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Riccardo Bacchiocchi,ab Jacopo De Maron,ab Tommaso Tabanelli, *ab

Daniele Bianchic and Fabrizio Cavani ab

Levulinic acid derivatives, such as alkyl levulinates, are suitable starting reactants for the production of fuel

components, namely g-valerolactone (GVL), alkyl valerates, pentanol, and pentylvalerate (PV). The reactions

were performed in batch, without any additional solvents, by investigating the catalytic activity of several

Re-based catalysts. In this way, we confirmed the crucial role of the support acidity in promoting the

ring-opening of GVL and its consecutive reduction to valeric compounds. In the optimised conditions,

bimetallic Re-Ru-O/HZSM-5 yielded methyl valerate (MV) and valeric acid (VA) with a productivity of

512 mmol gmetal
−1 h−1, one of the highest reported in the literature to date. Rhenium can also foster the

reduction of valeric acid/esters to PV through the formation of 1-pentanol and its efficient esterification/

transesterification with the starting material. However, we also proved that Re-based catalysts undergo

leaching of the active phase in the presence of carboxylic acids, especially by working in neat with VA,

thus limiting the recyclability of the catalytic material. Furthermore, the over-reduction of rhenium

affects catalytic performance, suggesting not only that a pre-reduction step is unnecessary, but also that

it could be detrimental for the catalyst activity.
1. Introduction

Starting from the industrial revolution, human activities have
affected the carbon cycle not only by adding more carbon
dioxide to the atmosphere, but also by affecting the ability of
forests, soils, and oceans to capture and store CO2 from the air.1

Lignocellulosic biomass (LCB) is one of the most abundant
renewable feedstocks and may replace fossil raw materials in
chemical and fuel production.2,3 For instance, the pyrolysis of
LCB can yield a bio oil containing carboxylic acids that can be
upgraded to gasoline by means of a ketonization/hydrotreating
process.4 Alternatively, LCB can be used to produce several
signicant building blocks such as syngas (by means of gasi-
cation), methanol (from syngas), ethanol (by glucose fermen-
tation), and ethylene (by ethanol dehydration). These molecules
can be further combined to produce valuable bio-based chem-
icals, such as methyl methacrylate.5 Among the bioderived
platform molecules obtainable from LCB, levulinic acid (LA)
was selected by the U. S. Department of Energy as one of the top
twelve most valuable molecules and with the greatest potential,
with a market value of approximately 4000 Tonnes per year in
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2020.6,7 In particular, the most investigated strategy for the
exploitation of LA is its hydrogenation towards fuel additives,
solvents, and other added-value bio-based chemicals and, in
this context, heterogeneous and homogeneous catalysts are
widely used.8 In literature, most works deal with the conversion
of LA and its ester towards g-valerolactone (GVL) because LA is
the most easily obtainable compound, either by hydrogenation
with H2 or by catalytic H-transfer hydrogenation with light, bio-
based alcohols, in both liquid- and gas-phase continuous ow
reactors.9–16

The most recent advances in literature, however, have also
led to different consecutive reduction products.17 For instance,
2-methyltetrahydrofuran (2-MTHF) was proposed as an efficient
fuel additive for gasoline formulations and as an eco-friendly
solvent alternative to THF.18–21 Another signicant product is
1,4-pentadiol (1,4-PDO), thanks to its potential use as a renew-
able monomer for the production of polyesters.22,23 Lastly, the
preparation of valeric acid and/or its esters (VA/VE) was reported
over a variety of heterogeneous, bifunctional catalysts, in
particular those combining a support displaying Brønsted
acidity with an active (i.e. group VIII) hydrogenation metal.24

The most promising results on this topic are reported in Table
1.25–31

A high activity and selectivity towards VA/VE were reported
for all catalysts, but in most cases both an additional organic
solvent and a high molar excess of hydrogen were required,
compared to LA. Furthermore, some authors reported leaching
issues (e.g. dealumination or desulfurization of the support)
Sustainable Energy Fuels, 2023, 7, 671–681 | 671
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Table 1 Comparison between the most-performing catalysts in batch conditions for the hydrogenation of LA to VA/VE

Catalyst

Reaction condition

Conversion (%)

Yield (%)

Ref.Solvent T (°C) PH2 (bar) Time (h) GVL VA + VE Other

Ru/SBA-SO3H Ethanol 240 40 6 100 1 94 1 25
Ru/HZSM-5 1,4-Dioxane 200 40 10 100 8 91 — 26
Pd/HZSM-5 Ethanol 240 40 8 100 8 90 2 27
Co/HZSM-5 Ethanol 240 30 3 100 1 97 — 28
Ru/HZSM-5 1,4-Dioxane 220 30 10 100 1 86 — 29
Nb–Cu/ZPS Water 150 30 4 100 — 99a — 30
Pt/HMFI — 200 8 6 100 — 99a — 31

a Only valeric acid.
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which were oen difficult to solve. As shown in Table 1, in the
majority of works in literature dealing with LA hydrogenation,
solvents were used (e.g. 1,4-dioxane, water, alcohols, long-chain
hydrocarbons); some studies, however, showed promising
results also with neat LA. For instance, Weckhuysen et al. ob-
tained the complete conversion of LA yielding GVL by using Ru
supported on TiO2 and H-b as co-catalyst, while Shimizu et al.
showed that Pt/HMFI is a suitable catalyst for the one-pot
hydrogenation of LA to VA.31,32

A much more challenging task is the selective reduction of
the carboxylic group of LA and VA. In this context, bimetallic
catalysts – in which one metal facilitates the heterolytic H2

cleavage for hydrogenation/hydrogenolysis steps (e.g. Ru, Pt, Pd,
Rh, Ir, Co, Ni, Cu), while the second metal (e.g. a promoter such
as Sn, Mo, Cr, Re) fosters the activation/adsorption of the
carbonyl group of the acid/ester molecule – are the most
investigated, in many cases showing a substantial synergy.33

Promoters are redox oxyphilic species which enhance the
reducibility of carboxylic groups.34 For instance, Toba et al. re-
ported good results in the hydrogenation of mono- and di-
carboxylic acids towards the corresponding alcohols and diols
using a Ru–Sn–Al2O3 catalyst in a batch reactor (i.e. VA but not
LA).35 Li et al. hydrogenated acetic acid to ethanol at 100 °C over
an Ir–MoOx/SiO2 catalyst on a tubular ow reactor.36 A catalyst
consisting of copper chromite mixed with an alkali or alkaline-
earth metal component and an inorganic matrix component
has been patented for the vapour-phase hydrogenation of
methyl esters to fatty alcohols under xed-bed conditions.37

Davis et al. investigated the effect of ReOx on the reduction of
propionic acid over Pd-supported catalysts; likewise, Liang et al.
studied the role of Re in Re–Ru/C bimetallic catalysts for the
hydrogenation of succinic acid.38,39

Several works suggest that the oxyphilic nature of rhenium is
responsible for the interaction between active metal sites and
carboxylic groups; however, Re may also activate H2 by
promoting dehydrogenation reactions;40 hence, rhenium-based
catalysts may selectively reduce carboxylic compounds. As an
example, Toyao's group investigated the hydrogenation of
aromatic carboxylic acids over a Re/TiO2 catalyst, which selec-
tively yielded the corresponding alcohols.41 Through density
functional theory (DFT) calculations, they also demonstrated
that Re and ReOx showed a higher affinity towards carboxyl
672 | Sustainable Energy Fuels, 2023, 7, 671–681
groups as well as a lower affinity towards benzene moiety in
comparison to other metal surfaces, thus proving that Re has an
oxyphilic nature.42,43

Compared to LA, levulinic esters (LE) can be obtained
directly from cellulose by means of alcoholysis with good to
excellent yields, without the need for a further esterication
step, thus paving the way towards their direct exploitation as
bio-based platform molecules.44–46 In particular, methyl, ethyl,
and n-butyl levulinate are interesting thanks to their physico-
chemical properties.47 In fact, they might nd applications not
only as specialty chemicals, but also as additives in the
fragrance and petrochemical industries.48–50 Moreover, LE are
acid-free compounds and this makes them a promising alter-
native to levulinic acid as the starting material for the produc-
tion of g-valerolactone and its consecutive reduction
products.51–54 In fact, the use of LA as reactant oen causes the
deactivation of the catalyst due to the leaching of the supported
metal generated by acidmedia, and/or the fouling of the catalyst
due to the oligomerization/polymerization of unsaturated
intermediates.55 Therefore, the catalytic conversion of LE might
be more attractive for industrial applications.

To the best of our knowledge, there are no reports in litera-
ture on the direct hydrogenation of LA or LE to yield 1-pentanol
(1-PAO). The properties of 1-PAO and its derivatives (i.e. dipentyl
ether, pentyl valerate) make them suitable biofuels, thanks to
their reduced particulate emissions and the consequent
improvement in air quality.56–59 Pentyl valerate (PV) has appro-
priate polarities, better volatility, and higher ignition properties
as a biofuel for gasoline and jet fuel applications.60 In particular,
the hydrogenation of GVL to PV in the liquid phase with pen-
tanol as reactant/solvent has been investigated using noble
metals supported on SiO2–Al2O3- and Cu-based catalysts.61–65

The one-pot upgrading of GVL to PV was achieved with 60.6% of
yield using a bifunctional 5% Pd/HY catalyst in a batch reactor
system also without pentanol as reactant/solvent under rela-
tively harsh conditions (260 °C, 80 bar of H2, 30 h, solvent n-
octane).66

Herein, we report on the conversion of levulinic acid deriv-
atives to 1-pentanol and/or pentyl valerate using a batch reactor
in solvent-free conditions over Re-based catalysts. First, the
hydrogenation of methyl levulinate (ML) was investigated in
a one-pot approach aiming to directly obtain VA/VE, 1-PAO, and
This journal is © The Royal Society of Chemistry 2023
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Table 2 Catalyst screening for ML hydrogenation. Reaction condi-
tions: solvent free, T = 210 °C, PH2 = 40 bar, t = 4 h, catalyst loading =

5 wt% [mcat/mML]

Catalyst Conv. ML (%)

Yield (%)

GVL MV + VA 2-MTHF Others

Re–O/SiO2 72 66 — <1 2
Re–O/HZSM-5 88 67 4 <1 7
Re-R/HZSM-5a 40 16 2 — 11

a Pre-reduced at 350 °C for 1 h.
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PV. Then Re-based catalysts were examined also in the hydro-
genation of valeric acid/ester (VA/VE) to evaluate the catalytic
performance for the selective hydrogenation of carboxylic
groups, with a special focus on both catalyst stability and the
possible leaching of active species.

2. Experimental

All catalysts were prepared by incipient wetness impregnation
(IWI) to obtain a 5 wt% rhenium on supports. For the IWI
procedure, an aqueous solution containing a proper amount of
NH4ReO4 was loaded on the support powder (usually 1.9 g);
then it was oven-dried at 120 °C for 4 h and calcined at 500 °C
for 3 h (ramp 5 °C min−1) in static air to remove NH4 ions and
H2O from the precursor and support. For the reduction step, the
powder was exposed to an H2/N2 ow (100 ml min−1, 10 vol% of
H2) at 350 °C for 1 h (ramp 10 °C min−1). For the preparation of
bimetallic catalysts, the NH4ReO4 solution was loaded rst (in
order to obtain a 5 wt% of Re on the support) and the sample
was oven-dried at 120 °C before loading a solution of RuCl3-
$H2O (to obtain 1 wt% of Ru on support). Silica and zeolite
supports were delivered respectively by GRACE and Zeolyst (see
ESI†).

Catalytic tests, the analysis system of post-reaction solutions,
and the calculations for conversion, yields, and molar balance
are described in detail in the “Experimental” section of the ESI.†
The catalysts were characterized by means of N2-physisorption
at 77 K with the BET method, MP-AES, XRD, TPR, and ATR-IR.
Instrument specications and analysis procedures are
described in detail in the “Catalyst's characterization” section of
the ESI.†

In most research described in literature, the precursor used
for the synthesis of Re-based catalysts is NH4ReO4, for which
XPS and XANES analyses conrm that the oxidation state of
rhenium remains +7 aer thermal treatment.43,67 Since all
calcinations in this study were obtained in static air, it has been
assumed that the Re oxidation state was not affected and that –
as a consequence of the thermal treatment in the air – all
NH4ReO4 was decomposed into Re2O7. For the sake of
simplicity, “Re2O7/support catalyst” has been shortened to “Re–
O/support”.

3. Results and discussion
3.1 Supported Re–O catalysts

First, we investigated the effect of the support on the catalytic
activity of Re-based materials for the hydrogenation of methyl
levulinates (ML) to GVL and other consecutive reduction prod-
ucts. In particular, Table 2 shows the performances of Re–O/
SiO2 and Re–O/HZSM-5 at 210 °C and 40 bar of hydrogen for 4 h.
As mentioned in the Experimental section in the ESI,† by
working with neat methyl levulinate the molar ratio H2/ML in
the reaction system was equal to only 1.4; therefore, the reaction
system needed hydrogen relling to keep the overall pressure
constant during tests and to make the occurrence of the desired
consecutive reduction reactions possible. Interestingly, both
catalysts were active for the target reaction, with Re–O/HZSM-5
This journal is © The Royal Society of Chemistry 2023
showing a higher ML conversion than Re–O/SiO2 (88% and 72%
respectively), whereas the GVL yield was around 66% in both
cases. Remarkably, Re promoted the hydrogenation of the
carboxylic group of GVL leading to 2-MTHF (obtained with an
underestimated yield of around 1% due to its higher volatility
during the depressurization of the autoclave aer the reaction).
On the other hand, the higher acidity of Re–O/HZSM-5 in
respect to Re–O/SiO2 led to the formation of valeric acid and
methyl valerate. These compounds may be obtained via two
main pathways: (i) the hydrogenation of ML carbonyl group to 4-
hydroxypentanoic acid/ester (4-HPA/E) followed by its further
dehydration and the saturation of the resulting double bond, or
(ii) the consecutive ring-opening and hydrolysis of GVL to 4-
HPA/E, which may then follow the previous reaction pathway.

Starting from these results, it was decided to investigate the
inuence of a pre-reduction treatment on the catalytic activity.
In literature, a pre-reduction treatment of Re-based materials is
usually carried out with H2 diluted in an inert gas (5–30 vol%) at
500 °C before testing the materials. It has been reported that
bulk Re2O7, when heated in a hydrogen atmosphere, sublimes
at 180 °C before its reduction.68 Conversely, when Re2O7 is
mixed with Pt or Pd, a complete reduction to metallic Re occurs
below 200 °C without any loss. Firstly, the stability of the sup-
ported Re-species upon thermal treatment was veried by
means MP-AES of the calcined materials and results are re-
ported in Table 1S.† The amount of rheniummeasured this way
was in good agreement with the expected value of 5 wt%, sug-
gesting that the metal-support interaction stabilizes rhenium
species. Then, a pre-reduction treatment was carried out at
350 °C under a ow of 10 vol% H2 in N2 on Re–O/HZSM-5 before
catalytic testing. The reduced catalyst was labelled Re-R/HZSM-
5. Surprisingly, the pre-reduction treatment caused a signicant
drop in both the catalytic activity and the selectivity: not only
did ML conversion decrease from 88% to 40%, but also GVL
yield dropped from 44% to 16%, while Others' yields increased
from 7% to 11% compared to the non-reduced Re–O/HZSM-5
material (“Others” include 2-MTHF, 4-HPA/E, and unidenti-
ed products). The GC-FID analysis of the reaction mixture
revealed the presence of heavier, high-retention-time
compounds. Unfortunately, GC-MS analysis did not clarify
their structure, but it is known that GVL can undergo decar-
boxylation to produce unsaturated compounds, such as butenes
or pentenoic species, which may oligomerize to heavy
products.55,69
Sustainable Energy Fuels, 2023, 7, 671–681 | 673
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All in all, the drop in conversion of ML and the different
product distribution indicate that a catalyst's over-reduction is
detrimental for catalytic performance, as observed also in other
cases, i.e. in the hydrogenolysis of glycols to alcohols or alkanes
(e.g. from glycerol to propanols).70–72 Therefore, the nature of the
support seems to play a side role in catalytic activity, while ML
conversion and GVL yield seem to be mainly inuenced by the
oxidation state of rhenium.

For this reason, the reducibility of catalysts was investigated
by means of H2-TPR. Fig. S2† shows the H2-TPR proles of Re–
O/SiO2 and Re–O/HZSM-5, which are characterized by H2

consumption centred at 415 °C and 385 °C, respectively. The
lower reduction in temperature displayed by Re–O/HZSM-5 may
suggest either a better dispersion of Re-species, which results in
a high active surface or, from another point of view, a weaker
interaction in respect to the one between rhenium and SiO2,
which decreases the temperature required for Re reduction. For
both samples, the molar ratio between the hydrogen consumed
and Re2O7 was around 5. Assuming an initial Re oxidation state
of +7 (see Experimental), the observed H2 consumption means
that the average oxidation state of rhenium species will be +2 in
the reduced material. It should be noted that Re2+ oxides
(namely ReO phases) are not stable and were only detected in
particular conditions on rhenium-metal surfaces.73 Conversely,
rhenium usually forms oxides with oxidation states equal to +4,
+6, and especially +7. Therefore, it may be argued that aer
reduction Re is more likely to be present as a mixture of metallic
Re(0) and Re(IV) (ReO2 phases), even though the presence of
even higher oxidation states cannot be completely ruled out.
The TPR characterization also showed that the reduction
occurred in a single event and not in multiple steps, suggesting
that the formation of reduced species such as Re(0) may
generate a further reduction of the surrounding oxide, possibly
by H2 spillover, so that the reduction of Re7+ all the way down to
Re(0) occurred within a very narrow temperature range.

Re–O/HZSM-5 was then selected for an investigation of the
effect of temperature on the hydrogenation of ML, because this
catalyst showed the highest activity toward the consecutive
reduction products of GVL. The results of these tests are
Fig. 1 Effect of temperature on ML hydrogenation over Re–O/HZSM-
5. Reaction conditions: solvent free (ML neat), T = variable, PH2 = 40
bar, t = 4 h, catalyst loading = 5 wt% [mcat/mML]. Others = 2-MTHF, 4-
HPA/E and unidentified products.

674 | Sustainable Energy Fuels, 2023, 7, 671–681
reported in Fig. 1. At 180 °C, ML conversion was below 40%, the
main product was GVL, and no traces of valeric acid or its ester
were detected. Increasing the temperature from 180 °C to 210 °
C led to more than twice as much ML conversion and triple the
GVL yield, while valerates (MV and VA) also started to form.
Remarkably, a further increase in temperature up to 230 °C did
not lead to substantial differences in product distribution. The
molar balance was good in all the temperature ranges investi-
gated (>86%), demonstrating that the formation of heavy
compounds was limited even by working in neat conditions. A
qualitative analysis of the gaseous phase in GC-MS (Fig. S3a†)
revealed the presence of light products such as methane, CO2,
and especially dimethyl ether (DME). Signicantly, methyl
pentyl ether (MPE), also, was detected in the gas phase using
Re–O/HZSM-5. This is indirect evidence that Re, if combined
with a support showing Brønsted acid sites, may catalyse the
reduction of ML to the corresponding alcohol. In fact, it is well
known that strong Brønsted acidic sites such as those shown by
the HZSM-5 support catalyse the dehydration/condensation of
alcohols.74 As previously mentioned, the initial molar ratio H2/
ML in the reaction system is equal to only 1.4; therefore, the
reaction system needed hydrogen relling to (i) keep the total
pressure constant at 40 bar during the tests, and (ii) make the
desired consecutive reduction reactions possible. Nevertheless,
the production of light, volatile compounds – mainly DME (bp
−24 °C at atmospheric pressure), but also MPE – led to a further
increase of the internal pressure, thus limiting or even
hindering the addition of more molecular hydrogen, which is
crucial for promoting further reductions. This was conrmed by
the calculations (detailed in ESI†) of both hydrogen conversion
(H2 conversion) and methanol balance (MeOH balance), whose
trends as a function of the reaction temperature are reported in
Fig. S4.† Interestingly, H2 conversion increased threefold when
the temperature was increased from 180 °C up to 210 °C.
However, it remained almost stable with a further increase up to
230 °C. At the same time, MeOH molar balance trends (related
to liquid-phase products) showed a dramatic temperature-
related decrease from 85% at 180 °C to 30% at 230 °C. MeOH
missing from the balance was supposed to form the DME found
among gaseous products by GC-MS. These results suggests that
a signicant partial pressure of DME in the headspace of the
autoclave affected the hydrogen relling by limiting the amount
of H2 that could be added. This is likely to be the reason why the
results obtained at 230 °C are comparable to what was observed
at 210 °C.
3.2 Supported Ru-Re-O catalysts

In the attempt to further improve catalyst performance, it was
decided to combine a hydrogenation metal (Ru) with our main
active metal (Re), by preparing a bimetallic system (Re-Ru-O/
HZSM-5, 5 wt% Re and 1 wt% Ru), which was investigated in
different reaction conditions for the hydrogenation of ML.

The inuence of H2 pressure has been investigated by means
of experiments in the 10-to-40 bar pressure range: the results
can be found in the “Effect of hydrogen pressure on catalytic
activity” section of the ESI (Fig. S5†). Briey, it was found that
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 ML hydrogenation over Re-Ru-O/HZSM-5. Reaction conditions: solvent free (ML neat), PH2= 40 bar, catalyst loading= 5 wt% [mcat/mML].
(a) Effect of temperature for a 4 h reaction time and (b) effect of reaction time at 230 °C. Others = 2-MTHF, 4-HPA/E and unidentified products.
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working at 40 bar was benecial for the desired reaction and the
all the following catalytic tests were carried out at this pressure.

Temperature (Fig. 2) was found to have a crucial inuence on
the reaction outcome, as shown in Fig. 2a. Thanks to its higher
hydrogenating activity, at 180 °C Re-Ru-O/HZSM-5 showed
results similar to those observed with Re–O/HZSM-5 at 230 °C.
An increase in temperature up to 210 °C yielded up to 17% and
8% of MV and VA, while at the same time GVL yield decreased
from 59% to 34%. A further increase in temperature boosted
consecutive reductions and MV + VA were obtained with 65%
yield, while GVL yield dropped to 5%. Notably, during tests over
Re-Ru-O/HZSM-5 it was possible to rell hydrogen without
interruption thanks to the enhanced hydrogenating activity of
the catalyst, which competes kinetically with the acid-catalysed
condensation of alcohols (particularly methanol) that was fav-
oured at high temperature with Re–O/HZSM-5. The molar
balance not exceeding 80% is probably due to the formation of
over-reduction products such as light hydrocarbons. Indeed,
a qualitative GC-MS analysis of the headspace detected light
products such as methane, CO2, DME, but also products of ML
reduction such as MPE, MV, n-butane, and n-pentane
(Fig. S3b†). Finally, Others' yield (including unidentied heavy
products, 2-MTHF, methyl 4-hydroxypentanoate, and traces of
methyl pentyl ether (MPE) and pentyl valerate (PV)) remained
constant with temperature at around 7%. Time-resolved
experiments were carried out at 230 °C under 40 bar of H2

pressure (Fig. 2b) to assess the feasibility of promoting
consecutive reduction reactions toward 1-pentanol and pentyl
valerate. A ML conversion as high as 75% was achieved aer
only 1 h of reaction, and further increased (up to over 99%) aer
2 hours already. Initially, GVL was the main product with a 22%
yield aer 1 hour, but it was replaced by valerates already aer 2
hours (MV and VA). MV and VA were detected already aer 1 h,
and their yield increased over time, reaching a peak of 65% aer
4 h, underlining the signicant activity of the catalyst in the
reduction of the so-formed hydroxy acid/ester to valerates. At
the same time, it becomes evident that valerates may be further
converted to consecutive products such as 1-pentanol, methyl
pentyl ether, and pentyl valerate (grouped together under the
term “1-pentanol derivatives = 1-PAO derivatives”), obtained
This journal is © The Royal Society of Chemistry 2023
with a yield of 6% aer 24 h. Products of valerates reduction
were observed in gas-phase qualitative GC-MS analysis as well
(Fig. S3c†). This nding, together with the worsening of the
molar balance between 4 h and 24 h of reaction, suggests that
the formation of gaseous products causes a decrease in the total
yield of liquid phase products over time, leading to the observed
decrease of the molar balance. The comparison of the catalytic
activity of Re–O/HZSM-5, Ru–O/HZSM-5 and Re-Ru-O/HZSM-5
at optimised conditions (230 °C, 4 h, 40 bar of H2) are shown
in Fig. S9† again proving the benecial effect of the co-presence
of both Re and Ru in order to improve both MV + VA yields and
molar balances.
3.3 Characterisation of Re-Ru-O/HZSM-5 catalyst

The reducibility of Re-Ru-O/HZSM-5 before and aer reaction
was characterized by means of TPR Fig. S6†) and compared to
the one of their monometallic analogues (Fig. S2†). The Re–O/
HZSM-5 catalyst showed only one sharp peak at 380 °C,
whereas the bimetallic Re-Ru-O/HZSM-5 showed one main
reduction peak centred at 255 °C and a small one at 166 °C.
These temperature correspond to the reduction of the Re and
Ru oxide species respectively, as explained by Baranowska
et al.75 In their study, these authors investigated bimetallic Ru–
Re/Al2O3 with different Ru/Re ratios (i.e., 90/10, 75/25, 50/50)
and found that Ru is reduced at lower temperature than Re;
moreover, the presence of increasingly high amounts of Ru
progressively reduces the temperature required by Re reduction.
Hence, the sharp peak at 166 °C in the H2-TPR prole for the
fresh Re-Ru-O/HZSM-5 can be attributed to the reduction of the
Ru species, which subsequently foster rhenium reduction at
a lower temperature (255 °C) than the one required by Re–O/
HZSM-5 (380 °C) by means of H2 spillover. Similarly, the Re-
Ru-O/HZSM-5 catalysts aer ML hydrogenation under 40 bar
of H2 at 230 °C for 4 h, showed a broad reduction peak at 260 °C
and a sharp peak at 115 °C (Fig. S6b†). Again, the hydrogen
consumption during the analysis was measured, and for the
freshly calcined Re-Ru-O/HZSM-5 it was assumed that all Ru
was present as RuO2 and that all Re was in a + 7 initial oxidation
state. Under these assumptions, aer the complete reduction of
Sustainable Energy Fuels, 2023, 7, 671–681 | 675
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Table 4 Catalyst screening for VA hydrogenation. Reaction condi-
tions: solvent free (VA neat), T = 210 °C, PH2 = 40 bar, catalyst loading
= 5 wt% [mcat/mVA]

Catalyst Conv. VA (%)

Yield (%)
Leaching Re
(%)1-PAO PV

Re-O/SiO2 35 1 27 26.7
Re-Ru-O/SiO2 10 <1 7 30.5
Re-Ru-O/HZSM-5 17 0 7 42.9
Re–O/HZSM-5 15 <1 8 45.0
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Ru(IV) to Ru(0), the molar ratio between the remaining
consumed H2 and the supported Re2O7 was around 5, sug-
gesting that – as it was for Re–O/HZSM-5 – Re is present as
a mixture of Re0 and ReO2 aer reduction. Conversely, during
the reduction of the spent Re-Ru-O/HZSM-5, a much lower
amount of hydrogen was consumed. In particular, the molar
ratio H2/(Re + Ru) was 5 times lower than for the fresh catalyst,
thus suggesting that the supported Re2O7 and RuO2 were
partially reduced in situ to Ru(0) and Re(0) during the reaction
with ML.

This high degree of reduction adversely affects catalyst
performances as demonstrated by a catalytic test carried out
over Re-Ru-R/HZSM-5 (the pre-reduction treatment was carried
out at 350 °C under a ow of 10 vol% H2 in N2 on Re-Ru-O/
HZSM-5 before the catalytic test, Fig. S7†). The relevant results
showed the same trend as that observed for monometallic Re
supported on HZSM-5. In fact, the performance of the pre-
reduced bimetallic catalysts was worse than the one of the
same freshly calcined material: ML conversion was 83%, GVL
yield was 69%, and only 7% of MV + VA yield was obtained
under the same reaction conditions.

In consideration of the information collected so far, we
calculated the valeric acid/esters productivity of our catalyst in
the best conditions and compared it with the values reported by
other authors in literature (Table 3). Among the studies which
employed a solvent and focused on the hydrogenation of LA
(Table 3, entry 1–6), 2 wt% Pd/HZSM-5 showed high yield (90%)
in VA + VE at 240 °C for 8 h in ethanol, but also high produc-
tivity, around 495 mmolVA+VE gPd

−1 h−1 (Table 3, entry 3).27

Indeed, to the best of our knowledge, the direct HDO of neat ML
to valeric acid/esters has been reported for the rst time in the
present work, with a VA + VE yield of 65% achieved with
a bimetallic catalyst containing 5 wt% Re and 1 wt% Ru sup-
ported over HZSM-5, aer a 4 h reaction at 230 °C, corre-
sponding to a productivity of 512mmolVA+VE gRe+Ru

−1 h−1 (Table
3, entry 9). This productivity is comparable to that of catalysts
which work with solvent, and it is at least threefold higher than
the highest VA + VE productivity of 169 mmolVA gPd

−1 h−1 re-
ported by Shimidzu et al. (Table 3, entry 7).31 Conversely, when
Table 3 Comparison of the productivity towards VA/VE in this work and

Entry Catalyst

Reaction conditions

Reactant Solvent
T
(°C)

1 5 wt% Ru/SBA-SO3H LA Ethanol 240
2 1 wt% Ru/HZSM-5 LA 1,4-Dioxane 200
3 2 wt% Pd/HZSM-5 LA Ethanol 240
4 10 wt% Co/HZSM-5 LA Ethanol 240
5 3 wt% Ru/HZSM-5 LA 1,4-Dioxane 220
6 4–40 wt% Nb–Cu/ZPS LA Water 150
7 5 wt% Pt/HMFI LA — 200
8 5–1 wt% Re-Ru-O/HZSM-5 ML — 230
9 5–1 wt% Re-Ru-O/HZSM-5 ML — 230
10 1 wt% Ru/La–Y (or HY) EL — 220

a Calculated considering all metal loading. b Calculated considering only

676 | Sustainable Energy Fuels, 2023, 7, 671–681
only Ru is considered as the active metal for hydrogenation, the
corresponding productivity increased up to 3073 mmolVA+VE
gRu

−1 h−1. As a matter of fact, only He et al. have recently re-
ported a higher productivity, equal to 11 514 mmolVA+VE gRu

−1

h−1, by working at 220 °C with 40 bar of H2 using 1 wt% Ru/
HZSM-5 over neat ethyl levulinate (EL), this being the highest
productivity reported to date.76

3.4 VA and MV hydrogenation

Considering the ability of Re-supported materials to effectively
catalyse the formation of valerates starting fromML, we decided
to focus our efforts on the hydrogenation of valerates (VA and
MV) with the aim of promoting the formation of 1-pentanol (1-
PAO) and/or pentyl valerate (PV) following a “two-step” strategy
(namely from ML to VA/MV and then from VA/MV to 1-PAO
derivatives).

Table 4 reports the catalytic activity of bimetallic materials
(e.g., Re-Ru-O/HZSM-5 and Re-Ru-O/SiO2), and monometallic
materials (Re–O/SiO2 and Re–O/HZSM-5) for VA hydrogenation
at 210 °C, 40 bar of hydrogen, for 4 h. VA conversion was
generally low, being the one obtained over Re–O/SiO2 the
highest (35%). Signicantly, all materials displayed low selec-
tivity to 1-PAO due to its consecutive fast esterication with
excess VA that formed PV in its place (as also demonstrated later
in this manuscript).

Notably, by carrying out the hydrogenation of neat VA, we
were able to highlight a crucial issue which is oen dramatically
reported in literature

Productivity
(mmolVA+VE gmetal

−1 h−1) Ref.PH2 (bar) Time (h)

40 6 63 25
40 10 391 26
40 8 495 27
30 3 278 28
30 10 115 29
30 4 39 30
8 6 169 31

40 4 512 This worka

40 4 3073 This workb

40 0.5 11 514 76

Ru loading.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Effect of reaction time in MV hydrogenation over Re–O/SiO2.
Reaction conditions: solvent free (neat MV), T = 210 °C, PH2 = 40 bar, t
= 4 h, catalyst loading = 5 wt% [mcat/mMV]
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underrated in literature: rhenium leaching. Generally speaking,
leaching of rhenium was higher for the HZSM-5-supported
catalyst (z45%) than for the SiO2-supported catalyst (27–
30%). Previously, it was suggested that the lower reduction
temperature displayed by Re–O/HZSM-5 in respect to Re–O/SiO2

may indicate either a better dispersion of Re-species on the
zeolite support, which results in a higher active surface, or else
that the rhenium–SiO2 interaction is stronger compared to Re-
HZSM-5 (see Fig. S3, ESI†). In agreement with H2-TPR results,
the lower leaching values for silica-supported catalysts may
indicate that rhenium is more strongly bonded to SiO2 than to
HZSM-5.

Fig. 3 shows the catalytic results obtained in MV hydroge-
nation at 210 °C, 40 bar of hydrogen, for 4 h with Re–O/SiO2 and
Re–O/HZSM-5. Over Re–O/SiO2 the conversion of MV and
product yields were low (X MV z 15%, PV = 7% and 1-PAO =

1%), but the amount of Re lost due to leaching was very low as
well (1.1%).

On the other hand, the performance of Re–O/HZSM-5 in the
same conditions was quite different: in fact, MV conversion was
as high as 50% and the main product was VA with a yield of
17%, while PV, 1-PAO, and methyl pentyl ether (MPE) were
obtained in small amounts. As a consequence, the molar
balance obtained was much lower than the one obtained with
Re–O/SiO2. This evidence suggests that during the hydrogena-
tion of MV different supports foster different reaction pathways:
for instance, the strongly acidic HZSM-5 trigger mainly the
hydrolysis of MV to VA and other side reactions that worsen the
molar balance by forming light incondensable compounds and/
or heavy carbonaceous residues. At the same time, Re loss due
to leaching with Re–O/HZSM-5 (5.6%) was higher than with Re–
O/SiO2.

Generally speaking, the use of MV as the reactant signi-
cantly reduces the leaching of Re for both Re–O/SiO2 and Re–O/
HZSM-5 (see Table 4), strongly suggesting that VA is the main
actor in the active-phase dissolution because of its acidic
characteristics. In this context, the higher metal leaching
suffered by the zeolite-supported catalyst can be explained by its
high activity towards MV hydrolysis to VA.

MV hydrogenation was further investigated as a function of
the reaction time over Re–O/SiO2 (Fig. 4).
Fig. 3 MV hydrogenation over monometallic catalysts. Reaction
conditions: solvent free (neat MV), T = 210 °C, PH2 = 40 bar, t = 4 h,
catalyst loading = 5 wt% [mcat/mMV]

This journal is © The Royal Society of Chemistry 2023
By increasing the reaction time from 4 to 7 h the conversion
of MV increased from around 15% to 27%, while PV and 1-PAO
yields, reached 15% and 4% respectively. Unfortunately,
increasing further the reaction time to 24 h did not produce
a proportional increase in the target products yield, (PV = 21%
and 1-PAO = 10%) due to consecutive reactions that worsened
the molar balance (81%). However, the leaching of rhenium
(4.3%) was limited even aer 24 h of reaction. As a matter of
fact, VA was not detected among reaction products because the
activity of Re–O/SiO2 for MV hydrolysis to VA is low: as
a consequence, the loss of active phase wasmuch lower than the
one obtained during the hydrogenation of VA.

Since the progressive rhenium leaching may negatively
impact the recyclability of the catalysts, Re–O/SiO2 was recov-
ered by ltration, washed with acetone, dried and recycled for
another run. Results obtained by working with both VA and MV
aer 4 h, at 210 °C and 40 bar of hydrogen are shown in Fig. S8.†
Interestingly, when VA is used as reactant, the extensive leach-
ing of Re (26.7%) results in a dramatic loss of activity of the
recycled catalyst. On the other hand, when the hydrogenation is
carried out on MV the leaching is strongly limited (1.1%) and
the catalytic performance of the recycled is comparable to the
one of the fresh catalyst. Moreover, in order to exclude the
contribution of any homogenous rhenium species a dedicated
Sheldon test was carried out during the hydrogenation of VA
with Re–O/SiO2 and the outcome is reported in Fig. S9.† Aer
2 h of reaction the catalyst was removed by ltration from the
reaction mixture and thereaer VA conversion remained
constant during the following 2 h, suggesting that despite VA
fosters extensive leaching of Re, the resulting soluble Re-species
do not contribute to the overall catalytic activity.

3.5 The reaction network: reactivity of intermediates

The reaction mechanism of VA/VE over Re–O/SiO2 was investi-
gated by loading intermediates and products under the previ-
ously investigated reaction conditions (210 °C, 4 h, 40 bar).
Fig. 5 shows the results obtained by loading the autoclave with
neat valeric acid, valeraldehyde, 1-pentanol and pentyl valerate,
respectively. As previously seen, VA conversion yielded mainly
PV with very low amounts of 1-PAO.
Sustainable Energy Fuels, 2023, 7, 671–681 | 677
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Fig. 5 Investigation of the reaction pathway loading intermediates and products in the presence of Re–O/SiO2. Reaction conditions: solvent
free, T = 210 °C, PH2 = 40 bar, t = 4 h, catalyst loading = 5 wt% [mcat/mreactant]
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Interestingly, valeraldehyde showed a conversion >99%; 1-
PAO yield was around 40%, whereas Others' yield reached 37%.
Among Others, the compounds with longer carbon chains have
been identied as C10 aldehydes and alcohols formed via the
aldolic condensations and hydrogenation of the obtained
aldehydes; C10 alkenes and alkanes were found too. PV was
detected with a yield of 8% and was probably formed via
a Cannizzaro-like disproportionation and consecutive esteri-
cation or directly via a Tishchenko reaction.

Interestingly, when 1-PAO was charged as reactant, proved to
be a quite stable compound in the absence of strong Brønsted
acidic sites over the catalyst, showing a conversion of only 7%.
Likewise, PV showed a low conversion of about 6% and only 1-
PAO was detected as the product. For each test, the headspace of
the autoclave aer reaction was analysed qualitatively by means
of GC-MS: n-butane and n-pentane were detected in every test.

Summarizing all the information collected so far, the overall
reaction scheme reported in Scheme 1 may be proposed.
Scheme 1 Proposed reaction scheme from ML to 1-PAO derivatives thr

678 | Sustainable Energy Fuels, 2023, 7, 671–681
During VA hydrogenation, valeric acid is partially reduced to
highly reactive valeraldehyde (pentanal), even if it has not been
detected, or partially decomposed through decarboxylation
reaction yielding n-butane (Scheme 1, second step). Under
standard reaction conditions, valeraldehyde is an unstable
intermediate which might react in several ways. Hydrogenation
to 1-PAO is the main reaction obtained by working with
a hydrogen excess and/or limited concentration of the aldehyde;
however, by working in neat conditions, aldol condensation to
C10 aldehydes and alcohols and Tishchenko or Cannizzaro
disproportion to PV were effectively induced. Indeed, when the
aldehyde was formed as an intermediate (i.e., starting from VA),
no traces of C10 were found in the liquid phase. PV may be
formed through the esterication of VA with 1-PAO, but also via
a Tishchenko or Cannizzaro reaction of valeraldehyde. With
regard to 1-PAO, its stability lead consecutive hydrogenolysis
reaction unfavourable, leading to only traces of n-pentane and
di-pentyl ether (DPE). As a matter of fact, 1-PAO effectively
reacted in the presence of VA to yield PV under these reaction
ough the formation of VA/MV.

This journal is © The Royal Society of Chemistry 2023
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conditions. Lastly, PV showed limited reactivity; the only
detected product was 1-PAO. The absence of VA suggests that an
important contribution of ester hydrolysis reaction back to VA
and 1-PAO can be ruled out. Even in the case of MV, valeric acid
was not detected in the reaction mixture, indicating that VA is
not a crucial intermediate in alkyl valerate hydrogenation.
These data suggest that alkyl valerate hydrogenolysis may occur
by splitting into aldehyde and alcohol (green arrows). However,
it cannot be ruled out that the splitting occurs between oxygen
and the alkyl chain, yielding pentane and valeric acid; the latter
can be converted as detailed above. Previous results of MV
hydrogenation suggest that Re–O/SiO2 mainly privileges the
rst pathway, whereas Re–O/HZSM-5 privileges the second
one.77–79

4. Conclusions

In summary, this work reports on the catalytic hydrogenation of
levulinic acid derivatives, mainly methyl levulinate (ML), under
H2 atmosphere over supported Re-based catalysts without the
need for any additional solvents. The nature of the support may
lead to different reaction pathways. It has been suggested that
rhenium over-reduction is detrimental to catalytic performance,
but the inuence and role of its oxidation state has not yet been
fully elucidated.

With regard to the one-pot hydrogenation of ML to 1-PAO,
bimetallic Re/Ru deposited on zeolite showed an interesting
performance, leading to MV + VA yields of up to 65%; also, only
traces of 1-PAO derivatives were found aer 4 h at 230 °C. The
calculated productivity of MV + VA in these conditions, at the
best of our knowledge, was the second-highest ever reported in
literature.

Considering that the increase of the reaction times only
slightly increases the 1-PAO derivatives yield, a two-step
approach for a more efficient production of these compounds
has been proposed. Indeed, while in the rst step MV/VA can be
produced with an acceptable yield from ML, a second step for
the further conversion of valeric compounds to 1-PAO, PV, or
DPE has been investigated. We thus found that, starting from
VA, a 27% PV yield could be achieved aer 4 h at 210 °C.
Nevertheless, an extensive rhenium leaching (of around 30–
40%) has been observed with the use of neat VA. Interestingly,
by working with MV, this issue can effectively be limited to
below 4%, obtaining a PV yield of around 20% in the optimized
condition over Re–O/SiO2.

In the near future, further study will be crucial for high-
lighting the reaction mechanism over the surface and identi-
fying an effective strategy for stabilizing Re species, thus
increasing catalyst stability and recyclability.
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