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Abstract: Synthesis of 2,5-bis(hydroxymethyl)furan (BHMF) by selective 5-hydroxymethylfurfural
(HMF) hydrogenation is ecofriendly and industrially important since HMF is obtained from renew-
able sources, and BHMF is a raw material used for production of biodegradable polymers. Four
copper-based catalysts were prepared by incipient wetness impregnation (Cu/SiO2-I, Cu/Al2O3-
I), precipitation–deposition (Cu/SiO2-PD) and coprecipitation (CuMgAl), and then tested in the
liquid-phase hydrogenation of HMF. Metallic phases with large copper particles were obtained
by incipient wetness impregnation, while precipitation methods gave highly dispersed metal cop-
per nanoparticles. The pattern found for the concentration and strength of surface acid sites was:
CuMgAl > Cu/Al2O3-I > Cu/SiO2-PD > Cu/SiO2-I. The copper-based catalysts active in HMF hy-
drogenation are all highly selective to BHMF, but the intrinsic activity and stability depend on metallic
copper dispersion and support nature. The catalyst stability becomes poorer in the cases that the
metallic phase is formed by large copper particles or interacts with high-acidity supports. Therefore,
the catalyst with the highest activity, BHMF yield and stability was Cu/SiO2-PD. Furthermore, it
was found that Cu/SiO2-PD is reusable in the selective liquid-phase HMF hydrogenation after being
submitted to a two-step thermal treatment: (1) calcination under air flow at 673 K; (2) reduction under
H2 flow at 523 K.

Keywords: copper-based catalysts; 5-hydroxymethylfurfural; 2,5-bis(hydroxymethyl)furan; furanic
compounds; selective hydrogenation

1. Introduction

Biomass is a renewable source for chemical compounds that can replace those cur-
rently obtained from non-renewable fossil resources (oil, gas and coal). In this sense, the
use of biomass as a source of raw materials for the industry could have a highly positive
environmental impact [1–5]. As a consequence, there is growing technological attention on
biomass to obtain chemical compounds of industrial interest, such as carbohydrates, which
constitute two-thirds of the biomass around the world. In particular, the six-carbon-atom
carbohydrates (hexoses), such as glucose and fructose, are the most abundant monosaccha-
raides in nature and can be transformed into platform chemicals. Among these compounds,
5-hydroxymethylfurfural (HMF) might be considered, which is produced via dehydration
of hexoses. HMF is known as a “sleeping giant” because of its high potential to bridge the
gap between fossil-based and more sustainable chemistry. However, efficient HMF-based
chemistry can still not be developed because its separation and purification from reaction
media are very difficult. Furthermore, the HMF is highly reactive and easily degrades
through hydrolysis and humification reactions [6]. These hurdles restrain the industrial
production of the compounds derived from HMF. Awakening of HMF depends on the
approach used to create a sustainable future [7]. The diversity of functional groups in

Catalysts 2022, 12, 1476. https://doi.org/10.3390/catal12111476 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal12111476
https://doi.org/10.3390/catal12111476
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://doi.org/10.3390/catal12111476
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal12111476?type=check_update&version=2


Catalysts 2022, 12, 1476 2 of 20

the HMF molecule gives a great number of possibilities for its application as a platform
chemical for the production of biofuel, advanced materials, and several valuable chemi-
cals [8–14]. A molecule that can be produced from HMF is 2,5-bis(hydroxymethyl)furan
(BHMF), which is also considered among the twelve “sleeping giants”. This compound is
already used as raw material to obtain biodegradable polymers, e.g., for the manufacture
of polyurethane foam [15,16], and it is a promising diol for the synthesis of polyesters with
a wide field of possible industrial applications [17]. In particular, polymers formed by
condensation of BHMF with succinic acid, and subsequent cross-linking with bismaleimide,
are materials with interesting self-healing properties [18,19].

BHMF can be obtained by selective hydrogenation of the C=O group of the HMF
molecule (Figure 1), but HMF can also undergo hydrogenation of the aromatic ring or
hydrogenolysis of the C-OH bonds to produce 2,5-bis(hydroxymethyl)tetrahydrofuran
(BHMTF) or 2,5-dimethylfuran (DMF), respectively [17,20,21]. Among the most used cata-
lysts in HMF hydrogenation are those based on supported noble metals, for example, Ru,
Pd and Pt. Nevertheless, in addition to their high cost, the noble metal catalysts may give
low selectivity to BHMF because 2,5-bis (hydroxymethyl) tetrahydrofuran (BHMTF) and
2,5-dimethylfuran (DMF) may be produced, and some linear polyols, e.g., 1,2,6-hexanetriol,
1,2,5,6-hexanetetrol and 1,2,5-hexanetriol, can also be formed through ring-opening reac-
tions [17,20–23]. However, in some cases, high selectivity and yield to BHMF were obtained
with noble–metal-based catalysts in the liquid-phase HMF hydrogenation under controlled
reaction conditions. For example, at 323–373 K and 10–30 bar, with a commercial Ru
(5 wt%)/C catalyst and water or ethanol as solvents, yields in BHMF between 80 and 93%
were reached [24–26]. Several non-noble metal catalysts were tested in HMF hydrogenation
as well. Despite this, generally, higher temperatures and pressures are necessary with
non-noble versus with noble metal catalysts. The lower cost of non-noble metals makes
them attractive to be used in liquid-phase hydrogenation reactions. High selectivity to
BHMF was obtained with non-noble metal catalysts, such as Ni-Raney and Ni-supported
catalysts, but BHMTF and DMF were also produced in important amounts with this type of
Ni-based catalysts [27–29]. Instead, Cu-based catalysts were reported to be more selective
to BHMF than Ni-based ones. For instance, Zu et al. used Cu/ZnO, with different Cu
loading (40–80 wt%), and reported 99% HMF conversion with a 98% selectivity to BHMF
after 5 h reaction at 373 K and 15 bar [30]. Under similar reaction conditions with Cu
(50 wt%)/SiO2, Upare et al. reached around 95% HMF conversion with 97% selectivity
to BHMF after 4 h reaction time [31]. Recently, Hu et al. used Cu/Al2O3 with a relative
low Cu content (5 wt%) obtaining HMF conversion levels of only 60% with a selectivity to
BHMF of 92% at 393 K and 20 bar in a fixed bed reactor. However, HMF conversion and
selectivity higher than 90% were achieved when potassium was employed as a promoter
for the Cu (5wt%)/Al2O3 catalyst [32]. Cu/MgAlOX catalysts were also employed in the
hydrogenation of HMF reaching 97% conversion and a BHMF selectivity of 95% at 453 K
and 10 bar. Unfortunately, these catalysts exhibit strong deactivation due to the strong
adsorption of reactant and product molecules [33].

In summary, in previous works, several characterization studies and catalytic activity
tests have been carried out for the liquid-phase hydrogenation of HMF using Cu catalysts
with good activity and selectivity to BHMF. Nevertheless, there is a lack of studies on the
possible causes of deactivation observed in some cases and on the feasibility of reusing
these Cu-based catalysts. In this work, four Cu-based catalysts, prepared by different
methods over distinct supports, were tested in the liquid-phase hydrogenation of HMF. The
objective is to determine the influence of the physicochemical and structural properties of
the Cu-based catalysts on their activity and stability for the selective hydrogenation of HMF
to BHMF in the liquid phase. Finally, with the catalyst that showed the best performance,
additional characterizations and post-reaction tests were carried out in order to ascertain
the stability and reuse feasibility of this catalyst.
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Figure 1. Reaction scheme for the hydrogenation of 5−hydroxymethylfurfural (HMF). Products:
2,5−bis(hydroxymethyl)furan (BHMF); 5−methyl−2−furanmethanol (MFOL); 2,5−dimethylfuran
(DMF); 2,5−bis(hydroxymethyl)tetrahydrofuran (BHMTF).

2. Results and Discussions
2.1. Physicochemical Characterization

The results obtained from the physicochemical characterization of the copper-based
catalysts used in this work are summarized in Table 1. The Cu loads, determined by AAS,
were between 7 and 10 wt% in all of the cases.

Table 1. Physicochemical characterization of the Cu-based catalysts and supports.

Sample Cu a

(%w/t)
Sg

(m2g−1)
Vp

(cm3g−1)
dp

(nm)
LCuO

b

(nm)
LCu

b

(nm)
DCu

c

(%)
dCu

d

(nm)
TPR e

TM (K)
NH3 TPD f

(µmol g−1)

SiO2 - 296 1.06 14.3 - - - - - 6.5
Al2O3 - 190 0.47 9.96 - - - - - 61

Cu/SiO2-I 7.7 260 0.93 13.0 26 39 2.0 38 614 23
Cu/SiO2-PD 8.0 270 0.94 12.7 n.d. n.d. 21 3.6 566 68
Cu/Al2O3-I 10.0 175 0.46 8.85 34 47 1.7 48 512–580 81

CuMgAl 7.1 291 0.63 12.6 n.d. n.d. 11 - 518 230

a Cu content determined by atomic absorption spectroscopy. b Mean crystallite size estimated by Scherrer’s
equation. c Metallic Cu dispersion determined by titration with N2O at 363 K. d Cu metal particle size estimated
from the metallic dispersion assuming cubic geometry. e Temperature at the maximum H2 consumptions in TPR
experiments. f Total acid site concentration determined by desorbed NH3 in TPD measurements.

The specific surface areas (Sg) of Cu/SiO2-I, Cu/SiO2-PD and Cu/Al2O3-I calcined
samples were 9 to 12% lower than those of the corresponding calcined supports, i.e., SiO2
(296 m2g−1) and γ-Al2O3 (190 m2g−1). Pore volume (Vp) and pore mean diameter (dp)
showed a similar drop, i.e., between 10 and 12% with respect to the support. Thus, it can be
asserted that the addition of Cu by the impregnation or precipitation–deposition methods
did not significantly modify the textural properties of the support. On the other hand,
CuMgAl mixed oxide prepared by co-precipitation at controlled pH, after subsequent
calcination in air flow, showed a specific surface area of 291 m2g−1, a pore volume of
0.63 cm3g−1 and a pore mean diameter of 12.6 nm (Table 1). That is, a mixed oxide
precursor with similar textural properties to the samples of supported catalyst precursors
on SiO2 and Al2O3 was obtained by the coprecipitation method. In summary, all of the
catalyst precursors used in this work have similar textural properties and relatively high
surface area and pore volume.

The X-ray powder diffractograms for both the calcined and reduced–passivated sam-
ples are shown in Figure 2A,B, respectively. For the Cu/SiO2-I calcined sample (Figure 2A,
Diffractogram (1)), all the diffraction peaks detected at 2θ > 30◦ can be assigned to a CuO
polycrystalline phase with a tenorite-like structure (PDF 47–254). Considering the (002)
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plane family and applying the Scherrer’s equation, a mean crystallite size of about 26 nm
was estimated (Table 1). The reduced–passivated Cu/SiO2-I sample showed diffraction
peaks at 43.3◦, 50.3◦ and 74.1◦ (Figure 2B, diffractogram (1)), which correspond to (111),
(200), (220) crystal planes of metallic Cu with fcc crystalline structure (PDF-2-4-0836). The
estimated mean size of metallic Cu crystallites, considering the (111) plane family, was
39 nm (Table 1), 50% larger than the crystallite size of CuO on the calcined sample. For
both the calcined and reduced–passivated samples of Cu/SiO2-PD, only the amorphous
halo at 2θ < 30◦, attributed to the SiO2 support, was observed (Figure 2A,B, Diffractograms
(3)). Diffraction peaks from CuO or metallic Cu were not observed, probably because
the corresponding crystallites are very small and/or their crystalline structure is highly
disordered. These crystallites may be less than 4nm in size, which is the accepted detection
limit for XRD. Instead, a polycrystalline phase of CuO was detected in the case of the
calcined sample Cu/Al2O3-I, and diffraction peaks at 43.3◦, 50.3◦ and 74◦ were observed
in the reduced–passivated sample, which corresponds to a polycrystalline metallic Cu
phase, (Figure 2A,B, Diffractograms (2)). The estimated average size of CuO and metal-
lic Cu crystallites, considering the (002) and (111) crystal planes, were around 34 and
47 nm, respectively (Table 1), i.e., the crystallites are about 40% larger in average after
reduction. The low intensity diffraction peaks at 37◦, 45.7◦ and 66.7◦ can be assigned to
the alumina support with a spinel-like structure (Al2O3 PDF 29-0063). In the case of the
CuMgAl sample (Figure 2A,B, Diffractogram (4)), only diffraction peaks corresponding to
a polycrystalline phase with a spinel-like structure were detected (MgAl2O4 PDF 48–1548).
In CuMgAl mixed oxide, the Cu2+ ions are highly interdispersed in the spinel-like matrix
of a non-stoichiometric magnesium aluminate, i.e., no CuO segregation occurs [34–36].
This explains the absence of CuO diffraction peaks in the X-ray diffractogram of CuMgAl
(Figure 2A, Diffractogram (4)). The reduction of these Cu2+ ions, strongly interacting with
the spinel-like matrix, gives as a result, a metallic Cu phase constituted by small crystallites,
less than 4 nm in size, which explains the absence of metal Cu diffraction peaks in the X-ray
diffractogram of reduced CuMgAl (Figure 2B, Diffractogram (4)).
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Figure 2. X-ray diffractograms of samples prepared in this work: (A) calcined oxide precursors
and (B) reduced–passivated samples. (1) Cu/SiO2-I, (2) Cu/Al2O3-I, (3) Cu/SiO2-PD, (4) CuMgAl.
• CuO, # Cu.

The metallic Cu dispersion (DCu) was determined by N2O decomposition after re-
duction of samples under H2 flow (Table 1). The highest metallic Cu dispersion (21%),
for the catalyst series used in this work, was reached with Cu/SiO2-PD, which is twice
higher than that of CuMgAl (11%). For samples prepared by the impregnation method,
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Cu/Al2O3-I and Cu/SiO2-I, the metallic dispersion was only 1.7% and 2.0%, respectively.
Therefore, the metallic copper dispersion pattern was the following: Cu/SiO2-PD > CuM-
gAl >> Cu/SiO2-I ∼= Cu/Al2O3-I. Furthermore, the metallic dispersion of Cu/SiO2-PD
was one order of magnitude higher than that one of Cu/SiO2-I and Cu/Al2O3-I. Assuming
cubic particles with a surface density of Cu atoms of 1.08 × 10−15 at/cm−2, the mean
sizes of metallic copper particles were estimated (Table 1). Thus, the size of metallic Cu
particles determined for Cu/SiO2-PD was around 3.6 nm, i.e., one order smaller than
those estimated by Scherrer’s equation for the metallic crystallite sizes of Cu/SiO2-I and
Cu/Al2O3-I, which is in agreement with the XRD results. In a previous work, we deter-
mined by TEM that the metallic Cu phase of a reduced–passivated Cu/SiO2-PD sample,
prepared by precipitation–deposition method under similar conditions, was mainly formed
by metallic nanoparticles in the range of 3–4 nm, which were evenly dispersed on the
support surface [34]. These particle sizes estimated by TEM measurements are in good
agreement with the mean particle size obtained by titration with N2O (Table 1). This result
also accounts for the XRD ones, since no diffraction peaks due to crystallite metallic Cu
could be detected in Cu/SiO2-PD (Figure 2, Diffractogram (3)). On the other hand, for
the samples prepared by incipient wetness impregnation, CuSiO2-I and Cu/Al2O3-I, the
metallic particle sizes determined by N2O titration are 38 and 49 nm, respectively, i.e., ten
times larger than those for Cu/SiO2-PD. These mean particle sizes are close to the mean
crystallite sizes estimated by Scherrer’s equation (Table 1), suggesting that most copper
particles in both samples are monocrystalline.

Temperature-programed reduction (TPR) profiles for the calcined precursors are
shown in Figure 3, while the temperatures at the maximum H2 consumption (TMAX)
are summarized in Table 1. The Cu/SiO2-I TPR profile (Figure 3, curve 1) showed a H2
consumption peak centered at 614 K that can be assigned to the reduction of CuO large
particles with low interaction with SiO2 surface. The small and broad peak observed
from 550 to 770 K can be ascribed to the reduction of a CuO phase minor fraction with a
wide-ranging particle size distribution. In the case of Cu/SiO2-PD (Figure 3, curve 2), a
peak with a maximum at 566 K and a small shoulder at 590 K were detected, which may
be due to the reduction of CuO with different particle size distributions and/or varying
Cu-support interactions [37]. In this sense, other authors have suggested that, for Cu
catalysts prepared by the precipitation–deposition method, a copper phyllosilicates phase
is formed in addition to the CuO phase [38,39]. Therefore, the major peak at 566 K can be
assigned to the reduction of a highly dispersed CuO phase, while the shoulder at 590 K to
the reduction of copper phyllosilicates formed during the precipitation–deposition stage.
In previous studies, our research group has shown that the reducibility of the CuO species
increases with the diminution in particle size and the increasing Cu-support interaction
that favors high copper dispersion [34,36]. Thus, it is reasonable that Cu/SiO2-PD showed
higher reducibility than Cu/SiO2-I, due to the smaller size of CuO particles, in agreement
with XRD and N2O chemisorption results. The Cu/Al2O3-I TPR profile (Figure 3, curve 3)
presented three H2 consumption peaks; two main peaks at 512 and 580 K and a very
small broad peak centered at 680 K. For Cu/Al2O3-I supported catalysts, Bridier et al.
suggested that the first two peaks are due to the CuO reduction in two steps: CuO to Cu2O
at 512 K and Cu2O to Cu0 at 580 K [40]. The areas of both peaks are similar, i.e., the H2
consumption is practically the same, which is in agreement with the stoichiometry of the
two proposed reduction steps. This explanation reinforces the above assignment for the
TPR profile of CuO-supported on Al2O3 and is congruent with the fact that the Cu/Al2O3-I
catalyst is constituted by large CuO particles interacting with the Al2O3 surface. The small
and broad peak observed at 680 K may be attributed to the reduction of a very small
fraction of surface copper aluminate [35]. Finally, in the CuMgAl, only one narrow H2
consumption peak at 518 K was observed (Figure 3, curve 4), which was assigned to the
reduction of Cu2+ highly dispersed both in the bulk and the surface of a non-stoichiometric
magnesium aluminate [29]. In summary, the following reducibility pattern was obtained:
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Cu/SiO2-I < Cu/Al2O3-I < Cu/SiO2-PD < CuMgAl, which was explained in function of
particle size distribution and copper-support interactions.
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10 K·min−1): (1) Cu/SiO2-I, (2) Cu/SiO2-PD, (3) Cu/Al2O3-I, (4) CuMgAl.

The temperature-programed desorption (TPD) profiles of NH3, for both the unmodi-
fied supports and the samples of supported reduced copper, are shown in Figure 4, while
the outcomes of the surface acid site concentrations are summarized in Table 1. The assess-
ment of acid sites strength distribution was performed according to the NH3 desorption
temperature, taking the work of Shao et al. as reference [41]. Thus, ammonia desorption at
temperatures below 523 K was attributed to its interaction with sites of low acid strength,
while desorption between 523 and 673 K was assigned to sites with medium acid strength
and above 673 K to strong acid sites. The CuMgAl sample presented the highest total acid
sites concentration (230 µmol/g−1) of the catalyst series prepared in this work and a very
wide acid strength distribution. Figure 4 (curve 1) shows a peak at 490 K corresponding to
weak strength acidity, but the major concentration of acid sites corresponds to moderate
and strong acidity, with a maximum desorption temperature at 700 K. The NH3-TPD profile
of Cu/Al2O3-I, with a surface concentration of total acid sites of 81 µmol/g−1, approxi-
mately three times lower than CuMgAl, is presented in Figure 4, curve 2. This sample also
presented a wide acidity distribution and the broad peak obtained could be deconvoluted
in up to four peaks with maxima at 473, 530, 630 and 753 K. For Cu/Al2O3-I, the main
NH3 desorption peaks are at temperatures lower than 673 K, which means that the surface
acid sites in higher concentration are those of low and moderate acidity, while the ones of
high acid strength are in much lower concentrations. When Cu/Al2O3-I is compared with
the unmodified Al2O3, whose total surface acid concentration is 61 µmol/g−1, it seems
that incorporation of copper on the support produces an increase in the surface acid sites
concentration, possibly due to the cupric ions that were not reduced under H2 flow at
573 K. When compared to the TPD of SiO2 (Figure 4, curve 6), the NH3-TPD profile of the
Cu-SiO2-PD sample (Figure 4, curve 4) showed a considerable increase in the total acid
site concentration from 6.5 to 68 µmol/g−1 (Table 1). This increase was more important
for the weak and moderate acidity sites and could also be associated with the presence
of Cu2+ ions, as a consequence of an incomplete reduction of the calcined sample. The
NH3-TPD profile of Cu/SiO2-I (Figure 4, curve 5) showed a broad and small peak centered
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at 515 K with a shoulder at 580 K. These can also be associated with an increase in surface
site concentration of weak and moderate acidity with respect to unmodified SiO2 due to the
presence of surface copper cations. However, the increase in total acid site concentration in
Cu/SiO2-I was much lower than that for Cu/SiO2-PD, in agreement with the low metallic
dispersion of the former.
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The FTIR spectra of chemisorbed pyridine (Figure 5) back the assumptions com-
ing from the NH3-TPD results. In the case of the reduced Cu/Al2O3-I sample, only
absorption infrared bands that can be assigned to pyridine chemisorbed on Lewis sites
(1448–1450 and 1609 cm−1) and H-bonded pyridine (1576 and 1593 cm−1) were detected
(Figure 5). No signals due to pyridine interaction with Brönsted acid sites (around
1530–1550 cm−1 or at wavenumbers higher than 1630 cm−1) were detected [42,43]. A
similar spectrum was obtained for calcined Al2O3, i.e., only signals due to Lewis and
H-bonded pyridine were observed (results not shown). FTIR spectra of chemisorbed pyri-
dine over Cu/SiO2-PD showed mainly absorption bands at 1448 and 1609 cm−1, which
are attributed to pyridine chemisorbed on Lewis acid sites [42]. The intensity of these
peaks diminishes with evacuation temperature with a trend comparable to that of pyridine
chemisorbed on the Cu/Al2O3-I surface, indicating that Lewis acidity is similar in both
samples (Figure 5). When reduced Cu/SiO2-I sample was contacted with pyridine in the
gas phase, no signal was detected after evacuation at 303 K (Figure 5). An almost identical
behavior was observed for the calcined SiO2 support sample (not shown). These results are
in agreement with NH3-TPD, since total concentration and strength of surface acid sites
on Cu/Al2O3-I and Cu/SiO2-PD are rather similar, while they are higher on Cu/SiO2-PD
than on Cu/SiO2-I. Therefore, we concluded that copper incorporation on the silica surface
by precipitation–deposition at controlled pH produces an increase in the concentration
and strength of surface Lewis acid sites, which is due to Cu2+ ions that cannot be reduced
under the conditions used in this work. Finally, only Lewis acid sites were detected on the
surface of the reduced CuMgAl surface (not shown), in agreement with results reported
in previous works [43]. In summary, the FTIR of chemisorbed pyridine indicates that the
total surface acidity of all of the reduced samples prepared in this work is mainly due to
Lewis-type acid sites. In general terms, the surface concentration of Lewis acid sites and
the acidity followed the trend: CuMgAl > Cu/Al2O3-I ≈ Cu/SiO2-PD > Cu/SiO2-I.
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Figure 5. FTIR spectra of chemisorbed pyridine at different evacuation temperatures on the reduced
Cu−-based samples.

The reduced copper samples were also characterized by XPS, and the results are
summarized in Table 2. In all cases, the peak corresponding to Cu 2p 3/2 can be satis-
factorily fitted by deconvolution into two peaks (Figures S1–S3): the one between 932.0
and 933.7 eV, assigned to metallic copper, and that between 934.6 and 935.8 eV, attributed
to Cu2+ species [44]. This confirms the assumption that part of the Cu2+ ions cannot be
reduced in the conditions used in this work, probably because a fraction of them is stabi-
lized by interaction with the support. Furthermore, as the Cu2+/(Cu0+Cu2+) increases, the
binding energy shifts to higher values, in agreement with the possibility that Cu2+ ions and
metallic copper particles are strongly interacting. As a consequence, Cu0 becomes deficient
electronically, and therefore, the binding energy increases. An additional contribution
to this shift may occur in Cu/Al2O3-I and CuMgAl by the interaction of metallic copper
with Mg2+ and Al3+ ions of the corresponding matrixes. In the case of Mg, Al and Si, the
absence of M-M signals (M=Mg, Al, Si) in the XPS spectra of the reduced samples (Table 2,
Figures S1–S3) was verified. In the case of Si and Mg, only signals attributed to Mg-O, at
50.0 eV, and Si-O, around 103.5–103.7, were observed [45,46]. Instead, signals that can be
assigned to both Al-O and Al-OH were observed in Cu/Al2O3-I and CuMgAl samples [45].
These results are in agreement with those obtained by FTIR of chemisorbed pyridine, and
they support the assumption that the Lewis acid sites on the Cu/SiO2-PD surface are due
to the presence of Cu2+ ions strongly interacting with the support [39]. In Cu/Al2O3-I
and CuMgAl, additional Lewis acid sites may be due to Al3+ and Mg2+ ions, present in
magnesium aluminate and alumina surfaces [43].

In summary, the physicochemical characterization of the copper-based catalysts pre-
pared in this work shows that their textural, structural, physical and chemical properties
depend on the preparation methods and the supports used. A very well-dispersed phase
of metallic nanoparticles 4 nm in size was attained, through the calcination and subsequent
reduction under H2 flow, from a copper-hydrated precursor deposited on a high-surface
SiO2 by precipitation at controlled pH. Instead, with the same support, the metallic phase
produced from a precursor prepared by incipient wetness impregnation was constituted by
larger metal copper particles with lower dispersion. In line with these results, a metallic
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phase formed by large copper particles was obtained by incipient wetness impregnation
over Al2O3, while a highly dispersed metallic phase of copper nanoparticles was produced
in the CuMgAl prepared by coprecipitation at constant pH.

Table 2. Main XPS spectral lines of the reduced samples and relative surface concentrations of Cu2+.

Sample

Binding Energy (eV)

Cu2+/(Cu0+Cu2+)Cu 2p 3/2 Mg 2p Al 2p Si 2p

Cu0 Cu2+ Mg-O Al-O Al-OH Si-O

Cu/SiO2-I 932.0 934.6 - - - 103.7 0.08
Cu/SiO2-PD 932.6 935.0 - - - 103.5 0.13
Cu/Al2O3-I 933.7 935.3 - 75.0 76.4 - 0.21

CuMgAl 933.7 935.8 50.0 74.4 77.1 - 0.22

As well, both the reducibility of oxidize supported-copper species and the sample
acidity vary with the support and preparation method. As the interaction copper-support
increases, the acidity and concentration of the surface acid sites rise as well. Thus, the
highest acidity and concentration of surface acid sites was reached with CuMgAl and, to a
lesser degree, with Cu/Al2O3. In addition, Cu/SiO2-PD showed a higher concentration
of surface acid sites than Cu/SiO2-I. FTIR spectra of chemisorbed pyridine showed that
the main surface acid sites in all of the samples are Lewis type. On the other hand, as the
copper-support interaction augments, the particle size of oxidize copper species diminishes
and thus does its reducibility.

2.2. Catalytic Tests
2.2.1. Performance of Cu-Based Catalysts

The Cu-based catalysts were evaluated in the liquid-phase HMF hydrogenation in a
three-phase slurry reactor at 393 K and 15 bar of H2 pressure, using THF as solvent. The
rise of HMF conversion (XHMF) as a function of (WCu.t)/n0

HMF is shown in Figure 6. The
initial hydrogenation rates (r0

HMF, mol/h−1. g−1
Cu) and turnover frequencies (TOF, h−1) are

summarized in Table 3. The HMF conversion varied linearly with time when Cu/Al2O3-
I was used as a catalyst, indicating that the global order with respect to HMF is zero
(Figure 6). On the contrary, a non-linear change of HMF conversion with time was ob-
served when the reaction was carried out with Cu/SiO2-PD and CuMgAl. No HMF
hydrogenation was detected with the Cu/SiO2-I sample in the conditions used in this
work. In summary, the pattern obtained for the initial hydrogenation rates was the follow-
ing: Cu/SiO2-PD ≈ CuMgAl > Cu/Al2O3-I >> Cu/SiO2-I. The initial hydrogenation rate
reached with Cu/Al2O3-I was approximately three to four times lower than those with
CuMgAl and Cu/SiO2-PD. On the other hand, the initial hydrogenation rate with CuM-
gAl was similar to that with Cu/SiO2-PD, but after just 30 min, it diminished drastically,
probably due to a rapid deactivation of the metallic copper phase. Instead, Cu/SiO2-PD
appears to be the most stable of the catalyst series used in this work. The catalytic activity
and stability of Cu/SiO2-PD can be attributed to the metallic phase composed of copper
nanoparticles (3–4 nm in size) evenly dispersed over the silica surface [34]. These results
are in agreement with the proposal of Zhu et al. [29], who showed that with the decrease in
Cu particle size, the catalytic activity in HMF hydrogenation increases. This also explains
the high initial activity observed for CuMgAl, in which the metallic phase is also composed
of small copper particles. Conversely, Cu/SiO2-I was not active, probably because the
metallic phase is formed by large metallic Cu particles (>30 nm). However, Cu/Al2O3-I
with a similar copper particle size as Cu/SiO2-I showed significant activity in HMF hydro-
genation. Possibly, in addition to the metal particle size, the copper-support interaction
and/or the surface acidity of the catalyst play an important role in the catalytic activity.
Therefore, these results indicate that the preparation method and the support nature have
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an important influence on the physicochemical characteristics of the metallic copper phase
and, consequently, on its catalytic performance in the liquid-phase HMF hydrogenation.
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HMF in the liquid-phase hydrogenation of
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Taking into account the differences in Cu dispersion, metallic load and surface acidity
among the prepared samples, TOF values were estimated to compare the intrinsic activity
of metal Cu sites. CuMgAl reached the highest TOF (1366 h−1), which has the highest
acidity and a high metallic copper dispersion. Cu/SiO2-PD exhibited an intermediate
TOF (650 h−1), approximately three times higher than the TOF of Cu/Al2O3-I (198 h−1).
These results suggest that is possible to obtain a highly dispersed metallic phase on an
acid support surface, very active in HMF hydrogenation, when the catalyst precursors
are prepared by precipitation methods at controlled pH. However, despite the high initial
activity, the HMF conversion achieved with CuMgAl after 5.5 h of reaction was only 33%,
indicating that rapid deactivation of metallic Cu phase took place. Among the possible
causes of deactivation, one might be a rapid and strong adsorption of HMF and/or reaction
products on the acid sites present on the CuMgAl surface. Taking into account the strength
of the acid sites on the CuMgAl surface, the deactivation due to small amounts of humin
produced from HMF must not be discarded [24–26]. Instead, after the same time of reaction,
91% and 70% HMF conversion was reached with Cu/SiO2-PD and Cu/Al2O3–I catalysts,
respectively (Table 3). These two catalysts have similar acidity and are lesser to that
of CuMgAl.

Table 3. Liquid-phase HMF hydrogenation over Cu-based catalysts at 393 K and 15 bar H2 pressure
(WCat. = 0.5 g, VTHF = 150 mL of THF).

Catalysts r0
HMF

a

(mol/gcu−1/h−1)
TOF b

(h−1)
XHMF

c

(%)
YBHMF

d

(%)
SBHMF

e

(%)
CB f

(%)
C g

(wt%)

Cu/SiO2-I - - - - - - 2.4
Cu/SiO2-PD 0.182 650 91 89 98 99 3.2
Cu/Al2O3-I 0.05 198 70 68 97 98 5.7

CuMgAl 0.164 1366 33 32 96 98 7.4
a Initial conversion rate of HMF hydrogenation. b Turnover frequency. c HMF conversion after 5.5 h reaction.
d Yield in BHMF after 5.5 h reaction. e Selectivity to BHMF at 20% of HMF conversion. f Carbon Balance.
g Amounts of carbonaceous residues determined by TPO.

In all of the cases, only one product was detected by chromatographic analysis, which
is expected to be BHMF. In order to identify the product obtained during the liquid-phase
HMF hydrogenation, the reaction mixture was purified by distillation and analyzed by
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proton nuclear magnetic resonance, 1H-NMR (Figure S4), infrared Fourier transform spec-
troscopy, FTIR (Figure S5), and gas chromatography–mass spectroscopy, GC-MS (Figure S6).
1H-NMR analysis showed two signals at 4.42 and 6.22 ppm that can be assigned to the
CH (s, 2H) and CH2 (s, 4H) groups present in the BHMF molecule, in agreement with
values reported in previous works [47,48]. No signal attributable to the CH3 group was
observed in the 1H-NMR spectrum (Figure S4). The infrared spectrum showed several
peaks in the 600–1600 cm−1 region that may be attributed to vibrations of BHMF molecules
(Figure S5). The absorption bands at 756, 820 and 975 cm−1 can be assigned to furan
ring bending motion, while those at 1462 and 1560 cm−1 may come from the bending
vibration of the CH2 group and the C=C stretching of the furanic ring, respectively. In
the 2800–3400 cm−1 region, a broad band at 3340 cm−1 due to the presence of hydroxyl
groups was observed. The absorption bands at 2946 and 2877 cm−1 were attributed to
stretching C-H of methylene groups (-CH2-) [49]. The MS fragmentation spectra for the
analyzed sample, shown in Figure S6, were similar to those reported by other authors for
BHMF, whose molecular mass is 128 [48,50]. Therefore, the results obtained by 1H-NMR,
FTIR and GC-MS confirm that the only product detected during the liquid-phase HMF
hydrogenation over the copper-based catalyst is BHMF. Then, the trends for the yields in
BHMF with time are similar to those of the HMF conversion. The highest yield in BHMF,
after 5.5 h reaction, was reached with the Cu/SiO2-PD catalyst, and it was around 90% at
91% HMF conversion (Table 3).

The selectivity to BHMF with Cu-based catalysts, active in the liquid-phase HMF
hydrogenation, was always higher than 96%, and the carbon balance (CB) closed between
96 and 99%, but the catalytic activity on the C=O group hydrogenation varies with metallic
particle size and surface acidity (Tables 1 and 3). The rate of the selective hydrogenation of
the C=O group may be influenced by the surface acidity of the catalysts in two possible
ways. On one hand, they could induce the adsorption and activation of HMF through its
C=O group over the Lewis acid sites (Figure 5) that interact with the hydrogenating sites
on the metallic copper nanoparticles [51]. On the other hand, the Cu atoms, constituting
the metallic nanoparticles on the acidic surface, would become electron deficient due to
charge transfer from the Cu atoms to the neighboring acid sites. Therefore, the adsorption
of the electron-rich C=O group on the electron-deficient Cu atoms would also activate the
carbonyl group for further hydrogenation [52,53].

In summary, all of the active copper-based catalysts used in this work were highly
selective to BHMF, but the highest initial activity was obtained with those having the
smallest metallic particle sizes, i.e., Cu/SiO2-PD and CuMgAl catalysts. However, the
hydrogenation rate decays very rapidly in the case of CuMgAl, probably due to deactivation
of the highly dispersed metallic copper phase, and the final yield in BHMF was low.

In order to obtain information about possible causes for catalyst deactivation, anal-
ysis of the reaction mixture by atomic absorption spectroscopy (AAS) and temperature-
programmed oxidation (TPO) measurements with all of the used catalysts were performed.
As no evidence of cupric ions on the liquid phase after reaction was found, the metallic
phase leaching was discarded as a possible cause of catalyst deactivation. The obtained
TPO profiles are shown in Figure 7. It was found that the amount of carbonaceous residue
deposited on the surface of each catalyst during reaction, in decreasing order, was the
following: CuMgAl > Cu/Al2O3-I > Cu/SiO2-PD > Cu/SiO2-I (Table 3). The carbon load
on the CuMgAl catalyst, at the end of the activity test, was approximately twice that of
Cu/SiO2-PD. These carbonaceous residues were burned in the range of 500 to 1000 K,
which is in agreement with a strong interaction of these carbon compounds with a cata-
lyst surface (Figure 7). In addition, CuMgAl showed the largest amount of carbonaceous
residues in the temperature range of 500–750 K (Figure 7, curve 2) among all the catalysts
used in this work, which is possibly due to the strong adsorption of HMF and/or product
reactions on the surface of the non-stoichiometric spinel. These carbonaceous deposits
could be partially covering the metallic Cu particles, contributing to the blocking of active
sites in an irreversible way during reaction. The peak observed with a maximum at 960 K
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can be attributed to the small amount of strongly chemisorbed carbon compounds on the
acid and/or basic sites of the MgAl2Ox surface. Cu/Al2O3-I was the catalyst that followed
CuMgAl in carbonaceous residues content (Figure 7, curve 1). The higher concentration of
carbonaceous residues with respect to the silica-supported Cu catalysts is probably due
to the fact that there are more acid sites on Cu/Al2O3-I that favor the strong adsorption
of HMF and/or other compounds on the catalyst surface. The TPO profile of the used
Cu/SiO2-PD catalyst presents a signal at 536 K with a little shoulder at 680 K, while a
similar TPO profile was observed for the used Cu/SiO2-I catalyst, but with a shift of 40 K
to a higher temperature (Figure 7, curves 3 and 4). Furthermore, the amount of carbon
compounds deposited on the catalyst surface is lower on Cu/SiO2-I than on Cu/SiO2-PD
(Table 3). However, Cu/SiO2-I was not active in the HMF hydrogenation reaction, while
Cu/SiO2-PD was the catalyst that reached the highest initial hydrogenation rate and the
final HMF conversion and BHMF yield. If it is considered that the HMF molecules are
rapidly and strongly chemisorbed on the surface of the large metallic particles of Cu/SiO2-I,
this could contribute to a very fast deactivation of the active phase from the very beginning
of the reaction. As the metal surface exposed on Cu/SiO2-I is very low, the amount of
HMF required to cover and deactivate the metal Cu sites would be small. Instead, the
metallic copper dispersion on Cu/SiO2-PD is higher than that of Cu/SiO2-I; therefore, the
covering of metallic copper sites by carbonaceous species would affect the activity of the
Cu/SiO2-PD catalyst to a lesser extent.
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Figure 7. Temperature-programed oxidation profiles of the used Cu-based catalyst. (1) Cu/Al2O3-I,
(2) CuMgAl, (3) Cu/SiO2-PD (4) Cu/SiO2-I (O2 (5%)/N2; 60 mL/min−1; 10 K/min−1).

These results lead to the conclusion that the strong chemisorption of reactant and/or
product on the metallic surface could be a possible cause of the deactivation of the Cu-based
catalysts. In order to confirm or reject this possible cause of deactivation, a series of activity
tests and thermal treatments of the used Cu/SiO2-PD catalysts were carried out. The results
are described in the following section.

2.2.2. Stability and Reuse Feasibility of the Cu/SiO2-PD Catalyst

The stability and reuse feasibility of the Cu/SiO2-PD catalyst, which showed the
best catalytic performance of the catalyst series used in this work, was investigated
(Figures 8 and 9, Table 4). The stability of Cu/SiO2-PD was analyzed by carrying out
two consecutive catalytic tests. After 5.5 h reaction, the end of the first catalytic cycle
(Figure 8, curve a), a conversion of HMF close to 95% was reached.
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Figure 8. Catalytic performance of fresh, used and regenerated Cu/SiO2-PD in the liquid-phase HMF
hydrogenation at T = 393 K, PH2 = 15 bar, C0

HMF = 0.13 M: (a) fresh catalyst, (b) used catalyst, (c) after
H2 treatment at 523 K, (d) after air treatment at 673 K and subsequent reduction in H2 at 523 K.
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Figure 9. Temperature-programed oxidation (TPO) profiles of Cu/SiO2-PD catalyst. (1) Used catalyst;
(2) after H2 treatment at 523 K; (3) after air treatment at 673 K and subsequent reduction in H2 at
523 K; (4) fresh catalyst (TPO experimental conditions: O2 (5%)/N2; 60 mL min−1; 10 K min−1).

Table 4. Liquid-phase HMF hydrogenation over fresh, used and regenerated Cu/SiO2-PD catalyst.
(T = 393 K, PH2 = 15 bar, WCat. = 0.5 g and VSolv = 150 mL of THF).

Cu/SiO2-PD
Sample

r0
HMF

a

(mol/gcu−1/h−1)
XHMF

b

(%)
%C c

(wt%)
VHI

d × 102

(cm3/g−1)

Fresh catalyst 0.182 91 n.d. 6.72
Used catalyst 0.049 62 3.20 n.d.
H2 treated e 0.091 74 1.85 0.40

Air-H2 treated f 0.189 91 0.04 6.54
a Initial conversion rate of HMF hydrogenation. b HMF conversion after 5.5 h of reaction. c Carbon amount
determined from TPO profiles. d Volume of irreversibly chemisorbed hydrogen per gram of metallic Cu. e Used
Cu/SiO2-PD catalyst after treatment under H2 flow. f Used Cu/SiO2-PD catalyst after treatment under air and
subsequent H2 flow.
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After the first reaction cycle, the system was cooled down to room temperature, and
HMF was introduced into the reactor in order to recover the initial reactant concentration
(C0

HMF = 0.13 M) in the liquid phase. Afterward, the catalytic performance was evaluated
in a new cycle (Figure 8, curve b), and a linear trend for HMF conversion with reaction
time was observed. In addition, it was determined that the initial hydrogenation rate in the
second cycle was almost four times lower than that in the first cycle (Table 4). Furthermore,
the HMF conversion at the end of the second cycle, i.e., after 5.5 h, was only 62% against
the 95% reached in the first cycle. The important drops in the initial hydrogenation rate and
final HMF conversion indicate that metallic Cu sites are being deactivated during HMF
hydrogenation in liquid phase under the conditions used in this work.

Considering the loss of activity of Cu/SiO2-PD after two consecutive catalytic tests,
the feasibility of its reuse after a regeneration treatment was also investigated in this work.
Following one cycle with fresh Cu/SiO2-PD, the catalyst was recovered by filtration, dried
at 343 K, reduced ex situ at 523 K in H2 flow and finally reloaded into the reactor together
with the necessary amount of HMF to re-establish the reactant initial concentration. The
recovered catalyst was evaluated in a new catalytic cycle, under the same experimental
conditions than those used for a fresh catalyst. A linear trend for the HMF conversion with
time was obtained with the catalyst treated under H2 flow, similar to that observed with the
used and non-treated catalyst, (Figure 8, curves b,c). The latter indicates that the reaction
would be order zero with respect to HMF as with a Cu/Al2O3-I catalyst. The initial reaction
rate for the catalyst thermally treated under H2 flow was 0.091 mol/h−1/g−1

Cu, which was
almost twice higher than that obtained with the used and non-regenerated catalyst (Table 4).
However, this hydrogenation rate was still lower than that obtained with the fresh catalyst,
i.e., in the first catalytic cycle (Figure 8 curve a). Furthermore, the HMF conversion at the
end of this cycle was only 74% (Table 4). In order to verify the feasibility of recovering the
activity of the fresh catalyst, after the catalytic cycle with Cu/SiO2-PD thermally treated
with H2, the catalyst was filtered, dried at 343 K and calcined in air at 673 K for 2 h.
Afterward, it was reduced ex situ at 523 K in H2 flow and reloaded into the reactor together
with the necessary amount of HMF. It was verified that both the initial hydrogenation rate
and the HMF conversion obtained with the fresh Cu/SiO2-PD catalysts were recovered
after this calcination–reduction treatment (Table 4). Furthermore, the progress of the HMF
conversion as a function of time with both the fresh and regenerated catalyst was very
similar (Figure 8, curves a,d).

In order to obtain more information about the reversibility of the deactivation process
of Cu/SiO2-PD, TPO and H2 chemisorption, measurements were performed, and the main
results are summarized in Figure 9 and Table 4. When the used Cu/SiO2-PD sample was
treated in hydrogen flow at 523 K, it was not enough to remove all the carbon adsorbed on
the catalyst surface (Figure 9, curve 2), and more than half of the carbonaceous residues
remained on the catalyst surface (Table 4). It is likely that the amount of carbonaceous
residues remaining (1.85 wt%) was sufficient to partially block the metallic surface sites,
and consequently, HMF hydrogenation was negatively affected. Instead, practically all the
carbonaceous residues were removed from the used catalyst after calcination in air flow at
673 K (Table 4), and thus, no significant differences between the TPO profiles of the calcined
and fresh CuSiO2-PD catalyst were observed (Figure 9, curves 3 and 4). This result is in
agreement with the recovery of the original catalytic activity after calcination of the used
catalyst followed by reduction in H2 flow (Figure 9 and Table 4). In addition, we found
a linear correlation between the initial reaction rate and the carbon amount measured by
TPO (Figure S7), in agreement with the proposal that the carbonaceous residues deposited
on the surface catalyst must be the main cause for the deactivation of the Cu/SiO2-PD
catalyst. In this way, leaching can be ruled out as a possible cause of deactivation, since
if part of the metallic phase had been lost, it would not have been feasible to recover the
original catalytic activity of Cu/SiO2-PD.

The measurements of hydrogen chemisorption capability of fresh, used, and regener-
ated samples of Cu/SiO2-PD catalysts are also in good agreement with the above findings.
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The volume of irreversibly chemisorbed hydrogen per gram of metallic Cu for the fresh
catalyst was 6.7 × 10−2 cm3/g−1, while no hydrogen chemisorption was detected with the
used Cu/SiO2-PD sample (Table 4). Furthermore, the volume of irreversibly chemisorbed
hydrogen on the used Cu/SiO2-PD catalyst after treatment in H2 flow at 523 K was ap-
proximately twenty times smaller than that of the fresh catalyst (Table 4). It is possible that
the very low hydrogen chemisorption capacity is a consequence of the partial covering
of the metallic Cu surface by the deposits of carbonaceous residues. Instead, the used
Cu/SiO2-PD catalyst, after calcination in air flow at 673 K and subsequent reduction in H2
flow at 523 K, showed a similar capability for irreversible hydrogen chemisorption to that
of the fresh catalyst. This result is in agreement with the total removal of the carbonaceous
residues from the catalytic surface, as it was determined by TPO. Therefore, it is possible to
re-obtain the H2 chemisorption capability and the original activity of the fresh Cu/SiO2-PD
catalyst by a combined thermal treatment of the used catalyst, carried out in two steps:
thermal treatment in air at 673 K and subsequent reduction under H2 flow at 523 K. This
treatment helps to clean the metallic Cu phase by whole removal of the carbonaceous
residues deposited during the liquid-phase HMF hydrogenation.

In summary, it can be asserted that the deactivation of Cu/SiO2-PD would be mainly
due to blocking of the metallic copper phase by carbonaceous residues, probably HMF
and/or BHMF strongly adsorbed on the metal active sites. The total removal of carbona-
ceous surface residues from the Cu/SiO2-PD surface and the recovery of the original
catalytic activity can be reached by a thermal treatment in air followed by reduction under
H2 flow.

3. Materials and Methods
3.1. Catalyst Preparation

Cu-based catalysts were prepared by different methods: incipient wetness impregna-
tion, precipitation–deposition and co-precipitation. Cu/SiO2-I and Cu/Al2O3-I catalyst pre-
cursors were prepared using the incipient wetness impregnation method over commercial
SiO2 (Sigma-Aldrich, Buenos Aires, Argentina) and γ-Al2O3 (Ketjen CK 300, Amsterdam,
Netherlands), respectively. The supports were impregnated an with adequate amount of a
Cu(NO3)2.3H2O (Merck 98%, Buenos Aires Argentina) aqueous solutions, prepared using
mili-Q® purified water, dried in an oven at 373 K for 12 h, and finally calcined in air flow at
673 K for 4 h.

Cu/SiO2-PD catalyst was prepared by the precipitation–deposition method at con-
trolled pH, by simultaneously adding dropwise aqueous solutions of Cu(NO3)2.3H2O and
K2CO3 to a SiO2 stirred suspension in mili-Q® purified water. Over the preparation, the pH
solution was monitored and maintained at 7.2 ± 0.2 while the temperature was set to 338 K
and controlled by using a thermostatic water bath. The hydrated precursor thus obtained
was separated by filtration, washed with deionized water and dried at 358 K overnight.
Finally, it was calcined in air flow at 673 K for 4 h [34,35].

The hydrated precursor of the CuMgAl catalyst was prepared by the co-precipitation
method at 338 K, keeping the pH at 10.0 ± 0.2, following the procedure described else-
where [36,54]. The precipitate obtained was separated by filtration, washed with deionized
water at 338 K and dried at 353 K overnight. Finally, the hydrated precursor was thermally
decomposed in N2 flow at 773 K for 5 h to obtain the corresponding mixed oxide.

3.2. Catalyst Characterization

Cu loading of the calcined samples was determined by atomic absorption spectroscopy
(AAS) using a Perkin-Elmer, (Massachusetts, United States) 3110 spectrometer. The specific
surface area (Sg) and pore volume (Vg) of the samples were measured by N2 physisorption
at 77 K in a Quantachrome Autosorb I sorptometer.

The identification of polycrystalline species in the oxide precursors (calcined sam-
ples) and the samples reduced in hydrogen flow and passivated in O2 (1%)/N2 flow at
room temperature were carried out by X-ray diffraction (XRD) employing an Empyrean
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Series 2 X-ray system (Panalytical, Malvern, England), with Ni-filtered Cu-Kα radiation
(λ = 0.1540 nm) and 2◦/min−1 scan speed. The average crystallite size of calcined and
reduced samples was estimated applying Scherrer’s equation.

Temperature-programmed reduction (TPR) profiles of the oxide precursors were
obtained in H2 (5%)/Ar flow (60 cm3/min−1) using a Hiden Analytical QGA (Warrington,
England) system equipped with quadrupole mass analyzer.

The Cu metal dispersion was determined by pulse titration with N2O at 363 K and
considering a stoichiometry Cu0

S/N2O= 2, where Cu0
S indicates the superficial atoms of

metal copper [55]. The reactor effluent during the pulse titration was analyzed by mass
spectroscopy (MS) using a Balzers Omnistar (Pfeiffer Vacuum, Asslar, Germany) unit.
Previously to titration, the samples were reduced in situ for 2 h by flowing H2 (100%)
through the reactor.

The concentration and strength of surface acid sites were determined by temperature-
programmed desorption of NH3 (NH3-TPD). The samples were reduced in situ with H2
(100%) flow for 2 h at the corresponding temperature of reduction. Next, the system was
cooled down to 373 K in H2 flow, flushed with He flow and then exposed to an NH3
(1%)/He stream at 373 K for 1 h. The physisorbed NH3 was removed in He flow at 373 K
for 0.5 h. Finally, the temperature was raised from 373 to 973 K at 10 K/min−1 in He
(60 cm3/min−1) flow, and the NH3 concentration in the effluent was measured by mass
spectroscopy (MS) using a Balzers Omnistar (Pfeiffer Vacuum, Asslar, Germany) unit.

The nature of surface acid sites was determined by Fourier transform infrared spec-
troscopy (FTIR) using a Shimadzu IRPrestige-21 spectrophotometer (Kyoto, Japan) and
pyridine as probe molecule. The samples were prepared by mixing 15 mg of reduced
catalyst with 15 mg of KBr under a pressure of 2 toncm−2. The pellet thus obtained was
transferred into the IR cell. All the samples were treated under vacuum (0.013 Pa) at
673 K for 1 h, and then, a background spectrum was recorded after cooling the sample at
room temperature. Subsequently, pyridine was injected into the IR cell, and spectra of the
chemisorbed pyridine after evacuation at different temperatures between 303 and 423 K
were collected.

Hydrogen chemisorption was measured via volumetric adsorption experiments in the
pressure range 0–0.15 bar applying the double isotherm method, as described elsewhere [51].
The Cu/SiO2-PD samples were reduced in situ with H2 (100%) at 523 K for 2 h and then
evacuated at 10−7 bar for 2 h, while the used sample was reduced at 423 K for 15 min and
then evacuated at 10−7 bar for 2 h. The amount of chemisorbed hydrogen was calculated
as the difference between the total and the physisorbed H2.

X-ray photoelectron spectroscopy (XPS) experiments were carried out in a SPECS
multi-analysis device with a dual Mg/Al X-ray source and a PHOIBOS150 hemispheri-
cal analyzer. Before measurements, the reduced–passivated samples were placed in the
analyzer chamber and treated in situ with H2 (5%)/Ar at the corresponding reduction
temperature and then evacuated for 2 h under ultra-high vacuum (UHV) (10−9 mbar).
Spectra were obtained using MgKα radiation, and data were processed using CasaXPS
version 2.3.16 software.

Temperature-programmed oxidation (TPO) profiles of fresh, used and regenerated
Cu-based catalysts were obtained in a flow set-up by heating the sample from room
temperature to 980 K, at 10 K/min−1 in O2 (1%)/N2 gas stream. The evolved CO2 was
completely converted to CH4 in a methanator using a Ni (40%)/Kieselghur (Sigma.Aldrich,
Buenos Aires, Argentina) catalyst at 673 K. The methanator outlet was monitored using a
flame ionization detector (FID), and data acquisition was carried out by using Peak 356
software. For carbon content quantification, a calibration was made with a pattern catalyst
standard sample having a previously determined known amount of coke carbon.

3.3. Catalytic Tests

The liquid-phase catalytic hydrogenation of HMF (AVA Biochem, purity ≥ 99%) was
carried out in a 500 mL stainless steel autoclave at 393 K and 15 bar of H2 pressure, using
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150 mL of tetrahydrofuran (Cicarelli, pro-analysis +99.0%, San Lorenzo, Argentina) as
solvent. Prior to the catalytic tests, the oxide precursors (0.5 g) were reduced ex situ in H2
(100%) flow (60 mL/min−1) for 2 h at the reduction temperature close to the maximum
H2 consumption obtained from the TPR profiles, then cooled down in hydrogen flow and
finally transferred to the high-pressure reactor under inert atmosphere (N2). Next, 2.5 g of
HMF and 1 mL of hexadecane (internal standard) were added into the reactor. Afterward,
the system was purged and pressurized with 1 bar of N2. Next, the reaction mixture was
stirred at 760 rpm and heated to the reaction temperature at 5 K/min−1. Finally, when the
reaction temperature was reached, the total pressure was increased with H2 to the preset
reaction pressure value.

Liquid samples were withdrawn from the reactor at regular time intervals to monitor
the progress of reaction. Sampling was carried out in a system that allows for the extraction
of small volumes of liquid, so as to extract less than 3% of the total liquid volume throughout
the process. In addition, this system avoids the flash vaporization of the samples due to
the abrupt decompression from the pressure inside the reactor to atmospheric pressure.
Off-line analysis of these samples was performed employing gas chromatography in
a Shimadzu 2014 GC chromatograph equipped with an ALPHA DEXTM 120 column
(30 m × 0.25 mm × 0.25 µm film thickness) and a flame ionization detector.

The HMF conversion was calculated as XHMF = (n0
HMF − nHMF)/n0

HMF, where n0
HMF

is the initial HMF moles, and nHMF is the HMF moles at a given reaction time. The product
yield (Yj) was calculated as Yj = νHMF.nj/νj.n0

HMF, where nj is the moles of product j and
νHMF and νj are the stoichiometric factors of HMF and product j, respectively, both equal to
the unity. Selectivity to product j (Sj) was obtained as Sj = ηj/ XHMF. The carbon balance
(CB) was defined as:

CB = (αHMF·nHMF + αBHMF·nBHMF)/(αHMF·n0
HMF) (1)

where αHMF and αBHMF are the number of carbon atoms in HMF and BHMF, which is 6
for both molecules. Thus, the CB expression simplifies to:

CB = (nHMF + nBHMF)/n0
HMF (2)

The initial rates of HMF hydrogenation (r0
HMF, mol_HMF/h−1/gCu

−1) were estimated
by applying polynomial differentiation on the conversion data as a function of W.t/n0

HMF
and evaluating the corresponding derivative at zero time, where W is the total metal weight
(gCu) loaded to the reactor and t is time of reaction (h).

3.4. Product Characterization

Mass spectrometry analysis was carried out with a Thermo Scientific Trace 13000
spectrometer coupled with a Thermo Scientific Trace 1300 gas chromatograph equipped
with a TR 5MS column (30 m × 0.25 mm × 0.25 µm film thickness).

1H NMR measurements were performed in H2O + D2O (10%) using a BRUKER
Avance 300 MHz spectrometer. Solvent signal suppression was performed using Bruker
WATERSUP pulse sequence with an o1p at 4.7 ppm.

FTIR analysis of the final reaction mixture was conducted in a SHIMADZU FTIR-
8201PC unit in the wavenumber range of 400–4000 cm−1 (spectra resolution: 4 cm−1,
number of scans:40). For this purpose, 2 mg of sample was mixed with 100 mg of dry KBr,
and the mixture was then ground into a fine powder before compressing into a disc.

4. Conclusions

A supported copper catalyst, obtained by the precipitation–deposition method over
a high-surface silica (Cu/SiO2-PD), was the most active and stable of the copper catalyst
series used in this wok for the selective hydrogenation of 5-hydroxymethylfurfural (HMF)
to 2,5-bis(hydroxymethyl)furan (BHMF) in liquid phase, which is a reaction of industrial
interest. This is because HMF is obtained from renewable sources, and BHMF is used in the
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manufacture of polyurethane foams, which is a potential raw material for the production
of biodegradable polyesters.

The active phase of Cu/SiO2-PD is mainly formed by metallic copper nanoparticles
that are evenly dispersed on a surface with medium acidity, which is due to Lewis acid
sites from Cu2+ ions interacting with the support surface that cannot be reduced at the
conditions used in this work. The metallic active phase was partially blocked during
reaction by carbonaceous compounds that chemisorb strongly on the catalyst surface,
which can be removed by a thermal treatment in air flow. The catalyst activity of Cu/SiO2-
PD was totally recovered after subsequent reduction under H2 flow. Thus, we concluded
that the reuse of this catalyst after each batch in the hydrogenation process is very feasible.

Cu/SiO2-I prepared by the incipient wetness impregnation method, mainly consti-
tuted by large metal copper particles supported on the silica surface, was inactive for HMF
hydrogenation. This is probably due to a very fast deactivation of the metallic copper sites
by strong adsorption of the reactant molecules.

CuMgAl catalysts, prepared by coprecipitation, have surface acid sites interacting
strongly with reactant and/or product molecules, which lead to an important deactivation
of the metallic copper phase. As a consequence, total conversion of HMF was not reached
during the catalytic tests that were carried out in this work.

In summary, a catalyst having good activity and stability in the liquid-phase selective
hydrogenation of HMF to BHMF, which can be reused, was the one whose metallic copper
phase is highly dispersed on a surface with low or medium acidity.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/catal12111476/s1. Figure S1: X-ray photoelectron spectroscopy of
reduced Cu/SiO2-PD sample; Figure S2: X-ray photoelectron spectroscopy of reduced Cu/Al2O3-I
sample; Figure S3: X-ray photoelectron spectroscopy of reduced CuMgAl sample; Figure S4: 1H-NMR
of BHMF (300 MHz, H2O/D2O (90:10), water suppression at 4.71 ppm); Figure S5: Infrared Fourier
transform spectroscopy (FTIR) spectra of BHMF; Figure S6: Mass spectroscopy (MS) of BHMF; Figure
S7: Initial hydrogenation rate (r0

HMF) of HMF as a function of the percentage of carbonaceous residues
(%C) deposited on Cu/SiO2-PD.
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