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Ciencias, Campus de Teatinos s/n 29071, M
cDipartimento di Chimica Industriale “Toso

Risorgimento 4, 40136 Bologna, Italy
dCenter for Chemical Catalysis – C3, Alma

Viale Risorgimento 4, 40136 Bologna, Italy
eDeasyl S.A., Plan-les-Ouates, Geneva, 1228

† Electronic supplementary informa
https://doi.org/10.1039/d4mr00128a

Cite this:RSCMechanochem., 2025, 2,
432

Received 1st November 2024
Accepted 26th January 2025

DOI: 10.1039/d4mr00128a

rsc.li/RSCMechanochem

432 | RSC Mechanochem., 2025, 2, 4
r hydrogenation of furfural using
mechanically activated MgO as catalyst†
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Several MgO materials have been prepared throughout wet flow semi-continuous mechanochemical

treatment of the Mg(OH)2 precursors and their subsequent calcination. This mechanochemical treatment

of the precursors has shown a clear influence on the textural properties and the amount and strength of

basic sites of the MgO catalysts after its calcination, obtaining higher values than that observed in a MgO

sample synthesized without mechanochemical treatment. An in-depth investigation was conducted on

the effects of the mechanochemical treatment on the catalytic performance in the catalytic transfer

hydrogenation of furfural, and a positive effect on the activity of the catalysts was found after short

mechanochemical treatment times. The highest conversion values at shorter reaction times were

obtained after a mechanochemical treatment of 15 min, reaching a furfuryl alcohol yield of 79% after 2 h

of reaction at 90 °C, using 2-propanol as both hydrogen donor and solvent. This data notably improves

that obtained for the untreated material, which only reaches a conversion of 48% under the same

experimental conditions. The stability of the material in the reaction media as well as their reusability

were also investigated, and the interaction nature of 2-propanol with the MgO surface has been

elucidated by attenuated total reflection spectroscopy and 2-propanol adsorption studies.
1. Introduction

Lignocellulosic biomass has emerged as an alternative to
traditional fossil fuels because of its renewable character, useful
derived chemicals and potentially usable stored energy by
thermochemical or enzymatic processes.1–3 The most abundant
fractions of lignocellulose (cellulose, hemicellulose and lignin)
can be isolated and puried4 and then each of them can be used
as a starting material to obtain a wide range of high value-added
products, which were previously synthesized by other routes
from fossil fuels. Hemicellulose, a branched polysaccharide, is
mainly composed of C5 sugars (xylose and arabinose). Hemi-
cellulose can be depolymerized into their respective monomers
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tion (ESI) available. See DOI:

32–442
through acid treatment under controlled conditions.5 Both
xylose and arabinose are dehydrated to obtain furfural (FUR).6,7

FUR is considered, together with bioethanol, one of the main
products obtained from the sugar platform. The high interest in
FUR is attributed to its high reactivity and versatility, being
considered as a building block molecule due to the broad
spectrum of products that are obtained by different chemical
treatments.7 Among them, the production of furfuryl alcohol
(FOL) from FUR through hydrogenation is the most important.
Traditionally, this reaction has been carried out using copper
chromite as the catalyst of choice.8,9 However, the toxicity of the
Cr species has led to the search and development of Cr-free
catalysts, mainly Cu- and Ni-based catalysts.7–16

In the last few years, catalytic transfer hydrogenation (CTH)
has emerged as a cheaper and safer alternative.17–22 This reac-
tion can take place in the absence of metal phases (M0), using
catalysts with Lewis acid or basic a active sites and sacricing
alcohol, mainly a secondary alcohol, which donates a hydrogen
to the FUR molecule to form FOL through a six-membered
intermediate.18 Most studies have been performed with Zr-
based catalysts, where the presence of Lewis acid sites
promotes the reduction of FUR to FOL.23–27 In this sense, several
authors have incorporated Zr species in silica or zeolite frame-
work forming Brønsted acid sites, which are involved in
consecutive reactions to obtain alkyl furfuryl ethers, alkyl
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 X-ray diffraction patterns of Mg(OH)2 precursors (A) and MgO
catalysts (B).
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levulinates or g-valerolactone, although the yield and non-
detected products are more limited.24,26,28–31 Other authors
have also pointed out the role of Lewis acid sites in Al-32,33 and
Fe-based catalysts34,35 as active phase in the reduction of FUR to
FOL.

Basic catalysts have also been studied in the CTH of FUR.
These catalysts have a higher catalytic activity than acid cata-
lysts, obtaining high conversion values even at lower tempera-
tures. Among them, most studies focus on MgO-based catalysts
as the active phase;36–38 however, the main disadvantage of these
basic materials is related to their regeneration, as several
authors have observed.37,39

The present study focuses on the role of MgO crystallinity on
the amount of basic sites and thus on the catalytic behavior of
this catalyst in the hydrogenation of FUR to FOL via CTH. For
this purpose, Mg(OH)2, used as a precursor, has been treated in
a semi-continuous mechanochemical reactor at different reac-
tion times and subsequently calcined to obtain MgO. Tradi-
tionally, mechanochemistry has been used in the metallurgy
eld to form alloys.40 More recently, the mechanochemical
studies are focused on other elds such as inorganic, organic, or
organometallic chemistry as well as material sciences,41 or the
synthesis of materials with catalytic properties.42 Generally, ball-
milling promotes the formation of crystalline defects in solid
acids through impacts, friction and shear processes.42 These
defects are directly related to the active phases involved in the
reaction. On the other hand, this strategy also allows the
synthesis of materials in shorter treatment times and milder
conditions. Furthermore, in this work, the analysis of the basic
sites involved in the hydrogenation of FUR and its stability is
also carried out.

2. Experimental section

A semi-continuous ow mechanochemical reactor, DYNO®-
MILL RESEARCH LAB (Willy A. Bachofen AG, Switzerland), was
used for the treatment of Mg(OH)2 (Merck), using deionized
water as carrier (10 wt% Mg(OH)2). The procedure was as
follows: 8 g of Mg(OH)2 was added to 80 mL of deionized water,
and this suspension was fed to the reactor (operating in loop
mode by recirculating the reaction suspension), with a rotation
speed of 8.5 m s−1, using 1 mm beads (ZrO2 doped with Y2O3) at
25 °C (measured in the outlet of the machine) at different times,
for up to 240 min. For each study, the reactor of 80 mL was lled
in a 60% of the total volume with the ZrO2 microbeads. The
suspended material was then separated by centrifugation at
8000 rpm for 15 min before drying at 70 °C for 24 h. Finally, the
solid was calcinated at a temperature of 450 °C with a heating
rate of 5 °C min−1, maintaining this temperature for 2 h to
obtain MgO as active phase.

The different materials were characterized by X-ray diffrac-
tion, transmission electron microscopy, particle size analyzer,
attenuated total reection, N2 adsorption–desorption isotherms
at −196 °C, CO2 temperature-programmed desorption, X-ray
photoelectron spectroscopy, FTIR spectroscopy analysis
coupled to 2-propanol adsorption and 2-propanol adsorption–
desorption isotherms at 25 °C. A description of the equipment
© 2025 The Author(s). Published by the Royal Society of Chemistry
used in the characterization of the samples is detailed in the
ESI.†

The catalytic study was carried out in a glass reactor, with
thread bushing (Ace, 15 mL, pressure rated to 10 bar). In a typical
experiment, 96 mg of FUR was dissolved in 2-propanol, main-
taining a 2-propanol/FUR molar ratio of 50 : 1, and 100 mg of
catalyst was added. Prior to the reaction, the samples were purged
with a He ow for 30 seconds. Reaction time was investigated up
to 3 h under continuous stirring (300 rpm), at temperatures
between 90 and 135 °C using a thermally-controlled aluminum
block. Aer the reaction, the reactor was immediately cooled in
a water bath. Samples were microltered and analyzed by gas
chromatography (Shimadzu GC-14A), using a ame ionization
RSC Mechanochem., 2025, 2, 432–442 | 433
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detector and a CP-Wax 52 CB capillary column. The FUR
conversion and yields of the products were determined as follows
(eqn (1) and (2)):

Conversionð%Þ ¼ mol of furfural converted

mol of furfural fed
� 100 (1)

Yieldð%Þ ¼ mol of product

mol of furfural fed
� 100 (2)

3. Characterization of the samples

The analysis of precursors obtained by mechano-treatment at
different times was performed by X-ray diffraction (XRD)
(Fig. 1A). All diffractograms display the same prole, showing
diffraction peaks attributed to the presence of hexagonal
Mg(OH)2 brucite structure as a unique crystalline phase (PDF:
00-044-1482). The diffractogram shows a slight broadening of
the characteristic diffraction peaks of Mg(OH)2, suggesting
a decrease in crystallinity. Aer calcination at 450 °C (Fig. 1B),
the typical diffraction peaks ascribed to the (111), (200) and
(220) planes of the periclase structure (MgO) (PDF: 01-087-0653)
are observed, which agree with the literature.43 In addition,
small peaks located about 2q(°) of 30 and 50 are detected,
mainly aer longer treatments in the reactor. These peaks are
assigned to the presence of tetragonal ZrO2 (PDF: 01-079-1769),
Fig. 2 TEM micrographs of MgO_untreated (A), MgO_15m (B), MgO_60

434 | RSC Mechanochem., 2025, 2, 432–442
caused by the slight degradation of the Y-doped ZrO2

microbeads used in the mechanochemical treatment. The
determination of crystal size of MgO nanoparticles was carried
out by the Williamson–Hall method by analyzing the main peak
(2q of 42.7°), associated with the (002) planes (ESI, Fig. S1†).
These data reveal that all MgO catalysts show a rather small
average crystal size, below 10 nm. In this sense, the mechano-
chemical treatment causes a progressive decrease in the average
crystal size from 9.2 nm, aer 1 min of mechanochemical
treatment, to 5.8 nm aer 240 min.

The morphology of the MgO catalysts was analyzed by TEM
(Fig. 2). The MgO_untreated sample is composed of large
particles. Mechanochemical treatment breaks down the parti-
cles into smaller fragments. Despite the treatment, not all the
particles suffer a breakdown, as fragments and large particles
coexist aer mechanochemical treatment. High resolution
images (ESI, Fig. S2†) hardly shows this trend, since the
mechanochemical treatment also seems to promote the
agglomeration of the MgO crystals. This should provide
a greater number of structural defects at the grain boundary,
which must be related to the active sites and the catalytic
behavior. In the same way, the particle size distribution was also
evaluated (ESI, Fig. S3†). The obtained results show how the
mechanochemical treatment causes a progressive decrease in
the particle size, which seems to agree with the decrease in
crystallinity observed by XRD (Fig. 1B). On the other hand, the
m (C) and MgO_240m (D) catalysts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CO2-TPD of MgO_untreated, MgO_15m, MgO_60m and
MgO_240m catalysts.

Table 2 Determination of the basic sites from CO2-TPD profiles

Sample
Weak basic sites
(mmol g−1)

Strong basic sites
(mmol g−1)

Total basic sites
(mmol g−1)

MgO_untreated 189 89 278
MgO_15m 302 125 427
MgO_60m 357 161 518
MgO_240m 417 310 727

Table 3 Atomic concentrations on the surface of the MgO catalysts,
determined by XPS

Sample

Atomic concentrations (%) Molar ratio

C 1s O 1s Mg 2p O/Mg

MgO_untreated 13.25 50.23 36.51 1.38
MgO_15m 13.32 48.59 38.68 1.28
MgO_60m 13.84 49.06 37.09 1.33
MgO_240m 15.85 48.17 35.97 1.34
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analysis of the MgO catalysts subjected to the mechanochem-
ical treatment by EDX also conrm that the use of a prolonged
treatment also provokes a progressive fragmentation of the Y-
doped ZrO2 microbeads, in such a way that the higher propor-
tion of Zr is observed for the MgO_240m catalyst (ESI, Fig. S4†).

The determination of the textural properties was conducted
by N2 adsorption–desorption isotherms at −196 °C (ESI,
Fig. S5†). The isotherms show that the N2 adsorbed at low
relative pressure is very low, which indicates that the obtained
materials display low microporosity (Table 1). The specic
surface area increases according to the mechanochemical
treatment, ranging from 126 m2 g−1 for the MgO_untreated
sample to 202 m2 g−1 for the MgO_240m sample.

This increase is accompanied by an increment of the pore
volume, from 0.267 to 0.429 cm3 g−1. At higher relative pressure,
the data reveal that those samples subjected to long periods of
mechanochemical treatment have a greater N2 adsorption
capacity, giving rise to isotherms classied as Type II, which are
associated with macroporous materials.44 In this sense, the
study of the pore size distribution, estimated by the DFT
method,45 shows that the MgO_untreated sample displays pores
with a maximum size of 6.8 nm (Fig. S1†). However, the
mechanochemical treatment provokes a shi of pore size
distribution, appearing with a maximum value close to 5 nm,
which is related to the increase of the SBET values (Table 1). On
the other hand, it is also striking the apparition of another
maximum in the pore size distribution of about 20 nm for those
samples subjected to longer mechanochemical treatment. This
data could be related to a decrease in the size of the MgO
nanoparticles, which generates space between adjacent parti-
cles, leading to macropores. The increase in the surface area of
the material as well as the pore volume could be directly related
to the inverse of the time that the materials were mechanically
treated (Fig. S1†).

The estimation of the basic sites, involved in the catalytic
transfer hydrogenation of FUR, has been performed by
temperature-programmed desorption of CO2 (CO2-TPD) (Fig. 3
and Table 2). In all MgO catalysts, two separate desorption
bands denote the presence of two types of basic sites that
interact with CO2. The main contribution takes place from 70 to
260 °C, with a maximum at 160–170 °C. Moreover, a smaller
contribution of sites with greater basicity is also observed at
higher temperatures. XRD analysis post CO2-TPD shows that
the MgO materials are regenerated aer desorption (ESI,
Fig. S6†). As could be expected, those MgO catalysts with
smaller crystal sizes and higher surface area display a higher
amount of available basic sites. In addition, the number of basic
sites increases with the treatment time, existing a direct
Table 1 Textural properties determined from N2 adsorption–desorption

Sample SBET (m2 g−1) t-plot (m2 g

MgO_untreated 126 6
MgO_15m 168 8
MgO_60m 195 5
MgO_240m 203 3

© 2025 The Author(s). Published by the Royal Society of Chemistry
relationship between treatment time and basicity. This rela-
tionship must be associated to an increase at the grain
boundaries by the mechanochemical treatment.

The chemical characterization of the catalyst surface was
carried out by XPS (Fig. 5 and Table 3). The C 1s core level
spectra display two contributions: a main band at 284.8 eV,
associated with adventitious carbon, and another one at
289.5 eV, which can be assigned to carbonate species, due to the
partial carbonation of MgO in contact with atmospheric CO2

(Fig. 5A). Nevertheless, the intensity of this latter contribution is
isotherms at −196 °C

−1) Total Vp (cm3 g−1) Vmicrop (cm3 g−1)

0.2673 0.0021
0.3175 0.0009
0.4116 0.0005
0.4290 0.0001

RSC Mechanochem., 2025, 2, 432–442 | 435
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very low and similar for all samples, since the Mg(OH)2
precursors were calcined prior to their analysis.46 On the other
hand, the O 1s core level spectra are also composed of two
bands: the most intense contribution located at 529.6 eV is
typical of oxide species and the less intense appearing at higher
binding energy values, about 532 eV, is attributed to the pres-
ence of carbonate or hydroxide species, caused by MgO reac-
tivity when exposed to atmospheric CO2 and H2O (Fig. 5B).46

Finally, Mg 2p core level spectra display a single contribution
located at 49.4 eV, typical of Mg2+ species (Fig. 5C).46

Regarding the surface atomic concentration, all MgO cata-
lysts exhibit similar O/Mg ratios, the atomic concentration of
Mg being 35.97–38.68%, while the concentration of O is 48.17–
50.23%. Thus, the calculated O/Mg atomic ratios were between
1.28 and 1.38, which is above the expected theoretical value,
probably due to the presence of carbonate and hydroxyl groups
on the surface of the MgO, as mentioned before.

Fig. 6 shows the FTIR-ATR spectra of the MgO catalysts
synthesized as a function of mechanochemical treatment time
and subsequent calcination. All samples display a broad band
between 3900 and 3200 cm−1, which is assigned to the
stretching vibration mode of OH groups. In the same way, the
Scheme 1 Reaction scheme proposed from the products obtained.

Fig. 4 C 1s (A), O 1s (B) and Mg 2s (C) core level spectra obtained by XPS

436 | RSC Mechanochem., 2025, 2, 432–442
vibration band located about 1640 cm−1 corresponds to the
bending vibration mode of adsorbed H2O molecules,47,48 sug-
gesting that MgO samples exposed to longer mechanochemical
treatment are more prone to H2O adsorption. In addition,
another band is observed at 1385 cm−1,49 which can be assigned
to carbonate species, conrming that MgO is sensitive to be
carbonation due to its basicity. Finally, the band at 840 cm−1 is
attributed to the Mg–O stretching vibration mode.50
4. Catalytic tests

Once the MgO catalysts were obtained, these were studied in the
catalytic transfer hydrogenation of FUR to FOL (Scheme 1).18

The catalytic results show that FUR conversion in all MgO
catalysts increases with reaction time, although the behavior of
the catalysts differs between them (Fig. 7A). Thus, the catalyst
synthesized without the mechanochemical treatment
(MgO_untreated) reaches a FUR conversion of 68% aer 3 h of
reaction at 90 °C. However, the use of the mechanochemical
treatment, which causes a decrease in particle size, improves
the FUR conversion notably. In this way, MgO_15m achieves
a conversion of 79% aer only 2 h at 90 °C, while
of MgO_untreated, MgO_15m, MgO_60m and MgO_240m catalysts.

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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mr00128a


Fig. 5 ATR-spectra of MgO_untreated, MgO_15m, MgO_60m and
MgO_240m catalysts.

Fig. 6 FUR conversion (A) and yields (B) in the CTH of FUR using MgO
catalysts (experimental conditions: temperature: 90 °C; 2-propanol/
FUR molar ratio: 50; 0.1 g catalyst; FUR/catalyst weight ratio: 1). FOL:
furfuryl alcohol, FAc: 4-(2-furyl)-3-buten-2-one.
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MgO_untreated only displays a conversion of 48% under these
experimental conditions. However, it is remarkable that even
though the particle size decreases and the amount of basic sites
increases clearly, the catalytic conversion diminishes noticeably
for those catalysts treated for longer times. Thus, the catalyst
subjected to mechanochemical treatment for 240 min only
achieves a FUR conversion of 32% aer 2 h at 90 °C.

The comparison of the obtained data with other reported in
the literature for basic catalysts evidences that a higher FUR
conversion is attained at lower temperatures, compared to
those with Lewis acid sites, such as Al- and Zr-based catalysts,
for which the reaction temperature had to increase by at least
120 °C.51 These data suggest that hydrogen transfer is favored
on basic sites. In this sense, it has been previously reported the
use of a similar reaction temperature with other basic catalysts,
such as CaAlOx obtained from hydrocalumites, for the reduc-
tion of benzaldehyde and cyclohexanone.52 However, Xiao has
performed the reduction of cinnamaldehyde with MgAlOx ob-
tained from hydrotalcites at 80 °C.53

Despite the different catalytic behavior of the MgO catalysts
(Fig. 7B), their selectivity patterns are similar (Scheme 1). Thus,
the main product is FOL, obtaining yields very close to 78% for
those catalysts previously subjected to mechanochemical
treatment between 1 and 30 min. Among them, the most active
catalyst is that treated for 15 min, which achieves a yield of 72%
aer 2 h at 90 °C. The use of longer time of mechanochemical
treatment worsens the FOL yield. In this sense, Zr- or Hf-based
catalysts also promoted consecutive reactions,54 in such a way
that other products, such as alkyl furfuryl ether, alkyl levuli-
nates or valerolactone can be formed from FOL. Nevertheless,
all these products possess commercial interest, although the
existence of consecutive reactions would limit the yield of the
target product and undesired reactions can take place facili-
tating the formation of carbonaceous deposits which can block
the active sites. With the use of basic catalysts, the CTH process
largely avoids the detrimental effects of secondary processes in
FOL production.37 Similar results have been obtained with
catalysts that have exclusively Lewis acid sites, even though they
require higher reaction temperature.32 However, the coexistence
of Lewis and Brønsted acid sites could promote consecutive
reactions.55 On the other hand, small proportions of 4-(2-furyl)-
3-buten-2-one (FAc) are also detected in all cases. Based on
these results, FOL is obtained by the hydride transfer from the
sacricing alcohol (2-propanol) to FUR,18 while FAc is formed
via condensation of FUR with the acetone generated in the CTH
process from 2-propanol under basic conditions.56,57 However,
the maximum FAc yield barely exceeds 7% in the best of cases,
aer 3 h at 90 °C.

In the following study, the inuence of the reaction
temperature was evaluated for MgO_15m (Fig. 8), which was
selected due to its high FUR conversion in ashort reaction time.
As it was observed in previous studies, the FUR conversion
increases with the reaction temperature, although higher values
were obtained at lower temperatures and shorter times than
with other catalysts with Lewis acid sites.18 Thus, the results
reported in Fig. 8 point out that total FUR conversion can be
achieved aer only 30 min at 135 °C. The analysis of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
obtained products reveals that an increase in the reaction
temperature did not promote the formation of by products,
being FOL the main product throughout the temperature range
with a maximum yield of 80% at 120 °C. In the same way, the
RSC Mechanochem., 2025, 2, 432–442 | 437

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mr00128a


RSC Mechanochemistry Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 3
/2

0/
20

26
 6

:2
9:

26
 P

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
formation of FAc was also detected, although the maximum
yield was only 13% for the reactions carried out at higher
temperatures. In this sense, the high activity of the catalysts at
higher temperatures favors the formation of high quantities of
acetone in short reaction times, which reacts with FUR to form
FAc under basic conditions.56

A key parameter in the use of heterogeneous catalysts is their
reusability (Fig. 9). The study of the MgO_15m catalyst aer the
rst catalytic cycle shows that the FUR conversion decreases
notably, from 82 to 25%, aer 3 h at 90 °C. These data agree
with other previously reported in the literature for basic cata-
lysts, where a strong deactivation was observed, in such a way
that the catalysts could not be regenerated, even at high
temperatures.37 Regarding the obtained products, both FOL and
FAc decrease proportionally, so it is expected the blockage of the
active sites by FUR, reaction products, or the solvent used in the
reaction. In this sense, Gyngazova et al. have reported that
alkaline earth metal oxides interact strongly with methanol.39 In
addition, the thermal treatment of used catalysts during the
regeneration process leads to the formation of CO2, which can
react with metal oxides to form the corresponding metal
carbonates, which are highly stable.39

Considering the previous study (Fig. 9), in an additional test,
the MgO_15m catalyst was treated with 2-propanol at 90 °C for
3 h, and then the reactor was cooled down before FUR was added
Fig. 7 FUR conversion (A) and yields (B) in the CTH of FUR using
MgO_15m catalyst (experimental conditions: temperature: 90–135 °C;
2-propanol/FUR molar ratio: 50; 0.1 g catalyst; FUR/catalyst weight
ratio: 1).

438 | RSC Mechanochem., 2025, 2, 432–442
to carry out the reaction under the same experimental conditions
(Fig. 10). Interestingly, the prior treatment of the catalyst with 2-
propanol caused a drastic loss of catalytic activity, diminishing
the FUR conversion from 82 to 21%. This strong deactivation by
the reaction of alcohols with a solid basic catalyst is in agreement
with previous studies reported by other authors.37,39

The nature of the deactivation of the catalyst surface was
studied by controlled adsorption and desorption of 2-propanol
monitored by FTIR spectroscopy analysis (Fig. 10). Aer the
adsorption of 2-propanol, three narrow signals, at 2971, 2926
and 2884 cm−1, were identied, which are assigned to the
stretching vibration modes of the C–H bond in –CH3 (asym-
metric and symmetric) and –CH groups of 2-propanol, respec-
tively. This would conrm the presence of adsorbed 2-propanol
on the catalyst surface. However, these bands were only barely
perceptible in MgO_untreated, indicating a smaller quantity of
2-propanol was adsorbed on the surface of the mechanically
untreated MgO, due to a smaller number of available basic
centers. On the other hand, all spectra show absorption bands
located at 1469, 1383, 1330, 1165 and 1130 cm−1, which are
assigned to symmetric and asymmetric d (CH3), d (CH), n (C–O),
n (C–C) and r (CH3) modes of 2-propoxide species, due to the
strong, dissociative adsorption of 2-propanol on the surface of
MgO.58 On the opposite, the absence of vibration bands at 1260,
1251 and 1241 cm−1, assigned to d (C–H), d (O–H), discards
Fig. 8 FUR conversion (A) and yields (B) in the CTH of FUR using
MgO_15m catalyst after 2 cycles of reaction (experimental conditions:
temperature: 90 °C; 2-propanol/FUR molar ratio: 50; 0.1 g catalyst;
FUR/catalyst weight ratio: 1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a non-dissociative adsorption of 2-propanol. Thus, these data
would conrm that the adsorption of 2-propanol on the MgO
surface occurs through a dissociative mechanism in which 2-
propanol molecules are adsorbed in the form of 2-propoxide
onto the basic sites, while the proton has been captured by the
surface of the catalyst. The band found at 950 cm−1 belongs to r
(CH2) of 2-propanol.59,60

Previous works have demonstrated that the surface of high
crystalline MgO displays a (100) thermodynamically stable
plane. In this case, the 5-coordinated ions have been unable to
dissociate water from alcohol due to weak interactions.
However, the presence of defects, such as monoatomic or
diatomic steps, convex positions, corners, or vacancies, gener-
ates low coordination sites that are highly reactive. Low coor-
dination sites can interact strongly leading to the proton
abstraction in alcohols, or water, onto the surface of the MgO,
forming alkoxides and hydroxyl groups.61,62 This is in agreement
with the FTIR spectroscopy analysis, where the untreated
surface by mechano-treatment shows weaker interaction with
the alcohol molecules due to the existence of a smaller amount
of defects, which would imply a lower amount of chemisorption
sites and higher crystallinity, as was suggested by CO2-TPD
(Fig. 4) and XRD (Fig. 1). On the other hand, the exertion of
mechanical force on the Mg(OH)2 samples have exposed low
coordination sites, as indicated by the increase in the surface
area (Table 1) and the amount of basic sites (Table 2) of the
Fig. 9 FUR conversion (A) and yields (B) in the CTH of FUR using fresh
MgO_15m catalyst and after pretreatment in 2-propanol at 90 °C for
3 h (experimental conditions: temperature: 90 °C; 2-propanol/FUR
molar ratio: 50; 0.1 g catalyst; FUR/catalyst weight ratio: 1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
resulting MgO, as well as the decrease in size of the MgO crys-
tals, promoting the adsorption of 2-propoxide anions.

Finally, some carbonate species can be identied in the
spectra of Fig. 10. Thus, the signals at 1650 and 1340 cm−1

correspond to bidentate carbonate ions over plane surfaces,
while the absorption bands at 1510 and 1340 cm−1 are assigned
to monodentate carbonate species. In both cases, the band at
lower wavenumber corresponds to the symmetric stretching,
while the band at higher values is associated with the asym-
metric stretching of the O–C–O bonds.58,63

It is noteworthy to remark on the stability of such 2-prop-
oxide species on the surface of the catalyst, since they are
detectable even aer evacuation at 300 °C.

The study of fresh catalysts shows that mechanical treatment
for a longer time to obtain MgO nanoparticles favors the
adsorption of a higher amount of 2-propanol as monolayer, as
suggested by the linearity at a relative pressure between 0.05
and 0.45 (Fig. 11 and Table 2). The increase must be related to
Fig. 10 FTIR spectroscopy analysis coupled with 2-propanol
adsorption for MgO catalysts.

Fig. 11 2-Propanol adsorption isotherms at 25 °C for MgO catalysts,
before and after the reaction at 90 °C for 3 h.
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Table 4 Comparison of the more relevant catalytic result with those reported in the literature

Catalyst Alcohol Temp (°C) P (MPa) H donor/FUR mole ratio T (h) XFUR (%) YFOL (%) Ref.

La2O3 iPOH 180 0.8 35.6 17 98 94 64
La(OH)3 iPOH 180 0.8 35.6 17 60 53 65
MgO iPOH 170 — 23.8 5 100 74 66
MgO — 180 — — — 99 98 38
MgO iPOH 100 0.1 10.8 20 15 8 36
MgO iPOH 150 0.8 62.5 1 44 40 67
MgO–Al2O3 iPOH 110 0.1 50 4 100 90 37
MgO–Fe2O3 iPOH 170 0.1 50 6 100 90 68
MgO iPOH 90 0.1 50 2 79 72 This work
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the increase in the number of basic sites due to the longer
mechanochemical treatment of the materials, which is related
to a decrease in the MgO crystal size, or an improvement of its
textural properties (Table 1). The 2-propanol adsorption–
desorption proles in a second cycle decays notably in
comparison to the rst adsorption. This decrease is ascribed to
the strong adsorption of propoxide species on the surface of the
MgO, as was inferred from FTIR spectroscopy analysis coupled
with 2-propanol adsorption (Fig. 10), causing partial blockage of
the available basic sites.

In the same way, the catalysts were collected aer carrying
out a reaction at 90 °C for 1 h to study their ability to adsorb 2-
propanol. The analysis of the adsorption at a relative pressure
between 0.05 and 0.45, where takes place the adsorption on the
monolayer, reveals a lower adsorption of 2-propanol in
comparison to that observed for fresh catalysts, conrming that
the basic sites have been blocked. In this sense, it is important
to note that the catalyst with the worst catalytic perform-
ance(MgO_240m) also displays the lowest 2-propanol adsorp-
tion aer the reaction, conrming that those catalysts with
a high proportion of available and stronger basic sites are prone
to be deactivated with 2-propanol more easily. In the same way,
the presence of higher meso- andmacroporosity for MgO_240m
catalyst (ESI, Fig. S5†) can also promote a faster interaction
between the active phase and the alcohol and FUR promoting
a faster deactivation. In the case of MgO catalysts subjected to
a shorter mechanochemical treatment time, the surface values
are lower. However, the CO2-TPD data indicate that the strength
of the basic centers is weaker. This implies the presence of more
labile centers where propoxide species can be desorbed more
easily, so that the basic centers should become available faster,
obtaining better conversion values and in shorter times than
those catalysts with more available basic sites and better
textural properties.

Finally, the comparison of the obtained results with those
reported in the literature for other basic catalyst (Table 4)
reveals that the use of mechanochemical treatment for the
synthesis of the precursors allows to achieve higher conversion
values and yields than other basic catalysts, even in shorter
times. From the data obtained in the present study, it can be
inferred that the mechanochemical treatment generates
a greater amount of grain boundary defects, which lead to more
440 | RSC Mechanochem., 2025, 2, 432–442
active catalytic sites in the catalytic transfer of hydrogen for the
reduction of FUR to FOL.
5. Conclusions

Several MgO catalysts have been prepared from previously
mechanochemically treated Mg(OH)2. Wet mecanochemical
treatment has been demonstrated to completely alter the
behavior of the nal catalysts due to modications upon the
surface. Linear correlations were found between mechano-
chemical treatment time and surface area. Also, the treatment
distorts the surface of the catalysts, generating defects, strong
basic sites, as found by FTIR spectroscopy and CO2-TPD.
Treating the precursors for 1 to 60 min was found to have
positive effects on the catalytic activity in comparison to the
untreated MgO, while longer treatment times were detrimental
for both FUR conversion and FOL yield of the CTH process. The
catalyst prepared aer amechanochemical treatment of 15min,
MgO_15m, was the best performing catalyst, with a conversion
of 79% of FUR (from 48% in the MgO_untreated) and a FOL
yield of 72% (from 39% in the MgO_untreated). Optimum
reaction temperature was found to be 120 °C, and the reus-
ability and poisoning of the catalyst with 2-propoxide species
was evaluated by using ATR and 2-propanol adsorption studies.
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