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Abstract: Bimetallic zeolite Beta in bead format and containing Al sites with Brønsted acid behavior
and Sn, Zr or Hf sites with Lewis acid character, were prepared using a two-step synthetic route.
First, zeolite Beta in the format of macroscopic beads (400 to 840 µm) with hierarchical porosity
(micropores accessed through meso- and macropores in the range of 30 to 150 nm) were synthesized
by hydrothermal crystallization in the presence of anion-exchange resin beads as hard template
and further converted into their H-form. Next, the zeolite beads were partially dealuminated using
different concentrations of HNO3 (i.e., 1.8 or 7.2 M), followed by grafting with one of the above-
mentioned metals (Sn, Zr or Hf) to introduce Lewis acid sites. These bimetallic zeolites were tested
as heterogeneous catalysts in the conversion of dihydroxyacetone (DHA) to methyl lactate (ML).
The Sn-containing zeolite Beta beads treated by 1.8 M HNO3 and grafted with 27 mmol of SnCl4
(Sn-deAl-1.8-Beta-B) demonstrated the best catalytic activity among the prepared bimetallic zeolite
beads, with 99% selectivity and 90% yield of ML after 6 h at 90 ◦C. This catalyst was also tested in
combination with Au-Pd nanoparticles supported on functionalized carbon nanotubes (CNTs) as
multifunctional catalytic system for the conversion of glycerol to ML, achieving 29% conversion of
glycerol and 67% selectivity towards ML after 4.5 h at 140 ◦C under 30 bar air. The catalytic results
were rationalized by means of a thorough characterization of the zeolitic beads with a combination
of techniques (XRD, N2-physisorption, SEM, XRF, TEM, UV-vis spectroscopy and pyridine-FT-IR).

Keywords: methyl lactate; Sn-Al-Beta zeolite; hierarchical zeolites; Lewis acid zeolites; shaped
catalysts; glycerol conversion

1. Introduction

The catalytic conversion of renewable feedstock into valuable chemicals is a key as-
pect of the transition towards a more sustainable chemical industry and has thus attracted
growing attention from government, academia and companies in the past decades [1,2]. In
particular, the depletion of fossil resources and global warming issues are two main driving
forces for the increasing demand for the production of green, renewable biofuels [3,4]. In
this context, the production of biodiesel from biobased triglycerides is a viable option and
has shown a growing trend within the last decade [5], but it also implies that the glycerol
generated as the main by-product of this process (10 wt%) should be upgraded to more
applicable chemicals for preventing its oversupply in the market [6]. Partial oxidation of
glycerol into trioses (i.e., 1,3-dihydroxyacetone (DHA) and glyceraldehyde (GLAD)) is an
attractive catalytic route for the valorization of this compound. Further catalytic conversion
of trioses in the presence of alcohols yields the biodegradable alkyl lactates (Scheme 1),
which can be employed as green solvents with a wide range of applications [7]. Several
catalysts have been reported for this last step, with heterogeneous ones being the preferred
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option in view of potential industrial application [8–10]. Typically, the heterogeneous cata-
lysts displaying high activity and selectivity for this reaction contain (mild) Brønsted acid
sites for catalyzing the dehydration of dihydroxyacetone or glyceraldehyde to the pyruvic
aldehyde intermediate, and Lewis acid sites that promote the subsequent rearrangement
with formation of methyl lactate (see Scheme 1) [7,11]. Particularly promising results were
obtained with catalysts in which Sn atoms in tetrahedral coordination in a silicate matrix
act as the Lewis acids sites, as in Sn-containing zeolites and ordered mesoporous silicates
such as Sn-MCM-41 and Sn-SBA-15 [12–15]. If a suitable Sn-containing silicate is combined
with a catalyst that is able to promote the dehydrogenative oxidation of glycerol to either
dihydroxyacetone or glyceraldehyde, the one-pot conversion of glycerol to methyl lactate
(Scheme 1) can be achieved. Indeed, supported metal nanoparticles (e.g., Au, Pd and alloys)
have been employed in combination with nanosized Sn-MCM-41 to convert glycerol with
high selectivity towards methyl lactate (87% selectivity at 81% glycerol conversion after
4.5 h reaction at 140 ◦C under 30 bar air) [7]. However, all the heterogeneous catalysts
mentioned above were prepared and used in powder format. For industrial application,
the use of catalyst powders is not practical and shaping into pellets is generally necessary.
This is exemplified by fixed bed reactors, for which the use of powders can generate issues
related to pressure drop. Pelletization does not come without disadvantages, as it typically
requires the use of binders that allow the powders to be shaped into extrudates with
good mechanical strength, but which also decrease the amount of active sites per gram
of material and might negatively affect the surface area and the accessibility of the active
sites [16,17].

Scheme 1. Catalytic route from glycerol to methyl lactate (ML) in the presence of methanol (in black). The possible
by-products are shown in grey [7,14].

In this work, we aimed at combining the promising catalytic properties of Sn-containing
zeolites for the conversion of trioses into lactates with structuring of these materials into
binder-free macroscopic beads with hierarchical porosity. Avoiding the use of binders
can allow overcoming the above-mentioned negative effects on the catalytic properties.
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Our strategy to achieve binder-free shaping involved the use of macroscopic porous resin
beads (Amberlite IRA 900 in Cl− form with a size of 350 to 800 µm) as a hard template
around which zeolite Beta crystals were formed by a tailored hydrothermal method. After
removing the polymeric hard template by calcination, macroscopic beads were obtained,
which contain microporous zeolite Beta crystals that are accessible through the meso- and
macropores generated by removing the polymer (see Scheme 2). Such a hierarchical porous
structure is expected to grant good accessibility to the zeolitic active sites [18–20], while the
macroscopic bead format provides a binder-free shaping that facilitates the separation and
recovery of the catalyst [21,22]. Next, the obtained beads were partially dealuminated by
treatment with nitric acid, and Lewis acid metal centers (Sn, Zr or Hf) [23] were inserted
by a grafting protocol [24]. This postsynthetic approach has been previously reported as a
fluoride-free and thus safer and upscalable approach to prepare zeolites containing tunable
amounts of Al and of a second metal (mostly Sn), thus combining Brønsted and Lewis acid
sites [25–27].

Scheme 2. Synthesis method used to prepare bimetallic zeolite Beta beads.

All the prepared heterogeneous catalysts were tested in the synthesis of methyl lactate
from dihydroxyacetone. The material that displayed the best catalytic performance was
further applied in combination with Au-Pd supported on functionalized CNTs as hetero-
geneous catalytic system for the one-pot conversion of glycerol into methyl lactate. To
the best of our knowledge, this is the first report of the synthesis of bimetallic, hierarchi-
cal and binder-free zeolite Beta beads possessing both Brønsted and Lewis acidity and
of their application as heterogeneous catalysts for converting glycerol or its derivative
dihydroxyacetone into methyl lactate.

2. Results and Discussion

A series of bimetallic and hierarchical zeolite Beta beads were synthesized using
a tailored hydrothermal crystallization method followed by a post-synthetic treatment
involving dealumination and metal-grafting steps. The parent zeolite Beta beads in H-
form were prepared with a theoretical Si/Al = 13 using a hydrothermal synthesis method
in the presence of Amberlite IRA 900 resin beads as hard template (see Section 3). The
obtained material displayed the characteristic XRD pattern of zeolite Beta [BEA] (Figure 1,
top) and high specific surface area (530 m2/g). SEM analysis showed that the beads
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have a diameter ranging from 400 to 850 µm (Figure 2A) and are characterized by a
hierarchical internal structure in which interconnected zeolite particles form a network of
meso- and macropores, mainly in the 30–150 nm range (Figure 2B and pore-size distribution
based on N2 physisorption in Figure S1B in the Supplementary Materials). The actual
Si/Al determined by XRF analysis was 10 (Table 1). Besides the zeolite Beta beads, the
procedure yielded zeolite Beta in conventional powder format as side product (see Figure
S4 for the XRD pattern). Next, the prepared zeolite Beta beads sample was subjected to
a treatment with different concentrations of nitric acid (1.8 or 7.2 M) to achieve different
degrees of dealumination of the material [24]. The silanol groups generated through this
dealumination step were utilized to graft Sn, Zr or Hf atoms, which were anticipated to act
as Lewis acid sites [28].

Figure 1. XRD patterns of the parent zeolite Beta beads and of the metal-containing Beta beads
prepared by dealumination and following metal grafting; (∇) indicates signals from crystalline SnO2

and (H) indicates signals from crystalline ZrO2 (magnified diffractograms highlighting the presence
of these small amounts of metal oxides are provided in Figures S2 and S3).

Table 1. Physicochemical properties of the parent zeolite Beta beads and of the bimetallic zeolite Beta beads.

Entry Catalyst Specific Surface
Area (m2/g) a

[HNO3] for the
Dealumination (M)

Si/Al Molar
Ratio b

Si/MetalLA Molar
Ratio c

1 Parent zeolite Beta beads 530 - 10 -
2 Sn-deAl-1.8-Beta-B 442 1.8 40 50
3 Sn-deAl-7.2-Beta-B 432 7.2 80 133
4 Zr-deAl-1.8-Beta-B 355 1.8 32 13
5 Hf-deAl-1.8-Beta-B 339 1.8 28 55

a BET surface area measured by N2 physisorption. b,c Determined by XRF.

SEM analysis showed that in all cases the bead format and size was preserved after
the acid treatment and the following grafting step (compare Figure 2C for Sn-Beta beads
with Figure 2A for the parent Beta beads). The SEM images also indicate that the zeolite
particles constituting the body of the beads and the structural meso- and macropores
between them were not affected in a detectable way by the postsynthetic steps (compare



Catalysts 2021, 11, 1346 5 of 15

Figure 2B,D–G). This was confirmed by the unaltered pore-size distribution estimated from
N2 physisorption (Figure S1 in the Supplementary Materials).

Figure 2. SEM images of (A) the parent zeolite Beta beads; (B) the surface morphology of the parent zeolite Beta beads;
(C) Sn-deAl-1.8-Beta-B; (D) the surface morphology of Sn-deAl-1.8-Beta-B; (E) the surface morphology of Sn-deAl-7.2-Beta-B;
(F) the surface morphology of Zr-deAl-1.8-Beta-B; and (G) the surface morphology of Hf-deAl-1.8-Beta-B.

XRD measurements of the Sn-containing beads (Figure 1) demonstrated that the
crystalline structure of zeolite Beta was preserved after the acid treatment and the following
grafting step. Additionally, minor traces of crystalline SnO2 (see hollow triangle marker in
Figure 1) might be present in Sn-deAl-7.2-Beta-B. The XRD pattern of Zr- and Hf-containing
beads showed that also these materials retained the crystalline structure of zeolite Beta
after the acid treatment and following metal grafting (Figure 1). Weak signals indicating
the presence of a very small amount of crystalline ZrO2 were observed in the Zr-containing
beads (Figure 1, solid triangle markers). On the other hand, no extra signals were detected
in the diffractogram of Hf-Beta beads, though this is more likely due to the amorphous
nature of the HfO2 species rather than to their absence (vide infra).

The degree of metal incorporation into the zeolite framework was investigated by
means of diffuse reflectance UV-Vis spectroscopy. In the UV-Vis spectra of the two Sn-
containing samples, the band at wavelength below 220 nm is assigned to isolated Sn species
in tetrahedral coordination within the zeolitic framework (Figure 3A,B) [23,29]. The sample
dealuminated with 7.2 M HNO3 (Sn-deAl-7.2-Beta-B) displayed also a broad signal at about
235 nm, which has been ascribed to distorted tetrahedral or penta-coordinated framework
Sn species and/or oligomeric extra-framework SnO2 domains, and a second, partially
overlapping broad band centered at 280 nm, which has been attributed to octahedrally-
coordinated Sn in polymeric species such as bulk SnO2 [29,30]. The same species are
present in Sn-deAl-1.8-Beta-B, though the relative amount of the species giving the signal at



Catalysts 2021, 11, 1346 6 of 15

about 235 nm is significantly lower, leading to a single large band centered at about 270 nm
in the UV-Vis spectrum. These results demonstrate that our materials contain the desired
tetrahedral Sn species in the zeolite framework but also Sn sites with higher coordination
that are expected to have less or no contribution to the catalytic activity, particularly in
the case of the larger SnO2 domains [29]. It should be noted that a similar variety of
species is generally observed in Sn-Beta samples prepared by postsynthetic grafting [30].
The UV-Vis spectrum of the Zr-containing beads presents a band at wavelength below
220 nm and a second, partially overlapping band centered at about 230 nm (Figure 3C).
The former signal is attributed to tetrahedrally coordinated Zr species whereas the latter
is assigned to isolated Zr species but with distorted or higher coordination and/or to
oligomeric ZrO2 [23]. However, it should be noted that bulk ZrO2 also has a maximum
of absorption at about 230 nm, and a shoulder at around 300 nm [31], suggesting its
presence in Zr-deAl-1.8-Beta-B. This is further supported by the small amount of bulk ZrO2
domains identified by the XRD analysis (vide supra). Hf-containing beads also displayed a
sharp peak at wavelength below 220 nm, which is attributed to isolated and tetrahedrally
coordinated Hf (Figure 3D) [23]. In addition, the spectrum showed a broad band at around
235 nm and a shoulder at higher wavelengths that extended up to 330 nm, indicating the
presence of Hf species with distorted or higher coordination [32]. Furthermore, it has been
demonstrated that detection of bulk HfO2 by UV-vis spectroscopy is challenging due to its
weak absorption in the UV-vis range [23], implying that its formation cannot be excluded.

Figure 3. DR-UV-Vis spectra of metal-containing zeolite Beta beads after Kubelka–Munk correction:
(A) Sn-deAl-1.8-Beta-B; (B) Sn-deAl-7.2-Beta-B; (C) Zr-deAl-1.8-Beta-B; (D) Hf-deAl-1.8-Beta-B.

XRF analysis demonstrated the expected higher Si/Al in the dealuminated samples
compared to the parent zeolite Beta beads (Table 1). Additionally, an increase was observed
in the amount of Al removed from the framework of the zeolites when increasing the
HNO3 concentration from 1.8 to 7.2 M in the dealumination step (Table 1, Entries 2 and 3),
in line with logical expectations. The Sn-Beta beads dealuminated using 1.8 M HNO3 also
possessed higher amount of Sn in their structure compared to the counterpart prepared
with 7.2 M HNO3. In the Zr-containing zeolite beads, a remarkably high amount of Zr
was observed by XRF analysis (Table 1, Entry 4), which suggests that this material also
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contains a significant amount of extra-framework Zr species. The Hf-Beta beads showed
approximately the same metal (IV) content as in Sn-Beta beads (Table 1, Entry 5), but a
slightly higher Al content (similarly to Zr-Beta beads).

Analysis of the prepared materials by N2 physisorption indicated that the postsyn-
thetic treatments led to a decrease in specific surface area compared to the parent zeolite
Beta beads (Table 1). This decrease is more significant for Zr- and Hf-containing beads
(355 and 339 m2/g, respectively) than with the Sn-containing beads (442 and 432 m2/g).
This trend is directly related to the increasingly higher atomic mass of Sn, Zr and Hf
compared to Al, but might also be additionally caused by partial blocking of the pores of
the beads due to the formation of oxide domains, as indicated by UV-Vis analysis. The N2
physisorption isotherms of all the zeolite Beta beads are of IUPAC type IV (Figure S1 in
the Supplementary Materials) with a steep increase in adsorption and a hysteresis loop
at high p/p0 (> 0.9), in agreement with the presence of the network of connected meso-
and macropores evidenced by SEM (vide supra) [33]. Coherently with this assignment, the
isotherm of the zeolite Beta in powder form (Figure S1A) displays a much weaker increase
in adsorption at p/p0 > 0.9, as this material does not contain the structural meso- and
macropores that are characteristic of the bead samples.

The combination of the Lewis acidity introduced by grafting Sn, Zr or Hf and the
Brønsted acidity stemming from Al atoms in tetrahedral sites in the zeolite framework
is expected to be highly suitable for catalyzing the conversion of dihydroxyacetone to
methyl lactate. Brønsted acidity catalyzes the triose dehydration step, whereas Lewis
acidity catalyzes the rearrangement step of the intermediate pyruvic aldehyde into methyl
lactate (Scheme 1) [7,24]. Based on these premises, the bimetallic zeolite beads were tested
as heterogeneous catalysts in the conversion of dihydroxyacetone to methyl lactate under
relatively mild conditions (90 ◦C, 6 h—see Table 2). The highest yields of methyl lactate
were obtained with the Sn-Beta beads, which showed also high selectivity towards this
product (Entries 1 and 2 in Table 2). The best catalytic performance was obtained with
Sn-deAl-1.8-Beta-B, which reached 90% yield of methyl lactate with nearly full selectivity
(99%) towards this compound. On the other hand, the Zr- and Hf-Beta beads displayed
lower activity in the conversion of dihydroxyacetone into methyl lactate and yielded the
dimethyl acetal of pyruvic aldehyde as main product (Entries 3 and 4 in Table 2). These
results can be rationalized based on the features of the different catalysts evidenced by
the physicochemical characterization discussed above. The highest activity of Sn-deAl-
1.8-Beta-B compared to Sn-deAl-7.2-Beta-B is ascribed to the significant larger amount
of Al and Sn sites in the former catalyst (see Si/Al and Si/Sn ratios in Table 1). This is
reflected by the higher number of Brønsted and Lewis acid sites that was determined for
Sn-deAl-1.8-Beta-B by FT-IR spectroscopic analysis of adsorbed pyridine (Figure 4 and
Table 3). The lower Si/Al and thus higher Brønsted acid population in Sn-deAl-1.8-Beta-B
are a consequence of the milder dealumination treatment. When comparing the number of
Lewis acid sites per gram of material estimated by FT-IR of adsorbed pyridine with the
number of Sn atoms per gram of material determined by XRF (304 µmol Sn/g for Sn-deAl-
1.8-Beta-B and 120 µmol Sn/g for Sn-deAl-7.2-Beta-B), it follows that 20% of the Sn atoms
in Sn-deAl-1.8-Beta-B act as Lewis acid sites, whereas the fraction is significantly higher
in Sn-deAl-7.2-Beta-B (40%) [34]. This suggests that the Sn species that give the signal at
235 nm in the UV-Vis spectrum of Sn-deAl-7.2-Beta-B contribute to the Lewis acidity of the
catalyst. This difference between the two Sn-Beta beads in the fraction of Sn atoms that
behave as Lewis acid sites is reflected by the much higher turnover number (TONmetalLA )
observed with Sn-deAl-7.2-Beta-B, despite the lower methyl lactate yield (Table 2). The
lower activity of Zr-deAl-1.8-Beta-B and Hf-deAl-1.8-Beta-B compared to their Sn-based
counterpart (Sn-deAl-1.8-Beta-B) in the conversion of dihydroxyacetone can be ascribed to
the observed lower specific surface area of the Zr- and Hf-containing catalysts. However,
the most striking difference is the much higher yield and selectivity towards the dimethyl
acetal of pyruvic aldehyde compared to the desired methyl lactate. It has been shown that
this acetal product tends to form over catalysts in which the population of strong Brønsted
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acid sites is predominant over the Lewis ones [11]. This suggests that the majority of Zr
and Hf atoms in these materials are not acting as Lewis acid sites in the conversion of
dihydroxyacetone to methyl lactate. XRF analysis showed that Zr-deAl-1.8-Beta-B and
Hf-deAl-1.8-Beta-B have, respectively, higher or similar content of metal (IV) compared to
Sn-deAl-1.8-Beta-B (Table 1) and the UV-Vis spectra suggest that a significant fraction of
these metals is inserted in the zeolite framework and thus should behave as Lewis acid
sites. The observed catalytic behavior cannot be ascribed either to the lower Lewis acid
strength of these metal sites compared to their Sn counterparts [35,36], because Zr-TUD-1
and Hf-TUD-1 silicates with large, accessible mesopores have been reported to be active
and selective heterogeneous catalysts for the title reaction [23]. Therefore, we propose that
the Lewis acid sites in Zr-deAl-1.8-Beta-B and Hf-deAl-1.8-Beta-B are poorly accessible
because of partial blockage of the micropores of the zeolite structure caused by metal oxide
species and possibly also as a consequence of the larger ionic radius of Zr (IV) and Hf (IV)
compared to Sn (IV), which decreases the space available in the micropores.

Table 2. Catalytic performance of Sn-, Zr- and Hf-containing zeolite Beta beads in the conversion of
dihydroxyacetone (DHA) into methyl lactate (ML).

Catalyst Yield of
ML (%)

Yield of
PADA (%)

Selectivity (%)
TONmetalLA

ML PADA

1 Sn-deAl-1.8-Beta-B 90 0.4 99 1 57
2 Sn-deAl-7.2-Beta-B 76 6 92 8 120
3 Zr-deAl-1.8-Beta-B 10 53 16 84 2
4 Hf-deAl-1.8-Beta-B 9 23 28 72 6

Reaction conditions: 5 mL DHA 0.4 M in MeOH, 0.2 g of catalyst, 90 ◦C, 6 h. TONmetalLA is defined as
molML/molmetalLA . ML: methyl lactate; PADA: pyruvic aldehyde dimethyl acetal.

Figure 4. FT-IR spectra of pyridine adsorbed at 150 ◦C on A: Sn-deAl-1.8-Beta-B; B: Sn-deAl-7.2-
Beta-B. L and B indicate peaks corresponding to Brønsted and Lewis acid sites, respectively. More
specifically: the signals at 1450 and 1611 cm−1 are ascribed to pyridine adsorbed on strong Lewis
acid sites; the signal at 1560 cm−1 is attributed to pyridine adsorbed on weak Lewis acid sites; the
band centered at 1500 cm−1 stems from both Brønsted and Lewis acid sites; the weak signals at 1540
and 1649 cm−1 are assigned to protonated pyridine on Brønsted acid sites [26].
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Table 3. Type and amount of surface acid sites in the Sn-Beta zeolite beads estimated by pyridine
TPD-FT-IR.

Entry Catalyst
Lewis Acid

Sites (µmol/g)
Brønsted Acid
Sites (µmol/g)

Lewis/Brønsted
Ratio

150 ◦C 150 ◦C 150 ◦C

1 Sn-deAl-1.8-Beta-B 60 13 5
2 Sn-deAl-7.2-Beta-B 48 3 16

The amounts of Lewis and Brønsted acid sites (µmol/g) were calculated from the integration of the bands at 1450
and 1500 cm−1, respectively [37].

Based on the obtained results in the conversion of dihydroxyacetone to methyl lactate,
Sn-deAl-1.8-Beta-B was identified as the most active catalyst among the investigated
bimetallic zeolite Beta beads. The catalytic performance of this material is similar to that
of state-of-the-art heterogeneous catalysts for the conversion of dihydroxyacetone into
alkyl lactates [14,23,29,36,38], with the advantage of the bead format of the material, which
allows its easy separation and recovery from the reaction mixture. To extend the scope of
applicability of our optimum bead catalyst, Sn-deAl-1.8-Beta-B was tested in a physical
mixture with Au-Pd nanoparticles supported on functionalized carbon nanotubes (AuPd-
NP/CNT-F) as multifunctional catalytic system for the one-pot conversion of glycerol into
methyl lactate. The Au-Pd nanoparticles supported on functionalized CNTs have been
shown to be efficient in catalyzing the selective oxidation to a triose (dihydroxyacetone or
glyceraldehyde) [7], which can then be converted into methyl lactate over the Sn-based
catalyst. AuPd-NP/CNT-F with a total metal loading of 1 wt% was prepared according
to a procedure recently reported by our group [7]. TEM analysis of the material showed
the formation of well-dispersed nanoparticles on the carbon nanotubes (Figure 5). Most
nanoparticles were found to have a size ≤ 5 nm, though some larger aggregates in the
10–25 nm range were also present.

Figure 5. TEM image of the Au-Pd nanoparticles supported on functionalized carbon nanotubes
(AuPd-NP/CNT-F).
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The heterogeneous catalytic system consisting of AuPd-NP/CNT-F and Sn-deAl-1.8-
Beta-B was active in the conversion of glycerol to methyl lactate, though both product yield
and selectivity were significantly lower compared to the state-of-the-art catalytic system for
this reaction, in which nanosized Sn-MCM-41 particles in powder format are used instead
of Sn-deAl-1.8-Beta-B (Table 4). Notably, the product distribution was rather different in the
two cases. With the catalytic system consisting of AuPd-NP/CNT-F and Sn-deAl-1.8-Beta-B,
the selectivity towards the desired methyl lactate product was lower (67%) and no methyl
pyruvate (MP) was observed. On the other hand, higher selectivity was observed towards
the methyl carboxylate products of the overoxidation of the glyceraldehyde intermediate,
i.e., methyl glycerate (MGe), dimethyl tartronate (DMT), methyl glycolate (MGo), dimethyl
oxalate (DMO) (Scheme 1). These results indicate that the cooperation between AuPd-
NP/CNT-F and Sn-deAl-1.8-Beta-B is less efficient than in the literature optimum, because
the trioses generated from the partial oxidation of glycerol over AuPd-NP/CNT-F are
less readily converted into methyl lactate over Sn-deAl-1.8-Beta-B and instead are more
likely to undergo further oxidation on the AuPd catalyst. This strongly suggests that the
diffusion of the triose intermediates to the active sites of the macroscopic Sn-Beta zeolite
beads is significantly slower compared to the diffusion to the highly accessible active sites
of the nanosized Sn-MCM-41 particles (50–120 nm). A slower transfer would increase the
probability that the triose intermediates are further oxidized over AuPd-NP/CNT-F rather
than reaching the active sites of Sn-deAl-1.8-Beta-B to be converted into methyl lactate. The
decreased proximity between the AuPd catalyst and the Sn-based catalyst also limits the
transport of the formed methyl lactate from Sn-deAl-1.8-Beta-B to AuPd-NP/CNT-F, thus
preventing its oxidation to methyl pyruvate (Scheme 1) and accounting for the absence
of this normally observed by-product (Table 4). In our catalytic test we also observed
the formation of 1,2-glycerol formal (GF), which is the product of the acetalization of
formaldehyde—generated by partial oxidation of methanol—with glycerol. The higher
selectivity towards this product compared to previous reports [7] is ascribed to the presence
of strong acid sites in Sn-deAl-1.8-Beta-B, which are well-known to be active in catalyzing
acetalization reactions [39,40].

Table 4. Catalytic performance of Sn-Beta zeolite beads in combination with AuPd-NP/CNT-F in the conversion of glycerol
to methyl lactate.

Entry Catalyst Conv.
(%)

Yield of
ML (%)

Selectivity (%)

ML MP MGe DMT MGo DMO GF

1 Sn-deAl-1.8-Beta-B 29 20 67 n.d. 3.9 7.1 5.8 4.8 5.8
2 Sn-MCM-41-XS a 81 70 87 5.6 5.1 0.3 1.6 0.2 n.d.

Reaction conditions: 20 mL glycerol 0.25 M in MeOH, 0.1 g AuPd-NP/CNT-F, 0.2 g Sn-containing catalyst, 140 ◦C, 30 bar air, 4.5 h
(n.d. = not detected). a Data taken from ref. [7].

3. Experimental Section
3.1. Materials

1,3-dihydroxyacetone dimer (97%), glycerol (99%), methyl glycolate (98%), methyl
lactate (98%), tartronic acid (97%), dimethyl oxalate (99%), glyceric acid (20% in H2O),
methyl pyruvate (98%), tin chloride (SnCl4, 98%), pyruvic aldehyde dimethyl acetal (98%),
zirconium (IV) propoxide solution (Zr(OCH2CH2CH3)4, 70 wt% in 1-propanol), hafnium
(IV) chloride (HfCl4, 98%), tetraethyl orthosilicate (TEOS, 99%), tetraethylammonium
hydroxide (TEAOH, 35 wt% in H2O), Amberlite IRA 900 in Cl− form, silica gel (high purity
grade 9385), gold (III) chloride hydrate (AuCl3, 99.999%), palladium (II) chloride (PdCl2,
99.999%), polyvinyl alcohol (PVA, MW 9000–10,000, 80% hydrolyzed), sodium borohydride
(99%), nitric acid (ACS reagent. 70 wt% HNO3 in water) and multiwalled carbon nanotubes
(CNTs > 95% purity, O.D. (outer diameter) × L (length) 6–9 nm × 5 µm were purchased
from Sigma Aldrich (The Netherlands). Sulfuric acid (98%) was purchased from Merck
(The Netherlands). Sodium aluminate anhydrous (purity 99.5%) was purchased from
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Riedel-de Haën (Germany). MilliQ water was used for all steps of synthesis. No further
pretreatment was applied for all-mentioned chemicals before using them in the synthesis
of the catalysts and in the catalytic reactions.

3.2. Catalyst Synthesis

Zeolite Beta beads were synthesized by using Amberlite IRA 900 resin beads as hard
templates and adapting an established hydrothermal method for the synthesis of zeolite
Beta powder [41]. In a typical synthesis, 4.58 g of silica gel was partially dissolved in 17.71 g
of tetraethylammonium hydroxide solution (TEAOH, 35 wt% in H2O) and stirred for 1 h
at room temperature. Next, an Al-containing solution was prepared by dissolving 0.57 g of
NaAlO2 in 10.74 g of H2O under stirring for 10 min. This solution was added dropwise to
the first mixture and further stirred for 1 h. Finally, the Amberlite IRA 900 resin beads were
added to this mixture with a weight equal to one twentieth of the obtained suspension
(1.68 g) [22]. This suspension was transferred into a 50 mL Teflon-lined autoclave, which
was then closed and placed in an oven at 150 ◦C for 6 days in static condition. After
this hydrothermal treatment, the autoclave was cooled down to room temperature, and
opened. The obtained solids, consisting of zeolite Beta powder and beads with a typical
bead-to-powder mass ratio of ca. 0.25, were separated from the liquid phase by filtration.
Afterwards, the beads and powders were washed with H2O (1 L) to reach pH around 7–8
and dried at 100 ◦C overnight. The beads were separated from the powder by sieving on
a sieve with an aperture of 160 µm. Both beads and powder sample were calcined in a
muffle furnace in static air with a two-step temperature program (3 ◦C/ min from 20 ◦C
to 200 ◦C, 6 h, 2 ◦C/min to 600 ◦C, 6 h) to remove the resin beads as spherical shaping
template and the TEA+ as micropore structure directing agent. The obtained zeolites were
in their Na-form. To convert them into their H-form, they were ion-exchanged using 1 M
NH4NO3 aqueous solution (10 mL/gzeolite) under stirring at 80 ◦C for 8 h. After the ion-
exchange step, the samples were dried and calcined with the same calcination procedure
mentioned above, thus yielding the H-form of zeolite, possessing Brønsted acidity. For
embedding Lewis acid metals (Sn, Zr or Hf) into the zeolite structure, the parent zeolite
beads were dealuminated using aqueous HNO3 (1.8 M or 7.2 M, 55 mL/gzeolite) under
stirring at 80 ◦C for 15 h using a custom-made stirring vial with an overhead stirring rod
(to prevent deterioration of the beads). Afterwards, the samples were filtered, washed
to remove Al debris and dried at 60 ◦C overnight [24,42]. Next, the metal grafting step
was carried out by adding 1 g of dealuminated zeolite to 100 mL of a 0.27 M solution of
the appropriate metal precursor (i.e., 27 mmol of SnCl4, Zr(OCH2CH2CH3)4 or HfCl4) in
dried 1-propanol, followed by stirring under N2 blanketing and cooling water reflux for
7 h. Afterwards, each batch was filtered, washed with dry 2-propanol, dried at 60 ◦C and
calcined with the temperature program described above. Dealuminated and metal grafted
samples were labeled as M-deAl-c-Beta-B, in which “c” is the concentration of HNO3 used
in the dealumination step, “M” is the metal used in the grafting step, and “B” indicates the
bead format.

The synthesis of Au-Pd nanoparticles supported on functionalized CNTs has been
reported in previous work of our group [7]. Prior to use, the CNTs were treated and
functionalized using nitric and sulfuric acid [7].

3.3. Characterization of the Catalysts

The crystallinity of the zeolite samples was investigated by X-ray diffraction (XRD)
using a Bruker D-8 Advance-Germany diffractometer with Cu-Kα radiation (λ = 1.5418 Å)
generated at 40 kV and 40 mA. Data for the 2θ angle were collected from 5 to 80◦ with a
step size of 0.02◦ and a scan rate of 1◦/min. The surface morphology was investigated
by scanning electron microscopy (SEM) using a Philips XL30 ESEM FEG. Prior to SEM
analysis, the zeolite samples were coated with a gold layer to make their surface conductive.
The specific surface area of the prepared materials was measured by N2 physisorption
at −196 ◦C using a Micromeritics ASAP 2420. The BET (Brunauer-Emmet-Teller) and
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BJH (Barret-Joyner-Halenda) models were applied to determine the specific surface area
and pore size distribution, respectively. Prior to the N2 physisorption, the samples were
degassed at 300 ◦C for 12 h. The UV-Vis spectra were measured using a JASCO 570 UV−Vis-
NIR absorption spectrometer with a scanning speed of 100 nm/min. Lewis and Brønsted
acidity were measured by FT-IR spectroscopy using pyridine as a probe molecule in a
Bruker Vertex 70 spectrometer equipped with a liquid nitrogen-cooled mercury-cadmium-
telluride (MCT) detector with 4 cm−1 resolution and 128 scans. The self-supported discs
(approximately 30 mg, disc diameter ~ 1 cm) were pretreated at 400 ◦C under vacuum
for 5 h to remove adsorbed water and then cooled down to room temperature. During
the cooling step, the background spectra were recorded at 25 ◦C. Next, the samples were
saturated with pyridine vapor at 20 mbar and 25 ◦C for 30 min and evacuated again for
30 min to remove the physisorbed pyridine. The evacuated samples were subjected to
temperature-programmed desorption (TPD) at 150 ◦C for 30 min with a heating rate of
4 ◦C/min and the FT-IR spectra were recorded in situ at this temperature. The elemental
analysis was performed with X-ray fluorescence (XRF) using a PANalytical Epsilon 3XLE
equipment. 100 mg of the selected zeolite sample was analyzed and the amounts of each
element (Si and the metal elements) were calculated assuming that these elements were
in their oxide form. Transmission electron microscopy (TEM) images were taken using a
CM12 (Philips) electron microscope working at 120 keV. The TEM samples were prepared
by dispersion of the solid material in ethanol and sonication for 40 min. Next, one drop of
prepared suspension was placed on a 400 mesh copper grid coated with carbon.

3.4. Catalytic Tests

The reaction of dihydroxyacetone (DHA) to methyl lactate (ML) in the presence of
zeolite beads was conducted in a custom-made stirring vial equipped with an overhead
stirring rod. This set-up allowed maintaining the shape integrity of the beads during the
reaction. In a typical test, 5 mL of DHA solution (0.4 M in methanol) was added to 0.0215 g
of n-decane as internal standard and heated at 45 ◦C for 30 min to convert the DHA dimer
into the DHA monomer. Next, 0.2 g of zeolite catalyst was added to the reaction vial,
followed by heating the reaction mixture to 90 ◦C for 6 h. Afterwards, the stirring and
heating were turned off and the sample was allowed to cool down to room temperature.
The beads settled at the bottom of the reaction vial upon stopping the overhead mechanical
stirrer, thus not requiring any additional step for their separation from the reaction mixture.
The products were quantified by injecting the reaction mixture into a GC (Thermo Tracer
GC) equipped with a Restek Stabilwax-DA column (30 m length, 0.32 mm ID and 1 µm df)
and a flame ionization detector (FID).

The yields of ML (main product) and of the pyruvic aldehyde dimethyl acetal (PADA)
side product were calculated using Equations (1) and (2).

YML =
[ML]

[DHA]0
× 100% (1)

YPADA =
[PADA]

[DHA]0
× 100% (2)

in which [ML] and [PADA] are the concentrations of the two products at the end of the
reaction and [DHA]0 is the initial DHA concentration. The selectivity towards ML and
PADA was calculated by means of Equations (3) and (4):

SML =
YML

YML + YPADA
× 100% (3)

SPADA =
YPADA

YML + YPADA
× 100% (4)

Each compound was calibrated by four different concentrations. Due to its low
response factor, the conversion of DHA cannot be measured by GC [11].
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For the conversion of glycerol into ML, a 100 mL Parr stainless steel autoclave
equipped with a Teflon liner was used. In a typical experiment, 20 mL glycerol (0.25 M
in methanol) and a physical mixture of 0.1 g AuPd-NP/CNT-F and 0.2 g of Sn-containing
zeolite beads were transferred into the reactor. Then, the mixture was stirred using an
overhead mechanical stirrer at 800 rpm at 140 ◦C under 30 bar air pressure (oxidizing agent)
for 4.5 h (0.5 h of heating time and 4.5 h at 140 ◦C, for a total of 5 h) [7]. At the end of the
reaction, the autoclave was cooled down to ambient temperature and then depressurized.
The catalyst was separated from the reaction solution by filtration and the liquid phase was
tested using the above-mentioned GC. The conversion of glycerol was calculated using
Equation (5):

Conv.glycerol =
[gly]0 − [gly]

[gly]0
× 100% (5)

in which [gly]0 and [gly] are the glycerol concentrations at the beginning and the end
of the catalytic test, respectively. The selectivity of products was calculated by means of
Equation (6):

SP =
[P]

[gly]0 − [gly]
× 100% (6)

in which [P] is the concentration of each product detected by GC. The carbon balance
(C%) was calculated by summation of the amount of unreacted glycerol (as % of the initial
amount) and the yields of products detected by GC.

All the catalytic tests for the conversion of dihydroxyacetone into methyl lactate were
carried out in duplicate, showing ±3% reproducibility in the methyl lactate yield values.
The reported yields were obtained by calculating the average of the two values obtained
experimentally.

4. Conclusions

In this study, we developed several bimetallic zeolite Beta beads containing Lewis
(Sn, Zr or Hf) and Brønsted (framework Al) acid sites by employing a two-step protocol.
Firstly, zeolite Beta beads were synthesized by hydrothermal crystallization in the presence
of anion-exchange resin beads as hard template. Next, the zeolite Beta beads were partially
dealuminated by acid treatment and the sites from which Al was removed were employed
to graft metal atoms with Lewis acid behavior (Sn, Zr or Hf). Among all metal-grafted
catalysts, Sn-containing zeolites were highly active in the conversion of the glycerol-derived
dihydroxyacetone into methyl lactate, reaching 90% yield and 99% selectivity after 6 h of
reaction at 90 ◦C. This catalytic behavior is ascribed to the large population of Lewis and
Brønsted acid sites that was evidenced by FT-IR spectroscopy of adsorbed pyridine, and to
the hierarchical porosity and high specific surface area of the beads that were demonstrated
by SEM and N2 physisorption. This study showed that it is possible to produce binder-free
bimetallic zeolite catalysts in the format of macroscopic beads and that high activity and
selectivity in the conversion of dihydroxyacetone to methyl lactate can be achieved by
carefully tuning the preparation method (i.e., the dealumination degree) and the nature of
the Lewis acid metal. The optimum Sn-Beta beads were also tested in combination with
Au-Pd nanoparticles supported on functionalized carbon nanotubes as multifunctional
catalytic system for the one-pot conversion of glycerol to methyl lactate. The catalytic
performance in this reaction was limited by the transport of the reaction intermediates
between the two materials and achieved only moderate conversion of glycerol (29%) with
67% selectivity towards methyl lactate after 5 h at 140 ◦C under 30 bar air. Future work
should aim at achieving proximity between the Au-Pd nanoparticles and the Sn and Al sites
of the zeolite beads, which is expected to increase the yield and selectivity towards methyl
lactate. Further future research directions can aim at exploiting the shaped binder-free
nature of these zeolite beads in catalytic applications in fixed-bed reactors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11111346/s1, Figure S1: N2 physisorption isotherms, Figure S2: Magnified X-ray
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diffractograms of Sn-containing Beta beads and of commercial SnO2, Figure S3: Magnified X-ray
diffractograms of Zr-deAl-1.8-Beta-B and of commercial ZrO2, Figure S4: X-ray diffractogram of the
parent zeolite Beta powder.
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