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The development of multifunctional catalysts is a necessary
step to effectively carry out one-pot cascade reactions, such as
that from furfural to γ-valerolactone. This research effort faces
the challenge posed by the intrinsic limit of how many kinds of
catalytic sites a single material can bear. In this work, the
application of Spray-Freeze Drying (SFD) as a synthetic
technique for the preparation of a wide range of innovative
composite multi-functional catalysts is reported. Herein we
show that by the proper combination of Aquivion as a highly
active Brønsted acid catalyst and metal oxides as both support
materials and Lewis acids (LAS) enable to achieve highly unique

efficient and effective dual acid composite catalysts that are
able to carry out the cascade reaction from furfural to γ-
valerolactone. The dual catalytic system comprised of Aq/ZrO2

with 30% polymer content prepared via spray-freeze drying
exhibited GVL yields of 25% after only 2 h at 180 °C and a
remarkably high productivity of 4470 μmolGVLgCat� 1h� 1, one of
the highest reported results. Mechanistic studies based on
experimental and advanced characterisation and spectroscopic
techniques, such as, SEM, TEM, 15N MAS NMR and 19F MAS NMR
indicate that activity arises from the proper tuning of BAS/LAS
(Brønsted Acid Site/Lewis Acid Site) acidic properties.

Introduction

The development of competitive and sustainable processes to
obtain key molecules from renewable resources is a key step in
the growth of biorefineries and a less environmentally impactful
industry. In this context, intensification of processes is an

important strategy that can be applied to chemical conversions
using a polyfunctional catalyst capable of promoting multiple
reactions in a single step. This has been attempted in the
conversion of furfural (FU), a cheap, widely commercially
available, biomass-derived molecule, to γ-valerolactone (GVL), a
green solvent and additive as well as a versatile building block
for chemical synthesis.[1–6] This conversion, represented in
Scheme 1A, requires a number of both reduction and Brønsted
acidity-catalysed steps. Furthermore, the reduction steps can be
carried out via catalytic transfer hydrogenation (CTH), a process
that employs a sacrificial hydrogen donor to reduce the
substrate without the need – common in commercial processes
– of noble metal or redox catalysts, as well as molecular
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Scheme 1. A: Simplified reaction scheme for the cascade synthesis of GVL
from FU. B: Structure of Aquivion.
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hydrogen.[7–9] To carry out CTH reactions without employing
metals, Lewis acid sites (LAS) must be present in the catalyst.[5]

Hence, to develop a suitable catalyst for the cascade synthesis
of GVL, both Brønsted acid sites (BAS) and LAS must be present.
To this end, different approaches have been attempted and
published. Among the most common approaches, zeolites
partially exchanged with zirconium and/or tin proved to be
effective thanks to the coexistence of the zeolite’s own BAS and
the LAS provided by the Zr-exchanged sites.[10–19] These studies
highlighted the difficulty in carrying out the BAS-promoted
steps, especially the hydrolytic ring opening of furfuryl alcohol
(FAL) and furfuryl ethers. To overcome this difficulty, the
employment of stronger Brønsted acids has been suggested. In
particular, catalysts bearing superacid sites have been explored,
starting from supported heteropolyacids.[20] These materials
displayed productivity of 280 μmol GVL gCat-1h

� 1 and a higher
capability in promoting the hydrolysis of the furan ring to
produce levulinates, despite it being difficult even on such
materials. A more novel approach is represented by the
application of fluorinated acid polymers as catalysts. While the
main application discussed in literature of such materials is as
proton exchange membranes,[21] their application as catalysts is
being explored due to their strong and highly active BAS and
their comparatively high thermal and chemical resistance.[22–25]

This has been discussed by Bernal et al., highlighting the
remarkable activity of Aquivion® in the conversion of furfuryl
alcohol to alkyl levulinate, one of the key steps in the cascade
production of GVL.[26] Aquivion (the structure of which is
reported in Scheme 1B) is the most recent commercially
available fluorinated acid polymer, a copolymer of tetrafluoro-
ethylene and a perfluorovinyl ether bearing a sulfonic group at
the end of a short side chain. Other ion exchange resins such as
Amberlyst and Nafion have long been used in the field of
catalysis, showing high activity in BAS-promoted conversions
such as etherification and esterification.[22,27] Despite their high
activity, ion exchange resins show significant drawbacks in their
low thermal stability (in the case of Amberlyst) and low
accessibility of active sites (in the case of Nafion).[22,27,28] To
improve and overcome the accessibility of Nafion acid sites, the
preferred reported solution has been the formation of a hybrid
Nafion/silica nanocomposite via sol-gel synthesis.[29] This ap-
proach has been demonstrated to be effective in increasing the
accessibility of the acid sites of the polymer.[27] The same
approach has been recently applied to Aquivion due to its
higher BAS density and thermal resistance (up to 300 °C).[22,30]

The formation of such composites has been shown to improve
the properties of Aquivion for important catalytic applications.
Among these, Fang et al. reported an improvement in both
glycerol conversion and glyceryl ethers yield (from 56% to
67%) when Aquivion is immobilized in a composite with
silica.[23]

To broaden the application range of these composites,
changing the supporting oxide from silica to other materials
capable of providing active catalytic sites as well as textural
properties has historically been challenging. Spray Freeze-
Drying (SFD)[31,32] is a novel technique that finds widespread
application in the pharmaceutical and cosmetic industries and

was already shown to be effective in improving the properties
of Aquivion for catalytic applications.[33]

Here we demonstrate for the first time that SFD can be
employed to synthesise a wide range of Aquivion/metal oxide
composites to finely tune the properties of the final catalyst.
Thereby, the resulting materials are uniquely able to convert FU
into GVL at unprecedented levels of productivity at mild
relevant operational conditions. The optimal catalyst (Aq/ZrO2

with 30% polymer content prepared via spray-freeze drying)
achieves GVL yields up to 25% after 2 h at 180 °C, and a
productivity of 4470 μmolGVLgCat� 1h� 1, one of the highest and
most promising results reported. Structure-activity relationships
indicate that activity arises from the robustness of the structure
and the presence of controlled BAS/LAS acidic properties, which
permit high productivity.

Results and Discussion

To optimise the preparation of the materials, following the
procedures described in the SI (Figures S1–S5), the first step
was to ensure a suitable dispersion of the desired phases and
therefore good level of homogeneity during spray-freeze drying
process. To do so, the ζ-potential of the prepared water
dispersions, as well as that of the single phases, was measured
as a function of pH. This allowed the proper tuning of the pH of
the mixed dispersions to ensure opposite potentials of the two
components and thus facilitate heterocoagulation. The behav-
iour of the mixed suspensions, reported in Figure S6, show a
much closer resemblance to that of pure Aquivion than what
would be expected from the composition. This suggests a
matrix encapsulation behaviour,[32] in which the oxide is
enclosed within the polymeric gel phase. With this procedure,
three series of catalysts have been prepared by varying
Aquivion-oxide composites from 0 to 40%, as reported in
Table S1. From the BET Specific Surface Area (SSA) values
reported in Table S1, it can be observed that each sample has a
much lower surface area than its corresponding oxide. While
the employed silica has an SSA value of 188 m2g� 1, its
composites reach values of 34–116 m2g� 1. The same is also true
for titania (23 m2g� 1 of the composite, compared to the
80 m2g� 1 of the bare oxide) and zirconia (116–209 m2g� 1 of the
oxides, compared to the 250 m2g� 1 of the bare oxide). This
difference is more pronounced the higher the polymer content
is and is higher than what could be explained by a simple
physical mixing of the oxides with a polymer bearing almost no
surface area (0.2–0.3 m2g� 1). This, combined with the progres-
sive decrease of SSA with the increase in polymer content,
suggests the successful creation of an intimate contact between
the phases, as the reduction of SSA can be attributed to the
polymer covering the surface of the oxide as it is evidenced by
the TEM analysis presented in the following section.
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Study on the Effect of the Metal Oxide Within Aquivion Based
Composites

Preliminary studies carried out on Aq/SiO2 composites, pre-
sented in Figures S6–S21, focused on the BAS-promoted part of
the cascade process, which is the conversion of furfuryl alcohol
(FAL), the reduction product of FU, into isopropyl levulinate
(IPL) via the two intermediates, furfuryl isopropyl ether (FPE)
and angelica lactone (AnL). From those studies, valuable insight
was gained on the behaviour of the catalysts and under-
standing better the reaction mechanism and therefore the
reaction network. In particular, the necessity of added water as
a key element to facilitate the hydrolytic ring opening of FPE
was highlighted and detailed discussion on the role of water is
presented in the supplementary information.

Having better understood the initial reaction mechanism
and reaction network for the production of isopropyl levulinate
as intermediate for gamma valerolactone, as well as having
identified the composition of these materials capable of max-
imising the properties of Aquivion as a Brønsted acid catalyst, a
new series of composites was prepared focusing primarily on
the effect of different metal oxides. In these materials, the
nature of the contained oxide was changed to introduce
varying degrees of Lewis acidity. Synthesis and characterization
of the oxides is reported in Figures S22–S26. LAS are necessary
to enable the CTH reaction to reduce IPL and AnL to produce
GVL as the desired product. The previously discussed catalyst
Aq/SiO2 30% was compared with analogous materials contain-
ing either titania (Aq/TiO2 30%, entry 4 in Table S1) or zirconia

(Aq/ZrO2 30%, entry 5 in Table S1) and discussion of results is
presented in a following section.

While the porosity and specific surface area of the different
composites (Figure S27) are greatly influenced by the employed
metal oxide, many other characteristics are consistent along the
series. The similarity between the ζ-potential curves of the
composites and that of Aquivion (Figure S28) suggest a “matrix
encapsulation” behaviour wherein the polymer matrix contains
the oxidic particles.[32] The polymer content of the composites
was checked via TGA (Figure S29). SEM imaging (Figures S30
and S31) shows a granular structure deriving from the spray,
while SEM-EDX mapping (Figures S32 and S33) shows no
noticeable segregation. These results highlight the flexibility of
SFD as a synthetic technique.

TEM imaging of Aq/ZrO2 30% showed the matrix encapsu-
lation suggested by the ζ-potential curves of the suspensions,
(Figure S34A) highlighting the crucial role of Aquivion in giving
structural integrity to the macrostructure of these materials
(Figure S34C, D). HRTEM images also showed the nanocrystal-
line nature of zirconia (Figure S35). TEM-EDX measurement
(Figure S36 and Table S2) showed a generally higher prevalence
of oxygen where the sample observed was polymeric, but that
is due to the micelle-like structures that Aquivion forms in
water, with the sulfonic groups on the surface and the
fluorinated main chain on the inside.[34]

Catalytic performance of the titania- and zirconia-based
materials as a function of reaction time and reaction temper-
ature is presented in Figures S37 to S42. The main results of
these studies have been summarised and compared in Fig-
ure 1A–D, in which the selectivity towards different products

Figure 1. A–D) Selectivity of products as a function of reaction temperature over different Aquivion-based spray-freeze dried composite catalysts with different
oxides. Reaction conditions: 1 mmol of FAL; FAL/BAS=100 mol/mol; 1 eq. of water; 15 mL of isopropanol; Reaction time of 2 h. E) 15N MAS NMR spectra of Aq/
ZrO2 30%, Aq/TiO2 30% and Aq/SiO2 30% upon 15N isotopically labelled pyridine adsorption at 25 °C. All samples have been outgassed at 180 °C before
pyridine adsorption.
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over the three catalysts is represented as a function of reaction
temperature. Figure 1A shows that Aq/SiO2 30% led to a
maximum of 40% FPE selectivity at 105 °C, with a slow decrease
at higher reaction temperatures, which reached 0% only at
180 °C. Aq/TiO2 30% showed the same maximum of FPE
selectivity at 105 °C, but at a higher selectivity of 52%, followed
by a sharper decrease that led to a complete conversion of FPE
already at 150 °C. Aq/ZrO2 30% showed the highest activity in
converting FPE, reaching a maximum of 51% selectivity already
at 90 °C, with an even sharper decrease in selectivity at higher
reaction temperatures. The same can be observed for AnL
(Figure 1C), which showed a decrease in selectivity at 180 °C
only over Aq/ZrO2 30%, while the other two composites are
unable to promote its conversion. In Figure 1B the selectivity
trends of IPL are represented, with much of the same catalytic
behaviour discussed for AnL. Aq/SiO2 30% led to an increase of
IPL selectivity with increasing reaction temperature, up to
180 °C. The other two composites, Aq/TiO2 30% and Aq/ZrO2

30%, showed similar increases in selectivity up to 150 °C, with
overall higher IPL selectivities reaching 62%. However, at 180 °C
it was observed in both cases a decrease down to 53% and
51% respectively. This decrease in IPL selectivity has been
explained, in light of the results presented in Figures S37 and
S42, by two different phenomena. In the case of Aq/TiO2 30%,
the higher reaction temperature led to the decomposition of
the molecules of interest, lowering the overall carbon balance.
In the case of Aq/ZrO2 30%, the decrease of both AnL selectivity
and IPL selectivity could be explained by the fact that zirconia
shows Lewis acidity strong enough to promote CTH reactions,
enabling at 180 °C the reduction of both AnL and IPL to GVL, as
shown in Figure 1D. At 120 °C, Aq/ZrO2 30% led to a 2% GVL
selectivity after 2 h of reaction time, and this selectivity
increased to 11% at 150 °C and 28% at 180 °C. This promising
result clearly shows that Aq/ZrO2 30% is the desired choice of
effective material, presenting the right combination of Lewis
and Brønsted acid sites necessary to promote the cascade
production of GVL. Moreover, 28% selectivity of GVL can be
achieved over this material in only 2 h of reaction. While Aq/
TiO2 30% also possesses both the acid sites of the polymer and
the support, the density and/or activity of the latter is too low
to lead to any noticeable GVL selectivity (Figure S26). From the
effect of reaction time on the selectivity distribution at 150 °C
and 180 °C over Aq/ZrO2 30%, presented in Figures S40 and
S41, respectively, it can be observed that the conversion of FAL
to either AnL or IPL, which is the BAS-promoted part of the
cascade reaction, was completed after 2 h at 150 °C and 15 min
at 180 °C. Further evolution of the selectivities is comprised of
the conversion of AnL and IPL to GVL, which is in both cases a
LAS-promoted CTH reaction. From these results, it can be
proposed that the rate-determining step in the conversion of
FAL to GVL over Aq/ZrO2 30% is not BAS-promoted. The LAS of
zirconia require a significantly longer reaction time to carry out
their respective part of the cascade process than the BAS of
Aquivion.

While the presence of zirconia, and particularly its LAS, is
crucial to enable the synthesis of GVL in one pot, an
investigation on the behaviour of these materials at low

conversions (achieved after 5 min at 120 °C, with a BAS/FAL
ratio of 0.2% molar, Figure S43) show that the very first steps of
the reaction are more efficiently promoted by the silica-based
composite.

The catalytic results highlighted that a synergy between
BAS and LAS in the composite materials is necessary to enhance
the catalytic performance. This is further supported by the
better performance displayed by Aq/ZrO2 30% when compared
with a physical mixture of Aq/SiO2 30% and ZrO2 (Figure S44).
Therefore, to understand the origin of the improved perform-
ance of Aq/ZrO2 as the most effective catalysts detailed
mechanistic studies were carried out. To study the combination
effect of the different acid sites, MAS NMR was used. This is a
powerful spectroscopic technique to elucidate the nature of
acid sites (BAS and/or LAS) present in solid acid catalysts when
combined with the use of probe molecules.[35] Moreover, this
technique is ideal to study especially the acidity of organic-
inorganic composite catalysts where the BAS are belonging to
the organic part (Aquivion) and the LAS to the inorganic oxide
surfaces.

To better discriminate between the Brønsted sites of the
polymer and the Lewis sites of the inorganic supports and to
evaluate the availability of the Lewis sites of the supports (TiO2

and ZrO2) in the composite materials, 15N isotopically labelled
pyridine was used as probe molecule, adsorbed at room
temperature and 15N MAS NMR spectra have been collected
(Figures 1E and S45). Protonated pyridine formed by the H-
transfer from the sulphonic BAS sites produced a sharp peak at
ca. 200 ppm visible in all composite catalysts.[36] A higher
chemical shift, particularly evident for Aq/ZrO2 30%, was
observed at 260–310 ppm and is associated to the presence of
LAS of the supports.[37] In fact, the same signals were present in
the 15N spectra of pure ZrO2 and TiO2 supports (Figure S45). In
contrast, the signal centred at ca. 290 ppm visible in Aq/SiO2

30% and pure SiO2 support is due to pyridine interacting with
surface silanols, it is in fact well known that SiO2 does not
possess Lewis acid sites but surface silanols that can interact
with pyridine molecules by H-bond.[38,39]

The presence of the BAS, belonging to Aquivion, are well
visible at 10–11 ppm also in the 1H MAS NMR spectra (Fig-
ure S46) of Aq/ZrO2 30%, Aq/TiO2 30% catalysts. This signal is
not present in the case of Aq/SiO2 30% due to the fact that
sulphonic protons are in exchange with the silanols or water
molecules still present after the thermal treatment considering
the nature of the silica surface.[39] In addition, the 1H spectra
also show evidence of the presence of broad peaks in the range
8 to 0 ppm due to the residual water molecules and H-bonded
Si� OH groups in the case of SiO2 support. Upon

15N-pyridine
adsorption (Figure S47), the 1H MAS NMR spectra revealed that
the signal due to � SO3H groups (10–11 ppm) disappeared and a
new signal at ca. 15 ppm due to the protonated pyridine
(pyridinium) is formed.[40] Signals below 10 ppm are due to ring
protons of pyridine.

In Table 1, the quantification of BAS and LAS sites and their
ratio is reported. The Aq/ZrO2 30% has a higher fraction of LAS
sites available with LAS/BAS ratio ca. 1.2 compared to Aq/TiO2

30%, which only presents a 0.1 LAS/BAS ratio. The amount,
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synergy and availability of both Brønsted and Lewis acid sites
are the key points to explain the improved catalytic perform-
ance observed of this catalyst with respect the other compo-
sites tested in the two-step reaction.

Study on the Effect of the Aquivion Content Within
Aquivion/Zirconia Composites

Considering the encouraging results in terms of initial charac-
terisation and catalytic performance using ZrO2, it is evident
that further improvement of the catalytic performances of these
Aquivion-based composites would require better control of the

LAS by tuning the composition of the catalysts and without
hindering the important role of BAS. Therefore, our strategy
was to vary the Aquivion content in the range 10–30%,
obtaining Aq/ZrO2 20% (Table S1, entry 6) and Aq/ZrO2 10%
(Table S1, entry 7), respectively. This variation in composition
led to an increase in the LAS/BAS ratio from 1.2 to 1.3 and 4.9,
going from Aq/ZrO2 30% to Aq/ZrO2 20% and Aq/ZrO2 10%
(Table 1).

Characterisation of these materials (Figures S48 to S53)
confirmed the versatility of SFD as a synthetic technique,
leading to a third series of composites with a high degree of
homogeneity in both morphology and structural characteristics.
In particular, SEM-EDX mapping (Figure S52) showed that, even
at a 10% polymer content the distribution maps of Zr and F
(representing the oxide and the polymer, respectively) are well
superimposable.

Comparing the catalytic performance of these materials as a
function of choice of support and content of Aquivion (Table 2
and Figure S54) showed that an increase in zirconia content
(decreasing from 30% Aquivion to 20% and 10%) immediately
led to complete conversion of AnL. IPL selectivity increased
from 51% over Aq/ZrO2 30% to 54% over Aq/ZrO2 20%, then
decreased to 40% with Aq/ZrO2 10%. This behaviour has been
explained with the previously discussed influence of BAS on the
formation of oligomer and the loss of molecules of interest; a
lower prominence of BAS resulted to an overall lower degree of
oligomerisation and thus to a better carbon balance. This was
further confirmed comparing the TGA profiles of Aq/ZrO2 30%
and Aq/ZrO2 10% before and after reaction (Figure S55). It can

Table 1. Quantification of LAS and BAS sites upon 15N isotopically labelled
pyridine adsorption at 25 °C by 15N MAS NMR.

Acid sites (mol% �5%)

Si-OH LAS BAS LAS/BAS

SiO2 100 – – –

Aq/SiO2 30% 57 – 43 –

TiO2 – 100 – –

Aq/TiO2 30% – 9 91 0.1

ZrO2 – 100 – –

Aq/ZrO2 10% – 83 17 4.9

Aq/ZrO2 20% – 56 44 1.3

Aq/ZrO2 30% – 54 46 1.2

Table 2. Comparison of the catalytic performances of the different composite materials.

Entry Catalyst Temperature
(°C)

Water
(mmol)

Conv.
(%)

Selectivity[a] (%)

FPE AnL IPL GVL C-Bal

1 Aq/SiO2 20% 120 0 99 46 1 29 0 77

2 Aq/SiO2 30% 120 0 95 44 8 35 0 86

3 Aq/SiO2 40% 120 0 98 50 1 22 0 74

4 Aq/SiO2 30% 180 0 100 1 23 47 0 71

5 Aq/SiO2 30% 180 1 100 0 18 79 0 97

6 Aq/SiO2 30% 180 0[b] 100 42 2 27 0 71

7 Aq/TiO2 30% 180 1 100 0 15 53 0 70

8 Aq/ZrO2 30% 180 1 100 0 4 47 20 71

9 Aq/ZrO2 20% 180 1 100 0 0 49 29 78

10 Aq/ZrO2 10% 180 1 100 0 0 40 37 77

[a] Catalytic performances obtained over 2 h at the specified temperature. Reaction conditions: 1 mmol of FAL; FAL/BAS=100 mol/mol; 15 mL of
isopropanol; N2 pressure of 10 bar. [b] 1 mmol of Na2SO4 was added as water-sequestering agent.
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be observed that both spent catalysts presented a more
pronounced weight loss than their respective fresh materials,
but Aq/ZrO2 30% displayed an 8% increase in weight loss
between fresh and spent catalysts, while for Aq/ZrO2 10% the
difference was only 5%. This can be attributed to a more
prominent formation of heavy carbonaceous species on the
surface of Aq/ZrO2 30% due to its higher presence of BAS.

While this behaviour explains the first increase in IPL
selectivity observed, it is the transformation of this intermediate
to GVL that justifies the decrease observed with Aq/ZrO2 10%.
In fact, the GVL selectivity progressively increased with the LAS/
BAS ratio, from 20% over Aq/ZrO2 30% to 29% over Aq/ZrO2

20% and 37% over Aq/ZrO2 10%. Moreover, a further increase
in LAS/BAS ratio, which may be achieved, for example, with a
polymer content of 5% or lower might be beneficial in terms of
GVL yield but was not explored due to stability concerns
discussed later in this section.

These promising results stimulated a further investigation
over the effect of the catalyst amount for each of these three
composites. Using the FAL/BAS molar ratio as a control variable
parameter, this was varied from 50 (2% BAS in respect to the
substrate FAL) to 500 (0.2% BAS/FAL), with the FAL/LAS ratio
resulting from the LAS/BAS ratio of each of the three catalysts.
Among the results obtained from this study, reported in
Figures S56 to S58, the most elucidative was the one deriving
from the Aq/ZrO2 10% composite (Figure S58). It can be
observed that, increasing the FAL/catalyst ratio (and thus
reducing the amount of catalyst), the first effect is a reduction
in the degree of conversion of IPL to GVL, increasing the
selectivity towards the former from 30% to 40% and then up to
47%. Meanwhile, the GVL selectivity decreased from 49% to
37%. A further reduction in the catalyst amount led to an
increase in AnL selectivity from 0 to 5%, which was once again
converted to GVL to a lesser extent. Both of these phenomena,
observed at FAL/BAS <300 mol/mol can be described as a

recession in the LAS-promoted steps of the domino process.
Despite the LAS/BAS ratio being considerably shifted towards
LAS in this catalyst (Aq/ZrO2 10%), it is only at FAL/BAS=

500 mol/mol that an incomplete conversion of FPE to IPL could
be observed, with the selectivity of the former increasing from
0 to 19%.

The effect of the catalyst amount on the catalytic perform-
ances underlined the fact that, despite the beneficial effect of a
lower polymer content, the rate-determining step of the
process seems to be invariably LAS-promoted. This means that,
as long as the FAL/BAS ratio is below 300 mol/mol, the control
of the GVL selectivity lies elsewhere, possibly in the FAL/LAS
ratio. To strengthen and validate our hypothesis, the total and
accessible BAS and LAS were determined combining the results
from 15N MAS NMR measurements after 15N isotopically labelled
pyridine with the results from 19F MAS NMR and TGA. In
Figure 2A the LAS percentage is reported as resulting from TGA
and 19F MAS NMR (total LAS) and as resulting from 15N MAS
NMR, along with the GVL selectivity achieved by the different
materials. The slight plateau observed in the 15N� Py measure-
ments might be attributed to an aggregation of the polymer at
higher contents which decreases the accessibility of the BAS, as
observed in Figure S34A. The three series follow very similar
trends, with a higher LAS prevalence leading to higher GVL
selectivities. Furthermore, in Figure 2B, the GVL selectivity
obtained in the previous studies has been correlated with the
FAL/LAS ratio instead of the FAL/BAS ratio. A good correlation
between the two parameters, even across three different
catalysts was found, suggesting that, for all three Aq/ZrO2

composites, the limiting factor is the activity of LAS, while
Aquivion’s BAS are more than capable of completely converting
FAL to IPL and AnL in the tested conditions.

Reusability studies were carried out for Aq/ZrO2 30% and
Aq/ZrO2 10%, representing the composites with the highest
and lowest Aquivion content in this last series of catalysts.

Figure 2. A) Correlation between the total LAS content measured via TGA and 19F MAS NMR, the available LAS content measured by 15N MAS NMR upon 15N-
Pyridine adsorption on the different Aquivion/Zirconia composites, and the GVL selectivity achieved. B) Correlation between GVL selectivity and the substrate
to LAS molar ratio for different Aquivion/Zirconia composite materials. Horizontal axis is logarithmic. Reaction conditions: 1 mmol of FAL; 1 eq. of water; 15 mL
of isopropanol; Reaction temperature of 180 °C; Reaction time of 2 h.
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Figure S59 shows the first three uses for each catalyst, with two
different behaviours becoming apparent. Aq/ZrO2 30% showed
good stability over three cycles, with only a slight decrease in
IPL selectivity being present (from 48% to 46% to 40%, all at
complete conversion). In contrast, Aq/ZrO2 10% showed
significant deactivation starting from the second cycle. In
particular, the conversion of FAL decreased (from 100% to
29%) and the FPE selectivity increased (from 0 to 73%). These
results suggest that the first sites that deactivated are the BAS.
On the other hand, the GVL selectivity, compared with IPL
selectivity, remained high, suggesting that the small amounts
of IPL produced by the BAS were still converted to GVL by the
presence of LAS, which did not deactivate as promptly. From
these results it is evident that Aq/ZrO2 30%, was more robust
than Aq/ZrO2 10%, while having a less optimised LAS/BAS ratio,
which in turn showed better catalytic performances during the
first reaction cycle.

To investigate the causes of the deactivation of the
composite, spent catalyst (Aq/ZrO2 30%) was characterised
thoroughly using a multinuclear MAS NMR spectroscopic suite
involving 15N MAS, 13C MAS, CPMAS and 1H MAS experiments
(Figures S60-S62). BAS and LAS acid sites are still visible in the
15N MAS NMR spectrum of spent Aq/ZrO2 30% upon pyridine
adsorption (Figure S60), their relative quantities significantly
decreased. In particular, BAS sites experienced a reduction of ca
50%, while only one-third of the LAS sites remained accessible
to pyridine on the spent catalysts. As a consequence, the LAS/
BAS ratio shifted from 1.2 to 0.5 from fresh to spent catalyst. 13C
MAS, CPMAS and 1H MAS spectra (Figures S61-S62) clearly
evidenced the deposition of carbonaceous species on the
surface of the spent catalysts (signals in the 14–32 ppm, 50–
110 ppm ranges and weak peaks in the 140–220 ppm range in
the 13C MAS NMR spectra and in the 0–5 ppm range in the 1H
MAS spectrum). In addition, the quantitative 13C MAS NMR
spectrum prominently displayed a strong peak at ca 110 ppm,
attributed to � CF2 carbons originating from Aquivion, high-
lighting that these chemical groups remain predominantly
intact on the surface of the spent catalyst.

The previously discussed TGA profiles (Figure S55) show a
higher weight loss for the spent catalysts compared with the
respective fresh ones. This suggests that the deactivation of the
catalysts is not caused by leaching of the polymer, which would
decrease the weight loss during TGA, but by fouling of the
active sites from heavy (presumably oligomeric) compounds.

From these results, it can be suggested that a non-thermal
regeneration protocol aimed at the removal of the carbona-
ceous deposits fouling the active sites would be the key factor
in the successful regeneration of the catalyst. Washing with
HNO3 or H2O2 was previously proven to be effective in restoring
the catalytic activity of pure Aquivion, presenting a promising
avenue for future investigation.[41]

Mechanistic Studies

The mechanism underlying this complex cascade reaction was
investigated for the Aq/ZrO2 catalysts to clarify the role that

each kind of acid site plays in the various steps of the process.
In order to do so, the reaction was carried out starting from the
commercially available intermediates of the reaction, or, in
absence of those, their similar available analogues. In particular,
FPE and IPL were substituted by furfuryl ethyl ether (FEE) and
propyl levulinate (PrL), respectively. The tests carried out for this
study are reported in Table S3 and represented in figures from
S63 to S69.

Figure S63 reports the catalytic performance of both Aq/
ZrO2 30% and Aq/ZrO2 10%, as well as bare zirconia, both at
150 °C and 180 °C, carrying out the reaction from furfural (FU).
This substrate was chosen as the beginning of the cascade
process. Its catalytic reduction produces FAL, and FU itself is
commercially obtained from hydrolysis and dehydration of
hemicellulose. This represents the inclusion of one more step in
the cascade process, bridging the gap from the well-established
industrial production of furfural and the target final product,
GVL. While at 150 °C zirconia showed a 60% FU conversion with
an 88% FAL selectivity (yield 53%), at 180 °C the conversion
increased to 98%, and the FAL selectivity decreased to 58%
(yield 57%), highlighting the propensity of FU and FAL towards
the formation of oligomers and humins.[42] This behaviour of FU
also explains the catalytic performance of Aq/ZrO2 composites.
At 150 °C, the reduction in the formation of humins from FU is
feasible, the composites led to a 46% and 50% FU conversion,
with very similar products distributions that differ only for the
IPL selectivity, which was higher for Aq/ZrO2 10% compared
with Aq/ZrO2 30% (31% instead of 15%, yields 14% and 8%).
At 180 °C, instead, the oligomerisation of FU led to prominent
fouling of the BAS of Aq/ZrO2 10%, as previously discussed
(Figure S55). With this catalyst, the main product was FPE, with
a selectivity of 32% (yield 28%). On the other hand, Aq/ZrO2

30% showed more resilience to fouling, leading to a 43% IPL
selectivity and a GVL selectivity of 25% (yields 34% and 20%).
Despite the fast deactivation of the BAS of Aq/ZrO2 10%, the
GVL/IPL selectivity ratio is 0.67, compared to 0.58 over Aq/ZrO2

30%, suggesting that the CTH of IPL was still proceeding, and
thus that the LAS were not as easily deactivated. A lower
influence of catalyst fouling was observed carrying out the
reaction starting from FAL, (figure S64) which yielded results in
agreement with those previously discussed.

Carrying out the reaction with AnL as a substrate (Fig-
ure S65) showed two different reaction pathways, promoted by
two different types of acid sites. The first pathway was the BAS-
promoted ring opening to produce IPL, which was more
prominent in the presence of rich BAS. Decreasing zirconia
content from Aq/ZrO2 10% to Aq/ZrO2 30%, the IPL selectivity
increased from 8% to 18% and 27% respectively at 150 °C
(yields 5%, 17% and 26%) and from 9% to 28% and to 51%
respectively at 180 °C (yields 8%, 27% and 50%). This trans-
esterification, while of great influence for the understanding of
the cascade process, does not further the conversion of the
intermediates to the final product, since both AnL and IPL
require one CTH step to yield GVL. Therefore, the efficient
transformation of AnL to GVL is promoted by LAS-promoted
CTH. While its behaviour is clear at 150 °C, with GVL selectivity
decreasing from 24% to 3% with increase of LAS (yield down
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from 14% to 3%), the behaviour at 180 °C is more complex. Aq/
ZrO2 10% led to a higher GVL selectivity than bare zirconia
(71% over the composite, 57% over zirconia, yields 67% and
50%), while Aq/ZrO2 30% only reached 12% GVL selectivity
(12% yield). The explanation for this behaviour was found in
the carbon balance of these processes. AnL has a high
propensity towards oligomerisation,[43,44] and each of the tests
carried out at 150 °C only led to a carbon balance below 35%.
At higher temperatures, the conversion towards more stable
desired products was faster, leading to carbon balances higher
than 60%. In particular, Aq/ZrO2 10% appears to possess the
right balance between BAS and LAS and reaching a carbon
balance of 99%.

Carrying out the reactions starting from propyl levulinate
(PrL, Figures S66 and S67) similar results were obtained as in
the case of AnL, with a few notable differences. Firstly, the
conversion of PrL was much lower than that of AnL, requiring
temperatures as high as 210 °C to obtain an 84% conversion
over Aq/ZrO2 10%. Secondly, there was always a considerable
IPL selectivity, suggesting that the acid sites of these catalysts
enable transesterification. Thirdly, AnL selectivity was zero
whenever PrL conversion was above 10%. These results suggest
that CTH of levulinates was slower than that of AnL, and that
the AnL produced underwent fast conversion to GVL.

The results using furfuryl ethyl ether (FEE) as the initial
substrate, the closest commercially available analogue to FPE,
are presented in Figure S68. Among the results, the first
standout is the AnL selectivity achieved at 150 °C, which is 16%
over Aq/ZrO2 10% and 15% over Aq/ZrO2 30% (yields both
14%). This implies a pathway for FEE to be converted towards

AnL without passing through the levulinate, since the con-
version of levulinates in hardly possible at 150 °C, as discussed
previously. The second unexpected result is the presence of FPE
up to 14% selectivity (13% yield); while transesterification of
PrL to yield IPL is to be expected, “trans etherification” of FEE to
produce FPE is not. This spurred an investigation of the
selectivity distribution at lower reaction times, yielding the
results presented in Figure S69. From what can be observed,
the first product of FEE conversion is actually FPE, with a 73%
selectivity (14% yield) during the first moments of the reaction.
This suggests that the fastest conversion FEE undergoes is the
formation of intermediate 1 (2-methylene-2H-furan-1-ium),
which then can be converted to FPE and from there to IPL.
Based on the catalytic behavior, the proposed reaction scheme
is presented in Figure S70.

While intermediate 1 is already known to be present in the
conversion of FAL to either AnL[45,46] or FPE,[47] these results
suggest for the first time a much more pivotal role in the
reaction network that underlies the cascade process from FAL
to GVL. Summarizing the results of this mechanistic study in
Figure 3, the cascade process starting from FU can follow two
main paths. At low temperatures, 4,5,5-triisopropoxypentanone
(TIPP) can be formed and then converted to IPL.[45,47] At higher
temperatures, instead, intermediate 1 (2-methylene-2H-furan-1-
ium) can be formed. This intermediate can undergo different
addition reactions, each yielding a different product. The
addition of a molecule of FAL produces difurfuryl ether (DFE),
being the first step in the formation of humins.[48] The addition
of a molecule of isopropanol to 1 produces FPE. While this
reaction is an equilibrium, the hydrolytic ring opening of FPE to

Figure 3. Proposed reaction mechanism for the cascade reaction from FU to GVL. Red arrows denote the Brønsted acidity-promoted steps, while the blue
arrows denote the Lewis acidity-promoted steps.
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produce IPL is not. Lastly, the addition of a molecule of water to
the carbon atom 5 in the furan ring of 1 leads to AnL via a
series of rearrangements that makes this process irreversible.
The CTH reactions that lead from both AnL and IPL to GVL are
also equilibria, but the abundance of propanol, which is both
the hydrogen donor and the solvent, ensures that they do not
behave as such.

Aq/ZrO2 30% achieved a 25% GVL selectivity after 2 h at
180 °C, with an 80% conversion of FU. (Entry 6 of Table S3 and
Figure S71). While this result already indicates the capability of
this catalyst to promote the complex cascade process, a 20%
yield was reached after a relatively short reaction time.
Comparison with current literature was done based on the GVL
productivity and the results are presented in Table S4. While
other authors report GVL yields as high as 87%,[49] those results
are generally achieved at higher reaction times of 4–24 h and
with often higher catalytic loadings. The productivities pre-
sented in Figure 4 show that, even at similar reaction temper-
atures, the GVL productivity achieved over Aq/ZrO2 30%
(4470 μmolGVLgCat� 1h� 1) is highly competitive.

Conclusions

SFD composites containing Aquivion and ZrO2 are shown to be
unique effective catalysts for CTH of furfural to GVL. Optimisa-
tion of reaction conditions combining with spectroscopic and
mechanistic studies of Aquivion-containing oxides by NMR
studies suggest that the activity and improved selectivity to
GVL arises from the presence and combination of Brønsted and
Lewis sites. The proper tuning of the Brønsted and Lewis acid
sites was achieved by varying a number of parameters, such as
the choice of the nature of oxide and the content of Aquivion.
Using SFD as the elegant choice of the novel preparation
method showed to be a highly effective and flexible technique
for the synthesis of innovative composite catalysts with uniform
distribution of phases and active desired sites. Aquivion showed

remarkable activity as a Brønsted acid catalyst, while the
formation of composites with metal oxides further improved its
capabilities. Aq/SiO2 30% achieved complete FAL conversion
and a 79% selectivity towards IPL after only 2 h at 180 °C as an
important intermediate for the production of GVL. The sub-
stitution of silica with high surface area zirconia allowed the
introduction of LAS in the catalytic composite, allowing the
further conversion of IPL to GVL, extending the capabilities of
these materials as dual bifunctional acid catalysts. Detailed
mechanistic studies carried out suggest the existence of a
complex network of equilibria underlying the cascade process
and highlighted the role of BAS and LAS for each reaction
pathway. Carrying out the cascade process starting from FU
over Aq/ZrO2 30%, a 25% GVL selectivity was achieved after 2 h
at 180 °C, with a FU conversion of 80%, representing a highly
competitive GVL productivity of 4470 μmolGVLgCat� 1h� 1. Studies
on the reusability of the material showed stable performances
over three reaction cycles, with MAS NMR studies confirming
that any deactivation of the material is due to fouling. While a
lower polymer content of 10% in the sample Aq/ZrO2 10%
leads to better selectivities, the 30% content presents a better
fouling resistance, and thus making for a more stable and
efficient catalyst. We propose that the new methodology
comprising both mechanistic and spectroscopic studies will aid
the design and discovery of future Brønsted/Lewis acid catalysts
and will help the development of CTH processes for the
valorisation of biomass-derived molecules. Further improve-
ment of this work will include further optimisation of the
reaction parameters for the synthesis of GVL as well as focusing
on the regeneration of the catalysts.
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