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Abstract: The study of the deactivation of HY zeolites in the dehydration reaction of glycerol to
acrolein has represented a challenge for the design of new catalysts. HY zeolites with SiO2/Al2O3

molar ratios between 3.5 and 80 were studied. The solids were characterized by XRD, N2 physisorp-
tion, SEM-EDXS, Raman and UV-vis spectroscopies, infrared spectroscopy of pyridine (FTIR-Py)
and catalytic activity tests from 250 ◦C to 325 ◦C. It was found that the total amount of acid sites
per unit area of catalyst decreased as the SiO2/Al2O3 molar ratio increased from 3.5 to 80, resulting
in the decrease in the initial glycerol conversion. The initial acrolein selectivity was promoted with
the increase of the Brønsted/Lewis acid sites ratio at any reaction temperature. The deactivation
tests showed that the catalyst lifetime depended on the pore structure, improving with the presence
of large surface areas as evidenced by the deactivation rate constants. The characterization of the
deactivated catalysts by XRD, N2 physisorption and thermogravimetric analysis indicated that the
deposition of coke resulted in the total obstruction of micropores and the partial blockage of meso-
pores. Moreover, the presence of large mesopores and surface areas allowed the amount of coke
deposited at the catalyst surface to be reduced.

Keywords: zeolite deactivation; glycerol dehydration; acrolein; HY zeolite; zeolite acidity;
micro/mesoporous zeolites

1. Introduction

The production of biodiesel for its use as fuel in diesel engines has gained importance
during recent decades, leading to the rapid growth of the biodiesel industry. Since the
process yields glycerol as a byproduct in quantities around 10% of the volume of produced
biodiesel, the global production of glycerol has increased, resulting in a decrease in its
market price [1]. Currently, crude glycerol has low economic value due to the presence
of impurities, reaching 0.22 USD·kg−1, while pure glycerol price ranges between 0.6 and
0.9 USD·kg−1 [2,3]. Additionally, according to the Organization for Economic Cooperation
and Development (OECD) and the Food and Agriculture Organization of the United
Nations (FAO), it is expected that glycerol production from the biodiesel industry will
reach and remain around 4.4 billion liters per year between 2020 and 2028 [4].

In this context, the valorization of glycerol by means of catalytic reactions has been
investigated in recent years in order to change the current status of glycerol as a byproduct
into raw material for the synthesis of value-added compounds [1,2,5–7]. The catalytic
dehydration of glycerol has become important since it may yield acrolein as the main
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reaction product, representing a route for its renewable production in comparison with the
current process based on the partial oxidation of propylene derived from fossil resources [8].

The interest in acrolein production lies in its high reactivity induced by the presence
of conjugated carbonyl and vinyl groups, finding applications as reagent and intermediary
in the industrial synthesis of methionine, acrylic acid and its derivatives, propionaldehyde,
allyl alcohol, 1,2- and 1,3-propanediol, and acrolein acetals as well as pyridine bases and
their derivatives [9].

Several solid acids have been evaluated to carry out the glycerol dehydration reaction
in gaseous phase, mainly supported by heteropolyacids, mixed metallic oxides, functional-
ized oxides and protonated and metal-promoted zeolites [10–12]. The main property of
these catalysts that affect the glycerol dehydration reaction is the amount and type of acid
sites present at the catalyst surface, either Brønsted or Lewis acid sites, which are known to
promote the dehydration reactions of alcohols [13]. Depending on the reaction conditions
and the physicochemical properties of the catalyst, several byproducts such as aldehydes,
ketones, carboxylic acids and alcohols in the range of C1–C3 may be obtained from the
glycerol dehydration reaction [14–16].

Although most of the mentioned catalysts exhibit high dehydration activity, many
of them are thermally unstable, produce a wide variety of reaction byproducts in large
amounts, are expensive and/or require complex preparation methods. Thus, zeolites
remain as potential catalytic materials for the conversion of glycerol to acrolein due to their
tunable acidity and pore structure, either during their preparation or by post-synthesis
treatments, besides their thermal stability and low cost.

The glycerol dehydration activities of several protonated zeolites were tested by
Kim et al. [17,18] in a fixed-bed reactor. The most active catalysts were zeolites H-ZSM-5
(150) and H-ferrierite (55) at 340 ◦C, reaching maximum conversions of 93.7% and 70.9%,
respectively, and acrolein yields of 53.8% and 54.6% in the same order. These authors found
that the catalytic activity was associated with the surface area of the catalysts and their
surface acidity, related to the SiO2/Al2O3 ratio.

Gu et al. [19] studied the influence of the channel structure on the catalytic performance
of a set of protonated zeolites, namely H-ZSM-5, H-ZSM-11, Hβ and HY, on the gaseous
conversion of a 20 wt% glycerol-water mixture to acrolein at 320 ◦C and gas hourly space
velocity (GHSV) equal to 873 h−1. Their results demonstrated that channels with diameters
slightly larger than the molecular diameter of glycerol improve the catalytic performance
of the catalysts, as was the case of H-ZSM-5 and H-ZSM-11 zeolites, which produced 13.7%
and 31.3% more acrolein yield than the HY zeolite, respectively.

Subsequently, most of the research developed on zeolite catalysts for the glycerol
dehydration has focused on the improvement of the catalytic performance of H-ZSM-5
zeolite. For instance, Possato et al. [20] reported the use of micro-/mesoporous MFI zeolites,
obtained by desilication of the microporous zeolite, to produce acrolein from a 10 wt% glyc-
erol aqueous solution at 300 ◦C. The authors concluded that the catalysts with mesoporous
structure diminished diffusion limitations, increasing the glycerol conversion. However, no
improvement in acrolein selectivity was observed despite the fact that the concentrations
of Brønsted and Lewis acid sites were modified with the desilication treatment.

Zhang et al. [21] synthesized a set of hierarchical ZSM-5 zeolites, with different
mesoporous structure but similar acidity, and compared their catalytic performance in
the glycerol dehydration with a conventional ZSM-5 zeolite. The mesoporous catalysts
showed enhanced activity and high stability with time-on-stream (TOS). The best results
were an acrolein yield of 87% with complete glycerol conversion during 14 h, while the
conventional zeolite reached 81% of acrolein yield deactivated after 3 h of TOS, at 320 ◦C,
weight hourly space velocity (WHSV) equal to 2.4 h−1 and 20 wt% of glycerol in the
feedstock. The authors concluded that open and interconnected mesopore architectures are
more effective than closed and small mesopores.

Neves et al. [22] synthesized micro-/mesoporous ZSM-5 zeolites with Si/Al ratios
of 25, 50 and 75 and tested them in the gaseous phase reaction of 10 wt% glycerol-water
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mixture at 300 ◦C and WHSV = 38.5 h−1. The results showed a favorable effect of the
mesoporosity on the catalytic activity, increasing the glycerol conversion from 88% to 99%,
as well as the acrolein yield from 77% to 85%, with the increase of the mesopore volume
from 0.073 to 0.13 cm3·g−1 at 1 h of TOS. The deactivation behavior of the catalysts was
also improved with the presence of mesoporosity, maintaining glycerol conversions around
65%, 46% and 16% in the order Si/Al = 25, 50 and 75 at 4 h of reaction, respectively.

Since zeolite Y, with faujasite-type structure, has been widely used as an effective
catalyst for a variety of acid-catalyzed reactions, this study presents the use of commercial
HY zeolites with different SiO2/Al2O3 molar ratios as catalysts in the gas-phase glycerol
dehydration to acrolein, taking into account the effect of the reaction temperature as well
as the surface acidity and the textural properties of the catalysts on their catalytic activity.

2. Results and Discussion
2.1. Characterization of Catalysts

The crystalline structures of the zeolite samples were confirmed by X-ray diffraction
(XRD). As shown in Figure 1, the XRD patterns presented the characteristic reflections
of aluminum silicate hydrated with faujasite-type structure (JCPDS card 00-043-0168).
For each sample, the most intense reflection corresponded to the (111) plane located at
6.19–6.33◦ of the 2θ scale.
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Figure 1. X-ray diffraction patterns of the HY zeolites.

Presented in Table 1, the crystallite sizes were estimated from the integrated area of
the most intense reflection taking into account the Scherrer equation. The zeolite HY(3.5)
showed the largest crystal size, around 57.1 nm, in comparison with the samples with
SiO2/Al2O3 molar ratios of 12, 30, 60 and 80, whose sizes were estimated at 32.7 nm,
52.8 nm, 44.3 nm and 45.8 nm, respectively. This behavior in the crystal size is in agreement
with the study of Lutz et al. [23], who reported the decrease in the average crystal size from
100 nm to 85 nm of a series of Y zeolites obtained by dealumination.

Figure 2a shows the N2 adsorption–desorption isotherms of the HY zeolites with
different SiO2/Al2O3 ratios. The HY(3.5) zeolite exhibited an adsorption isotherm type
I, characteristic of microporous materials, while the rest of the zeolite samples presented
isotherms type IV, related to mesoporous solids. The samples showed hysteresis loops of
type H4 with steep declines at the desorption isotherms, characteristic of aggregates or
agglomerates of particles forming slit-shaped pores (plates or particles with edges such as
cubes) with uniform size and shape [24,25].
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Table 1. Crystal size, textural properties and experimental SiO2/Al2O3 molar ratios of the HY zeolites.

Catalyst L(111)
a (nm) SBET

b (m2·g−1) Vp
c (cm3·g−1) dp

d (nm) SiO2/Al2O3
e

HY(3.5) 57.06 387.05 0.053 1.92 3.7
HY(12) 32.67 634.99 0.206 5.94 12.9
HY(30) 52.82 736.04 0.252 5.27 28.4
HY(60) 44.33 749.42 0.274 5.04 64.2
HY(80) 45.83 753.77 0.287 4.71 85.7

a Average crystal size, b BET surface area, c pore volume, d mean pore diameter, e determined by AAS.
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Figure 2. (a) N2 adsorption-desorption isotherms and (b) pore size distribution of the HY zeolites.

According to the data in Table 1, the increase in the SiO2/Al2O3 molar ratio of the
zeolites from 3.5 to 80 resulted in the increase in the specific surface area from 387.05 m2·g−1

to 753.77 m2·g−1, as well as in the increase of the pore volume from 0.053 cm3·g−1 to
0.287 cm3·g−1.

Regarding the porosity of the solids, the HY(3.5) zeolite presented mainly micropores
between 1.7 nm and 2 nm, and a minor fraction of small mesopores between 2 nm and
3 nm. On the other hand, the samples with SiO2/Al2O3 molar ratios of 12, 30, 60 and
80 exhibited mostly mesopores of sizes between 8 nm and 60 nm as shown in Figure 2b.
The pores in particular are known as the slit-shaped parallel plate type. In the ideal case,
the plates are flat and parallel, so the shape of the meniscus during adsorption is planar; on
the other hand, in evaporation, the meniscus has a cylindrical shape and evaporates under
pressure, causing the appearance of the hysteresis cycle. The mechanisms for filling and
emptying the pore are completely different: the first is due to the formation of multilayers,
and the second is due to capillary evaporation.

The SEM micrographs of the HY zeolites are presented in Figure A1 (Appendix A). In
all cases, the images showed particles with rough and porous surfaces, as well as polygonal,
faceted and irregular morphologies, of hexagonal, pyramidal tetrahedral and elongated par-
allelepipeds type, which are characteristic of the zeolite with faujasite structure [19,26,27].
However, there was not an effect of the SiO2/Al2O3 molar ratio on the morphology and
particle size.

Quantitative elemental analysis obtained from EDXS is presented in Table A1
(Appendix A). The samples were constituted by silicon, aluminum and oxygen, as con-
firmed by the EDXS spectra. The SiO2/Al2O3 molar ratios of the samples were confirmed
by atomic absorption spectroscopy (AAS) as presented in Table 1, with a mean absolute
error of 6.53% and standard deviation of 0.85.
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Figure 3a shows the Raman spectra of the HY zeolites. The samples with high
aluminum content, HY(3.5) and HY(12), showed spectra with no noticeable bands, while
the spectrum of the sample HY(30) presented very weak bands at 503 cm−1 and 486 cm−1.
For the samples with SiO2/Al2O3 molar ratios of 60 and 80, these two bands were intense,
and additional bands at 873 cm−1, 839 cm−1, 306 cm−1 and 295 cm−1 were observed. A
similar behavior was observed by Dutta et al. [28] for a series of Y zeolites with variable
Si/Al ratio and a siliceous faujasite. The bands at 873 cm−1 and 839 cm−1 correspond to
the displacement of silicon atoms from the cavity formed with the four bonded oxygen
atoms as well as the stretch vibrations of the Si-O bonds [29,30]. On the other hand,
the prominent bands between 300 cm−1 and 600 cm−1 are sensitive to the type of rings
present at the zeolite structure. In the case of zeolites with even rings (4, 6, 8, 10 or
12 members), such as the faujasite-type structure, the most intense bands are shown around
500 cm−1. Specifically, Y zeolites with high silicon contents show the appearance of a
band at approximately 490 cm−1, which, besides the band at 500 cm−1, are related to the
bond angles of 141◦ and 147◦ formed by the Si-O-Si bonds, involving the mixed vibration
of stretching and bending of the oxygen atom [28,31–33]. The torsional modes of low
frequency and the cation-oxygen modes are related to the bands between 200 cm−1 and
400 cm−1 [28].
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The UV-vis spectra of the zeolites are shown in Figure 3b. The samples HY(3.5),
HY(12), HY(30), HY(60) and HY(80) presented a main band at 260, 283, 285 280 and
280 nm, respectively, decreasing the absorbance with the decrease in the aluminum content.
This band is related to the charge transfer of the πp-πd transition between oxygen species
(O2−) and tetrahedral aluminum (Al3+) of the zeolite structure. The band extends up to
335 nm due to the presence of extra-framework aluminum species. Similar behavior has
been reported for zeolite-type solids such as silicalite-1 and ZSM-5 [34,35].

Fourier transform infrared spectra with adsorbed pyridine (FTIR-Py) of the zeolites
with different SiO2/Al2O3 molar ratios at different temperatures are shown in Figure 4. In
all cases, the adsorption of pyridine resulted in the appearance of bands at 1438–1440 cm−1,
1452–1454 cm−1, 1486–1488 cm−1, 1538–1542 cm−1 and a set of overlapping bands between
1575–1660 cm−1. According to the literature, the strong band between 1440–1447 cm−1 is
related to hydrogen-bonded pyridine, the bands between 1447–1460 cm−1 are evidence of
the coordination of pyridine with the Lewis acid sites (LAS) and the band at 1540 cm−1 is
associated to the protonation of pyridine over Brønsted acid sites (BAS) [36]. The multi-
peak at 1580–1660 cm−1 results from ring vibrations of the molecule [37]. For the HY
zeolites of this study, the doublet between 1438–1444 cm−1 was appointed to hydrogen-
bonded pyridine and in all the samples disappeared with the increase in the desorption
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temperature from 50 ◦C to 100 ◦C. On the other hand, the Lewis acidity was associated with
the bands at 1452–1454 cm−1, and the Brønsted acidity was related to the bands between
1538–1542 cm−1. The bands at 1486–1488 cm−1 were attributed to pyridine adsorbed on
both BAS and LAS [36].
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In any case, the increase in the desorption temperature of pyridine resulted in a
gradual decrease of the intensity of the bands at 1452–1454 cm−1 and 1538–1542 cm−1,
indicating the decline of the amount of both types of acid sites. Moreover, after the
desorption of the hydrogen-bonded pyridine, the comparison of the spectra of the HY
zeolites evidenced a decrease in the absorbance with the increase in the SiO2/Al2O3 molar
ratio. This trend suggests that the decrease in the aluminum content in the zeolites resulted
in minor amounts of acid sites at the catalyst surface. A similar behavior has been reported
for zeolites such as H-ZSM-5 [17,38], HY [39], Hβ [40] and MCM-22 [41] with varying
aluminum compositions.

Figure 5a,b present the respective quantification of LAS and BAS of the HY zeolites at
different temperatures obtained by the integrated areas of the bands at 1452–1454 cm−1 and
1538–1542 cm−1, respectively. Both types of acid sites were present in high concentrations at
low temperatures, while the increase in the desorption temperature from 100 ◦C to 250 ◦C
resulted in a considerable decrease in the Lewis acidity, maintaining its concentration
almost constant up to 400 ◦C. The Brønsted acidity diminished gradually with the increase
in temperature from 100 ◦C to 400 ◦C. On the other hand, a decrease in the total amount
of acid sites was observed with the increase in the SiO2/Al2O3 molar ratio of the zeolites
from 3.5 to 80. However, the trends for both types of acid sites were not directly related to
their composition. As seen in Figure 5a, the sample HY(30) possessed more Lewis acidity
than the rest of the samples at any temperature. The zeolites HY(3.5) and HY(12) presented
higher amounts of BAS than the rest of the solids, (Figure 5b), and the HY(80) zeolite
exhibited similar proportions of both types of acid sites.
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In our studies on the relationship between Brønsted and Lewis acid sites and the
type of Al atom coordination in aluminas prepared with CTAB using 27Al NMR spec-
troscopy and infrared spectroscopy of adsorbed pyridine [42], we found that when the
Brønsted/Lewis site ratio increases, the ratio of aluminum in tetrahedral coordination
(AlIV) to aluminum in pentahedral coordination (AlV) also increases. It appears that the
presence of AlIV favors the formation of Brønsted sites and the presence of AlV favors the
formation of Lewis sites.

If we use these correlations between acidic sites and the two types of coordination in
aluminum for these zeolites, it would seem that Al atoms in tetrahedral coordination would
prevail more at low Si/Al ratios of 3.5 and 12, while Al atoms in pentahedral coordination
Si/Al ratios of 60 and 30 would prevail more.
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2.2. Catalytic Activity

The HY zeolites with different SiO2/Al2O3 molar ratios were active as catalysts in the
dehydration of glycerol at temperatures between 250 ◦C and 325 ◦C and gas hourly space
velocity (GHSV) of 7910 h−1. As presented in Table 2, the initial conversions (TOS = 5 min)
increased with temperature, reaching maximum values at 325 ◦C. The compounds identi-
fied by gas chromatography at the output stream from the reactor were acetol, acrolein,
acetaldehyde, formaldehyde, acetone and allyl alcohol.

Table 2. Initial glycerol conversions and product selectivities of the HY zeolites at different temperatures.

Catalyst T (C◦)
Glycerol

Conversion a

(%)

Product Selectivity a (%) Carbon
Balance b

(%)Acetol Acrolein Acetaldehyde Formaldehyde Acetone Allyl
Alcohol

HY(3.5) 250 61.42 1.80 61.88 16.59 8.46 4.71 6.56 64.78
275 63.61 1.46 59.82 16.87 9.62 6.97 5.27 63.99
300 66.33 1.16 52.71 19.24 11.93 4.93 10.03 61.35
325 67.87 0.76 37.96 21.61 13.83 7.60 18.23 60.67

HY(12) 250 59.61 2.19 68.09 0.03 0.03 29.65 0.01 60.01
275 60.33 1.81 72.05 5.90 3.84 16.34 0.06 59.75
300 62.87 1.63 70.20 8.31 5.66 8.52 5.68 58.08
325 63.97 1.10 57.10 10.92 7.10 12.42 11.37 54.25

HY(30) 250 57.47 5.01 63.99 7.91 5.66 13.69 3.73 63.17
275 60.33 3.70 66.95 7.95 5.65 11.30 4.44 62.15
300 61.40 2.89 73.64 8.20 5.66 4.74 4.86 59.09
325 63.15 1.59 51.84 17.77 7.40 12.98 8.42 57.38

HY(60) 250 54.58 3.19 70.82 5.01 3.84 3.09 14.05 66.85
275 56.42 2.54 72.40 5.40 3.38 6.00 10.28 65.73
300 58.86 2.15 72.72 6.82 4.76 6.23 7.32 65.01
325 60.61 1.08 50.68 13.30 6.54 13.68 14.71 63.35

HY(80) 250 49.47 2.73 57.27 7.09 4.76 15.41 12.74 67.05
275 54.47 2.59 59.37 8.15 5.66 12.76 11.46 65.21
300 57.94 2.20 66.28 9.09 7.41 2.96 12.06 65.58
325 58.76 1.92 66.30 11.29 8.26 1.50 10.72 63.71

a Reaction conditions: gaseous feedstock with 20 wt % glycerol, QN2 = 80 mL·min−1, Wcat = 0.30 g, GHSV = 7910 h−1, TOS = 5 min. b

Carbon balance = (Cout/Cin) × 100 according to [20].

In agreement with thermodynamic calculations [43], in all cases, acrolein was the major
product at the output stream from the reactor, improving its formation with the increase in
temperature, with exception of the reaction over HY(3.5) zeolite, which mostly promoted
the acetaldehyde production. For all the catalysts, acetol was produced to a minor extent
compared to the other products and decreased with the increase in temperature, while the
formation of acetaldehyde was notably enhanced up to 325 ◦C. Moreover, acetone and
allyl alcohol were present in varied proportions up to 27.29% and 20.95%, respectively,
without a clear trend regarding the temperature. The carbon balance was above 50% for
all the catalysts, between 54% and 67%, which was attributed to the formation of coke
over the catalysts. Comparable values have been reported for MFI and Al doped SBA-15
catalysts [20,44].

On the other hand, the increase in the SiO2/Al2O3 molar ratio from 3.5 to 80, resulted
in the decrease in the glycerol conversion at any temperature. As seen in Figure 6a, this
trend was related to the total amount of acid sites of the zeolites, which also diminished
with the decrease in the aluminum content. A similar behavior has been reported for
other zeolite catalysts with varying Al content [22,38,45]. Furthermore, the selectivity of
dehydration products was found to be correlated with the type of acid sites present at the
catalyst surface. As shown in Figure 6b, the increase in the Brønsted/Lewis acid sites ratio
(B/L) resulted in the increase in the acrolein/acetol molar ratio at any reaction temperature.
Such influence of the type of acid sites on the dehydration products distribution has been
reported for SiO2-Al2O3 [46], ASN and ASPN catalysts [47].
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It is accepted that the conversion of glycerol to acrolein proceeds over BAS, while
the reaction towards acetol occurs over LAS [10,12]. However, it was noticeable that even
when the HY(30) and HY(80) zeolites exhibited higher amounts of LAS than Brønsted
acidity (B/L < 1), acrolein remained as the major dehydration product. This suggests that
the LAS may also participate in the conversion of glycerol to acrolein, in agreement with
the study of Wang et al. [48], in which the controlled incorporation of Lewis acidity to an
H-ZSM-5 catalyst, with no addition of BAS, resulted in the increase in the acrolein yield in
36% more than the non-modified zeolite.

From these findings, it is proposed that the glycerol dehydration reaction over HY
zeolites occurred according to the reaction scheme depicted in Figure 7. Initially, the
removal of a first water molecule from glycerol proceeds through two possible reaction
pathways: the removal of a primary hydroxyl moiety preferably over LAS to produce
acetol, or the elimination of the secondary hydroxyl group catalyzed by the BAS at the
catalyst surface, producing 3-hydroxypropanal (3-HP) [12,48]. Then, 3-HP dehydrates,
yielding acrolein, or may be fragmented to produce acetaldehyde and formaldehyde, either
over BAS or LAS. Both 3-HP reactions are thermodynamically favored with temperature
increasing from 250 ◦C [43]. Subsequent cracking of dehydration products, acetol and/or
acrolein, may occur over acid sites enhancing the acetaldehyde formation. On the other
hand, acetol may be hydrogenated to acetone [16], which is in agreement with the low
quantities of acetol observed with the HY zeolites of this study. Alternately, allyl alcohol was
directly produced from glycerol, presumably through dehydration and hydrogen transfer
reactions at the expense of a hydrogen donor [49,50], possibly undergoing subsequent
dehydrogenation to produce acrolein [16].

2.3. Catalyst Deactivation

A stability test for each catalyst was performed at 325 ◦C and GHSV = 7910 h−1 until
total deactivation (glycerol conversion~1%). As shown in Figure 8a,b, the activity of the
zeolites in the glycerol dehydration exhibited differences with time on stream (TOS). At
the beginning of the process, the catalysts presented an induction period in which glycerol
conversion gradually increases, reaching the maximum conversions at 20, 25, 35, 45 and
45 min in the order HY(3.5), HY(12), HY(30), HY(60) and HY(80), and maximum acrolein
selectivities at 20, 20, 35, 45 and 45 min in the same order.
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After reaching the maximum activity, the HY(3.5) zeolite showed an abrupt decrease
in the glycerol conversion from 86.3% to 35.4% with a change in TOS from 20 to 35 min,
deactivating totally at 90 min. Similarly, the HY(12) catalyst exhibited a rapid loss of
activity in a short period of time, completely diminishing the conversion between 25 and
135 min. On the other hand, the lifetimes of the zeolites HY(30), HY(60) and HY(80) were
longer than those of HY(3.5) and HY(12), presenting gradual and mild conversion losses,
requiring 315, 405 and 420 min to achieve total deactivation, respectively.

The acrolein selectivity with TOS was also influenced by the catalyst, as presented in
Figure 8b. Both the HY(3.5) and the HY(12) zeolites showed the same shape in the decrease
of the acrolein selectivity with TOS. The HY(3.5) catalyst exhibited the most pronounced
change in a short time, decreasing from 73.8% to 53.7% with the increase in TOS from 20 to
90 min. When using the HY(12) catalyst, the acrolein selectivity presented a steady behavior
between 15 and 90 min, with values around 73% and 75%, subsequently decreasing to 56%
at 135 min. Conversely, the acrolein selectivity of the catalysts with SiO2/Al2O3 molar
ratios of 30, 60 and 80 smoothly decreased with TOS, maintaining values higher than
53% even when the glycerol conversion reached minimum values, suggesting a different
mechanism for the decrease in acrolein selectivity.
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The results of the glycerol conversion with TOS were used to establish a rate equation
to describe the deactivation behavior of each catalyst during the glycerol dehydration
reaction, which is known to obey first-order kinetics regarding glycerol (n = 1) [51,52].
Thus the rate of disappearance of glycerol (−r’G) in the presence of a solid catalyst can be
expressed as:

− r′G = kCGa (1)

where k is the reaction rate constant, CG is the concentration of glycerol and a is the catalyst
activity function, which starts at unity and drops to zero with time [53].

After coupling Equation (1) with the deactivation expressions (Equations (10) and (11))
and with the design equation for a packed bed reactor (Equation (12)), the deactivation
kinetic models (Equations (2)–(5)) for deactivation orders d = 0.25, 0.5, 1 and 2, were
obtained, respectively:

ln
(

CG0

CG

)
= τ′k(1− 0.75kdt)

4
3 (2)

ln
(

CG0

CG

)
= τ′k(1− 0.5kdt)2 (3)

ln
(

CG0

CG

)
= τ′ke−kdt (4)

ln
(

CG0

CG

)
=

τ′k
1 + kdt

(5)

where CG0 is the initial concentration of glycerol; τ’ is the capacity factor of the reactor
called weight-time; τ’ = WcatCG0/FG0, where Wcat is the weight of catalyst loaded into the
reactor and FG0 is the molar feed rate of glycerol; k is the reaction rate constant; kd is the
deactivation rate constant; and t is time. These models allowed us to find the rate constants
(k and kd) from the experimental results of this type of reactor [53].

The kinetic deactivation models with different deactivation orders (Equations (2)–(5))
were fitted to the experimental data by non-linear regression, minimizing the sum of
square residuals as the objective function and discriminated in terms of their determination
coefficients (Appendix B). The minimization results presented in Table A2 clearly showed
that for HY(3.5) and HY(12) catalysts, the best fit was obtained for a first-order deactivation
model, while for the rest of the catalysts the deactivation order was found to be 0.25. The
different deactivation order was attributed to different deactivation mechanisms among
the catalysts and/or to the number of sites involved in the deactivation step [54,55] which
is in agreement with the experimental deactivation results (Figure 8).

The comparison between the observed activity of each catalyst and the estimated
curves is shown in Figure A3 (Appendix B). It is noticeable that the activity of the HY(3.5)
and HY(12) catalysts decreases more rapidly than in the other catalysts, which is related to
larger deactivation orders and deactivation rate constants.

The reaction and deactivation rate constants obtained for each catalyst are reported
in Table 3. The reaction rate constants decreased with the decrease in the aluminum
content in the catalyst, following the trend of the total acidity. Moreover, the deactivation
rate constants for the catalysts with SiO2/Al2O3 ratios of 3.5 and 12 were an order of
magnitude larger than those for the HY(30), HY(60) and HY(80) zeolites, which, besides
the deactivation order, explained the rapid loss of activity of the former. The gradual
deactivation of the catalysts HY(30), HY(60) and HY(80) was attributed to their textural
properties since the deactivation rate constants were found to be inverse to the BET surface
areas of the fresh zeolites, as shown in Figure 9.
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Table 3. Reaction rate constants (k), deactivation rate constants (kd) and deactivation orders (d) for
the glycerol dehydration over HY zeolites.

Catalyst k
(mol·gcat−1·min−1)

kd
(min−1) d

HY(3.5) 2.416 × 10−3 5.659 × 10−2 1
HY(12) 3.961 × 10−3 4.742 × 10−2 1
HY(30) 1.461 × 10−3 3.695 × 10−3 0.25
HY(60) 1.308 × 10−3 2.585 × 10−3 0.25
HY(80) 1.605 × 10−3 2.971 × 10−3 0.25

Reaction conditions: T = 325 ◦C, QN2 = 80 mL·min−1, Wcat = 0.30 g, GHSV = 7910 h−1, 20 wt % glycerol in the
gaseous feedstock.
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It is noteworthy that the values of the deactivation rate constants for the HY(30), HY(60)
and HY(80) catalysts were smaller than those reported for HZSM-5 and ASPN-40 catalysts
(between 2.25–4.97 × 10−2 min−1 and 1.18–4.27 × 10−2 min−1, respectively, at reaction
temperature T = 250 ◦C and contact time Wcat/FG0 between 3000–6250 g·min·mol−1) [50],
even though the reaction conditions in the present study were more severe (T = 325 ◦C and
Wcat/FG0 = 1870 g·min·mol−1).

It is known that the decrease in activity of solid acid catalysts during the reaction
of organic compounds proceeds by the formation and accumulation of heavy secondary
products (commonly known as coke), which cover the active sites and block the catalyst
pores [56,57]. In the case of the glycerol dehydration reaction, it has been stated that the
carbonaceous compounds responsible for the catalyst deactivation are formed mainly by
polycondensation and cyclization of glycerol, acrolein and byproducts forming polyglycols
and/or polyaromatics, depending on the reaction conditions and on the physicochemical
properties of the catalyst [58].

In this context and from the stability tests, it is assumed that the deactivation of
the HY(3.5) and HY(12) catalysts proceeds initially by the rapid blocking of the catalyst
micropores, avoiding the transport of glycerol through the zeolite internal channel system,
immediately reducing the conversion, as seen in Figure 8a. Additionally, the abrupt
decrease in the acrolein selectivity with TOS (Figure 8b) was a result of the coverage of



Catalysts 2021, 11, 360 13 of 26

the BAS, since both catalysts showed higher amounts of BAS (in µmol·m−2) and larger
BAS/LAS molar ratios than the rest of the zeolites, as evidenced by the surface acidity
characterization by FTIR-Py.

Since the zeolites with less aluminum content presented improved textural properties
and more prolonged activities than the HY(3.5) zeolite, it is inferred that their large surface
areas and pore volumes enabled the active sites to be more effectively exposed to the
reactant, allowing glycerol to be converted despite a lower amount of acid sites.

Furthermore, due to mesoporosity increased both surface area and pore volume, the
diffusion of reactants and products through the porous system was improved, decreasing
the rate of reactions that give rise to coke, reducing the pore blockage and the coverage of
active sites, resulting in a smooth decline of glycerol conversion and acrolein selectivity, in
agreement with Figure 8 and with the deactivation rate constants.

2.4. Characterization of Deactivated Catalysts

After the deactivation tests at 325 ◦C and GHSV = 7910 h−1, the spent zeolites, denoted
as HY(3.5)s, HY(12)s, HY(30)s, HY(60)s and HY(80)s, were characterized by different
techniques to determine the changes occurred in the solids.

The XRD patterns of the spent catalysts are shown in Figure 10. After the deactivation
tests in the glycerol dehydration reaction, the zeolites maintained the faujasite-type struc-
ture (JCPDS card 00-043-0168). In comparison with the fresh samples, the XRD patterns of
the spent zeolites exhibited a decrease in their intensity, indicating the loss of crystallinity
presumably caused by the deposition of carbonaceous compounds. However, no crystalline
or amorphous carbon phases were evidenced.
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The average crystallite sizes of the spent catalysts were estimated from the integrated
area of the reflection corresponding to the (111) plane and are reported in Table 4. In
comparison with the respective fresh zeolites, the crystallites of the spent samples increased
by 1.38%, 2.14%, 1.53%, 0.97% and 0.92% in the order HY(3.5)s, HY(12)s, HY(30)s, HY(60)s
and HY(80)s. This increase in the crystal sizes was attributed to the deposition of coke
inside the micropores, causing an expansion of the unit cell of the zeolites.
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Table 4. Crystal size, textural properties and carbon content of the spent zeolites.

Catalyst L(111)
a (nm) SBET

b (m2·g−1) Vp
c (cm3·g−1) dp

d (nm) C e (wt %) Coke Content f (wt %)

HY(3.5)s 57.85 2.48 0.008 – 29.54 19.96
HY(12)s 33.37 37.34 0.091 13.56 43.08 24.76
HY(30)s 53.63 33.86 0.094 12.98 42.30 20.79
HY(60)s 44.76 294.88 0.170 12.49 44.49 17.31
HY(80)s 46.25 80.39 0.198 12.64 46.02 17.27

a Average crystal size, b BET surface area, c pore volume, d mean pore diameter, e determined by EDXS, f determined by TGA.

From the N2 physisorption isotherms of the spent zeolites, presented in Figure 11a, it
is noticeable that all the samples presented lower amounts of adsorbed N2 than the fresh
zeolites, indicating a decrease in the surface areas. Additionally, the HY(3.5)s, HY(12)s,
HY(30)s and HY(80)s samples did not exhibit N2 adsorption at low relative pressures,
suggesting the absence of microporosity. The HY(3.5)s solid presented an adsorption
isotherm of type III, characteristic of nonporous solids, in which the adsorbent–adsorbate
interactions are relatively weak and the adsorbed molecules are clustered around the most
favorable sites on the surface of the nonporous material [25]. On the other hand, the
HY(12)s, HY(30)s and HY(80)s zeolites showed adsorption isotherms of type V, whose
characteristics are similar to those of isotherm type III. However, the step at high relative
pressures is indicative that the molecular clustering is followed by the filling of pores [25],
suggesting the presence of some porosity in these spent catalysts. Conversely, the HY(60)s
sample presented N2 adsorption at low relative pressures, maintaining the adsorption
isotherm of type IV as before the deactivation process. The behavior of this spent sample
suggests the conservation of microporosity after the reaction, associated with the presence
of mesopores. Additionally, it was related to the catalytic activity and the conversion values,
reported for the sample HY(60), as well as with the fact that it has longer deactivation
times, as seen in Figure 8a.
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Furthermore, the HY(3.5)s sample presented a very steep desorption branch that
proceeds closely along with the adsorption isotherm as a result of pore blocking. The spent
catalysts, with SiO2/Al2O3 molar ratios of 12, 30, 60 and 80, showed desorption isotherms
with steep declines, resulting in hysteresis loops of type H4, characteristic of aggregates or
agglomerates of particles with uniform size and shape [24,25].

From the textural properties of the spent catalysts reported in Table 4, it was evidenced
that, after reaching total deactivation on the glycerol dehydration reaction, the zeolites
HY(3.5), HY(12), HY(30), HY(60) and HY(80) lost around 99%, 94%, 95%, 61% and 89% of
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their surface areas, and retained about 15%, 44%, 37%, 62% and 69% of the pore volume in
the same order, respectively. Additionally, the average pore diameters of the spent catalysts
were higher than those of the fresh zeolites, indicating the loss of microporosity and the
conservation of the mesoporous system. As confirmed by the pore size distribution curves
presented in Figure 11b, with the exception of the HY(60)s sample, all the spent catalysts
lacked microporosity and the amount of mesopores between 2 and 10 nm substantially
decreased, exhibiting mainly mesopores of sizes between 10 and 40 nm.

The SEM micrographs of the spent zeolites, presented in Figure A2 (Appendix A), did
not show significant difference in particle size and morphology regarding the fresh zeolites,
without the presence of coke agglomerates or stacks. This similarity in micro-morphology
suggested that coke could be deposited within the porous system and also uniformly
dispersed on the external surface of the catalysts. On the other hand, the elemental analysis
performed by EDXS indicated that large amounts of carbon were deposited over the surface
of the spent catalysts, as presented in Table 4.

From the comparison of the textural properties of the fresh and the spent zeolites and
the EDXS analysis, it is evidenced that the pore volume and the surface area of the catalysts
played a key role in the deactivation process. This is because in any case the micropores
were partially or totally blocked, it is plausible that the carbonaceous compounds formed at
the external surface of the catalyst accumulating near the microporous entrances, resulting
in their blockage (Figure 11b) and in the loss of activity of the HY(3.5) zeolite. On the other
hand, the HY(12), HY(30), HY(60) and HY(80) zeolites maintained their catalytic activity,
even after the blockage of the microporous fraction due to the large surface areas where
the active sites remained exposed and accessible through the wide mesopores. Given that
the mesopores were partially blocked even after the total deactivation, it is assumed that
the deactivation of the mesoporous catalysts occurred by the coverage of the active sites by
the carbonaceous compounds inside the porous system besides the micropore blockage.

The Raman spectra of the spent zeolites are shown in Figure 12. The samples presented
a main band at 1608 cm−1, which is characteristic of aromatic compounds [59–61], and
a very weak band at 1371 cm−1 related to C3 hydrocarbon species adsorbed on the cata-
lyst [59]. This suggested that the carbonaceous compounds deposited on the HY zeolites
may be produced by the condensation–polymerization of acrolein rather than glycerol,
since its polymerization results in the production of polyglycols [58].
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The thermogravimetric analysis of the spent zeolites is shown in Figure 13a. It was
observed that the increase in temperature from 25 ◦C to 900 ◦C caused total weight losses
of 26.9%, 27.1%, 23.9%, 23% and 32.9% in the order HY(3.5)s, HY(12)s, HY(30)s, HY(60)s
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and HY(80)s. The weight loss attributed to the carbonaceous compounds deposited on the
catalysts varied from 17% to 24% as presented in Table 4.
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From the derivative thermogravimetry plots presented in Figure 13b, two main ther-
mal transitions were observed: a first one between room temperature and 200 ◦C, and a
second change between 250 ◦C and 700 ◦C. During the first temperature range, the weight
loss was ascribed to the elimination of adsorbed water. The second thermal transition was
attributed to the combustion of coke deposits formed and accumulated on the catalysts
during the reaction.

On the other hand, as the SiO2/Al2O3 molar ratio of the zeolites increased from 3.5 to
80, the temperature of the thermal transition between 250 ◦C and 700 ◦C also increased,
as shown in Figure 13b. Additionally, the derivative curves of the samples HY(3.5)s,
HY(12)s, HY(30)s and HY(80)s exhibited two temperature peaks, suggesting the presence
of carbonaceous deposits that decomposed at different temperatures. The first temperature
peak was found at 415 ◦C for both the HY(3.5)s and HY(12)s samples, while for the HY(30)s
and HY(80) solids, the first peaks were observed at 451 ◦C and 365 ◦C, respectively. The
high-temperature peaks were found at 512 ◦C, 536 ◦C, 537 ◦C and 551 ◦C, in the same order,
while the HY(60)s sample showed a unique temperature peak at 551 ◦C.

From the estimation of the weight loss between 200 ◦C and 700 ◦C (Table 4), it was
observed that the quantity of coke deposited on the catalysts decreased systematically
with the increase of the SiO2/Al2O3 molar ratio from 12 to 80, while the HY(3.5)s sample
showed an intermediate value among the samples. The coke content of the spent zeolites
followed the same order as the increase in their crystal sizes. Similarly, the amount of
coke was inversely proportional to the pore volume of the fresh mesoporous zeolites,
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while the HY(3.5) catalyst presented a value out from this trend due to its microporous
nature, as shown in Figure 13c. Similar behaviors have been found for MFI [20] and
MWW [62] zeolites.

2.5. Comparison of the HY Zeolites with Other Zeolite Catalysts Reported in the Literature

Table 5 presents the catalytic performance of representative zeolite catalysts reported
in the literature and of HY zeolites in this study. This comparison is not simple, owing to
different operating conditions employed during the catalytic tests, which are known to
influence the activity and deactivation of catalysts [10,58,63].

Table 5. Catalytic performance and deactivation during the glycerol dehydration over different zeolite catalysts.

Catalyst Reaction Conditions a Performance b TOS (h) Coke (wt %) Reference

H-ZSM-5 (150) T = 340 ◦C, 8.3 mol% glycerol, 76 mol% H2O
in He, FG = 23.4 mmol·h−1, Wcat = 0.30 g

X = 93.7 (39.1)
S = 57.4 (45.9) 12 10.1 [17]

H-ferrierite (55) T = 340 ◦C, 8.3 mol% glycerol, 76.3 mol% H2O
in He, FG = 23.4 mmol·h−1, Wcat = 0.30 g

X = 70.9 (26.3)
S = 77.1 (62.9) 12 8.1

[18]

HY (5.1) T = 315 ◦C, 8.3 mol% glycerol, 76.3 mol% H2O
in He, FG = 23.4 mmol·h−1, Wcat = 0.30 g

X = 29.7 (13.2)
S = 29.7 (29.6) 12 15.4

HY (12) T = 320 ◦C, 20 wt % glycerol aq. soln.,
Wcat = 1 g, GHSV = 873 h−1

X = 85 (28)
S = 21 (38) 3 0.05 mol % [19]

Desilicated
MFI (18)

T = 300 ◦C, 10 wt % glycerol aq. soln.,
Wcat = 0.1 g, Qg = 15 mL·min−1,

Ql = 0.1 mL·min−1

X = 85 (38)
S = 22 (46) 8 19 [20]

Desilicated
H-ZSM-5 (13.9)

T = 275 ◦C, 20 wt % glycerol aq. soln.,
Wcat = 0.4 g, Qg = 50 mL·min−1,

WHSV = 0.75 h−1

X = 89.6 (77.6)
S = 80.4 (69.5) 5 14.8 [64]

Hierarchical
H-ZSM-5 (110)

T = 320 ◦C, 20 wt % glycerol aq. soln.,
WHSV = 2.4 h−1

X = 100 (83)
S = 86 (86) 26 11 [21]

Hierarchical
H-ZSM-5 (23.5)

T = 300 ◦C, 10 wt % glycerol aq. soln.,
Wcat = 0.08 g, Qg = 30 mL·min−1,

Ql = 0.05 mL·min−1, WHSV = 38.5 h−1

X = 100 (65)
S = 86 (76) 4 6.3 [22]

Mesoporous
H-ZSM-5 (46)

nanosheets

T = 320 ◦C, 20 wt % glycerol aq. soln.,
Wcat = 0.25 g, WHSV = 2.1 h−1

X = 100 (84)
S = 84.5 (87) 36 27.5 [38]

HY(3.5)

T = 325 ◦C, 20 wt % glycerol aq. soln.,
Wcat = 0.3 g, Qg = 80 mL·min−1,

GHSV = 7910 h−1

X = 86.3 (1.7)
S = 80.9 (58.9) 1.5 20

This study

HY(12) X = 91.5 (1.2)
S = 78.2 (57.9) 2.25 24.8

HY(30) X = 92 (1.8)
S = 80.3 (61.8) 5.25 20.8

HY(60) X = 93.8 (1.8)
S = 79.7 (62.7) 6.75 17.3

HY(80) X = 91.8 (1.1)
S = 82.9 (56.5) 7 17.3

a T = reaction temperature, FG = glycerol molar feed rate, Wcat = weight of catalyst, GHSV = gas hourly space velocity, WHSV = weight
hourly space velocity, Qg = carrier gas flow rate, Ql = liquid flow rate. b X = glycerol conversion (%), S = acrolein selectivity (%). Data in
parentheses refer to values at the final TOS.

Among several microporous protonated zeolites tested in the gas-phase glycerol de-
hydration reaction, H-ZSM-5 and H-ferrierite were the most active catalysts with medium
deactivation after 12 h of TOS [17,18]. In contrast, the HY zeolite exhibited poor conversion
and acrolein selectivity, with a severe decrease in catalytic activity in an equal or shorter
period of time [18,19]. In agreement with these reports, the microporous HY(3.5) catalyst
of this study showed a rapid loss of activity. For any of these catalysts, amounts of coke
between 8 and 15 wt % were quantified, but this value may vary depending on the reaction
conditions and catalyst.

On the other hand, besides the improvement in the initial activity, the use of zeolites
with mesoporous structure results in a slower deactivation than the microporous catalysts,
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maintaining the glycerol conversion and acrolein selectivity at high values for long periods,
as in the case of the H-ZSM-5 zeolites with micro- and mesopores, generated either by
post-synthesis treatments or during the synthesis procedure [20–22,38,64]. Similarly, for the
HY zeolites of this study, the presence of mesoporosity and large surface areas enhanced
the initial glycerol conversion, while the increase in the pore diameter and pore volume
allowed it to extend the time on stream.

It is noticeable that the zeolite catalysts reported in the literature did not achieve
total deactivation after several hours of TOS, while the HY zeolites of this study reached
conversion values around 1% at the end of the catalytic tests with a maximum value
of TOS = 7 h. This relatively rapid loss of activity of the HY catalysts, compared with
mesoporous H-ZSM-5 zeolites, is attributed to more severe reaction conditions, i.e., the high
carrier gas flow rate that resulted in a short contact time and thus a very high space velocity
value, which has been reported to accelerate the catalyst deactivation [21,38,63]. This is
supported by the deactivation rate constants of the HY catalysts, which are comparable with
those reported for HZSM-5 and ASPN-40 catalysts at moderate reaction conditions [51].

3. Materials and Methods
3.1. Materials

A commercial Y zeolite with SiO2/Al2O3 molar ratio of 3.5 was acquired from Sigma-
Aldrich (Toluca, Estado de México, Mexico), and Y zeolites with ratios 12, 30, 60 and
80 were obtained from Zeolyst International (Conshohocken, PA, USA). Before their char-
acterization and testing in the reaction, the solids were calcined in an electrical furnace
at 450 ◦C for 4 h, cooled to room temperature and sieved through 100 mesh. The final
samples were labeled as HY(3.5), HY(12), HY(30), HY(60) and HY(80), where the number
between parenthesis refers to the SiO2/Al2O3 molar ratio. For the catalytic reactions,
glycerol (purity ≥ 99.5%) was obtained from Sigma-Aldrich (Mexico) and used with any
further purification.

3.2. Characterization of Catalysts

The solids were characterized by X-ray diffraction (XRD) to verify the crystalline
structure. The XRD patterns of the calcined samples were obtained in a Bruker AXS model
D8 diffractometer (Bruker Mexicana S.A, Mexico) using CuKα radiation (1.5406 Å) with a
step size of 0.02◦ and a counting time of 2 s in a range between 5◦ and 70◦ of the 2θ scale.
The verification of the crystalline structure of the samples was realized by the comparison
of the obtained diffraction patterns with the crystallographic cards of the Joint Committee
on Power Diffraction Standards (JCPDS). The crystallite size were estimated from the
integrated area of the most intense reflection, taking into account the Scherrer equation,
L = 0.9·λ/β·cosθ, where L is the crystallite size, λ is the X-ray wavelength, β is the line
broadening and θ is the Bragg angle [65].

The textural properties of the HY zeolites were determined from the nitrogen (N2)
adsorption–desorption isotherms obtained at −196 ◦C using a Micromeritics ASAP-2450
equipment (Nanometrix, Tlalnepantla, Mexico). Each sample was degassed at 300 ◦C under
vacuum at 1 × 10−3 Torr for 3 h. During the determination of the adsorption isotherm,
successive charges of N2 increasing the pressure were introduced into a vessel containing
the sample, leaving 15 s to achieve balance at each point, thereby obtaining one adsorption
isotherm characteristic of each solid. The values of specific surface area were obtained
considering the Brunauer, Emmet and Teller method (BET) [66], while the model of Barrett,
Joyner and Halenda (BJH) was used for the porosity analysis [67].

High-resolution observations of the catalysts were realized in a field emission scanning
electron microscope (SEM) Jeol model JSM 6701 F coupled with a SEM probe with energy-
dispersive X-ray spectroscopy (EDXS) (Jeol de México S.A, Mexico) to obtain the respective
spectra, as well as qualitative and quantitative chemical analyses of the HY zeolites. For
the observation, the catalyst powder was spread on a graphite tape and covered with Au
atoms to make the sample conductive.
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The composition of the HY zeolites was evaluated by atomic absorption spectroscopy
(AAS) using a Perkin Elmer AAnalyst 400 instrument (Perkin Elmer, Mexico). Previously,
the samples were dissolved with the Lithium metaborate fusion procedure (Perkin Elmer
manual part No. 0303-0152, 1996).

Raman spectra of the catalysts were collected in a Renishaw inVia spectrometer
(Renishaw Mexico), and the samples were excited with the green line laser λ = 532 nm
line, power 9 mW, 1 mW on the sample, equipped with a cooled CCD detector and a
holographic super-Notch filter to remove the elastic scattering; the spectral resolution was
ca. 3 cm−1, and spectra acquisition consisted of 5 accumulations of 10 s.

The UV-vis spectra with diffuse reflectance of each catalyst were obtained at 25 ◦C in a
spectrophotometer Varian Cary 100 (Agilent Technologies Mexico). The samples consisted
of powder sieved through 100 mesh. The analysis range was from 200 to 800 nm with a
sensibility of 1 nm.

The surface acidity of the catalysts was studied by Fourier transform infrared spec-
troscopy with adsorbed pyridine (FTIR-Py) using a Nicolet equipment, model 170-SX
(Thermo Fisher Scientific Inc., Mexico). Each sample, in the form of pressed powder, was
placed in a glass cell with controlled temperature and vacuum. Before the adsorption of
pyridine, the sample was degassed with a vacuum at 1× 10−3 Torr and heating at 300 ◦C at
a rate of 20 ◦C·min−1, allowing its subsequent cooling to room temperature. Afterward, the
sample was exposed to a mixture of pyridine in N2 (4%) over 15 min for the chemisorption
process at 25 ◦C. The excess pyridine was removed by vacuum, and the FTIR spectrum
was obtained in situ for every 50 ◦C between 50 ◦C and 400 ◦C. The Brønsted and Lewis
acid sites were identified according to the characteristic bands of the interaction of pyridine
with each acid site. The interaction of pyridine con the Brønsted acid sites (BAS) results
in the appearance of characteristic infrared bands at 1540 cm−1 and 1640 cm−1, while the
coordination of pyridine with Lewis acid sites (LAS) exhibit a band between 1447 cm−1

and 1460 cm−1, and two additional bands at 1580 cm−1 and 1600 cm−1. The interaction
with both types of acid sites develops a band at 1490 cm−1 [36]. The quantification of BAS
and LAS was performed regarding the integrated areas of the bands at 1540 cm−1 and
1450 cm−1, respectively.

3.3. Catalytic Activity Tests

The glycerol dehydration reactions were performed at atmospheric pressure and
controlled temperature in a system comprising mainly of two consecutive saturation
vessels for water and glycerol, respectively, and a stainless steel fixed-bed reactor (32 cm
length and 1 cm internal diameter).

To produce a gaseous stream with 20 wt% of glycerol, the water vapor produced at
90 ◦C in the first saturator was carried with an N2 flow of 80 mL·min−1 and then bubbled
into the glycerol contained in the second saturator heated at 220 ◦C. The reactor was
loaded with 0.30 g of catalyst (Wcat) deposited over a porous fiberglass bed and heated at
450 ◦C during 1 h in an electrical furnace with a N2 flow of 80 mL·min−1. Afterward, the
reactor was allowed to reach the required reaction temperature (250 ◦C, 275 ◦C, 300 ◦C or
325 ◦C) and fed with the previously described gaseous mixture. According to the feeding
conditions, the gas hourly space velocity (GHSV) was 7910 h−1.

The reactor output stream passed through a separation device consisting of a flask
cooled at 20 ◦C to condense water and unreacted glycerol, and a column packed with glass
Raschig rings coupled to a condenser cooled at 3–5 ◦C and a flask to recover the reaction
products. The glycerol concentration at the input and output of the reactor was monitored
by measuring the refractive index with the use of a calibration curve of glycerol-water
mixtures from 0–100 wt % of glycerol with an Abbe refractometer Atago 1211, as reported
in [43]. Additionally, the calibration curve of the refractive index of the glycerol-water
mixtures was validated with the spectrophotometric method reported by Bondioli et al. [68].
The reaction products were analyzed in a Varian 3400 gas chromatograph (Agilent Technolo-
gies Mexico) equipped with a DB-WAX capillary column (30 m × 0.25 mm × 0.25 µm) and
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a flame ionization detector (FID). The glycerol conversion (X) and the product selectivity
(Si) were calculated by the Equations (6) and (7):

X (%) =
Moles o f reacted glycerol

Moles o f f ed glycerol
× 100 (6)

Si (%) =
Moles o f product i

Moles o f reacted glycerol
× 100 (7)

3.4. Catalyst Deactivation Behavior

A stability test for each catalyst was performed at 325 ◦C and GHSV = 7910 h−1 until
total deactivation (glycerol conversion~1%). The results of the glycerol conversion with
TOS were used to establish a rate equation to describe the deactivation behavior of each
catalyst during the glycerol dehydration reaction according to the deactivation kinetic
model proposed by Levenspiel [53], which defines the rate of disappearance of the reactant
A (−r’A) in a heterogeneous reaction as:

− r′A = kCn
Aa (8)

where k is the reaction rate constant, CA is the concentration of reactant A, n is the reaction
order, and a is the catalyst activity function, which starts at unity and usually drops to zero
with time.

The rate at which the catalyst activity decreases with time on stream may be expressed as:

− da
dt

= kdad (9)

where t is time, kd is the deactivation rate constant and d is the deactivation order.
Assuming a first-order deactivation process (d = 1), integration of Equation (9) gives:

a = e−kdt (10)

For any deactivation order (d 6= 1) the deactivation expression becomes of the type:

a = [1 + (d− 1)kdt]−
1

d−1 (11)

Coupling the above deactivation equations with expression 8 and with the design
equation for a packed bed reactor (Equation (12)) gives expressions that allow one to find
the rate constants (k and kd) by experiments from this type of reactor:

Wcat

FA0
=

X∫
0

dX
−r′A

(12)

where Wcat is the mass of catalyst, FA0 is the initial molar flow rate of the reactant A and X
is the reactant conversion.

The resulting kinetic deactivation models can be fitted to the experimental data
by non-linear regression and discriminated in terms of their determination coefficients
(Appendix B).

3.5. Characterization of Spent Catalysts

After the deactivation tests, the spent zeolites, denoted as HY(3.5)s, HY(12)s, HY(30)s,
HY(60)s and HY(80)s, were characterized by XRD, N2 physisorption, SEM-EDXS and
Raman spectroscopy under the same conditions as mentioned in Section 3.2. Additionally,
the solids were also subjected to thermogravimetric analysis (TGA) in a TA Instruments
equipment, model SDT Q600 at temperatures between 25 ◦C and 900 ◦C with a heating
rate of 10 ◦C·min−1 and an air flow of 10 mL·min−1.
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4. Conclusions

The HY zeolites with different SiO2/Al2O3 molar ratios were active as catalysts in
the conversion of glycerol to acrolein, improving with the increase in temperature, as
well as with the total number of acid sites. For all the catalysts, acrolein was the main
reaction product, and its selectivity was enhanced with the temperature increment, with
the exception of the HY(3.5), which promoted the production of acetaldehyde. The acrolein
selectivity was also favored with the increase of the Brønsted/Lewis acid sites ratio at any
reaction temperature.

The use of HY zeolites as catalysts for the glycerol dehydration reaction allowed the
formation of acetol to be minimized. Instead, high-value allyl alcohol and acetone were
produced in significant amounts.

The deactivation tests and the proposed kinetic deactivation models indicated that the
stability of the catalysts with time on stream was influenced by their textural properties.
The characterization of the spent catalysts by XRD, N2 physisorption and TGA suggested
that the deposition of coke resulted in the blockage of micropores, which resulted in the
loss of activity of the HY(3.5) zeolite. In contrast, the mesoporous zeolites retained their
catalytic activity, even after the partial or total blockage of the micropores, due to the
large surface areas where the active sites remained exposed and accessible to the glycerol
molecules through the wide mesopores.
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Appendix A. Analysis of the Fresh and Spent Catalysts by SEM and Chemical
Compositions Determined by EDXS

Table A1. Elemental composition of the HY zeolites determined by EDXS.

Catalyst
Element (Atom %)

Si Al O

HY(3.5) 19.75 2.75 77.5
HY(12) 24.78 0.43 74.79
HY(30) 20.07 2.94 76.99
HY(60) 20.07 7.04 72.89
HY(80) 25.78 0.86 73.36
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Appendix B. Discrimination of the Kinetic Deactivation Models

The resulting kinetic deactivation models were fitted to the experimental data by non-
linear regression, minimizing the sum of square residuals (SSR) as the objective function
by use of the Microsoft Excel Solver tool and compared in terms of the determination
coefficient (R2), according to the following equations:

SSR = ∑
(
yi,est − yi,exp

)2 (A1)

R2 = 1− SSR
TSS

(A2)

TSS = ∑
(

yi,exp − yexp

)2
(A3)

where the yi,est and yi,exp are the estimated and experimental values of the dependent vari-
able, respectively, TSS is the total sum of squares and yexp is the mean of the experimental
values of the dependent variable.

Table A2. Values of the sum of square residuals (SSR) and determination coefficient (R2) for each
deactivation model with different deactivation orders (d).

Catalyst
d = 0.25 d = 0.50 d = 1 d = 2

SSR R2 SSR R2 SSR R2 SSR R2

HY(3.5) 1.01 0.64 0.54 0.81 0.16 0.94 0.88 0.69
HY(12) 1.32 0.71 0.75 0.83 0.33 0.93 0.88 0.81
HY(30) 0.72 0.95 6.44 0.51 1.10 0.92 2.53 0.81
HY(60) 1.05 0.88 1.15 0.87 1.35 0.85 1.71 0.81
HY(80) 0.44 0.97 0.79 0.95 1.68 0.90 3.57 0.78
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