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The gas-phase dehydration of glycerol was conducted over MCM-22 zeolite with different SiO2/Al2O3

molar ratios. MCM-22 zeolites were synthesized and characterized by XRD, FTIR, TG, SEM, EDX, textural
analysis by N2 physisorption and NH3-TPD. The MCM-22 zeolites have presented good crystallinity, high
surface areas and a decreased amount of acid sites and strength with increasing SiO2/Al2O3 ratio was
observed. The glycerol conversion and acrolein selectivity increased with increasing reaction temperature
from 280 �C to 320 �C on MCM-22 (30) catalyst. As long as the concentration of glycerol solution was in
the range from 10% to 36.6%, there was no noticeable difference in the glycerol conversion but the acro-
lein yield increased with water amount in the feed. The glycerol conversion and selectivity to acrolein at
320 �C using glycerol feed of 36.6% during 10 h of reaction decreased in the following order: MCM-22
(30) > MCM-22 (50) > MCM-22 (80). This result shows that glycerol dehydration to acrolein is strongly
dependent on the acid sites density and external surface area of the zeolite MCM-22.

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

MCM-22 was first synthesized and patented in 1990 by
researchers from Mobil Oil Corporation [1] and the Structure Com-
mission of the International Zeolite Association (IZA) designated
this peculiar topology as MWW (Mobil Twenty Two). This zeolite
crystallizes as a lamellar precursor which condenses to a full
three-dimensional structure under calcination, with crystals hav-
ing hexagonal morphology and axis c- unit cell perpendicular to
the surface [2].

MCM-22 structure consists of two independent pore systems:
one of these systems consists of two-dimensional sinusoidal chan-
nels defined by 10-membered rings, whose internal diameter is
4.0 � 5.9 Å, similar to those found in zeolite ZSM-5; and the other
channel system is formed by stacking supercages of 7.1 � 7.1 �
18.2 Å, accessible through 10 member rings. This peculiar porous
systems allowed an efficient distribution of the acid sites so on
the external surface as in the zeolite cavities [3,4].
The zeolite MCM-22 is widely used in various catalytic reactions
such as disproportionation of toluene [5], aromatization of methane
[6], alkylation of benzene [7], alkane cracking reactions [8], metha-
nol-to-olefin conversion [9], and also as an additive in FCC catalysts
[10] due to its acidity, which is not restricted to acid sites inside the
porous systems, but also presents acid sites located in the semi cav-
ities (‘‘cups’’) on the outer surface of the crystallites [11].

Zeolites have shown excellent catalytic performance in vapor
phase glycerol dehydration to acrolein, because of their tunable
Brönsted and Lewis acidity and shape selectivity associated with
well-defined pore size. ZSM-5 is the most studied molecular sieve
in this reaction, with satisfactory conversion and acrolein selectiv-
ity, but the high acidity of this material causes an occlusion of cav-
ity by coke deposition [12]. Higher conversion of glycerol and
selectivity to acrolein are favored with catalysts with high amount
of acid sites, associated with larger pore size, and therefore, MCM-
22 is a promising alternative [13]. However, until this moment no
scientific papers were published using MCM-22 as an acid catalyst
for the gas phase dehydration of glycerol to acrolein, but a chinese
patent requires that MCM-22 can be used to produce acrolein from
glycerol [14].

In this work, zeolite H-MCM-22 was synthesized with SiO2/
Al2O3 molar ratios = 30, 50 and 80 and investigated in the vapor
phase dehydration of glycerol to acrolein.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.micromeso.2013.07.020&domain=pdf
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2. Experimental

2.1. Synthesis of catalysts

MCM-22 was synthesized with different SiO2/Al2O3 molar ra-
tios = 30, 50 and 80 by the static method, adapted from the method
proposed by Marques and coworkers [15]. MCM-22 (30) was pre-
pared by the addition of 4.6 g of aluminum nitrate (Sigma–Aldrich)
in an aqueous solution 0.56 mol L�1 of sodium hidroxide (Synth)
until its total solubilization. Then, 14.9 mL of hexamethyleneimine
(Sigma–Aldrich), used as structure directing agent, was added
dropwise and 11 g of silica Aerosil 200 (Degussa) was added
slowly, under vigorous stirring until forming a homogeneous gel.
The gel was aged during 30 min under stirring and transferred to
a Teflon™-coated stainless steel autoclave. The hydrothermal syn-
thesis was conducted at 150 �C for 10 days. After filtered, the as
synthesized material was ion-exchanged with 1 mol L�1 NH4NO3

(Synth) at ambient temperature for 24 h, followed by calcination
in a N2 flow at 550 �C to produce H-MCM-22 form. The synthesis
of MCM-22 with SiO2/Al2O3 molar ratio 50 and 80 was done simi-
larly, except by adjusting the amounts of Al(NO3)3.9H2O and NaOH,
in order to achieve OH�/SiO2 = 0.20 and 0.15, respectively, as
shown in Table 1. The hydrothermal treatment duration was also
adjusted to warrant good crystallinity.

2.2. Catalyst characterization

The crystal structure was confirmed by X-ray diffraction, whose
XRD patterns were collected on a Shimadzu XRD-6000 unit, which
operates with a CuKa radiation at a voltage of 40 kV, current of
30 mA, and graphite monochromator, in the region of 1.4–50� 2h
at a scan rate of 2� min�1. Relative crystallinities of the samples
were estimated by integration of the peaks in the region of
2h = 25.5–31.2�. The FTIR spectra of the samples were collected
in a Perkin Elmer Spectrum BX spectrometer using 0.1% KBr pellets,
with resolution of 4 cm�1, in the range of 4000–400 cm�1. Thermo-
gravimetry was conducted on a Shimadzu TGA-50 at temperatures
ranging from 25 to 1000 �C with heating rate of 10 �C min�1 under
nitrogen flow of 50 mL min�1 in order to verify the mass loss with
increasing temperature. In order to evaluate MCM-22 morphology,
micrographs of various magnifications were obtained in a Shima-
dzu SS-550 microscope, with an acceleration voltage of 7–15 kV
after metallization with gold. The composition of different SiO2/
Al2O3 molar ratios was verified by elemental analysis in an energy
dispersive X-ray spectrometer Shimadzu EDX-720 model and tex-
tural analysis was obtained by nitrogen physisorption at �196 �C
in a Micromeritics ASAP 2020 equipment, using the BET, BJH and
t-plot methods. The samples were pretreated at 350 �C for 3 h un-
der vacuum (2 mm Hg), in order to remove any physisorbed spe-
cies on the sample surface. Temperature-programmed desorption
of NH3 (NH3-TPD) profiles were obtained in a Micromeritics Chem-
sorb 2720 equipped with a TCD to measure the NH3 desorption.
The samples were pretreated in He flow at 300 �C for 1 h, then
cooled to ambient temperature. The NH3 adsorption was carried
out at ambient temperature in NH3/He (9.9% mol/mol) with a flow
rate of 25 mL min�1 for 1 h. After the chemisorption, the system
Table 1
Synthesis parameters and elemental analysis for MCM-22 samples.

Sample NaOH/SiO2 HMI/SiO2 H2O/SiO2 T (�C)

MCM-22 (30) 0.30 0.60 30 150
MCM-22 (50) 0.20 0.60 30 150
MCM-22 (80) 0.15 0.60 30 150
was purged with He and heated until 150 �C for 1 h to eliminate
physisorbed ammonia. After cooling to room temperature, the
NH3-TPD was performed by heating the sample from 30 to
600 �C at a heating rate of 10 �C min�1 while monitoring the TCD
signal. Experimental parameters were set up in order to minimize
artifacts and to enable a proper interpretation of NH3-TPD profiles.

2.3. Catalytic test

The catalytic performance of MCM-22 zeolite with different
SiO2/Al2O3 molar ratios in the vapor phase glycerol dehydration
to acrolein was investigated at atmospheric pressure in a continu-
ous flow vertical reactor on borosilicate glass at the temperature
range of 280–320 �C. A solution of 10–36.6 wt% glycerol in water
was fed using a peristaltic pump operating at 0.033 mL min�1

and a N2 flow of 30 mL min�1 was conducted to the reactor con-
taining 50–300 mg of the catalyst during 10 h of reaction, depend-
ing on the desired weight/flow ratio (W/F). The bed height was
kept nearly constant by dispersing the respective catalyst weight
with glass beads. The condensable products were collected in a
cold trap containing a 0.1% solution of hydroquinone and analyzed
by a Perkin Elmer Clarus 500 gas chromatograph operating with a
flame ionization detector (GC-FID) and OV-315 column
(30 � 0.32 mm id). The glycerol conversion and selectivity to acro-
lein were quantified according to the following equations:

Glycerol conversionð%Þ ¼ 100� ðnglycerol;in � nglycerol;outÞ=nglycerol;in

ð1Þ

Acrolein selectivityð%Þ ¼ 100� nacrolein;formed=nglycerol;consumed ð2Þ

The formaldehyde, acetaldehyde, acrolein, propionaldehyde and
acetone selectivities were confirmed by high performance liquid
chromatography (HPLC) after derivatization with 2,4-dinitrophen-
ylhydrazine. The HPLC analyses were performed on a Agilent Series
1100 model equipped with a Bruker C18 column (250 � 2.1 mm)
using as mobile phase a gradient mixture of water:acetonitrile.

For comparison, ZSM-5 (SiO2/Al2O3 = 30) was tested under the
same conditions.
3. Results and discussion

3.1. Synthesis and characterization

The X-ray diffraction patterns showed in Fig. 1 are in good
agreement with literature data for the MCM-22 [3,4,16]. The com-
parison of as-synthesized (Fig. 1a) and calcined (Fig. 1b) XRD pat-
terns shows significant changes due to condensation of the
lamellar precursor of the zeolite in its three-dimensional structure,
with consequent increase of relative crystallinity. The increasing of
the SiO2/Al2O3 molar ratios results in a loss of crystallinity for as-
synthesized zeolite MCM-22 as well as a change in the relative pro-
portion between the peaks in the region of 5–10� 2h. In the case of
calcined samples, changes were observed in the relative intensities
of the peaks in the regions between 20� and 23� 2h and between
26.5� and 30� 2h. These findings are also observed in isomorphous
Time (days) SiO2/Al2O3 Relative Crystallinity (%)

Nominal EDX

10 30 36.6 100
12 50 47.2 93
15 80 78.0 81
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Fig. 1. X-ray powder patterns of the zeolite MCM-22 with different SiO2/Al2O3

molar ratios: (a) as-synthesized and (b) calcined.
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Fig. 2. FTIR spectra of MCM-22 zeolite obtained with different SiO2/Al2O3 molar
ratios.
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Fig. 3. Derivative thermogravimetry of MCM-22 zeolite obtained with different
SiO2/Al2O3 molar ratios.
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ITQ-1 [17], which is the silica analogue of zeolite MCM-22, indicat-
ing that these changes are due to the lower incorporation of alumi-
num atoms in the structure of the aluminosilicate.

The infrared spectra of the calcined samples are shown in Fig. 2.
It was possible to observe the characteristic bands of the MCM-22
at the wavelengths 1236, 1196 and 1090 cm�1, corresponding to
the asymmetric stretching vibration of the tetrahedron TO4

(T = Si or Al) and 835 cm�1 assigned to the symmetric vibration.
The bands observed at 650–550 and 400 cm�1, correspond to angu-
lar deformation of the tetrahedron and double rings, respectively.
These double rings are similar to those found in structures of
ZSM-5 and Y zeolites [3,18].

Based on the derivative thermogravimetry curves (DTG) in
Fig. 3, three events were observed: (i) loss of physisorbed water be-
low 130 �C, (ii) loss of protonated (H+-HMI) and non-protonated
(HMI) organic template between 130 and 510 �C, and (iii) above
510 �C, desorption of hexamethyleneimine fragments. The dis-
placement of TG curves observed for different SiO2/Al2O3 molar ra-
tios is attributed to different strengths of interactions of the
directing agent (HMI) with the acid sites of zeolite [3,19].

The images obtained by scanning electron microscopy are
shown in Fig. 4. The crystallites are platelet shaped with different
morphologies, which are tightly assembled in toroidal particles
with a small hole at the center, whose diameters varies from 10
to 13 lm [20]. This is the typical morphology observed for non-agi-
tated MCM-22 samples. As SiO2/Al2O3 molar ratio increases, plate-
lets become more agglomerated, resulting in nearly spherical
particles, similar to a ‘‘ball of wool’’ [21]. It was also observed that
the increase of SiO2/Al2O3 molar ratio resulted in a particle size de-
crease, as can be seen in SEM images.

The results of elemental analysis by EDX are shown in Table 1. It
was observed that the values of SiO2/Al2O3 molar ratios deter-
mined by EDX are in good agreement with expected values.

The MCM-22 samples exhibited type Ib adsorption isotherms
(Fig. 5), typical of microporous materials [22,23]. It is also observed
the presence of secondary mesopores, characterized by the hyster-
esis loop at high relative pressures, and an enhanced increase in
the amount of adsorbed N2 when P/Po tends to 1.0 due to multi-
layer adsorption on the external surface of the crystallites. Based
on the textural analysis, showed in Table 2, it can be concluded
that an increase in the SiO2/Al2O3 ratio is accompanied by a
reduction in the external area and a decrease in the volume of mes-
opores, probably due to the higher particle aggregation. Further-
more, the decrease in micropore volume is probably related to
the lower relative crystallinity with increasing SiO2/Al2O3 molar
ratio.

The temperature-programmed desorption profiles, were col-
lected using NH3 as probe molecule, and are shown in Fig. 6, and
quantitative results are summarized in Table 3. The surface acidity
of the zeolites can be related to the aluminum content, so the
amount of total acid sites decreases with the increase of the
SiO2/Al2O3 ratio [12]. Moreover, a shift of the desorption peaks to



Fig. 4. SEM images of MCM-22 zeolite obtained with SiO2/Al2O3 molar ratios: (a)
30, (b) 50 and (c) 80.
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Fig. 5. Adsorption isotherms of MCM-22 zeolite with molar ratio SiO2/Al2O3 (N) 30,
(d) 50 and (j) 80.

Table 2
Textural analysis of MCM-22 zeolites.

Sample SBET

(m2 g�1)
Smicro

(m2 g�1)a
Sext

(m2 g�1)a
Vmicro

(cm3 g�1)a
Vmeso

(cm3 g�1)b
dmeso

(Å)b

MCM-22
(30)

525 381 144 0.177 0.285 99.2

MCM-22
(50)

464 381 83 0.177 0.113 86.4

MCM-22
(80)

282 235 47 0.110 0.074 108.7

a Determined by BET and t-plot methods.
b Determined by BJH method.
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Fig. 6. The temperature-programmed desorption of NH3 (NH3-TPD) profile of H-
MCM-22 synthesized with different SiO2/Al2O3 ratios.

Table 3
Acid properties of MCM-22 catalysts.

Sample Type of site Tm (�C) Density of acid sites (mmol g�1)

Partial Total

MCM-22 (30) Moderate 253 0.61 1.19
Strong 421 0.58

MCM-22 (50) Weak 237 0.37 0.76
Strong 416 0.39

MCM-22 (80) Weak 146 0.08 0.70
Weak 211 0.30
Strong 395 0.32
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lower temperatures was observed, suggesting that weaker acid
sites are present in MCM-22 with high content of aluminum.
Some authors discussed that NH3-TPD cannot be used to attri-
bute acid strength, without rigorously considering confinement ef-
fects [24], because NH3 heat of protonation/adsorption does not
change significantly for different zeolite topologies [25]. Further-
more, no difference in acid strength has been noted in high silica
zeolites by 13C MAS NMR of adsorbed acetone [26]. However, in
this work all materials have the same zeolite topology, therefore
these effects can be considered constant for the different samples
and the changes in NH3-TPD profiles resulted only of SiO2/Al2O3

molar ratio variation.
According to the data shown in Table 3, strong and weak acid

sites are observed in almost the same relative proportion for the



Table 4
The catalytic performance for the dehydration of glycerol over MCM-22 catalyst with
different temperatures.a,b

Catalyst MCM-22 (30)

Temperature (�C) 280 300 320
Conversion (%) 57.14 (33.45) 69.76 (8.69) 99.75 (20.20)
Acrolein yield (%) 12.13 (2.82) 26.04 (2.48) 49.92 (4.30)

Molar selectivity (%)
Acrolein 21.22 (8.44) 37.33 (28.59) 50.05 (21.28)
1-hydroxyacetone 0.99 (0.52) 2.35 (1.84) 2.04 (0)
Formaldehyde 1.12 (0.86) 1.76 (6.07) 4.60 (13.57)
Acetaldehyde 7.86 (6.12) 3.63 (23.84) 5.53 (15.28)
Acetone 0.46 (0.14) 0.30 (0.51) 0.15 (0.39)
Allyl alcohol 0.53 (0) 0.62 (0.33) 0.27 (0)
Propionic acid 1.05 (0.54) 1.65 (1.58) 4.21 (0)
Propionaldehyde 0.21 (0.35) 0.23 (1.29) 0.11 (0.74)
Others 66.56 (83.03) 52.13 (35.95) 33.04 (48.74)

Cokec (%) 18.78 22.08 24.61

a Feed composition: 36.6% glycerol; glycerol flow = 0.33 mL/min, catalyst
weight = 0.10 g.

b The conversion and selectivity were analyzed for the products obtained during
the initial 2 h of reaction. Data in parenthesis were analyzed for the products
obtained from 10 to 12 h of reaction.

c After the reaction for 12 h.
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samples MCM-22 (30) and MCM-22 (50). For the sample MCM-22
(80) it was observed a new type of weak acid site, probably due to
sylanol Si(OH) defects.

3.2. Catalytic test

The conversion of glycerol is very high during the first hours of
reaction (�100%), but decreases significantly with time on stream
due to coke formation. The effects of reaction temperature, W/F ra-
tio, glycerol content and SiO2/Al2O3 molar ratio were evaluated by
comparing the catalytic performance (conversion and selectivity)
from 2 to 10 h.

3.2.1. Effect of the reaction temperature
The effect of the reaction temperature on the glycerol dehydra-

tion was investigated for MCM-22 (30) catalyst, as shown in Fig. 7.
The glycerol conversion significantly increased with increasing
reaction temperatures, but severe deactivation was observed at
higher temperatures. These results are in good agreement with
literature data for molecular sieves. For example, Kim et al. [12] ob-
served that the glycerol conversion significantly increased with
increasing reaction temperatures for H-ZSM-5 with molar ratio
SiO2/Al2O3 = 150. Selectivity increased up to 315 �C and then de-
crease with further increased reaction temperatures. The same
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Fig. 7. Glycerol conversion and acrolein selectivity over MCM-22 (30) catalyst at
different temperatures. Feed composition: 36.6% glycerol; glycerol flow = 0.33 mL/
min, catalyst weight = 0.10 g.
behavior was observed for H-b (SiO2/Al2O3 = 25) and H-ferrierite
(SiO2/Al2O3 = 55) [27]. Despite of the higher glycerol conversion,
it was observed that at lower temperatures MCM-22 deactivates
slowly by coke formation, but is less selective to acrolein, the main
product of interest.

The product distribution in the dehydration of glycerol is shown
in Table 4 for the condensate obtained after 2 and 10 h of reaction,
respectively. These results show that acrolein is the main reaction
product, but significant amounts of acetol (1-hydroxyacetone),
formaldehyde and acetaldehyde are also formed. The formation
of acetol is consistent with the mechanism of dehydration of glyc-
erol via interaction of the Brönsted acid sites of the zeolite with the
hydroxyl group bonded to a primary carbon or to Lewis acid sites
[28]. The formation of formaldehyde and acetaldehyde is mainly
due to thermal decomposition of acrolein.

Other minor byproducts such as acetone, allyl alcohol, propion-
aldehyde and propionic acid were observed. Acrylic acid and acetic
acid were not formed in appreciable amounts, but they are prod-
ucts of acrolein oxidation, and are possibly formed by exposition
to atmospheric oxygen during the sampling step.

The increased amount of byproducts at higher temperatures can
be explained by the contribution of two factors: (i) the tempera-
ture increase favors the occurrence of reactions which do not occur
at lower temperatures, and (ii) coke formation, which is favored at
higher temperatures, modifies the nature of the active sites and fa-
vors parallel reactions [29].

Non-condensable byproducts, such as light gases (CH4, CO, CO2),
are shown in Table 4 as ‘‘others’’. The selectivity to these byprod-
ucts decreases with temperature increase, because acrolein selec-
tivity is favored, but also coke formation is more extensive.

3.2.2. Effect of W/F ratio
The effect of W/F ratio in glycerol dehydration to acrolein is

showed in Fig. 8. The increase in W/F ratio from 20.8 to
125 g s mmol�1 does not change the initial conversion of glycerol,
but the deactivation by coke formation seems to be slower for
higher W/F ratio values. MCM-22 (30) presents a conversion of
nearly 65% after 10 h on stream at W/F = 125 g s mmol�1.

The selectivity to acrolein showed a similar behavior. It was ob-
served that higher W/F ratio favors a higher selectivity to acrolein,
which suggests that glycerol conversion and acrolein selectivity
strongly depend on the W/F ratio [27,30]. The glycerol conversion
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Fig. 8. Glycerol conversion and acrolein selectivity over MCM-22 (30) catalyst at
different contact time. Feed composition: 36.6% glycerol, glycerol flow = 0.33 mL/
min, T = 320 �C.

Table 5
The catalytic performance for the dehydration of glycerol over MCM-22 catalysts with
different W/F ratio.a,b

Catalyst MCM-22 (30)

W/F (g s mmol�1) 20.8 41.6 125.0
Conversion (%) 99.46 (15.45) 99.75 (20.20) 95.23 (64.88)
Acrolein yield (%) 35.52 (2.33) 49.92 (4.30) 49.64 (25.00)

Molar selectivity (%)
Acrolein 35.71 (15.07) 50.05 (21.28) 52.13 (38.54)
1-hydroxyacetone 1.58 (4.73) 2.04 (0) 3.66 (2.38)
Formaldehyde 1.61 (12.59) 4.60 (13.57) 4.98 (5.59)
Acetaldehyde 2.58 (17.32) 5.53 (15.28) 5.72 (7.30)
Acetone 0.23 (0.37) 0.15 (0.39) 0.25 (0.35)
Allyl alcohol 0.34 (0.40) 0.27 (0) 0.36 (0.05)
Propionic acid 3.78 (6.93) 4.21 (0) 1.41 (0.53)
Propionaldehyde 0.18 (0.99) 0.11 (0.74) 0.06 (0.07)
Others 51.99 (41.60) 33.04 (48.74) 31.43 (45.19)

Cokec (%) 20.78 24.61 27.24

a Feed composition: 36.6% glycerol, Glycerol flow = 0.33 mL/min, T = 320 �C.
b The conversion and selectivity were analyzed for the products obtained during

the initial 2 h of reaction. Data in parenthesis were analyzed for the products
obtained from 10 to 12 h of reaction.

c After the reaction for 12 h.
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Fig. 9. Glycerol conversion and acrolein selectivity over MCM-22 (30) catalyst at
different feed composition. Glycerol flow = 0.33 mL/min, T = 320 �C, catalyst
weight = 0.10 g.

Table 6
The catalytic performance for the dehydration of glycerol over MCM-22 catalysts with
different glycerol content.a,b

Catalyst MCM-22 (30)

Glycerol content (%) 10 20 36.6
Conversion (%) 99.67 (52.77) 95.91 (50.65) 99.75 (20.20)
Acrolein yield (%) 15.39 (3.83) 23.94 (15.87) 49.92 (4.30)

Molar selectivity (%)
Acrolein 15.44 (7.26) 24.96 (31.34) 50.05 (21.28)
1-hydroxyacetone 0.86 (0.48) 1.60 (1.57) 2.04 (0)
Formaldehyde 2.99 (1.26) 4.16 (6.16) 4.60 (13.57)
Acetaldehyde 3.45 (1.93) 4.72 (7.15) 5.53 (15.28)
Acetone 0.17 (0.07) 0.23 (0.27) 0.15 (0.39)
Allyl alcohol 0.04 (0) 0.15 (0.02) 0.27 (0)
Propionic acid 0.22 (0.27) 0.44 (0.33) 4.21 (0)
Propionaldehyde 0.14 (0.24) 0.04 (0.10) 0.11 (0.74)
Others 76.69 (88.49) 63.70 (53.06) 33.04 (48.74)

Cokec (%) 16.29 20.38 24.61

a Feed composition: 36.6% glycerol in He; glycerol flow = 0.33 mL/min, T = 320 �C,
catalyst weight = 0.10 g.

b The conversion and selectivity were analyzed for the products obtained during
the initial 2 h of reaction. Data in parenthesis were analyzed for the products
obtained from 10 to 12 h of reaction.

c After the reaction for 12 h.
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Fig. 10. Glycerol conversion and acrolein selectivity over MCM-22 catalysts with
different molar ratio SiO2/Al2O3. Feed composition: T = 320 �C; 36.6% glycerol;
glycerol flow = 0.33 mL/min, catalyst weight = 0.10 g.

Table 7
The catalytic performance for the dehydration of glycerol over MCM-22 catalysts with
different molar ratio SiO2/Al2O3.a,b

Catalyst MCM-22

Molar ratio SiO2/Al2O3 30 50 80
Conversion (%) 99.75 (20.20) 45.48 (23.46) 51.41 (11.88)
Acrolein yield (%) 49.92 (4.30) 11.29 (2.33) 8.24 (0.64)

Molar selectivity (%)
Acrolein 50.05 (21.28) 24.83 (9.93) 16.02 (5.37)
1-hydroxyacetone 2.04 (0) 1.19 (1.17) 1.22 (2.24)
Formaldehyde 4.60 (13.57) 3.29 (2.62) 3.84 (8.80)
Acetaldehyde 5.53 (15.28) 4.38 (4.53) 4.49 (8.61)
Acetone 0.15 (0.39) 0.18 (0.11) 2.08 (0.74)
Allyl alcohol 0.27 (0) 0.09 (0) 0 (0)
Propionic acid 4.21 (0) 2.04 (2.08) 0.52 (0.82)
Propionaldehyde 0.11 (0.74) 0.26 (0.44) 0.35 (0.40)
Others 33.04 (48.74) 63.74 (79.12) 71.48 (73.02)

Cokec (%) 24.61 25.60 12.87

a Feed composition: 36.6% glycerol in He; glycerol flow = 0.33 mL/min, T = 320 �C,
catalyst weight = 0.10 g.

b The conversion and selectivity were analyzed for the products obtained during
the initial 2 h of reaction. Data in parenthesis were analyzed for the products
obtained from 10 to 12 h of reaction.

c After the reaction for 12 h.
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Fig. 11. Thermogravimetry of MCM-22 catalysts after 10 h of reaction.
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Fig. 12. Comparison of MCM-22 (30) and ZSM-5 (30) catalytic performances. Feed
composition: T = 320 �C; 36.6% glycerol; glycerol flow = 0.33 mL/min, catalyst
weight = 0.10 g.

80 C.S. Carriço et al. / Microporous and Mesoporous Materials 181 (2013) 74–82
and selectivity to the products of the reaction are shown in Table 5.
It was observed that higher W/F ratio also favors the formation of a
larger amount of by-products and acrolein. Furthermore, it can also
be related to the amount of coke formed, which modifies the nat-
ure of acid sites over the course of the reaction, favoring secondary
reactions [28].
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3.2.3. Effect of glycerol content
The variation in glycerol content in the feed is showed in Fig. 9.

As long as the concentration of glycerol solution was in the range
from 10% to 36.6%, there was no noticeable difference in the glyc-
erol initial conversion. The catalyst deactivation with the reaction
time is more pronounced in the test performed with higher glyc-
erol concentration, which promotes hydrogen transfer reactions
and produce more coke [31] as shown in Table 6. At the end of
reaction, the MCM-22 showed about 50% conversion in solutions
of 10 and 20% of glycerol and approximately 20% of conversion
in the solution containing 36.6% glycerol. In spite of lower glycerol
concentration has favored higher conversions and slower deactiva-
tion by coke formation, these conditions do not present the best
acrolein selectivities. The increase in glycerol content results in
an acrolein selectivity increase.

3.2.4. Effect of molar ratio SiO2/Al2O3

The influence of SiO2/Al2O3 molar ratio on the glycerol dehydra-
tion to acrolein is shown in Fig. 10. The increase in molar ratio SiO2/
Al2O3 causes a decrease in glycerol conversion and acrolein selec-
tivity. MCM-22 (30) showed a higher glycerol conversion and acro-
lein selectivity that can be explained by the highest amount of acid
sites and external area of this zeolite. These results are consistent
with literature data for other zeolite catalysts, particularly the zeo-
lite ZSM-5, which result indicate that a high amount of acid sites
and high external surface area contributes to the best results of
glycerol conversion and acrolein selectivity [27].
Table 8
Comparison of catalytic performance of different zeolite catalysts in the gas

Catalyst SiO2/Al2O3 T (�C) W/F (g s mm

H-ZSM-5 n.i. 315 6.35
H- b n.i. 315 6.35
SAPO-34 n.i. 315 6.35
SBA-15 1 315 6.35
SAPO-11 n.i. 280 2209
SAPO-34 n.i. 280 2209
H-ZSM-5c n.i. 470 3.6
H-Yc n.i. 470 18.1
H-ZSM-5 28 320 2.84
H-ZSM-5 36 320 2.84
H-ZSM-5 130 320 2.84
H-ZSM-5 290 320 2.84
Silicalite-1 1 320 2.84
Na-ZSM-5 23 315 46.2
H-ZSM-5 30 315 46.2
H-ZSM-5 60 315 46.2
H-ZSM-5 150 315 46.2
H-ZSM-5 500 315 46.2
H-ZSM-5 1000 315 46.2
H-ferrierite 23 315 46.2
H-ferrierite 55 315 46.2
H-b 25 315 46.2
H-b 27 315 46.2
H-b 38 315 46.2
H-b 350 315 46.2
H-ZSM-5 23 315 46.2
H-Y 5.1 315 46.2
H-mordenite 20 315 46.2
H-Yd 12 320 203.4
Bulk H-ZSM-5d 31 320 203.4
Nano H-ZSM-5d 30 320 203.4
H-bd 26 320 203.4
H-ZSM-11d 50 320 203.4
H-ZSM-5c 42.8 320 41.6
H-MCM-22 36.6 320 41.6
H-MCM-22 47.2 320 41.6
H-MCM-22 78.0 320 41.6

a Glycerol conversion after 2 h (and 10 h) on stream.
b Acrolein selectivity after 2 h (and 10 h) on stream.
c TOS = 6 h.
d TOS = 3 h; n.i. = not informed.
The data showed in Table 7 indicate that the catalysts with an
stronger acidity formed larger amount of carbonaceous residues
than those with weaker acidity, indicating that acrolein molecules
are easily subjected to secondary reactions due to the presence of
coke [28]. It was also observed a high amount of non-condensable
byproducts in reactions using MCM-22 (50) and MCM-22 (80) cat-
alysts, which is in concordance with the lower acrolein selectivity
of these materials.

The decrease in glycerol conversion suggests that there is coke
formation in the channels and cages of the catalyst, blocking acid
sites. X-ray diffraction analyses of the after test samples showed
no significant changes in the zeolite structure during the reaction,
but some increase in the amorphous halo can be seen, indicating
that coke is segregated as an amorphous phase. The coke amount
was determined by TGA/DTG in an oxidizing atmosphere for sam-
ples of zeolite MCM-22 with different SiO2/Al2O3 molar ratios after
10 h of catalytic test. TGA curves are shown in Fig. 11 and the
amount of coke, determined by mass loss in the region of 400–
800 �C, are shown in Tables 4–7. These results confirm the forma-
tion of carbon deposits, which increased with decreasing SiO2/
Al2O3 ratio of the zeolite MCM-22, suggesting that coke formation
is related to the amount of strong acid sites.

Three events of weight loss were observed by the coke burning:
(i) around 550 �C, corresponding to thermally unstable coke, prob-
ably formed on the external surface of crystallites; (ii) at 640 �C,
referent to the coke deposited on the MWW supercages or surface
cups; and (iii) nearly 680 �C, relative to carbonaceous deposits in
phase dehydration of glycerol to acrolein.

ol�1) vglycerol (%)a Sacrolein (%)b Refs.

80 (23) 36 (54) [33]
95 (60) 34 (43) [33]
55 (32) 34 (48) [33]
71 (31) 29 (30) [33]
78 (18) 35 (18) [34]
45 (5) 47 (11) [34]
67.6 9.8 [35]
95.8 15.4 [35]
100 (68) 45 (45) [30]
100 (60) 60 (60) [30]
100 (100) 45 (60) [30]
15 (3) 7 (5) [30]
13 (5) 11 (3) [30]
10.1 (3.4) 0.6 (1.1) [12]
51.9 (28.2) 41.6 (30.9) [12]
49.3 (16.5) 55.8 (37.7) [12]
75.8 (26.5) 63.8 (43.6) [12]
38.6 (13.9) 43.8 (32.0) [12]
8.8 (�0) 5 (�0) [12]
42.0 (19.8) 40.7 (37.5) [27]
45.6 (11.6) 59.0 (46.8) [27]
76.4 (28.9) 45.8 (34.1) [27]
74.8 (34.0) 46.7 (39.5) [27]
30.1 (6.0) 33.1 (23.9) [27]
36.7 (4.6) 38.8 (17.1) [27]
36.3 (20.6) 45.8 (41.6) [27]
29.7 (13.2) 29.7 (29.6) [27]
49.5 (23.7) 40.5 (34.1) [27]
46.6 35.5 [36]
71.8 42.2 [36]
93.4 52.4 [36]
69.5 38.9 [36]
89.7 53.4 [36]
27.9 (11.5) 44.1 (40.3) This work
99.8 (20.2) 50.1 (21.3) This work
45.5 (23.5) 24.8 (9.9) This work
51.4 (11.9) 16.0 (5.4) This work
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the 10 MR channel. These results also indicate that coke can be re-
moved, at least partially, by thermal treatment under oxidative
atmosphere, suggesting that an industrial process should employ
a two stage reactor, one where glycerol dehydration takes place
and other, where catalyst would be regenerated by coke burning.

3.2.5. Comparison of MCM-22 with other zeolite catalysts
Zeolite ZSM-5 is the most studied catalyst for this reaction. In

order to compare the efficiency of these catalyst under the same
conditions, a sample was prepared by using the IZA method with
nominal molar ratio SiO2/Al2O3 = 30 [32], calcined and subse-
quently converted to its acid form following the same procedure
previously described. The final material presented the following
properties: SiO2/Al2O3 = 42.8, SBET = 377 m2 g�1, Vmicro = 0.101 -
cm3 g�1, Vmeso = 0.039 cm3 g�1, total density of acid sites = 0.42
mmol g�1.

The comparison of catalytic performances of MCM-22 (30) and
ZSM-5 (30) in the vapor phase dehydration of glycerol to acrolein is
shown in Fig. 12. The MWW material presented higher glycerol
conversion than ZSM-5, what can be attributed to the higher
amount of total acid sites, besides the higher strong acid sites of
MCM-22 sample. ZSM-5 also deactivated quickly in the first hour
of reaction, because of the pore obstruction by coke formation,
what is expected based on its textural properties and in MFI topol-
ogy, which is formed exclusively by channels, while MWW topol-
ogy has also supercavities. Acrolein selectivity is very similar for
both catalysts, suggesting that MCM-22 produces a higher amount
of by-products without loss in acrolein selectivity.

A comparison between the catalytic performance of MCM-22
and other zeolite in the literature is not straightforward, mainly
because of the different experimental conditions employed to eval-
uate the different catalysts. However, the main catalytic perfor-
mances found for zeolites in the literature were summarized in
Table 8 and our comparison was done only with those papers with
similar conditions of reaction temperature and W/F ratio.

As can be seen in Table 8, MCM-22 (30) has presented a better
glycerol conversion than other zeolites evaluated under compara-
ble experimental conditions [12,27]. Moreover, similar acrolein
selectivities were observed when compared to H-ZSM-5 and H-fer-
rierite, but superior to those found for H- b, H-Y or H-mordenite.
MCM-22 catalyst deactivation by coke formation is less significant
during the early 6 h on stream when compared to literature cata-
lyst, probably due to the contribution of acid sites located inside
mesopores, but continues to deactivate in the last 4 h of reaction,
what lead to higher coke deposits. Some results found in the liter-
ature seem to be better than those related in this work, however
the W/F ratios used for catalyst evaluation were much more lower
or higher than that used for MCM-22 tests.

4. Conclusions

MCM-22 zeolite proved to be active and selective in the gas
phase dehydration of glycerol to acrolein. Highest glycerol conver-
sions and selectivities to acrolein were observed for the catalyst
with SiO2/Al2O3 molar ratio = 30, which presents the highest
amount of acid sites and surface area. The primary mechanism of
catalyst deactivation is the blockage of the pores by the formation
of carbonaceous deposits, which can be easily removed by burning
in an oxidizing atmosphere.
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