) equipped with a Phenomenex ZB-5 capil-
lary column (30 m � 0.25 mm � 0.25 lm) and a flame ionization
detector (FID). The following products have been identified and



H.P. Decolatti et al. / Microporous and Mesoporous Materials 204 (2015) 180–189 183
quantified: acrolein, acetaldehyde, propanal, and acetol. Other
compounds in low concentrations have not been identified. A vol-
umetric method was employed to determine the quantity of glyc-
erol in the collected samples [55]. The following equations were
used to calculate glycerol conversion, product yield and selectivity:

Glycerol conversionð%Þ ¼ nglyinput � nglyoutput
nglyinput

� 100

Product yield ð%Þ ¼ njoutput
m:nglyinput

� 100

Product selectivity ð%Þ ¼ product yield
glycerol conversion

� 100

where nglyinput and nglyoutput are the molar flow of glycerol at the
input and output of the reactor; nj is molar flow of the product j, and
the coefficient m represents the ratio between the number of carbon
atoms in a molecule of glycerol and the number of carbon atoms in
a molecule of product obtained, being 1.5 for acetaldehyde and 1 for
the other products observed in this study, all of them containing
three carbon atoms.

3. Results and discussion

3.1. Catalysts characterization

3.1.1. Surface area and pore volume
The conditions used in this work to treat the zeolite had the

objective of obtaining a substantial increase in the mesoporosity
while preserving the intrinsic properties of the zeolite, such as a
high surface area, shape selectivity, and acidity. These conditions
were selected by Groen et al. [19,28], based on an exploratory pro-
gram with a broad range of alkaline treatment conditions (time,
temperature, and alkaline concentration), to assess appropriate
conditions for mesoporosity development in various zeolite struc-
tures. Fig. 1A shows the N2 adsorption and desorption isotherms at
77 K for the non-treated (a) and treated zeolites (b). The non-trea-
ted materials generally exhibit a type I isotherm with a plateau at
high relative pressures, as a result of the microporous nature of the
material with limited mesoporosity. Besides, a type H4 hysteresis
was observed, and since this zeolite displayed a type I isotherm,
this hysteresis is also a sign of microporosity [56,57]. Upon alkaline
treatment in NaOH and subsequent ion exchange the treated zeo-
litic structure showed an enhanced uptake of N2 at higher relative
pressures accompanied by a hysteresis loop, being indicative of
extra mesoporosity [18]. The BJH [50] pore size distribution
derived from the adsorption branch of the isotherm confirmed
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Fig. 1. (A) N2 adsorption–desorption isotherms: (a) non-treated H-ZSM5; (b) treated H-Z
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the increased mesoporosity in the treated zeolites (Fig. 1B), and
shows in particular a slightly broad distribution of mesopores.

The mesopore diameter estimated from pore size distribution
derived from N2 adsorption was 60 ÅA

0

. The BET [48] surface areas
derived from the isotherms in Fig. 1A are listed in Table 1, and evi-
dence that the treated zeolites can be used more effectively in
terms of porosity than the non-treated zeolite, in view of the gen-
erally higher surface areas of the former. Although the validity of
the BET model for surface area calculations on microporous mate-
rials is questionable [58], the surface areas derived from this model
in the adopted pressure range P/P0 = 0.01–0.10 can still be used for
comparative purposes. Application of the t-plot [59] indicated that
a significantly increased mesoporosity (325 m2 g�1) was developed
in the treated zeolites compared to the non-treated zeolites. It is
important to emphasize that the microporous structure was not
significantly affected by the treatment; only a slight decrease in
microporosity (4.5%) was observed. This result is consistent with
those found in the literature [60].

3.1.2. XRD and SEM analyses
XRD patterns presented in Fig. 2A show that the MFI structure

was maintained in the treated sample. However, the alkaline treat-
ment did influence the degree of crystallinity in this sample. The
variation in crystallinity of the desilicated zeolite resulted to be
10%, and was calculated based on the relative intensities of the
reflection peak at 23� (2h), taking the crystallinity of the parent
sample to be 100%. The crystallinity reported by others researchers
indicate similar values [57]. Therefore, X-ray diffraction analysis
confirmed the preservation of the long-range crystal ordering in
the samples, with a decrease in the intensity of the characteristic
reflections. The SEM micrographs of the samples are shown in
Fig. 2B and C. SEM analysis showed that the zeolite particles size
is in the range of 0.5–3 lm. All samples consist of similar particles
associated with smaller crystallites and larger agglomerated crys-
tals, as other researchers previously observed [31,36]. The alkali
treatment results in no visually-detectable changes in the general
morphology of the particles. The particles of the alkaline-treated
sample have a slightly rougher surface, and this is in accordance
with the adsorption isotherms.

3.1.3. Elemental composition and pyridine TPD analyses
ICP-OES measurements in both the filtrate and the solid mate-

rial confirmed the preferential leaching of Si, leading to a lower
Si/Al ratio in the treated materials (Table 1). The fact that Al is
more difficult to extract can be explained by the negative charge
associated with Al tetrahedra in the zeolite framework, due to
the trivalent oxidation state of aluminum. This hinders the
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Table 1
Catalysts physical properties and elemental composition.

Catalysts BET area Mesop. area Microp. vol. Si/Al
(m2/g) (m2/g) (cc/g) (mol/mol)

H-ZSM5
non-treated

579 254 0.136 15.2

H-ZSM5
treated

627 325 0.130 13.9
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Fig. 3. Pyridine TPD profiles for fresh catalysts: (A) non-treated H-ZSM5; (B) H-
ZSM5–alkaline treatment; (C) H-ZSM5–alkaline treatment (1 I.E.); and (D) H-ZSM5–
alkaline treatment (2 I.E.).

Table 2
Acidic properties of the fresh catalysts.

Catalysts Acidity (mmol g�1)

H-ZSM5 non-treated 0.592
H-ZSM5 alkaline treatment 1.131
H-ZSM5 alkaline treatment (1 I.E.) 1.014
H-ZSM5 alkaline treatment (2 I.E.) 1.238
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extraction of Al through hydrolysis of SiAOAAl bonds, by nega-
tively charged hydroxyl groups [61] compared to the relatively
easy cleavage of the SiAOASi bond in the absence of neighboring
Al tetrahedra [21].

The number of strong acid sites in the treated zeolites is gener-
ally increased due the lower Si/Al ratio, while the acid strength
hardly changes. It was reported that the desilication treatment
hardly affects the acidic properties of various zeolites. Moreover,
an increased ammonia uptake over alkaline treated H-ZSM5 zeo-
lites has been determined by NH3-TPD experiences [29]. The
enhanced acidity was clearly assigned to the higher Al content rel-
ative to Si, in the alkaline-treated zeolites giving rise to a higher
density of acid sites.

The effects of desilication on the acidity of the H-ZSM5 zeolites
were studied by TPD of adsorbed pyridine, as shown in Fig. 3. It
has been generally accepted that the TPD peak position is directly
related to the strength of the acid sites. Therefore, the low-temper-
ature desorption peaks are due to the weak acid sites, while the
high-temperature desorption peaks are due to the strong acid sites.
For the non-treated sample, two distinct desorption peaks were
observed at 525 and 925 K in the Py-TPD profile. By mean of NH3-
temperature programmed desorption experiences over H-ZSM5
zeolites, some researchers [12,62] assigned the high and low tem-
perature peaks to Brønsted and Lewis acid sites, respectively. Here,
Py-desorption peaks between 433 and 673 K are related to weak
acid sites while peaks at temperatures higher than 873 K are
assigned to strong acid sites. The non-treated zeolite desorption
profile showed a peak at high temperature. After alkaline treatment,
the acid site distribution on the alkaline treated zeolite changes
drastically due to exchange of zeolitic protons by sodium cations,
generating Lewis acid sites. This affirmation is supported by Esqui-
vel et al. [63], who observed on b-zeolite ion exchanged with Na(I), a
decrease in the number of medium and strong acid sites while the
population of weak acid sites increased. These observations
revealed that medium–strong Brønsted acid sites were those prefer-
ably exchanged by the cations, thus decreasing their populations.
Also, it was suggested [63] that the exchanged cations act as acid
sites of Lewis nature able to coordinate several pyridine molecules
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Fig. 2. (A) XRD spectra for fresh catalysts: (a) non-treated H-ZSM5; (b) treated H-ZSM5
which are desorbed at lower temperatures, and consequently the
population of the weak acid sites was raised. Similar observations
were carried out with Na-modified H-ZSM5 catalysts [64].

After two successive ion exchanges with ammonium nitrate,
there was a recovery of the strong acid sites and an increase of
the amount thereof, as a result of the increasing number of alumi-
num network sites exposed after the alkali treatment, as also indi-
cated by the decrease in the Si/Al ratio upon this treatment. The
quantity of pyridine desorbed is summarized in Table 2. Acid sites
available for reaction increased from 0.592 to 1.238 mmol g�1. The
high acidity of the solid subjected to alkaline treatment (H-ZSM5-
Alkaline treatment) is mainly due to weak Lewis sites. After the
alkaline treatment, and ion exchange with ammonium, it can be
observed in Fig. 3 (compare curve A with curves C and D) that
the peak ascribed to strong acid sites gradually shifts to lower tem-
peratures. These changes are accompanied by a gradual increase in
the intensity at intermediate temperatures (673–773 K). These
changes either indicate that desilication converts some of the
strong Brønsted acid sites into sites of weaker acidity, or modifies
50

1 µm 

1 µm 

B 

C 

; (B and C), SEM micrographs of the treated and non-treated samples, respectively.
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the accessibility of these sites due to the partial removal of silica.
This affirmation was reported by other authors [39].
3.1.4. FTIR studies
As a result of preferential silicon extraction, the Si/Al ratio in the

treated zeolite is lower than in the non-treated sample and thus
the number of potential Brønsted acid sites per unit weight should
be increased. 27Al and 29Si MAS-NMR patterns recorded for non-
treated and alkaline-treated ZSM5 zeolites have shown to be very
similar, with a negligible contribution from non-framework alumi-
num species [47]. This suggested that the aluminum was predom-
inantly tetrahedrally coordinated in the zeolite framework upon
alkaline treatment. In agreement, FTIR and NH3-TPD investigations
have revealed a preservation of the acidity. The IR absorption band
typical for Brønsted acidity at 3610 cm�1 remained present and the
acid strength in the treated zeolites derived from NH3-TPD was
similar to that in the non-treated samples. Moreover, the total
acidity indeed increases correlating with the higher aluminum
content relative to the silicon in the alkaline-treated zeolite [47].

Infrared measurements of adsorbed pyridine were performed.
The region of the FTIR spectrum that corresponds to the hydroxyl
groups are shown in Fig. 4A and B, for the non-treated and treated
H-ZSM5 catalysts, respectively. Five zones can be distinguished in
the spectral range of hydroxyl stretching modes. The most intense
bands are displayed in the range 3725–3750 and 3610–3615 cm�1

approximately, and at around 3664, 3680 and 3781 cm�1.
On the non-treated catalyst (Fig. 4A) the shoulder observed in

the signal at 3744 cm�1 represents isolated SiAOH groups not
interacting significantly with other species. These sites are com-
monly claimed to be located on the external surface of the zeolite,
as they are perturbed upon adsorption of steric-demanding probe
molecules not able to access the micropore system of the zeolite.
The intensity of this peak (3744 cm�1) has previously been corre-
lated with the external surface area and thus the average crystal
size of the zeolite [65–67]. Bands with maxima at 3730 and
3680 cm�1 are clearly visible. These bands have been associated
with nearly free SiAOH sites predominantly located inside the
structure as they remain virtually unperturbed upon adsorption
of large molecules [36]. As expected, the band representing the
bridging strongly acidic Al(OH)Si sites, is located at around
3615 cm�1. Finally, several bands at lower frequencies are assigned
to a variety of internally located SiAOH sites involved in relatively
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strong hydrogen bonds. The location assignments (internal or
external) of the various sites have been confirmed in a more exten-
sive spectroscopic study using large probe molecules (2,4,6-tri-
methyl pyridine) [68]. An H-ZSM5 free from internal defects will
only have a SiAOH contribution from the external surface (giving
a peak at 3744 cm�1). Thus, the remaining SiAOH components
located at lower frequencies for the non-treated H-ZSM5 sample
represent internal defects in the framework.

Upon NaOH treatment and subsequent ion exchange, the vibra-
tional properties of the sample in the r(OAH) region changed sub-
stantially, as shown in Fig. 4B. The 3744 cm�1 band increased in
intensity, whereas the different SiAOH contributions at lower fre-
quencies vanished, implying that after the treatment the SiAOH
sites are more uniform and to a much larger extent, isolated. The
interpretation of this observation is not straightforward, but
according to these results, the defects became part of the mesop-
ores which effectively may appear like an ordinary external surface
with isolated SiAOH sites represented by the band at 3744 cm�1. In
any case, it is beyond any doubt that the features characterizing
SiAOH in structural defects are clearly reduced. It should also be
mentioned that the NaOH treatment inevitably seems to generate
AlAOH species, in which Al atoms belong either to EFAL species
(extra framework aluminum species), or to tri-coordinated atoms
linked to the framework by two O atoms [69], which give rise to
the rather small components at 3664 and 3781 cm�1 clearly seen
for the treated samples. These signals are not due to the acidic
character of the corresponding OH groups, but to the Lewis acidity
of the Al atoms to which they are linked [69–71]. Based on FTIR
and quantum chemical modeling, Brand et al. [70] suggested that
the band at 3666 cm�1 (close to our observed band at
3664 cm�1) can be assigned to terminal and bridging OH groups
in dimeric (Al(OH)3)2 species. Also Fleischer et al. [71] found that
the 1H NMR chemical shift of the bridging protons in the (Al(OH)3)2

species is in the range assigned to OH groups associated with extra
framework Al species.

To identify the nature of the acid groups, the effect of pyridine
adsorption on the intensity of the various OH bands was deter-
mined on the two samples. Fig. 4 shows the spectra obtained as
the difference between the spectra recorded before and after pyr-
idine adsorption–desorption at 373, 473, 573 and 673 K (solid
lines). These spectra represent the acid groups which are occupied
by adsorbed pyridine in both samples at each desorption temper-
ature. The spectra obtained in this way for the non-treated samples
shown in Fig. 4A (continuous lines), show intense signals at 3730
and 3615 cm�1. The intensity of the signal at 3730 cm�1 (free
SiAOH sites predominantly located inside the structure) did not
decreased for desorption temperatures up to 573 K, indicating that
these are strong acid sites. The signals at 3615 and 3680 cm�1 have
a similar behavior, while the signal at 3664 cm�1 vanish at 473 K,
therefore the sites associated with this latter signal have low acid-
ity. Regarding to the treated sample, the intensity of the band at
3612 cm�1 (bridging strongly acidic Al(OH)Si sites) observed in
the spectra after pyridine desorption at 373, 473, 573 and 673 K,
is comparable to the original signal, what indicates that almost
all these sites have strong acidity, because its intensity was not
modified when the desorption temperature was increased. On
the other hand, the signal at 3744 cm�1 decreased when desorp-
tion temperature was increased, and then, these acid species
(external SiAOH) have lower acid strength. It is interesting to high-
light that all the groups represented by these signals, interacted
with pyridine and therefore represented acid sites available for
the reaction.

In summary, the main difference between the treated and non-
treated catalysts is the concentration and accessibility of acid sila-
nols that corresponds to the FTIR spectrum in the 3700–
3750 cm�1, and the concentration and acid strength of bridging



Table 3
Acid sites characterization: Lewis and Brønsted sites concentrations determined by
FTIR analyses of adsorbed pyridine.

Temperature (K) lmol g�1 B/L

B L B + L

Non-treated H-ZSM5
373 219.8 120.3 340.1 1.83
473 209.8 49.5 259.3 4.24
573 158.3 22.3 180.5 7.11
673 151.8 21.5 173.3 7.07

Treated H-ZSM5
373 335.7 152.0 487.7 2.21
473 327.1 54.7 381.7 5.98
573 326.5 45.5 371.9 7.18
673 275.0 45.0 320.1 6.11
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hydroxyl groups (around 3615 cm�1). These results indicate that
the preparation procedure followed to obtain the treated H-ZSM5
catalyst increased both the concentration of bridging hydroxyl
groups (around 3615 cm�1) and the external SiAOH (3744 cm�1),
and this fact may be the reason of the superior catalytic perfor-
mance of this catalyst, as will be shown below.

The signals associated to chemically adsorbed pyridine are dis-
played in the range 1700–1400 cm�1, and shown in Fig. 5. Pyridine
adsorbed on H-ZSM5 catalysts resulted in the appearance of bands
characteristic of pyridine adsorbed on the Lewis acid sites (PyL) at
1622 and 1450 cm�1, on Brønsted acid sites at approximately 1544
and 1636 cm�1 (PyH+), and the bands attributed to pyridine
adsorbed on both Brønsted and Lewis acid sites at 1490 cm�1

[72,73]. Fig. 5B shows that as a result of the alkaline treatment fol-
lowed by two ion-exchange steps with NH4NO3 solution, an
increase in the total intensity of the signals was observed on the
treated zeolite. There is an important increase in the relative size
of the signal at 1544 cm�1 indicating that the concentration of
framework Al sites on the surface of the treated sample increased.
This is because the greater BET area and mesoporosity obtained
upon the alkaline treatment led to a higher exchange of NH4

+ that
were transformed in H+ by calcination. Because of this, the inten-
sity of the bands attributed to pyridine bonded to Brønsted acid
sites increased.

The concentrations of Brønsted and Lewis acid sites were esti-
mated from the intensities of the band at 1544 and 1450 cm�1

respectively, following the procedure of Emeis [52]. These values
were used to calculate the relation between the Brønsted (B) and
the Lewis (L) sites for all the samples. The acid sites concentration
determined in this way upon pyridine desorption at several tem-
peratures are detailed on Table 3. For example, at 473 K it was
259 lmol g�1 for non-treated H-ZSM5 catalyst (210 and
49 lmol g�1 for Brønsted and Lewis sites, respectively), and
382 lmol g�1 for treated zeolite (327 and 55 lmol g�1 for Brønsted
and Lewis sites, respectively). These results showed a higher con-
centration of Brønsted acid sites accessible to pyridine on the trea-
ted sample. These Brønsted sites are proposed as the catalytic
species where the dehydration of glycerol to acrolein is performed
[44,45]. The B/L ratios obtained with these analyses are also
included in Table 3.

Information on the strength of Lewis and Brønsted acid sites
was obtained from pyridine thermodesorption, taking spectra at
different desorption temperatures and quantifying the acid sites
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at each temperature. From the values in Table 3, weak, medium
and strong acid sites can be obtained. Subtracting the number of
sites obtained at 373 and 473 K the weak acid sites were calcu-
lated. Then, if the subtraction is performed between the quantities
obtained after desorption at 473 and 573 the concentration of
medium strength acid sites was calculated. Finally, the strong acid
sites were those that remain at 573 K. Table 4 shows that on the
treated sample almost the total amount of Brønsted sites are
strong (326 lmol g�1), and the majority of Lewis sites has low
acidity (97 lmol g�1). The ratio between both strong Brønsted
and Lewis sites on treated zeolite is similar to the value of the
non-treated zeolite.
3.2. Catalytic activity

The main products identified by GC analysis were acrolein, acet-
aldehyde, propanal, and acetol. Besides, some chromatographic sig-
nals in lower quantities have not been identified. Fig. 6A and B
shows the activity results obtained with the non-treated and the
treated catalysts, at a space velocity of WHSV = 3 h�1 (g glycerol (g
catalyst)�1 h�1), at 548 K. Under these conditions, the results of con-
version and selectivity to acrolein obtained using the treated zeolite
as catalyst, were superior to those obtained on the non-treated zeo-
lite (Fig. 6A and B). The higher conversion of glycerol on the treated
catalyst as a function of time on stream (Fig. 6A) suggests that the
increased surface area attenuate the catalyst deactivation by coke
formation. It has been reported in previous studies that the geome-
try of channels and the intracrystalline diffusivity have great impact
on the formation of coke [43]. Besides, the selectivity to acrolein of
both catalysts is about of 80% (Fig. 6B). Using this space velocity,
the conversion level is low for both zeolites, as a consequence of
the relatively low residence time of the glycerol in the reactor.

Fig. 6C and D shows results obtained at a lower space velocity
(WHSV = 0.75 h�1). It can be observed that the selectivity to
Table 4
Acid sites characterization: acid strength distribution.

Acid sites strength lmol g�1 B/L

B L B + L

Non-treated H-ZSM5
Weak 10.1 70.8 80.9 0.14
Medium 51.5 27.2 78.7 1.89
Strong 158.3 22.3 180.5 7.11

Treated H-ZSM5
Weak 8.6 97.4 106 0.09
Medium 0.6 9.2 9.8 0.07
Strong 326.5 45.5 371.9 7.18
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Table 5
Catalysts conversion, acrolein yield and selectivities.
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acrolein of the non-treated catalyst decreased (Fig. 6D) and the
conversion slightly increased (Fig. 6C), as a result of longer contact
time. On the other hand, the treated zeolite showed a conversion
level significantly higher at this lower space velocity (compare
Fig. 6A and C), while the selectivity to acrolein was around 80%
and was not significantly affected by the longer residence time in
the reactor (Fig. 6D). It is also very important to highlight that
the conversion was more stable in the treated zeolite, with a con-
version between 85% and 90% during 5 h (Fig. 6C). Therefore, the
modification of the morphology and the acidity obtained with
the alkaline treatment was important in order to increase the acro-
lein production. As shown in Table 4, the main difference in acidity
between the two catalysts, is the higher concentration of strong
acid sites, maintaining the ratio of Brønsted to Lewis acid sites.

Table 5 shows the glycerol conversion and selectivities to differ-
ent products at 1 h time on stream, and at the end of the catalytic
test. The alkaline treatment and subsequent ion exchanges led to
and improvement in the conversion and selectivity to acrolein.
As catalyst deactivates, the main change in the selectivity occurs
in the ‘others’ non identified compounds, what indicates that these
are mainly final products in the reaction network.
3.3. Coke characterization

The formation of carbonaceous deposits during the reaction was
quantified by temperature programmed oxidation of the used cat-
alysts (Fig. 7). In the treated zeolite, for both WHSV studied, there
was an increase in the amount of coke formed as a result of the
increased availability of acid sites. The coke percentage in the
starting zeolite at the two space velocities used in this study, i.e.
WHSV = 0.75 and 3 h�1, were 12.85% and 13.01%, respectively;
while in the modified zeolite the values of coke content were
14.76% and 17.63%. The greatest amount of coke deposited on
the modified catalyst is associated with a better utilization of the
inner surface, lowering the pore mouth blockage that occurs on
micropores faster than on the mesopores, and also due to the
higher acid sites density obtained in the treated zeolite as com-
pared to the original material. The higher acid sites density leads
also to a faster coke deposition due to oligomerization. As shown
in Table 2, the number of acid sites as measured by pyridine TPD,
in the treated-zeolite is almost double than in the parent zeolite.
Nevertheless, the amount of coke deposited on the former catalyst
was only between 15% and 35% higher (data shown in Fig. 7). These
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results also explain the better stability of the treated-zeolite,
because the amount of coke per number of acid sites is lower in
the treated catalyst.

In order to obtain information regarding the coke removal and
acid sites recovery, the catalysts used in glycerol dehydration with
a WHSV of 0.75 h�1, were treated in an oxygen/nitrogen mixture at
773 K during 40 min. Fig. 8 shows the TPO profiles obtained in
these experiments for both catalysts. The treatment removed
7.27 and 7.58%C from the non-treated (Fig. 8A) and the treated
(Fig. 8B) catalysts respectively, what represents approximately
50% of the initial amount of coke present on the catalysts. The
amount of acid sites recovered with this treatment was quantified
by pyridine TPD. Fig. 9 shows the results. It was possible to regen-
erate the acid sites, obtaining 0.554 and 0.584 mmol de Py per
gram, for the treated and non-treated zeolites, what represents a
significant proportion of the initial available acid sites.
4. Conclusions

In this work, it has been shown that intracrystalline mesopores
formation by desilication in alkaline medium resulted in hierarchi-
cal porous zeolites. The mesopore size and volume can be con-
trolled using an adequate treatment time and temperature,
following the procedure established in previous works [47]. Under
these suitable conditions the original zeolitic properties, including
acidity, micropore size, and long-range ordering are preserved.
Since intracrystalline porosity is developed, desilication of H-
ZSM5 zeolites by alkaline treatment opens novel avenues for cata-
lyst design by improved diffusion characteristics, and thus a better
utilization of the zeolite crystal for the dehydration of glycerol to
acrolein.

N2-adsorption experiments have shown that optimization of
the alkaline treatment of H-ZSM5 zeolite leads to a combined por-
ous material with an increased mesoporosity and preserved micro-
porosity. The mesopores formation is a result of preferential
dissolution of Si from the zeolite framework.

The treatment of the zeolite has a pronounced effect on the
acidity, increasing mainly the amount of strong Brønsted acid sites,
and also decreasing the internal structural defects.

Finally, the improvement in activity and selectivity to acrolein
obtained with the treated solid is remarkable, and is due both to
the reduction of diffusional limitations as to the increase the num-
ber of acid sites accessible to the reaction. The improved stability is
assigned to the increased surface area, which causes that the for-
mation of coke has an attenuated inhibitory effect. Preliminary
regeneration experiments indicated that a treatment in the pres-
ence of oxygen at 773 K recovered a significant proportion of acid
sites, by removing approximately half of the initial amount of coke
present on the catalysts after the reaction.
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