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a b s t r a c t

The catalytic properties of monomodal microporous and bimodal micro-mesoporous zeolites were inves-
tigated in the gas-phase dehydration of glycerol. The desilication methodology used to produce the mes-
oporous zeolites minimized diffusion limitations and increased glycerol conversion in the catalytic
reaction due to the hierarchical system of secondary pores created in the zeolite crystals. The chemical
and structural properties of the catalyst were studied by X-ray diffraction, nitrogen adsorption–desorp-
tion isotherms, NH3-TPD and pyridine chemisorption followed by IR-spectroscopy. Although the aim was
to desilicate to create mesoporosity in the zeolite crystals, the desilication promoted the formation of
extra-framework aluminum species that affected the conversion of glycerol and the products distribu-
tion. The results clearly show that the mesoporous zeolites with designed mesopore structure allowed
a rapid diffusion and consequently improved the reaction kinetics. However, especial attention must
be given to the desilication procedure because the severity of the treatment negatively interfered on
the Brønsted and Lewis acid sites relative concentration and, consequently, in the efficiency of the catal-
ysis performed by these materials. On the other hand, during the catalytic reaction, the intracrystalline
mesopores allowed carbonaceous compounds to be deposited herein, resulting in less blocked microp-
ores and catalysts with higher long-term stability.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The increase in production of glycerol through transesterification
of fats or vegetable oil provides chances of studying new technolog-
ical applications for uses of glycerol as raw material. The value of
glycerol contributes to the cost competitiveness of biodiesel pro-
cesses because about 1 kg of glycerol is formed for each 9 kg of bio-
diesel produced. As a consequence, the transformation of glycerol
into more valuable products is desirable and essential since it im-
proves the economics of the biodiesel production and, at the same
time, may provide the industry with important and versatile feed-
stocks [1]. Etherification, oxidation, reforming, and esterification
are examples of reactions in which glycerol may be consumed [2].
The transformation of glycerol into synthesis gas and subsequently
the Fisher–Tropsch reaction for the production of hydrocarbons is
an additional application [3]. Dehydration is one of the interesting
uses of glycerol, and acrolein is the major product.

Commercial production of acrolein by the catalytic condensa-
tion of formaldehyde and acetaldehyde was firstly established in
ll rights reserved.
1942 by Degussa, and nowadays, the main route is the oxidation
of propylene catalyzed by mixed bismuth and molybdenum oxides
[4]. Therefore, there is the possibility of the synthesis of acrolein by
a renewable route with the use of glycerol minimizing the use of
petrochemical resources as raw material. The acrolein is an inter-
mediate used for the production of acrylic acid esters, adhesive,
superabsorber, polymers, and detergents [5]. An important techno-
logical advance would be the development of a process for the pro-
duction of acrylic acid in one step from glycerol. An alternative
study is double-bed with two catalysts [6] or, which is more inter-
esting, the development of bifunctional catalysts that can selec-
tively dehydrate glycerol and subsequently oxidize acrolein to
acrylic acid.

Various catalysts have been studied in the heterogeneous catal-
ysis for dehydration of glycerol, such as MeO–Al2O3–PO4 (Me: tran-
sition metal) [7], WO3/TiO2 [8], other types of mixed oxide
catalysts such as molybdenum/tungsten [5] and zeolites as MFI,
BEA, FAU, and MOR with different Si/Al ratios [9]. The main simi-
larities between these catalysts are the presence of acid sites
responsible for the dehydration of glycerol. Dehydration of the
central hydroxyl leads to 3-hydroxy-propanal, which can also
undergo dehydration to form acrolein. On the other hand, a parallel
reaction can occur: the dehydration of terminal hydroxyl groups

http://dx.doi.org/10.1016/j.jcat.2013.01.003
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that leads to acetol [10]. The formation of acrolein is related to the
Brønsted acid sites, while the Lewis acid sites generally show high-
er selectivity for acetol [1].

The application of zeolites as highly active, selective, and stable
catalysts in large-scale technologies is widespread [11–13]. How-
ever, the catalytic conversion of glycerol is hindered in micropo-
rous systems restricted by the transport of molecules in the
channels of the zeolitic structure and also obstruction of the pores
by the deposition of coke during the reaction. The methodology for
minimizing diffusion limitations and increasing efficiency involves
the production of hierarchically structured zeolites, characterized
by the formation of secondary pores in the mesopore region (2–
50 nm) in the zeolite crystals [14]. For example, Chal et al. dis-
cussed strategies for the synthesis of zeolites with micro- and mes-
opores including destructive synthesis (dealumination and
desilication) or by constructive synthesis strategies (zeolitization
of mesoporous materials). In a particular case, the extraction of sil-
icon from the zeolite framework in alkaline medium has proved to
be a simple treatment to provide mesoporosity in zeolites [15].

The selective dehydration of glycerol to acrolein can be
achieved using a great variety of acid catalysts and experimental
conditions. However, in the case of solid catalysts, additional to
the acidity, the textural properties also play an important role in
this process. The gas-phase reaction is usually better than the li-
quid-phase reaction for the dehydration of glycerol because the
glycerol conversion and acrolein selectivity can be easily modified
with parameters such as flow of glycerol, temperature reaction,
and mass of catalyst [6].

In this study, we compare and discuss the catalytic dehydration
in the gas phase of glycerol to acrolein using microporous MFI zeo-
lites and desilicated ones. In the study, the effect of desilication in
the conversion of glycerol, the distribution of the products, and
also the control of diffusion constraints and deactivation by differ-
ent location of coke formation in the pores is shown.

2. Experimental

2.1. Catalysts

The various MFI zeolites kindly provided by Zeolyst (USA) were
initially used in the sodium form. Throughout the manuscript, the
following nomenclature has been adopted for the parent (1) MFI15,
MFI25, and MFI40 zeolites, where the number is related to the Si/Al
molar ratio and (2) for the desilicated MFI40 zeolite: MFIOHx,
where x stands for the NaOH to silicon in zeolite molar ratio
(x = OH�/Si). Different alkaline treatments of the MFI40 zeolite
were performed in an aqueous 0.2 mol/L NaOH solution at a tem-
perature of 40 �C. To do that, 1 g of this zeolite was put in a poly-
propylene flask and vigorously stirred for 1 h in a specific volume
of alkaline solution, which was adjusted to give hydroxyl to silicon
molar ratio of 0.2, 0.4, 0.6, 0.8, and 1.2. The resulting suspension
was cooled in water, centrifuged, and then washed with 200 mL
distilled water three times. The dried products were converted in
the H-form by three consecutive exchanges in 0.1 mol/L NH4NO3

solution and subsequent calcination at 500 �C (heating
rate = 5 �C/min) for 2 h under air atmosphere.

2.2. Catalyst characterization

The crystalline phases present in calcined samples were ana-
lyzed by X-ray diffraction using a Siemens D5000 diffractometer
and Cu Ka radiation selected by a curved graphite monochromator.
Data were collected in the 2-theta range from 5� to 40� using a step
size of 0.01� and counting time of 4 s. For the unit cell parameters
determination, the database of powder diffraction file of Interna-
tional Zeolite Association was used. The refinement procedure
was started using the known unit cell dimension of the ammonium
form and the monoclinic crystal system (a – b – c and c). Cell
dimensions of zeolite samples were calculated from 10 measured
peaks on the average. The different angles between T–O–T bonds
(where T represents silicon or aluminum atoms tetrahedrally coor-
dinate in the zeolite framework) allow each zeolite structure to
contract and expand at a different level upon response to variables
like temperature, framework composition, as well as upon guest
molecules present in the pores.

Nitrogen adsorption–desorption isotherms were recorded at li-
quid-nitrogen temperature and relative pressure interval between
0.001 and 0.998 on a Micromeritics (ASAP 2010) equipment, which
was used to assess the created mesoporosity. Samples were evac-
uated prior to measurements at 200 �C for 12 h under vacuum of
1 � 10�5 Pa. The t-plot was applied to determine the individual
contributions from micro- and mesoporosity, and the mesopore
size distribution was estimated by the BJH pore size model. The
mesopore volume was determined according to: Vmeso = Vp -
� Vmicro, where Vp and Vmicro are the total volume of pores and
the volume of micropores, respectively.

The zeolite crystals size and morphology were observed by
scanning electron micrographs on a Philips XL30 microscope. The
samples were previously deposited on aluminum sample holder
and sputtered with gold.

The solid-state 27Al NMR spectra were recorded using a Varian
INOVA 500 spectrometer equipped with a 7 mm probe at spinning
rate of 4.5 kHz. The 27Al chemical shifts were referenced to a
1.0 mol/L Al(NO3)3 aqueous solution. The experimental conditions
were operating frequency of 78.2 MHz, acquisition time of 15.4 ms,
pulse-width of 2.4 ls, and recycle delay of 0.1 s. For each spectrum,
256 scans were acquired.

The acid property of the catalysts was characterized by ammo-
nia temperature programmed desorption (NH3-TPD). In all the
experiments, 150 mg of sample was outgassed at 300 �C for 1 h
in flowing helium (60 mL/min) and then cooled down to 100 �C.
At that temperature, the sample was exposed to a flow of 60 mL/
min of 1% of ammonia in helium, for 1 h. After the adsorption of
ammonia reached saturation, the sample was flushed at 100 �C
for 1 h with helium to remove excess ammonia, and then, the tem-
perature was programmed at 10 �C/min up to 700 �C in flowing he-
lium at 60 mL/min. The amount of desorbed ammonia per gram of
sample was monitored and estimated by the mass spectrometer
response.

The thermogravimetric analysis of the used catalysts after the
reaction was carried out under air (100 mL/min) using a TA SDT
Q600 TGA/DSC thermobalance in the range of 30–900 �C at heating
rate of 10 �C/min.

Infrared spectroscopy (FTIR) was recorded by using a Shimadzu
Prestige IR apparatus. The catalysts samples (ca. 50 mg) were
pressed as thin disks (2 ton/cm2), with a diameter of approxi-
mately 25 mm. Before pyridine adsorption, all samples were pre-
treated in an all-glass high-vacuum system at 300 �C for 30 min
under pressure of 0.013 Pa. For the adsorption experiments, the
samples were cooled down to 150 �C under vacuum and then
2 lL of liquid pyridine was injected. Spectra were recorded after
evacuation for 60 min at 200 �C. The background spectrum, re-
corded under identical operating conditions without sample, was
always automatically subtracted. The relative concentration of
the Brønsted and Lewis acid sites was calculated from the intensity
of the PyH+ and PyL bands (1545 and around 1450 cm�1,
respectively).

2.3. Catalytic reactions – glycerol and ethanol dehydration

The catalytic dehydration reaction was carried out in the gas
phase at 300 �C [8,16] under atmospheric pressure in a continuous
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flow glass fixed-bed reactor inside a hot box at 180 �C to avoid con-
densation of products. Prior to the catalytic tests, 100 mg of the
acid zeolite was heated up to 300 �C under nitrogen flow (15 mL/
min) and kept at this temperature for 15 min to remove adsorbed
water. After that, the bypass valve was turned off allowing the mix-
ture of glycerol and carrier gas to flow through the reactor (time
zero). The bypass valve was started after the whole system (tubes
and valves) had been previously saturated and operated in steady
state. Glycerol was used as received (99 wt.%, Sigma–Aldrich). The
composition of fed glycerol solution was 10 wt.% in water, the flow
of this solution was 0.1 mL/min controlled by HPLC pump (GILSON
307), and N2 was used as carrier gas (15 mL/min). The solution and
the gas were fed to the reactor through a heated line at 180 �C. The
use of nitrogen as a carrier gas was to guarantee that the reactants
and products formed at the very last minutes of reaction were
transported more efficiently and collected in the gas–liquid separa-
tor kept at 4 �C. Because glycerol is a high-boiling liquid, it will not
behave as the water component of the solution would; therefore,
the use of nitrogen helps in a more efficient transport of glycerol
through catalytic reactor. In order to confirm that the precautions
we had taken were suitable for the glycerol dehydration experi-
ments, we collected samples using an empty reactor, that is, with-
out catalyst, and we could verify steady-state flow and
composition after starting the bypass valve. The products collected
in the gas–liquid separator were analyzed by gas chromatography
(Shimadzu GC-2014) equipped with a capillary column (Rtx-1,
30 m, 0.32 mm, 1 lm) and FID detector. Before each injection, a
known mass of n-butanol was added as internal standard. The
analyses were done in triplicate. The retention times were com-
pared with those of authentic compounds. Conversion of glycerol
(Xglycerol) and products selectivity (S) were calculated according to
equations:

Xglycerol ð%Þ ¼
ninput

Gl � noutput
Gl

ninput
Gl

� 100 ð1Þ

S ð%Þ ¼ ni

ninput
Gl � noutput

Gl

� Zi

ZGl
� 100 ð2Þ

where ninput
Gl and noutput

Gl are the molar flow of glycerol in the input
and output (mol/min); ni the molar flow of products i (mol/min);
ZGl = 3 and Zi represent the number of carbon atoms in the molecule
of glycerol and in the products, respectively [7].

The glycerol conversion at time zero was estimated based on
the extrapolation of a fitted exponential decay according to:

X0
glycerolð%Þ ¼ A � expð�t=BÞ ð3Þ

The relative deactivation (D) of the catalysts used in the glycerol
dehydration was calculated according to:
Table 1
Chemical composition and textural properties of the parent and desilicated MFI40 zeolite

Treatment Samples Si/AlGlobal
a Si/AlFr

Parent zeolites MFI15 15 . . .

MFI25 25 . . .

MFI40 40 39.5

Desilicated MFI40 MFIOH02 34 39
MFIOH04 29 33
MFIOH06 18 31
MFIOH08 11 26
MFIOH12 08 29

Reference Al2O3 . . . . . .

a Global silicon to aluminum molar ratio.
b Framework silicon to aluminum ratio estimated from deconvolution of 27Al NMR sp
c Molar fraction of aluminum (Al/(Si + Al)) calculated on the basis of global silicon to
d In brackets are indicated the micro- and mesoporous volume of the spent catalysts,
e The volume of mesopores (Vmeso) where calculated according to Vmeso = Vp � Vmicro.
D ð%Þ ¼
ðXglycerolÞat time zero � ðXglycerolÞafter 8h

ðXglycerolÞat time zero
� 100 ð4Þ

In order to compare the different catalysts in a non-deactivating
reaction and to eliminate the influence of coke deposits on the
interpretation of diffusional characteristics of the samples, the eth-
anol dehydration reaction was used as a model reaction. The cata-
lytic dehydration of ethanol was carried out in the gas phase at
230 �C using the same procedure of glycerol dehydration, apart
from that ethanol was fed as received (99 wt.%, Qhemis) at a flow-
ing rate of 0.1 mL/min.
3. Results and discussion

3.1. Catalysts modification and characterization

The results of elemental composition and the nitrogen adsorp-
tion/desorption on parent and modified MFI zeolites are presented
in Table 1. The textural properties confirm that the majority of the
zeolites contain micropores and the contribution of mesopores is
varied according to the desilication procedure. Microporosity pre-
vails in all the isotherms, as can be derived from the high nitrogen
uptake at very low pressures. Upon alkaline treatment, the iso-
therm of MFI samples (Fig. 1) experiences alteration of the adsorp-
tion properties, due to framework silicon extraction and mesopore
formation [17]. The volume of mesopores (Vmeso) increases but of
the micropores (Vmicro) decreases, which depends on the degree
of their microstructural collapse. The micropore sizes are related
to the MFI zeolite structure, that is, composed of 0.55-nm-wide
sinusoidal channels along the a-axis and of 0.53-nm-wide straight
channels along the b-axis. The mesopore sizes created after the
desilication concentrate on the range of 10–40 nm (Fig. 1B), pre-
senting broad distribution and irregular morphologies. The slight
mesopore volume detected in MFI40 sample is mainly a result of
the aggregated nature of small crystals that leads to a relatively
intercrystalline porosity.

Powder X-ray diffraction patterns (Fig. 2) have confirmed that
the characteristic of the zeolite structure is maintained, although
the intensity of most of the well-resolved reflections has decreased
for MFIOH12 sample, promoting some loss of crystallinity due to
the severity of the treatment.

The scanning electron micrographs of samples MFI40, MFI-
OH04, MFIOH08, and MFIOH12 (Fig. 3) upon alkaline treatment re-
veal the overall size and morphology of the outer surface of the
zeolite crystals are significantly affected. This corroborates with
the pore size distribution, indicating the increase in volume of
nitrogen adsorbed by the zeolite with the progress of the degree
of desilication. Initially, the parent sample MFI40 consists of aggre-
gated nanometer-sized crystals in the micrometer range, and for
s in the H+-form. A commercial alumina sample was included as a reference.

amework
b fAl

c Vmicro (mL/g) Vmeso
e (mL/g)

0.063 0.26 0.0
0.038 0.28 (0.00)d 0.0 (0.00)
0.024 0.25 0.0

0.029 0.24 0.32
0.033 0.22 0.48
0.053 0.17 (0.00) 0.76 (0.77)
0.083 0.13 1.40
0.111 0.08 2.07

1.000 0 0.89

ectra.
aluminum molar ratio.
measured after 8 h of use in the dehydration of glycerol.
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Fig. 2. X-ray powder diffraction patterns of the parent MFI40 and desilicated
MFIOH06 and MFIOH12 zeolites.
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the treated samples, particle deagglomeration occurs due to disso-
lution of silicon in the boundaries of the crystal. This can be evi-
denced by the observation of MFIOH12 crystals, which are rough
and form a sponge-like morphology, completely distinguishable
from the original zeolite.

For further investigation of the desilication process, samples
were examined by solid-state 27Al MAS NMR because the alumi-
num is also removed from the zeolite structure in an unavoidable
manner during the desilication. According to the spectra, tetrahe-
drally coordinated framework aluminum in hydrated zeolites con-
sist of a single signal in the chemical shift around 54 ppm
(identified as AlO4 in Fig. 4), which is evident in the parent sample
MFI40. However, for desilicated MFI40 samples, this peak is lower
and broadens (Table 2) because of the contribution of non-frame-
work aluminum species that appears in the range of 30 to
�13 ppm and to tetrahedrally distorted Al species, respectively
[9]. Although the purpose was to remove silicon, aluminum might
also be removed depending on the severity of the desilication pro-
cess. For example, very broad and overlapped resonance peaks ob-
served for MFIOH12 sample (Fig. 4B) is a spectral characteristic
associated with non-framework Al species with different oligo-
meric sizes, neutral or ionic that counts negatively to the acid char-
acter of the zeolites, reducing the amount and the acid strength of
acid sites.

The relative intensity of the peaks corresponding to the alumi-
num species (Table 2) allowed to the approximate calculation of
the framework silicon to aluminum ratio (Si/AlF) presented in Ta-
ble 1. Fig. 4B shows the deconvoluted peaks which were integrated
for sample MFIOH12. The peaks related to the family of hexacoor-
dinated aluminum species (AlO6) are assigned to indefinite poly-
meric oxyhydroxy aluminum aggregates or to ionic particles that
might act as charge balancing cation in the zeolite structure. De-
spite the complex composition of non-framework aluminum this
scenario seems probable, because as the severity of desilication
and the amount of alkaline solution increase, the contribution of
hexacoordinated aluminum is also higher. The families of non-
framework aluminum species influence negatively the catalysis
performed by zeolites if pores are blocked and accessibility to ac-
tive sites hindered [18,19]. Furthermore, ionic species might also
exchange protons (Brønsted acidity) and compensate for the
framework charge resulting in less dense acid sites. To prove that
we treated sample MFIOH06 in 0.5 mol/L oxalic acid solution for
1 h under reflux, and the contribution of isolated hexacoordinated
aluminum species diminished from 23.5% to 15.2% probably due to
leaching of ionic species [20].
3.2. Surface acidity

In addition to the pore structure, the amount and strength of
acid sites are also decisive factors determining the catalytic func-
tions of the zeolites. In this respect, we analyzed the acidity of
the materials by temperature programmed desorption of ammonia
(NH3-TPD) and pyridine chemisorption by infrared spectroscopy
(Py-FT-IR) followed by desorption of weakly bounded species, be-
fore and after the alkaline treatment. Considering that the TPD
method could mislead the interpretation of acidic properties, such
as readsorption of ammonia, overlapping of peaks and strong



Fig. 3. Scanning electron micrographs of parent MFI40 and desilicated MFIOH04, MFIOH08, and MFIOH12 zeolites.

Fig. 4. (A) 27Al NMR spectra of parent and desilicated zeolites and (B) deconvolution of MFIOH12 spectra. The relative areas of the resonances peaks are given in Table 2.

Table 2
Relative population distribution of aluminum species in parent MFI40 and desilicated zeolites. Each family was integrated separately after deconvolution of 27Al NMR spectra.

Coordination d (ppm)a Species of 27Al distribution (%)

MFI40 MFIOH02 MFIOH04 MFIOH06 MFIOH08 MFIOH12

AlO4 54b 98.8 (5.4)c 96.3 (5.6) 83.6 (6.1) 76.5 (6.6) 65.8 (6.1) 71.7 (8.0)
AlO5 30 0 0 0 0 0 1.3
AlO6-I 5 1.2 3.7 8.8 9.7 4.4 0
AlO6-II �1 0 0 7.6 13.9 11.1 10.8
AlO6-III �13 0 0 0 0 18.6 16.2

a Average chemical shift.
b This signal is assigned to the zeolite framework aluminum.
c The width of the peak at middle height (in ppm), showing the broadening of this signal according to desilication degree.
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influence of microporosity and confinement effect on physi-
sorbed ammonia, Py-FT-IR was also used as complementary
characterization.

The typical TPD curves from the acid zeolites with different alu-
minum contents are shown in Fig. 5A and B. The curves present
two desorption peaks, termed l- and h-peaks, that is, low and high
temperatures, respectively. According to several references [21],
ammonia molecules showing the h-peak are related to the alumi-
num atoms in the zeolite framework for the H-form zeolite sam-
ples with high crystallinity. On the other hand, the l-peak is
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found even for the sodium form zeolite, and its presence might cor-
respond to ammonia molecules more strongly physisorbed in the
micropores [22]. The interpretation of TPD data might be some-
what complex and not straightforward. For instance, some authors
[21] suggest also that the l-peak is associated either with the high-
er concentration of extra-framework aluminum species or with the
silanol groups on the external surface of the zeolite crystals. In the
current study, no relation between l- and h-peak and acid or tex-
tural characteristics could be drawn for these samples; however,
the integration of the entire desorbed curves allowed us to gather
information about the different nature of the acid sites, such as the
parent samples in which the TPD peak area increased with increas-
ing aluminum fraction (closed symbols in Fig. 6). Evidently, this is a
consequence of the increasing presence of Brønsted acid sites in
the parent samples. For the desilicated MFI40 samples, the amount
of chemisorbed ammonia goes through a maximum, as desilication
is more severe due to an increase in the Lewis acid species, espe-
cially alumina outside the network. The reference alumina, which
presented a very low and broad temperature desorption peak, pre-
sents a negligible amount of chemisorbed ammonia reinforcing the
weak characteristic of Lewis sites for this sample.

More qualitative determination of the Brønsted and Lewis acid
sites was carried out using the IR bands at 1540 cm�1 (PyH+) and
1450 cm�1 (PyL) after adsorption of pyridine (Fig. 7) [3,23]. These
IR bands are the characteristic ones to probe pyridine that interact
with the acid sites. After the alkaline treatment, the total Brønsted
acid sites concentration decreased due to framework desilication.
Notably, the most significant changes in Lewis/Brønsted ratio oc-
curred more seriously for the MFIOH12 zeolite, which exhibited
relative intensity of sites of 1.0. For the parent MFI40 zeolite, nearly
only Brønsted sites are present. This result strongly supports that
the parent zeolites present remarkably more Brønsted acid sites,
that is, stronger acidic hydroxyl groups, in comparison with desili-
cated zeolites. However, in a realistic analysis of industrial applica-
tions of these materials, the slow diffusion in purely microporous
zeolite crystals can lead to low catalytic selectivity and durability
due to diffusion problems and to coke formation.

By combining the results from Figs. 6 and 7, we can conclude
that the desilicated zeolites possess somewhat weaker acid
strength than the parent zeolites with the same aluminum fraction,
but still a well-designed pore structure that can allow for a rapid
diffusion and, consequently, improve the reaction kinetics as mea-
sured by catalytic glycerol dehydration.

3.3. Glycerol dehydration: activity, selectivity to acrolein, and catalyst
deactivation

The main reaction product found during glycerol dehydration
was acrolein and minor products were acetol, acetaldehyde, allyl
alcohol, propanal, and heavy coked compounds, which were not
identified but were quantified through carbon balance (Cout/Cin

molar ratio in Fig. 8). Missing carbon could also be due to some
minor unknown components detected in chromatograms. We did
not detect the formation of acetic acid nor acrylic acid, products
resulting from oxydehydration of glycerol. Because of the relatively
low temperatures needed for dehydration, the reaction of glycerol
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Fig. 8. Effect of reaction time on catalytic behavior (glycerol conversion, products selectivity, and carbon balance) of MFI15, MFI40, MFIOH06 zeolites and of the commercial
alumina. In some cases, the error bars are smaller than the size of the points.
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reforming as a possible parallel reaction was completely sup-
pressed at the temperature of 300 �C. In Fig. 8, error bars based
on standard deviation of three GC injections of the same sample
were added in order to highlight that the differences between sam-
ples are significantly consistent.

The very low carbon balance during catalytic reaction and the
black appearance of used catalysts suggested the significant forma-
tion of coke, influencing negatively the selectivity to acrolein.
However, if only the volatile products flowing out of the reactor
were considered, acrolein itself would contribute to the higher
yield. The deactivation was also confirmed and quantified by
experiments carried out under isothermal conditions at 300 �C
for 8 h.

Fig. 9 shows a reasonable scheme to explain glycerol dehydra-
tion on Brønsted and Lewis acid sites to produce acrolein and ma-
jor co-products revealed in Fig. 8 [1]. In the Brønsted sites, there
are two events of dehydration and these events are in series. The
glycerol secondary hydroxyl group is readily protonated in step
(1). Subsequently, there is the formation of an intermediate, 1,3-
dihydroxipropene (step 2, the first dehydration), and after that, a
keto-enol rearrangement leads to 3-hydroxypropanal (3). In step
(4), the catalyst is regenerated. After the formation of 3-hydroxy-
propanal (3), the second dehydration occurs through the proton-
ation of the remaining hydroxyl group to produce acrolein (5). In
the step 6, the catalyst is regenerated. The parallel reaction of glyc-
erol dehydration (1) on Lewis acid sites occurs via interaction of a
terminal hydroxyl group and there is the transference of the sec-
ondary proton to surface oxygen atoms. Then, the formation of
2,3-dihydroxypropene (2) occurs and the keto–enol rearrangement
allows the production of acetol (3) [1]. The origin of the remaining
and less abundant by-products is not so clear. One obvious expla-
nation is that all of these compounds can be derived from the
chemical modification or bond scissions of other products.

The dehydration of glycerol was also carried out on the parent
and desilicated zeolites for different times on stream, and the vari-
ations of the glycerol conversion are shown in Fig. 10A. In order not
to consider the influence of the deactivation in the interpretation
of the catalysts activity, the results shown in Fig. 10C have been
achieved by extrapolating the curves in Fig. 10A to reaction
time = 0. In an additional effort to explore the effect of porosity
and to exclude the influence of deactivation and coke deposition,
we also conducted ethanol dehydration reaction, which is a known
and non-deactivating reaction (Fig. 10B) [24].

The curves of Fig. 10C and D clearly show that the catalytic
activity of desilicated samples in both catalytic reactions under-
goes a maximum – in a similar manner to the behavior noticed
in the desorption of ammonia of the same catalysts. There is, how-
ever, another factor that contributes to the catalytic activity be-
sides the varying amount of acid sites, which is probably caused
by the increase in mesopores volume in the desilicated zeolites
crystals. The curves in Fig. 10C and D were separated in two re-
gions: region 1, which corresponds to desilicated zeolites that have
higher catalytic activity when compared to parent zeolites with the
same amount of aluminum atoms and region 2, which corresponds
to severely desilicated and crystalline damaged zeolites with lower
activity. Notice the increase in MFIOH04 conversion in relation to
MFI40. There is a maximum in the conversion in MFIOH06 zeolite
and then a subsequent decrease with increasing desilication in
MFIOH12, which can be explained by the degradation of the zeolite
structure with the strong basic treatment. A similar behavior is
also detected for the dehydration of ethanol, reinforcing the obser-
vation that the combination of appropriate surface acidity and
well-designed pore structure allows for a rapid diffusion and con-
sequently improves the reactant conversion.

Fig. 10C shows that, as expected, the increasing amount of alu-
minum of the parent catalysts increases glycerol conversion as a
consequence of the presence of more acid sites. In order to verify
the intrinsic activity of the acid sites of each sample, the conver-
sion rate of glycerol per aluminum mol present in the catalyst
was estimated (TOF – turnover frequency measurements in Table 3



Fig. 9. Probable and simplified reaction steps during glycerol dehydration on Brønsted and Lewis acid sites, which corresponds to a series–parallel reaction network [1].
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and in Fig. 1 of supplementary material). A regular increase in TOF
with decreasing aluminum contents in the zeolites was found. The
increasing TOF number as aluminum contents decreases is a
known property for zeolites and is related to a lower negative
charge density in the zeolite framework, which contributes to
stronger Brønsted acid sites. Comparing the same amount of alu-
minum, the micro-mesoporous zeolites are more active based on
the TOF numbers. The figure included in Supplementary material
shows that the higher TOF values for the same Si/Al ratio are attrib-
uted to the creation of mesoporosity in the zeolite crystals having
more accessible acid sites that provide the benefit of enhanced
mass transfer and higher catalytic activity. The differences be-
tween desilicated and parent zeolites are more evident for less
desilicated zeolites, because the zeolitic structure is more pre-
served and the Brønsted acid sites are more abundant. For the se-
verely alkaline-treated samples, that is, MFIOH08 and MFIOH12,
the TOF values are lower than the parent zeolites due to the exis-
tence of less acidic Lewis sites and occasionally blockage of
micropores due to the presence of extra-framework aluminum
species.

The change in the relative abundance of Lewis and Brønsted
acid sites is one of the probable reasons for the different selectivity
of acrolein and acetol, because, as mentioned and discussed in
Fig. 9, dehydration may go through different catalytic sorption pro-
cesses. Table 3 indicates that for desilicated zeolites, the selectivity
to acrolein decreases while to acetol increases, that is, the acetol/
acrolein molar ratio increases regularly from 0.01 to 0.23. How-
ever, the increase in acetol formation is not proportional to the rel-
ative quantity of Lewis/Brønsted sites. For example, despite the
fact that the sample MFIOH12 exhibited relative intensity of Le-
wis/Brønsted sites of 1.0 as revealed by pyridine chemisorption,
the selectivity to acetol is five times lower compared to acrolein.
The interpretation of this behavior and the use of the reference alu-
mina as catalyst reinforce the weak characteristic of Lewis sites for
glycerol conversion to acetol. Predominantly for the parent zeo-
lites, the acetol/acrolein molar ratio was rather different from desi-
licated zeolites (in the range between 0.13 and 0.30). In this case,
we attribute that to the presence of very low quantity of distinct
nanometric extra-framework aluminum species in the parent zeo-
lites, which are easily leached in the presence of a few milliliters of
sodium hydroxide solution used in the preparation of sample MFI-
OH02. The insert in Fig. 4A indicates a narrow peak around 0 ppm
for the parent zeolite and a broad one for the MFIOH02, although
both samples have nearly the same framework Si/Al molar ratio
(Table 1).

The comparison depicted in Fig. 8, for two different reaction
times of several catalysts (1 and 8 h), allows the confirmation that
the decrease in selectivity with time is due to coke deposits. Fig. 8
also reveals that during the dehydration reaction, the selectivity to
acrolein is increased. The reason is that this product is formed on
strong acid sites (Brønsted), while others, such as acetol and acet-
aldehyde are formed on sites of weak acidity (Lewis) that rapidly
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Fig. 10. (A) Glycerol conversion, (B) ethanol conversion, (C) glycerol conversion (X0) of original and desilicated zeolite, and (D) ethanol conversion of original and desilicated
zeolite.

Table 3
Main results obtained from dehydration of glycerol using parent and desilicated zeolites: TOF, selectivity to acrolein and acetol and deactivation detected after 8 h of reaction.

Treatment Sample Si/Al TOF0
a (1/s) S0 acroleinb (%) S0 acetolb (%) Acetol/acrolein molar ratio Deactivation 8 h (%)c

Parent MFI15 15 13.2 21.3 2.8 0.13 64.9
MFI25 25 19.3 18.4 3.3 0.18 68.5
MFI40 40 29.3 19.9 2.1 0.30 61.9

Desilicated MFI40 MFIOH02 34 33.0 20.1 0.2 0.01 61.8
MFIOH04 29 24.5 20.4 1.0 0.02 58.5
MFIOH06 18 17.9 20.0 1.9 0.10 44.9
MFIOH08 11 11.3 26.2 2.4 0.09 61.7
MFIOH12 08 8.6 15.1 3.4 0.23 60.1

Reference Al2O3 ... ... 9.1 2.7 0.30 82.7

a TOF0: zero time extrapolated turn over frequency, based on glycerol conversion at time zero.
b Selectivity to acrolein and acetol at time zero.
c Deactivation estimated based on time zero and final glycerol conversion after 8 h of reaction.
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Fig. 11. Progression of unit cell volume expansion of used MFI zeolite due to coke
deposition in the micropores, as measured by X-ray diffraction after different
reaction times.

Table 4
Comparison of structural parameters for the MFI zeolites before and after glycerol
dehydration.

Parameters Fresh catalysts (0 h) Used catalysts (8 h)

MFI40 MFI25 MFIOH06 MFI40 MFI25 MFIOH06

b (�) 90.176 90.176 90.050 90.307 90.129 90.202
a (nm) 1.984 1.984 2.005 1.997 2.003 2.009
b (nm) 1.992 1.992 2.005 2.005 2.001 1.992
c (nm) 1.336 1.335 1.339 1.339 1.342 1.342
V (nm3) 5.278 5.278 5.382 5.360 5.377 5.371
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deactivate by coke deposition. The high deactivation of alumina of
82.7% indicated in Table 3 explains this result.

3.4. A microscopic picture of the zeolites deactivation in glycerol
dehydration

A comparison of the catalysts reveals that, besides the acidity,
the decrease in glycerol conversion is also influenced by the struc-
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ture and the textural properties of the solids. The deactivation,
which was estimated from initial and final glycerol conversion
after 8 h of reaction, showed a minimum value centered on MFI-
OH06 zeolite which presents pores and active sites more accessible
to glycerol molecules, despite the more weakly acidic sites that are
exposed.

A microscopic picture of the deactivation by coke deposition
into the hierarchical channel system created between micro- and
mesopores can be drawn as follow. We supported our discussion
using a combination of measurements of unit cell parameters of
MFI zeolites presented in Fig. 11 and Table 4, and thermogravimet-
ric curves presented in Fig. 12. The structural parameters (Table 4),
as measured by X-ray diffraction after different reaction times,
show that the structure of MFI40 sample expands for increasing
reaction times probably due to deposition of bulky molecules in
the micropores. Access of bulky molecules is to some extent lim-
ited to zeolite pores so that only molecules having effective diam-
eters small enough can enter without restraint. Consequently, this
result supports that reactant molecules enter the pores and coke
formation initiates inside zeolite cavities. In fact, micropore vol-
ume diminishes deeply, from 0.29 to 0.00 mL/g (Table 1), as mea-
sured for MFI25 sample after 8 h in glycerol dehydration. The X-
ray diffraction studies suggest a rather continuous flexibility of
the zeolite framework during coke formation [25]. The unit cell
volume in MFI40 increased from 5.278 nm3 to 5.371 nm3 after
8 h of reaction, reaching saturation at 5.377 nm3. The three direc-
tions of the unit cell expanded equally for all the studied zeolites
microporous zeolite

micro/mesoporous zeolite accessible me

h0=emit

less accessible 

h0=emit

Fig. 13. Schematic representation of the domains of coke deposition and location in the p
and mesoporous zeolites.
(Table 4). Such changes strongly suggest that coke in the zeolite re-
sides not only in the channel along the ‘‘b’’ axis (the straight chan-
nel) but also in the channel along the ‘‘a’’ axis (the sinusoidal
channel) [26]. The calculated parameters for fresh MFIOH06 zeo-
lite, as revealed by the lower b (�) value, show less severe distortion
of silicon and aluminum atoms in the channels and higher surface
defects of this zeolite when compared to the parent ones. Curi-
ously, this zeolite did not expand for different reaction times pos-
sibly due to the less efficient blocking of MFI micropores in
accordance with the lower deactivation of 44.9% registered in glyc-
erol dehydration and the less intense decay of pore volume re-
vealed by nitrogen adsorption of the used catalyst. However, a
very contrasting and intriguing result was observed for this sam-
ple: despite the lower deactivation, a higher amount of carbona-
ceous deposits was detected in comparison with parent zeolites.
From the thermogravimetric results after catalytic glycerol dehy-
dration, it was possible to establish a linear dependence between
the mesopore volume and the amount of carbonaceous compounds
deposited on the catalysts (Fig. 12B). As shown in Fig. 12A, the par-
ent MFI40 zeolite presents a mass percentage of approximately
15 %, while the most desilicated sample, MFIOH12, loses 30% of
the initial mass. The reference alumina shows the higher amount
of carbon deposit.

The scheme presented Fig. 13 provides a simplified microscopic
picture of the deactivation by deposition of coke on the different
catalysts: (1) in the case of purely microporous zeolites, the coke
is essentially deposited within straight and sinusoidal micropores
coked zeolite

sopores

h8=emit

micropores

severely coked zeolite

h8=emit

ores during glycerol dehydration on (a) purely microporous zeolites and (b) micro-
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and its effect on catalytic performance is more pronounced even
for low coke content, caused by pore blockage obstructing the ac-
cess of glycerol to narrow channels located deep in the crystals; (2)
in the case of micro- and mesoporous zeolites, the coke is not
deposited in narrow micropores as confirmed from the insignifi-
cant changes in crystallographic parameters of the zeolite, but
are preferentially located in the intracrystalline pockets created
by means of desilication. This behavior originates from the change
of location of most of the active sites as well as from the easier
retention of coke molecules in non-confined environments, typical
of purely microporous zeolites.

The catalysts used in this study do not present the best selectiv-
ity to acrolein when compared to other catalysts, whose selectivity
usually goes beyond 80%. Obviously, this depends strongly on the
reactions conditions. For example, in this study, a mixture of
10 wt.% of glycerol in water was used to efficiently feed glycerol
into the reactor; however, water can strongly adsorb on the surface
acid sites of the solid acid catalysts and disturb the adsorption of
accessible reactants. Further on, the most important contribution
of this study was to compare the catalysts and to reveal that, be-
sides the acidity, the conversion of glycerol and catalyst stability
are indeed influenced by the structure and the textural properties
of the solids.

4. Conclusions

In this study, the effect of desilication in the conversion of glyc-
erol, the distribution of the products and also the control of diffu-
sion constraints, and deactivation by different location of coke
formation in the pores of mono- and bimodal zeolites was shown.
For the obtained zeolites, the catalytic activity in glycerol dehydra-
tion went through a maximum as a function of desilication proce-
dure. This behavior can be explained by the combination of
antagonist properties: decrease in strength of surface acidity and
increase in mesoporosity and accessibility of glycerol to active
sites. The characterization techniques TPD of ammonia and IR of
chemisorbed pyridine showed the presence of Brønsted acid sites
in the parent samples and increased amount of Lewis acid species
in severe desilicated zeolites. In the case of micro-mesoporous zeo-
lites, coke is preferentially deposited in the intracrystalline pockets
created by means of desilication resulting in more stable catalysts.
This study highlights that both porosity and acidity must be con-
sidered in the evaluation of the overall activity of porous catalysts
prepared by similar procedures.
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