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Mechanochemical synthesis of poly(azomethine)s:
a sustainable vehicle for metallic supports in
valorisation of glycerol
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A polymeric support based on a poly(azomethine) (PAM) structure was synthesized using mechanochemical
polymerization (PAM@M) and compared with its counterpart prepared via conventional high-temperature
solution-phase polycondensation (PAM@T). The mechanochemical approach not only significantly reduced
the synthesis time (1 hour versus 24 hours), but also resulted in a polymer with amorphous character while
the one synthesized via conventional heating exhibits some crystalline peaks. FeEPAM@M demonstrated
superior catalytic performance with complete conversion of glycerol to solketal with 100% selectivity in only
1 hour at room temperature, exhibiting an impressive environmental factor (E-factor = 3.49). The conversion
of glycerol into value-added products is essential due to its large-scale generation as a by-product of
biodiesel, so the results of this work highlight FEPAM@M as a highly efficient and sustainable catalyst for this

rsc.li/materials-advances valorisation.

Introduction

Aromatic poly(azomethines) (PAMs), also known as poly-
(imines) or Schiff base polymers, are highly interesting materials
which are generally prepared via condensation between dialde-
hydes and diamines using a great variety of solvents and condi-
tions: typically via high-temperature polycondensation using
high polarity solvents such as dimethylacetamide or m-cresol
using long reaction times (1-3 days)' or by using a mixture of
N-methylpyrrolidone (NMP) and hexamethylphosphoramide
(HMPA), in the presence of lithium chloride as water trap,
stirring the mixture for 16-48 h at room temperature.™* Taking
this background into account, there is a need to find more
sustainable and efficient procedures for the synthesis of this type
of polymer. In this sense, our group has contributed to a more
sustainable synthesis of these materials employing microwave
radiation, reporting successful syntheses in shorter reaction
time.**

Another powerful tool is mechanochemistry, which pro-
motes chemical reactions induced by mechanical force,
enabling bond breaking and formation without relying on heat,
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light or solvents typically required by using conventional
methods.>”

Thus, for example, mechanochemistry has been applied in
the synthesis of pharmaceutical compounds,'® for catalytic
transformations,'’ organometallic synthesis,'>"* fluorination
reactions,' and even the construction of non-carbon covalent
backbones such as phosphazanes (P-N)'® as well as the synth-
esis of inorganic compounds.’® Moreover, mechanochemical
polymerization has enabled the synthesis of a wide range of
linear and porous polymers and provides a versatile platform
for post-polymerization modifications such as that of a AuNP-
doped imine-COF catalyst."”

However, despite its many advantages, such as reduction or
elimination of solvents, and the use of various types of mono-
mers, even with low solubility, and shorter reaction times, this
polymerization technique has hardly been used to synthesise
aromatic PAMs. To the best of our knowledge, a few works have
been reported where mechanochemical polymerization
has been used to react a diamine with a dialdehyde."””'® Their
low solubility and the abundance of metal-chelating sites
provided by the nitrogen atoms in the imine bonds make PAMs
an excellent choice for heterogeneous catalytic applications.
Consequently, they have been widely studied and employed as
heterogeneous catalysts in a wide range of processes such as
selective dye degradation,'® Suzuki coupling reactions,*® CO,
cycloaddition to epoxides®>'*> or oxygen reduction reaction.”®

However, PAMs have not been used as heterogeneous cata-
lysts for the conversion of glycerol into value-added compounds

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0002-5212-4983
https://orcid.org/0000-0003-3684-7636
https://orcid.org/0000-0002-6326-8771
https://orcid.org/0000-0001-9522-0134
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma00197h&domain=pdf&date_stamp=2025-08-15
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00197h
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA006018

Open Access Article. Published on 15 August 2025. Downloaded on 4/5/2026 12:30:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a) MgSO, anh N
HN NH, N i) 600 rpm ((ND\
\©\ O/ I 1h N NI+
N N
e = gy o
@ = . ii) caso,anh ]
TPA DAPy 1) CaSO4an
TsOH/DMAC/N, PAM@M
1>5°C PAM@T
Mechanochemical 24h
polymerization (M) iii) FeCly MeOH/reflux
12h
b) N
HO { |N/
HO, HO o o Iy
\)\/ Pe no\/k/ N~-;¢,_-h+
Glycerol cl K!I\C' N
i "
FePAM@M Solketal
FePAM@T FePAM@M
rt FePAM@T
Fig. 1 (a) Synthesis of poly(azomethine)s via mechanochemical polymer-

ization (i), high-temperature polycondensation in solution (i), and synth-
esis of iron-loaded poly(azomethine) preparation (iii); (b) catalytic
acetylation of glycerol into solketal.

which is a process of great interest since it is the main waste in
the biodiesel production industry. In fact, for every 100 tonnes
of biodiesel, 10 tonnes of glycerol are generated.>*?> Its poly-
functional nature, characterized by three hydroxyl groups, enables
a wide range of chemical modifications. These include its conver-
sion into industrial chemicals such as acrolein, epichlorohydrin
and glycolic acid, as well as its transformation into fuel additives
such as glycerol derived ethers and esters. Additionally, it is used
as a precursor for pharmaceutical applications, such as glycerol
carbonate, which is widely used in drug production.’*° In addi-
tion, the conversion of glycerol via several catalytic processes aligns
with several principles of green chemistry, as it promotes the use
of renewable resources, reduces waste generation and uses cata-
lysts to enhance conversion.*

Among glycerol-derived ethers, solketal (Fig. 1b) is emerging
as a potential additive for oxygenated fuels that offers a sustain-
able alternative to petroleum-derived additives such as methyl
tert-butyl ether (MTBE) and ethyl tert-butyl ether (ETBE).*" Solk-
etal is typically produced by acetylation of glycerol using acid
catalysts, metal-based catalysts or bifunctional catalysts combin-
ing both acid and metal active centres®® > and, recently via
photocatalysis.>**®* Among the heterogeneous catalysts explored
in this conversion, metal oxides and their catalytic complexes,
molecular sieve catalysts and heteropoly metalate catalysts have
been the most widely studied.>**” Thus, obtaining solketal from
glycerol is not only an opportunity to obtain a sustainable
additive, but it is also a way of recovering glycerol.

However, few heterogeneous polymeric catalysts have been
reported for this reaction: some polymer-based coordination
catalysts®*>*® a polyurethane,”* copolymeric gels,** and
anthracene®® or quinone-based*® porous organic polymers.

Most of the metal-based catalysts, both homogeneous and
heterogeneous, including abundant elements such as iron and
aluminium operate at 60-120 °C with reaction times of 1-6
hours.**™*” The development of recyclable, non-toxic, iron-
loaded catalysts operating at room temperature is a significant
step towards sustainability.

Thus, in this work we have used mechanochemical
polymerization (M) to prepare a novel PAM by reacting
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4,4'-diaminotriphenylamine (TPA) with 2,6-pyridinedicarbo-
xaldehyde (DAPy) (PAM@M, Fig. 1a). For comparative purposes,
its counterpart, PAM PAM@T, has been synthesized using
conventional high-temperature polycondensation reaction in
solution (T). We have taken advantage of the presence of
nitrogen atoms and the pincer-like structure adopted in both
polymers to anchor iron from a solution of FeCl; obtaining
iron-loaded polyazomethines, FePAM@M and FePAM@T
(Fig. 1a).

In the second part of this work, we have employed both
polymers, FePAM@M and FePAM@®@T, as heterogeneous cata-
lysts in the valorisation of glycerol to obtain a high added value
product, solketal (Fig. 1b).

Experimental
Materials

Aniline, anhydrous calcium sulfate (CaSO,), cesium fluoride, 1-
fluoro-4-nitrobenzene, p-toluenesulfonic acid monohydrate
(TsOH) and anhydrous N,N-dimethylacetamide (DMAc) were
purchased from Sigma-Aldrich. 2,6-Pyridinedicarboxaldehyde
(Py) was acquired from AK Scientific, Inc. Dimethylsulfoxide
(DMSO), methanol, hydrazine hydrate solution (80 wt%), and
palladium on carbon (Pd/C, 10 wt%) were obtained from
Merck. All reagents and solvents were used as received.

Monomer synthesis

4,4'-Diaminotriphenylamine (TPA) was prepared using a two-
step reaction: a dinitro compound was synthesised and then
reduced to TPA using hydrazine and 10% Pd/carbon as the
catalyst according to the synthetic procedures described for this
compound (see the SI).*®

2,6-Pyridinedicarboxaldehyde (DAPy) was prepared following
the procedure previously reported.*

Polymer syntheses

PAM@M. Pyridine-2,6-dicarbaldehyde (DAPy, 135 mg,
1 mmol), 4,4’-diaminotriphenylamine (TPA, 275 mg, 1 mmol)
and anhydrous magnesium sulfate (60 mg, 0.5 mmol) were
added to a zirconia vessel provided with three 2 cm diameter
zirconium balls and placed in the planetary rotation mill. The
vessel was subjected to a stirring speed of 600 rpm for 1 h, after
which the material obtained was recovered, washed with water
under stirring for 3 h. The solid was filtered under vacuum and
dried in a vacuum oven at 110 °C for 24 h, yielding a dark brown
solid (359 mg, 96%).

PAM@T. A two-necked flask was charged with pyridine-2,6-
dicarbaldehyde (DAPy, 0.135 g, 1 mmol), p-toluenesulfonic acid
monohydrate (TsOH; 45 mg, 0.24 mmol), anhydrous calcium
sulfate (65 mg, 0.48 mmol), and dimethylacetamide (DMAc;
5 mL). The reaction mixture was heated to 60 °C for 30 min and
then 4,4’-diaminotriphenylamine (TPA, 0.275 g, 1 mmol dis-
solved in 4 mL DMAc) was slowly added under a nitrogen flow
and then 1 mL of DMAc was added. The reaction mixture was
slowly heated to 125 °C and stirred for 24 h. The mixture was

Mater. Adv,, 2025, 6, 6500-6507 | 6501
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then cooled to room temperature and then poured into water
(100 mL), a precipitate was formed, and stirred for 3 h at room
temperature. The precipitate was filtered under vacuum and
washed with plenty of water. The solid obtained was dried
under vacuum at 70 °C for 24 h and an orange solid was
obtained (0.355 g; 95%).

Fe-based PAMs

In a 100 mL one-neck flask provided with a magnetic stirrer and
a condenser, the corresponding polymer PAM@M or PAM@T
(0.150 g, 0.40 mmol), anhydrous FeCl; (0.065 g, 0.40 mmol) and
50 mL of methanol were added. The mixture was heated under
reflux for 20 h, after which it was allowed to cool to room
temperature. The black solid obtained was filtered under
vacuum, washed with THF and dried under vacuum at 110 °C
for 24 h, yielding the corresponding iron-loaded PAMs as
black solids, (FePAM@M) (202 g, 94%) and FePAM@T
(155 g, 72%).

Catalytic activity

The following procedure is an example of how the assays were
performed following the values depicted in Table 1.

Glycerol (0.18 mL; 2.5 mmol), acetone (0.84 mL; 11.41 mmol)
and FePAM@M (8 mg; 0.4 mol% Fe) were added to a micro-
reactor tube provided with a magnetic stirrer. The mixture was
then stirred for a time period indicated in Table 1. The catalyst
was separated from the solution via vacuum filtration or
centrifugation and allowed to dry under vacuum at 110 °C.
The liquid was analysed by gas chromatography. Glycerol
conversion and solketal quantification were calculated based
on a calibration curve (Fig. S1).

Table 1 Acetylation of glycerol (G) using poly(azomethines) based
catalysts?

En. Catalyst  No. of cycles Time (h) G Con. (%) S Yield (%) S/DMDO

1 FePAM@M 1 1 100 100 100/0
2 2 1 100 100 100/0
3 3 1 100 100 100/0
4 4 1 100 83 83/17
5 4 2.5 100 100 100/0
6 5 1 43 33.5 78/22
7 5 2.5 100 85 85/15
8 5 3.5 100 85 85/15
9 FePAM@T 1 2 100 100 100
10 2 2 100 100 100/0
11 3 2 37.4 28.8 77123
12 3 4 100 80 80/20
13 4 4 43.3 33.2 76.5/
23.5
14 PAM@M 1 1 0 0 0
15° FePAM@M 1 1 100 100 100

“ General conditions: G (0.18 mL, 2.50 mmol), acetone (0.84 mL,
11.41 mmol) and catalysts (8 mg, 0.4 mol% Fe respect to G, ratio Fe: G
1:250). * G (0.47 mL, 6.52 mmol), acetone (2.36 mL, 32.34 mmol) and
catalysts (21 mg, 0.4 mol% Fe respect to G, ratio Fe:G 1:250). S =
Solketal.
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Measurements

The solid-state "*C-NMR spectra were recorded using a Bruker
AV-400-WB at room temperature and 100.32 MHz using a 4 mm
triple channel probe using ZrO rotors and a Kel-F plug.

Microanalyses were carried out using a LECO CHNS-932
elemental analyzer (C, H, N).

FTIR-ATR spectra were obtained in a Bruker Vertex 70v
with a resolution of 2 em™" and in the spectral range of 600-
4000 cm™ .

The thermal stability was evaluated via thermogravimetric
analysis (TGA) using a TQ-500 from TA instruments. The
thermograms were recorded under an air atmosphere at the
heating rate of 10 °C min " from 50 to 800 °C.

Nitrogen adsorption isotherms were obtained using a Micro-
meritics ASAP 2020 M surface and porosity analyzer at 77 K. The
samples were degassed for 12 h at 120 °C before taking
measurements. Specific surface areas were determined using
a BET technique.

X-ray powder diffraction patterns were recorded on a Bruker
D8 diffractometer fitted with a Sol-X energy-dispersive detector.
The instrument was operated at 40 kV and 30 mA, utilizing
CuKo radiation (A = 1.5418 A) with appropriate filtering. Data
were collected over a 20 range of 3° to 50°, using a step size of
0.1° and an acquisition time of 0.5 seconds per step.

Results and discussion
Synthesis and characterization of poly(azomethine)s

Mechanochemical synthesis is a good alternative to obtain
polymers mainly because it avoids or reduces the use of
solvents, it can be used with low solubility monomers and,
above all, it significantly shortens reaction times. However, it
has been scarcely used for the synthesis of PAMs. Surprisingly,
only one work has been published on the mechanochemical
synthesis of PAMs, most likely due to the insolubility of the
polymer in common solvents which greatly limits its
applications.'® However, for the use of PAMs as heterogeneous
catalyst supports, insolubility is desired, and is indeed an
essential requirement.

The synthesis of the PAM in this study was initially carried
out via mechanochemical polymerization between the mono-
mers 4,4’-diaminotriphenylamine (TPA) and 2,6-pyridinedicar-
boxaldehyde (DAPy) (Fig. 1a). The reaction was accomplished in
the presence of a drying agent such as anhydrous magnesium
sulphate with only 1 h of mechanical stirring at 600 rpm. Then, a
dark brown solid insoluble in common solvents was formed,
which was the first evidence of polymer growth. This polymer
was designated as PAM@M. For comparative purposes, the
reference poly(azomethine), was synthesized via a typical high-
temperature polycondensation reaction through solution poly-
merization (Fig. 1b) using the same monomers. This polymer
was designated as PAM@T. Pictures of both solids obtained are
shown in Fig. S2.

The "*C-NMR solid state spectra of both polymers (Fig. 2)
showed similarities; however, the spectrum of PAM@T was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 *C-NMR solid state spectra of PAM@M and PAM@T.

notably more defined. The aromatic carbon atoms (a-g) showed
signals between 110 and 140 ppm while carbons linked to
nitrogen atoms exhibited chemical shifts at a lower field. Thus,
the signal at 146 ppm is attributed to the imine carbon atoms
(i) while the signals at 143 and 155 ppm are due to the aromatic
carbon linked to nitrogen atoms, (j), (k) and (h) respectively.

To understand the differences in the spectral resolution
between the two materials, the morphology of both polymers
was studied via powder X-ray diffraction patterns (Fig. S3). The
thermally synthesised PAM@T displays sharper Bragg reflections
than mechanochemically synthesised PAM@M, indicating a
higher degree of crystallinity. Consequently, a more ordered
molecular structure contributes to the presence of more defined
resonances in the solid-state "*C NMR spectrum of PAM@T.**>°

Both polymers showed identical FT-IR absorption bands
(Fig. 3a). The intense band at 1620 cm ™" was attributed to
imine linkages. The absorption between 1578 and 1489 cm ™"
was caused by the vibration of conjugated C—C bonds and the
absorption attributed to C-N bonds occurred at 1411 cm ™.
Finally, a weak band at 1713 cm™ ' was attributed to terminal
aldehyde groups.?

Both PAMs showed a high thermal stability (Fig. 3b) with an
initial decomposition temperature of 435 °C. Interestingly, the
residual mass observed for PAM@M was higher than expected.
This could be attributed to residual magnesium sulphate,
tightly packed in the polymer matrix due to the mechanical
action applied on the mixture, and which was not removed in
the washing process. To verify this assumption, a TGA of pure
MgSO, was performed under the same experimental conditions
(Fig. S4). The analysis showed a high residual mass, consistent

PAM@M
PAM@T

Transmittance (a.u.)

\/\ /
1620 \fi562
1e70

4000 3500 3000 2500 2000 1500 1000 200 400 600 800

Wavenumber (cm™) Temperature (°C)

Fig. 3 (a) FT-IR spectra of PAM@M and PAM@T; (b) thermograms of
PAM@M and PAM@T.
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with the TGA profile observed for PAM@M. This supports the
conclusion that the high residue in PAM@M is attributable to
the presence of MgSO, in the final composite.

The percentages of C, H and N, obtained by elemental
analysis (Table S1) were lower than expected due to the
presence of the residual MgSO, trapped in this network. How-
ever, the elemental analysis values obtained for PAM@T were
very similar to those calculated.

The monomers used to synthesize these polymeric supports,
TPA and DAPy (Fig. 1), exhibit a meta disposition between their
functional groups. This arrangement could give rise to a con-
toured structure with inherent porosity, a characteristic previously
observed in other PAMs synthesized from monomers with similar
functional group configurations.**' Thus, we explored the poros-
ity of both polymers using nitrogen adsorption/desorption iso-
therms at 77 K (Fig. S5). Neither polymer absorbs nitrogen at low
pressures, indicating the absence of micropores in both struc-
tures. As pressure increases, both polymers absorb nitrogen,
albeit in small amounts, resulting in very low specific surface
areas of 18.3 and 24.9 m” g~ respectively. PAM@T shows a very
pronounced hysteresis, indicating that the nitrogen input and
output are very different in this material, which can be attributed
to the formation of very irregular pores with non-homogeneous
size distribution. The PAM@M isotherm shows almost no hyster-
esis, indicating a more homogeneous distribution of pore size and
shape. From these results it can be deduced that mechanochem-
ical polymerization promotes the formation of pores that are
more regular in shape and size.

Iron catalysts were prepared by heating a mixture of the
corresponding PAM support with FeCl; in a polymer : metal salt
molar ratio of 1:2 in methanol as the solvent. The metal
content was determined after carrying out three thermogravi-
metric analyses (TGA) (Fig. 4a) under oxidizing atmosphere
analysing the residue obtained (Fe,0;), that led to a medium
iron contents of 5.46 + 1.31 and 4.64 + 0.25% respectively.
These results together with the percentages of C, H and N
obtained (Table S1) showed that one third of the repeating
units of each catalysts anchor iron. The thermal stability was
very similar in both cases, with a one-step decomposition
pattern at similar initial degradation temperatures.

The FT-IR spectra of both complexes were also different
(Fig. 4b). The FePAM@M spectrum shows a shift in the absorp-
tion of the imine bond from 1620 to 1601 cm™ " as a result of the

FePAM@T

Tdpe = 330°C

FePAM@M
FePAM@T

Tdgngeq = 320°C
804

2
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Weight (%)
Transmittance (a.u.)

a
3

»
S

200 400 600

Temperature (°C) Wavenumber (cm)

Fig. 4 (a) Thermograms and (b) FT-IR spectra of FePAM@M and
FePAM@T.

Mater. Adv., 2025, 6, 6500-6507 | 6503


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00197h

Open Access Article. Published on 15 August 2025. Downloaded on 4/5/2026 12:30:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

coordination of iron cations to these bonds.? In addition, new
absorptions appear in the spectrum of this complex at 1538 and
1378 cm ™ that were not present in the spectrum of the starting
support (Fig. S6). However, the FT-IR spectrum of FePAM@T is
very similar to that of the starting support (Fig. S7) which
indicated that metal coordination in this case does not alter
the vibrations of the bonds in this polymer. The different
degrees of crystallinity in PAM@M and PAM®@T may signifi-
cantly influence the way the Fe-centre interacts with the poly-
mer matrix at the molecular level. In the more amorphous
PAM@M, less tightly packed chains and higher conformation-
ally freedom, facilitate the Fe-coordination and thereby altering
the corresponding IR bands, leading to observable shifts or
intensity changes in IR bands. Conversely, in the more crystal-
line material PAM@T, the tighter packing and reduced seg-
mental mobility can restrict the accessibility to surface
positions of Fe ions where their dipole interaction is weak
and the IR spectrum appears largely unchanged. This observa-
tion could suggest that the spectral response is governed by the
local coordination environment.>*>

Glycerol valorisation

The acetylation of glycerol can produce two compounds, the
five-membered ketal, solketal (S), and the six-membered ketal
2,2-dimethyl-1,3-dioxan-5-ol (DMDO) (Fig. 5). However, in most
cases DMDO evolves to solketal which is thermodynamically
more favourable.>

The reaction was optimized using FePAM@M as the catalyst.
Thus, after several experiments, using an acetone/glycerol
molar ratio of 7, and 0.4 mol% of iron respect to glycerol at
room temperature, a complete conversion of glycerol into
solketal, as the unique compound (100% yield and 100%
selectivity) was achieved in only 1 hour of reaction (Table 1,
entry 1). However, the use of FePAM@T under the same
conditions did not yield complete glycerol conversion. It was
necessary to increase the reaction time to 2 h to achieve
complete conversion of glycerol and a quantitative yield in
solketal (entry 9). The recycling of FePAM@M afforded the
same results after two more consecutive reactions (entries 2
and 3, Fig. 6a). In the fourth cycle (entry 4), after 1 h of reaction,
glycerol conversion was completed but a mixture of both acetals
was detected. By increasing the reaction time to 2.5 h, DMDO
was converted to solketal, which was the only product detected
(entry 5). In the fifth cycle, the catalyst activity was lost since in
one hour of reaction only 43% of the glycerol was reacted,
forming a mixture of the two acetals (entry 6). Increasing the
reaction time to 2.5 h, a mixture of 85% solketal and 15%
DMDO was detected (entry 7). DMDO did not convert to

i . 2,
EN s O

Solketal (S) . DMDO

Glycerol (G)

Fig. 5 Acetylation of glycerol.

6504 | Mater. Adv., 2025, 6, 6500-6507

View Article Online
Pa per

a) b)

[ solketal yield ( 1h)
[ solketalyietd (2.30 h)

[ solketal yield (2 h)

[l Giycerol conversion (1 h)
[[] solketalyietd (4 h)

W Giycerol conversion (2 h)

g 8 2

Conversion/Yield (%)
&

Conversion /Yield (%)

8

1 2 3 4 s 1 7 e :
cles
Cycles 4

Fig. 6 Recycling experiments using (a) FEPAM@M or (b) FePAM@T as
catalysts.

solketal, as the same solketal/ DMDO ratio was observed after
3.5 h of reaction (entry 8). In the case of FePAM®@T (Fig. 6b), in
the second cycle, glycerol conversion and solketal selectivity
were 100% (entry 10) after 2 h of reaction. Then, in the third
cycle, the glycerol conversion was 37.4% and a mixture of
solketal and DMDO (77/23) (entry 11) was observed, which
evolved towards 100% of glycerol conversion upon increasing
the reaction time up to 4 h. In addition, the solketal yield
increased to 80% (entry 12). The catalyst was deactivated in the
fourth cycle since after four hours of reaction low glycerol
conversion and loss of selectivity towards the solketal were
observed (entry 13).

To confirm the role of iron, a control experiment was
performed using PAM@M as the catalyst (entry 14). After 1 h
of stirring at room temperature no reaction was observed,
confirming the need for iron to promote this reaction. Finally,
the reaction was up-scaled using FePAM@M as the catalyst
(entry 15) to isolate solketal and calculate the E-factor (see the
last paragraph of this section). As an example, Fig. S8 shows
exemplary chromatograms of entries 1, 4 and 11 respectively.

The "H-NMR spectrum of solketal obtained without further
purification (Fig. 7) shows expected signals: two singlets
around 1.3 ppm attributed to the protons of methyl groups, a
singlet at 2.7 assigned to the proton of the -OH moiety and a
group of signals between 3.5 and 4.2 ppm attributed to the
protons b-d.

B

0 48 4.6 4.4 42 4.0 3.8 3.6 3.4 3.2 30 28 26 24 22 2.0 18 1.6 1.4 1.2 1.0 08 0.6
f1 (ppm)

Fig. 7 'H-NMR spectrum of solketal prepared by acetylation of glycerol in
1 h at r.t. using FePAM@M as the catalyst (* acetone).
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Fig. 8 Proposed mechanism for FEPAM@M-catalyzed acetylation of gly-
cerol to solketal.

The spectrum is consistent with that of commercial solketal
and with that obtained by photocatalysis.>®

The thermal stability of recycled-FePAM@M was compared
with the catalyst before use (Fig. S9). The recycled catalyst
shows a decrease in thermal stability (around 20 degrees) and
a higher residue which confirms the lack of activity after the
fourth cycle. The reduced thermal stability could be related to
several factors such as a partial degradation of the polymeric
structure during recycling processes, trace contamination by
reaction by-products, or changes in the microstructure. These
factors could affect the coordination of the iron complex,
disrupt the polymer matrix, and consequently compromise
thermal stability.

The glycerol acetylation mechanism to obtain solketal cata-
lysed by FePAM@M is proposed in Fig. 8, based on other
previously reported mechanisms using iron-loaded catalysts.
The condensation reaction between alcohols and ketones
begins with the activation of the carbonyl group through
coordination with FePAM@M.">>* This activation facilitates
the nucleophilic attack of the hydroxyl group on the carbonyl
carbon (step I), forming a protonated tetrahedral alkyloxonium-
like intermediate. Subsequently, this intermediate releases H"
ions, which migrate to the oxygen atom coordinated with the
catalyst (step II) to afford the intermediate A. The catalyst is
then released (step III), generating a new oxyanion intermedi-
ate. This intermediate can undergo further transformation
through a nucleophilic attack by a primary hydroxyl group
(step Iva) or a secondary hydroxyl group (step IVb), leading to
six- or five-membered ring intermediates, respectively. The
formation of the five-membered ring is favoured due to the
proximity between the secondary hydroxyl and carbonyl groups.
Finally, a water molecule is eliminated, and the catalyst is
regenerated (step V), yielding the two acetals, solketal and
DMDO. However, DMDO is readily isomerized by an acid

© 2025 The Author(s). Published by the Royal Society of Chemistry
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catalyst to solketal, the thermodynamically more stable product
as has been previously reported.>*>®

To provide an overview of the catalytic performance of
FePAM@M in the valorisation of glycerol to solketal, it was
compared with previously reported iron-loaded catalysts. Thus,
Da Silva et al. achieved 96% solketal selectivity (98% glycerol
conversion) in 1 h using 0.3 mol% of a recyclable homogeneous
catalyst of iron(m) silicotungstate, which retained its activity
over 5 cycles.*® Ali et al reported that using 5 wt% (with
reference to the weight of glycerol) of a heteropoly ionic
liquid-functionalized MOF-Fe, solketal is achieved with 100%
selectivity with complete glycerol conversion in 1 h, retaining
its activity over 7 cycles.*®> Thus, FePAM@M is very competitive
to carry out this conversion, since very similar results are
achieved even at room temperature in 1 h.

Finally, the process was evaluated in terms of chemical efficiency
by calculating the E-factor (mass of waste/mass of product).”’
To determine this factor, the reaction was scaled up by increasing
the amount of glycerol, acetone and FePAM@M as the catalyst
(entry 15), which enabled the production of sufficient solketal for
isolation and weighing (see the SI). The estimated value obtained
was 3.49 which is even below that of the established waste segment
in the chemical industry (5-50)*" making this process highly
sustainable and very attractive to apply on an industrial scale.

Conclusions

Mechanochemical polymerization was employed to synthesize
a poly(azomethine)-type support (PAM@M) in only 1 h without
the use of solvents, representing a significant advancement
over traditional methods that typically require heating in
solution for at least 24 h. The structure and chemical stability
of PAM@M were comparable to those of the conventionally
prepared counterpart (PAM@T). However, PAM@M demon-
strated superior iron-anchoring capacity and enhanced cataly-
tic activity in the acetylation of glycerol to produce solketal—a
sustainable oxygenated fuel additive and eco-friendly alterna-
tive to petroleum-based additives. Notably, FePAM@M enabled
full conversion of glycerol into solketal at room temperature in
only 1 h, positioning it as a highly competitive catalyst on par
with the best reported alternatives. Furthermore, the process is
highly sustainable, with an E-factor of 3.49, making it particu-
larly attractive for industrial-scale application. Thus, this
research opens the way for exploring other metals supported
on poly(azomethines) synthesized through mechanochemical
polymerization, enabling the development of novel sustainable
heterogeneous catalysts. Depending on the selected metal,
these catalysts could be tailored for a wide range of chemical
reactions, including those aimed at reusing waste, by-products
or biomass conversions into optimized processes in the future.
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S2, while their structural properties are examined by X-ray powder
diffraction (Fig. S3) and nitrogen adsorption-desorption iso-
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