
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/1
6/

20
26

 9
:4

7:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Metal–organic fr
aLAQV/REQUIMTE, Department of Chemistr

University of Porto, 4169-007 Porto, Portuga
bDepartment of Chemical and Environme

Carlos, Calle Tulipán s/n, 28933 Móstoles,
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ameworks as effective catalysts
for glycerol acetalization: morphology and
functionality
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L. Cunha-Silva a and Salete S. Balula *a

Glycerol is a major by-product generated in large quantities by the biodiesel industry, and its valorisation is

essential to promote the usage of this relatively green energy resource. Conversion into fuel additives as

solketal via a solvent-free acetalization reaction is one of the most sustainable possible ways to valorise

glycerol. The key to the success of this process is the design of an active, selective and robust catalyst. In

this work, we investigated how the framework topology and Brønsted acid functionality of different MOF

materials can influence their catalytic performance. We selected the microporous UiO-66(Zr) and

mesoporous MIL-101(Cr) archetypes and functionalized them with both carboxylic (–COOH)2 and

sulfonic (–SO3H) acid groups. This work reports the first use of acid-functionalized MIL-101(Cr) for the

solvent-free production of the fuel additive solketal from glycerol, and the first study to directly compare

both MOF families under identical conditions. Reaction parameters were optimized under sustainable,

solvent-free conditions. Both UiO-66(Zr)–(COOH)2 and MIL-101(Cr)–SO3H demonstrated remarkable

catalytic activity (>85% conversion and >98% selectivity to solketal after 1 h) and, crucially, maintained

exceptional structural stability with no observable loss of activity over ten consecutive catalytic cycles.

This study establishes a crucial structure–property relationship, validating both specific MOF

functionalities for highly effective and reusable heterogeneous catalysts.
1. Introduction

The valorization of the substantial amount of crude glycerol
formed in the biodiesel industry is imperative.1 It is well known
that biodiesel is a non-toxic, biodegradable and renewable fuel,
able to be used to reduce the use of diesel from fossil fuel,
promoting a reduction of carbon and particulate matter emis-
sions. Biodiesel has emerged as a promising alternative to fossil
fuels, offering a viable route to address pressing environmental
concerns. The transesterication of triglycerides, a critical step
in biodiesel production, results in the generation of a substan-
tial amount of crude glycerol, accounting for approximately
10% of the total product weight. The resulting excess of crude
glycerol in the biorenery industry necessitates the develop-
ment of effective valorization strategies to enhance the
economic viability and sustainability of biodiesel.2–4 One of the
most promising valorization routes is the acetalization process,
where glycerol reacts with carbonyl compounds (such as
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acetone) to produce cyclic products, primarily solketal (2,2-
dimethyl-1,3-dioxolan-4-methanol) and acetal (2,2-dimethyl-1,3-
dioxan-5-ol) molecules and water. Solketal is a high-value, bio-
based fuel additive with favorable physicochemical properties,
making it an environmentally benign substitute for traditional
oxygenates like methyl tert-butyl ether (MTBE). MTBE has been
employed by reners as the most economical oxygenate addi-
tive, with the objective of reducing the production cost of
reformulated gasoline. It is also a bio-based product that has
demonstrated much lower environmental toxicity than the
aforementioned common fuel additives.5

The glycerol acetalization reaction is a process that occurs
without the use of solvents and is catalyzed by heterogeneous
catalysts in either batch or continuous processes.6,7 The reaction
utilizes acid catalysts, such as Amberlyst, mixed oxides
(niobium–zirconium), polymeric solids, functionalized acti-
vated carbons, acidic mesoporous silica, and supported
heteropoly acids.4,8–12 However, the utilization of these catalysts
is oen constrained due to their suboptimal textural properties
or the leaching of active species in the reaction mixture.13,14

Consequently, there is a need for further development of cata-
lysts that exhibit both high catalytic activity and structural
stability under the reaction conditions. In this regard, metal–
organic frameworks (MOFs) represent a versatile category of
multifunctional materials, engineered to address requirements
RSC Adv., 2026, 16, 8125–8135 | 8125
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across a diverse spectrum of advanced technological applica-
tions.15 MOF materials exhibit a remarkable capacity for cata-
lytic applications, attributable to their unique hybrid nature,
tunable pore size, and extensive variety of topological archi-
tectures. This attribute, contingent upon the judicious selection
of metal ions and ligands, positions them as promising candi-
dates for catalytic applications.16 The linear geometry and
structural rigidity of terephthalic acid and its derivatives,
coupled with the versatile coordination chemistry of their
carboxylate moieties, have led to their widespread adoption in
the construction of MOF architectures.17 Additionally, the
incorporation of various functional groups is possible withMOF
materials based on carboxylic ligands,18,19 which is a fascinating
development. These materials can also provide active sites,
enabling the design of a range of catalysts with specic char-
acteristics that are unattainable with traditional porous mate-
rials.20 Owing to their exceptional porosity and chemical
robustness, alongside the tunability of their metal centers and
functional sites, UiO-66 and MIL-101 frameworks have emerged
as prominent candidates in the eld of heterogeneous
catalysis.21–23 The architecture of UiO-66(Zr) is composed of
Zr6O4(OH)4 secondary building units, where hexacoordinated
zirconium cations are linked via m3-O bridges. These clusters are
interconnected by terephthalate linkers, yielding a framework
characterized by an fcu topology and the presence of micropo-
rous cages.24 Simultaneously, the crystal structure of MIL-
101(Cr) comprises trimeric metal octahedra interconnected
through shared oxygen species and terephthalate ligands.25 A
distinctive characteristic of these MIL-101 materials is their
mesoporous nature and the generation of cationic CUSs via
specic thermal treatments, which subsequently function as
active sites for catalysis.26

The systematic comparison of various types of MOFs (such as
UiO-66(Zr) and MIL-101(Cr)) in the solvent-free production of
solketal from glycerol can disclose the real role of acid sites and
well address the pore structure. Establishing a direct catalyst
structure–property correlation is crucial for advancing the
rational design of catalytic MOFs. Therefore, this work aims to
investigate the inuence of framework architecture—speci-
cally contrasting microporous (UiO-66) and mesoporous (MIL-
101) topologies—and Brønsted acid functionality (–COOH and
–SO3H) on the solvent-free acetalization of glycerol with
acetone. The study systematically evaluates the catalytic activity,
selectivity, and overall sustainability of the developed hetero-
geneous catalysts, including rigorous reusability assessments
over ten consecutive cycles to identify the optimal material for
industrial application.

2. Materials and methods
2.1. Materials

All chemical reagents and solvents were obtained from
commercial suppliers and utilized as received, without under-
going additional purication steps: glycerol (99.92%, Fluka),
acetone ($99%, Sigma-Aldrich), methanol (CH3OH, $99.8%,
Fisher Scientic U.K.), sodium hydroxide (NaOH, Fisher
Chemical), sodium chloride (NaCl, >99.5%, Panreac),
8126 | RSC Adv., 2026, 16, 8125–8135
zirconium chloride(IV) (ZrCl4, Alfa-Aesar), zirconyl chloride
octahydrate (ZrOCl2$8H2O, $99%, Merck), 1,2,4,5-
benzenetetracarboxylic acid (BDC-(COOH)4, 96%, Merck),
hydrochloric acid (HCl, 37%, Scharlau), N,N0-di-
methylformamide (DMF, Carlo Erba), hydrouoric acid (HF,
40–45% Sigma-Aldrich), N,N0-dimethylacetamide (DMA,
$99.5%, Scharlau), ethanol (EtOH, $99.8%, Scharlau), tetra-
methylammonium hydroxide (TMAOH, 10% aqueous solution,
Sigma-Aldrich), chromium(III) nitrate nonahydrate ([Cr(NO3)3]$
9H2O, 99%, Alfa-Aesar), chromium trioxide (CrO3, $99%,
Sigma-Aldrich), 1,2,4-benzenetricarboxylic acid (H2BDC-COOH,
98%, Sigma-Aldrich), and terephthalic acid (H2BDC, 98%,
Sigma-Aldrich). Monosodium 2-sulfoterephthalic acid (BDC-
SO3Na, >98%) was procured from Tokyo Chemical Industry.
2.2. Synthesis of catalysts

2.2.1 Synthesis of UiO-66(Zr). UiO-66(Zr) was synthesized
as described elsewhere.27 An autoclave was charged with an
equimolar mixture of ZrCl4 and H2BDC in DMF (12 mL),
including HCl (37%, 0.32 mL) and H2O (1.5 mL). Following
30 min of stirring, solvothermal treatment was carried out at
120 °C for 24 h. The resulting solid was recovered by centrifu-
gation, washed two times with DMF and EtOH, and dried under
reduced pressure at 60 °C for 12 h.

2.2.2 Synthesis of UiO-66(Zr)–(COOH)2. UiO-
66(Zr)–(COOH)2 was synthesized according to the literature.28 In
a Teon autoclave, zirconium chloride(IV) (1.6 mmol), 1,2,4,5-
benzenetetracarboxylic acid (BDC-(COOH)4) (1.7 mmol) and
hydrochloric acid (1 mL) were added to deionized H2O (7 mL)
and stirred vigorously for 20 min at room temperature to ensure
the total dissolution of the reagents. Then, the solution was
warmed at 100 °C for 72 h, and the resultant white particles
were isolated by centrifugation and washed thrice with deion-
ized H2O, to ensure removal of the reagent excess. Finally, the
white sample was dried under vacuum at 60 °C.

2.2.3 Synthesis of UiO-66(Zr)–SO3H. UiO-66(Zr)–SO3H was
synthesized by a solvothermal route following a procedure
similar to that previously described.29 Briey, UiO-66(Zr)–SO3H
was prepared by mixing ZrOCl2$8H2O (3.1 mmol) and BDC-
SO3Na (3.1 mmol) in a solution of formic acid (11.7 mL) and
DMA (40 mL). Aer 30 min of stirring, the mixture was trans-
ferred to a 100 mL Teon-lined stainless-steel autoclave and
maintained at 150 °C for 24 h. The resulting white precipitate
was isolated via centrifugation, washed thoroughly with
ethanol, and subsequently dried under vacuum.

2.2.4 Synthesis of MIL-101(Cr). Porous MIL-101(Cr) was
synthesized by adapting the protocol originally reported by
Férey et al.30 A mixture of [Cr(NO3)3]$9H2O (2 mmol), H2BDC
(2 mmol) and HF (100 mL) in 10 mL of distilled H2O was stirred
for 30 min at room temperature to ensure homogeneity. The
resulting suspension was transferred to a Teon-lined stainless-
steel autoclave and heated at 220 °C for 9 h under static
conditions. Following a slow cooling process within the oven,
the green precipitate was collected by ltration. The crude
product underwent a rigorous purication sequence, consisting
© 2026 The Author(s). Published by the Royal Society of Chemistry
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of two successive treatments with DMF and two with ethanol,
before being dried under vacuum.

2.2.5 Synthesis of MIL-101(Cr)–(COOH)2. MIL-
101(Cr)–(COOH)2 was synthesized following a modied litera-
ture procedure.31 The organic linkers (1.3 mmol total, with an
H2BDC : H2BDC-COOH molar ratio of 9 : 1) and TMAOH (63 mL,
10% aqueous solution) were dispersed in 20 mL of deionized
H2O and stirred vigorously for 10 min. Subsequently,
Cr(NO3)3$9H2O (1.3 mmol) was added, and the mixture was
stirred for an additional 30 min at room temperature. The
resulting suspension was transferred to a Teon-lined autoclave
andmaintained at 180 °C for 24 h. The green particles were then
isolated by centrifugation and washed ve times with deionized
water. To ensure activation, the sample was soaked in methanol
for 36 h, with the solvent being replenished every 12 h, before
nally being dried under vacuum at 100 °C for 5 h.

2.2.6 Synthesis of MIL-101(Cr)–SO3H. MIL-101(Cr)–SO3H
was prepared via a solvothermal route based on a previously
reported method.32 In a typical synthesis, BDC-SO3Na
(12.5 mmol) and CrO3 (12.5 mmol) were dissolved in 50 mL of
deionized water, followed by the dropwise addition of concen-
trated HCl (0.91 g) under constant stirring. The resulting
mixture was transferred to a Teon-lined autoclave and main-
tained at 180 °C for 6 days. Aer the reaction, the product was
isolated by ltration and washed thoroughly with water and
methanol. To achieve high purity and ensure pore activation,
the solid was treated with 50 mL of hot ethanol at 100 °C for
24 h.
2.3. Characterization of the catalysts

The obtained materials were characterized using powder X-ray
diffraction (XRD), argon adsorption–desorption isotherms and
infrared spectroscopy (FTIR). Powder XRD patterns were ob-
tained at room temperature on a Rigaku Smartlab diffractom-
eter operating with a Cu radiation source (l = 1.540593 Å) and
in a Bragg–Brentano q/2q conguration (45 kV, 200 mA).
Intensity data were collected by a step-counting method (step
0.01°), in continuous mode, in the 3 # 2q # 60° range, and all
the representations are shown in arbitrary units of intensity.
Fourier-transform infrared (FTIR) spectra were acquired using
the attenuated total reectance (ATR) operation mode of a Per-
kinElmer FTIR System Spectrum BX spectrometer, and all the
representations are shown in arbitrary units of transmittance.
Nitrogen adsorption–desorption isotherms at 77 K were
measured using a Tristar II (Micromeritics). Samples were
previously evacuated in situ under high vacuum for 12 h at
423 K. The surface area was calculated using the Brunauer–
Emmett–Teller (BET) model.33 The pore volume was assessed
using the Dubinin–Radushkevich equations and also taken at P/
P0 = 0.95 as a single-point value. The pore size distribution, as
well as pore volume and diameter, were determined from the
adsorption branch of the argon isotherm using non-local
density functional theory (NLDFT). The best agreement was
obtained with the NLDFT equilibrium kernel model, speci-
cally, N2 at 77 K in cylindrical pores.34 Catalytic reactions were
periodically monitored by GC-FID analysis carried out using
© 2026 The Author(s). Published by the Royal Society of Chemistry
a Bruker 430-CC-FID chromatograph. Hydrogen was used as
a carrier gas with a 30 mL min−1

ow rate, and a Suprawax-280
capillary column (30 m × 0.25 mm i.d.; 0.25 mm lm thickness)
was used. The strength of the acidity of different materials was
calculated using potentiometric titration using 2 mol per dm3

NaCl as a cation-exchange agent. The six different MOFs were
maintained in contact with NaCl solution (1 : 1 ratio) at room
temperature for 24 h under stirring. The suspension was sepa-
rated by ltration. The nal solution was titrated with 0.04 M
NaOH solution to determine the acid site loading of the two
MOF structures with functional groups.35
2.4. Catalytic acetalization of glycerol

The catalytic acetalization of glycerol with acetone was con-
ducted under solvent-free conditions using a 5 mL closed
borosilicate glass reactor. The vessel, equipped with a magnetic
stirrer, was immersed in a thermostatically controlled liquid
paraffin bath to ensure precise temperature regulation. Reac-
tion mixtures were prepared using various glycerol-to-acetone
molar ratios, specically 1 : 1.5, 1 : 3, 1 : 6, and 1 : 15. The
initial reaction mixture is biphasic due to the limited miscibility
of glycerol and acetone. The mixture was le under agitation for
10 min at the chosen temperature (30 °C, 40 °C and 60 °C) to
ensure thermal and mechanical homogeneity. Catalysts were
introduced at various weight percentages (4, 8, and 20 wt% of
metal content relative to the glycerol substrate) to start the
acetalization. Quantitative analysis was performed on a Varian
CP-3380 gas chromatograph using a Suprawax-280 column (30
m length, 0.25 mm i.d., 0.25 mm lm thickness). H2 served as
the carrier gas with the ow rate maintained at 55 cm3 s−1. The
error for each experiment was determined to be equal to or less
than 5% of the conversion of glycerol. The products obtained
were identied by gas chromatography coupled with mass
spectrometry analysis (GC-MS) using a Hewlett-Packard 5890
chromatograph with a Mass Selective Detector MSD series II.
Furthermore, 1H NMR analysis using CDCl3 as a solvent was
used to identify solketal, the main product. Spectra were
collected using a Varian Mercury Plus spectrometer at 400 MHz
using trimethyl silane as an internal standard.
3. Results and discussion
3.1. Catalyst characterization

Fig. 1 shows the powder X-ray diffraction patterns of the pure
UiO-66(Zr) (a) and MIL-101(Cr) (b) structures, as well as the
functionalized materials. High crystallinity was observed in the
XRD diffractograms of all the samples, with peaks aligning well
with the simulated diffraction data for UiO-66 and MIL-101.
This consistency conrms that the materials were prepared
with their respective intended structures and high phase purity.
Furthermore, the FTIR-ATR spectra of the functionalized
derivatives of the UiO-66(Zr) and MIL-101(Cr) materials clearly
reveal new vibrational bands compared with the respective
pristine MOF materials. These new bands can be attributed to
vibrational modes of the –CO2H or –SO3H, suggesting the
successful preparation of the desired derivative materials. The
RSC Adv., 2026, 16, 8125–8135 | 8127
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Fig. 1 (a and b) Powder X-ray diffraction patterns of the simulated and experimental UiO-66(Zr) and MIL-101(Cr) materials, respectively.
Simulated XRD patterns for UiO-66(Zr) and MIL-101(Cr) were generated from their respective crystallographic data files.36,40 (c and d) FTIR-ATR
spectra of the as-synthesized UiO-66(Zr) and MIL-101(Cr) materials.
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experimental evidence of the powder X-ray diffraction and FTIR-
ATR spectroscopy is corroborated by the argon adsorption–
desorption characterization. Table 1 shows the textural prop-
erties of the set of materials evaluated. The N2 adsorption
isotherms (Fig. S1 and S2) and the corresponding pore diameter
distributions for all UiO-66 andMIL-101 structures are provided
in the SI. The inclusion of the functional groups generally
results in lower adsorption and a decrease in surface areas and
pore volumes compared to the original structures, which is
primarily attributed to the increased framework mass and the
steric hindrance imposed by the functional linkers.36,37 The BET
8128 | RSC Adv., 2026, 16, 8125–8135
surface area and the total pore volume of UiO-66 functionalized
derivatives are signicantly reduced. For the pristine UiO-66
and UiO-66-SO3H material, this reduction is largely due to
pore volume occupation, as both exhibit pore diameters
centered around 9 Å, and maintain the original fcu topology.
Crucially, the functionalized UiO-66-(COOH)2 (based on
H4BTEC) is not isostructural with the pristine UiO-66 (H2BDC).
The former adopts an 8-connected bcu topology, while the latter
is a 12-connected fcu framework.38,39 This inherent difference in
topology results in distinct textural parameters and diffusion
pathways, which must be considered when interpreting their
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Textural properties of the synthesised catalysts

Catalyst BETa (m2 g−1) Vp
b (cm3 g−1) Dp (Å)

UiO-66(Zr) 1135 0.68 9
UiO-66(Zr)–(COOH)2 452 0.41 6.5, 12.6
UiO-66(Zr)–SO3H 390 0.32 9
MIL-101(Cr) 2577 1.44 11, 18, 23
MIL-101(Cr)–(COOH)2 2080 1.27
MIL-101(Cr)–SO3H 1506 0.95

a Total surface area calculated by the BET method from the adsorption
branch of the corresponding argon isotherm. b Total pore volume
recorded at P/P0 = 0.975.
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catalytic performance, as evidenced by the dual pore distribu-
tion (6.5 Å and 12.6 Å) observed for the bcu structure.

In contrast, the MIL-101(Cr) structures maintain better
textural properties even aer functionalization. This stability is
attributed to the framework's multimodal pore system (micro-
pores andmesopores) with distinct maxima at 11 Å, 18 Å, and 23
Å. This structural resilience allows the functional groups to be
incorporated without causing the signicant pore collapse or
the dramatic reduction in surface area observed in the UiO-66
derivatives, thereby preserving the efficient accessibility
required for the catalytic upgrading of glycerol.
3.2. Acidity characterization

The acidity of the functionalized materials, as well as the pris-
tine materials, was evaluated through potentiometric titration.
To quantify exchangeable acidity, the MOFs were suspended in
a NaCl solution for 24 h. The pH values, reecting the exchange
of H+ by Na+, were subsequently measured and are presented in
Table 2. These values suggested that the acid-functionalized
MOFs present a higher acidity than the pristine ones. The
results in Table 2 suggest that for the UiO-66 family, the
Table 2 pKa values for the MOFs

MOF pH (befor

UiO-66(Zr) 4.18
UiO-66(Zr)–(COOH)2 2.82
UiO-66(Zr)–SO3H 4.07
MIL-101(Cr) 4.60
MIL-101(Cr)–(COOH)2 4.13
MIL-101(Cr)–SO3H 3.25

Scheme 1 Glycerol acetalization reaction, where (1) corresponds to 2,2-
dioxan-5-ol (acetal).

© 2026 The Author(s). Published by the Royal Society of Chemistry
carboxylic groups provide a signicantly stronger acid site (pH
2.82) compared to the sulfonic groups (pH 4.07). Conversely, for
the MIL-101 family, the MIL-101(Cr)–SO3H material presents
the highest acid site loading (0.932 mmol g−1) among all the
synthesized materials.
3.3. Catalytic acetalization reaction

The MOFs UiO-66(Zr) and MIL-101(Cr) functionalized with
carboxylic and sulfonic groups were tested for the acetalization
of glycerol with acetone. The effect of the reaction conditions for
glycerol acetalization with acetone was rst explored using the
UiO-66(Zr)–(COOH)2 as a catalyst. This reaction provides two
cyclic products (Scheme 1), i.e. the ve-membered solketal (1) as
a principal product and the six-membered acetal (2).

Using the UiO-66(Zr)–(COOH)2 heterogeneous catalyst, the
glycerol acetalization reaction was optimized by varying
different parameters: the temperature, the amount of catalyst
and the glycerol : acetone ratio. The initial conditions adopted
were 15 mg of catalyst and a 1 : 6 glycerol/acetone ratio.41 The
inuence of reaction temperature was studied at 30, 40 and 60 °
C, and the results are presented in Fig. 2. We observed that
increasing the temperature enhances glycerol conversion aer
3 h of reaction. The glycerol conversion demonstrated a similar
prole for the three different temperatures during the rst
5 min of reaction (32–36%). However, at 15 min of reaction, the
higher reaction temperature resulted in a higher glycerol
conversion. This is even more noticeable as the reaction time
progresses. Aer 3 h of reaction, the conversion of glycerol was
of 87% using 60 °C and 83% for 40 °C. It should be noted that
regardless of the reaction temperature used, the selectivity
towards solketal is always higher than 98%.

The effect of the amount of catalyst on the acetalization of
glycerol was analysed using 15, 30 and 75 mg of catalyst, cor-
responding to 4, 8 and 20 wt%, respectively. The catalysis
e titration) Acidity (mmol g−1)

0.359
0.841
0.373
0.134
0.238
0.932

dimethyl-1,3-dioxolan-4-methanol (solketal) and (2) 2,2-dimethyl-1,3-
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Fig. 2 Conversion for the acetalization of glycerol obtained for UiO-
66(Zr)–(COOH)2 using 15 mg (4 wt%) of catalyst, a 1 : 6 glycerol/
acetone ratio and different temperatures (30, 40 and 60 °C).

Fig. 4 Conversion for the acetalization reaction and solketal selec-
tivity after 3 h obtained for UiO-66(Zr)–(COOH)2 using 15 mg (4 wt%)
of catalyst and different glycerol/acetone ratios at 60 °C.
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results are illustrated in Fig. 3. It can be observed that the
acetalization reaction proles for the three catalyst loadings
exhibit a similar trend, particularly as they converge aer 3 h of
reaction. Therefore, in the following studies, the smallest
amount of catalyst was used (15 mg, 4 wt%).

To conrm the absence of homogeneous or spurious cata-
lytic effects, a control experiment (blank) was performed under
the optimized conditions (60 °C, 1 : 6 glycerol/acetone ratio) but
without the addition of a heterogeneous catalyst. The analysis
aer 3 h showed a glycerol conversion of less than 2%, con-
rming that the catalytic reaction is exclusively driven by the
Brønsted acid sites of the synthesizedMOFs and that the reactor
system is free from acidic contamination.

The reversible nature of the acetalization reaction necessi-
tates the use of a molar excess of acetone to promote higher
conversion by shiing the equilibrium position toward the
products.3,42 To assess this, we studied the effect of the molar
Fig. 3 Conversion for the acetalization of glycerol obtained for
different amounts of UiO-66(Zr)–(COOH)2 using a 1 : 6 glycerol/
acetone ratio, at 60 °C.

8130 | RSC Adv., 2026, 16, 8125–8135
ratio of glycerol to acetone from 1 : 1.5 to 1 : 15 (Fig. 4), keeping
the other reaction parameters constant (15 mg of catalyst and
60 °C). Aer 3 h of reaction, an increase in the conversion of
glycerol was observed as the molar ratio was changed from 1 :
1.5 to 1 : 6. An effective stabilization of the conversion for glyc-
erol acetalization was observed upon further increasing the
excess of acetone beyond a ratio of 1 : 6. This is probably due to
the dilution effect.43 The observed requirement for a stoichio-
metric excess of acetone and the stabilization of conversion at
a 1 : 6 molar ratio is in good agreement with literature reports,
conrming the reaction's thermodynamic drive and the need to
shi the equilibrium towards the products.44,45While increasing
the temperature positively inuences the initial reaction rate (as
observed in Fig. 2), the selection of 60 °C balances kinetics and
the known exothermic nature of the acetalization reaction,
which otherwise leads to a reduced nal equilibrium conver-
sion.46 Using the optimal ratio of glycerol/acetone of 1 : 6,
a solketal yield of 98% was obtained aer 3 h of reaction.
3.4. Comparison of functional groups –(COOH)2 and –SO3H

Once the optimal reaction conditions were determined, the
inuences of the functional sulfonic and carboxylic catalytically
active groups (–(COOH)2 and –SO3H) present in the UiO-66(Zr)
and MIL-101(Cr) structures were evaluated. All the catalytic
MOF samples were activated under vacuum before use in the
reaction. This will increase the accessibility of acidic functional
groups located in the pores, ensuring the elimination of
possible solvent molecules occluded in them. This comparison
between structurally distinct frameworks enables a broader
understanding of how textural properties and active-site
accessibility jointly determine catalytic performance,
providing complementary insights that would not be obtained
by analyzing only isostructural MOFs.

Considering the results obtained for the acidity of the acid-
functionalized MOFs (Table 2), all the reactions were carried
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Conversion data obtained for the acetalization of glycerol after
1 and 3 h, using a 1 : 6 glycerol/acetone ratio at 60 °C.

Table 3 TOF of the evaluated MOFs. Reaction conditions: 4 wt% of
metal in the MOF structure relative to glycerol, using a 1 : 6 glycerol/
acetone ratio at 60 °C

MOF TOF (h−1)

UiO-66(Zr) 0.1090
UiO-66(Zr)–(COOH)2 0.7623
UiO-66(Zr)–SO3H 0.1896
MIL-101(Cr) 0.0911
MIL-101(Cr)–(COOH)2 0.3561
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out with the same concentration of H+ released by the material
UiO-66(Zr)–(COOH)2 (4 wt% of metal in the MOF structure
relative to glycerol), adapting the mass of the catalyst to each of
the reactions.

Fig. 5 shows the catalytic performance of all materials in
terms of the overall glycerol conversion aer 1 h and 3 h of
reaction time. In view of the results obtained, the presence of
active and accessible functional groups allows the catalytic
activity of the structures studied to be signicantly improved
with respect to the original materials, except for the UiO-66(Zr)–
SO3H material, which is the material showing the lowest
conversion, which is attributed to the limited accessibility of its
acidic sites. Its low pore volume (0.32 cm3 g−1) likely hinders the
diffusion of the viscous glycerol to the active sites, a phenom-
enon corroborated by the similar acid loading values between
UiO-66(Zr)–SO3H and the pristine UiO-66 (Table 2). The catalytic
efficiency of heterogeneous systems is fundamentally linked to
their textural properties and internal framework structure.47 On
the other hand, the UiO-66(Zr)–(COOH)2 material presents
much higher catalytic activity. In this catalytic MOF, the acidic
active centres must be more available for the glycerol acetali-
zation reaction. Therefore, UiO-66(Zr)–(COOH)2 presents
slightly better textural properties, and the reaction is favoured
using a Brønsted acid catalyst.4,48 The solketal product obtained
aer the catalytic reaction using the UiO-66(Zr)–(COOH)2 cata-
lyst with a 1 : 6 glycerol/acetone ratio at 60 °C was characterized
by 1H NMR spectroscopy (Fig. S3). The spectrum conrmed the
successful formation of solketal, showing two methyl groups as
singlets near 1.35 and 1.40 ppm, along with the characteristic
multiple signals around 4.2 ppm corresponding to the –CH and
–CH2 protons of the ve-membered dioxolane ring (solketal
structure).49

Conversely, the MIL-101(Cr) structure, characterized by its
large mesopores, shows no signicant textural limitation for the
© 2026 The Author(s). Published by the Royal Society of Chemistry
diffusion of glycerol. The marked difference in activity between
MIL-101(Cr)–SO3H and MIL-101(Cr)–(COOH)2, while maintain-
ing the same nominal H+ concentration, highlights the impor-
tance of the acidic character (strength and loading) in this
family. Both functionalized MIL-101 materials signicantly
outperformed the pristine framework (achieving conversions
3.7 and 3 times higher, respectively), demonstrating that
enhancing the intrinsic acidity facilitates glycerol acetalization,
provided the active sites are accessible and available within the
porous system.

The mechanism of acidic catalytic reaction to form solketal
from glycerol and acetone is reasonably well established in the
literature.50–53 Glycerol conversion into solketal over Brønsted
acid sites proceeds via an initial glycerol–acetone adduct that
evolves into a tertiary alcohol. The acid sites on the MOF's SBU
promote the dehydration of this species, yielding a reactive
carbocation intermediate. Depending on whether the secondary
or terminal hydroxyl group of the glycerol backbone performs
the intramolecular attack, ve- or six-membered rings are
produced. The catalytic cycle is completed by the release of
a water molecule.

3.4.1 Intrinsic catalytic activity. Given the equilibrium
nature of the acetalization reaction, the nal conversion values
(aer 1 and 3 h of reaction) reect thermodynamic limits. To
properly assess the intrinsic catalytic activity of the functional-
ized MOFs, the turnover frequency (TOF) was calculated at
a short reaction time (aer 15 min of reaction), where the
reaction is kinetically controlled (Table 3). The TOF is based on
the H+ loading determined by potentiometric titration (Table 2).

The MIL-101(Cr)–SO3H showed the highest intrinsic activity
(0.9204 h−1), slightly surpassing the UiO-66(Zr)–(COOH)2
(0.7623 h−1). This result conrms that while the nal conver-
sion is similar, the mesoporous structure provides the fastest
initial turnover by eliminating diffusion constraints for the
viscous glycerol substrate. The superior activity of UiO-
66(Zr)–(COOH)2 in the microporous family is, however,
remarkable, highlighting the critical role of its stronger
Brønsted acidity in accelerating the initial reaction rate,
compensating for reduced accessibility.
3.5. Reusability capacity and stability

To address environmental concerns and improve process effi-
ciency, the long-term stability and reuse of the catalyst were
investigated over several consecutive catalytic runs. The
MIL-101(Cr)–SO3H 0.9204
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Fig. 6 Conversion results obtained for reuse for ten consecutive
glycerol acetalization reactions after 1 h using 15 mg of UiO-
66(Zr)–(COOH)2 catalyst or 13.5 mg of MIL-101(Cr)–SO3H and a 1 : 6
glycerol/acetone ratio at 60 °C.
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reusability of the most active catalysts, UiO-66(Zr)–(COOH)2 and
MIL-101(Cr)–SO3H, was investigated over ten consecutive glyc-
erol acetalization reactions. Aer each reaction, the solution
(glycerol and acetone) was removed from the reactor, and the
solid catalyst was thoroughly washed with ethanol and dried at
60 °C. This process allowed it to be reused in a subsequent
acetalization reaction under identical experimental conditions.
Fig. 6 displays the conversion results obtained for the ten
consecutive acetalization reactions aer 1 h.

It can be observed that the catalysts maintained remarkable
performance during all ten consecutive reactions without any
signicant loss of catalytic efficiency. Crucially, this stability
was conrmed by the maintenance of the crystalline phase
Fig. 7 XRD patterns of the UiO-66(Zr)–(COOH)2 (a) and MIL-101(Cr)–SO

8132 | RSC Adv., 2026, 16, 8125–8135
(Fig. 7) and the chemical integrity of the active sites, demon-
strating that the UiO-66(Zr)–(COOH)2 and MIL-101(Cr)–SO3H
catalysts are highly robust against deactivation under these
challenging solvent-free conditions. Therefore, UiO-66(Zr) and
MIL-101(Cr) structures with functional groups such as carbox-
ylic groups as well as sulfonic groups are considered potentially
attractive heterogeneous acid catalysts to be tested in other
glycerol valorisation reactions. Furthermore, the acidity of the
catalyst was analysed by potential titration aer catalytic use,
resulting in a decrease of acidity of approximately 20% and 15%
for the UiO-66(Zr)–(COOH)2 and MIL-101-SO3H, respectively.
3.6. Comparison with the literature

Upon considering the previously published works reporting the
use of MOF structures for the acetalization of glycerol with
acetone to produce solketal, it was possible to nd few publi-
cations, and most of these used a UiO-66-based MOF structure.
The rst publication is from 2017, by Timofeeva et al., and
investigated the catalytic performance of various isostructural
MOF structures, based onMIL-100(M), MIL-53(M) (M= V, Al, Fe
and Cr) and mixed MIL-53(Al, V).54 Of these, the most active
catalyst was MIL-100(V), achieving 85% conversion and 97%
selectivity for solketal, aer approximately 1 h of reaction at
room temperature, using acetonitrile as a solvent. Two years
later, Bakuru et al. presented the rst publication reporting the
use of UiO-66 based MOFs as catalysts for glycerol acetalization
with acetone.42 Here, different metallic centres of UiO-66(Zr, Ce
and Hf) were used. UiO-66(Hf) was shown to be the most active,
achieving 97% conversion aer 1 h at room temperature. Later
in 2022, UiO-66 was once again reported as a catalyst for the
same reaction, using this time the sulfated functionalized UiO-
66(Zr) MOF structure. This acidic heterogeneous catalyst ach-
ieved a conversion of glycerol of 70% with 99.8% selectivity
toward solketal at 60 °C, aer 1 h.55 More recently, in 2025, UiO-
66 was used as a catalyst for solketal production, this time using
3H (b) catalysts after ten reaction cycles.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of functionalized MOFs with high-density heterogeneous acid catalysts for glycerol acetalization

Material Conditions Conv. (%)
Acid densitya

(mmol H+ per g) Ref.

80LS20PS450H+

(macro/mesoporous solid protonic acids)
5 wt%, 1 : 6 (gly./acet.), 60 °C, 300 rpm, 2 h 90 3.49 58

GC-1 : 2 (carbon) 3 wt%, 1 : 4 (gly./acet.), RT, 4 h 95 3.5 59
HSC-SO3H (spherical carbon) 50 mg, 1 : 1 (gly./acet.), 80 °C, 6 h 79.1 1.9 60
PVA40 (poly(vinyl alcohol)) 200 mg, 1 : 6 (gly./acet.), 70 °C, 6 h 90 4.0 61
PSF/K-SiO2

(modied SiO2 supported p-phenolsulfonic acid)
50 mg, 1 : 1 (gly./acet.), 25 °C, 1.5 h 86.3 2.6 62

UiO-66(Zr)–(COOH)2 4 wt%, 1 : 6 (gly./acet.), 60 °C, 1 h 85.1 0.84 This work
MIL-101(Cr)–SO3H 4 wt%, 1 : 6 (gly./acet.), 60 °C, 1 h 87.6 0.93 This work

a Total acidity based on titration.
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a defective sulfated functionalized UiO-66(Zr). 79.6% glycerol
conversion was obtained, with a solketal selectivity of 99.5%,
aer 1.5 h at 60 °C, and this catalytic activity was maintained for
5 consecutive cycles.56 In addition to these ndings, MOF-808
structures have been identied as highly promising candi-
dates. Specically, MOF-808(Hf) has demonstrated superior
performance compared to its Zr counterpart, achieving 91%
conversion aer 3 h at 60 °C. This high activity, attributed to
a greater density of acid centres, has been accompanied by
remarkable stability, with the catalyst maintaining its perfor-
mance over ten consecutive cycles without regeneration.57

To provide a denitive contextual analysis of the perfor-
mance of the catalysts, catalyst activities were benchmarked
against literature on metal–organic frameworks (MOFs) and
selected high-performing heterogeneous acid catalysts, as
summarised in Table 4. The novelty of this work is hereby
reaffirmed: it represents the rst application of MIL-101 struc-
tures for solketal synthesis via glycerol acetalization, and the
rst report of UiO-66-(COOH)2 functionalization for this specic
reaction. When evaluated in comparison to extant literature on
the subject, MOFs, our most effective catalysts, MIL-101(Cr)–
SO3H (87.6% conversion) and UiO-66(Zr)–(COOH)2 (85.1%
conversion), demonstrate a high level of competitiveness under
conditions that are identical and solvent-free at 60 °C. Notably,
the activity of the aforementioned compounds is sustained over
ten consecutive recycling cycles. This level of stability is rarely
demonstrated for high-performance MOFs in this reaction.

The principal scientic advantage of the MOF approach lies
in the trade-off between synthetic complexity and long-term
viability. As shown in Table 4, many highly active heteroge-
neous catalysts (e.g. GC-1 : 2 and PVA40) oen rely on extremely
high acid site densities (up to 4.0 mmol H+ per g) to achieve
high conversions, frequently requiring complex multi-step
synthetic routes, high temperatures, or extensive post-
synthetic modications. In stark contrast, the MOF architec-
ture allows the successful integration of high concentrations of
functional Brønsted acid groups, such as the sulfonic group in
MIL-101(Cr)–SO3H (0.93 mmol H+ per g), in a single, high-yield
step. This rational design provides a superior balance of high
activity, synthetic economy, and exceptional robustness, vali-
dating the use of these MOFs as highly promising and
© 2026 The Author(s). Published by the Royal Society of Chemistry
sustainable heterogeneous acid catalysts for biomass
valorisation.

4. Conclusions

MIL-101(Cr) and UiO-66(Zr) MOFs were prepared and func-
tionalized with carboxylic and sulfonic groups. The character-
ization techniques employed allowed the conrmation of the
correct preparation of the desired MOF crystalline phases and
their successful functionalization. This study systematically
investigated the inuence of framework topology and Brønsted
acid functionality on the solvent-free acetalization of glycerol,
successfully synthesizing and characterizing functionalized
UiO-66(Zr) and MIL-101(Cr) MOFs. The catalytic outcome
proved to be highly dependent on the balance between acid site
strength, concentration, and accessibility.

Within the mesoporous family, the MIL-101(Cr)–SO3H
material achieved superior catalytic performance (>85%
conversion and >98% selectivity), beneting from an optimal
combination of high acid site loading and the absence of
signicant diffusion limitations provided by its large-pore
structure. Conversely, for the microporous UiO-66(Zr) struc-
ture, the activity of the –SO3H derivative was strongly hindered
by pore constriction. Here, the UiO-66(Zr)–(COOH)2 proved
more effective, demonstrating that the stronger intrinsic acidity
of the carboxylic groups successfully compensated for mass
transfer limitations imposed by the narrower pores.

The comparative evaluation of these two distinct topolo-
gies—including the rst reported use of acidic MIL-101(Cr) for
solketal synthesis—establishes a crucial structure–property
correlation. Our ndings underscore that UiO-66(Zr)–(COOH)2
and MIL-101(Cr)–SO3H are highly effective heterogeneous
catalysts, both exhibiting exceptional structural stability over
ten consecutive reuse cycles. These results provide direct,
rational design guidelines, highlighting that optimal catalytic
efficiency for viscous substrates requires a balance of high acid
strength/density with favourable textural accessibility.
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