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Microwave (MW) -assisted levulinic acid (LA) hydrogenation has been performed over two gold catalysts
(commercial 1 wt% Au/TiO, by AUROlite™ and 2.5 wt% Au/ZrO,, prepared using deposition-precipitation).
MW-assisted LA hydrogenation was carried out in water and in solvent-free conditions via (i) H-transfer
and (ii) molecular H,. Au/TiO, promoted complete LA conversion and the further reduction of the pro-

duced GVL to 1,4-pentanediol (1,4-PDO) in the presence of 50 bar H, at 150 °C (4-hour reaction).
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Interestingly, selectivity to 1,4-PDO was complete at 200 °C. Extended characterisation highlighted the
cooperative role played by the gold nanoparticles and the support, onto which activated hydrogen atoms
spillover to react with LA. This results in the remarkable activity of Au/TiO,. Both catalysts showed struc-
tural and morphological stability under reaction conditions. It was possible to reactivate the Au/TiO, cat-
alyst by MW-assisted oxidation, paving the way for catalyst recycling directly inside the MW reactor.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Levulinic acid (LA) is one of the most promising platform chem-
icals that can be obtained from biomass. It can be converted into
high value-added molecules that can be used as green solvents
and biofuel additives in the pharmaceutical industry and in the
synthesis of biopolymers [1,2]. Nowadays, most research studies
focus on the hydrogenation of LA or levulinic esters (LEs) into
v-valerolactone (GVL), another versatile chemical, due to the
preferable intramolecular esterification of LA [3-5].

The important commercial value of diols in the biodegradable-
polyester and organic-synthesis industries means that several
bio-derived chemicals, such as glycolide, oxalic acid, lactic acid,
succinic acid and furfuryl alcohol etc., have been studied for the
production of diols [6-11].

However, there are not many reports on the further hydrogena-
tion of GVL to 1,4-PDO. This may be due to the high stability of the
lactone ring structure in GVL, which makes further hydrogenation
processes difficult and requires a new catalytic system if the trans-
formation is to be performed. 1,4-PDO is an important raw mate-
rial in the chemical industry and the produced 1,4-PDO can be
employed not only as a monomer for the production of polyesters,
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but also as a platform chemical for the synthesis of organic sol-
vents and medicines [12]. Several bimetallic catalysts, such as
Ru-Re/C [13], Rh-Mo/SiO; [14], and Ir-Mo0,/SiO; [15], have been
developed for the catalytic hydrogenation of LA or LEs. However,
low selectivity to 1,4-PDO (42.3% to 82.0%) raises the costs of the
process. Therefore, a non-noble metal catalyst such as Cu was pre-
pared for the direct hydrogenation of LA to 1,4-PDO [16]. Unfortu-
nately, the yield of 1,4-PDO was 22.0% even at a higher
temperature (200 °C). The highest 1,4-PDO yield obtained from
LA or LEs is 82.0% in heterogeneous catalytic systems [13]. Com-
plete ethyl levulinate reduction to 1,4-PDO has been obtained at
160 °C using 1,4-dioxane as the solvent (6 h reaction time) with
60 bar H, over a CuAlZn catalyst [17]. However, its toxicity and
environmental impact mean that the use of 1,4-dioxane as a sol-
vent should be avoided, according to Green Chemistry principles
[18].

Although the medium can interfere with LA hydrogenation to
GVL [19], the reaction generally proceeds with high yields under
a H, atmosphere in the presence of a number of solvents, such as
water [20], tetrahydrofuran [21], 1,4-dioxane [19,22], and alcohols
[23], as well as under solvent-free conditions [19,24,25]. The reac-
tion also takes place via catalytic transfer hydrogenation over
metal oxides, and using supported metal catalysts with either for-
mic acid [26,27], or alcohols [28] as hydrogen donors. The reaction
was reported to achieve GVL yields of 82.0-93.0% together with
traces of methyltetrahydrofuran (MTHF) (<3.0%), at 250 °C, via
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both catalytic hydrogen-transfer hydrogenation and in the pres-
ence of 40 bar H,. In the latter case, only the combination of both
sources of hydrogen guaranteed significant MTHF yields [29].

Based on these premises, the possibility of efficiently converting
LA to 1,4-PDO in the presence of a catalyst that requires no solvent
(solvent-free conditions) is still highly desirable, but a significant
challenge.

Microwaves (MW) are currently used as a non-conventional
enabling technology for the promotion of fast chemical transfor-
mations by producing rapid internal heating, which has been
hypothesised to originate from the direct interaction between the
electromagnetic field and specific molecules, intermediates, or
even transition states in the reaction medium [30]. Indeed, there
is still much debate on discerning between thermal effects, caused
by the rapid heating and the high bulk-reaction temperatures that
are reached under MW dielectric heating, and other specific or
non-thermal effects. Such effects, which are not linked to a macro-
scopic change in reaction temperature, involve non-uniform heat-
ing at the surface of heterogeneous catalysts and the production of
hot spots by MW irradiation, resulting in non-equilibrium local
heating that is localised at the surface of the metal nanoparticles
present on catalysts [31].

In this study, we will focus on MW-assisted LA hydrogenation
over gold catalysts (commercial 1 wt% Au/TiO, by AUROlite™ and
2.5 wt% Au/ZrO, prepared by deposition-precipitation) to produce
1,4-pentanediol (1,4-PDO).

2. Experimental
2.1. Materials

The commercial gold 1 wt% on titanium dioxide (AUROIliteTM,
catalogue number 79-0165, CAS number 7440-57-5) was provided
by Strem Chemicals INC. and sold in collaboration with Project
AUTEK for research purposes [32]. The gold itself is deposited on
the support via a proprietary process that yields gold nanoparticles
of about 2-3 nm. The catalyst is in the form of extrudates, that
were crushed in a mortar until a very fine powder was obtained
before the catalytic activity tests. It was compared with a 2.5 wt%
Au/ZrO, catalyst to investigate the effect of the nature of the sup-
port on the catalytic activity and selectivity.

ZrOCl, (Fluka) was used as received for sample synthesis.

2.1.1. Preparation of the Au/ZrO, catalyst

Zr(OH), was prepared via precipitation from ZrOCl,-8H,0 at
constant pH=8.6, then aged under reflux conditions for
20h at 90°C and washed free from chloride (AgNOs test).
Afterwards, the obtained zirconium hydroxide was calcined in air
(30 mL/min) at 650 °C for 4 h [33].

Gold was added by deposition-precipitation at pH = 8.6 in order
to obtain 2.5 wt% Au. The oxide was suspended in an aqueous solu-
tion of HAuCl,-3 H,0 for 3 h and the pH was controlled by the addi-
tion of NaOH (0.5 M). After filtration, the sample was dried at 35 °C
for 16 h and finally calcined in flowing air (30 mL/min) for 3 h at
500 °C.

Table 1

The main features of the Au/TiO, and Au/ZrO, as-prepared cat-
alysts are summarised in Table 1.

2.2. Characterisation methods

Both the freshly prepared and used catalysts were characterised
by transmission electron microscopy (TEM) and high resolution
(HR-) TEM measurements. A side entry Jeol JEM 3010 (300 kV)
microscope equipped with a LaBg filament and fitted with X-ray
EDS analysis by a Link ISIS 200 detector was employed. The sam-
ples, in the form of powders, were deposited on a copper grid,
coated with a porous carbon film. All digital micrographs were col-
lected using an Ultrascan 1000 camera and the images were pro-
cessed using Gatan digital micrograph software. Gold-particle
size distributions were obtained by counting a statistically repre-
sentative number of particles (>250 and at least 150 for the used
and calcined catalysts) for each sample. The mean particle diame-
ter (d,,) was calculated as:

dm = Zdini/Zni

where n; is the number of particles of diameter d;. Moreover, on the
basis of each particle-size distribution, the corresponding metal
Specific Surface area (Au SSA, m?/g) for the supported metal parti-
cles (supposed to be spherical) was calculated using the formula:

SSA =33 " mit}/(pp, y_mir})m’/g

where r; is the mean radius of the size class containing n; particles,
and pa, is the volumetric mass of Au (19.3 g/cm?). The Au SSA val-
ues obtained for the AuRO and AuZ as-prepared catalysts are
reported in Table 1.

X-ray powder diffraction patterns were collected on a
PW3050/60 X'Pert PRO MPD diffractometer, from PANalytical,
working in Bragg-Brentano geometry, and using a high-powered
ceramic tube PW3373/10 LFF with a Cu anode (Cu K, radiation
A =1.5406 A), which was equipped with a Ni filter to attenuate
Kg. Scattered photons were collected by a real-time multiple
strip (RTMS) X'celerator detector. Data were collected in the
10° < 260 <90° angular range, with 0.02° 26 steps. The powdered
samples were examined in their as-received form and posed in a
spinning sample holder in order to minimise the preferred orienta-
tions of crystallites.

Diffuse Reflectance (DR) UV-Vis-NIR spectra were run
at r.t. on a Varian Cary 5000 spectrophotometer, working in the
50,000-4000 cm~' range of wavenumbers, with the powders
placed in a quartz cell. DR UV-Vis-NIR spectra are reported
in the Kubelka-Munk function  f(R..)=(1 — Ry)?/2R.;
R, = reflectance of an “infinitely thick” layer of the sample.

FTIR experiments were performed on the samples in self-
supporting pellets that were introduced into the cells. This tech-
nique allows thermal treatments to be performed in controlled
atmospheres and spectrum scanning to be carried out at controlled
temperatures (from —196 °C to room temperature). The FTIR spec-
tra were taken on a Perkin Elmer 2000 spectrometer (equipped
with a cryogenic MCT detector). CO adsorption measurements
were carried out at low temperature, i.e. the samples were cooled

Gold loading, catalyst Specific Surface Area (SSA), Au mean diameter and Au SSA of Au/TiO, and Au/ZrO, as-prepared catalysts.

Catalyst Label Gold loading (wt%) SSA (m?[g) Au mean diameter (nm)** Au SSA (m?/g)**
AuTiO, AuRO 1 23+0.6 353
Au/ZrO, AuZ 25 40-50"" 2.4+0.7 29.3

" Provided by Strem Chemicals INC.
" See the Supporting information.
" Obtained via HR-TEM measurements.
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at —196 °C before CO adsorption. The spectra were normalised
with respect to the density of the pellets. Pyridine-adsorption
experiments were performed at room temperature. In this case,
the spectra were normalised with respect to the density of the pel-
lets and to the surface area of the supports. The spectrum of the
sample, before the introduction of the probe, was subtracted from
each spectrum.

The adsorption of the pyridine (py) probe molecules was
ensured by the use of the expanded vapours of liquid py at room
temperature. Before the experiments, the liquid was deaerated
using on-line freeze-pumpthaw cycles performed at the tempera-
ture of liquid-nitrogen (—196 °C). Prior to the CO- and pyridine-
adsorption experiments, the samples were submitted to outgassing
at r.t. for 1 h to remove water, due to its exposure to air. The FTIR
spectra were normalised with respect to the density of the pellets
and the surface areas of the supports.

A Pyris Perkin Elmer instrument was used to perform TGA anal-
yses. The samples were heated from 35 °C to 700 °C in a nitrogen
atmosphere at a temperature ramp of 10.00°C/min in an
80.0 mL/min N flow.

2.3. Catalytic tests

MW-assisted LA hydrogenation tests were carried out in a
SynthWAVE (MLS GmbH, Milestone Srl) reactor, which houses a
closed MW-cavity. LA hydrogenation was performed under both
solvent-free conditions and in the presence of H,0, used as a solvent.
Moreover, the reaction was carried out using two methods: (i) H-
transfer; and (ii) in the presence of molecular H,. Methanol (MeOH),
2-propanol (2-PrOH) and formic acid (FA) were chosen as H-donors.

In a typical experiment, the Au-supported catalyst (100 mg,
AuRO or 40 mg, AuZ) was added to 0.25 mmol of substrate (LA or

GVL). As for the H-transfer tests, either 10 mL of alcohol or 50 uL
of FA were added and the mixture was heated under MW and mag-
netic stirring for 4 h at 150 °C. After cooling, the crude reaction was
filtered and the catalyst was washed three times with water
(2 mL). After the evaporation of the solvents under vacuum, the
mixture was analysed by GC-MS.

When using molecular hydrogen, the catalyst/substrate mixture
(100 mg AuR0O/0.25 mmol or 40 mg Au/Z/0.25 mmol) was heated
in a H atmosphere at different pressures under MW and magnetic
stirring to the required temperature for the required time. After
cooling, 5 mL of water were added to the crude reaction and soni-
cated for 30 sec. at 40 kHz and then 2 min. at 120 kHz (Weber
GmbH MG 200 TFDMF). The mixture was filtered and the catalyst
was washed three times with water (2 mL). After the solvent was
evaporated under vacuum, the mixture was analysed by GC-MS.

GC-MS analyses were performed on a GC Agilent 6890 (Agilent
Technologies - USA), fitted with an Agilent Network 5973 mass
detector, using an HP-5 column (30 m long capillary column, an
i.d. of 0.25 mm and a film thickness of 0.25 pm).

After reaction the catalyst was subsequently thermally treated
and recycled as described in detail in section 3.4.

3. Results and discussion
3.1. On the as-prepared catalysts

HR-TEM analyses were carried out on the as-prepared AuRO
and AuZ catalysts, and the results are summarised in Fig. 1.

Gold nanoparticles with a spherical shape were quite homoge-
neously dispersed on both supports (a and c). In particular, the Au
nanoparticles have a mean diameter of 2.3 + 0.6 nm when sup-
ported on titania, whereas a mean diameter of 2.4 + 0.7 nm was
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Fig. 1. HR-TEM representative images and Au particle-size distributions of the AuRO (a and b) and AuZ (c and d) as-prepared catalysts. The Au nanoparticles are highlighted

by coloured arrows. Instrumental magnification: 300,000x.
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obtained for the zirconia-supported nanoparticles (Fig. 1b and 1d,
respectively).

The particle-size distributions are quite narrow in both cases,
indicating that the largest fraction of nanoparticles have sizes in
the 2-3 nm range and that the deposition-precipitation method
provided high gold dispersion.

Moreover, the corresponding metal Specific Surface area (Au
SSA, m?/g) for the supported metal particles (supposed to be spher-
ical) was calculated (see Table 1) on the basis of each particle size
distribution. It was found that the AuRO catalyst has a metal SSA
equal to 35.3 m?/g, whereas a value 29.3 m?/g was obtained for
the AuZ catalyst.

In addition, the HR-TEM measurements performed on the AuRO
catalyst highlighted the lattice fringes that correspond to the inter-
planar distances related to the (110) and (2 00) planes of the
rutile (JCPDS file number 00-001-1292) and anatase (JCPDS file
number 00-001-0562) phases. On the other hand, the (-111)
and (11 1) planes, related to monoclinic ZrO, (JCPDS file number
00-001-0750), and the (200) and (211) planes, due to the
presence of zirconia in the tetragonal phase (JCPDS file number
00-002-0733), were observed for the AuZ sample.

These results indicate that the TiO, support is made up of a mix-
ture of rutile and anatase, whilst zirconia is a mixture of mono-
clinic and tetragonal phases, in agreement with the XRD patterns
of the as-prepared samples shown in Fig. 2a and 2b, respectively.

Despite no peaks related to gold were observed (for the sake of
clarity, the position of the 111 main peak of the cubic phase is
indicated by the orange line at 2 Theta 38.2°, JCPDS file number
00-001-1172) the presence of crystalline Au cannot be neglected,
because the metal loading is low and the position of the (11 1)
peak is very close to that of the peaks of both titania and zirconia
supports.

Diffuse reflectance UV-Vis-NIR analyses were carried out to
investigate the electronic properties of the supported Au nanopar-
ticles. As for the AuRO sample, the gold nanoparticles gave a broad
absorption, with a maximum around 18300 cm™! that is due to the
localised surface plasmon resonance (LSPR) of the supported gold
[34] (violet curve in Figure S-1 in the Supporting Information). In
addition, the plasmonic band is not well defined and the blue-
shifted component is due to the presence of small Au nanoparticles
[35-37], with a component at higher wavenumbers indicating that
gold species of heterogeneous size are present. In the case of AuZ
(wine-coloured curve), the LSPR absorption band is more intense,
appears narrower and has a slightly different maximum position
(18450 cm™1).

In situ FTIR experiments were performed on the AuRO
(Figure S-2a in the Supporting Information, bold line) and AuZ

(Figure S-2c¢, bold orange line) as-prepared samples, which had
previously been outgassed for 1 h at room temperature. The spec-
tra were collected after 3.0 mbar CO was introduced at —196 °C,
and during heating in CO (fine orange lines). The AuRO (bold line
in Figure S-2b) and AuZ (Figure S-2c, bold violet line) catalysts
were then re-cooled at —196 °C in the same CO atmosphere, the
spectra were also recorded during the heating (violet fine lines in
Figures S-2b and S-2c¢) in this case.

A sharp peak at 2177 cm™!, due to CO on the Ti*" sites [38,39],
and a band at 2150 cm™~! (CO in interaction with the OH groups of
the support) with a shoulder at 2127 cm™!, which can be assigned
to CO on Au®" sites [40], were produced after the first inlet of CO at
low temperature onto the as-prepared AuRO catalyst (bold orange
line in Figure S-2a). These absorptions progressively decreased in
intensity when the temperature increased (fine orange lines) leav-
ing a weak band at 2113 cm™', due to CO on Au®* sites [40]. These
positively charged gold sites, which originate from the final calci-
nation during preparation, are readily reduced by the CO probe
when the AuRO catalyst is re-cooled in the same atmosphere, as
indicated by the new symmetric band at 2098 cm~!, which can
be assigned to CO that is adsorbed onto Au® sites [41]. Quite similar
spectroscopic features can be observed in the AuZ sample that
underwent the experiment that was reported in Fig. 3c; the reduc-
tion of the Au®* sites (bands at 2119 and 2014 cm™!) to Au® sites
(band at 2098 cm~!) by the CO probe. In particular, the position
and shape of the final band at 2098 cm~! indicate that very similar
exposed Au sites are present on both catalysts. It is worth noting,
above all, that the gold sites revealed by CO display the same type
of reactivity toward the probe.

3.2. Microwave-assisted LA hydrogenation over gold catalysts

Microwave-assisted LA hydrogenation tests were carried out
and the reaction was performed under solvent-free conditions,
and in the presence of H,0, used as the solvent. LA hydrogenation
was accomplished by: (i) H-transfer, with the addition of a H-
donor (methanol, 2-propanol or formic acid); and (ii) in the pres-
ence of molecular Hy. As for option (i), using FA or 2-PrOH as the
H-donors, the catalytic tests gave low yields to GVL (<15.0%). In
addition, when MeOH was employed, the methyl ester was the
only product observed in the presence of both catalysts (data not
shown). The reaction was then performed in the presence of H,
under solvent-free conditions and the results are summarised
and compared with literature data in Table 2.

It was observed that low LA conversion (27.0%) and GVL yield
(4.8%) were obtained in the presence of the AuZ catalyst after 4 h
at 150 °C. Moreover, despite LA conversion of 98%, a very low
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Fig. 2. Comparison of the XRD patterns of the AuRO (a) and AuZ (b) catalysts collected on the as-prepared samples and after reaction under different conditions. The position
of the (11 1) main peak of the Au cubic phase is indicated with an orange line. A: anatase phase; R: rutile phase; M: monoclinic phase and T: tetragonal phase.
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Fig. 3. FTIR spectra collected after the adsorption of pyridine on AuRO (a) and AuZ (b), performed by expanding the vapors of the liquid probe at room temperature (orange
line) and subsequent outgassings up to 30 min (from black fine lines down to wine-coloured line). FTIR spectra collected upon adsorption of 10 mbar H,O at room
temperature on preadsorbed py (blue line) on AuRO (c) and AuZ (d) and upon outgassing at increasing times (fine black lines) up to 30 min (cyan line).

Table 2

Comparison of the results obtained for different catalysts in the microwave-assisted LA hydrogenation carried out in the presence of H,.

Catalyst Amount (mg) time (h) T(°C) H,(bar) Substrate Substrate/catalyst ratio solvent Conversion (%) Yield, GVL (%) Yield, 1,4-PDO (%)
(mmol/mg)
AuZ 40 4 150 50 LA 0.25:40 solvent-free 27 4.8 0
40 4 200 50 LA 0.25:40 solvent-free 100" 1.4 8.7
AuRO 100 4 150 50 LA 0.25:100 solvent-free 98 6.0 1.8
100 4 200 50 LA 0.25:100 solvent-free 100 0 100
CuZnAl* 50 6 160 60 EL** 1:50 1,4-dioxane 100 2.0 98

" Data taken from Ref. [17].
™ EL: ethyl levulinate.
¢ several high molecular-weight compounds, and 0.8% pentanoic acid.

GVL yield (6.0%) was achieved over the AuRO catalyst under the
same conditions. It is worth noting that 1,4-PDO was also produced
(with 1.8% yield) with this catalyst. Complete conversion was
reached over both catalysts by increasing the temperature to
200 °C and the formation of 1,4-PDO was also observed in the pres-
ence of AuZ. However, the yields of GVL and 1,4-PDO still remained
low with AuZ (6.0% and 1.8%, respectively), due to the formation of
several high molecular weight compounds, and 0.8% pentanoic
acid. Interestingly, 1,4-PDO was produced with a 100% yield over
the AuRO catalyst.

These data are of pivotal importance because they highlight the
synergic role played by the supported gold catalyst and MW irradi-
ation to promote the further reduction of GVL to 1,4-PDO by open-
ing the GVL lactone-ring structure. This process appears to be the
rate-determining step of the reaction. Indeed, it has previously
been reported that GVL can be produced from the MW-assisted
reduction of LA and methyl levulinate at 160 °C for 25 min using
i-propanol as the H-donor and in the presence of a 5 wt% Ru/C cat-
alyst [42]. The best results were 43.0% LA conversion and 41.0%

yield to GVL. The Au-Pd and Ru-Pd bimetallic alloys supported
on TiO, were shown to be active in LA hydrogenation to GVL,
and Ru-Pd/ TiO, was extremely selective toward GVL (99%), due
to the isolation of Ru sites by palladium [43]. In another paper,
Au catalysts supported on Al,03, CeO, and TiO, were tested in
the gas-phase continuous catalytic conversion of (aqueous) LA giv-
ing 100% yield to GVL under stoichiometric conditions (H,/LA =1).
The authors demonstrated that GVL was formed via hydrogena-
tion/dehydration with 4-hydroxypentanoic acid (4-HPA) as the
intermediate [44]. Zhu et al. have used a zirconia-supported gold
catalyst combined with a ZSM-5 zeolite to convert hemicellulose
into GVL, without using acids, in the presence of 2-propanol at
120°C (10 bar N,) [45]. This process gave 61.5% GVL after 24 h.
Prati et al. have investigated the activity of 1 wt% bimetallic Au-
Ir/TiO, and Au-Ru/TiO, catalysts and observed that, in the case of
iridium, the addition of gold led to a drastic drop in activity,
although it enhanced selectivity to GVL (>99%) [46]. In particular,
only 12.0% of LA conversion was obtained after 6 h of reaction.
On the other hand, Au-Ru/TiO, (86.0% after 3 h) provided higher
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activity than monometallic Ru/TiO,, while also maintaining full
selectivity to GVL.

To the best of our knowledge, this is the first time that LA has
been converted to 1,4 PDO over Au-based catalysts. A comparison
with the results of Huo et al. is shown in Table 2 [17]; this paper
deals with complete ethyl levulinate conversion and yields 1,4-
PDO after 6 h at 160 °C over a CuZnAl catalyst, using 1,4-dioxane
as the solvent and a 1:50 substrate/catalyst ratio (mmol/mg).

The effect of other parameters, such as reaction time, the nature
of the employed substrate and the use of water as the solvent, were
investigated by carrying out LA hydrogenation in the presence of
the AuRO catalyst. The data reported in Table 3 clearly indicate
that the reaction must be performed for 4 h, because LA conversion
decreased from 100% to 58% and the 1,4-PDO yield was lowered
to 19.6% when the reaction time was reduced to 2 h. Moreover,
the choice to start from GVL did not lead to any improvement
in catalytic performance; it gave conversions and yields that
were lower than those accomplished when using LA as the
substrate.

The use of water as the solvent strongly inhibited the reaction
over the AuRO catalyst. It led to a lower yield to 1,4-PDO (18.3%)
than under solvent-free conditions, and a partial stop of hydro-
genation to GVL (4.6%). This effect was even more evident when
performing GVL hydrogenation, since no conversion was observed.
There are reports that aqueous phase GVL dehydrogenation can
lead to a-angelica lactone [47] and/or LA [48]. This indicates that
inhibition by water can play a role in the reversibility of these reac-
tions, as they proceed through an hydration/dehydration equilib-
rium step (Scheme 1). In a paper dealing with LA hydrogenation
to GVL using formic acid as the H-donor in the presence of a num-
ber of 5wt% Ru catalysts supported on carbon, the authors
observed that higher conversion values were attained when lower
amounts of water were used. This was due to easier diffusion to the
active sites of the catalysts, resulting in the faster decomposition of
the H-donor [49]. Given the same Au-particle size and exposed
gold sites in the AuRO and AuZ catalysts, these findings indicate
that the sites of the support have a role to play.

3.2.1. Effect of the nature of the support

Information on the nature, amount and strength of the acid sites
exposed at the surface is required to investigate the role that the
support plays in MW-assisted LA hydrogenation. For the sake of
clarity, the surface of metal oxides consists of coordinatively unsat-
urated (cu) cations (M"™) and oxide (0%7) ions [50]. In order to
reduce the coordinative unsaturation of the surface sites, water
dissociative adsorption occurs, forming terminal OH-groups [51].
In this frame, the in situ FTIR spectroscopy of small adsorbed base
molecules, such as pyridine (py), is a powerful tool with which to
characterise the nature, strength and concentration of acid sites
[52]. In particular, the py probe can distinguish between Lewis
and Brensted acidity, giving rise to specific IR absorption bands
[53]. It has been reported that the adsorption/desorption of py at
room temperature produces two bands in the 1700-1400 cm™!
mid-IR range. The former (broad, and of medium intensity) is
observed at ~1540 cm~! and the latter (sharp, and of low intensity)

Table 3

is centred at ~1445 cm~'. These bands are associated with the 19b
ring mode of py, assigned to the py species adsorbed on Brgnsted
protonic sites (py-B), and to py species on coordinatively unsatu-
rated M"™ Lewis sites (py-Lewis), respectively [54,55]. Therefore,
the exposed acid sites of the supports were probed by Py adsorp-
tion and subsequent desorption. The experiments were performed
at room temperature on the as-prepared catalysts, which had pre-
viously been submitted to outgassing at room temperature for
30 min. Fig. 3 compares the in situ FTIR spectra of py adsorbed
on the AuRO (a) and AuZ (b) catalysts in the 1700-1400 cm™! fre-
quency range of ring-breathing (vccn) modes of vibration. In both
cases, the bands ascribable to liquid-like (physisorbed) py species
are observed at 1592 (8a mode) and 1440 (shoulder) cm~'. In
the case of the AuRO catalyst, a component was detected at about
1480 cm™'.

The intensities of the bands related to the py-Lewis species
appear to be higher than those of the bands due to py-B species.
In both cases, the peak located at 1603-1605 cm™! can be assigned
to the 8a mode of a stronger form of adsorbed py interacting with
surface OH groups via H-bonding. No bands related to the forma-
tion of pyridinium surface species were detected at higher frequen-
cies (~1630 cm™"), which indicates that strong Brensted acid sites
were absent on both supports. After evacuation at room tempera-
ture, the observed bands remain, though with decreased intensity,
at 1603 (py coordinated to Lewis acid sites), 1576-7 (8b mode
common to all adsorbed py species), 1492-1490, and 1445-
1442 cm~ .

Water was then adsorbed on preadsorbed py to investigate the
effect of the presence of H,0 on the availability of the acid sites of
the supports. A further decrease in the intensity of the bands was
observed upon the adsorption of 10 mbar H,O on preadsorbed py
at room temperature (blue lines in Fig. 3c and 3d) and further out-
gassing at increasing times (black fine lines) up to 30 min (cyan
lines).

This behaviour (much more evident for AuZ) is a clear indica-
tion that water molecules compete with adsorbed pyridine for
the same adsorption sites on the supports. It is worth noting that
GVL hydrogenation to 1,4-PDO is strongly inhibited by the pres-
ence of water [56], which highlights the difficulty of performing
this reaction in water.

3.2.2. LA hydrogenation mechanism

LA catalytic hydrogenation has been reported to produce differ-
ent products, depending on the catalyst and reaction conditions
[57]. LA transformation into GVL and then 1,4-PDO is made up of
consecutive hydrogenation/dehydration steps, which both occur
via the formation of well-defined, but short-lived intermediates
[58]. The proposed steps for LA reduction are shown in Scheme 1:
the LA keto group is first reduced to 4-hydroxypentanoic acid
(4-HPA) by H species that are formed upon the activation of molec-
ular hydrogen on the metallic sites. This intermediate promptly
dehydrates by undergoing intramolecular esterification to give
GVL. It is known that Lewis and Brensted acid sites promote cat-
alytic dehydration [59]. This step therefore takes place on the
Lewis sites of the titania and zirconia supports. The C=0 bond is

Effect of the reaction time and of the substrate in the microwave-assisted LA hydrogenation carried out in the presence of H, over the AuRO catalyst.

Catalyst Substrate t (h) T (°C) H, (bar) Water (mL) Conversion (%) Yield, GVL (%) Yield, 1,4-PDO (%)
AuRO LA 4 200 50 solvent-free 100 0 100

2 200 50 solvent-free 58 9.2 19.6

4 200 50 25 100 4.6 183
AuRO GVL 4 150 50 solvent-free 20 0 27.7

4 200 50 solvent-free 88 0 3.7

4 200 50 25 0 0 0
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Scheme 1. Steps involved in LA hydrogenation to 1,4-PDO. Inset: proposed paths for hydrogen activation during LA hydrogenation on the AuRO (a) and AuZ (b) catalysts.

further hydrogenated to give the cyclic hemiacetal, which is in
equilibrium with the open hydroxyl-aldehyde form (not shown),
and the aldehydic carbonyl group is hydrogenated to obtain 1,4-
PDO [60]. These steps are mostly reversible, which is an additional
challenge for the control of selectivity.

LA hydrogenation can also proceed through the formation of
a-angelica lactone as an intermediate, but no experimental evi-
dence was found to support this mechanism under the experimen-
tal conditions of this study. A patent on LA hydrogenation reported
that the bifunctional PdRe/C catalyst that was used was able to
hydrogenate angelica lactone to GVL and GVL to 1,4-PDO, at
200-250 °C and 100 bar of H, with yields up to 90% [61]. Plausibly,
more acidic conditions than those present when using the AuRO
and AuZ catalysts are needed to obtain o-angelica lactone, since
it is known that this compound can be simply prepared by boiling
levulinic acid in the presence of sulfuric or phosphoric acid and fur-
ther removing the produced water by distillation [62]. In sequen-
tial LA conversion in particular, the similar surface acidity that
was exhibited by the two Au catalysts (see Fig. 3) seemed inade-
quate to promote the conversion of LA to «-angelica lactone, but
appeared able to contribute to the transformation of 4-HPA into
GVL. It has previously been reported that catalytic activity in the
transformation of LA into «-angelica lactone in the gas phase
strongly depends on the amount and variety of acid sites [63,64].

Looking at Table 2, LA hydrogenation to 1,4-PDO is considerably
more efficient when it is performed in the presence of AuRO rather
than AuZ under the same experimental conditions. It is worth not-
ing that (i) both catalysts expose the same metal sites, (ii) that the
average size of the gold nanoparticles, and (iii) the particle-size
distribution are very similar, and (iv) both supports expose Lewis
sites.

When comparing the activity of AuRO and AuZ catalysts under
MW irradiation in severe reducing conditions (200 °C, 50 bar Hy), it
is worth noting that, in the case of reducible oxide supports, such
as TiO,, the presence of oxygen vacancies generated by the loss
of structural oxygen [65], alters reactant adsorption/activation
and therefore affects catalytic performance [66]. These vacancies
are able to fix oxygen from water [67] and alcohols [68].

Baker et al. have used DFT calculations to show that the active
sites for -C = O reduction in furfural hydrogenation were the oxy-
gen vacancies present at the surface of the Pd/TiO, catalyst [69].
However, oxygen vacancies can also display the opposing effect
when strong interactions with oxygenated reactants occur [70].

LA continuous catalytic conversions (aqueous) to GVL in the gas
phase over Au supported on Al,03, CeO, and TiO, have recently
been compared [44]. A 100% GVL yield at a H,/LA ratio=1 was
achieved, and it was shown that the use of reducible supports
delivered a higher GVL production rate than Au/Al,0Os, due to LA
activation on the surface oxygen vacancies. It was also observed
that pentanoic acid was generated in the presence of a higher H,
feed content (Hy/LA > 2). In this study, a small amount of pentanoic
acid was detected in the presence of AuZ (Table 2), i.e. over the
non-reducible support, which may indicate that the absence of
oxygen vacancies favoured the further dehydration of 4-HPA to
pentanoic acid.

Another point that should be considered is the activation of
hydrogen along with the occurrence of H-spillover phenomena.
Indeed, more complete comprehension of the mechanisms of
hydrogen activation would further the understanding of the whole
reaction mechanism as well as of the role played by gold and the
support. It was found that the H, molecule is dissociated at room
temperature on the edge and corner sites of both Au nanoparticles
and clusters, regardless of the nature of the support. Experimental
evidence of the formation of Au-H and Au-OH species that are
strongly bound to the metal sites and compete with the adsorption
of the CO probe has been provided by FTIR spectroscopy [71]. In
another study, the most active sites for H, dissociation were
reported to be the free-step Au edges and other Au defect sites that
are located away from the Au-O-Ti interface Au-OH species [72].
All these species can be formed on both AuRO and AuZ catalysts
(inset in Scheme 1, a and b respectively) and strongly affect the
activity and the selectivity in reactions involving hydrogen dissoci-
ation. However, the AuRO catalyst is much more efficient than the
AuZ system.

It was shown that spillover phenomena involving dissociated H
atoms occur at the surface of titania, where they were ionized to
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H”, and that the released electrons occupied the shallow trapped
states just below the conduction band of the oxide, which results
in a semiconductor n-doping process [71,72]. These H" species
can quickly diffuse into the TiO, bulk, possibly via long-range
migration involving hopping between near-neighbour oxygen
atoms in a helical path along the c-axis direction [73]. It can be pro-
posed that the H* species are able to react with activated LA and
GVL during the migration, which results in an improved LA-to-
GVL process as well as 1,4-PDO hydrogenation, explaining the bet-
ter catalytic performance of the AuRO catalyst.

3.3. Stability of the catalysts: Characterisation after MW-assisted
reaction

In order to investigate catalyst stability, XRD analyses were per-
formed on the AuRO system (Fig. 1a). They revealed that the peaks
for the crystalline (anatase and rutile) phases of the support are
unchanged after LA hydrogenation, as carried out under the vari-
ous reaction conditions (reported in Fig. 1). In addition, as in the
case of the as-prepared catalysts, no peaks were detected that
could be related to the presence of crystalline Au (orange line as
an eye guide in Fig. 1a), and the same was found for the used
AuZ catalyst (orange line as an eye guide in Fig. 1b). However,
although the crystallinity of the support is still maintained, a care-
ful inspection of the XRD patterns indicates that the relative inten-
sities of the peaks for the tetragonal and monocline crystalline
phases of zirconia are slightly different, possibly indicating the
occurrence of a phase transition from tetragonal to monoclinic zir-
conia under reaction conditions.

HR-TEM measurements were performed on selected used sam-
ples (Fig. 4), confirming the XRD findings, since the crystallinity of

a

the support is preserved, as demonstrated by the analysis of the
observed diffraction fringes (a, b and c of Fig. 4).

Furthermore, according to the data summarised in Table 4, con-
tained Au agglomeration was observed for both AuRO and AuZ cat-
alysts, despite the severe reducing conditions achieved during the
reactions under MW irradiation. In detail, as for the commercial
AuRO catalyst (Fig. 4a, 4b and Table 4), a similar coalescence extent
was observed regardless of the reaction conditions used. Gold
nanoparticles with an average size of 3.1 + 1.1 nm were detected
after 4 h of LA hydrogenation at 200 °C in the presence of 50 bar
H, (d), whereas nanoparticles with an average size of
3.2 + 1.2 nm were present on the same catalyst after 4 h of reaction
at 150 °C, using formic acid as the H-donor instead of molecular H,
(e, the reaction was carried out in the presence of 50 bar N5).

Based on the particle-size distribution, slightly more pro-
nounced Au coalescence was observed on AuZ after 4 h LA hydro-
genation at 150 °C, using formic acid as the H-donor instead of
molecular H; (Fig. 4f, the reaction was carried out in the presence
of 50 bar N,). Indeed, the gold nanoparticles have an average size
of 3.8 +1.0nm. The corresponding metal Specific Surface areas
(Au SSA, m?/g) were calculated for the used AuRO and AuZ cata-
lysts (see Table 4) and compared with those of the as-prepared
samples that were reported in Table 1.

Metal SSAs ranging from 37.5 to 36.7 m?/g were found for the
used AuRO catalysts. The differences in metal surface area (A%
SSA) compared to the as-prepared catalyst suggest that coales-
cence is preserved in the presence of formic acid and of molecular
hydrogen.

The used AuZ catalyst displays a metal SSA equal to 35.3 m?/g,
corresponding to an overall A% SSA of 1.8 m?/g. These results
appear to be in contrast with the literature, which has reported
marked sintering of Au, Pd and Ru nanoparticles supported on tita-

200°C, 4h, 50 bar H,, LA

10 4 d 4

1 2 3 4 5 6 7 8 9 100 1 2 3 4
Particle size [nm]

150°C, 4h, 50 bar N,, LA+FA

6 7 8
Particle size [nm]

150 °C, 4h, % bar N,, LA + FA

e f

9 10 11 120 1 2 3 4 5 6 7 8 9 10
Particle size [nm]

Fig. 4. Representative HR-TEM images of the AuRO (a and) and AuZ (c) catalysts and corresponding Au particle-size distributions after LA hydrogenation in the presence of
molecular H, (b) and by H-transfer (AuRO, d and AuZ, e). Instrumental magnification: 400,000 (a and b) and 300,000x (c).
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Table 4

Gold mean diameter, Specific Surface Area (Au SSA) and difference with that of the as-prepared catalyst (A% SSA) of the AuRO and AuZ catalysts after microwave-assisted LA

hydrogenation performed under different conditions.

Catalyst Reaction conditions Au mean diameter (nm)* Au SSA (m?/g)* A% SSA™*
AuRO 200 °C, 4 h, 50 bar Hy, LA 3.1+1.1 37.5 +0.8
AuRO 150 °C, 4 h, 50 bar N, LA + FA 32+1.2 36.7 +0.5
AuzZ 150 °C, 4 h, 50 bar N,, LA + FA 3.8+1.0 35.3 +1.8

" Obtained by HR-TEM measurements.

" SSA variation with respect to the value attained for the corresponding as-prepared catalyst.

nia after the first run of LA hydrogenation to GVL in dioxane at
200 °C and in the presence of 40 bar H, [43].

3.4. Recovery of the AuRO catalyst

The results of the XRD and HRTEM characterisation performed
on the AuRO catalyst after MW-assisted reaction encouraged us
to perform a further catalytic run over the used catalyst to explore
the reusability of the material. Unexpectedly, only traces of 1,4-
PDO were detected under the same reaction conditions (200 °C,
4 h, 50 bar H,).

TGA measurements were carried out on the AuRO catalyst
before (as-prepared catalyst), and after the reaction (used catalyst)
to investigate the reasons for this deactivation and the results are
shown in Figure S-3.

Upon heating from 35 °C to 700 °C in a 80.0 mL/min N, flow
(with a temperature ramp of 10.00 °C/min) the as-prepared AuRO
catalyst showed a small weight loss, due to the desorption of
water, and maintained 98.3% of its original weight. On the other
hand, the used catalysts displayed several weight-loss values that
depended on the reaction conditions, i.e. temperature and nature
of the substrate (GVL or LA). Weight loss ranged between 2.8%
and 13.7% and was more pronounced when the reaction was per-
formed from LA rather than from GVL, and at 150 °C rather than
200 °C. These results confirm that the increase in temperature from
150 °C up to 200 °C promoted the reaction for both LA and GVL
substrates and reveal that, by carrying out the reaction at 200 °C,
lower amounts of unreacted species and/or products are able to
remain adsorbed on the surface of the catalyst. The amount of
these species appears to be slightly higher for LA (weight loss of
13.7% at 150 °C and 6.4% at 200 °C) than for GVL (6.8% at 150 °C
and 2.8% at 150 °C). This trend can be reasonably explained when
we consider that: (i) LA tends to form humins [74], whereas GVL
is more stable; (ii) LA hydrogenation involves more steps than

50 183000 16950
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GVL hydrogenation; and (iii) the results of the catalytic tests
revealed lower GVL conversions.

The presence of unreacted species and/or reaction products can
poison the active sites of the support, such as the Lewis-acid sites
and the oxygen vacancies. The AuRO catalyst was therefore sub-
mitted to different activation procedures and subsequently tested
for MW-assisted LA hydrogenation to recover the catalytic activity.
After each activation, the plasmon absorption band of gold was
preliminary monitored by DR UV-Vis spectroscopy to check for
possible nanoparticle agglomeration. (The spectrum of the used
AURO catalyst is reported as a reference, the position of the Au
plasmonic band is the same as that of the as-prepared AuRO cata-
lyst, see Figure S-1). The spectroscopic findings have been further
confirmed by the results of the HR-TEM analyses performed on
the used catalyst submitted to the same thermal treatments. In
order to remove unreacted species and/or products without com-
promising Au dispersion, the catalyst was first calcined for 2 h at
400 °C, i.e. the temperature of the final calcination during its syn-
thesis. The reactivated catalyst did not show any LA conversion,
and an increase in the calcination time to 4 h failed to give positive
results (data not shown). A comparison between the DR UV-Vis
spectra of the reactivated catalysts and the used catalysts is
reported in Fig. 5a. An increase in intensity and a red shift in the
maximum of the plasmonic band of gold were observed, which
can indicate that the Au nanoparticles agglomerated upon both
calcination treatments. This hypothesis was validated by HR-TEM
measurements carried out on the AuRO catalyst submitted to cal-
cination for 4 h at 400 °C, that showed an increase of the size of
the Au particles (Fig. 5b, indicated by arrows) up to 7.0 £ 2.1 nm
(Fig. 5¢), hence explaining the loss of reactivity. Moreover, upon
calcination at 400 °C, the colour of both reactivated samples unex-
pectedly changed from intense violet (a, downward) to light blue-
violet (a, upward), which corroborated by the HRTEM findings on
the used catalyst described in section 3.3, appear in contrast with

- I —

5 10 15 20
Particle size [nm]

Fig. 5. (a): comparison of the DR UV-Vis spectra of the used (black curve) AuRO catalyst and of the same catalyst after calcination at 400 °C for 2 h (dashed light blue-violet
curve), and for 4 h (light-blue-violet curve). The digital images taken on the powders of the catalyst after reaction and after calcination at 400 °C for 4 h are shown in (a),
downward and upward, respectively. (b): representative HR-TEM image of the used AuRO catalyst submitted to calcination at 400 °C for 2 h, Fourier Transformed of the image
(b, downward) and corresponding Au particle-size distribution (c). Instrumental magnification: 250,000 x.
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Fig. 6. (a): comparison of the DR UV-Vis spectra of the used AuRO catalyst (violet curve) and of the same catalyst submitted to MW-assisted calcination in 15 bar O, for 2 h
(orange curve).(b): representative HR-TEM image of the used AuRO catalyst submitted to MW-assisted calcination in 15 bar O, for 2 h, Fourier Transformed of the image (b,
upward) and corresponding Au particle-size distribution (c). Instrumental magnification: 300000X.

the occurrence of such agglomeration. It is worth noting that the
distances measured on the Fourier Transform of the HR-TEM image
(Fig. 5b, downward) were typical of defective titania phases, such
as TisOg (JCPDS file number 00-011-0193) and Tis05 (JCPDS file
number 00-011-0217). It could be proposed that the reduced sup-
port contributes to the final colour of the used catalyst even after
calcination.

Another attempt was performed by submitting the used AuRO
catalyst to prolonged calcination at 500 °C for 24 h, with a gentle
temperature ramp of 2 °C/min. Also in this case the catalytic activ-
ity was not restored despite these precautions. However, even if
this strategy guaranteed the complete removal of the poisoning
species, metal agglomeration was not avoided because a gold aver-
age size of 19.8 + 6.9 nm was obtained by HR-TEM analysis (Fig-
ures SI-4 a, SI-4b andSI-4c).

The above results indicate that conventional calcination treat-
ment is not effective in reactivating the catalyst for MW-assisted
LA hydrogenation regardless of the time and temperature chosen.

Another consideration that must be taken into account is that
LA hydrogenation was performed under severe reducing condi-
tions; 200 °C under 50 bar H, and MW-irradiation for 4 h. Classical
reactive force field (ReaxFF) molecular-dynamics simulations have
been used together with first-principles density functional theory
(DFT) calculations to investigate the high-pressure hydrogenation
of anatase TiO, nanoparticles [75]. The authors explored the beha-
viour of TiO, nanoparticles at 523 °C under vacuum conditions and
showed that only a few oxygen vacancies were formed with crystal
structure preservation, and relatively small numbers of surface
atoms were displaced overall. Conversely, the reduction of the
spherical nanoparticle to TiOq g45, was rapid (1 ns) when exposed
to 200 bar H,, due to the large surface-to-volume ratio. Under
these conditions, the atoms in the surface layer were displaced
by 2-2.5 A, on average, which is a larger distance than the typical
Ti-O bond length. As a result, a disordered phase was created on
the surface, whereas the crystal structure was preserved. The
authors demonstrated that the oxygen vacancies reside longer on
sites close to the {0 0 1} facets, and play a key role in the amorphi-
sation of the surface. In addition, TiO, nanoparticles that had pre-
viously been treated with Al/H, were shown to undergo structural
and optical property changes, and improved MW absorption. The
high efficiency of MW absorption was linked to the disorder-
induced property changes in the materials [76].

It can be therefore reasonably assumed that along with a
retained growth of the Au particle size and with the presence of
adsorbed organics attested by TGA, the AuRO catalyst underwent
TiO, surface reduction/amorphisation under MW-assisted LA
hydrogenation conditions and that the process is responsible for

catalyst deactivation. Indeed, the XRD analyses performed on the
used catalysts (Fig. 2a) confirmed the crystallinity of the TiO,
nanoparticles after reaction.

To further investigate such hypothesis, the used catalyst was sub-
mitted to MW-assisted oxidation at 200 °Cin 15 bar O, for 2 h. Upon
this reactivation, the plasmonic band of Au was only slightly blue
shifted to 18470 cm~! (orange curve in Fig. 6a) in agreement with
the results of HR-TEM analysis which revealed contained agglomer-
ation of the gold nanoparticles (average size of 3.4 + 1.2 nm, Fig. 6¢)
and possibly the partial reoxidation of the titania surface.

The presence of distances related to anatase (JCPDS file number
00-001-0562) and rutile (JCPDS file number 00-001-1292) phases
seems to confirm such surface restoration. Moreover, the catalytic
activity was partially regenerated; 25.5% GVL yield was achieved.

Although the MW-assisted oxidation treatment needs to be
optimised, this result is of pivotal importance as it highlights the
fact that MW-assisted reactivation in an oxygen atmosphere is
needed to restore the surface of the catalyst, paving the way for
catalyst recycling directly inside the MW reactor by simply purging
with N, and switching the feed from a H;, to an O, atmosphere.

4. Conclusions

MW-assisted LA hydrogenation over a commercial Au/TiO,
(AuRO) catalyst and a lab-made Au/ZrO, (AuZ) catalyst has been
investigated. The reaction was performed solvent-free and in the
presence of H,0. Moreover, catalytic tests were carried out by H-
transfer, and in the presence of molecular H,. Several parameters,
including temperature, pressure and catalyst amount, were evalu-
ated and complete LA reduction was obtained with 100% yield to
1,4-PDO at 200 °C without any solvent with 50 bar H;, (4 h) over
the AuRO catalyst. A reaction mechanism involving the cooperative
effect of metal sites and the Lewis-acid sites of the support has
been proposed. In this context, water prevents the formation of
1,4-PDO due to competition with the substrate for the Lewis sites
of the support.

Both Au/TiO, and Au/ZrO, catalysts showed structural and mor-
phological stability under MW-assisted LA hydrogenation, regard-
less the reaction conditions used. The results indicate that the
AuRO catalyst can be reactivated by MW-assisted oxidation, paving
the way for catalyst recycling directly inside the MW reactor.
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