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Abstract

A series of Cu-MnO,/SiO> catalysts was synthesized using different methodologies:
incipient wetness impregnation and strong electrostatic adsorption for the incorporation
of Cu species and incipient wetness impregnation and controlled surface reactions for the
addition of MnOx. The materials were characterized by H>-TPR, XRD, XPS, TEM/EDX,
and N adsorption-desorption at -196 °C to study the interaction between Cu and MnOx
species. These catalysts were evaluated in the gas-phase hydrogenation of furfural at 190
°C. While a highly dispersed Cu/SiO: catalyst promoted the hydrogenolysis of furfuryl
alcohol to methyl furan, it was found that the presence of oxygen vacancies in MnOx
facilitated the interaction of the catalysts with the carbonyl group of furfural, thus

promoting the formation of furfuryl alcohol as the main product.
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1. Introduction

The growing world energy demand and the decline of oil reserves, combined with
concerns associated with global climate change and pollution, are prompting
governments to promote the development of sustainable technologies for the production
of fuels and chemicals from non-fossil carbon sources [1,2]. Several energy resources
have been suggested in order to reduce the consumption of fossil fuels, but biomass is the
only one suitable to produce energy and chemicals without economic, environmental, and

social impacts [3,4].

In order to avoid interfering with the food chain, the type of biomass must be
carefully selected. In this context, lignocellulosic biomass is a very promising feedstock,
since it could be considered a non-edible source and, moreover, it is the most abundant
with high availability (2-10'! metric tons per year) [5-7]. Lignocellulosic biomass is
mainly formed by cellulose (40-50%), lignin (15-25%), and hemicellulose (20-35%),
requiring previous fractionation before proceeding to its valorization [7]. In particular,
hemicellulose consists of pentosans, mainly xylans, which can be subsequently
dehydrated to produce furfural (FUR) [8].

FUR is one of the top commercial building blocks produced at lignocellulose-
based biorefineries because it can be used for a broad spectrum of industrial applications.
Among them, it can be highlighted its use in resin and plastic production, the
pharmaceutical industry, and for the extraction of lubricants [1]. In addition, its chemical
functionalities (a,B-unsaturated aldehyde with C=0 and C=C bonds) provide it with high
reactivity, which allows the synthesis of a wide variety of high value-added chemicals,
such as furfuryl alcohol (FOL), 2-methylfuran (MF), furan (F), 2-methyltetrahydrofuran
(2-MTHF), linear alkanes (pentane or butane), furoic acid, and maleic acid, among others
[2,9,10].

Currently, the main product obtained from FUR is FOL, accounting for
approximately 65% of furfural production [11]. FOL is an important feedstock for the
manufacture of foundry resins, as well as for biofuel production and the synthesis of
agrochemicals and bioproducts [1,2,12]. On the other hand, MF and 2-MTHF are
promising additives to increase the octane number of gasoline, thus increasing its anti-

explosion performance [13,14]. MF can also be used as an intermediate in the



pharmaceutical industry and a precursor for the production of furan-based compounds

and pentanediol, among others [15].

FOL and MF are obtained from the hydrogenation of FUR, which can be carried
out in gas or liquid phase, although the former does not require high hydrogen pressure,
thus reducing the process cost. Currently, copper chromite is the commercial catalyst
employed to produce FOL and MF from FUR, but the main disadvantage of this catalyst
is the presence of toxic chromium [16,17]. Palladium-based catalysts have also been
proposed for FUR hydrogenation, but their high cost and low availability limit their
application in large-scale processes [2]. In this context, much research effort is being paid
to the search for chromium-free catalysts with high activity, selectivity, and stability,
since the nature of the catalyst used, together with the experimental conditions, are key

factors in obtaining the highest yield of the desired product [18].

From the last century, several noble and transition metal-based catalysts (Pt, Ru,
Pd, Au, Ni, Cu) have been developed for the gas-phase FUR hydrogenation [19-23]. Most
of them have been supported in metal oxides (e.g., zinc oxide, magnesium oxide, silica,
cerium oxide, or titanium oxide) or carbon to provide highly active and stable catalytic
systems associated with the modification of the acidity and basicity of the catalysts
[18,22,24-26]. Copper-containing catalysts have demonstrated to be active in the gas-
phase FUR hydrogenation due to their excellent interaction with the carbonyl group of
the FUR molecule, preventing the scission of the C-C bond and favoring the formation of
FOL and MF [27]. In order to enhance the dispersion of copper oxide and increase the
number of available active sites, copper has been supported on different oxides by diverse
synthetic methods [28,29]. For example, in 1948, Burnette et al. studied the production
of MF from the hydrogenation of furfural in the gas phase using supported copper
catalysts, since the metal-support interaction affects the activity and stability of the
materials [30]. In this case, the highest MF yield was obtained with the Cu-Cr catalyst
(above 90 %), while the lowest was reached with a Cu-MnOx-based catalyst supported
on charcoal, being this 21% MF yield. In the last years, several Cu-based catalysts, such
as Cu/ZnO [31-34], Cu/SiO; [19,32,35], Cu/CeO; [18,33], and Cu/MgO [26,36], have
shown to be active in FUR hydrogenation, although they were prone to suffer from
deactivation, especially when the reactions were carried out in gas phase [16]. In addition,
the selectivity pattern depended on the acidic properties of the catalyst, as the activity is

mainly affected by the metal-support interaction.Among these supports, Sitthisa et al.
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studied the catalytic activity of Cu, Pd, and Ni supported on SiO, for furfural
hydrogenation at 230 °C under 0.1 MPa H [19]. During this study, catalysts provided
furfural conversion values above 75%. While the incorporation of Pd gave rise to different
products, such as furan (60%), THF (20%), and FOL (14%), the Ni-based catalyst favored
the opening of the furan ring and generated products by hydrogenation and
decarbonylation, such as butane, butanal, and butanol. However, the Cu catalyst showed
a more selective hydrogenation to FOL (98%), which makes Cu the preferred metal for
the selective hydrogenation of FUR in gas phase. On the other hand, Dong et al. studied
the effect of different supports on the catalytic activity by supporting copper on SiOa,
AlxO3, and ZnO by precipitation, obtaining the best catalytic performance with the
Cu/SiO2 catalyst (89.5% MF yield at 220 °C) [32]. In another example, Nagaraja et al.
synthesized Cu/MgO catalysts by three different methods: co-precipitation,
impregnation, and solid-solid wetting [36]. The best results were obtained with the
catalyst prepared by co-precipitation, which showed values of FUR conversion and FOL
selectivity of 98% due to the smallest Cu particle size (thus largest Cu dispersion) and the
highest BET surface area. Therefore, it has been demonstrated that the synthesis method
selected for the introduction of the copper species is crucial for obtaining highly active
and stable catalysts. Additionally, it has been studied the use of a second metal to enhance
the catalytic performance. For example, Hu el al. added Mn to Cu catalysts, and
demonstrated that the reduction of Mn®* to Mn?*, together with well-dispersed Cu
nanoparticles, created surface oxygen vacancies that form a Mn?*-O,-Mn?* defect
structure, which is beneficial for the hydrogenation of FUR because those vacancies

promote the interaction with the carbonyl group of FUR [37].

In the present work, a series of manganese oxide (MnOx)-promoted Cu-based
catalysts was synthesized and evaluated in the gas-phase hydrogenation of furfural. Due
to the important role that the synthesis method plays in the physical-chemical properties
of the catalysts, MnOx was incorporated following three different approaches: incipient
wetness impregnation, strong electrostatic adsorption (SEA) [29], and controlled surface
reactions (CSR) [38] to evaluate the dispersion of the Cu and MnOx particles on the
catalyst. Moreover, the Cu/Mn atomic ratio and the reaction conditions were optimized
to attain the highest values of conversion while evaluating the selectivity pattern towards
hydrogenated products, such as FOL or MF. Furthermore, Cu-MnOx/SiO> catalysts were

compared with Cu/SiO2 to evaluate the influence of the MnOx species in the catalytic



behavior. All catalysts were also characterized by different techniques to determinate
their physical-chemical properties and understand the interaction between both metals as
a function of the synthesis method, the metal-support interaction, and the catalytic activity
in the FUR hydrogenation.

2. Materials and Methods
2.1. Reagents and Materials

A commercial CAB-O-SIL® EH-5 fumed silica provided by Cabot Corporation
was utilized as the support. The following chemicals were used for the synthesis of
catalysts: Cu(NH3)sSO4-H20 (Sigma-Aldrich, 99%), Cu(NOz)2:3H20 (VWR, 99%),
Mn(NOz3)2-4H20 (Sigma-Aldrich, 99%), CsHsMn(CO)s (Sigma-Aldrich, 99%), and
anhydrous tetrahydrofuran (Sigma-Aldrich, >99.9%, inhibitor-free). On the other hand,
furfural (FUR) (Sigma-Aldrich, 99%) and cyclopentylmethyl ether (CPME) (Sigma-
Aldrich, 99.9%) were employed in the FUR hydrogenation. Likewise, different gases
were utilized: He (Air Liquide, 99.99%), Hz (Air Liquide 99.999%), N2 (Air Liquide,
99.9999%), Ar (Airgas, 99.999%), H2/Ar (10% vol. Hz, Air Liquide), N2O/He (35% vol.
N20, Air Liquide), and O2/N2 (0.5 vol.% O, Airgas).

2.2. Synthesis of Catalysts

Firstly, a monometallic Cu/SiO; catalyst was synthesized by strong electrostatic
adsorption (SEA) [39]. To do so, 4 g of silica was put in contact with 1 L of deionized
water under stirring. Next, a Cu(NH3z)4SO4-H20 solution in water was added to obtain a
final copper loading of 15 wt.%. Then, the pH of this solution was adjusted to 9 by using
very diluted NH4OH and H2SO4 solutions, and stirring was maintained for 20 h. After
that, the solution was filtered and washed with deionized water, thus obtaining the catalyst
precursor. After reduction, which will be described later, this catalyst was labeled as
Cusea to indicate its monometallic nature and the method used to support the copper

species.

Regarding the MnOx-promoted catalysts, different synthesis methods were
selected in order to study the interaction between Cu and MnOy species: incipient wetness
impregnation (IMP), strong electrostatic adsorption (SEA), and controlled surface
reactions (CSR). In all cases, commercial SiO2 was used as the support and a 15 wt% Cu
loading was selected, while varying the Mn concentration to obtain Mn:Cu atomic ratios
equal to 0.15, 0.30, and 0.45. These catalysts were labeled as 1Cux:zMny where x and y
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indicate the method used to incorporate Cu and Mn, respectively, and z is the Mn/Cu

atomic ratio.

First, catalysts synthesized by incipient wetness impregnation were prepared by
putting in contact silica with an aqueous solution containing appropriate amounts of
Cu(NOs3)2-3H20 and Mn(NO3)2-4H0 salts.

Another series of catalysts was prepared by incorporating 15 wt% Cu by the SEA
method, as previously described for the Cusea catalyst precursor, and without reduction,

further addition of Mn species by incipient wetness impregnation using Mn(NQOz)2-4H.0.

All catalyst precursors, MnOx-promoted and not promoted, prepared by IMP and
SEA methods were thermally treated and reduced. First, these materials were thermally
treated under a He flow (60 mL min™) from room temperature to 350 °C with a heating
rate of 5 °C min’, and maintained at that temperature for 1 h. Next, the carrier gas was
shifted to H2 (60 mL min), cooled down to 300 °C, and that temperature was kept for 3
h in order to reduce mainly the copper species. Then, the gas was changed to He again,
and the sample was maintained at 300 °C for 1 h before cooling it down to room
temperature under He flow. Finally, the reduced species were passivated using 0.5%
02/N2 for 30 min at room temperature. Those series of catalysts were denoted as

1Cuimp:zMnimp and 1Cusea:zMnivp, respectively.

Finally, another family of materials was synthesized by adding Cu by SEA and
MnOxy species by CSR methods. First, a 15 wt% Cu/SiO; catalyst precursor was prepared
by the SEA method described before. Then, the sample was reduced in a Schlenk tube by
increasing the temperature from room temperature to 300 °C under He, followed by a
change in the carrier gas to Hz while keeping the temperature constant (300 °C) for 3 h.
After that, the sample was cooled down to room temperature under H flow, and without
passivation, the Schlenk tube was sealed and transferred to a glove box filled with Ar.
Later, the sample was put in contact with a solution containing the amount of
cyclopentadienyl manganese(l) tricarbonyl (CsHsMn(CO)z) necessary for a Cu:Mn
atomic ratio = 1:0.15 in anhydrous tetrahydrofuran for 1 h under stirring, as described
elsewhere [38]. Hence, MnOx species should be selectively adsorbed onto the reduced Cu
nanoparticles. After that, the solvent was removed in a Schlenk line and the sample was
reduced again at 400 °C (1 °C min ramp) for 1 h under H. flow to ensure the

decomposition of the ligands, being subsequently cooled down to room temperature under



reducing atmosphere (1 CSR cycle). In the case of the 1Cusea:0.15Mncsr catalyst, metal
species were then passivated under 0.5% O2/Nz) for 30 min at room temperature.
However, for the synthesis of thelCusea:0.30Mncsr and 1Cusea:0.45Mncsr catalysts,
MnOxy loadings were increased by the sequential addition of CSR cycles (2 and 3 CSR
cycles) without intermediate passivation. After the last CSR cycle, samples were

passivated as shown for the 1Cusea:0.15Mncsr catalyst.

2.3. Catalyst Characterization

Powder X-ray diffraction patterns were obtained using an X-Pert Pro automated
diffractometer, which is composed of a Ge (111) primary monochromator with Cu Kal
radiation and a X'Celerator detector with a step size of 0.017°. The analysis was carried
out between 26 = 10-70° with an equivalent counting time of 712 s per step. The
crystallite size was calculated by using the Williamson-Hall equation [40], B cosf = (K
MD) + (2 £ sinf), where 0 is the Bragg angle, B is the full width at half maximum (FWHM)
of the XRD peaks, K is the Scherrer constant, A is the wavelength of the X-ray, and ¢ is
the lattice strain.

H> temperature-programmed reduction (Ho-TPR) experiments were performed
using 80 mg of catalyst in a U-shaped reactor. First, catalyst precursors were treated under
a He flow (60 mL min™) up to 350 °C (5 °C min’* ramp) for 1 h to decompose the
precursor salt and avoid the contamination of the equipment. After this, the catalyst was
cooled down to room temperature to start the analysis. The sample was then heated from
room temperature to 800 °C with (10 °C min ramp) under Ha2/Ar (48 mL mint, 10 vol.%
H>) to study the H> consumption. In addition, the outcoming flow was passed through a
cold finger immersed in an isopropyl alcohol-liquid nitrogen trap to retain the water
formed during the reduction process. Finally, an on-line thermal conductivity detector

(TCD) was used to perform the Hz quantification.

Transmission electron microscopy (TEM) images were obtained by using a FEI
Talos F200x high-resolution transmission electron microscope (Thermo Fisher
Scientific) to study the morphology and dispersion of the active phase. Moreover,
elemental microanalysis was carried out with an EDX Super-X system with four X-ray
detectors and a X-FEG beam, which allows for 3D chemical characterization with

compositional mapping.



Textural parameters were obtained from N adsorption—desorption at -196 °C by
using an automated ASAP 2420 Micromeritics equipment. Firstly, samples were
outgassed at 150 °C for 12 h at 10* mbar. The Brunauer—-Emmet—Teller (BET) method
was utilized to determine the specific surface areas [41], the specific pore volume (Vs)
was calculated at P/Po = 0.98, the pore size distribution was obtained using a DFT method
[42], and finally, the average pore size was determined by applying the Barrett-Joyner—
Halenda (BJH) method to the desorption branch [43].

In order to study the surface composition of the catalysts, all of them were
analyzed by X-ray photoelectron spectroscopy (XPS). The analyses were performed in a
Physical Electronics PHI 5700 spectrometer with non-monochromatic Mg Ka radiation
(300 W, 15 kV, 1253.6 eV) with a multichannel detector. Spectra were recorded using
the constant pass energy mode at 29.35 eV with a 720 um diameter analysis area. The
maximum peak of adventitious carbon was used as the reference for the different peaks
(C 1s at binding energy of 284.8 eV). Moreover, a PHI ACCESS ESCA-V6.0 F software
package was used for acquisition and data analysis. The peaks were deconvoluted by
using the least squares method, Gaussian—Lorentzian (90% G and 10% L) curves to more
accurately determine the binding energy (BE) values of the different element core levels,
and a Shirley-type background line. To avoid the oxidation of the reduced catalysts, these
were stored in sealed vials with cyclohexane as inert solvent. Moreover, samples were
handled in a dry box under a N2 flow, where the solvent was evaporated prior to its

introduction into the analysis chamber, and directly analyzed without previous treatment.

2.4. Catalytic test

The gas-phase hydrogenation of furfural was carried out at atmospheric pressure
in a tubular quartz reactor with a diameter of 6.35 mm (%”). For each experiment, the
catalyst was pelletized and sieved with a range between 215 and 400 pm. Each sample
was placed in the middle of the reactor tube between two layers of quartz wool, and the
temperature was controlled with a thermocouple in direct contact with the catalyst bed.
Prior to the catalytic tests, the passivated catalysts were reduced in situ at 300 °C using a
H; flow of 60 mL min™ for 1 h to ensure the total reduction of Cu(ll) species. Then,
catalysts were cooled down to the selected reaction temperature. Once at that temperature,
3.87 mL h? of a FUR solution in CPME (5 vol.%) was injected continuously with a
Gilson 307SC piston pump (model 10SC) to obtain a weight hourly space velocity
(WHSV) of 1.5 h'? (referred to the FUR fed) using 10-60 mL mint of H; as the carrier
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gas. CPME was selected as the solvent because it is considered environmentally friendly
and has employed in several reactions for biomass valorization, such as the selective
dehydration of lignocellulosic pentoses to FUR [44]. The CPME stability was evaluated
under experimental conditions similar to those used in the gas-phase furfural

hydrogenation, thus confirming the inertness of CPME regardless of the catalyst used.

Both furfural and reaction products were analyzed using a Shimadzu GC-14A gas
chromatograph equipped with a flame ionization detector 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 * 100

Selectivity (%) = mol of product % 100
elechivity L70) = mol of furfural converted

3. Results and Discussion

3.1. Characterization of the catalysts

In order to determine the reduction temperature, Ho-TPR analyses of the catalyst
precursors were carried out (Figure 1). From these profiles, it can be inferred that CuO
was totally reduced to Cu® at 325 °C. The maximum H. consumption occurred at about
235 °C, which is in the same range as other catalysts with small CuO nanoparticles
supported on silica in the literature [45]. It is noteworthy that the addition (by
impregnation) of Mn species to Cu/SiO, samples prepared by impregnation (IMP) or
strong electrostatic adsorption (SEA) produces an increase in the H, consumption, as can
be observed from the higher area of the H.-TPR profiles. This implies that, besides
reducing Cu species, MnOx formed during the thermal treatment of Mn(NOz)2-4H20 must
have also been partially reduced, although their reduction profiles barely changed.
However, the maximum Hz consumption for the 1Cusea:0.15Mnme and
1Cuimp:0.15Mnimp samples shifted to lower temperatures, probably due to the presence
of oxygen vacancies from MnOx species that would enhance the reducibility of CuO, as
previously reported by other authors [46]. As a result, as previously mentioned, all those
catalyst precursors were reduced at 300 °C for 1 h to ensure the total reduction of the Cu
species. It is worth mentioning that the 1Cusga:0.15Mncsr precursor was not
characterized by H2-TPR because the reduction process would also be accompanied by
the decomposition of the organometallic precursor ligands. Since it was reported in the
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literature that the decomposition of a similar organomanganese compound
(methylcyclopentadienyl manganese tricarbonyl) bonded to silica occurred at
temperatures above 300 FC\[47], a reduction temperature of 400 °C was selected for that

catalyst to ensure both the ligands decomposition and reduction of the Cu species.

Structural information of the Cu- and Cu-MnOx-based catalysts was obtained by
XRD (Figure 2). In all cases, the diffractograms presented a broad band at about 26 = 22°,
which is associated with the amorphous silica support [45]. Furthermore, all XRD
patterns showed two main narrow peaks at 43.2 and 50.4°, which are assigned to metal
Cu crystallites (Cu®) (PDF 96-901-2044). In addition, a small and broad diffraction band
at 35.9° could be due to the presence of Cu.O (PDF:01-078-2076). The coexistence of
Cu® and Cu0 species could be due to Cu(ll) species that were not totally reduced. On
the other hand, it is also noticeable that the diffractograms did not show diffraction peaks
evidencing the existence of crystalline Mn species; therefore, these are amorphous or
highly dispersed. Moreover, it was observed that metal copper nanoparticles are more
crystalline, thus have a larger average crystallite sizes, when Cu and Mn precursors are

incorporated to the support by impregnation (1Cuimp:0.15Mnimp).

The average size of the CuP crystallites was determined by the Williamson-Hall
method [40], being this of 24 nm for the Cusea catalyst. A similar value was obtained for
the 1Cuimp:0.15Mnivp catalyst. However, when Cu was incorporated by the SEA method
followed by the addition of MnOx by impregnation (1Cusea:0.15Mnimp) or CSR method
(1Cusea:0.15Mncsr), the average size of the Cu® crystallites diminished to 16 and 18 nm,
respectively. Therefore, it can be inferred that the incorporation of Mn species, either by
impregnation or CSR, diminishes the size of the Cu° crystallites obtained by the SEA
method. Regarding the analysis of the CuO domains, all catalysts displayed similar
average size around 5-8 nm. According to the H2-TPR curves (Figure 1), the maximum
H> consumption occurred at 225-250 °C; therefore, it is possible that the selected
reduction temperature (400 °C) could have contributed to sintering of the Cu

nanoparticles.

The morphology of the Cu-MnOx-based catalysts was studied by TEM (Figure 3).

These micrographs revealed that the Cusea catalyst displayed a heterogeneous dispersion

of Cu nanoparticles, with sizes extending from <10 to 30 nm, which is consistent with

the broad H, consumption observed in the corresponding Hz-TPR curve. The wider Ha-

TPR profile compared to those of the Cu-MnOx-based catalysts suggests a broader
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distribution of Cu particle sizes. When MnOy species are dispersed onto the catalysts , it
is expected that CuO and MnOx domains are in intimate contact before the reduction
process, thus MnOx could contribute to decreasing the reduction temperature of the Cu(Il)

species due to the presence of oxygen vacancies [48,49].

The textural properties of the Cu-MnOx-based catalysts were determined from
their N2 adsorption-desorption isotherms at -196 °C (Figure 4). The adsorption isotherms
were very similar in all cases regardless of the approach used for the incorporation of Cu
species and the presence of MnOy, which implies that the synthesis method does not have
a significant effect in their textural properties. According to the IUPAC classification
[50], the adsorption-desorption isotherms can be considered as Type I, which are typical
of macroporous materials with an increased volume of N2 adsorbed at high relative
pressure. This fact must be ascribed to the spherical nature of the fumed silica used as the

support, which contains macropores associated to interparticle voids.

The specific surface areas (Sger) were determined using the BET method (Table
1) [41], and showed to be very similar (155-188 m?/g), with low microporosity as
indicated by the t-plot values. The pore volume (Table 1) was also very close for all
catalysts, ranging between 0.524 and 0.540 cm®/g with negligible microposity. From
these data, it can be concluded that all catalysts displayed similar textural characteristics
despite the synthesis method.

The surface chemical composition and oxidation state of the Cu and Mn species
on the Cu-MnOx-based catalysts was evaluated by XPS (Table 2 and Figure 5). The
surface Cu atomic content is in the 0.65-1.88% range, being 1Cuimp:0.15Mnimp the
catalyst with the lowest surface Cu content. This implies that the conventional incipient
wetness impregnation method provides lower metal dispersion, thus larger Cu
nanoparticles, as was determined from the Williamson-Hall method [40]. In contrast, the
highest surface Cu content was obtained with the SEA method, which highlights the
potential of this approach for the highly dispersion of Cu nanoparticles on the silica
surface. On the other hand, the incorporation of MnOy species causes a decrease in the
surface Cu content, likely due to the partial coverage of the Cu nanoparticles, as observed
by TEM (Figure 3). Interestingly, the 1Cusea:0.15Mncsr catalyst presented the lowest
surface Mn concentration (Table 2), which would indicate that MnOy was not selectively

deposited onto the Cu nanoparticles, if not also dispersed over the silica support. Sener et
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al. attributed that to the reaction between the organometallic precursor and the hydroxyl
groups on the silica support [51].

The analysis of the Cu 2p core level spectra shows a similar pattern for all catalysts
(Figure 5A). All Cu-MnOx-based catalysts display a single band in the Cu 2pay. region,
which is located at about 932.5 eV. This signal is ascribed to the presence of reduced Cu
species [52]. On the other hand, the absence of the characteristic shake-up satellite would
discard the existence of surface Cu?* species. Although it is difficult to discern between
the reduced Cu® and Cu* species from the Cu 2p region, it is possible to draw on the
Auger LMM line (Figure 5B). The analysis of this region shows the coexistence of Cu°
and Cu*, being mostly Cu* in the form of Cu20 (about 60-70% Cu). These results seem
to contradict those obtained by XRD (Figure 2), where the main crystalline phase was
Cu°. Considering the Ho>-TPR profiles (Figure 1), it should be expected that all Cu species
are totally reduced, so the detection of Cu* species in the XRD patterns (Figure 2) and
the Curmm Auger line (Figure 5B) should be ascribed to a partial oxidation during
handling of the sample. Nonetheless, the data obtained from XRD and XPS differ, since
the main crystalline phase seems to be CuC but the XPS data suggest the primary presence
of Cu20. This can be attributed to the fact that XPS is a surface technique and the

oxidation of Cu® is expected to take place mainly on the catalyst surface.

The analysis of the Mn 2p core level spectra also shows a similar profile for all
catalysts (Figure 5C). Although the band at the lowest binding energy (~641.8 eV) has
been previously assigned to the presence of MnxOy species [52], the typical contributions
of MnO, Mn203, and MnO: in the Mn 2p core level spectra appear very close [52].
Nonetheless, it can be observed another contribution located at about 646.6 eV, which is
assigned to the shake-up satellite that is typical of divalent cations, such as Mn?* [53].
Thus, it is confirmed the existence of Mn(ll) species, although the presence of higher
oxidation states, such as Mn3O4 or Mn203, cannot be ruled out. These data could prove
the simultaneous reduction of CuO and partial reduction of MnO: species, as was
suggested from the H2-TPR experiments (Figure 1).

From the Si 2p core level spectra, it can be observed a contribution at about 103.2-
103.4 eV, which is assigned to silica [45]. Finally, the O 1s spectra show two
contributions: the higher one at 532.6 eV is ascribed to oxygen in silica [45], while that
at lower binding energy (530.2 eV) is attributed to oxygen in the MnOy species [52,54].
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3.2. Catalytic Results

All Cu- and Cu-MnOx-based catalysts were studied in the hydrogenation of FUR
in a continuous gas-phase reactor. As mentioned before, the stability of CPME was
confirmed in previous studies under similar experimental conditions. The catalytic results
(Figure 6A) show that the highest conversion was obtained with the Cusea catalyst, with
almost full FUR conversion after 1 h at 190 °C, although this slightly dropped with time,
attaining a 95% conversion after 5 h. Although, in general, the incorporation of MnOx
species worsened the FUR conversion, the reduction of the activity depended on the
methodology used for the incorporation of those MnOyx species. For example, the
incorporation of MnOx by impregnation (1Cusea:0.15Mnimp) only led to a slight decrease
in the FUR conversion (85% after 5 h) in comparison to the monometallic Cusea catalyst.
However, the drop in the conversion was more pronounced when MnOx was incorporated
by the CSR method (1Cusea:0.15Mncsr), since this only reached a FUR conversion of
40% after 5 h of reaction. Even when that catalyst displayed the highest proportion of
surface Cu species, it seems like the lack of interaction between Cu and MnOx species
contributed to the poorest conversion values. These data suggest that the interaction
between the MnOy species and Cu® must cause an electronic transfer, as suggested the
H2-TPR, with an important effect on the catalytic behavior. Additionally, it was observed
that the the incorporation of Cu by the SEA method (1Cusea:0.15Mnime) contributed to
higher FUR conversion values than impregnation (1Cuimp:0.15Mnimp). As the Cu
dispersion is higher when using the SEA method than the impregnation, it is believed that
upon addition of MnOx species, there is a higher proportion of metal Cu sites interacting
with MnOyx species, as well as a higher concentration of sites involved in FUR

hydrogenation.

Regarding the selectivity patterns (Figures 6B and 6C), all catalysts showed to be
selective only towards two products: furfuryl alcohol (FOL) and 2-methylfuran (MF). As
the FOL and MF vyields vary for the different catalysts, it is suggested that the presence
and dispersion of the MnOx species must have an important role in determining the
selectivity profiles. In the case of Cusea, the main product is MF, although its yield
decreases along the time-on-stream (TOS) at 190 °C from 88% after 1 h of reaction to
71% after 5 h. This drop in the MF yield was accompanied by an increase in the FOL
yield, and it is consistent with prior studies in which highly dispersed Cu/SiO- catalysts

promoted the formation of MF especially at short reaction times [32,45]. It was previously
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reported that the hydrogenation of FUR to FOL required the existence of Cu° or Cu* sites
[27,55,56], although there is still controversy in the literature regarding the active sites
involved in FUR hydrogenation. Some studies have proposed that Cu® sites interact with
the carbonyl group leading to the hydrogenation of FUR to FOL [27,55]. However, other
authors have pointed out that the electrophilic Cu* species can also promote the
hydrogenation reaction because —C=0 can be polarized due to the lone pair electrons on
the O atom interacting with Cu* sites [57,58]. The presence of oxygen vacancies on the
surface of the catalyst can also provide a higher hydrogenating capacity due to Mn?*-Oy-
Mn?* defect structures that can interact with the carbonyl group of FUR, weakening the
—C=0 bond and promoting the FUR hydrogenation [37,59].

In addition, the nature of the support can also play an important role on both the
catalytic activity and selectivity [60]. Thus, the presence of a support with low acidity,
such as SiOz, and small Cu nanoparticles, which can be partially oxidized to Cu*, provides
Lewis acid sites that promote the hydrogenolysis of FOL to MF [27]. Interestingly, the
incorporation of MnOx species appears to modify the selectivity pattern, since they seem
to favor the formation of FOL to the detriment of MF. Previous studies have reported that
the presence of reducible oxides, such as CeO2 or MnO2, can generate oxygen vacancies,
leading to a decay of structural oxygen from the anion sublattice [37,61] and promoting
its interaction with the carbonyl group of FUR to produce FOL as the main product
[18,37,62]. Therefore, the modification of the selectivity pattern can be ascribed to the
presence of well-dispersed Cu nanoparticles and the reduction of Mn** to Mn?3*, which
generates surface oxygen vacancies, Mn?®*-0,-Mn?®*, associated to structural defects
[37]. On the other hand, the modification of the electronic density of the Cu sites, as
suggested from the H2-TPR profiles (Figure 1), together with its lower surface Cu content,
could contribute to a reduction of the hydrogenolysis process, thus decreasing the MF
formation. Thereby, it can be concluded that the incorporation of Mn species in the form
of MnOy (with oxidation states lower than +4) would promote the hydrogenation reaction
to FOL.

On the other hand, it is well known that the hydrogenation of FUR is prone to
suffer from deactivation processes [16]. For example, carbonaceous deposits tend to
block the active sites involved in the hydrogenolysis reaction faster than the
hydrogenation sites, thus promoting the formation of FOL [45]. As 1Cusea:0.15Mnvp
showed the highest FOL yield after 5 h of TOS at 190 °C, that synthesis approach,
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involving the incorporation of Cu by SEA and Mn by IMP method, was selected to study
the effect of the Mn:Cu atomic ratio between 0.15 and 0.45 (Figure 7).

The catalytic results show that the presence of a higher proportion of Mn species
leads to a lower catalytic activity, since the FUR conversion after 5 h at 190 °C is 95%
with Cusea and 53% when using the catalyst with the highest Mn content
(1Cusea:0.45Mnymp catalyst). The yields towards FOL and MF also differ with the MnOx
loading, since higher Mn contents seem to favor the formation of FOL, with
1Cusea:0.45Mnimp and 1Cusea:0.30Mnime showing FOL yields close to 50% after 1 h at
190 °C. Remarkably, those catalysts maintained those FOL vyields for at least 5 h of
reaction at 190 °C, although some deactivation was observed. Similarly, the study of the
MF yield shows a decrease as the Mn content increases, thus confirming that MnOx has
an influence in the selectivity pattern. In this sense, the oxygen vacancies generated on
the surface of the catalyst promotes the hydrogenation due to the interaction of these
vacancies with the carbonyl group of FUR [37]. Similar results were reported in the
literature when using CeO: as the support, which also favored the formation of oxygen
vacancies that modified the selectivity from MF to FOL [18,33,34].

After evaluating the catalytic activity of Cusea:Mnimp with different Mn:Cu
atomic ratios, the materials were characterized to establish structure-activity
relationships. The analysis of their Ho-TPR profiles (Figure 8) shows how the maximum
H2 consumption takes place at temperatures slightly lower than that for Cusea. These data
would confirm that the formation of oxygen vacancies during the reduction of MnO> to
MnOx could provoke a modification in the reducibility of the CuO particles, which could
be due to the intimate contact between CuO and MnO:2 phases before reduction [46]. It is
also remarkable that the Hz> consumption varies with the Cu:Mn atomic ratio. As the
1Cusea:0.15Mnvp catalysts exhibits a higher Hz consumption than Cusea, it is expected
that, besides the reduction of CuO, MnO, must also be partially reduced. This fact is more
pronounced for 1Cusea:0.30Mnivp, Where the Hz consumption is higher although the
surface Cu content is similar (Table 3). In the case of the catalyst with the highest Mn
content (1Cusea:0.45Mnimp), several H2 consumption processes at are observed at lower
temperatures, while the maximum Ha consumption is higher than that for Cusea, which

would confirm the simultaneous reduction of CuO and MnOa-.

The XRD analysis of the catalysts with different Mn:Cu atomic ratios (Figure 9)
revealed similar profiles. The main peaks located at 43.4 and 50.6° are assigned to Cu®
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(PDF 96-901-2044), while the small and broad band at 35.6° is attributed to Cu.0O
crystallites (PDF:01-078-2076). The estimation of the crystal size from the Williamson-
Hall method reveals that the size of the crystal diminishes as the Mn-content increases
[40]. Thus, the average Cu® crystallite size progressively decreases from 24 nm for Cusea
to 13 nm for 1Cusea:0.45Mnimp. Regarding the average crystal size of Cu20, all catalysts
showed an average crystallite size below 8 nm. As before, the diffractograms do not
exhibit any diffraction peaks assigned to Mn species, which can be attributed to poor

crystallinity or even amorphous particles.

TEM micrographs also reveal that both Cu and Mn species are highly dispersed
(Figure 10) even for high Mn contents. Therefore, Cu® nanoparticles and MnOx species
must be in close contact, as inferred from the Ho-TPR data, with the oxygen vacancies of
MnOx contributing to the reduction of the CuO species at lower temperatures (Figure 8).
On the other hand, the study of the textural properties again evidenced that all catalysts
possessed similar characteristics (Table 4), which means that the incorporation of Cu and

MnOx species did not significantly modify the textural properties of the silica support.

The surface chemical composition of the Cusea:Mnivp catalysts with different
Mn:Cu atomic ratios was determined by XPS (Figure 11 and Table 3). All the catalysts
exhibit reduced Cu species, although the CuLmm Auger lines show the coexistence of both
Cu® and Cu*. Regarding to the Mn 2p core level spectra, the catalysts with different
Mn:Cu atomic ratios showed similar contributions. The main band is assigned to the
existence of Mn(l1), likely MnQ, as confirmed by the shake-up satellite typical of divalent
cations, although the presence of other contributions, such as Mn,O3 or Mn3O4, cannot

be discarded since the binding energies of Mn(Il) and Mn(l11) are very close.

In a final study, all Cu-MnOx-based catalysts with a Mn:Cu atomic ratio of 0.15
were tested for long reaction times to evaluate their stability (Figure 12). Although all
catalysts showed a FUR conversion decay after the first hours of the reaction, the
deactivation was more pronounced on the catalysts with the highest surface Mn contents
(1Cuimp:0.15Mnivp and 1Cusea:0.15Mnive) (Table 2). However, after 24 h of TOS, those
catalysts still provided higher FUR conversions than 1Cusga:0.15Mncsr, which was the
catalyst containing the lowest surface Mn content (Table 2). The selectivity pattern is also
modified along the reaction. Thus, the catalysts with high dispersion of Cu species, i.e.,
those prepared by the SEA method, favors the formation of MF. However, the catalysts
with the lowest surface Mn content (1Cusea:0.15Mncsr) not only presented the lowest
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FUR conversion, but also the MF yield. In any case, the formation of MF decreases
drastically along the TOS, being negligible after 24 h of reaction, which further highlights
the faster deactivation of the hydrogenolysis sites. After the incorporation of MnOx
species, the MF formation decreases, which would be associated to the oxygen vacancies
on MnOxy that would promote the hydrogenation of FUR to FOL. Interestingly, in all
cases except for the 1Cusea:0.15Mncsr catalyst, the FOL yield increased after the first
hours of reaction. From these data, it can be inferred that the hydrogenolysis sites are
more easily deactivated than those responsible for the hydrogenation of FUR to FOL.
Nonetheless, the FOL yield also drops from about 60% after 8 h of TOS to 35% after 24

h for 1Cusea:0.15Mnmp, which showed to be the most resistant catalyst to deactivation.

4. Conclusions

Cu-MnOx-based catalysts supported on commercial silica were synthesized using
different methods, such as incipient wetness impregnation, strong electrostatic
adsorption, and controlled surface reactions. Catalyst characterization revealed that the
strong electrostatic adsorption method provided the highest dispersion of Cu
nanoparticles while the impregnation of Mn species generated the closest interaction
between Cu and MnOx. H2-TPR studies showed that the presence of MnO; in the catalytic
precursor facilitated the reducibility of the Cu species at lower temperatures. Likewise, it
was observed that the Hz consumption increased, which can be attributed to the partial

reduction of MnO2 to MnOy, as was confirmed by XPS.

In regards to the catalytic activity, the presence of MnOx species promoted the
hydrogenation of FUR to FOL, rather than the hydrogenolysis reaction to form MF. In
this sense, the hydrogenation reaction is promoted by the presence of Mn?*-Oy-Mn?*
defects, which favors the interaction of the oxygen vacancies with the carbonyl group,
weakening the —C=0 bond, and promoting the FUR hydrogenation. In any case, all
catalysts were prone to deactivation due to the formation of carbonaceous deposits that

partially blocked the active sites for reaction.
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Table 1. Textural properties determined from the N> adsorption-desorption isotherms at
-196 °C of the Cu and 1Cu:0.15Mn catalysts supported on silica.

Sample Seer  t-plot Pore volume Micropore volume

(m?g) (m?g)  (cm®g) (cm®/g)
Cusea 175 21 0.530 0.007
1Cump:0.15Mnive 188 16 0.540 0.004
1Cusea:0.15Mnive 169 19 0.526 0.006

1Cusea:0.15Mncsr 155 31 0.524 0.012
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Table 2. Spectral parameters obtained from XPS of the Cu and 1Cu:0.15Mn catalysts
supported on silica.

Superficial molar ratio

Atomic concentrations (%6)

Sample Experimental Theoretical
Cls O1ls Si2p Mn2p Cu?2p Cu/Mn Cu/Mn
Cusea 6.78 60.98 30.60 - 1.88 ) 0
1Cuivp:0.15Mnime 5.75 61.38 31.03 1.19 0.65 0.55 6.67
1Cusea:0.15Mnimp 955 59.29 28.22  1.36 1.58 1.36 6.67

1Cusea:0.15Mncsr  9.03  58.36  30.15  0.67 1.79 2.67 6.67




Table 3. Spectral parameters obtained from XPS of the Cu and 1Cusea:zMnimp catalysts
supported on silica.

Superficial molar ratio

Atomic concentrations (%6)

Sample Experimental Theoretical
Cls O1ls Si2p Mn2p Cu?2p Cu/Mn Cu/Mn
Cusea 6.78 60.98 30.60 - 1.88 ) )
1Cusea:0.15Mnimp 955  59.29 2822 1.36 1.58 1.36 6.67
1Cusea:0.30Mnivp  10.22 56.68 28.24  3.23 1.63 0.50 3.33

1Cusea:0.45Mnive 410  60.56 30.82  3.40 1.11 0.32 2.22




Table 4. Textural properties determined from the N> adsorption-desorption isotherms at
-196 °C of the Cu and 1Cusea:zMnywvp catalysts supported on silica.

Seer  t-plot Pore volume Micropore volumen
Sample b b

(m?/g) (m?/g)  (cm3/g) (cm*/g)
Cusea 175 21 0.530 0.007
1Cusea:0.15Mnive 169 19 0.526 0.006
1Cusea:0.30Mnive 162 24 0.491 0.008

1Cusea:0.45Mnime 177 8 0.516 0.003
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List of captions
Figure 1. H>-TPR profiles of the Cu and 1Cu:0.15Mn catalysts supported on silica.
Figure 2. X-ray diffractograms of the Cu and 1Cu:0.15Mn catalysts supported on silica.

Figure 3. TEM micrographs and EDX mapping of Cusea (A), 1Cuivp:0.15Mnimpe (B),
1Cusea:0.15Mnyvp (C), and 1Cusea:0.15Mncsr (D). Scale bar: 60 nm.

Figure 4. N2 adsorption-desorption isotherms at -196 °C of the Cu and 1Cu:0.15Mn
catalysts supported on silica.

Figure 5. Cu 2p core level spectra (A), CuLmm Auger line (B), and Mn 2p core level
spectra (C) of the Cu and 1Cu:0.15Mn catalysts supported on silica.

Figure 6. FUR conversion (A), FOL yield (B), and MF yield (C) in the gas-phase FUR
hydrogenation using Cu and 1Cu:0.15Mn catalysts supported on silica. Experimental
conditions: mass of catalyst = 0.15 g, reaction temperature = 190 °C, pressure = 0.1 MPa,
H, flow = 10 mL min, and feed flow = 2.3 mmol FUR h™.

Figure 7. FUR conversion (A), FOL yield (B), and MF yield (C) in the gas-phase FUR
hydrogenation using Cu and 1Cusea:zMnyvp catalysts supported on silica. Experimental
conditions: mass of catalyst = 0.15 g, reaction temperature = 190 °C, pressure = 0.1 MPa,
H; flow = 10 mL min, and feed flow = 2.3 mmol FUR h.

Figure 8. H2-TPR profiles of the Cu and 1Cusea:zMnvp catalysts supported on silica.
Figure 9. X-ray diffractograms of the Cu and 1Cusea:zMnimp catalysts supported on silica.

Figure 10. TEM micrographs and EDX mapping of Cusea (A), 1Cusea:0.15Mnivp (B),
1Cusea:0.30Mnimp (C), and 1Cusga:0.45Mnvp (D). Scale: 60 nm.

Figure 11. Curmm Auger line (A) and Mn 2p core level spectra (B) of the Cu and
1Cusea:zMnvp catalysts supported on silica.

Figure 12. FUR conversion (A), FOL yield (B), and MF yield (C) in the gas-phase FUR
hydrogenation using Cu and 1Cu:0.15Mn catalysts supported on silica. Experimental
conditions: mass of catalyst = 0.15 g, reaction temperature = 190 °C, reaction time = 24
h, pressure = 0.1 MPa, H, flow = 10 mL min‘, and feed flow = 2.3 mmol FUR h,
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