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ABSTRACT 

Zr-containing zeolite beta catalysts were prepared by a post-synthesis procedure involving a dealumination followed by a 
mechanochemical step and tested in the gas-phase conversion of glycerol. The catalytic data indicate that the catalysts are 
active in the conversion of glycerol, promoting not only the typical dehydration but also its hydrogenolysis without an external 
source of hydrogen, resulting in the production of significant amounts of ethylene glycol and methanol. Partially framework- 
attached (Si ─O)2 Zr ═ O species were identified and are suggested to play an important role in the catalytic behavior of these 
materials. 
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 Introduction 

he transition toward sustainable energy and chemicals pro-
uction is crucial for mitigating climate change and reducing
ur reliance on fossil fuels. The chemical industry is a signifi-
ant contributor to global greenhouse gas emissions, primarily
ue to its reliance on fossil fuels for both energy and raw
aterials. By substituting fossil-based feedstocks with renewable
nes, the industry can significantly reduce its carbon footprint
 1 ]. 

lycerol is obtained in large quantities as a byproduct in the
iodiesel industry. Biodiesel is an example of a sustainable fuel
lready in use in transportation, and due to the constraints
mposed by climate change, its production is expected to increase
n the future [ 2, 3 ], with the consequent increase in glycerol
roduction. Although glycerol is used in various industries
cosmetics and pharmaceuticals, food additives, and coatings),
ts large production has already led to a surplus that will tend
his is an open access article under the terms of the Creative Commons Attribution-NonC
edium, provided the original work is properly cited and is not used for commercial purp
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to increase, with the consequent reduction in the market price
[ 4 ]. 

The utilization of glycerol by the chemical industry through
the conversion to versatile feedstocks would not only help in
reducing greenhouse gas emissions but also promote the concept
of a circular economy [ 5, 6 ]. By converting a byproduct into
valuable chemicals, the overall efficiency of biodiesel production
is enhanced, waste is minimized, and the dependency on fossil
feedstocks is reduced. 

Due to its chemical functionalities and reactivity, the glycerol
molecule can be converted, using suitable catalytic systems,
into a wide variety of compounds of industrial interest, such as
acrolein, acetol, lactic acid, acrylic acid, syngas, propanediols, or
glycerol carbonate [ 5–7 ]. Zeolites have structural and chemical
characteristics that make them particularly suitable for use as
catalysts and/or catalyst supports for the conversion of glycerol.
Several studies have demonstrated the ability of HZSM-5 or
ommercial License, which permits use, distribution and reproduction in any 
oses. 
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BEA zeolites [ 8–10 ] to promote the gas-phase dehydration
f glycerol into acrolein and acetol. However, obtaining some
lycerol-derived products requires bifunctional catalysis since
hey are obtained through cascade reactions involving acid and
edox-active centers. Examples of these products are allyl alcohol,
crylic acid, 1,2-propanediol, 1,3-propanediol, or lactic acid, for
hich zeolites have already been successfully studied. The tun-
ble acidity of the zeolites can be combined with a redox function
btained by supporting a metal compound on their surface, as is
he case of V/BEA and Fe/SZM-5 for the synthesis of allyl alcohol
 11, 12 ], V/BEA for the synthesis of acrylic acid [ 13 ], Ir/ReHUSY
or 1-propanol [ 14 ], Cu/Y and Ir-ReOx ZSM-5 for propanediols [ 15,
6 ], or Pt/Sn-MFI and Au-Pt@SnBEA for the direct synthesis
f lactic acid or methyl lactate [ 17, 18 ]. For specific metals and
eolite structures, it is also possible to incorporate the metal
nto the zeolite framework, either occupying fully tetrahedral
ositions when the metal ion allows it, as is the case of Ti in the
FI structure [ 19 ], or using four coordination positions provided
y the framework and completing its higher coordination with
ydroxyl groups or other types of ligands, as reported, for
xample, for W-ZSM-5 [ 20 ]. The framework incorporation is often
ncomplete, and less than four metal-framework oxygen bonds
re formed, being the remaining coordination position occupied
y an OH group (“open” metal site) along with the consequent
ppearance of a framework silanol [ 21, 22 ]. 

he metal incorporation can be achieved during the hydrother-
al synthesis of the zeolite or by post-synthesis modifications.
he incorporation by direct hydrothermal synthesis usually
equires the use of toxic F− as a mineralizing agent, since the
etal tends to form insoluble hydroxides under highly alkaline
onditions usually used during zeolite synthesis, or, alternatively,
equires complex synthesis procedures [ 21 ]. In the case of zeolite
eta, post-synthesis dealumination-metalation strategies are very
romising, since they involve short periods of time and allow
etter control of the metal content. The solid–gas reaction at
oderate/high temperature involving the dealuminated zeolite
nd gaseous SnCl4 was reported as an effective way of incorpo-
ating Sn [ 23 ]. However, it has also been shown to give rise to
he formation of extra-framework SnO2 [ 23 ]. An alternative solid-
tate ion exchange (SSIE) method consists in introducing the
etal by using a mechanochemical-assisted synthesis approach
here metal precursor and dealuminated zeolite are ground
ogether for a specific period of time before calcination [ 21, 24 ].
his SSIE method is time-saving and limits the use of solvent and
he subsequent waste production. It also proved to be adequate
or other metals, such as Zr and Hf [ 21 ]. Sn- and Zr-incorporated
eolites are of particular interest because these metals enhance
he Lewis acidity of the parent structure, a key feature for many
atalytic processes [ 21, 25–28 ]. However, despite their potential,
r-based zeolites remain far less studied than their Sn-based
nalogues. 

ome examples are known where Zr-containing mesoporous
ilica or zeolites are active in the conversion of glycerol. C.
arcía-Sancho et al. [ 29 ] prepared various samples of Zr-MCM-
1 and tested them in the gas-phase dehydration of glycerol under
onditions comparable to the ones used in this work. The results
ndicated that the main reaction products were acetaldehyde,
crolein, and acetol, as expected from an acid catalyst. On the
ther hand, A. Kant et al. [ 30 ] investigated a Zr-supported H-beta
of 12
zeolite, prepared by wet impregnation, in the hydrogenolysis of
glycerol in a batch reactor under hydrogen. The authors found out
that the acidity of the zeolite plays a significant role in the final
products’ distribution, where, for both H-beta and Zr/H-beta, the
main product was 1-propanol, followed by 1,2-propanediol as the
second most abundant product. 

In this work, we intend to explore the catalytic activity of
framework-incorporated Zr-beta zeolite in the gas-phase conver-
sion of glycerol without external hydrogen. In these conditions,
two common products typically obtained over acid catalysts are
acrolein and acetol. The reaction pathways leading to these prod-
ucts, which involve dehydration reactions, are strongly dependent
on the acidity (i.e., number, nature, and strength of acid sites)
[ 31–33 ]. However, the presence of a metal can also promote other
reactions, such as hydrogen transfer, enabling the formation of
different compounds [ 32 ]. 

Although the main objective of incorporating Zr into the beta
zeolite framework was to generate Lewis acidity, the results
demonstrate that this material is capable of promoting reactions
beyond simple dehydration. This broadens the catalytic versatility
of Zr-incorporated beta zeolite and highlights its potential for
upgrading glycerol into value-added platform chemicals. 

2 Results and Discussion 

2.1 Preparation and Characterization of the 
Catalysts 

In this study, a commercial beta zeolite with a Si/Al ratio of 12.5
was dealuminated using nitric acid and subsequently employed
as a base material for supporting and/or incorporating zirconium
(Zr) species through a mild, solvent-free mechanochemical SSIE
grinding process. The method is easy to implement, does not
require any solvent, and, above all, does not make use of a
corrosive and toxic F− mineralizing agent. Because the formation
of extra-framework Zr species may be influenced by subsequent
washing steps, multiple samples were prepared to investigate how
both framework-incorporated and extra-framework Zr species
affect the catalytic performance in glycerol conversion. For com-
parison purposes, the same procedure was applied to a support
in which framework incorporation of Zr is not likely to happen.
SBA-15 was selected for this role, and after calcination, it yielded
a material containing only Zr oxide dispersed onto the silica sur-
face. This sample serves as a reference for Zr oxide to distinguish
the catalytic contributions of framework-incorporated Zr species.
Additionally, the catalytic behavior of the parent dealuminated
beta zeolite was evaluated to establish a baseline, enabling a
clearer assessment of the specific contribution of the zirconium
species. 

Table 1 displays the amount of Zr in the various samples. The
parent dealuminated zeolite (BEA deal) used for the preparation
of the other samples has a Si/Al ratio above 1000, which indicates
that nearly all the Al atoms were removed from the framework.
In the case of ZrBEA sample, it is clear that the washing step with
methanol removes a substantial amount of metal, as described
by Pornsetmetakul et al. [ 21 ], which in turn explains the PXRD
results of this sample: methanol probably removes the non-
ChemCatChem, 2026
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TABLE 1 Amount of Zr and textural parameters of the Zr- 
containing samples prepared. 

Sample Zr wt.% Si/Zra Mic. vol. (cm3 .g− 1 )b 

ZrBEA 2.95 40.6 0.145 
ZrBEA-NW 9.28 15 0.136 
ZrSBA-NW 9.28 15 n.d. 

a Molar ratio, considering the total framework-incorporated and extra- 
framework Zr in the sample. 
b Determined by t -plot method. For the parent HBEA, the value is 0.172 cm3 .g− 1. 
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ramework-bonded metal, and, consequently, no oxide phase is
bserved (see next). 

he micropore volumes, presented in Table 1 , indicate that the
ncrease in the amount of Zr in the sample ZrBEA-NW did not
ave a significant impact on the porosity of the zeolite. The
icropores’ volume decreased by only 6% when compared with
he sample ZrBEA. Therefore, no significant differences in mass
iffusion constraints due to porosity are expected in these two
amples. 

he post-synthesis incorporation of Zr into the zeolite beta frame-
ork implies a prior dealumination of the structure, ensuring
hat it maintains its integrity. The PXRD patterns of the various
amples prepared, shown in Figure 1 , indicate that all the BEA-
ased samples maintain the typical pattern of the BEA zeolite.
he sample that was not submitted to the washing procedure with
ethanol after the grinding step (ZrBEA-NW) shows, along with
he pattern of BEA structure, diffraction peaks corresponding to
onoclinic and tetragonal ZrO2 phases (PDF 37-1484 and PDF
4-0534, respectively). The sample ZrSBA-NW only presents, as
xpected, the peaks corresponding to both ZrO2 phases in the 2 θ
ange analyzed. For sample ZrBEA, the results show that none
f the ZrO2 phases are present or, at least, the particles are too
mall to be identified by PXRD. The main peak of BEA zeolite
t ca. 22.5◦ in 2 θ has been shown to reflect structural changes
n the zeolite lattice when Al atoms are removed or replaced by
ifferent heteroatoms [ 21, 28, 34 ]. The results found here (see
nset in Figure 1 ) show, as expected, a contraction of the crystal
attice after the dealumination procedure (the peak is shifted to
5 10 15 20 25 30 35 40

2 θ/degrees

HBEA

BEA deal

5

22 23 24

2 θ/degrees

ZrBEA

ZrBEA-NW

HBEA

BEA deal

IGURE 1 Powder XRD patterns of the various samples prepared. (*) de

hemCatChem, 2026
higher 2 θ angles). However, in the case of the ZrBEA sample, no
noticeable expansion is observed. This suggests that the amount
of Zr occupying tetrahedral positions in the zeolite structure is not
high enough to cause visible changes in the PXRD pattern. On
the other hand, the sample ZrBEA-NW (having a much higher
amount of Zr, as indicated in Table 1 ) evidences an expansion
of the crystal lattice when compared with the dealuminated
sample and, therefore, a higher amount of Zr in tetrahedral
positions. 

UV–vis spectroscopy has been largely used to obtain information
about the local environment of metals in solid matrices. For Zr, it
is well established that the presence of tetrahedral-coordinated
Zr gives rise to an adsorption band in the 205–215 nm range
attributed to a charge-transfer transition of an oxygen atom to
an isolated Zr cation. In contrast, extra-framework ZrO2 clusters
can be identified by a band at about 230 nm [ 35–37 ]. Additionally,
a broad band at around 260 nm is indicative of (Si ─O)2 ─Zr ═ O
species, corresponding to open Zr sites [ 37, 38 ]. 

Figure 2 displays the UV–vis spectra, in the region 200–350 nm,
for all the samples prepared. The spectra recorded using Spec-
tralon as a reference (Figure 2A ) show, for all the samples, a
broad band in the range 212–222 nm. Additionally, the samples
ZrBEA-NW and ZrSBA-NW show a shoulder at around 230 nm.
Regarding this shoulder, the spectrum of a commercial sample
of ZrO2 (Aldrich) (Figure 2A-e ) confirms that it is due to the
presence of extra-framework ZrO2 . Since this band does not
appear in the spectrum of the sample ZrBEA, this sample is
probably free of these ZrO2 species, as already indicated by
PXRD. 

To confirm whether the higher energy band could have any
contribution normally associated with the presence of tetrahedral
Zr, we recorded new UV-vis spectra of the Zr-containing BEA,
using the dealuminated BEA sample as a baseline. The results
are shown in Figure 2B and indicate that the sample ZrBEA-NW
has indeed tetrahedral Zr incorporated in the Al vacant sites
(band at wavelength lower than 220 nm). Regarding the ZrBEA
sample, although the presence of tetrahedrally coordinated Zr
cannot be discarded (as suggested by the increased intensity
below 220 nm), it seems that the major part of the Zr is present
as (Si ─O)2 ─Zr ═ O species, evidenced by the broad band at
10 15 20 25 30 35 40
2 θ/degrees

ZrBEA

ZrBEA-NW

ZrSBA-NW*

*
*

* ** *

notes peaks from ZrO2 (see the text for more details). 
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FIGURE 2 UV–vis. spectra of the different samples prepared (A) and UV–vis. spectra recorded with dealuminated BEA sample as baseline (B): (a) 
ZrSBA-NW, (b) BEA deal, (c) ZrBEA, (d) ZrBEA-NW, and (e) commercial ZrO2 . 

FIGURE 3 FTIR spectra of the different samples in the hydroxyl 
region (3800–3400 cm− 1 ). 
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TABLE 2 Acid properties of the various samples. 

Acid sites ( µmol.g− 1 ) 

Lewis Brönsted 

Sample 150◦C 300◦C 150◦C 300◦C 

HBEA 355 295 553 271 
BEA deal 5 2 0 0 
ZrBEA 93 12 38 12 
ZrBEA-NW 98 7 10 0 
ZrSBA-NW 12 0 0 0 
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56 nm. In the non-washed sample, this band is less pronounced,
uggesting a lower concentration of these species, although
rBEA-NW contains a significantly higher overall Zr content. 

ealumination of the BEA zeolite parent material leads to the
ormation of additional hydroxyl nests, which are expected to
eact with the metal species to be incorporated. This process can
e monitored by assessing the changes in both the amount and
he nature of the hydroxyl groups within the zeolite structure.
igure 3 displays the FTIR normalized (same wafer mass) spectra
n the hydroxyl region (3800–3400 cm− 1 ) for the various samples.
he parent HBEA zeolite shows the typical IR bands at 3780, 3745,
nd 3610 cm− 1 , assigned respectively to Al ─OH groups, external
erminal Si ─OH, and bridging acidic hydroxyls Si ─Al ─(OH) ─Si.
pon the dealumination procedure, a new intense band at
730 cm− 1 , assigned to isolated internal Si ─OH groups, and a
road band at ca. 3550 cm− 1 due to H-bonded silanol groups are
learly visible, along with the vanishing of the bands at 3780
nd 3610 cm− 1 . The disappearance of the bands associated with
he bridged hydroxyl groups connected to framework Al atoms
nd the appearance/enhancement of bands assigned to internal
ilanol groups and H-bonded silanols indicate the formation of
tructure defects associated with silanols (silanol nests) upon
luminum removal [ 39 ]. The spectra of the samples ZrBEA and
of 12
ZrBEA-NW show a significant decrease in the intensity of the
band at 3730 cm− 1 observed for the dealuminated zeolite (BEA
deal). This reduction can be attributed to the incorporation of
Zr4 + ions into the defects created by the Al (III) removal. No
peaks associated with bridging hydroxyls were observed, as none
were expected to appear since the introduction of Zr(IV) species
does not create framework charge-balancing sites. In the case
of the sample ZrBEA-NW, the band assigned to the terminal
silanols was also perturbed, probably due to the deposition of
large clusters of ZrO2 (consistent with its higher Zr content
compared to the ZrBEA sample). This phenomenon appears to
result in a broader distribution of bond energies for both types of
silanols, leading to less resolved bands. The spectrum of ZrSBA-
NW further highlights the weak interaction between Zr species
and the surface silanols of SBA-15, as the intensity of the isolated
Si-OH groups remains essentially unchanged relative to that of
the SBA-15 support. 

The acidity of the catalysts is of primary importance in the
conversion of glycerol, since the main reaction pathways, such
as those involving dehydration and hydrogenolysis, depend on
the number and nature of the acid sites [ 29, 40 ]. Pyridine (Py)
adsorption was used to distinguish between Brönsted and Lewis
acid sites and to quantitatively evaluate their concentration in the
various prepared samples. The number of acid sites measured for
each sample is presented in Table 2 . 

As expected, dealumination of the parent zeolite resulted in a
pronounced decrease in the acidity. The mechanochemical pro-
cedure followed by the thermal treatment, aiming to incorporate
ChemCatChem, 2026
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FIGURE 4 Conversion of glycerol over ZrBEA: ( ) 280◦C, ( ●) 
300◦C, and ( ) 330◦C. 
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r into the zeolite framework, resulted in the generation of both
ewis and Brönsted acid sites, with the major proportion being
ewis acid sites. Table 2 also shows that the most important
raction of the acid sites is essentially weak, since most of the Py
s desorbed at 300◦C. 

n the case of an aluminosilicate framework, the presence of
inked AlO4 and SiO4 tetrahedra creates a local charge imbalance,
hich is recognized as the main reason for the existence of
rönsted acid sites when the compensation cation is a proton.
onsidering that Zr(IV) occupies the T-vacant sites generated
y the removal of aluminum (Al3 + ), either as tetrahedrally coor-
inated Zr or as (Si ─O)2 ─Zr ═ O species, no formal framework
ocal charge imbalance exists. Therefore, the presence of Brönsted
cidity cannot be explained in this case by the same mechanism.
arcia-Sancho et al. and P. Salas et al. [ 29, 41 ] explained the
ppearance of Brönsted acid sites in Zr-incorporated MCM-41
aterial prepared by hydrothermal synthesis by proposing that
he substitution of a Si(IV) ion with a larger Zr (IV) ion in the
ilica framework induces structural microstrain and changes the
lectronic density around neighboring Si atoms. The substitution
f a Si atom in the vicinity of a Si ─OH group weakens the
ydroxyl bond and generates Brönsted acidity. Assuming that a
imilar process occurs in the case of Zr-containing BEA samples
repared in this study, the presence of Brönsted acid sites can
e attributed to a fraction of Zr (IV) species incorporated into
he BEA framework. In contrast, for the ZrSBA-15 sample, which
as prepared by a post-synthesis procedure, substitution of Si by
r is not expected to occur, thereby explaining the absence of
ignificant acidity. 

hen comparing the acidity with the final Zr content of ZrBEA
nd ZrBEA-NW samples, it is clear that only part of the ZrCl4
sed in the grinding process was effectively incorporated into the
eolite structure and contributed to generate acidity. The number
f Lewis acid sites is similar in both samples, while the number
f Brönsted acid sites is slightly lower in the ZrBEA-NW sample,
hich also has fewer strong acid centers. These results suggest
hat the formation of (Si ─O)2 ─Zr ═ O species, more evident in the
rBEA sample despite its lower Zr content, may play a key role in
he development of acidity, as no differences in the Py accessibility
re expected. The methanol washing procedure not only removes
he excess of ZrCl4 but probably also enhances the dispersion
f Zr species, leading to increased incorporation during the
ubsequent thermal treatment. In summary, mechanochemical-
ssisted solid-state ion exchange, followed by methanol washing,
eems to be a very impacting synthesis method to obtain highly
ispersed and isolated Zr species with very distinct chemical
roperties. 

.2 Catalytic Tests 

he modification of zeolites with Zr has been commonly carried
ut to prepare Lewis acid catalysts [ 21, 42, 43 ]. Indeed, the results
f Py adsorption confirm that the amount of Lewis acid sites
hat are generated by Zr incorporation is greater than that of
rönsted acid sites. In this context, the samples were then tested
s catalysts for the gas-phase conversion of glycerol, a reaction
nown to be highly sensitive to the nature of the catalyst’s acid
ites. 
hemCatChem, 2026

t

Figure 4 , which presents the evolution of the conversion of glyc-
erol at different temperatures as a function of the time on stream,
shows that ZrBEA sample is an active catalyst for this reaction.
At a reaction temperature of 280◦C, the initial conversion was
52%, but rapidly decreased, reaching 10% after 20 h on stream.
Increasing the temperature to 300◦C, the conversion increases
considerably but again gradually decreases to reach 15% after 20 h
on stream. The catalyst was also tested at 330◦C, and the results
show complete glycerol conversion during the first 2 h of reaction,
which decreased to 48% after 20 h on stream. 

Deactivation of acid catalysts in gas-phase reactions is usually
associated with the formation and deposition of coke. However,
taking into consideration that in this case the acidity of the
catalysts is rather low, we must also consider the high polar
nature of both reactants and products, which will constrain
the molecules’ diffusion. When the temperature increased from
280◦C to 330◦C, no significant changes were observed regarding
the amount of coke formed (Table 3 ), and, therefore, in these
conditions, the decrease of mass transfer constraints should be
the main factor affecting the deactivation. Due to the high polarity
of reagents and products, an increase in temperature avoids
excessive adsorption by the zeolite surface and facilitates the
circulation of the main compounds. The lower deactivation rate
verified at 330◦C seems to agree with this interpretation. 

The products’ selectivity for representative values of time on
stream (2 and 10 h) are presented in Table 3 . The graphics showing
the selectivity toward the various products for the complete
time on stream are presented in Figure S1 . Data in this table
show the formation of acrolein and acetol, which are typical
reaction products from the dehydration of glycerol over acid
catalysts [ 2, 3, 8–10 ], but also compounds that are not usual to
be found in significant amounts among the reaction products
obtained in these conditions, namely, methanol, 1,2-propanediol
and ethylene glycol. It should be noted that other identified
(such as propanal, acetone, ethanol, allyl alcohol, acetic acid, 1,3-
dioxan,5- ol, and 2,3-butadione) and non-identified products were
also present, but none exceeding 5% selectivity, and some were
found only in trace amounts. 1-Propanol and 1,3-propanediol,
two of the compounds often formed by hydrogenolysis, were not
detected or were just detected in trace amounts. Carbon dioxide
and carbon monoxide are probably also formed, but our catalytic
5 of 12

ive C
om

m
ons L

icense



TABLE 3 Main reaction products obtained at different tempera- 
tures using ZrBEA as catalyst. 

280◦C 300◦C 330◦C 

Time on stream 2 h 10 h 2 h 10 h 2 h 10 h 

Conversion (%) 52 20 97 35 100 72 
Selectivity (%) 
Acetaldehyde 6.2 4.8 9.2 7.1 11.5 9.8 
Acrolein 13.9 16.9 6.4 12.9 6.0 16.9 
Methanol 6.6 10.0 13.7 12.1 14.8 12.8 
Acetol 14.9 23.1 13.5 20.4 8.7 14.1 
1,2-propanediol 6.7 8.4 2.5 5.3 0.7 3.2 
Ethylene glycol 9.8 17.0 11.7 18.2 6.7 13.7 
Seleth glyc /Selmethanol 1.48 1.70 0.85 1.50 0.45 1.07 
Carbon bal. (%)a 67 88 59 78 56 71 
Coke (%)b 15.2 15.4 15.1 

a Carbon balance includes all the products that were recovered and identified. 
b Determined after time on stream of 20 h, as the weight loss in the range 
100◦C–700◦C. 
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etup does not allow their quantification. The carbon balance
hown in Table 3 reflects the fraction of carbon recovered in the
dentified products. As only the compounds listed in the table
ere considered in this calculation, the values are lower than
00%. The remaining carbon corresponds to identified products
ot included due to their occurrence in small or trace amounts, as
ell as non-identified compounds, CO and/or CO2 , and the coke
eposited on the catalyst. The decrease of the carbon balance with
he temperature reflects the increased formation of unrecovered
aseous products. 

ydrogenolysis of glycerol aiming at the production of propane-
iols has been a subject of intense study in the last years, mostly
ue to the industrial importance of these compounds [ 15, 16,
4 ]. As hydrogenolysis involves the addition of hydrogen to the
ragments of a previous C ─C or C-heteroatom bond dissociation,
hese reactions are usually carried out in liquid or gas phase under
2 atmosphere. Nevertheless, hydrogenolysis of glycerol has also
een shown to occur in the absence of external H2, either by the
onsumption of a part of the glycerol (via steam reforming) or
y the consumption of an H-donor added from external sources
alcohols, carboxylic acids) [ 44 ] or produced in situ (glycerol can
lso act as a hydrogen donor) [ 32 ]. In this work, no external H2 or
-donors were used, and, therefore, the hydrogen needed for the
ydrogenolysis reaction was provided by glycerol and/or reaction
ntermediates with OH functionalities. 

 closer examination of the data presented in Table 3 reveals
hat the products’ formation is strongly influenced by the
eaction temperature. The formation of acetaldehyde tends to
ncrease with temperature, probably because it is a final prod-
ct. On the other hand, the selectivity to 1,2-propanediol and
cetol suffers a decrease with the temperature, which might
ndicate that these products have undergone a subsequent
ransformation, which is more evident with the increase of the
emperature. 
of 12
The most surprising result found in this set of catalytic data is
the formation of ethylene glycol and methanol in such significant
amounts. Ethylene glycol is often mentioned in the literature as
one of the products obtained in the hydrogenolysis of glycerol
to propanediols [ 15, 45–49 ], but usually the reaction involves the
use of external H2 and sometimes expensive catalysts, such as
Ru or Pt. In the present case, the catalyst not only allows the
hydrogenolysis of glycerol without the addition of H2 involving
the C ─O bond but also promotes the scission of a C ─C bond,
which is characteristic of Ru-based catalysts [ 50 ]. In a comprehen-
sive review from S. Kandasamy et al. [ 51 ], the authors concluded
that heterogeneous catalysis involving transition metals and
noble metal catalysts can be an important route to the pro-
duction of ethylene glycol via glycerol hydrogenolysis. Catalysts
containing Cu, Ni, W, or Mo metals show good results for the
conversion of glycerol via hydrogenolysis, while metals, such as
Ru, Pt, Pd, or Ir enhance the selectivity toward ethylene glycol
due to the ability to promote the dissociation of a C ─C bond.
Catalysts containing more than one metal are often used, taking
advantage of the different metal behavior. An example is the work
of N. Ueda et al. [ 52 ] that used Pt-modified Ni/Al2 O3 catalysts
in the liquid phase under 8.0 MPa H2 . The authors obtained
ethylene glycol, 1,2-propanediol, and methane as main products
(methanol was barely obtained) and concluded that Pt played an
important role in the formation of ethylene glycol and methane
by either promoting retro-aldol reaction of glyceraldehyde or the
dissociation of a C ─C bond. 

Another example of hydrogenolysis of glycerol under a hydrogen
atmosphere was reported by Kant et al. [ 30 ], who employed
Zr supported in a H-beta zeolite prepared via conventional
impregnation. Their results indicated that catalyst acidity was
the primary factor governing catalytic performance, leading pre-
dominantly to the formation of 1-propanol and 1,2-propanediol.
In the present work, the Zr catalyst was prepared using a
different approach, in which the Zr was incorporated into the
framework of zeolite beta, and the resulting acidity was generated
as a result of this incorporation. To the best of our knowledge,
this is the first report on the use of a Zr-incorporated zeolite
with these characteristics for the conversion of glycerol. The
results exhibited in Table 3 clearly show that this catalyst
not only catalyzes the typical dehydration of glycerol but also
promotes its hydrogenolysis, involving both C ─O and C ─C bond
cleavage. 

To evaluate whether the incorporation of zirconium into the
zeolite framework is a primary determinant of the resulting prod-
uct distribution, two comparative samples were examined: one
containing both framework-incorporated and extra-framework
zirconium species (ZrBEA-NW) and another containing exclu-
sively extra-framework zirconium in the form of zirconium
oxide dispersed on a silica surface (ZrSBA-NW). Their cat-
alytic performance was compared with that of the ZrBEA
sample. 

Figure 5 displays the conversion of glycerol obtained with all the
samples. The conversion obtained with ZrBEA is significantly
higher than that obtained with the other Zr-containing samples,
although this sample has less Zr (3 wt.% for ZrBEA and 9.3 wt.%
for both ZrBEA-NW and ZrSBA-15). These results indicate that
ZrO2 supported on either beta zeolite or SBA-15 (as confirmed
ChemCatChem, 2026
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FIGURE 5 Conversion of glycerol at 300◦C over ZrSBA-NW ( ), 
BEA deal ( ), ZrBEA-NW ( ), and ZrBEA ( ●) samples. 
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y XRD) is not significantly active for the conversion of glycerol
nder the conditions of this study. In fact, the ZrSBA-NW
ample exhibits very low catalytic activity from the beginning of
he reaction, with conversion values below 5%. The conversion
xhibited by the BEA-deal sample, although somewhat higher
han that obtained with ZrSBA-NW, remains significantly lower
han that achieved with the Zr-containing BEA samples, as would
e expected given its low acidity. 

igure 6 shows the selectivity to the main reaction products
btained with the samples ZrBEA and ZrBEA-NW. Regarding the
ample ZrSBA, the low conversion makes difficult the accurate
etermination of the selectivity of each product, however, within
hese constraints, the results indicate that the main products
btained with this sample were acrolein and acetol, with a total
electivity of more than 60%. The dealuminated BEA sample
xhibits a comparable catalytic profile, with acrolein, acetol, and
cetaldehyde collectively accounting for more than 90% of the
bserved selectivity. No products associated with hydrogenoly-
is, such as propanediols, methanol, or ethylene glycol, were
etected. For the other two samples, the products’ distribution
s rather similar, at least in the first hours on stream. These
esults, when combined with the characterization data, suggest
hat the active sites of these samples are mainly the framework-
ncorporated Zr atoms (closed and/or open Zr sites). As shown
bove, the sample ZrBEA-NW has a higher amount of Zr, but
art of the metal is supported in the form of ZrO2 . The number of
cid sites measured by Py adsorption is similar for both samples,
ndicating that the same amount of Zr was in fact incorporated.
he results obtained with the sample ZrSBA-NW are in line
ith this conclusion, as no incorporation is expected to occur,
nd, therefore, in the conditions of this work, only a very low
ctivity was observed, with the main reaction products being
hose resulting from dehydration (acrolein and acetol). 

.3 Mechanistic Considerations 

ydrogenolysis of glycerol to 1,2-propanediol has been stud-
ed with a large variety of catalysts and reaction conditions.
egarding the reaction mechanism, three main mechanistic
athways have been proposed in the literature, depending on
he nature of the catalyst and other experimental conditions
 53 ]: (a) dehydrogenation–dehydration–hydrogenation (glycer-
hemCatChem, 2026
aldehyde route), (b) dehydration-hydrogenation, and (c) direct
glycerol hydrogenolysis (Scheme 1 ). 

The first step in route (a) involves the hydrogenation of glycerol
to glyceraldehyde over the metal catalyst, but the presence
of a base is usually required to promote the dehydration of
this intermediate and to prevent its subsequent hydrogenation
back to glycerol. The hydrogenation of 2-hydroxyacrolein (or
pyruvaldehyde obtained by keto-enol tautomerism) yields 1,2-
propanediol [ 15, 54, 55 ] (Scheme 1a ). It has been suggested that,
under alkaline conditions, glyceraldehyde can undergo retro-
aldol reactions that produce ethylene glycol and methanol after
hydrogenation. However, given the alkalinity requirements of
this pathway, it is not expected to be the main route with our
catalytic system. Over acid catalysts, route (b) has been the
preferred pathway used to explain the formation of propanols
[ 15, 30, 46 ]. Here, 1,2-propanediol is formed via hydrogenation of
acetol (Scheme 1b ). The third route (route c) has been proposed
to explain the hydrogenolysis of glycerol over ReOx and Ir-MOx 
catalysts and involves the adsorption of glycerol on MOx sites,
forming an alkoxide, while hydrogen is activated on a metal site
to form a hydride [ 53, 54 ]. 

Ethylene glycol and methanol appear as degradation products in
various mechanistic paths. As mentioned above, these products
may be formed via retro-aldolization of glyceraldehyde with a
subsequent hydrogenation of glycolaldehyde and formaldehyde
(Scheme 1a ). However, Miyazwa et al. [ 47 ], working with Cu/C
and an ion-exchange resin under H2 , concluded that ethylene
glycol and methanol were formed directly via the degradation
of glycerol. In a similar way, Musolino et al. [ 56 ] concluded
that ethylene glycol and methanol could be formed directedly
from glycerol. In that work, the authors used an autoclave
under 5 bar of inert atmosphere, PdO/Fe2 O3 as the catalyst, and
alcohols as hydrogen donors. This direct pathway is expected
to give rise to stoichiometric quantities of ethylene glycol and
methanol, and thus a ratio in the carbon selectivity (ethylene
glycol/methanol) of 2. In the present work, this ratio is always
lower than 2 (Table 3 ), suggesting that methanol may be formed
from compounds other than glycerol and/or that ethylene glycol
undergoes degradation to methanol or other gaseous products.
In fact, the results obtained from catalytic tests at different
temperatures support this assumption, as lower ratios are always
observed at the beginning of the reaction, when the catalyst
is more active, and the ratio further decreases with increasing
temperature. 

To shed some light on the formation of these two products, we
carried out exploratory tests using ethylene glycol, acetol, and 1,2-
propanediol as reagents. For that purpose, a sample of ZrBEA
and a 10% aqueous solution of each reagent were used (the main
results are shown in Table S1 ). The results suggest that methanol
formation predominantly occurs from ethylene glycol, in which
it is the main product, whereas its production from acetol
or 1,2-propanediol is negligible. On the other hand, ethylene
glycol is also produced from 1,2-propanediol. Other compounds
identified in these reactions were acetaldehyde, ethanol (when
using ethylene glycol as a reagent), and acetone (when acetol
or 1,2 propanediol was used). Small amounts of acetol and 1,2-
propanediol were also obtained when using 1,2-propanediol and
acetol, respectively. It should be noted that neither ethanol nor
7 of 12
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FIGURE 6 Selectivity to selected reaction products obtained with ZrBEA ( ●) and ZrBEA-NW ( ): (A) ethylene glycol, (B) 1,2-propanediol, (C) 
methanol, (D) acrolein, and (E) acetol. 

SCHEME 1 Simplified mechanistic pathways for the hydrogenoly- 
sis of glycerol to 1,2-propanediol. 
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cetone was obtained in significant amounts when the catalytic
ests were carried out with glycerol, which may suggest that
he degradation of the glycerol hydrogenolysis products (acetol,
ropanediol, and ethylene glycol) is not high enough to account
or a major part of ethylene glycol and methanol produced.
owever, the lower ratios of ethylene glycol/methanol at higher
emperatures and at the beginning of the reaction suggest that
of 12
these degradation reactions (in particular, the formation of
methanol at the expense of the ethylene glycol) could play a
significant role in this catalytic system. 

Acetaldehyde is another product of the reaction resulting
from the degradation of several compounds. Tsukuda et al.
[ 57 ] proposed that acetaldehyde could be formed from 3-
hydroxypropanal, a precursor of acrolein in the dehydration of
glycerol, via a retro-aldol reaction. On the other hand, several
studies have reported that acetaldehyde can be formed through
the cracking of acetol [ 58–60 ], and its presence has also been
detected when using ethylene glycol and 1,2-propanediol as
reagents. Considering these findings together with our own
observations, we propose Scheme 2 , which summarizes the
reaction pathways that may account for the catalytic results
obtained in this work. 

2.4 Regeneration of the Catalyst 

Figure 7 compares the conversion achieved with a fresh ZrBEA
sample to that obtained after four regeneration cycles (corre-
sponding to five reaction runs). The data clearly demonstrates
the high stability and good reusability of this catalyst. After
these regeneration cycles, the catalyst recovers nearly all of its
initial activity, and although a slight increase in the deactivation
rate is observed, the activity after 20 h on stream remains very
similar to that of the fresh sample. Regarding the selectivity to the
main reaction products, there are no significant changes between
ChemCatChem, 2026
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SCHEME 2 Schematic pathways for the formation of the main 
reaction products obtained with glycerol as a reagent. 

FIGURE 7 Conversion of glycerol over sample ZrBEA: ( ●) fresh 
sample and ( ) after four regenerations. 
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he first and the fifth cycle (see Figure S2 ), which reveals the
tability of the active centers. Data on glycerol conversion for
he first, second, and third regeneration cycles are shown in
upporting Information (Figure S3 ). 

 Conclusion 

his study demonstrates that incorporating Zr into the BEA zeo-
ite structure via solid-state ion exchange using a mechanochem-
cal procedure enables the preparation of catalysts that exhibit
nusual behavior in the gas-phase conversion of glycerol.
ndeed, combining mechanochemical-assisted ion exchange with
ethanol washing seems to be a strategy of choice to obtain
r-based zeolite materials where metal is exclusively introduced
hemCatChem, 2026
as isolated framework species. Moreover, this simple grinding
method offers an eco-friendly and low-cost alternative to more
complex synthesis methods. On the other hand, although most
reports on similar catalysts have focused on the formation of
Lewis acid sites, this study demonstrates that the framework
incorporation of Zr produces catalytic sites capable not only
of promoting glycerol dehydration but also of catalyzing, to a
significant extent, the hydrogenolysis of C ─C and C ─O bonds
in the absence of external hydrogen, a behavior more commonly
observed with Re-containing catalysts. The results suggest that
the nature of the Zr environment plays a crucial role, with
partially bonded species, such as (Si ─O)2 Zr ═ O, being the most
important in this process. Although further work is required to
optimize the selectivity, these preliminary results, demonstrating
the feasibility of producing ethylene glycol and methanol from
glycerol, expand the potential of glycerol as a versatile platform
chemical. 

4 Experimental Section 

4.1 Catalysts Preparation 

The preparation of Zr-beta followed a two-step procedure adapted
from that described by Pornsetmetakul et al. [ 21 ]. Commercial
beta zeolite (Zeolyst CP814E, ammonium form, Si/Al ratio of 12.5)
was dealuminated by treatment with a 12 M nitric acid solution
at 80◦C for 20 h, using a liquid to solid ratio of 10 mL g− 1 . The
dealuminated zeolite was washed with deionized water and dried
in an oven at 100◦C overnight. Tetravalent Zr was introduced by
a mechanochemically-driven solid-state reaction. An appropriate
amount of ZrCl4 (corresponding to a Si/Me atomic ratio of 15)
was ground in an agate mortar with the dealuminated zeolite
for 15 min under ambient conditions. The mixture was then
washed with 50 mL of methanol, dried in an oven at 60◦C
for 4 h, and finally calcined in a muffle furnace at 550◦C for
6 h (sample ZrBEA). To evaluate the effect of framework metal
incorporation and the presence of supported metal oxide, two
additional samples were prepared without the methanol washing
step: ZrBEA-NW and ZrSBA-NW (where NW means no washing).
The SBA-15 material used as support was prepared according to
the procedure described elsewhere [ 61 ]. In this case, the amount
of ZrCl4 used corresponds to that used for the preparation of
ZrBEA samples (0.237 gZrCl4 /gSBA-15 ). 

4.2 Characterization 

Bulk chemical analysis using AA and ICP-OES techniques was
used to measure the amount of Si, Al, and Zr in the various
samples. Powder x-ray diffraction (PXRD) patterns were recorded
in a Bruker D8 Advance diffractometer with Cu Kα radiation
filtered by Ni and a 1D LynxEye detector. 

Py adsorption was followed by FTIR spectroscopy as described
elsewhere [ 32 ]. Using a homemade glass cell, the sample was
evacuated (10− 6 Torr) under heating (450◦C, 2 h) and subse-
quently contacted with Py at 150◦C (1.5 Torr). After outgassing
the system for 30 min at 150◦C, a spectrum was recorded. The
temperature was then raised to 350◦C, and after 30 min, a new
spectrum was recorded. For both temperatures, the background
spectrum, recorded under identical operating conditions but
9 of 12
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ithout a sample, was recorded and automatically subtracted. For
he quantitative measurement, integrated molar extinction coeffi-
ients determined in our experimental setup ( εB = 0.91 cm. µmol− 1 ,
y adsorbed onto a Brønsted acid site, and εL = 1.58 cm. µmol− 1 ,
y adsorbed onto a Lewis acid site) were used. In order to
ompare the FTIR spectra of the various samples in the OH region
4000–3000 cm− 1 ), spectra were normalized to a mass of 20 mg. 

RS UV–vis spectra were obtained with a Praying Mantis acces-
ory from Harrick coupled to a Thermo Scientific Evolution 300
pectrometer. The spectra were recorded using Spectralon as a
tandard in the range 200–800 nm. 

he coke content was determined by means of thermogravimetric
TG-DSC) analysis. The TG-DSC data were obtained with Setsys
vo16 Setaram equipment, under air and with a heating rate of
0◦C.min− 1 (temperature range 20◦C–800◦C). 

itrogen sorption measurements at − 196◦C were performed
n Autosorb IQ equipment (Quantachrome). Before nitrogen
orption, the samples were outgassed under vacuum at 90◦C for
 h and then at 350◦C for 6 h. The t -plot method was used to
etermine the micropore volume. 

.3 Catalytic Tests 

onversion of glycerol was carried out at different temperatures
n the range of 280◦C–330◦C under atmospheric pressure in a
ixed-bed borosilicate reactor (i.d. 1.5 cm) using 300 mg of catalyst.
he reaction feed, an aqueous solution containing 20 wt.% of
lycerol, was introduced in the reactor by a syringe pump KD
cientific at 2.5 mL.h− 1 and diluted in a flow of dry nitrogen
30 mL.min− 1 ). The liquid reaction products were collected in an
ce trap, followed by two additional water traps. Reaction products
ecovered every 2 h were analyzed on an Agilent 6890N gas
hromatograph equipped with a 30 m Ohio Valley OV351 capillary
olumn and an FID detector. Selected samples were analyzed by
C-MS with a Shimadzu QP2020 NX and a 30 m Teknokroma
RB-FFAP capillary column. 

he conversion of glycerol, the carbon selectivity, and the carbon
alance were calculated as follows: 

% 𝐶𝑜𝑛 𝑣 =
𝑛𝑔,𝑡 𝑜𝑡 𝑎𝑙 − 𝑛𝑔,𝑡 

𝑛𝑔,𝑡 𝑜𝑡 𝑎𝑙 
× 100 

% 𝑆𝑒𝑙𝑖 ( 𝑐 𝑎 𝑟 𝑏 𝑜 𝑛 ) =
𝑛𝑖,𝑡 

𝑛𝑔,𝑡 𝑜𝑡 𝑎𝑙 − 𝑛𝑔,𝑡 
×
𝐶𝑖 
𝐶𝑔 

× 100 

𝐶𝑎 𝑟 𝑏 . 𝑏 𝑎 𝑙. ( %) =
∑
𝐶𝑃𝑖 

𝐶𝑐 𝑜 𝑛𝑣 
× 100 

here ng,total is the total number of moles of glycerol injected
nto the reactor during the time t, ng,t is the number of moles of
lycerol recovered at time t , ni,t is the number of moles of the
roduct i recovered at time t, Ci is the number of carbon atoms
n each molecule of product i , Cg is the number of carbon atoms
f glycerol (3), CPi is the carbon recovered of the product i , and
conv is the total carbon converted. For the determination of the
arbon balance, only the products identified were considered. The
nalyses correspond to the products recovered for 2 h. 
0 of 12
Reusability of the ZrBEA catalyst was assessed by regenerating
the spent catalyst at 550◦C for 5 h under a flux of dry air and
carrying out a new catalytic test at 300◦C. 
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