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Abstract: In this work, a new methodology for dispersing metal particles supported in
clay has been described. For this purpose, a sepiolite has been modified by a microwave-
assisted treatment to increase the surface area and pore volume due to the progressive
leaching of the Mg?*-species located in the octahedral sheet. These materials have been
used as support to incorporate Cu species on the surface by a precipitation-deposition
process from the thermal decomposition of urea at 95 °C. Once calcined and reduced, the
Cu-based catalysts showed a Cu’-particle size lower than 5 nm in the case of catalysts
whose support is a sepiolite subjected to acid treatment. On the other hand, when raw
sepiolite is used as a support, the Cu’-crystal size is much larger (15-20 nm). This difference
in Cu’-crystal size showed a variable catalytic behavior for the hydrogenation reaction
of furfural in gas-phase. Catalysts with larger particle size promote the hydrogenation
reaction, obtaining a yield towards furfuryl alcohol close to 60% after 5 h at 190 °C. In
contrast, catalysts with smaller particle size promote the hydrogenation reaction and
subsequently the hydrogenolysis reaction, obtaining methylfuran as a product with a yield
of 58% after 1 h of reaction at 190 °C; however, the sites where hydrogenolysis are involved
are more prone to be deactivated.

Keywords: Cu-based catalysts; supported sepiolite; acid treatment; furfural hydrogenation;
furfuryl alcohol; methylfuran

1. Introduction

Phyllosilicates are a subclass of silicates with layered structure, which have been
used in a wide range of research fields [1]. Among them, one of the most widely used
phyllosilicates is sepiolite [2]. Around half of the world reserves of this clay mineral is in
Spain, although there are notable deposits in Turkey, Morrocco, Greece and the United
States [3]. The greatest significance of this clay mineral lies in its fibrous morphology due to
the periodical inversion of its tetrahedral sheet leading to nanocavities with dimensions of
1.06 nm x 0.37 nm [4,5]. These nanocavities can host small molecules or cations to counter-
balance the charge deficiency [4,6]. Sepiolite can be used, under appropriate pretreatments,
as adsorbent, deodorant, filter air, catalytic support, decolorizing agent, additive in paints,
anticaking agent, drilling fluids, cosmetics, detergents, asphalt coating, animal nutrition,
agriculture, and for phytosanitary and pharmaceutical uses [2,5,7-11].
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A strategy to modify the structure of sepiolite is through acid treatment [12-15]. Using
this treatment, it is possible to significantly improve its textural properties due to a partial
leaching of Mg?* species located in the octahedral layer [12]. The acid treatment was
performed with concentrated solutions for many hours, even days [13,14]. However, it has
recently been shown that microwave-assisted treatment can reduce this time to a few min-
utes, using solutions that are an order of magnitude more dilute [12]. The characterization
of sepiolite modified with acid treatment has been widely studied [12-15]. However, its
application has been primarily limited to CO, capture processes [6] photocatalysis [16] and
cementitious materials [17].

The interest in this acid treatment is related to a partial leaching of the octahedral
layer, which produces an increase in the specific area and pore volume but also modifies its
chemical properties due to the loss of Mg?*-species of its octahedral sheet causing vacancies
in the fibrous structure [12]. Considering these premises, modified sepiolite could be an
interesting material to be studied as a catalytic support with high available surface area to
disperse a certain active phase.

The model reaction carried out for this study has been the furfural (FUR) hydrogena-
tion in gas phase. This reaction has been selected since FUR molecule is considered a
building block molecule since it is possible to obtain a high range of valuable products from
several reactions [18,19]. FUR is obtained from lignocellulosic biomass, specifically from the
hemicellulose fraction, which is a polymer consisting of pentosans, mainly xylose [20]. In
turn, xylose is dehydrated to obtain FUR [21]. FUR is considered the second most produced
product in the sugar platform, after bioethanol. From FUR, advanced products used in
the polymer field, fuel additive, fine chemical, fragrances, paints among others have been
obtained [21,22]. Most FUR is preferably treated by reduction processes using transition
metals as active phase [22], although other reactions have also been carried out to obtain
high added value products [18,19].

Industrially, FUR reduction has been carried out with copper chromite as a cata-
lyst [23-26]. However, restrictive environmental regulations have led to the scientific
community developing new Cr-free catalysts. In this sense, Cu-based catalysts are the
most inexpensive active phase to be implemented on a large scale [22]. This active phase
only promotes the reaction with the carbonyl group, obtaining furfuryl alcohol (FOL) and
2-methylfuran (MF) as products [27,28]. Both compounds are considered high value-added
products, as FOL is used in the polymer industry for its excellent thermochemical prop-
erties, while MF can be used as a fuel additive [29]. Previous studies have reported that
the interaction between FUR and Cu-based catalysts plays an important role in the activity
and the catalytic behavior [28]. Thus, several authors have proposed the use of a neutral
or basic support to obtain higher conversion and stability, minimizing the formation of
carbonaceous deposits [30-33]. In the same way, the presence of small Cu’-crystals as active
phase also promotes the formation of MF through a hydrogenolysis reaction [30,34-36].
Considering these assumptions, this work aims to analyze the influence of the modification
of the support, through a microwave-assisted acid treatment in a sepiolite, on the active
phase-support interaction and in turn on the size of the copper crystals. Likewise, this work
also studies how these modifications of the support influence the catalytic behavior in the
hydrogenation reaction of FUR in the gas phase.

2. Materials and Methods
2.1. Synthesis of Cu-Based Catalysts

Sepiolite, selected as support, was supplied by Tolsa S.A and marketed as Pangel S9.
This fibrous phyllosilicate was collected in Vallecas deposits (Madrid, Spain) and was used
without a prior treatment.
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For each microwave-assisted acid treatment, 5 g of sepiolite was suspended in a
solution of 50 mL HNO3 (0.2 M). Then, each sample was subjected to microwave radiation
in a commercial microwave system EMS201000X (Electrolux, Stockholm, Sweden) using
an open glass cylinder reactor, operating at 800 W and 2.45 GHz for between 1 and 16 min.
According to previous studies, the microwave radiation was discontinuously applied to
avoid a temperature above 100 °C. Thus, once the sample was irradiated for 1 min, then, the
suspension was cooled for 5 min [12,37,38]. This procedure was repeated until the desired
radiation time was reached. Once the microwave-assisted treatment was performed, the
sample was centrifuged and washed several times to remove NO3 ™~ species used in the
acid treatment. Following this methodology, previous studies have described that the
octahedral layer is progressively dissolved in magnesian phyllosilicates [12,37,38].

The Cu species were deposited on the surface of the sepiolite using copper nitrate
trihydrate Cu(NO3),-3H,0O (Sigma-Aldrich, Darmstadt, Germany, 99%) as copper source
and urea as precipitant agent. Thus, for each synthesis, 2 g of the raw sepiolite or sepiolite
subjected to the microwave-assisted acid treatment was suspended in 6 g of urea and the
appropriate amount of Cu(NO3),-3H;O to obtain catalysts with a Cu loading between
5 and 20 wt.%. Later, the suspension was heated at 95 °C for 2 h to promote thermal
decomposition of urea into CO, and NH3, which promotes the precipitation and deposition
of the Cu species on the surface of the sepiolite. In the next step, the solid was filtered,
discarding the presence of Cu species in the solution. Then, the samples were washed
with distilled water two times and dried at 90 °C overnight. Finally, the solid was calcined
at 400 °C for 2 h and reduced to the desired temperature considering their respective
H,-TPR profiles.

The uncalcined samples were labeled as Prec-XCuO-Sep-Y, the calcined samples
XCuO-Sep-Y and the reduced samples were labeled has XCu-Sep-Y where X indicates the
Cu content in wt.%, while Y indicates the time of microwave-assisted acid treatment at
which was subjected the sepiolite.

2.2. Characterization Techniques

Crystallinity of the samples was determined by X-Ray diffraction (XRD). The chemical
composition of the samples was carried out by X-Ray fluorescence (XRF), attenuated total
reflectance (ATR) and diffuse reflectance spectroscopy. The morphology of the catalysts
was studied by Transmission Electron Microscopy (TEM). The analysis of the textural
properties was evaluated from the analysis of their N, adsorption-desorption isotherms at
—196 °C. The superficial charge of the modified sepiolites was performed by the analysis
of their zeta-potential. The analysis of the chemical composition of the surface of the
catalyst was performed by X-ray photoelectron spectroscopy (XPS). The reducibility of
the Cu-based precursors was carried out by the analysis of their Hy-thermoprogrammed
reduction (Hp-TPR) profiles. The detailed description of each characterization technique is
provided in the Supplementary Material.

2.3. Catalytic Studies

The hydrogenation of FUR has been performed in a vapor-phase atmospheric-pressure
fixed-bed continuous flow quartz catalytic reactor with a diameter of 6.35 nm. Prior to each
study, the samples were pelletized with a range of 215-400 um. The sample was placed
in the middle of the quartz reactor, being retained with two layers of quartz wool. The
temperature was controlled with a thermocouple, which was inserted in the quartz reaction,
being in direct contact with the fixed bed. Prior to each study, the precursor was reduced
under H;-flow, following the H,-TPR profiles studied previously. This temperature was
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maintained for 1 h to ensure the total reduction in the Cu?*-species to Cu’. After the
reduction, the catalyst was cooled until the selected temperature.

FUR was pumped with a Gilson 3075C piston pump (model 10SC) with a flow of
3.87 mL/h of a FUR solution in CPME (5 vol.%) to reach a weight hourly space velocity
(WHSV) for FUR of 1.5 h~! with a flow of 10 mL/min.

Both reagents and products were quantified in a Shimadzu GC-14B gas chromatograph
equipped with a flame ionization detector (FID) and a CP-Wax 52CB capillary column. The
furfural conversion and product selectivity were calculated as follows:

mol of furfural converted

Conversion (%) = mol of furfural fed x 100 1)
e oy molof product
Selectivity (%) = w0l of fur fural fed x 100 (2)

3. Results and Discussion
Characterization of the Catalysts

Prior to the synthesis of the catalysts, the raw sepiolite was subjected to a microwave-
assisted acid treatment with a range of time between 1 and 16 min. Figure 1 compiles some
representative diffractograms of the sepiolite after this treatment. The diffractogram of the
raw sepiolite reveals that the starting material displays high purity (PDF N: 98-015-6199),
discarding the presence of impurities [12,39]. Microwave-assisted acid treatment causes a
clear change in the diffraction profile, which becomes more pronounced as the treatment
time increases. Thus, (110) reflection decreases clearly while the set of reflections located
between 20 (°) of 15-40 also decrease noticeably, forming a very broad and poorly defined
signal, which is attributed to the formation of amorphous silica [12,40].

Intensity (a.u.)

20 ()

Figure 1. X-ray diffractograms of the raw sepiolite and sepiolite subjected at different times of

microwave-assisted acid treatment.

The chemical composition of the raw clay and those samples subjected to microwave-
assisted acid treatment was determined by XRF (Figure 2 and Supplementary Material,
Table S1). These data reveal how the raw clay is mainly composed of Si and Mg, which
suggests the presence of a trioctahedral clay such as sepiolite. After the microwave-
assisted acid treatment, the Mg content notably decreases while the Si-content increases
progressively. These data confirm that Mg species located in the octahedral sheet of sepiolite
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is partially leached, leading to the formation of a silicious material with poorer crystallinity,
as was suggested by XRD (Figure 1).

100 | —m— Si0,

—8—MgO
80 | [—A— ALO,

Weigth (%)

0 4 8 12 16
Microwave-assisted acid treatment time (h)

Figure 2. Evaluation of the SiO,, MgO and Al,O3 with the microwave-assisted acid treatment. (Data
obtained from XRF).

Infrared spectroscopy has also been used to study how the acid treatment affected
the sepiolite. As can be seen in Figure 3, this treatment causes changes in the spectrum
of the starting sepiolite. In the region between 4000 and 3000 cm ™!, the sepiolite shows
different bands associated with the stretching vibrations of the -OH group, such as the
bands at 3687 cm ! associated with the stretching of the OH bound to octahedral Mg?*
(Mg3zOH) [41], the band at 3618 cm ! associated with the Si-OH groups [41], the band at
3566 cm ! associated with structural water [41] and the band at 3369 cm ™! associated to
zeolitic water [41]. The intensity of these bands is modified, and some of them even disap-
pear, with the acid treatment [12,37]. Thus, the bands associated with the vibrations of the
-OH groups associated with Mg?* disappear, at 3687 and 3566 cm ™!, which would indicate
the solubilization of the octahedral layer with the treatment time, while the bands due
to the Si-OH groups and adsorbed water remain [12,37]. These changes are corroborated
when analyzing the bands due to the sepiolite structure in the region between 1400 and
400 cm~! [12,41]. In this region, the bands corresponding to the vibrations of the Si-O
bonds remain, such as the bands at 1213, 1078 and 976 cm ™1, corresponding to the Si-O
bond in the tetrahedral sheet [41], the Si-O-Si vibration at 1004 cm ™! [41] and the band at
791 cm~! corresponding to the symmetrical strain of the Si-O-Si group [41], while the bands
associated with octahedral Mg?* disappear at 689 and 642 cm~!, corresponding to the
bending of the OH group in Mg3OH and attached to octahedral Mg?* [41,42], respectively.
As the acid treatment time increases, the bands due to the Si-O bonds become wider and
less defined, indicating an increase in the amorphization of the sepiolite [4,5].

The determination of the textural properties of the raw sepiolite and sepiolite sub-
jected to microwave-assisted acid treatment was carried out through their N, adsorption—
desorption isotherms at —196 °C (Table 1 and Supplementary Material, Figure S1). Ac-
cording to the IUPAC classification, all isotherms can be adjusted to type II [43], which
are typical of microporous materials; although, the high Ny-adsorption at low relative
pressure suggests that these materials also display microporosity [43]. These data agree
with those reported in the literature previously where the periodic inversion of its tetra-
hedral sheet leads to the formation of nanocavities of 1.06 nm x 0.37 nm [4,5], which is
related to the microporosity of this fibrous phyllosilicate [6]. On other hand, all samples
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hardly display hysteresis loops, which confirms a pore diameter lower than 4 nm [43]. The
analysis of the N, adsorption—desorption isotherms reveals that the microwave-assisted
acid treatment promotes a progressive increase in the N-adsorbed at low and intermediate
relative pressures because of the Mg-leaching of the octahedral sheet causes an increase in
the nanochannels.
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Figure 3. ATR of the raw sepiolite and sepiolite subjected at different times of microwave-assisted
acid treatment. Wavenumber region 3900-3000 cm ! (A) and wavenumber region 1800-600 cm ™! (B).

Table 1. Textural properties obtained from the Ny adsorption—desorption isotherms at —196 °C for
the raw sepiolite and sepiolite subjected to different times of microwave-assisted acid treatment.

Sample Sgpgr (mZ/g) t-Plot (mzlg) Sext (mZ/g) Vp (cm3/g) 1 Vinp (cm3/g) 2

Sep 283 149 134 0.3678 0.1382
Sep-1 333 160 173 0.4345 0.1609
Sep-2 347 155 192 0.4513 0.1736
Sep-4 370 175 195 0.4904 0.1813
Sep-8 452 246 206 0.5312 0.2164
Sep-12 468 244 224 0.5512 0.2246
Sep-16 509 266 243 0.5959 0.2421

1 Vyp: Pore volume. 2 Vmp: Micropore volume.

The quantification of the surface area determined by the BET equation [44] (Table 1)
shows how the microwave-assisted acid treatment causes an increase in the surface area
from 283 m?/g to 509 m?/g after 16 min of microwave-assisted acid treatment. In the
same way, the microporosity and the external surface improve after this time. On the
other hand, the analysis of the pore volume follows a similar trend since the porosity rises
notably after the microwave-assisted acid treatment. The increase in the surface area and
pore volume is attributed to the progressive leaching of the Mg species as well as the
amorphization of the remaining silica [12,37]. The analysis of the pore size distribution
(Supplementary Material, Figure S2) reveals that the microwave-assisted acid treatment
mainly affects the micro- and mesoporosity, as indicated by the shift in the pore size
distribution at higher values, while the macroporosity is hardly modified. This suggests
that acid treatment on sepiolite may take place either across the fiber edges in the octahedral
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sheet or in the nanocavities formed by periodical inversion of the tetrahedral layer [45],
causing an increase in the micro- and mesoporosity.

As the textural properties and chemical composition of sepiolite are modified along
the microwave-assisted acid treatment, the next was the determination of the point of
zero charge for the raw sepiolite and those samples modified by acid treatment. The data
reported in the Supplementary Material, in Figure S3, show that the microwave-assisted
acid treatment causes a shift in the point of zero charge at lower pH values when Mg
species are progressively extracted from the octahedral layer of sepiolite, confirming the
chemical modifications of this fibrous clay after the treatment. The study of the samples at
higher pH values indicates that the samples where the Mg?*-species have been partially
extracted (Figure 2 and Supplementary Material, Table S1) are those samples with a higher
content of negative charges in their structure.

After characterizing the raw sepiolite and the sepiolite subjected to microwave-assisted
acid treatment at different times, the incorporation of Cu species on the supports with
different composition was carried out following the methodology of thermal decomposition
of urea, where the presence of NHj3 favors the precipitation of the Cu species.

This methodology was chosen because the decomposition of urea favors the formation
of more homogeneous metallic particles because of a more homogeneous increase in pH
compared to other methodologies where basic solutions were added [46]. The study of the
Prec-15CuO-Sep-Y samples by XRD (Figure 4) reveals that this treatment hardly modifies
the crystallinity of the supports. It is striking that Cu species are only observed in the Prec-
15CuO-Sep, appearing to reflections located at 20 (°) of 35.2 and 38.4, which are assigned
to the presence of CuO (PDF N. 01-089-2531). However, those samples where sepiolite
modified by acid treatment is used as support do not show diffraction peaks assigned to
Cu species.
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Figure 4. X-ray diffractograms of the raw sepiolite and sepiolite subjected at different times of

microwave-assisted acid treatment with Cu species deposited on its surface.

During synthesis, urea hydrolysis provides the necessary hydroxide ions, derived from
the acid-base equilibrium of released ammonia, for Cu(OH); formation [47]. In the presence
of nitrate ions, this leads to Cu(Il) hydroxide nitrate formation (Cuy(OH)3NOj3), as nitrate
ions have a strong tendency to incorporate into the Cu(OH); crystal structure [48]. This
compound has been confirmed through XRD (Supplementary Material, Figure 54) by precip-
itating it following the experimental procedure described above, leading to Cuy(OH)3;NO3
as the only crystalline phase (PDF N: 00-045-0594). This Cu,(OH)3NOj consists of positively
charged layers with Cuy(OH);* stoichiometry, neutralized by nitrate ions in the interlayer



Ceramics 2025, 8, 21

8 of 25

space [47]. Due to the basic synthesis medium, the sepiolite surface becomes activated
through the reaction of its surface hydroxyl groups with hydroxide anions, allowing the
surface to become negatively charged and thus interact with Cuy(OH)3;NO3. On the other
hand, upon filtering, a dark solid was obtained, indicating that Cuy(OH)3NOjs likely did
not exist on the sepiolite surface, as confirmed by XRD analysis. Additionally, XPS analysis
(Supplementary Material, Table S1) confirmed the absence of Cuy(OH)3NO3, as the surface
N content in sepiolite was negligible (Supplementary Material, Figure S5). The appearance
of CuO instead of Cuy(OH)3NO;3 on the surface may be due to its decomposition under
reaction conditions. The synthesis temperature (95 °C) likely promotes this decomposition
to CuO, which is the phase detected on untreated sepiolite. Van der Grift et al. [49] indi-
cated that when solution pH exceeded 6.8 at 90 °C, Cuy(OH)3NO3 became unstable and
decomposed, depositing as hydrated octahedral Cu(ll) on SiO,, rather than as CuO as in
our case. Lee et al. [50] showed that Cuy(OH)3NO3 or CuO formation depended on both
[OH™]/[Cu(NO3);] ratio and temperature.

Regarding acid-treated sepiolite, for any treatment duration, all showed a blue-green
color after Cu(Il) deposition, indicating that CuO formation was not favored, but rather
Cu(Il) likely deposited as isolated Cu(Il) ions or forming small aggregates on the support
(Supplementary Material, Figure S6). In this case, XRD only showed peaks ascribed to
treated sepiolite with no other phases detected. XPS analysis showed no detectable N quan-
tity, as with untreated sepiolite, ruling out Cu(Il) species having N-containing compounds
like ammonia or nitrate in their coordination sphere (Supplementary Material, Figure S5).
The acid treatment removed Mg(OH), from sepiolites, exposing the tetrahedral SiO, layers
of sepiolite. Cu catalyst synthesis on SiO; was studied by Toupance et al. [51-53], evaluating
the Cu species present. Their method, termed “cation exchange” or “selective adsorption”,
involved the synthesis of the octhaedral [Cu(NH3)4(H,0),]** complex and suspending
SiO; in a complex solution maintaining pH above 9 to avoid Cuy(OH)3NO;3 precipitation.
They observed two distinct species on SiO;: isolated Cu species, (=5i0),Cu(NH3)2(HO),,
and Cu phyllosilicate formation. They proposed Cu phyllosilicate formation occurred
in solution, as at basic pH, silica dissolved as Si(OH); and condensed with neutral
[Cu(OH),(H,0)4]° species. These species were more abundant at pH 9, while Cu(II)
tetraamine complex was more abundant at higher pH. The authors demonstrated that
bridging -OH ligands were necessary for phyllosilicate formation, while ligands like am-
monia or ethylenediamine prevented it. Additionally, neutral Cu species were necessary
for phyllosilicate formation as they could condense to form a solid phase. Considering
this background, we can postulate that acid-treated sepiolite, in the catalyst synthesis
medium, may have partially dissolved silica as silicic acid, which would condense with
Cuy(OH)3NO3 species forming Cu phyllosilicate on the sepiolite surface.

In order to analyze the chemical composition of the obtained materials on their surface,
XPS experiments were carried out (Figure 5 and Supplementary Material, Table S2). The
analysis of the different core level spectra confirms the typical bands of their respective
oxides. The acid treatment hardly causes a shift in the binding energy values in each
region. However, the analysis of the Mg 1s core level spectra confirms that the Mg content
progressively decreases from 10.12% until 0.74% after 16 min of treatment (Supplementary
Material, Table S2). This decrease was accompanied by an increase in the Si-content, con-
firming the formation of a SiO,-rich material with prolonged acid treatment. The analysis
of the Cu 2p core level spectra shows a main contribution with a maximum about 933.2 eV
for Prec-15CuO-Sep while the Cu-based materials subjected to a microwave-assisted acid
treatment the contribution appears about 935.0 eV. In both cases, this contribution is as-
cribed to the presence of Cu(ll)-species. In the same way, the presence of a broad band
located about 942 eV, attributed to the shake-up satellite, confirms the presence of Cu
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as a divalent species. The shift in the binding energy for those samples subjected to the
acid treatment must be related to a modification of the interaction of the Cu(Il)-species
with the support by the formation of a Cu phyllosilicate on the surface of the sepiolite
subjected to the acid treatment. The analysis of the atomic concentration on the surface of
the catalysts reveals that Prec-15CuO-Sep sample displays lower amount of Cu species on
the surface (Supplementary Material, Table S2). According to the XRD data (Figure 4), the
lowest level of Cu species in this sample must be ascribed to Cu(Il) species with higher
agglomeration. The analysis of the N-content on the surface of the precursors is similar
in all cases 0.31-0.39%, discarding the deposition of nitrate species and/or the amine-Cu
complex. These values are below those obtained for Cu on the surface by XPS. Thus, it is
expected that the ammonia formed in the decomposition of urea produces a rise in pH.
However, the diffraction and XPS data rule out the formation of Cu complexes on the

surface, at least for the most part.

Cu 2p core level spectra Mg 1s core level spectra
1 (A) Prec-15CuO-Sep (B)
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Figure 5. Cu 2p (A) and Mg 1s (B) core level spectra of the raw sepiolite and sepiolite subjected
at different times of microwave-assisted acid treatment with Cu species deposited on its surface
(estimated by XPS).

Once the samples were calcined, the precursors show similar colors. Thus, the 15CuO-
Sep sample maintains a black color (Supplementary Material, Figure S7). However, the
color evolves to green, for the same Cu content, as the microwave-assisted treatment time
increases so the sintering during the calcination step must be ruled out.

Figure 6A shows the UV-vis spectra of Cu-based catalysts supported on sepiolite after
acid treatment and calcination at 450 °C. These spectra show unequivocally that the Cu
species present in the acid-treated sepiolite are completely different from those present in
the untreated sepiolite. The latter shows bands 204, 206 and 299 cm~! of charge transfer
from the O~ ligand to isolated Cu®* ions [54], others at longer wavelengths (322 and
359 cm~!) which are associated with oligomeric Cu species with different degrees of
oligomerisation, indicating the presence of Cu-O clusters [55] and a broad band extending
beyond 800 nm, as was observed by previous authors [55], due to d-d transitions of the
Cu?* ion in an octahedral environment, characteristic of bulk CuO particles [56]. As
for Cu catalysts supported on sepiolite treated in acid medium, an intense broad band
extending from 300 nm to approximately 700 nm can be distinguished, in which different
contributions associated with Cu(II) species forming different cluster sizes are observed.
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Adsorbance (a.u.)

The magnification of this band may indicate a large tetragonal distortion of Cu(II) in these
clusters increasing the intensity as they are less forbidden transitions by Laporte’s rule [57].
For these catalysts, the absence of the band associated with the transitions due to CuO is
remarkable, which would indicate a large dispersion of the CuO particles. The band gap
increases significantly in the case of the catalysts based on sepiolite treated in acid medium,
approximately 2 eV (Supplementary Material, Figure S8) with respect to the untreated
one, which shows a modification of the copper species present in the catalysts and a lower
semiconductor characteristic.
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Figure 6. Diffuse reflectance spectra (A), ATR spectra (B) and XRD (C) of the raw sepiolite and
sepiolite subjected at different times of microwave-assisted acid treatment with Cu species deposited
on its surface and calcined at 450 °C.

When Cu?* is incorporated into the untreated or acid-treated sepiolite, no remarkable
changes are observed by ATR after Cu deposition (Figure 6B), both in the region of the
hydroxyl group tension and in the region of the bands associated with the sepiolite structure.
However, some bands have increased in intensity, such as the band at 974 cm~!, which
would indicate the formation of the Si-O-Cu bond [58]. It should also be noted that the
bands associated with the Mg-OH bonds of the untreated sepiolite are recovered again
in the case of the sepiolite treated for 16 min, which could indicate that Cu(II) occupies
the sites left by the Mg(Il). The presence of Cu phyllosilicate cannot be assured since the
characteristic bands of this compound, above 1020-1030 em ™! (vgio) and 675 em ! (o)
are obscured by those due to 5i-O or Mg-OH bonds [41,59]. The presence of Cu(OH), could
be ruled out by the absence of the bands at 938 and 694 cm~! corresponding to 5og, as
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well as the presence of Cu(Il) oxynitrate, since the bands of the nitrate ion at 1423 and
1347 cm~! are not observed [41,60]. Finally, the bands corresponding to CuO that should
appear between 575 and 460 cm ! are not observed, ruling out the presence of segregated
CuO, as the XRD and UV-vis spectra demonstrated. As a conclusion, it could be indicated
that Cu?* is highly dispersed on the treated sepiolite forming Si-O-Cu.

The analysis of the calcined samples by XRD (Figure 6C) shows a decrease in the
intensity of the reflections attributed to sepiolite, probably due to the thermal treatment
causes a partial amorphization of the sepiolite. In the same way, the diffractograms also
reveal that the reflections ascribed to Cu species in the form of CuO-crystals are only
detected for the sample 15CuO-Sep, which suggests the formation of bigger crystals in this
precursor. On the other hand, it is striking that the other precursors, which were subjected
to microwave-assisted acid treatment, do not present reflections attributed to Cu species,
confirming the high dispersion as well as good resistance to sintering after the thermal
treatment at 450 °C for 2 h.

Once the supports and the precursors were characterized, the next step was the
study of the reducibility of the Cu-based precursors by Hy-TPR (Figure 7). From the
reduction profiles, it is not possible to discern the reduction steps Cu** — Cu* — Cu’.
In this sense, previous authors have indicated that the reducibility is directly related to
the interaction precursor-support and the crystal size of the precursor [61,62]. The data
reported in Figure 7 shows how the reduction of 15CuO-Sep sample takes place between
150 and 350 °C while those catalysts where the support was subjected to a microwave-
assisted acid treatment display a reduction in a narrower temperature range. These data
suggest that 15CuO-Sep sample presents CuO-particles with variable particle size, which
should affect its reducibility, while the particle size of the precursors, where the support
was modified by an acid treatment, seems to be more homogeneous. On the other hand,
the supports modified with acid treatment also display a maximum value of reducibility
20-30 °C lower than that observed for 15CuO-Sep sample. This shift supposes a poorer
interaction between CuO and sepiolite which could be to the modification of the support
because of the progressive loss of Mg in the sepiolite along the acid treatment (Figure 2
and Supplementary Material, Table S2. The H,-TPR profiles also suggest that the presence
of smaller CuO crystals promotes easier reducibility than that observed in 15CuO-Sep
precursor where larger CuO clusters were obtained, as was observed by XRD (Figure 6C).
Considering the H,-TPR profiles, all Cu-based catalysts were reduced at 350 °C for 1 h to
ensure a total reduction in the Cu species.

— 15CuO-Sep
15CuO-Sep-2
15Cu0O-Sep-8
15CuO-Sep-16

Intensity (a.u.)

100 200 300 400
Temperature (°C)

Figure 7. H)-TPR profiles of the Cu-based precursors supported on raw sepiolite and sepiolite
modified with microwave-assisted acid treatment at different times.
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The analysis of the crystallinity of the Cu-based catalysts after its reduction (Figure 8)
shows the typical reflection lines ascribed to sepiolite, which were described above. In
addition, two new reflection lines located at 20 (°) of 43.2 and 50.4° for 15Cu-Sep catalyst,
which are ascribed to the formation of metallic copper (Cu®) (PDF N°: 00-002-1225). How-
ever, the diffractograms of the other Cu-based catalysts, where sepiolite was treated with
acid treatment, do not show diffraction peaks assigned to copper species, confirming a
higher dispersion of Cu® for these catalysts after its reduction.
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Figure 8. X-ray diffractograms of the Cu-based catalysts supported on raw sepiolite and sepiolite
modified with microwave-assisted acid treatment at different times.

The morphology for the Cu-based catalysts was analyzed by TEM (Figure 9 and
Supplementary Material, Figure S9). These micrographs reveal how the fibrous morphology
of the sepiolite is progressively damaged due to the acid treatment causes a collapse of
their structure by a progressive leaching of the Mg species located in the octahedral sheet.
Regarding the Cu’-particles, it is striking how all catalysts present metallic particles with
spherical morphology, which are homogeneously dispersed on the surface of the sepiolite.
However, the size of the metallic particles differs among them. Thus, the 15Cu-Sep catalyst
displays a Cu® particle size between 15 and 25 nm (Figure 9A). However, those catalysts
where the sepiolite was subjected to acid treatment (Figure 9B-D) show a lower Cu’ particle
size, being lower than 5 nm in all cases, confirming the data observed by XRD (Figure 8). The
analysis of crystal size average shows how the modification of the sepiolite by microwave-
assisted acid treatment is directly related to the dimensions of the Cu particles since the use
of longer acid treatments promote smaller crystals after the calcination and reduction in
the Cu species (Supplementary Material, Figure S10).

The analysis of the catalysts after their reduction by XPS shows how the spectra of each
region are maintained, except in the Cu 2p core level, where the contributions attributed
to the formation of CuO have disappeared. Thus, the Cu 2p3, region only shows a new
contribution located about 932.6 eV, which is typical of reduced Cu species (Figure 10A).
On the other hand, it is striking that 15Cu-Sep catalyst displays the main contribution at
higher binding energy value. This shift is attributed to a change in the electronic charge
density of the Cu particles, which is related to the lower reducibility (Figure 7) and higher
crystal size of the metallic particles in 15Cu-Sep catalyst (Figures 8 and 9). The analysis of
the atomic concentration on the surface of the catalyst (Table 2) confirms the lower amount
of Cu exposed on the surface for 15Cu-Sep, suggesting a poorer dispersion of available
Cu species.
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Figure 9. TEM micrographs of the Cu-based catalysts supported on raw sepiolite and sepiolite
modified with microwave-assisted acid treatment at different times. 15Cu-Sep (A), 15Cu-Sep-2 (B),
15Cu-Sep-8 (C) and 15Cu-Sep-16 (D). Scale 50 nm.

Cu 2p core level spectra Auger Cuyy line

(A) (B) Cu’ cut
~ [15Cu-Sep-1 -
= = 15Cu-Sep-16)
< =
S A
2 |15Cu-Sep-8 z
z =
§ § 15Cu-Sep-8
= =
o —
15Cu-Sep-2
15Cu-Sep-2
15Cu-Sep = i 15Cu-Sep
965 960 955 950 945 940 935 930 922 920 918 916 914
Binding energy (eV) Kinetic energy (eV)

Figure 10. Cu 2p core level spectra (A) and Cupymn Auger line (B) of the Cu-based catalysts supported
on raw sepiolite and sepiolite modified with microwave-assisted acid treatment at different times.
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Table 2. Atomic concentrations on the surface obtained from the XPS spectra of the Cu-based
catalysts supported on raw sepiolite and sepiolite modified with microwave-assisted acid treatment
at different times.

Atomic Concentrations (%)

Sample

C1s O1s Mg 2p Al 2s Si 2p Cu2p
15Cu-Sep 22.54 45.66 9.13 4.33 17.40 0.29
15Cu-Sep-2 17.44 48.13 6.53 4.32 20.71 291
15Cu-Sep-8 13.21 53.36 422 4.35 22.02 2.85
15Cu-Sep-16 8.94 56.10 1.21 4.44 28.72 191

From the Cu 2p core level spectra, it is not possible to discern between the reduced
Cu species (Cu® and Cu*). However, the analysis of the Cupym Auger line allows to
differentiate between both reduced species (Figure 10B). The analysis of this region displays
a main contribution located about 919 eV, which is assigned to the presence of Cu species
while the contribution with lower intensity, located around 916 eV, is attributed to the
existence of Cu* species [34-36] although the H,-TPR signals confirmed the total reduction
in Cu species (Figure 7). Nevertheless, the presence of Cu* species can be considered
beneficial for the FUR reaction since it could provide acid sites, which are involved in the
hydrogenolysis of FOL to MF [63,64].

4. Catalytic Results

Once the Cu-based catalysts were characterized, the samples were assayed in gas-
phase in the FUR hydrogenation to obtain valuable products. For this study cyclopenthyl
methyl ether (CPME) was selected as solvent since this compound is considered environ-
mentally friendly, being used in some biomass valorization reactions as the dehydration of
xylans to obtain FUR [65]. The thermochemical stability of CPME was studied considering
similar catalytic conditions to those performed in the gas-phase of FUR hydrogenation.
The obtained results hardly show FUR conversion, discarding its reactivity in the catalytic
conditions used in the present study.

In the first study, Cu-based catalysts (15 wt.% of Cu) supported in sepiolite, which
was subjected to microwave-assisted acid treatment at different times, was studied in
the FUR hydrogenation at 190 °C for 5 h (Figure 11A). Despite all catalysts displaying
similar Cu content, the catalytic behavior is different between them, suggesting that the
modification in the chemical composition of the support plays an important role in the
catalytic behavior. Thus, the catalyst 15Cu-Sep catalyst achieves the lowest conversion
values (51% after 1 h of reaction, decreasing this conversion until 34% after 5 h of reaction at
190 °C). The use of sepiolite modified under microwave-assisted acid treatment as support
causes a clear improvement of the FUR conversion, reaching a full conversion after 1 h of
reaction when the sepiolite is only treated for 2 min (15Cu-Sep-2 catalyst). In the same way,
the deactivation is more limited along the time since 15Cu-Sep-2 catalyst still maintains
a conversion of 93% after 5 h of reaction at 190 °C. However, the use of a support where
sepiolite has been subjected to a longer acid treatment causes a progressively worsens in
the catalytic behavior. Thus, 15Cu-Sep-16 catalyst shows a decrease in the FUR conversion
from 88% after 1 h or reaction to 61% after 5 h of reaction at 190 °C. As was described in
previous studies, the progressive decrease in the FUR conversion along the time on stream
is attributed to the high reactivity of the FUR molecules since this molecule is prone to
suffer polymerization reactions, mainly in gas-phase, causing a strong deactivation of the
available active sites due to the deposition of carbonaceous deposits on the surface of the
catalyst [34,35].
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Figure 11. FUR conversion (A), FOL yield (B), MF yield (C) and FOL/MF molar ratio (D) the FUR
hydrogenation in gas phase using Cu-based catalysts supported on sepiolite modified with an acid
treatment. Experimental conditions: mass of catalyst = 0.15 g, reaction temperature = 190 °C, reaction
time = 1-5 h, pressure = 0.1 MPa, Hj flow = 10 mL/min, and feed flow = 2.3 mmol FUR/h.

The poorest catalytic behavior of the 15Cu-Sep sample attributed to this catalyst
displays bigger metallic particles in comparison with other catalysts where sepiolite was
subjected to microwave-assisted acid treatment. This implies a lower amount of Cu sites
exposed on its surface (Figure 10 and Table 2). The acid treatment causes a progressive
increase in the specific surface area of the support, which could promote a higher dispersion
of the active phase due to the loss of the octahedral sheet by leaching of the Mg species.
The characterization of these catalysts reported a smaller particle size of Cu® (Figure 9),
which implies a higher dispersion of the available hydrogenating sites, promoting a higher
conversion value. The presence of these smaller Cu® crystals is observed in all catalysts
where the sepiolite is treated with acid treatment at different times. Despite the catalyst
displaying an improvement in the textural properties, the use of longer acid treatment



Ceramics 2025, 8, 21

16 of 25

promotes a deterioration of the catalytic behavior probably due to modifications in the
interactions between metallic sites and support. In this sense, previous studies have
reported that the presence of Mg species provides basic sites, which has a positive effect
in the catalytic behavior [66,67]. Considering those catalysts where the crystal size of Cu’
is similar and well dispersed, the catalytic results seem to indicate that the formation of
catalysts with lower levels of Mg species worsens the catalytic behavior, so the presence of
these Mg species seems to be a beneficial effect on the FUR conversion, as was observed in
previous studies [68].

Regarding the selectivity pattern, furfuryl alcohol (FOL) and 2-methylfuran (MF) were
the obtained products (Figure 11B,C). It is striking how the most active catalysts achieve
higher proportions of MF in shorter times. However, the yield towards this product notably
decreases along the time on stream. This decrease is accompanied by a progressive increase
in the FOL content, which suggests the presence of consecutive reactions in these reaction
conditions. Several studies have proposed the mechanism of this reaction. Thus, the first
studies, carried out by Sitthisa et al., pointed out that the interaction between the Cu
sites and FUR molecule to form FOL by a hydrogenation reaction takes place through the
oxygen atom of the carbonyl group with an!-(0)-aldehyde configuration [27,69], which was
confirmed by DFT studies later [28]. In a second step, FOL interacts with the active phase
through the oxygen atom of the hydroxyl group to form MF via hydrogenolysis reaction [28].
This step requires acid sites although the acidity must be modulated since the presence of
high number of acid sites with high strength promotes the formation of the humins, which
causes a fast deactivation of the catalyst. In this sense, previous authors have pointed out
that presence of low acidity can be enough to promote this hydrogenolysis reaction [30]. In
the same way, the presence of small particles of Cu’ particles as well as the presence of Cu*-
species can act as Lewis acid sites to promote the hydrogenolysis reaction [30,34,36]. The
profile of MF and FOL yield suggests that the sites involved in the hydrogenolysis reaction
(FOL — MF) are more prone to suffer deactivation in comparison to the sites involved
in the hydrogenation reaction (FUR — FOL). Considering these premises, the catalytic
results show how the catalyst with lower dispersion and bigger crystal size, i.e., 15Cu-Sep
sample, hardly displays yield towards MF. These data agree with those reported in the
literature since the presence of bigger Cu’-crystals promotes the hydrogenation reaction
(FUR — FOL) [36]. However, the presence of a higher dispersion of Cu’ and the existence
of Cu*-species on the surface promotes the hydrogenolysis reaction (FOL — MF) [34,36].
Among the samples, the most active is 15Cu-Sep-2 catalyst, which achieves a MF yield
of 56% after 1 h of reaction at 190 °C. The biggest MF yield can be ascribed to the higher
amount of Cu species exposed on its surface as well as the presence of Mg species, which
promotes an appropriate interaction active-phase support where the presence of collateral
reaction and the formation of undesired by-products are minimized [34,68]. Nevertheless,
the yield decreases notably until reaching a value of 20% after 5 h of reaction at 190 °C. This
decrease is accompanied by a clear increase in the FOL yield, obtaining a maximum value
of 65% after 5 h of reaction, as was indicated in Figure 11D. In summary, the crystal size
of the Cu species (Cu” and Cu*) has a determining role in the selectivity pattern since the
catalyst with bigger crystal size tends to promote the hydrogenation reaction (FUR — FOL).
However, the presence of smaller crystals are prone to the hydrogenation and a subsequent
hydrogenolysis reaction to form MF (FUR — FOL — MF), although these sites are more
sensitive to suffer deactivation processes in such a way the reaction is retained in the
hydrogenation reaction and does not evolve towards MF, forming FOL as main product
(Figure 11D).

As 15Cu-Sep-2 catalyst reached the highest activity and stability along the time on
stream, this sample was selected to evaluate the influence of the reaction temperature in
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the catalytic behavior (Figure 12A). These data show how FUR conversion decreases along
the time when the reaction takes place at milder temperature (170 °C) from 78% after 1 h of
reaction and to 63% after 5 h of reaction. The use of a higher temperature leads to almost full
conversion along the time on stream. Despite this similar activity, the yields towards FOL
and MF differ between them (Figure 12B,C). The analysis of the yields at shorter reaction
times reveals that FOL is preferably formed at lower temperature, obtaining a maximum
yield of 63% after 1 h when the reaction takes place at 170 °C. This trend is hardly modified
along the time on stream since the reaction at 170 °C is very stable obtaining FOL as main
product along the reaction (Figure 12D). However, the catalytic stability for the tests carried
out at higher temperature is lower due to the yield towards MF decreases throughout the
reaction while FOL levels increase (Figure 12D). From these data, it can be inferred that
the hydrogenolysis reaction is promoted at higher temperatures although these sites are
prone to be deactivated under these conditions along the reaction, remaining the reaction
in hydrogenation of FUR to FOL.
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Figure 12. FUR conversion (A), FOL yield (B), MF yield (C) and FOL/MF molar ratio (D) in the FUR
hydrogenation in gas phase using Cu-based catalysts supported on sepiolite modified with an acid
treatment. Experimental conditions: mass of catalyst = 0.15 g, reaction temperature = 170-230 °C,
reaction time = 1-5 h, pressure = 0.1 MPa, H, flow = 10 mL/min, and feed flow = 2.3 mmol FUR/h.
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In a final catalytic study, the influence of Cu content was evaluated considering the
best catalytic support (Sep-2) (Figure 13). Catalytic data reveal that the reaction is sensitive
to the Cu content (Figure 13A). Thus, an increase in the Cu content causes a significant
improvement in the catalytic behavior, since the 5Cu-Sep-2 and 10Cu-Sep-2 catalysts reach
a conversion of 40% and 72%, respectively, after 1 h of reaction while the FUR conversion is
practically complete along 5 h of reaction when the catalyst displays a Cu content higher
than 15 wt.%. Regarding the obtained products (Figure 13B,C), a low Cu content promotes
the hydrogenation of FUR to FOL although the conversion is poorer than that observed for
other catalysts with higher Cu loading. However, those catalysts with a higher Cu content
promote hydrogenation and a subsequent hydrogenolysis step to form MF. In fact, the
data reported in Figure 13D shows how the 5Cu-Sep-2 catalyst, where the hydrogenation
reaction towards FOL is promoted, maintains a more stable FOL/MEF ratio along the time
on stream. However, the catalysts with higher Cu content, which are more selective towards
MF in shorter reaction times, modify the FOL/MEF ratio along the time on stream. This
confirms the faster deactivation of the hydrogenolysis sites.
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Figure 13. FUR conversion (A), FOL yield (B), MF yield (C) and FOL/MF molar ratio (D) in the FUR
hydrogenation in gas phase using Cu-based catalysts supported on sepiolite modified with an acid
treatment. Experimental conditions: mass of catalyst = 0.15 g, reaction temperature = 190 °C, reaction
time = 1-5 h, pressure = 0.1 MPa, Hj flow = 10 mL/min, and feed flow = 2.3 mmol FUR/h.
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Finally, the catalysts with different Cu content supported on Sep-2 were characterized
to understand the differences in the catalytic behavior. Firstly, the reducibility of the
Cu-based precursors was analyzed by Hp-TPR (Figure 14A). These data reveal that the
Hj-consumption increases with the Cu content, which is expected due to the reduction in
a bigger amount of Cu?*-species to Cu’. However, the most representative data of these
profiles is related to the similar temperature at which the maximum Hj-consumption takes
place. This suggests that the interaction precursor-support hardly suffers modification
when the content of the Cu incorporated is modified. The study of the samples with
different Cu content by XRD (Figure 14B) reveals that all catalysts, except that sample with
the highest Cu content, do not show any reflections lines ascribed to Cu species. In the case
of 20Cu-Sep-2 sample, the main diffraction peak ascribed to Cu’ is observed at 20 (°) of
43.2 (PDF N°: 00-002-1225), although this signal is relatively wide in such a way that the
metallic particles must be relatively small even for high Cu content (20 wt.%). This fact
was confirmed by the analysis of their TEM micrographs (Figure 14C and Supplementary
Material, Figure S11) since the particles are homogeneous and spherical with diameter
lower than 5 nm in all catalysts, confirming the high dispersion of the active phase in all
cases. The analysis of the samples by XPS (Figure 14D,E) reveals that the Cu exposed on
the surface increases directly with the Cu content. In the same way, the analysis of the Cu
2p core level spectra show the existence of reduced Cu species in all catalysts exclusively
(Figure 14D). The detailed analysis of the Cupym Auger line displays the presence of two
contributions (Figure 14E). The main contribution, located about 919 eV, is assigned to Cu’
while the lower contribution about 916 eV is attributed to Cu™" species [34,35]. Despite
presenting the same contributions in the Cu regions, the ratio of products obtained is
variable for the catalysts with different Cu loading. The results obtained suggest that
the hydrogenolysis sites involved in the formation of MF seems to be deactivated more
quickly. Thus, the lower proportion of hydrogenolysis sites in 5Cu-Sep-2 catalyst implies a
faster deactivation of these sites in such a way this catalyst displays low proportion of MF
while the FOL yield is more stable along the time on stream. On the opposite, the catalyst
with higher amount of Cu exposed on the surface (Cu0 and Cu"), i.e., higher amount of
hydrogenation and hydrogenolysis sites promotes the formation of MF during longer time
although these sites are also prone to be deactivated along the time on stream, as indicates
Figure 13D.
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Figure 14. H,-TPR profiles (A), X-ray diffractograms (B), TEM micrographs (Scale: 50 nm) (C), Cu
2p core level spectra (D) and Cuppy Auger line (E) of 5Cu-Sep-2, 10Cu-Sep-2, 15Cu-Sep-2 and
20Cu-Sep-2 catalysts.



Ceramics 2025, 8, 21

21 of 25

5. Conclusions

In this work, a fibrous clay mineral, sepiolite, has been modified through a microwave-
assisted acid treatment. This treatment has caused a progressive leaching of the Mg?*
species located in the octahedral layer, leading to an increase in the surface area and pore
volume. These samples with different textural properties have been used as supports
for the precipitation-deposition of Cu species on its surface. The characterization of the
samples revealed that CuO particles were dispersed on the surface of the raw sepiolite,
while Cuy(OH)3™ species have been deposited over the sepiolite subjected to microwave-
assisted acid treatment in these sites where Mg?*-species were previously leached by the
microwave-assisted acid treatment. These Cu species are highly dispersed on the surface
of these modified supports even after calcination and reduction treatment, obtaining Cu’
particles with a size less than 5 nm. In contrast, the Cu® particles supported on raw sepiolite
display a much larger particle size between 15 and 25 nm.

Once the materials were characterized, the samples were assayed in the gas phase
hydrogenation of furfural. Generally, the difference in Cu® crystal size was reflected in
its catalytic behavior. These results showed that the catalyst with a larger Cu® crystal
size (15Cu-Sep) is selective to the hydrogenation reaction, obtaining FOL as main product.
However, the catalysts where the sepiolite was subjected to different microwave-assisted
acid treatments and smaller Cu® particle size are more active and promote two consecutive
reactions. Firstly, FOL is obtained through a hydrogenation reaction of FUR. In a second
step, MF is obtained from a hydrogenolysis reaction of FOL through mild acid sites.
Between the two reactions, the catalytic results indicated that the sites involved in the
hydrogenolysis reaction are more prone to be deactivated, while the sites involved in
the hydrogenation reaction are more resistant to deactivation although these sites are
less active.

The results obtained reveal that the presence of small Cu crystals has a determining
role in the catalytic behavior. However, the use of short acid treatment times, where a
proportion of Mg?*-species remain in the fibrous structure, also has a positive effect in the
catalytic behavior, since the presence of Mg in the support also has a positive effect on the
FUR hydrogenation reaction in gas phase.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ceramics8010021/s1, Table S1. Chemical composition of the raw
sepiolite and sepiolite subjected at different times of microwave-assisted acid treatment; Table S2.
Atomic concentrations on the surface obtained from the XPS spectra for the raw sepiolite and sepiolite
subjected at different times of microwave-assisted acid treatment with Cu-species deposited on its
surface; Figure S1. N, adsorption-desorption isotherms of the raw sepiolite and sepiolite subjected
at different times of microwave-assisted acid treatment; Figure S2. Pore size distribution of the raw
sepiolite and sepiolite subjected at different times of microwave-assisted acid treatment; Figure S3.
Zeta potential of the raw sepiolite and sepiolite subjected at different times of microwave-assisted
acid treatment; Figure S4. X-Ray diffractogram of the solid obtained after the treatment of Cu(NOj3),
3H,0 in urea solution at 95 °C; Figure S5. N 1s core level spectra of the raw sepiolite and sepiolite
subjected at different times of microwave-assisted acid treatment with Cu-species deposited on its
surface (estimated by XPS); Figure S6. Images of Prec-15CuO-Sep (A), Prec-15CuO-Sep-2 (B), Prec-
15CuO-Sep-8 (C) and Prec-15CuO-Sep-16 (D); Figure S7. Images of 15CuO-Sep (A), 15CuO-Sep-2 (B),
15Cu0O-Sep-8 (C) and 15CuO-Sep-16 (D); Figure S8. Method of band gap energy (eV) determination
from theTauc plot of the raw sepiolite and sepiolite subjected at different times of microwave-assisted
acid treatment with Cu-species deposited on its surface; Figure S9. EDX mapping of the Cu-based
catalysts supported on raw sepiolite and sepiolite modified with microwave-assisted acid treatment
at different times. 15Cu-Sep (A), 15Cu-Sep-2 (B), 15Cu-Sep-8 (C) and 15Cu-Sep-16 (D). Scale 100 nm;
Figure S10. Distribution of the Cu crystals for 15Cu-Sep, 15Cu-Sep-2, 15Cu-Sep-8 and 15Cu-Sep-16;
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Figure S11. EDX mapping of the Cu-based catalysts supported on raw sepiolite and sepiolite modified
with microwave-assisted acid treatment at different times. 5Cu-Sep (A), 10Cu-Sep-2 (B), 15Cu-Sep-2
(C) and 20Cu-Sep-2 (D). Scale 100 nm.
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