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ARTICLE INFO ABSTRACT

Keywords: The potential use of acetals as bioadditives based on sustainable feedstocks in the automotive industry is of great

Ui0-66 interest. If such feedstock is a residual stream, the process would represent a dual environmental challenge, such

TOF?OS_ as the valorization of glycerol obtained as a by-product of biodiesel to produce acetals. There are just scarce

B:]’el';?ﬂj:;lloge works about this synthetic route due to the challenge in finding efficient catalytic converters for glycerol
Ve valorization in a single process. Herein four different Metal-Organic Frameworks (MOFs) are evaluated as het-

Metal-organic frameworks o . . i

Acid sites erogeneous catalysts for the acetalization reaction of benzaldehyde with methanol, specifically, two structures,

MOF-808 and UiO-66, containing two structural metal ions, zirconium and hafnium. The aim of this work is to
investigate the influence of the MOF structure, the metallic active sites and the reaction conditions on the cat-
alytic performance of this acetal production-type reaction. Furthermore, the recyclability of the catalyst is
evaluated, and a potential reaction mechanism is suggested. As relevant results, H-MOFs showed higher
benzaldehyde conversion than Zr-based ones, and significant improvements in reaction conditions were ach-
ieved, such as a significant reduction in catalyst loading of 99.6 % using UiO-66-Hf, and an optimization of
reagent ratios reducing methanol consumption by 50 % for a 92 % of benzaldehyde conversion. The Brgnsted
character of UiO-66-Hf seems to enhance the reaction rate more than the metal center accessibility and larger

pore volumes offered by MOF-808.

1. Introduction

Acetals have their main application in the chemical, fine chemical
cosmetics and pharmaceutical industries as intermediates or final
compounds [1]. However, these products are becoming increasingly
important in the automotive industry as well since they can be used as
bioadditives for oxygenated fuels to increase the octane number of
gasoline [2,3], improve the properties of biodiesel [4,5] and even to
reduce particulate emissions [6,7]. The reaction mechanism of acetal
production involves two reversible steps, through the reaction of two
alcohol molecules with one of aldehyde, which is catalyzed by an acid,
either Lewis or Brgnsted. In the first step, an alcohol molecule reacts
with an aldehyde molecule, leading to the formation of the corre-
sponding hemiacetal. In the second step, another alcohol molecule re-
acts with the hydroxyl group of the hemiacetal to form the
corresponding acetal and water [8,9]. In recent years, acetal production
in industry has largely increased, which involves the use of homoge-
neous catalysts such as HoSO4, HF, HCl, H3PO4 [10-13]. However, these
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catalytic processes have notable drawbacks since there are severe
corrosion problems, large volume of toxic wastes produced as well as the
common problems catalysts recovery [14]. To address these issues,
heterogeneous catalysis could be implemented in this kind of processes.
So far, several types of materials have been tested as heterogeneous acid
catalysts for the acetalization of diverse carbonyl compounds, including
activated carbons [15,16], zeolites [17,18], montmorillonite [19,20],
heteropolyacids with a Keggin structure [21], graphene oxide [22],
polyoxometalate [23] and acidic resins such as Amberlyst [24,25].
Metal-Organic Frameworks (MOFs) are porous, crystalline, and
versatile materials, formed by metal ions or cluster nodes and functional
organic ligands, connected through coordination bonds [26,27]. Due to
their structural versatility, MOFs can harbor Lewis and Brgnsted acid
sites that enhance their properties as a heterogeneous catalyst [28-31].
The acetalization of benzaldehyde with methanol using different MOFs
as heterogenous catalysts have been recently tested [32-35]. In 2010,
Dhakshinamoorthy et al. reported a MOF structure in this reaction for
the first time [32], demonstrating that it provides higher activity for
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acetal formation compared to zeolites and clays.

Shortly after, Timofeeva and others produced a series of closely
related MOFs using the UiO-66 design [33]. Their objective was to
investigate the impact that the linking functional groups had on Lewis
acidity in solids through inductive effects. They discovered that
enhanced Lewis acidity resulted in a higher catalytic activity in acetal-
ization. More recently in 2020, Hall et al. noted that Brgnsted acid sites
generated a more significant catalytic activity for the acetalization re-
action in MIL-100(Cr) and MIL-100(Fe) materials [35]. However, it re-
mains unclear whether the catalytic performance of the reaction is
governed by Lewis or Brgnsted acids, despite the utilization of diverse
structures featuring distinct metal ions.

So far, the few MOFs that have been studied and reported in litera-
ture show that the highest catalytic performance in acetalization has
been achieved employing the UiO-66-Zr structure [33,34,36]. In this
regard, a series of MOFs with 12-, 10-, 8-, and 6-connected nodes have
been described elsewhere due to the versatility of Zr-based nodes as
structural elements. For instance, MOF-808-Zr has displayed higher
catalytic activity compared to UiO-66-Zr in several reactions [37,38]. In
both structures the same secondary building unit (SBU) of ZrgO4(OH)4 is
connected to twelve 1,4-benzene-dicarboxylate (BDC) ligands in
UiO-66, whereas six benzene-1,3,5-tricarboxylic acid (BTC) ligands are
attached to an SBU in MOF-808, so the coordinatively units are unsat-
urated in MOF-808-Zr, resulting in the terminal Zr-OH/Zr-OH, being
oriented towards the center of the MOF pores. This, along with its
improved textural properties, enhances the accessibility of the sub-
strates to its active catalytic sites [39]. In this context, Gan Ye et al. have
recently assessed the catalytic performance of MOF-808-Zr in this re-
action using various synthesis methods [40], although it has not been
compared to other MOF structures under the same conditions.

It is noteworthy that the similarity between zirconium and hafnium
provides an opportunity to create isostructural materials for both MOF
structures (MOF-808 and UiO-66) by simply substituting Zr for Hf re-
agents under similar synthetic conditions, while maintaining elevated
high chemical, thermal and mechanical stability [41-44]. This is inter-
esting as the same structure synthetized with dissimilar metals may
exhibit different Lewis or Brgnsted acid character, affecting catalytic
performance and providing scope for further investigation [45].

In this work, the influence of the MOF structure, as well as the
presence of zirconium and hafnium as metals in the UiO-66 and MOF-
808 materials is evaluated in the acetalization reaction of benzalde-
hyde with methanol at room temperature. The effect of the reaction
variables such as catalyst concentration and reactant ratios will be
studied to determine the best operation conditions for the acetalization
of benzaldehyde. Furthermore, this assessment allows an indirect com-
parison of the acidity of this two MOFs, highlighting the first testing of
MOFs with structural hafnium ions in this reaction. Finally, the cata-
lyst’s recyclability is also evaluated through several successive catalytic
runs, checking its structural and catalytic activity resistance.

2. Experimental section
2.1. Materials

All reagents and solvents were purchased from commercial sources
and used without further purification. Benzaldehyde (BA, 99 %, Fluka),
methanol (MeOH, >99.8 %, Merck), zirconium (IV) chloride (ZrCly,
>99.5 %, Aldrich), hafnium (IV) chloride (HfCl4, Alfa Aesar), dime-
thylformamide (DMF, >99 %, Cymit), formic acid (HCOOH, 90 %,
Fisher Chemical), benzene-1,3,5-tricarboxylic acid (H3BTC, >95 %,
Aldrich), terephthalic acid (HyBDC, 98 %, Aldrich), nitrobenzene
(Aldrich).
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2.2. Catalyst preparation

2.2.1. Synthesis of MOF-808-Zr

This material was synthesized following a procedure similar to that
described by Y. Liu et al. [46]. ZrCl4 (5 mmol, 1.165 g) and H3BTC
(5 mmol, 1.1 g) were dissolved in a mixture of DMF/HCOOH
(200 mL/200 mL) and stirred for 30 min. The mixture was placed in an
autoclave reactor at 100 °C for 72 h. The obtained white MOF powder
was centrifuged and washed with fresh DMF and acetone, each solvent
being used three times. Finally, it was dried in an oven at 100C for 6 h.

2.2.2. Synthesis of MOF-808-Hf

MOF-808-Hf was synthesized according to a previously reported
procedure with minor modifications [47]. HfCl4 (5 mmol, 1.63 g) was
dissolved in a mixture of HoO/HCOOH (30 mL/20 mL) and stirred at
room temperature until a translucent solution was obtained. Then,
H3BTC (5 mmol, 1.05 g) ligand was added. The flask containing this
mixture was placed in an oil bath with refluxed at 100 °C for 12 h. The
white MOF powder obtained was centrifuged and washed three times
with water and methanol. Finally, the material was dried in an oven at
100C for 6 h.

2.2.3. Synthesis of UiO-66-Zr

In a typical procedure, UiO-66-Zr material is prepared according to a
method reported in the literature [48]. ZrCly (164 mg, 0,7 mmol) and
H2BDC (114 mg, 0,7 mmol) were dissolved in 8 mL of DMF and were
stirred for 30 min in a screw capped bottle. Then, the mixture was placed
in an oven at 120C for 24 h. The white product obtained was washed
with DMF and methanol twice. Finally, the MOF was dried in an oven at
100C for 6 h.

2.2.4. Synthesis of UiO-66-Hf

In a typical solvothermal synthesis [44], HfCl4 (300 mg, 0,94 mmol)
and H,BDC (174 mg, 1 mmol) were dissolved in 10 mL of DMF solution
containing 0.1 M H»0 and stirred for 30 min in a screw capped bottle.
The synthesis was carried out in a pre-heated oven at 100C for 24 h. The
resultant powder was centrifuged and washed out with fresh DMF and
ethanol three times. Finally, it was dried in an oven at 100C for 6 h.

2.3. Instrumentation

X-ray powder diffraction (XRD) patterns were acquired on a PHILIPS
XPERT PRO diffractometer using CuKa radiation (1.542 10\). The data
were recorded from 5 to 50 (20) with a resolution of 0.01°. Argon
adsorption—desorption isotherms were measured at 87 K using an 3Flex
Micromeritics equipment, prior the samples were degassed at 150 °C
and high vacuum during 12 h. The total surface area was calculated by
using the Brunauer-Emmett-Teller (BET) model. Pore volume was
assessed using the Dubinin-Radskevich equations. The pore size distri-
bution was estimated using non-local DFT calculations, assuming a
kernel model of split pore, Ar-carbon at 87 K. External surface was
estimated by the t-plot method and the Harkins Jura equation. Simul-
taneous thermogravimetry and derivative thermogravimetric analyses
(TGA/DTG) were carried out under air atmosphere at a heating rate of
5 °C/min up to 800 °C, using a SDT 2860 apparatus. Metal content in the
filtered solution after reaction was measured by ICP-OES analysis
collected in a Varian VISTA AX system. The acidity of the samples was
investigated by CD3CN adsorption at room temperature and CO
adsorption at 77 K followed by FTIR spectroscopy using a Bruker Vertex
80 v spectrophotometer working at 3 cm ™! resolution. Commonly, a self-
supporting wafer of MOF was prepared and degassed inside an IR cell
under dynamic vacuum at 453 K for 8 h. The morphology of the samples
was studied by Scanning Electron Microscopy (SEM) using a JEOL JSM-
7900 F microscope with an accelerating voltage of 15 kV.



E. Garcia-Rojas et al.

H;CO OCH;

CHO

+ MeOH

BA BDA

Scheme 1. Acetalization of benzaldehyde with methanol.
2.4. Reaction procedure

According to Scheme 1, the acetalization of benzaldehyde with
methanol was carried out following the conditions described in previ-
ously published references [32-35]. 1 mmol of BA, 3 mL of methanol
and 50 mg of MOF were added to a round bottom flask closed with a
septum plug. This mixture was placed in a water bath at 30 °C to produce
benzaldehyde dimethyl acetal (BDA).

For the kinetic studies, several aliquots were taken during the
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reaction (2 h). All samples were analyzed three times by gas chroma-
tography (Fig. S2.1.), using a GC-3900 Varian chromatograph equipped
with a HP-5 column (30 m x 0.25 mm, film thickness 0.25 pm) and a
flame ionization detector (FID). Prior to injection, nitrobenzene was
added to each sample as an internal standard. The catalytic turnover
number, TON = mmol of product/mmol of metal in the catalyst, is
measured at different times to evaluate the activity of the metallic sites.
Experimental metal content was estimated from TGA analysis. The
turnover frequency, TOF=TON/time (h), was evaluated only at shorter
times.

3. Result and discussion
3.1. Catalyst physicochemical characterization

To confirm the successful synthesis of the four materials (UiO-66-Zr,
UiO-66-Hf, MOF-808-Zr, MOF-808-Hf), they were physiochemically

characterized. Powder X-ray diffraction (XRD) patterns (Fig. S1.1.) show
the location and the relative intensity of the main reflections

Table 1
Textural properties of MOF-808 and UiO-66.
Material Sprr’ S, SmesotExt Vp© Dp(A) mmolye/gear” %Me" %Me?
(m?%/g) (m%/g) (m?%/g) (em®/g)
Ui0-66-Zr 1324 1216 108 0.43 10.9 and 7.5 3.70 329 33.7
Ui0-66-Hf 833 627 206 0.40 11.5and 7.5 2.84 49.0 50.7
MOF-808-Zr 2159 1596 563 0.71 16.8 and 21.7 4.35 40.1 39.7
MOF-808-Hf 998 561 437 0.57 13 and 17.9 3.00 56.7 53.1
@ Specific surface area using- BET equation.
b Surface areas corresponding to microporosity and mesopores + external, calculated using the t-Plot method.
¢ Total pore volume at P/Py=0.98.
4 Pore diameter.
¢ mmol metal/g catalyst calculated by TGA analysis.
f Weight percent metal from the theorical molecular formula.
8 Weight percent metal from the TGA residue.
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Fig. 1. FTIR spectra of CD3CN adsorbed at 298 K on (a) UiO-66-Zr, (b) UiO-66-Hf, (c¢) MOF-808-Zr and (d) MOF-808-Hf.
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corresponding to MOF-808 (8.3-8.7°, 9.9° and 10.9°) and UiO-66 (7.4°
and 8.5°) crystalline structures [46,48]. When compared to the simu-
lated pattern from the crystallographic data, no secondary crystalline
phases are detected, confirming the exclusively presence of both the
desired phases and isostructural MOFs with zirconium and hafnium
ions. Both metals belong to the same group IV of the periodic table and
have the same d° electronic configuration like Zr** and Hf*", and also
have similar ionic radius, 79 and 78 pm respectively. Despite falling in a
lower period than the lanthanide contraction, they have similar physical
properties and coordination topologies[49-51].

Air TGA were performed from 50 to 800°C (Fig. S1.2) to study the
thermal stability of these materials. Generally, three weight loss steps
were observed. The first between 50 and 150°C, corresponding to
removal of exchange solvent and moisture adsorbed from the porous
system. The second weight loss was observed between 150 and 350°C,
corresponding to the elimination of the solvent coordinated in the
structure. The last weight loss is related to organic degradation and
structural collapse. This study allowed the quantification of the metals
contained in each of the materials as shown in Table 1.

Argon adsorption/desorption isotherms were performed to evaluate
the textural properties of all MOF structures (Fig. S1.3). BET surface
area, pore volume, and pore diameter are summarized in Table 1 which
are found to be quite like those reported in literature [44,46-48], being
higher in the case of MOF-808 structure with both metals. Increasing the
connectivity of the MgO4(OH)4 clusters from 6 to 12 changes the degrees
of freedom from slightly flexible MOF-808 to rigid UiO-66 [52].

Scanning electron microscopy was carried out to study the
morphology and particle size of four synthesized MOFs (Fig. S1.4).
Hafnium materials have a spherical morphology, while MOF-808-Zr and
UiO-66-Zr are different, being more similar to bipyramids and flakes,
respectively. Hf-based MOFs were in the nanometer range while Zr ones
were larger in the micrometer scale, following the order UiO-66-Hf <
MOF-808-Hf < UiO-66-Zr < MOF-808-Zr, with average sizes of 90 nm,
130 nm, 700 nm and 1.02 pm, respectively.

3.2. Lewis and Brgnsted acid-sites characterization

The nature of the acid sites of the prepared catalyst was assessed by
FTIR spectroscopy using CD3CN and CO as probe molecules. The IR
spectra of CD3CN adsorbed on all activated samples (Fig. 1) shows two
V(CN) vibrational bands at 2312—2304 and 2261 cm™, assigned to the
adsorption of CD3CN on Lewis acid sites and to physiosorbed CD3CN,
respectively [53]. A comparison of the frequencies of the bands corre-
sponding to CD3CN adsorbed on Lewis acid sites shows that these bands
appear on the Hf-MOFs at a higher wavenumber than on the spectra of
the Zr-MOFs, indicating a stronger Lewis acidity of Hf-MOFs, which has
been also observed by other authors [54].Adsorption of CD3CN also
clearly revealed the existence of Brgnsted acid sites through v(CN) bands
at 2277—2275 cm™ ! [53,54]. The normalized integrated signals asso-
ciated with Brgnsted and Lewis acid sites of all the studied MOFs indi-
cated that the catalyst with the highest and lowest number of acid sites
are UiO-66-Hf and MOF-808-Zr, respectively (Fig. S1.5). On the other
hand, Fig. S1.6. shows the IR spectra in the v(CO) region of adsorbed CO
on activated catalysts. The infrared spectra of adsorbed CO on UiO-66
samples show a distinctive IR absorption band at 2152 cm™! associ-
ated with OH—CO interaction. Which is in agreement with previous
results [55]. It should be noted that carbon monoxide is a weaker base
than acetonitrile and, in the case of MOF-808 samples, no interaction
was observed, which suggests a higher Brgnsted acid strength of UiO-66
catalysts.

3.3. Catalytic activity
The initial study was performed using the reaction conditions re-

ported in literature: 1 mmol of benzaldehyde (BA), 3 mL of methanol
and 50 mg of catalyst were added at room temperature with vigorous
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Fig. 2. Benzaldehyde conversion of MOF-808 structure with Zr and Hf.

Table 2
TON of MOF-808 of Zr and Hf. Reaction condition: 50 wt% of MOF, benzalde-
hyde (1 mmol), methanol (75 mmol) and 30°C.

time (min) MOF-808-Hf MOF-808-Zr
15 5.6 1.0
30 6.0 1.4
45 6.2 1.8
60 6.2 2.2
90 6.3 2.7
120 6.1 3.1
240 6.1 4.3
1440 6.1 4.3

stirring for 24 h [33]. Zirconium and hafnium MOF-808 were used as
catalyst to evaluate the influence of the metal ion on the reaction
(Fig. 2). Although MOF-808-Zr has been previously evaluated [40], its
isostructural hafnium counterpart has not been tested in the acetaliza-
tion reaction of benzaldehyde with methanol, despite the significant
potential of the metal ion in this application.

After 24 h, similar results were obtained for both materials, but
significant differences in the performance of the reaction were observed.
When Hf was used, the initial reaction rate is significantly faster,
reaching a conversion of 85 % in 15 min, compared to 21 % for the Zr-
MOF catalyst. In order to compare the individual effect of the catalytic
metal sites of each material on the performance in the acetalization
reaction, the TON was calculated and shown in Table 2, confirming what
has been observed in terms of conversion. Furthermore, for 15 min, the
hafnium material exhibits a TOF of 22 rnmol-g’l-h’1 versus
4 mmol-g~1-h ™ for zirconium. It is supposed that textural properties are
not a critical parameter in these catalytic experiments since a large
amount of catalysts is added to the reaction media, so it is expected a
high availability of the active centers. This result could be related to the
higher Brgnsted acidity of Hf ions compared to Zr ones in isostructural
MOF materials [37], that has been attributed to a slightly higher oxo-
philicity of the former. For example, Bakuru et al. tested isostructural
UiO-66 MOFs based on Zr, Ce and Hf in the acetalization of glycerol with
acetone, observing remarkable differences in the reaction conversion
related to the metal ion’s oxophilicity [45]. This behavior has been
explained by the higher dissociation enthalpy of the Hf-O bond
(802 KJ/mol) versus Zr-O bond (776 KJ/mol), which confers a stronger
Brgnsted acid character to the former [56]. The stronger Lewis character
of Hf produces a higher polarization of the Hf-O bond, which might
contribute to the Brgnsted acidity of Hf-containing structures, which is
in agreement with the results found in the characterization of the acid
sites through FITR using CD3CN as a molecule probe. It should be noted
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Fig. 3. Study of catalyst loading of MOF-808-Hf in acetalization of benzalde-
hyde with methanol. Reaction conditions: benzaldehyde (1 mmol), methanol
3 mL (75 mmol) and 30°C.
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Fig. 4. Influence of reagents molar ratio in acetalization of benzaldehyde with
methanol. Reaction conditions: 6.25 wt% MOF-808-Hf and 30°C.

that in all cases, the selectivity obtained was 100 %, and the only
product observed was benzaldehyde dimethyl acetal with no reaction
by-product, followed by 'H-RMN (Fig. $2.2.).
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Fig. 5. a) XRD patterns of MOF-808-Hf before and after reaction.
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Conversion (%)
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Fig. 6. Conversion profiles for benzaldehyde acetalization, catalyzed by (a)
6.25 wt% UiO-66-Hf; (b) 6.25 wt% UiO-66-Zr; (c) 6.25 wt% MOF-808-Hf; (d)
6.25 wt% MOF-808-Zr and (e) blank (no catalyst). Reaction condition: benz-
aldehyde (1 mmol), methanol (37 mmol) and 30°C.

3.4. Optimization of reaction parameters

Based on the high benzaldehyde conversion obtained with MOF-808-
Hf, the reaction conditions were optimized for this material by varying
the catalyst loading and reagents ratio. The first reaction variable
studied was the catalyst loading, starting with the value of 50 wt% used
elsewhere [33], with respect to the limiting reagent (benzaldehyde), and
reducing it until a significant decrease in the BA conversion was
observed (Fig. 3). The BA conversion rate was not significatively
reduced up to a catalyst loading of 6.25 %. Even at the lower catalyst
loading tested (3.13 %), a 95 % BA conversion was achieved in two
hours. The outstanding results demonstrate that by using the highly
active MOF-808-Hf, the catalyst loading can be significantly reduced
even for shorter reaction times without affecting the reaction kinetics,
resulting in a great economic saving. Fig. 3 also shows a blank reaction
(without catalyst), indicating that no conversion can be detected in this
case, highlighting the essential role of the MOF catalyst in this reaction.

The other variable to be optimized in this study was the reagent ratio.
For this set of experiments a 6.25 wt% catalyst loading of MOF-808-Hf
was fixed. The initial reagent BA:MeOH molar ratio was 1:75, and it
was gradually reduced (Fig. 4). This molar ratio between the reactants
has been studied with the aim of reducing the excess of MeOH, which
also acts as a solvent. This reduction would represent obvious economic
and environment advantages. When a 1:18 molar ratio was tested, the
reaction stabilized after 45 min with a maximum conversion of 85 %.

100 -
Presence of catalyst
80
60 4 After catalyst removal
40
20
0 T T T T T T T
0 20 40 60 80 100 120
Time (min)

b) Leaching test.
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Table 3
TON of various catalyst. Reaction condition: 6.25 wt% of MOF, benzaldehyde
(1 mmol), methanol (37 mmol) and 30°C.

time (min) UiO-66-Hf MOF-808-Hf UiO-66-Zr MOF-808-Zr
15 50.8 35.1 37.4 0.3
30 50.6 44.2 37.5 0.4
45 50.6 47.1 37.7 0.4
60 50.7 48.9 37.6 0.7
90 50.7 49.6 37.5 0.7
120 50.6 49.5 37.4 0.8

When the molar ratio was set at 1:37, adjust slight difference in BA
conversion after 1 h of reaction was observed, 89 % vs 94 % respect to
those obtained with the maximum excess of methanol. Because of this
small drop of 5 % in conversion, the best conditions were stablished at
6.25 wt% MOF-808-Hf and 1:37 molar ratio of reagents.

The stability of the material in the reaction media was checked,
Fig. 5a shows that the crystalline phase of MOF-808-Hf remained similar
after the reaction and a leaching test was carried out (Fig. 5b), where the
MOF catalyst was filtered after 15 min, without obtaining any increase
in the conversion. Finally, excluding the leaching of active species
capable of homogeneous catalysis, no Hf was detected in the reaction
media by ICP-OES analysis. These facts suggest that the reaction pro-
ceeds by a heterogeneous catalytic mechanism.

Once the best reaction conditions for MOF-808-Hf had been deter-
mined, the study was extended to UiO-66 structure with Zr and Hf
(Fig. 6). Surprisingly, UiO-66 achieved 94 % BA conversion in 15 min
under these conditions. This was an unexpected result because MOF-808
is less coordinated and has a larger pore volume, so the metal center
should be more accessible [39,57]. Based on the SEM images
(Fig. S1.4.), UiO-66 has smaller particle sizes compared to MOF-808
and, therefore a larger external surface area should be expected,
which could favor catalytic performance as fewer diffusion constraints
could be found. However, the results of the t-plot analysis provide larger
values of the sum of external surface area and mesoporous area for
MOF-808 because this material has cavities in the near mesoporosity
range. Thus, even with an opener structure, MOF-808 showed a lower
activity. For a possible explanation of these findings, it is essential to
evaluate the acidic properties of both, however this task is not
straightforward. Several researchers agree that MOFs based on Zr or Hf
oxoclusters often exhibit Brgnsted acidity, which is related to strongly
polarized H,0 molecules adsorbed on Zr** or Hf*" sites and it is more
pronounced in UiO-66 than in MOF-808 [58,59], as described above for
CD3CN and CO FTIR results. Thus, the Brgnsted character of the UiO-66
material has a higher effect over the reaction performance than the
better accessibility to the metal centres of the MOF-808 material when
these two materials are compared under more stringent conditions.
Therefore, the results derived from this study can be considered as an
indirect measure of the Brgnsted acidity between these MOF materials.

Once again, the TON has been calculated and shown in Table 3 to
compare the individual effect of the catalytic metal sites of each material
in performing the acetalizing reaction. In terms of mass, UiO-66 struc-
tures offer higher conversions than MOF-808 ones (Fig. 6), but in terms
of TON (per metal center), the trend changes, finding UiO-66-Hf > MOF-
808-Hf > UiO-66-Zr > MOF-808-Zr.This result confirms that hafnium-
based MOFs give better results than their zirconium counterparts, as
seen in previous experiments, but also that Hf in MOF-808 structure is
even more active than UiO-66-Zr, showing higher impact the metal ion
over the MOF structure. To further emphasize the differences between
the materials, the TOF was calculated at 15 and 30 min, being 203, 140,
150 and 1.2, and 101, 88, 75 and 0.7 for UiO-66-Hf, MOF-808-Hf, UiO-
66-Zr and MOF-808-Zr respectively. At lower times, it shows that UiO-
66 converts more BA than MOF-808 per active site; so MOF-808-Hf
led to a worse performance at both reaction times in spite of its larger
surface area.

Once these four materials were compared, the catalytic activity of
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Fig. 7. Optimization catalyst loading of UiO-66-Hf in acetalization of benzal-
dehyde with methanol. Reaction conditions: benzaldehyde (1 mmol), methanol
(37 mmol), different catalyst loading and 30°C.
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Fig. 8. Influence of reagent molar ratio in acetalization of benzaldehyde with
methanol. Reaction conditions: 0.2 wt% UiO-66-Hf, different reagent ratio
and 30°C.

their precursors were tested. In this sense, zirconium tetrachloride
(ZrCly), hafnium tetrachloride (HfCl4), and both the organic linkers,
benzene dicarboxylic acid (BDC) and benzene tricarboxylic acid (BTC)
were added to the reaction media with a concentration of 6.25 wt%,
these results are shown in Figure S3.1. A conversion of 85 % for HfCl4
and 76 % for ZrCl, was observed after 15 min, showing the catalytic role
of the metal. However, it should be noted, that these salts are partially
soluble in the reaction medium, as measured by ICP-OES, so these salts
are giving rise to homogeneous catalysis. Finally, when organic ligands
were tested, much lower conversions were obtained: 41 % for BTC and
9 % for BDC. The presence of the MOF catalysts is therefore a clear
advantage, since they are more active and the reaction takes place
rapidly and in a heterogeneous phase, that is easily recycled.

The catalyst loading was again optimized for UiO-66-Hf due to the
faster kinetics observed for this catalyst. This parameter was progres-
sively reduced compared to the best conditions obtained by optimizing
MOF-808-Hf, as it is shown in Fig. 7. Firstly, a reduction of 99.6 % was
reached respect to the 50 wt% catalyst loading used in the literature
conditions, using a catalyst loading of 0.2 wt%, obtaining a similar BA
conversion for the best conditions using MOF-808-Hf, even at shorter
times. When 0.1 wt% of UiO-Hf loading was used, a sharp decrease in
reaction rate was observed. It should be note that the reaction set was
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Fig. 9. Conversion of benzaldehyde acetalization catalyzed by 0.2 wt% of
catalyst. Reaction conditions: benzaldehyde (1 mmol), methanol (37 mmol)
and 30°C.

Table 4
TON of Ui0O-66 of Zr and Hf. Reaction condition: 0.2 wt% of MOF, benzaldehyde
(1 mmol), methanol (37 mmol) and 30°C.

time (min) UiO-66-Hf Ui0-66-Zr
15 1473 202
30 1542 385
45 1628 519
60 1623 661
90 1624 821
120 1629 949

scaled up to minimize the weight error.

In this case, the reagent ratio was also evaluated (Fig. 8). UiO-66-Hf
was fixed at 0.2 wt%, varying the reagent molar ratio BA:MeOH be-
tween 1:75 and 1:18. Again, an appropriate excess of methanol is
required to avoid the use of solvents. When the molar ratio was
decreased to 1:35, a similar BA conversion was reached. However, when
the lower molar ratio (1:18) was employed, a significant reduction in BA
conversion was observed. So, the optimized reaction conditions were
0.2 wt% of UiO-66-Hf and a molar reagent ratio of 1:35.

Finally, to compare the activity of Hf ions with Zr ions in the UiO-66
structure, both materials were tested under the best reaction conditions
defined above (Fig. 9). As expected, the reaction kinetics was faster with
Hf, which shows how the oxophilic nature of Hf has a decisive influence
on the course of the reaction, confirming the results obtained when
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comparing the catalytic activity between both metal ions.

Table 4 shows the TON values for both materials, again demon-
strating the outstanding catalytic activity of Hf in this reaction,
regardless of the reaction time employed.

To verify the stability of UiO-66 Hf during the reaction, ICP-OES and
powder XRD analyses were performed (Fig. 10a), which confirmed that
the crystalline phase of the catalyst was preserved. A leaching test was
also carried out (Fig. 10b), where the MOF catalyst was filtered after
15 min and no increase in the conversion was obtained. Moreover, no Hf
species were detected in the reaction media by ICP-OES, thus demon-
strating the stability of this material.

Finally, in Table 5, the works reported in the literature on the ace-
talization reaction of benzaldehyde with methanol using MOFs are listed
for the purpose of comparison. In general, although the reaction con-
ditions are not exactly the same in all the reported studies, it can be
outlined that the results obtained herein for UiO-66-Hf are quite
outstanding in terms of low catalyst concentration and fast kinetics.

3.5. Recyclability study
Recyclability is a key feature of heterogeneous catalysts, so it was

Table 5

Catalytic performance of benzaldehyde acetalization and methanol over various
MOFs.

Entry Catalyst Time (h) Conversion (%) Ref.
1° Fe(BTC) 2; 24 49; 71 [32]
2% Cuz(BTC), 2; 24 63;88 [32]
37 Aly(BDC)3 24 66 [32]
4" Cr(BDC) 1.5 73 [60]
5% Ui0-66-Zr 4,5; 24 50: 100 [33]
6" Ui0-66-NO,-Zr 6 100 [33]
7¢ Ui0-66-Zr 0.25; 1; 24 86; 91; 83 [34]
8" Ui0-67-Zr 0.25; 1; 24 16; 85; 80 [34]
9* Ui0-66-DES 1 94 [36]
10° UiO-66-DMF 1 93 [36]
11" MOF-808 (Zr)-F 0.03 ~95 [40]
12° MOF-808 (Zr)-S 0.03 ~0 [40]
13 MOF-808-Hf 0.25;1 67; 93 This work
14¢ Ui0-66-Hf 0.25;1 83; 92 This work

@ Reaction conditions: 50 mg of catalyst, 3 mL methanol (75 mmol), and
0.94 mmol of benzaldehydes at room temperature.

b 20 mg of catalyst, 10 mL methanol (75 mmol), and 4 mmol of benzalde-
hydes at 30 °C.

¢ 6.25 mg of catalyst, 3 mL methanol (37 mmol), and 1 mmol of benzalde-
hydes at 30 °C.

4 0.2 mg of catalyst, 3 mL methanol (37 mmol), and 1 mmol of benzaldehydes
at 30 °C.
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Fig. 10. a) XDR patterns of UiO-66-Hf before and after reaction. b) Leaching test.



E. Garcia-Rojas et al.

[ uio-66-Hf [ | MOF-808-Hf

100 -
80

X 604

C

i<}

2

2 a0

C

o

(@]
20
0

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Fig. 11. Recyclability study with Hf-MOF. Reaction condition: 6.25 wt% of
catalyst, benzaldehyde (1 mmol), methanol (37 mmol) and 30°C.

studied for the best Hf-MOFs evaluated in this work. These experiments
were carried out under the best conditions found for MOF-808-Hf:
6.25 wt% MOF, benzaldehyde (1 mmol), methanol (37 mmol) and 30
°C for 90 min. After each cycle, the catalysts were just dried at 150°C for
30 min. The behavior of both materials was quite different. The UiO-66-
Hf showed a stable catalytic activity over 5 cycles, indicating that this
MOF is a suitable and stable solid acid catalyst for this acetalization
reaction (Fig. 11). However, the MOF-808-Hf was only active during the
first two cycles and then displayed a dramatic decrease in its catalytic
activity afterwards.

Both materials were analyzed by XRD (Fig. 12), showing that the
crystalline phase of both materials was maintained after the successive
reactions. Considering also that no Hf was detected by ICP-OES, it can be
concluded that the lost activity of MOF-808-Hf is not related to the
damage of the material, but due to the catalyst deactivation that could
come from the adsorption of the products on its exposed metal centres.
For this purpose, a TGA analysis was carried out on this material, which
profile is shown in Figure S4.1. The residue remaining after 520 °C is
assumed to be HfOo/Hf(OH)4, which is larger in the fresh sample than in
the recycled one (7.5 % difference). This expresses that the organic
contribution is higher in the recycled sample, which may result from the
strong adsorption effect of BDA reaction product, since the organic
linker is the same in both samples.

3.6. Proposed mechanism for acetalization using UiO-66-Hf

A possible mechanism for the acetalization reaction of benzaldehyde
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and methanol using UiO-66-Hf is proposed in Fig. 13, based on a pre-
vious work by Ye et al. [40]. The oxygen atom of the benzaldehyde
molecule interacts with a hydrogen atom of a hydroxyl group coordi-
nated to Hf** (Step I). This H-O interaction increases the electrophilicity
of the benzaldehyde carbon atom, which favors the nucleophilic attack
of the oxygen atom of the methanol on the carbon atom of the carbonyl
group present in the benzaldehyde molecule (Step II). The reaction in-
termediate then undergoes an intramolecular nucleophilic attack which
results in the transfer of a hydrogen atom from the alcohol group to the
oxygen atom in the aldehyde (Step III). A second molecule of methanol
leads to a nucleophilic attack on the carbon atom of the benzaldehyde
molecule, resulting in the release of an OH group (Step IV). Finally, this
hydroxyl group takes the second hydrogen atom from the second
molecule of methanol, producing a water molecule and the product of
the reaction, the benzaldehyde dimethyl acetal (Step V).

4. Conclusions

Herein, two different MOF structures (UiO-66 and MOF-808) con-
taining Zr and Hf ions were tested in the acetalization reaction of
benzaldehyde with methanol The acidity of the four materials has been
characterized by FTIR spectroscopy using in-situ absorption of aceto-
nitrile and CO as probe molecules. In addition, the acidity of both metal
ion and the MOF structure were key factors that controlled the overall
reaction performance better than the textural properties of the catalyst.
It was found that the oxophilic character of hafnium ions favors the
benzaldehyde conversion. When comparing both Hf structures under the
best conditions, it seems that the Brgnsted acid character of the UiO-66
structure favored the reaction more than the higher accessibility of the
metal center and larger pore volumes of MOF-808. Besides, the reaction
conditions have been optimized for the first time, allowing a significant
catalyst concentration reduction in the reaction media for both Hf-based
MOF materials. The molar ratio of the reagents was also optimized,
reducing the amount of methanol by 50 % and achieving similar yields
in shorter times for both Hf-MOF catalysts. Finally, both materials were
subjected to a recyclability study, where UiO-66-Hf maintained its cat-
alytic activity for at least five reaction cycles, while MOF-808-Hf lost the
activity drastically after two cycles, despite maintaining its crystalline
structure and no Hf leaching was detected in the media, which may be
related to BDA product adsorption effect on its exposed metal centers.
This work opens to new routes of acetalization industrial applications
using Hf-MOFs as effective catalysts.
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