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ARTICLE INFO ABSTRACT

Keywords: The growing demand of energy needs the search for alternative energy sources different to fossil fuels. The use of
One-pot biomass as energy source is one of the most studied, because there are high value products that can be produced
Sepiolite

from biomass. One of these products is y-valerolactone, that can be obtained from furfural, which is a biomass
derived product. To transform furfural into y-valerolactone is necessary a bifunctional catalyst and a hydrogen
source. In this work, y-valerolactone was obtained from furfural using 2-propanol as solvent and as hydrogen
donor on Zr supported on sepiolite catalysts. It was demonstrated that sepiolite, which is a cheap material, can be
used to develop efficient catalysts to produce high yields to y-valerolactone from furfural in one-pot. The cat-
alysts that presented the highest yield to y-valerolactone were the ones with intermediate Zr-content (9-17 wt%
ZrO3). The highest TOFs have been obtained by those catalysts with Zr-loading up to 9 wt% ZrO, in which the
ZrO, nanoparticles are well dispersed on the support and no formation of large clusters of ZrO, has been
observed. Lewis and Brgnsted acid sites are essential in the catalysts to produce the reactions to transform
furfural into y-valerolactone in one-pot, although in the present work, low concentration of Brgnsted acid sites
were observed in the catalysts. A possible positive role of basic sites to promote some intermediate steps has been
also proposed. The catalytic results obtained are in the order of catalysts with Zr supported on zeolitic supports.

Cheap supports
Wet impregnation
Zr dispersion

1. Introduction (20-35%). Hemicellulose can be transformed by depolymerization at

high temperature and dehydrated in acidic medium into C5 and C6

The environmental problems and the energy crisis due to the use of
fossil resources (limited, pollutant and non-renewable energy sources),
have led to scientists to find other energy sources in the nature as a
substitute of fossil fuels [1]. In the last years, there has been an
increasing interest about the valorization of lignocellulosic biomass
because it is a cheap renewable carbon source of energy [2,3]. Inter-
estingly, it is possible obtaining valuable chemical products from agri-
cultural residues, forestry wastes and energy crops without interfering
with the food chain [4,5].

Lignocellulosic biomass can be degraded into their main compo-
nents, lignin (15-25%), cellulose (40-50%) and hemicelluloses
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monomers, mainly xylose. Xylose can be easily dehydrated through acid
catalysis to produce furfural (FF) (Scheme S1) [6-11]. Different homo-
geneous acid catalysts such as HpSO4 have been studied to produce FF
from C6 and C5 sugars, but separation and recovery problems exist. In
the last years heterogeneous catalysts have been developed like resins,
zeolites or metal oxides to produce FF to avoid these problems [11].
Furfural (FF) is a furan ring formaldehyde (CsH405) with high value
in the chemical and energy industry. It is mainly used as a solvent due to
its aromatic and polar character [12-14]. Moreover, FF can be trans-
formed into other value products such as y-valerolactone (GVL), through
a multiple steps route [15,16]. GVL can be used as a green solvent and it
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is a versatile compound for the synthesis of bio-fuels and chemicals
(such as pentanediol, pentenoic acid or butadiene among others). GVL
has a melting point of —31 °C, a boiling point of 207 °C and a high flash
point (96 °C) and it has a very low toxicity. GVL can be transformed into
liquid gasoline fuels using different types of catalysts as it has high
combustion energy similar to the one corresponding to ethanol. How-
ever, it has an energetic density and cetane numbers lower than fossils
fuels; therefore it has been studied more as an additive to fuels [17,18].
Moreover, it can be used as solvent to process the biomass, because it is
able to dissolve biomass fractions avoiding the use of expensive solvents,
enzymes or ionic liquids [19-21].

To transform FF into GVL several steps are required, two of them
involving hydrogenation reactions. Firstly, FF is hydrogenated into
furfuryl alcohol (FAL) or furfuryl ether (FE). Then, depending on the
solvent used, FE is converted into alkyl levulinate, which is transformed
into alkyl 4-hydroxy-pentanoate by another hydrogenation and, finally,
to GVL by cyclization [22-29].

For the hydrogenation reaction it is necessary a hydrogen source to
carry out these reactions. Alcohols have been used in many studies
[30-32] as hydrogen source using the Meerwein-Ponndorf-Verley
(MPV) reaction for the catalytic transfer hydrogenation. The most
studied alcohols have been 2-propanol, 2-butanol or 2-pentanol, with
which the highest yields to GVL were obtained.

In the recent years a wide range of metal-based catalysts have been
designed with acid sites to transform FF into GVL. It has been widely
reported that the presence of Lewis acid sites (LAS) and Brgnsted acid
sites (BAS) are necessary in the catalysts to obtain GVL from FF in one-
pot. Thus, LAS are necessary in all catalytic step reactions, except to
transform furfuryl ether (FE) into alkyl levulinate (AL) which requires
the presence of BAS [21,33-35].

Several studies have used Zr supported on different materials such as
plain and dealuminated zeolites, varying its LAS to BAS ratio, in order to
catalyze selectively the transformation of FF into GVL. Zr has been re-
ported to be one of the most active metals for the MPV reaction [36-38].
Bui et al. [33] achieved a 62% yield to GVL from FF in 2-butanol at
120 °C for 48 h using a physical mixture of catalysts: Lewis acidic
Zr-Beta and Brgnsted acidic Al-MFI-ns. The authors reported an easy
way of controlling the BAS to LAS ratio, leading to the optimization of
the catalytic performance. Similarly, Zhang et al. [31] designed a cata-
lytic system consisting of two catalysts, Zr-HY and Al-HY, reaching a
significant GVL yield (85% at 120 °C after 5 h) using 2-pentanol as the
desired solvent. A combination of Au nanoparticles supported on ZrO,
(catalyst with LAS) and ZSM-5 zeolite (BAS catalyst) was reported to
achieve 80% of GVL yield at 120 °C after 30 h in 2-propanol [39].

In another work, Herndndez et al. [40] reported a GVL yield of 23%
in one-pot from FF using only one beta zeolitic catalyst. ZrOo/SBA-15
catalysts have also demonstrated to be an interesting alternative cata-
lytic system [41]. The use of dealuminated zeolites as supports for Zr has
also shown an improved catalytic performance. For example, Melero
et al. [42] synthesized a Zr catalyst supported on dealuminated beta
zeolite, achieving 70% of GVL selectivity. In another study [43], het-
eropolyacids were used to modify the acidity of the surface of Zr-Beta
catalysts. In this way, GVL yields of 70% were reached. In another
work, Ye et al. [44] synthesized a bifunctional catalyst (HZSM-5-sup-
ported zirconium phosphate) leading to a GVL yield of 64.2%. Gao et al.
[32] synthesized and tested Fe3O4 nanoparticles and ZrOo-doped mes-
oporous MCM-41 as a monolithic multifunctional catalyst to transform
FF with a GVL yield of 85% with iso-propanol.

Other non zeolitic catalysts have been also tested for the trans-
formation of FF into GVL. Zhou et al. [45] synthesized Au-Ni nano-
particles supported on ZrOs. These authors achieved a yield to GVL of
51.5% using formic acid as a green hydrogen source. Unfortunately, this
reaction to take place required two steps. Also employing Au-containing
materials, Morandi et al. [46] designed Au-Ru nanoparticles supported
on ZrO; that could reach a yield to GVL of 71%.

Not only Zr can provide LAS but also other elements such as Al or Sn.
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In fact, Winoto et al. [47] designed a catalysts comprised of Sn supported
on dealuminated beta zeolite achieving a yield of GVL up to 60%.

In the present article, we will show that sepiolite, a natural, cheap
and readily available material, can be an effective support of Zr as
efficient as in the case of using zeolites, leading to comparable yields to
GVL. Additionally, it will be demonstrated that the FF transformation
into GVL can take place with catalysts in which the amount of LAS is
very low, avoiding the use of acidic or expensive supports. In this paper,
Zr/sepiolite catalysts with different Zr-loadings have been prepared and
tested in the one-pot transformation of FF into GVL, using 2-propanol as
both solvent and hydrogen source.

2. Materials and methods
2.1. Preparation of catalysts

Zr was supported on raw sepiolite, which was collected from Toledo
(Spain) and provided by Sepiolsa (Azuqueca de Henares, Spain). The
composition of sepiolite is: sepiolite 97 wt%, dolomite: 1.9 wt%, other
clays 1.1 wt%. Catalysts were synthesized by a wet impregnation
method using water as a solvent. Different Zr concentrations were used
by adding the appropriate amount of zirconium (IV) oxynitrate hydrate
(ZrO(NO3)2-xH20 (99% purity) from Sigma-Aldrich, St. Louis, MO, USA)
in distilled water. When the desired amount of the Zr precursor was
dissolved in the water, sepiolite was added and it was placed in a hot-
plate stirrer at 80 °C under vigorous stirring until all the solvent was
evaporated. Typically, for 1 g of sepiolite 10 mL of distillate water were
used. The catalysts were labelled as xZrO,/Sep, being x the final ZrO,
content (2.5, 6.5, 9, 12, 17 and 29 wt% were synthesized). Finally,
samples were dried at 100 °C for 12 h and later calcined at 500 °C in
static air for 6 h.

For a proper comparison, raw sepiolite was also calcined at 500 °C in
static air for 6 h.

2.2. Characterization techniques

Nitrogen adsorption-desorption was undertaken at 77 K and
measured on a Micromeritics Tristar apparatus with enhanced second-
ary void system after outgassing at 423 K before reaching vacuum
conditions. Brunauer-Emmett-Teller (BET) equations were used to
determine the surface area.

Power X-ray diffraction (XRD) patterns of catalysts were collected at
20 between 10 and 80 ° using an Enraf Nonius FR590 sealed tube
diffractometer (Bruker, Delft, The Netherlands) equipped with a
monochromatic Cu Kal source (40 kV and 30 mA).

High resolution transmission electron microscopy (HRTEM) analysis
was performed using a JEOL JEM 2100F (200 kV) in order to analyze
catalysts structure and morphology. In order to prepare the samples to
be analyzed, the powders were crushed under n-butanol and dispersed
them over copper grids covered with a holey carbon film. (Sepiolite fi-
bers are not stable under the beam, therefore the analysis had to be fast
and composition data should be taken as estimative.)

Fourier transform infrared spectroscopy (FTIR) analysis of samples
was performed using a Cary 600 spectrometer (Agilent Technologies)
with a resolution of 8 cm™! and a scanning frequency of 32 min~! at
room temperature. Spectra were collected in the 4000-650 cm ™! region.

Ammonia thermal programmed desorption (NH3-TPD) analysis was
carried out with a Micromeritics Autochem II 2920 analyser in order to
investigate the total acid strength and density of acidic sites. Around
100 mg of the samples were placed in a quartz tube and pre-treated with
He with a flow of 20 mL min~! of He at 500 °C for 2 h, then the tem-
perature was decreased to 100 °C and exposed to a mixture of 10% NHg
in He (20 mL min~!) for 20 min. The sample was purged with He for 2 h
after flushing. The NH3 desorption was subsequently monitored using a
thermal conductivity detector (TCD) at a heating rate of 10 °C/min up to
500 °C under He flow (20 mL min~?).
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COo-Temperature programmed desorption (CO»2-TPD) measure-
ments were carried out in a fixed-bed flow reactor. 100 mg of the sample
was pre-treated with He (50 ml min~1) at 200 °C for 1 h. After cooling to
150 °C, CO, was introduced and adsorbed until saturation. Then,
desorption was started at a heating rate of 10 °C min~! in He (50 ml
min~1). The desorbed CO, was analyzed with a thermal conductivity
detector (TCD).

The concentration of Lewis and Brgnsted acid sites (LAS and BAS)
was measured using Fourier transform infrared (FT-IR) after adsorbing
pyridine as a probe molecule. FT-IR-pyridine analysis was done using a
Bruker Vertex 70 instrument equipped with a Pike DiffusIR cell
attachment and recorded by using an MCT detector after 128 scans and
with a 4 cm™! resolution in the region 4000-450 cm ™! to acquire in situ
DRIFT spectra. Firstly, samples were pre-treated in a He flow (10 mL
min-1) for 1 h at 300 °C. After the pretreatment, FT-IT spectra were
acquired at four different temperatures (50, 100, 200 and 300 °C). Then,
the samples were exposed to a pyridine vapour (1 pL) at 50 °C for 20
min, followed by re-evacuation at 50-300 °C and IR spectra were
collected at the different temperatures (50, 100, 200 and 300 °C).

The samples were analyzed by X-ray photoelectron spectroscopy
(XPS) using a Kratos Axis ultra DLD photoelectron spectrometer with a
non-monochromatized Mg Ka X-ray source (hv = 1253.6 eV). For survey
scans and detailed scans an analyzer pass energy of 50 eV and 20 eV
were used, respectively. Binding energies were taken to the Cls peak
from adventitious carbonaceous contamination which was assumed to
have a binding energy of 284.8 eV. XPS data were analyzed using
CasaXPS software. A Gaussian-Lorentzian shape function was used to fit
all the peaks of the corrected spectra. Iterations were performed using
the Marquardt method. Relative standard deviations have been deter-
mined and it has been found that they were always below 1.5%.

2.3. Catalytic tests and analysis

An autoclave reactor was used to carry out the hydrogenation ex-
periments. The internal part of the reactor was covered by a Teflon
container of 25 mL, which fits with the steel walls. In a typical run, 0.25
mmol of FF were mixed with 5 mL of 2-propanol and 0.2 g of catalyst
was added. The autoclave was purged with N three times in order to
remove the oxygen and was sealed. Then it was placed in a silicon bath
at 180 °C and stirred at 800 rpm for the duration of the experiments
(typically for 5 h), and later it was cooled in an ice-bath. The liquid
products were collected by filtration for the quantitative analysis.

The reactants and products were analyzed by a gas chromatograph
(GQ), using a mod. 5890 GC instrument (Hewlett Packard, Palo Alto, CA,
USA). The GC has an Agilent HP-1 column (30 m x 0.32 mm x 0.25 pm)
and a flame ignition detector (FID) at 240 °C, and an injection port at
220 °C. The temperature program for the chromatographic cycle was as
follows: (i) 35 °C isothermal for 30 min, (ii) a heating rate of 1.5 °C
min~! from 35 to 230 °C and (iii) 230 °C isothermal for 30 min. To
identify other reaction by-products a gas chromatography-mass spec-
trometer was used (GC-MS5977A MSD-7890A, Agilent, Santa Clara, CA,
USA). The temperature program used was the same as used in the GC-
FID.

2.4. Recycle of catalysts

For the recycling test, a reaction with 0.5 g of catalyst was carried
out. After the completeness of the reaction, solid catalyst was recovered
by filtration and it was dried at 180 °C for 12 h in order to be used for the
next cycles. For the second cycle of reaction 0.2 g of the spent catalyst
was used for the reaction. The same procedure was done for carrying out
the third cycle of reaction, e.g. 0.2 g of the spent catalyst of the second
cycle was used to carry out the reaction.
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3. Results

3.1. Characterization results: surface area and basic/acidic
characteristics of the synthesized catalysts

Table 1 shows some physicochemical properties of the supported
ZrO,/Sep catalysts. Bare uncalcined sepiolite presents a high surface
area of 320.5 m2/g, that decreases until 160 m?/g when is calcined. On
the other hand, pure ZrO, presents a lower surface area of 54.5 m?/ g. As
expected, the addition of Zr to the support, leads to a decrease of the
surface area compared to that of sepiolite. When 2.5 % wt. of ZrO, is
added, the surface area hardly decreases until 156.9 m?/g. Further in-
crease of the amounts of ZrO, (6-12 wt% ZrO,) are accompanied with a
drop of the surface area, until ca. 125 m?/g. Finally, the sample with the
highest amount of ZrO5 added (29 % wt.) presented the lowest surface
area (117 mz/g).

The total acidity and basicity of these catalysts was estimated
through temperature programmed desorption of NH3 and CO, respec-
tively. As it is shown in Table 1, the pure calcined sepiolite support
presents acidic sites. Moreover, as expected the amount of acid sites
increases when higher amounts of ZrO, are added to the support. If the
acidity is normalized per surface area, it is evident that the increase of
acidity observed is related to the amount of zirconium added. The
acidity of sepiolite and pure ZrO, is not high, which means that adding
Zr into the support creates new weak and medium strength acid sites,
increasing the total acidity of their parent materials (pure ZrO, and
sepiolite) (Fig. 1). Overall, it is observed that the presence of Zr is the
main contributing factor for obtaining acidity. Then, although the
amount of ammonia adsorbed increases with the Zr-loading, if this
consumption is normalized per the amount of Zr, it is observed that the
number of acidic sites per Zr sites is highest for those catalysts with the
lowest Zr-loading.

The basicity of the catalysts was measured using CO2-TPD and the
results are shown in Fig. 2. For the uncalcined sepiolite support (Fig. S1),
two broad peaks can be found in the 100-250 °C temperature range
(related to the adsorption of surface OH- groups) and 300-500 °C
(strong basic sites Mg-O-Mg, Mg-O-Si, etc.). However, when this
sample is calcined the basicity is drastically reduced, likely due to the
loss of water and (-OH) groups [48]. The addition of Zr led to an increase
of the amount of basic sites compared to the calcined sepiolite (Table 1
and Fig. 2). For the samples with impregnated Zr, two desorption broad
bands have been observed at ca. 240 and ca. 400 °C. These bands
correspond to weak and medium basic sites, respectively. Significantly,
both types of basic sites increased with the amount of Zr, being maxi-
mized for the sample with 17 wt% ZrO,. At higher Zr loading (29 wt%
Zr03), whilst weak basic sites were significantly reduced, medium basic
sites were kept at comparable values, indicating that higher basicity
strength is expected for this sample. Overall, a subtle shift of the first
band towards higher temperatures is observed at higher Zr loadings (ca.
280 °C) compared to the sample with low Zr-loading (6.5Zr/Sep),
indicating higher strength [48]. This increased basicity strength when
adding Zr has been observed in other similar study with Zr supported on
B-zeolite catalysts [49].

As for the reaction studied is of paramount importance the type of
acidic sites, therefore, FTIR spectroscopy of adsorbed pyridine experi-
ments were carried out. Through this technique the presence of Lewis
acid sites (LAS) or Brgnsted acid sites (BAS) can be distinguished (Fig. 3).
The existence of coordinately bonded pyridine at LAS appears at
adsorption bands at 1445, 1575 and 1600 cm™! [50]. As pyridine is
desorbed when temperature increases, the intensity of these peaks is
lower at higher temperatures. The presence of coordinately bonded
pyridine at BAS can be related with absorption bands at 1550 and 1640
em ! [49]. Calcined sepiolite was analyzed by FTIR and no adsorption
bands related with BAS or LAS were detected in any spectra at the
different evacuation temperatures. All the catalysts presented adsorp-
tion bands related with the presence of LAS. This intensity of LAS is
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Table 1
Physicochemical properties of Zr-supported catalysts, sepiolite and pure ZrO,.
Sample SpeT Acidity [mmol Acidity (pmol Acidity per ZrO, (mmol Basicity [mmol Basicity [pmol Basicity per ZrO, (mmol Basic/Acid
(m’/g)  NHy/g] NHy/m?) NHy/gz:02)" COx/gl COz/m’] CO/gzr02)" sites
Sepiolite” 160.1 20.1 109 - 0.5 3.0 - 0.024
2.5Zr0Oy/ 156.9 127.9 815 4312 4.9 30.9 176 0.038
Sep
6.5Zr0y/ 128.0 173.4 1355 2555 5.4 42.2 81.7 0.031
Sep
9ZrO4/Sep 126.5 174.3 1378 1713 6.2 49.0 63.3 0.035
12Zr0y/ 125.3 191.9 1532 1432 5.7 45.5 43.3 0.031
Sep
17Zr0y/ 119.2 219.4 1841 1172 7.5 62.6 41.2 0.034
Sep
29Zr0y/ 117.0 324.1 2770 1048 7.1 60.9 22.8 0.022
Sep
ZrOy 54.5 78.2 1435 78.2 1.9 34.4 1.9 0.023
@ Sepiolite calcined in the same way that the Zr-catalysts (500 °C in air).
b Values determined per ZrO2 present in the catalyst (extracting that of the sepiolite support).
- 500
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Fig. 1. NH3-TPD profiles of the xZrO,/Sep catalysts, pure ZrO, and
pure sepiolite.

higher when higher amounts of ZrO, are added [31]. The presence of
BAS (especially by the peak at 1550 cm™!) cannot be neglected for
catalysts with ZrOs-loadings of 9 wt% and higher (catalyst 9ZrO,/Sep
and 29ZrO,/Sep), although, if present, the concentration is very low.
The presence of BAS in these materials could be generated by the
presence of OH-groups that, together with the LAS from Zr, originates
those BAS, as proposed by Saito et al. [51].

3.2. Characterization results: XRD, FTIR and DR-UV-Vis

In order to know the crystallinity and structure of the synthesized
samples, XRD analysis was carried out (Fig. 4). After calcination, sepi-
olite suffers a modification in its structure due to the loss of water. A
phase change occurs due to the loss of the bound of Hy0, which produces
a rotation of the phyllosilicate ribbons [52]. This leads to a change in the
XRD pattern of sepiolite (Fig. S2). The XRD patterns of Zr-supported
catalysts are very similar among them and also very similar to the
reference calcined sepiolite. The only appreciable difference lies on the

intensity, as a decrease was observed when the amount of ZrO, in the
catalyst increases. Interestingly, peaks of ZrO, were no detected in any
Zr/sepiolite catalysts, which suggests that maybe ZrO, nanoparticles are
very small or ZrOy species are well dispersed on the support. No
diffraction peaks corresponding to mixed Zr-Si-phases or Zr-Mg-phases
could be neither detected. On the other hand, bulk ZrO, catalyst pre-
sents good crystallinity, with the main diffraction peaks (20 = 28.1°,
31.6° and 50.3°) corresponding to ZrOs in its monoclinic form (JCPDS:
37-1484) [53]. Additionally, reflections corresponding to tetragonal
ZrO, (JCPDS 88-1007) at 20 = 30.2°, 34.5° and 51° were also identified.

Fig. S3 shows FTIR spectra of the samples. The spectrum of raw
sepiolite shows different peaks, which are characteristic of natural
sepiolite. Bands from 3500 to 3200 cm ™! correspond to hydroxyl groups
(-OH) and adsorbed water vibrations, bands from 1700 to 1600 cm '
correspond to symmetric and asymmetric stretching of the crystal and
zeolitic waters. These bands are associated at water disappearance when
the sample is calcined, therefore these bands cannot be observed in the
rest of the catalysts and in the calcined sepiolite. Peaks from 1000 cm ™!
to 900 cm ! corresponds to silicates (Si-O-Si), peaks from 750 cm ™ to
600 cm™~! correspond to magnesium hydroxides and finally, peaks at
450 cm™! are related to Si-O-Mg of the octahedral-tetrahedral linkage
[54-56]. The spectra of pure ZrO, present a peak at 750 cm ™Y, which is
attributed to Zr-O stretching vibrations at ZrOs [57]. A very low
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Fig. 4. XRD patterns of the support, catalysts and pure ZrO, after calcination.

intensity peak from 1700 cm ™' to 1600 cm ™! was observed and it cor-
responds to adsorbed water (Zr-H30). In the xZrO,/Sep samples, addi-
tional peaks (from 4000 to 3000 and 1700 cm™!) were observed and
correspond to the crystal and zeolitic water but in lower intensity than in
sepiolite. Moreover, the peaks associated to silicates (from 1000 cm ! to
900 cm™!) were observed in all samples, but when higher amounts of
ZrO, were added to sepiolite, the intensity of the peaks was lower.

_ ZrO2
o 29%
L]
2 17%
(]
2
o
@ 12%
<
9%
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Wavelength (nm)

Fig. 5. DR-UV-vis spectra of catalysts compared with sepiolite and pure ZrO,.
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Samples were analyzed by DR-UV-vis to investigate the nature of Zr
sites in the support (Fig. 5). Pure ZrO, catalysts shows two main bands, a
high intensity peak at 230 nm with a shoulder at ca. 290 nm, typical of
Zr-O-Zr charge transfer of ZrO; clusters [58-60]. A band around 203 nm
is observed in all the Zr-containing catalysts, which is attributed to the
ligand-to-metal charge transfer from 0%~ to tetrahedral Zr**. This in-
dicates that Zr is highly dispersed with a tetrahedral coordination on the
support. For catalysts with high Zr-loadings (those with 17 and 29 wt%
ZrOy) these two bands at ca. 200 and 230 nm are observed, indicating
that two different species (dispersed and aggregated ZrO, clusters) are
co-existing on the surface of these samples. Catalysts with low
Zr-loading (2.5 and 6 wt% ZrO3) present also two different bands, at ca.
200 nm (tetrahedral Zr** species) and ca. 270 nm (band observed for
pure sepiolite support).

3.3. Transmission electron microscopy results

HR-TEM analysis was carried out in order to analyze the structure
and morphology of the catalysts. Fig. 6 shows TEM images of pure ZrOy
and catalysts with low, medium and high Zr-loading (2.5ZrO./Sep,
9ZrO4/Sep and 29ZrO,/Sep). Fig. 6a and b shows the images for pure
ZrO,. Particles present pseudospherical shape with diameters ranging
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between 10 and 25 nm. The inset shows the corresponding ED pattern,
which could be properly indexed considering the coexistence of
tetragonal and monoclinic symmetries. The presence of nanovesicles is
confirmed, as expected from hydrothermal routes of synthesis. The small
particles appear aggregated leading to formations of different particle
size up to ca. 50 nm. The coexistence of both symmetries is not rare in
nanoparticulated ZrO,, as previously reported [61]. High magnification
images of particles show the contrasts indicating the interplanar dis-
tances indexed on the basis of monoclinic symmetry.

In Fig. 6¢ TEM images of the 2.5ZrO/Sep catalyst are shown. This
catalyst presents a clear fiber morphology. These fibers present a vari-
able size in a way that the width ranges between 10 and 30 nm and the
length between 200 and 500 nm. Over the fibers, small dark spots are
observed (smaller than 2 nm) likely corresponding to tiny ZrOy nano-
particles. EDs pattern (inset) indicates that particles remain at the
nanoscale whereas the EDX spectrum (inset) shows that the zirconia
particles are supported on the sepiolite but their distribution over the
fibers is somewhat heterogeneous. Several EDX spectra on different re-
gions give average compositions between 1.5 and 4% of ZrOo, in good
agreement with the actual loading.

For the 9ZrO,/Sep catalyst (Fig. 6d), it can be observed that the
impregnation method led to well distributed zirconia particles over the

Fig. 6. TEM images of ZrO (a, b) catalysts 2.5ZrO,/Sep (c), 9ZrO,/Sep (d) y 29ZrO,/Sep (e, f).
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sepiolite fibers. Indeed, EDX spectra over different regions are coherent
with the expected composition, within the experimental semi-
quantitative nature of the exploration. Thus, EDX on different areas gave
a Zr-loading in all cases around 9 wt% ZrO,, demonstrating the homo-
geneity of this catalyst. ZrO, particles observed over the sepiolite fibers
were very well defined and, also, very tiny, in all cases with sizes below
2 nm.

Unlike the former catalyst, the 29ZrO»/Sep catalyst, did not show a
homogeneous ZrO, distribution, due to the high nominal loading. Thus,
by HRTEM images and EDX spectra in different regions of the sample a
great degree of heterogeneity in the particle size distribution was
observed (Fig. 6e and f). Thus, two different patterns are clearly seen. In
several regions the sepiolite fibers are slightly covered (typical ZrO,
loading of 5-10%) whereas other regions (majority) contain mass
compositions of zirconia of 30-40%. Overall, the experimental semi-
quantitative Zr-loading observed by TEM (ca. 25%) is slightly lower than
that of the theoretical content according to the preparation method.

The surface chemistry of the catalysts, focusing on ZrO, nano-
particles was studied by XPS. Fig. S4 shows the fitted spectra of Zr 3d
spin-orbit doublet peaks of four representative samples. For each sam-
ple, Zr 3d peaks are fitted with four contributions, corresponding to Zr-
O-Zr (182.1 eV) and Zr-O-H (183.2 eV) species in ZrO, nanoparticles. Zr
3ds,» and Zr 3d3,, energy separation for each species is 2.4 eV, which is
in line with literature data [62]. The relative contribution of each specie
to the Zr 3d peak is reported in Table 2, showing that the contribution of
hydroxyl species linked to Zr atoms is maximized for the sample with 9
wt% Zr loading, which was the catalyst where the best ZrO, dispersion
was achieved. According to the chemical analysis of the surface
(Table 2), the Zr-loading concomitantly increases with the Zr-loading
until 9 wt% Zr. Until that content the amount of Zr is higher in the
surface than in the bulk. However, in the samples with the highest
Zr-loading the concentration of Zr increases less than that the compo-
sition suggests, confirming a decrease of the dispersion of Zr on the
sepiolite surface.

3.4. Catalytic results

The synthesized catalysts have been tested in the transformation of
furfural in the liquid phase. Firstly, the reaction was carried out with
different supported catalysts, sepiolite and pure ZrO,, as it was done in a
previous work [63]. Table 3 shows the catalytic results obtained,
including the yields to the main reaction product (y-valerolactone GVL)
as well as some other products detected such as isopropyl levulinate
(IPL), furfuryl alcohol (FAL), furfuryl ether (FE) and levulinic acid (LA).
Sepiolite, either fresh or calcined, showed not even traces of GVL and a
low FF conversion was observed (<20%). Pure ZrO, showed a conver-
sion of 98%, but without forming GVL and the main product was FAL
(Fig. 7). Interestingly, all the Zr catalysts supported on sepiolite catalysts
led to the formation of GVL with yields exceeding 15%. The highest yield
to GVL under these reaction conditions was achieved by the catalysts
with intermediate Zr-loadings (between 9 and 17 wt% ZrO,), especially
by the 9ZrO,/Sep sample. In the case of the IPL, the yield decreased
when the amount of Zr-content of the catalyst increased. Very low yields
to FAL were detected in all cases, probably because it rapidly reacts with
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2-propanol to produce FE. Conversely to GVL, the FE formation pre-
sented a minimum at intermediate Zr-contents (see Fig. 8).

Overall, those catalysts with intermediate loadings have obtained the
highest GVL yield. Additional experiments using low catalyst mass and
low reaction times have been undertaken in order to determine the TOF
values. As can be seen in Table 4, the catalytic activity was the highest
using the catalyst with 12 wt% ZrO, although the turnover frequency
decreased when the Zr-loading increased. Then, the dispersed Zr-species
led not only to the increase in the relative amount of Zr on the surface of
the catalyst but also presented an enhanced reactivity per Zr surface site.

4. Discussion

Zr supported on sepiolite can efficiently transform furfural into
y-valerolactone with high yields. It has been demonstrated that the
presence of both Zr and the sepiolite support is necessary to obtain, in
these reaction conditions, y-valerolactone, since pure ZrO; or pure
sepiolite cannot produce alone this lactone (not even traces have been
detected). The highest yield to y-valerolactone from furfural was ach-
ieved by those catalysts with an intermediate Zr-loading, ranging from 9
to 17 wt%.

The overall FF to GVL reaction has been reported to require both
types of acid sites (Lewis and Brgnsted) although in the present article
high yield to GVL has been obtained with low proportion of Brgnsted
acid sites. We have observed that both the amount of acidic and basic
sites increases when the amount of Zr increases. However, the number of
basic sites is just 2-4% that of acidic sites (Table 1). Interestingly, the
least efficient catalysts to GVL are those with the lowest proportion of
basic sites (pure ZrO,, pure sepiolite and 29ZrO,/sep), especially weak
basic sites. The role of basicity in the general multistep mechanism to get
GVL from FF is not well defined. It has been reported that a basic oxide
as MgO enhances the hydrogenation of furfural [64] although the
presence in the media of a strong basic compound such as NaOH blocks
active sites from the catalyst. Then, the presence of weak basicity can be
positive for the hydrogenation of FF to furfuryl alcohol [30,64], which is
a clear intermediate for the overall reaction. Similarly, Li et al. [65]
observed an enhanced reaction rate in the transformation of FF to FAL
when the ratio of acid/basic sites was high (3.8-4). Moreover, Li et al.
observed that a suitable acidity/basicity ratio promotes the selective
production of FA from FF regardless of the BAS/LAS ratio [65]. Another
possible advantage of the basic sites is their role in the decrease of side
reactions that form by-products, which are not the typical intermediates
for GVL formation. Moreover, basic sites can prevent the levulinic acid
formation from furfuryl alcohol [30,64]. Rao et al. [49] suggest that
both Lewis acid sites and basic sites are essential for a suitable catalytic
transfer hydrogenation in the FF to GVL transformation. Other studies
demonstrated that catalysts with moderated basicity could produce high
yield to GVL from LA and its esters [66]. In these studies, it was
demonstrated that basic sites with the aid of LAS can synergistically
activate the dissociation of the hydroxyl groups in IPL for MPV reaction
to produce 4-hydroxypentanoate and finally produce GVL by intra-
molecular esterification or transesterification [67]. Considering the re-
sults obtained in the present article, those catalysts that lead to the
highest yield to GVL presents a ratio between basic and acid sites of

Table 2
Composition and XPS data of Zr/Sepiolite catalysts.
Catalyst Zr-O-Zr Zr-0-H XPS Zr Zr/Si XPS Zr/Si bulk ICP Ratio Zr"
Zr 3d 5/2 Zr3d7/2 Zr 3d 5/2 Zr3d7/2 surface/bulk
BE, ev (%area) BE, ev (%area) BE, ev (Y%area) BE, ev (%area) ox state
2.5ZrOy/Sep 182.1 (28.5) 184.5 (18.7) 183.1 (31.7) 185.5 (20.9) Zr** (100%) 0.025 0.018 1.4
97rO/Sep 182.2 (26.4) 184.6 (17.4) 183.2(33.8) 185.6 (22.2) Zr*t (100%) 0.082 0.070 1.2
17ZrOy/Sep 182.2 (35.7) 184.6 (23.5) 183.2 (24.6) 185.6 (16.2) Zr** (100%) 0.101 0.144 0.69
29Zr0O,/Sep 182.2 (33.9) 184.6 (22.3) 183.2 (26.4) 185.6 (17.4) Zr** (100%) 0.150 0.289 0.52

 (Zr/Si by XPS)/(Zr/Si bulk).
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Table 3
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Furfural conversion and yield to products using Zr/sepiolite catalysts, sepiolite and pure ZrO,.”

Yield to FAL (%) Yield to FE (%) Others (%) GVL Selectivity (%)

Catalyst Conversion of FF (%) Yield to GVL (%) Yield to IPL (%)
Raw Sepiolite 18.9 0 7

Sepiolite” 7.8 0 3.1
2.5ZrO,/Sep >98 19.1 25.4
6.5ZrOy/Sep 40.7 17.2

9ZrO,/Sep 50.6 13.4
127ZrOy/Sep 50.3 13.7
17ZrOy/Sep 48.8 9.6

29ZrO,/Sep 20.4 4.9

ZrO, 0 0

0 0 11.9 0
0 0 4.7 0
0.3 38.6 16.4 19.1
0.7 23.2 17.6 40.9
0.6 20.3 15 50.7
0.7 13.8 20.9 50.6
0.7 17.7 23 48.9
0.8 57.7 16 20.4
93.6 3 3 0

b Sepiolite calcined as the Zr/sepiolite catalysts.

@ Reaction condition: 0.25 mmol of furfural in 5 mL of 2-propanol, 0.2 g of catalyst, at 180 °C for 5 h.
b y-valerolactone (GVL); isopropyl levulinate (IPL); furfuryl alcohol (FAL); furfuryl ether (FE); levulinic acid (LA).
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Fig. 7. One-pot production of GVL from FF with sepiolite, pure ZrO, and
different catalysts. Reaction conditions: 0.25 mmol of FF in 5 mL of 2-propanol,
0.2 g of catalyst, for 5 h at 180 °C.

0.03-0.04 and a prevalence of weak basic sites due to the presence of
hydroxyl groups at the catalyst surface.

Additionally, the presence of Brgnsted acid sites has been widely
reported to be required for this reaction, especially for the FE to IPL
conversion, although also play a role in the FAL to FE and in the IPL to
GVL steps. According to the IR-Py results, it is possible the presence of
Brgnsted acid sites in the Zr supported on the sepiolite catalysts,
regardless of the absence of BAS in the sepiolite and in the pure ZrO,.
BAS may have been generated by the interaction of the OH- groups of
fresh sepiolite (before calcination) with the LAS of the Zr sites, as re-
ported previously with other supports [51,63].

The evolution of the catalytic performance as a function of reaction
time over 9ZrO,/Sep catalyst has been studied in order to investigate
and propose a simplified reaction scheme (Scheme 1). After only 15 min
of reaction, the FF conversion exceeds 30%, with furfuryl alcohol being
the predominant reaction product whereas y-valerolactone was hardly
formed. After 1 h, the furfural conversion reached 90%, furfuryl alcohol
and furfuryl ether being the majority products (yields of 22 and 56%,
respectively). However, the yield to y-valerolactone was still only 6%.
After 3 h of reaction, complete conversion of the furfural was observed
and the yield to y-valerolactone was increased until 30%. The yield to FE
barely varied whereas that of FAL decreased and that of IPL increased.
After 5 h, the yield to GVL was further increased until 50% whereas that
of FE clearly diminished. After 8 h, the yield to GVL continued rising
until 57% and, after 12 h, reached 70%. Moreover, another important
product obtained was IPL. The maximum yield to IPL was obtained after

80~
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Fig. 8. Evolution of the yield to the different reaction products obtained from
furfural using 9ZrO,/Sep catalyst. Reaction condition: 0.25 mmol of furfural in
5 mL of 2-propanol, 0.2 g of catalyst, at 180 °C. Symbols: y-valerolactone (GVL,
m); isopropyl levulinate (IPL, ); furfuryl alcohol (FAL A); furfuryl ether (FE, )
and other products (7).

Table 4
Catalytic parameters in the furfural transformation on Zr catalysts supported on
sepiolite.”

Catalyst Furfural conversion Catalytic Specific TOF!
(%) activity” activity*

6.5Zr0,/ 7.6 7.6 5.94 14.4
Sep

9ZrO,/Sep 10.7 10.7 8.46 14.7

127r0y/ 11.0 11.0 8.78 11.3
Sep

17Zr0y/ 6.9 6.9 5.79 5.0
Sep

297r0y/ 7.5 7.5 6.41 3.2
Sep

ZrOy 6.9 6.9 12.7 0.9

@ Reaction conditions: 5 mL of 2-propanol, 0.25 mmol of FF, 0.01 g of catalyst,
180 °C, reaction time = 0.25 h.

b Catalytic activity per gram of catalyst in 10> molgs h™? gz,

© Specific activity is the catalytic activity normalized per surface area in 10>
molgr h ™ 'm~2.

4 Catalytic activity per mol of surface Zr present in the catalyst in molgy h™!
molz.
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Scheme 1. Transformation of FF into GVL by hydrogenation. GVL: valerolactone; IPL: isopropyl levulinate; FE: furfuryl ether; FAL: furfuryl alcohol; LA: levu-

linic acid.

5 h and then a decrease took place. At long reaction times (8 and 12 h of
reaction) the yield to FE decreased at the expense of GVL and other side
products.

According to the results obtained in the present work and the
knowledge from the literature [42,68,69], a reaction pathway for the
formation of GVL from FF is proposed (Scheme 1). In this pathway,
hydrogen can be obtained from 2-propanol as hydrogen donor. Initially,
LAS together with weak basic sites can catalyze the hydrogenation of FF
by MPV reduction to obtain FAL, which is subsequently etherified to
furfural alcohol ether (FE). The transformation of FAL into FE can be
catalyzed in the presence of LAS and BAS. Subsequently, FE can be
transformed directly into IPL by ring opening, which apparently can be
only carried out by BAS. Finally, IPL is transformed into GVL by hy-
drogenation via MPV reaction and a subsequent lactonization [15,49,
68] in the presence of Lewis and weak basic sites.

To achieve an optimal GVL yield the presence of Lewis acid sites is
essential. Nevertheless, the presence of small number of Brgnsted acid
sites and weak basic sites also facilitates the overall process. The highest
catalytic activity was achieved by ZrOy/Sep catalysts with a ZrO,
loading of 9-17 wt%, which apart from having a suitable acidity/ba-
sicity and BAS/LAS ratios, showed well dispersed ZrO- particles on the
support with prevalent weak basicity. The catalysts with low Zr-loading,
i.e. 2.5ZrOy/Sep presents ZrOy species highly dispersed and tiny ZrOy
nanoparticles. This is observed by TEM analysis and corroborated by the
DR-UV-Vis data. Additionally, Zr-free sepiolite sites are also available
for the substrate, which present low reactivity. In the case of the cata-
lysts with 9-17 wt% Zr, well distributed zirconia particles are dispersed
over the fibers of the sepiolite. In fact, the chemical analysis of different
areas of the sample shows a highly homogeneous composition. How-
ever, if there is an excess of Zr, large bulk clusters are observed. In fact,
for the 29ZrO4/Sep catalyst, the DR-UV-Vis spectra show bands corre-
sponding to isolated tetrahedral species but also to ZrOs clusters. This is
in agreement with the heterogeneity in the particle distribution
observed by TEM, in which two different areas with low and high Zr-
loadings are observed. Therefore, high Zr-loadings should be avoided
since the formation of bulk ZrO, (pure ZrO5 shows a null capacity for the
GVL formation) decreases the amount of active Zr-species dispersed on
the sepiolite surface and as a consequence decreases the yield to GVL.

When Zr is deposited on a support, the ZrO, monolayer has been
estimated to be 1.5748.1073 87r02 m’Zsupport [60]. Accordingly, in our
study, the catalyst with 2.5% of ZrO, theoretically covers 10% of the
surface support and therefore a large part of the support remains un-
covered. The catalysts that have obtained the best performance (9-17 wt
% ZrOy) present an optimal coverage between 40 and 85%, whereas that
catalyst with an excess of Zr (29ZrO,/Sep) exceeds the theoretical
monolayer (ca. 1.66 layers). This value is in agreement with the for-
mation of bulk ZrO, without interacting with the support observed by
different characterization techniques.

In order to know the stability of the optimal catalyst, a recycling test
of 9ZrO4/Sep was undertaken. The reaction was carried out five times
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Fig. 9. Recycling test of 9ZrO,/Sep in the production of GVL from FF with 2-
propanol as hydrogen source. Reaction conditions: 0.25 mmol of FF in 5 mL
of 2-propanol, 0.2 g of catalyst, for 5 h at 180 °C.

under identical conditions showing that the catalyst can be recycled but
with a slight loss of activity after the first cycle (Fig. 9).

Finally, to investigate the ability of this catalytic system to selec-
tively transform other compounds derived from the biomass, the catalyst
9Zr0O4/Sep was chosen and tested based on its optimum catalytic per-
formance. The substrates used are levulinic acid (LA), methyl levulinate
(ML) and ethyl levulinate (EL) (Table S1). In all cases, the substrate
conversion was higher than 95% with yields to GVL of 88.4%, 92.3 and
88.3% from LA, ML and EL, respectively. The main by-product observed
when LA was used as a substrate was IPL, which is produced by ether-
ification with 2-propanol. On the other hand, the main by-product using
EL and ML as substrates was LA, produced by alcoholysis. This pre-
liminary study shows that 9ZrOy/Sep could be efficient to produce GVL
in high yields from other biomass-derived substrates using 2-propanol as
a hydrogen donor.

5. Conclusions

y-valerolactone can be efficiently obtained from furfural using 2-
propanol as a solvent and as a hydrogen donor employing Zr sup-
ported on sepiolite catalysts, in spite of the fact that pure bulk ZrO5 or
pure sepiolite are unable to produce y-valerolactone. In the present
article, it has been shown that sepiolite, a cheap material directly ob-
tained from a quarry, can be used as an effective support for the
development of catalysts, which produce high yields to y-valerolactone
without the necessity of using more complex materials such as zeolites.
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The optimal catalysts are those in which the Zr-support interaction is
maximized, whereas the formation of bulk ZrO, must be avoided. This is
achieved by catalysts with an intermediate Zr-content (between 9 and
17 wt% ZrOy). Catalysts with ZrO; loadings higher than the theoretical
monolayer are not suitable as they tend to form ZrO, aggregates. The
formation of aggregated ZrO; has a negative impact in terms of catalytic
performance since it inhibits the formation of y-valerolactone and leads
to fewer exposed Zr active sites with significant decrease in the intrinsic
reactivity. According to the results obtained in the present work, the
presence of Lewis acid sites is paramount for this reaction to take place
selectively whereas low concentrations of Brgnsted as well as basic sites
can play a positive role. Interestingly, the optimal catalyst has been
shown a reasonable level of stability keeping very similar catalytic ac-
tivity after, at least, five catalytic runs.
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