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MNP@perfluorinated superacid polymers: a family of bifunctional
catalysts for the selective, one-pot conversion of vegetable

substrates in water

Carmen Moreno-Marrodan,® Francesca Liguori, Pierluigi Barbaro,*® Stefano Caporali,’™ Luca

Merlo®® and Claudio Oldani®

Abstract: Innovative catalysts aimed at the sustainable, multistep conversion of renewable plant derivatives to high added-value
chemicals with high selectivity are strongly awaited. In this work we describe the rational design to a new versatile family of bifunctional
catalytic materials, based on the combination of supported metal nanoparticles and the superacid, perfluorinated Aquivion® PFSA
polymer. The heterogeneous catalysts were tested in the one-pot, one-stage conversion of (+)-citronellal to (-)-menthol and levulinic acid
to y-valerolactone in the water phase, showing high activity and full selectivity under mild reaction conditions. The results are discussed in

terms of catalyst microstructure.

Introduction

Chemicals production from not-critical, renewable raw materials
is of great relevance in the process industry aimed at reducing
its dependence from petrochemical sources.!' 2! Vegetable
biomass is key to this due to the large non-edible portion and the
availability from municipal and agricultural wastes, biorefinery
residues or from alternative farming,!***! thus to have limited
competition with the food industry.®! Methods to convert plant
derivatives into added value products have been developed
involving complex reaction sequences of two or more metal-
catalysed reduction and acid-catalysed (e.g. hydrolysis,
dehydration, esterification) steps.®” However, most processes
have been achieved using multiple reactor units, harsh
conditions or strong mineral acids, which requires considerable
time, space and energy inputs, while corrosion and
neutralization issues are often associated.!®! Moreover, a
multitude of compounds can be generated, therefore
intermediate workups, troublesome purifications procedures or
use of organic solvents may be needed, with significant
drawbacks in terms of costs, efficiency and waste emissions.
The development of alternative methods that comply with
sustainability criteria is thus highly desirable.®'” The target is to
attain 100% selectivity at high conversion level in a one-pot,
one-stage under the mildest possible reaction conditions.!""
Efficient multireaction processes are commonly carried out by
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living organisms through bifunctional biological catalysts, i.e.
enzymes.! 2 1 Some synthetic homogeneous acid—metal
bifunctional catalysts have been obtained by mimicking these
natural systems. However, their selectivity is often poor because
of the lack of a continuous array of specialized active sites.'*'?
In addition, heterogeneous catalysts are preferred by industry
due to the easier catalyst reuse and product separation.['®! A
potential solution is to use a combination of well-defined
supported acid and metal sites acting under the same
conditions,! 77 "1 notably metal catalysts onto solid acids,
hereinafter referred as truly bifunctional catalysts.l"®*! A number
of excellent reviews on bifunctional heterogeneous catalysts
have appeared in the literature,?"*? including for the conversion
of vegetable biomass.!? ?*! Among the various solid acids
catalysts available on the market, Bragnsted acid-type sulfonated
polymers, e.g. Amberlyst®, Dowex®, Nafion®, have shown
unsurpassed versatility and efficiency in several applications on
the large-scale.!® %1 A reason for this is their satisfactory
chemical and thermal resistance and the availability in different
morphologies (shape, size and porosity), strength and number of
acidic sites. The appropriate combination of these properties
allows for the selection of the best catalyst for each application.
In spite of that, with the exception of Amberlyst CH® (a
conventional, macroreticular styrene-DVB copolymer bearing 1
wt % Pd and 4.8 meq g’ sulfonic groups, used for MIBK
synthesis),'**%] no bifunctional catalyst based on the above
materials have been commercialized so far.*!

A family of perfluorinated, fluorosulfonic acid resins has
recently become available from Solvay Specialty Polymers
S.p.A under the name Aquivion® PFSA (Scheme 1).F%" These
polymers feature an acidic strength comparable to that of
sulfuric acid (Hammett acidity ca. -12)!%*1 while showing
remarkable thermal resistance and chemical inertness that allow
to withstand highly aggressive reaction conditions, including
strongly acidic and reductive environments.?**¥ |n addition, due
to the shortest side chain, Aquivion displays a higher
crystallinity, ionic conductivity and glass transition temperature
(Tg 140 °C) compared to its fluorinated congeners Nafion®,
Flemion® and Aciplex®.!®! Aquivion® has been reported for
applications as proton conductor in fuel cells®®*" and as solid
acid catalyst, either alone®®®¥ or supported (onto carbon, silica,
ceria). 4041

L]
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Scheme 1. Schematic representation of the structure and the synthetic procedure for MNP@PW65SM Aquivion® catalysts.
Table 1. Selected properties and labeling scheme for representative MNP@PW65SM catalysts prepared.
Metal Precursor Reduction Acid Catalyst label Metal loading [wt%] ©! MNP size @
method washing M Na [nm]
Pd Pd(NO3), H, - Pd@PW65SM-H2 1.34 <0.05 23+05
Rh [Rh(NBD),]BF, H, - Rh@PW65SM-H2 1.30 <0.05 39+09
NaBH, - Rh@PW65SM-BH4 1.21 3.29 34+07
NaBH,4 TfOH Rh@PW65SM-OTf 1.22 <0.05 25+0.6
Ru Ru(NO)(NOs)(OH), H, ™ - RU@PW65SM-H2 2.02 <0.05 21+0.6
NaBH,4 - Ru@PW65SM-BH4 1.79 3.19 34+05
NaBH, TfOH Ru@PW65SM-OTf 1.78 <0.05 32+08

[a] TFOH = CF3SO3H. [b] From ICP-OES. ° From TEM. [d] 1 bar H,, room temperature. [e] 20 bar H,, 120 °C.

Herein we report the synthesis and characterization of a
new class of bifunctional, heterogeneous catalysts based on
Aquivion-supported metal nanoparticles (MNP, M = Pd, Ru, Rh).
This catalysts family has been rationally designed to achieve the
effective, multistep conversion of biomass derivatives by a single
catalytic body, through the combination of key properties: a
polymeric, perfluorinated solid support material (for catalyst
resistance), a solid acid functionality with strength comparable to
that of sulphuric acid (for acid catalysis devoid of mineral acids),
immobilized metal nanoparticles (for catalytic hydrogenations).

Application of the prepared catalysts to the direct (i.e. one-
stage, one-pot) conversion of vegetable-derived substrates was
explored in the aqueous phase. Two representative processes
were selected to this purpose: the synthesis of y-valerolactone
(GVL) from levulinic acid and the synthesis of (-)-menthol from
citronellal. Motivations for these choices are multiple. GVL is an
important platform bio-molecule for access to a variety of uses
and derivatives. The synthesis of GVL requires a hydrogenation-
lactonization reactions sequence, usually under relatively high
temperatures and H, pressures. (-)-Menthol is a high-volume
market chemical, industrially produced through an isomerization-
hydrogenation reactions sequence, however, with severe
limitations in term of selectivity and use of organic solvents.

Results and Discussion

Synthesis and characterization of the catalysts

The support material used in the present study was the non-
commercial Aquivion® powder having 1.54 mmol g” proton

density (ion-exchange capacity), CF3 end-capping groups and
354-500 um grain size range, hereinafter referred as PW65SM.
Analogously to other non-crosslinked functionalized polymers,#24%
the material displays a very low surface area in the dry state (0.3
m? g") consistent with a gel-type (microporous) structure.[**]
Accordingly, the polymer interior is fully accessible only after
swelling in an appropriate solvent.**#®! Insolubility and swelling tests
were carried out, showing the best solvents in this respect to be
water, THF, toluene and n-hexane.'”! After sieving the material, the
intermediate fraction size was selected because of the lower internal
mass transfer limitations compared to the larger particles size*®!
and to the better sedimentation and easier recovery compared to
smaller particles. Neither Aquivion® pellets nor membranes of the
same composition were investigated due to the loss of the native
porosity of the raw powdered material upon extrusion.®®! Use of
other Aquivion® polymers with lower acid capacity was not
examined in detail, owing to the high proton density desired for our
applications (vide infra) and the lower swelling in water.

Noble metals nanoparticles (Pd, Rh, Ru) were immobilized
onto PW65SM by a straightforward, two-steps procedure,*® taking
advantage of the remarkable ion-exchange properties of Aquivion®
(Scheme 1).B%" Thus, irrespective of the metal, the polymer was
first metallated by ion exchange via treatment with a solution of an
appropriate  metal precursor, followed by metal reduction. A
systematic study was performed using H; or NaBH4 as reducing
agents, aimed at highlighting any effect of the reductant on the
catalytic performance (vide infra). Partial substitution of proton ions
in metallated PW65SM was achieved using a mmol metal / meq
ion-exchange capacity ratio of 1/10. The procedure resulted in
polymers with a typical 1.1-2.5% (w/w) metal loading after reduction
(ICP-OES, Table 1), corresponding to a 80-90% metal uptake, a
value higher than that usually obtained for conventional ion-
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exchange resins (50-80%).1°2:%3-%*1 Similarly to other polymeric
systems, clean reduction of the metallated PW65SM under 1 bar H,
and room temperature was possible only for the Pd derivative,
whereas Ru and Rh required stronger reaction conditions (20 bar H,
120 °C). In these latter cases, metal reduction at room temperature
could be achieved using an excess of NaBH4® **! however
successive washing with CF3sSO3H was required after borohydride
treatment, in order to remove the sodium ions from the polymer and
restore the original protic form of Aquivion.”®*"! The absence of
residual sodium in the finished catalysts was ascertained by ICP-
OES analysis.*”! Table 1 summarizes the catalysts synthesized and
the labelling scheme adopted. Giving priority to a greener procedure
whenever possible, palladium catalyst was prepared exclusively
following the cleanest approach. Preliminary studies showed that
immobilization of Pt nanoparticles onto Aquivion® is also possible
using analogous protocols "

The as prepared MNP@PW65SM catalysts were
characterized in the solid state by a combination of spectroscopic,
diffraction and microscopy techniques. Metal loading was obtained
from ICP-OES and EDS. TEM and XRD analysis showed all
catalysts to contain embedded MNP of small particle size (Table
1). For any given metal, the nanoparticles size was dependent
from the reducing agent used, as expected.®® Typical diameter
dimensions were in the range 2 - 4 nm. Representative size
distribution data and TEM images for Pd and Ru catalysts are
shown in Figure 1. Figures for the Rh derivatives are reported in
the Supporting Information (Figure S2). The small size of the in-
situ formed MNP is attributable to the stabilization properties of
MNP by gel-type functional polymers, thanks to the dual effect of
charged functional groups (electrostatic stabilization)! *°! and
porosity (steric stabilization).®®®"! Limited growth of MNP is also
favoured by the atomic level dispersion of the metal precursor
within the polymer, as a consequence of the ion-exchange
immobilization procedure.®® TEM and XRD data were consistent
within the experimental errors, although partial overlapping of
metal peaks with those of the matrix was observed for the Rh and
Ru derivatives. XPS measurements were carried out to
characterize the oxidation state of the supported MNP in
representative catalysts. Figure 2 shows the XPS spectrum of
Pd@PW65SM-H2 in the Pd 3d region where the usual palladium
doublet is observed. The Pd 3d peaks were deconvoluted into two
oxidation states, metallic Pd(0) at lower binding energy (Pd 3ds
335.1 £ 0.1 eV) and Pd(ll) at higher energy (Pd 3ds,337.2 £ 0.1
eV), with the latest likely due to PdO.l®®! No other palladium
species were detected. The calculated abundance of the two
species was 83.3% for Pd(0) and 16.7% for Pd(ll). As it was
previously reported,'®! the presence of PdO can be safely
attributed to a layer covering the core of metallic palladium
particles due to sample manipulation, since the percentage of
Pd(0) was increased up to 88.1% after sputtering with Ar, a
procedure that removes the most superficial atoms of the
nanoparticle.! ®*! Similar findings were obtained for the XPS
spectrum of Ru@PW65SM-H2, that was deconvoluted into two
components attributed to Ru(0) (Ru 3ds; 279.9 + 0.1 eV) and
RuO; species (Ru 3ds,281.5 + 0.1 eV). (Figure 3). The spectrum
was complicated by partial overlap with carbon matrix peaks (C
1s) in this case. The XPS spectrum of Rh@PW65SM-H2 was
successfully fitted using a single Rh(0) component (Supporting
Information, Figure S4). The acid density in the MNP@PW65SM
catalysts did not substantially differ from that of the original
Aquivion® polymer. Although this could not be demonstrated by
conventional TPD / amine desorption experiments due to the

WILEY-VCH

limited accessibility of gas reactants to gel-type resin in the dry
state,! 1 indirect proofs were obtained both from ICP-OES
analyses, showing no variation in sulfur loading and a negligible
sodium content after acidic rinsing (Table 1), and from the acidic
functional tests by means of the catalytic hydrolysis reaction of
ethyl lactate (vide infra).
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Figure 1. Typical TEM images (top) and MNP size distribution (bottom) for
Pd@PW65SM-H2 (left) and Ru@PW65SM-H2 (right).
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Figure 2. XPS spectrum of PA@PW65SM-H2 in the Pd 3d region.

— raw data

Intensity (a. u.)

206 200 285 280 275
binding enargy (aV})

Figure 3. XPS spectrum of Ru@PW65SM-H2 in the Ru 3d region.
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Scheme 2. Acid-catalyzed hydrolysis of ethyl lactate and metal-catalyzed
hydrogenation of MAA.

Table 2 Selected data for the hydrolysis of ethyl lactate by MNP@PW65SM
catalysts.”!

Entry Metal Catalyst Conversion
(%] "

1 - PW65SM 60

2 - PW65SM-BH4 3

3 Pd Pd@PW65SM-H2 59

4 Rh Rh@PW65SM-H2 46

5 Rh@PW65SM-BH4 13

6 Rh@PW65SM-OTf 43

7 Ru Ru@PW65SM-H2 38

8 Ru@PW65SM-BH4 11

9 Ru@PW65SM-OTf 38

[a] Reaction conditions: 70 °C, 190 rpm stirring rate, ethyl lactate 7.0110% M
in water, catalyst 40 mg, molar ratio ethyl lactate / Brensted acid sites = 35:1.
[b] After 210 min reaction time.
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Figure 4. Reuse of Ru@PW65SM-H2 catalyst in the hydrolysis reaction of ethyl
lactate. Reaction conditions: 70 °C, 190 rpm stirring rate, ethyl lactate 7.010% M
in water, catalyst 40 mg, molar ratio ethyl lactate / Brensted acid sites = 35:1.

Catalytic reactions

All MNP@PW65SM materials were tested as ‘bifunctional
heterogeneous catalysts in the aqueous phase using
appropriate probe substrates. Benchmark single-step reactions
were preliminarily exploited to examine the ‘monofunctional
catalytic activity, either metallic or acidic, of the prepared
materials. Aim of the study was to establish the effect of the
preparation method on the catalysts efficiency and to select the
best catalyst combination to perform acid-hydrogenation

WILEY-VCH

reaction sequences in one-pot. The hydrolysis of ethyl lactate
(acid catalysis) and the hydrogenation of methyl 2-
acetamidoacrylate (metal catalysis) in the aqueous phase were
chosen, respectively, to this purpose (Scheme 2).

In the hydrolysis reaction of ethyl lactate, the activities of
the MNP@PWG65SM catalysts were compared to that of
unmetallated PW65SM under identical conditions. Purpose of
the tests was: i) to determine whether the native acidity of
Aquivion® is retained upon MNP incorporation, ii) to highlight
the effect of both the metal and the proton regeneration
treatment on the acidity of the catalysts, iii) to evaluate the
catalysts stability under the reaction conditions adopted.
Selected results are reported in Table 2. In a reference
experiment, the PW65SM catalyst under batch conditions
provided a 60% conversion at 70 °C and 210 min reaction time
(entry 1). Irrespective of the metal or the reduction method,
provided that reduction with NaBH, is followed by acid washing,
activities of MNP@PWB65SM species were comparable within
the experimental errors and slightly lower than that of PW65SM
(entries 3, 4, 6, 7, 9).4" This indicates that the number and
strength of Bregnsted acid sites are substantially retained upon
incorporation of the metal into Aquivion®, as long as rinsing with
strong acids is carried out to restore the protic form of the
polymer, whenever an excess of NaBH4 is used as metal
reducing agent. As expected, conversions were significantly
lower for PW65SM-BH4 (3%) and for MNP@PW65SM-BH4
(<13%) catalysts in which all H" ions were replaced with Na*
during metal reduction (Table 2, entries 2,5, 8). The residual
activity can be attributed to the Lewis acid contribution of the
metal® and to the thermal instability of ethyl lactate, in that case.
After reaction completion, the catalysts could be quantitatively
recovered by decantation and analysed by TEM and EDS
showing no significant changes in the MNP size or in the sulfur
content. Metal leaching in solution was below the ICP-OES
detection limit (0.2 ppm) in any case. The recovered catalysts
could be reused showing only a minor activity drop (ca. 4%). A
representative example is reported in graphical format in Figure 4
for Ru@PW65SM-H2 over three consecutive runs. Interestingly,
under the same reaction conditions and for the same substrate /
acid sites molar ratio, the conversion using the metal-free catalyst
PW65SM was significantly higher than that provided by the
sulfonated ion exchange resin Dowex (28%), that can be ascribed
to the stronger acidity of the Aquivion® material.[*®

Table 3 Selected data for the hydrogenation of MAA by MNP@PW65SM
catalysts.

Entry Metal Catalyst Conversion
%] ®

1 Pd Pd@PW65SM-H2 77

2 Rh Rh@PW65SM-H2 62

3 Rh@PW65SM-BH4 61

4 Rh@PW65SM-OTf 65

5 Ru Ru@PW65SM-H2 21

6 Ru@PW65SM-BH4 7

7 Ru@PW65SM-OTf 7

[a] Reaction conditions: room temperature, 1 bar Hy, 190 rpm stirring, MAA
7.56-102 M in water, molar ratio MAA / metal = 126:1. [b] Conversion after
90 min reaction time.
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Figure 5. Selected data for the hydrogenation of MAA by MNP@PW65SM
catalyst. Reaction conditions: room temperature, 1 bar H,, water solution, 190
rpm stirring rate, molar ratio MAA / metal = 126:1.
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Figure 6. Reuse of Rn@PW65SM-OTf catalyst in the batch hydrogenation of
MAA. Reaction conditions: room temperature, 1 bar H,, water solution, 190
rpm stirring rate, molar ratio MAA / metal = 126:1.

The hydrogenation reaction of the water-soluble olefin
methyl 2-acetamidoacrylate (MAA) was used to: i) ascertain the
effect of the metal reducing agent on the hydrogenation activity,
of MNP@PWG65SM catalysts, ii) detect any effect of the acid
washing treatment on the catalytic activity, iii) identify the most
efficient Aquivion®-supported metal for catalytic hydrogenations.
Batch experiments were carried out using an inert reactor, 1 bar
H. pressure and room temperature. All catalysts showed to be
active under these conditions. Representative results are
summarized in Table 3 and graphically shown in Figure 5,
whereas full data are reported in Figures S9-S11. A perusal of
activity data shows that, for any given metal and irrespective of
the metal reducing agent, the most active catalysts are those
containing metal particles of the smaller size (Table 1), i.e.
Rh@PW65SM-OTf in the case of rhodium (Table 3, entry 4) and
Ru@PW65SM-H2 in the case of ruthenium (Table 3, entry 5).
Comparable activities were generally observed for the catalysts
obtained from NaBHj, reduction, irrespective if an acidic washing
was performed or not (Table 3, entry 3-4 and 6-7). This evidence
rules out any significant poisoning effects of the metal surface by
the conjugated anion of the acid used for washings.””? We must
underline, however, that the interpretation of the above findings
must be considered with care, since several additional factors,
besides MNP size,®®" may affect the hydrogenation activity of
the catalysts, including shape”"? and distribution of embedded
MNP 71 and the acidity of the support material.!”® 7®! As

WILEY-VCH

expected from the diverse affinities for the C=C bond,!”" ™!

activities were different for different metals, with catalytic
efficiency decreasing in the order Pd > Rh > Ru for the same
catalyst type. After completion of the hydrogenation reactions,
the catalysts recovered by decantation showed no significant
changes of the MNP size by TEM, nor metal leaching in solution
was detected by ICP-OES. Catalysts reuse was possible with no
significant activity decrease over several consecutive runs. A
representative example is reported in Figure 6 for
Rh@PW65SM-OTf catalyst. It is worth noticing that
Pd@PW65SM-H2 and Rh@PW65SM-H2 show activities
comparable to those of the parent Pd@Dowex*® and
Rh@Dowex!"” catalysts based on a gel-type polymeric support.
This indicates the full site-accessibility of the Aquivion catalysts
thanks to microporosity developed upon swelling. Stability and
efficiency of functional resin-supported metal catalyst in
hydrogenation reactions was previously attributed to the
favourable combination of microporous structure of the support
with the narrow size distribution of the immobilized metal
particles.®

All above findings provide useful information for the
selection of the “optimal” bifunctional MNP@Aquivion catalysts.
Best compromise between metal and acidic activity is expected
for catalysts obtained by H; reduction, in the case of Pd and Ru,
and by NaBH, reduction followed by CF3SO3;H washings, in the
case of Rh. It must be noticed that these criteria apply for
reaction sequences involving the hydrogenation of C=C bonds,
while they may significantly differ for the combination of
multistep reactions comprising other processes, e.g. C=0 bond
reduction. Thus, due to the different affinities,"® it is expected
that Pd will be the best metal option for C=C hydrogenations,
while the Ru-based catalyst may be preferred for reaction
sequences involving C=0 bonds hydrogenations.

The “bifunctional” performance of selected catalysts was
then scrutinized in representative two-step reactions of high
significance in the valorisation of vegetable biomass derivatives,
namely the direct conversion of (R)-(+)-citronellal to (-)-menthol
and the direct conversion of levulinic acid to GVL.

Conversion of (R)-(+)-citronellal to (-) menthol: (-)-Menthol
is a highly demanded product for the food and pharmaceutical
industry due the characteristic peppermint fragrance and
refreshing effect.®*#" No such properties are featured by the (+)-
menthol enantiomer.®? (-)}-Menthol is synthetically produced on
a 3000 tons / year scale by the Takasago process, based on five
steps starting from myrcene and accounting for ca. 20 % of the
overall world market of menthol.®®! The two last steps of the
process involve the acid-catalysed cyclization of (+)-citronellal to
(-)-isopulegol by stoichiometric amounts of ZnBr,, followed by
conventional C=C bond hydrogenation of the latter by Ni
catalysts (Scheme S3). The challenge for heterogeneous
bifunctional catalysts is to carry out the conversion of citronellal
into menthol with high selectivity in one-pot and one-stage.
Indeed, under the simultaneous conditions of acid and
hydrogenation catalysis, citronellal may undergo a very complex
reaction system (Scheme 3). (+)-Citronellal features one
stereogenic carbon atom and two prochiral carbon atoms,®!
hence four different isopulegol and menthol diastereoisomers
may be produced, in addition to various competitive hydration
and hydrogenation reaction products.
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Scheme 3 Catalytic reaction pathways for (R)-(+)-citronellal under hydrogenation / acid conditions with main potential products.
Table 4 Selected data for the direct conversions of (R)-(+)-citronellal to (-)-menthol by MNP@PW65SM catalysts.”
Entry Catalyst Temp.  Time Conv. Sel. (-)-menthol ™ Yield [%] Productivity!®
[°cl [h] [%] [%] (-)-menthol  (-)-isopulegol others [mol gy h"x10°
1 PW65SM 80 24 99 1 1 27 71 -
2 Pd@PW65SM-H2 80 48 100 99 99 0 1 1.9
3 Pd@PW65SM-H2 60 23 100 99 99 0 1 4.7
4 Pd@PW65SM-H2 60 16 99 90 89 10 0 5.6
5 Rh@PW65SM-OTf 80 48 98 19 18 5 759 -
6 Ru@PW65SM-H2 80 48 100 17 17 0 g3 -
7 Pd@Dowex 60 23 97 16 16 1 80 -

[a] Reaction conditions: (+)-citronellal 0.1 M in water, substrate/metal molar ratio = 114:1, H, pressure 10 bar. Data from GC analysis. [b] Selectivity to (-)-menthol.

[c] Calculated on moles of (-)-menthol product and metal M content. [d] 1,8-Terpine and isomers >90%.

Table 5 Selected literature data for the direct conversions of (+)-citronellal to (+)-menthol by heterogeneous catalysts. !

Entry Catalyst Type Solvent Temp. H, Yield [%)] Productivity Ref.
[°C] [bar]  mentholisomers®™ menthol@  [Mol gu’ h}10°
1 1.3% Pd@PW65SM-H2 tel bifunctional water 60 10 99 (-) 99 4.7 this work
2 1% Ru@H-BEA-25 bifunctional dioxane 100 15 93 ()79 75 [87]
3 2% Pt@H-beta bifunctional dioxane 25 20 96 (*) 85 93 [91]
4 3% Ir@H-Beta bifunctional cyclohexane 80 8 93 (x) 70 10 [92]
5 Cu@Ssio, ™ bifunctional toluene 90 1 95 ()75 3 [90]
6 15% Ru-ZnBr,@SiO, bifunctional cyclohexane 60 1 90 (-) 85 - [89]
7 5% Pd-PW@Si0, ™ bifunctional cyclohexane 70 35 92 (-)78 21 [94]
8 2% Pt@Ga-MCM-41 bifunctional 2-propanol 120 - 87 (-) 60 2460 [95]
9 Zr-beta + 15% Ni/MCM-41 mixture ™ t-butanol 80 20 77 ()73 51 [96]
10 0.28% Pd@MIL-101 bifunctional cyclohexane 80 8 34 () 27 6 [97]

[a] Data at full conversion. [b] Sum of menthol isomers: (+)-menthol, (+)-neo-menthol, (+)-iso-menthol and (+)-neoiso-menthol. Racemic mixture for each isomer, unless
enantiopure (+)-citronellal was used as substrate. [c] Menthol yield, enantiomer in brackets. [d] Calculated on moles of (-)-menthol product and metal M content. [e] (+)-
Citronellal was used. [f] Copper acts as both hydrogenation and acidic site. [g] Microwave-assisted transfer hydrogenation. [h] Mechanical mixture. [i] Based on Ni.
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A number of bifunctional MNP@PW65SM catalysts,
selected on the basis of the benchmark reactions criterion above
described, were tested over concentrated aqueous solutions of
(+)-citronellal under identical reaction conditions, namely
Pd@PW65SM-H2, Rh@PW65SM-OTf and Ru@PW65SM-H2.
In a typical experiment, a mixture of catalyst, (+)-citronellal and
water was heated under a selected hydrogen pressure. After
stirring for the desired time, the solid was decanted and the
resulting clear solution analysed without further treatments by
chromatographic, spectrometry and NMR techniques.
Representative results are reported in Table 4 in terms of overall
conversion and (-)-menthol purity, selectivity and yield.
Productivities (mol(.)menthol / Weightmetar X h) were included for
comparative purposes. As reference reaction, the metal-free
catalyst PW65SM gave 99% citronellal conversion after 24 h at
80 °C and 10 bar H,, thus confirming the high acid catalytic
activity of the Aquivion support (Table 4, entry 1). The reaction
resulted in a fully diasteroselective cyclization to (-)-isopulegol
(27% yield) and in ca. 71% hydration to 1,8-terpine isomers. ¢!
No traces of other isopulegol isomers were detected. A milky
solution with a lower isopulegol content was obtained for longer
reaction times, likely due to significant isopulegol degradation to
insoluble dimers.®"® Use of the PdA@PW65SM-H2 catalyst at
80 °C resulted in full citronellal conversion with 99% selectivity to
(-)-menthol after 48 h (Table 4, entry 2). Neither traces of
isopulegol or menthol isomers nor other hydrogenation or
hydration by-products were observed by GC, GC-Ms and 'H
NMR analysis. Because of the excellent performance,
Pd@PW65SM-H2 was examined in a broader temperature
range. At 60 °C and shorter reaction times (23 h) the catalyst still
showed neither drop of activity nor selectivity (Table 4, entry 3).
Conversion was below 100% after 16 h resulting in ca 9:1 ratio (-
)-menthol):(-)-isopulegol yield (Table 4, entry 4). In agreement
with earlier observations, these findings indicate that, under
these conditions, the conversion kinetic involves a
diastereoselective citronellal cyclization step, followed by a
slower (-)-isopulegol hydrogenation,'®*°! whose rate is higher
than that of the competitive hydration reaction. The above
results for Pd are in line with our prediction based on the one-
step MAA hydrogenation and ethyl lactate hydrolysis reactions.
Indeed, the protonated rhodium catalysts showed appreciable
activity at 80 °C, but very poor chemo selectivity to (-)-menthol,
due to prevalent isopulegol hydration to 1,8 terpine isomers and
other degradation products (ca. 80% vyield, Table 4, entry 5, and
Table S9). On the basis of the MAA hydrogenation findings
(Table 3, entry 4 and Figure 5), this is attributable to a less
efficient hydrogenation than hydration step in the case of
rhodium.  Similar results were obtained using the
Ru@PWS65SM-H2 catalysts (Table 4, entry 6), which agrees
with the low C=C hydrogenation activity of Ru compared to Pd
(Table 3, entry 5). It is worth mentioning that, under the same
experimental conditions, the literature reported Pd@Dowex
catalyst,*® based on a sulfonated polystyrene support, showed
similar activity, but much lower (-)-menthol selectivity (16%,
Table 4, entry 7), that can be tentatively attributed to the lower
hydrogenation efficiency due to the larger PANP size in this case
(3.7 nm). Irrespective of the metal or the reaction temperature,
the Aquivion®-supported catalysts could be quantitatively
recovered after cooling down to room temperature and
decantation. No significant change of MNP size was highlighted
by TEM.

WILEY-VCH

The selectivity observed in the direct conversion of (+)-
citronellal to (-)-menthol by PA@PW65SM-H2 catalyst must be
highlighted. No significant amounts of (+)-neo-menthol, (+)-iso-
menthol or (+)-neoiso-menthol isomers were detected, thus
indicating 100% diastereoselectivity in the cyclization to (-)-
isopulegol, as well as fully chemoselective hydrogenation. It is
worth noticing that the first step of the Takasago process affords
a molar ratio of (-)-isopulegol to the other isopulegol
diastereoisomers of 96:4. To the best of our knowledge,
Pd@PW65SM-H2 provides the best yield of (-)-menthol so far
reported in the direct catalytic conversion of citronellal. Other
heterogeneous catalysts, either bifunctional or mechanical
mixtures, have been described for this reaction, however
showing lower stereo or chemo selectivity (Table 5).°% Although
racemic citronellal is usually employed in these studies, which
results in (£)-menthol mixtures, they are useful to compare the
efficiency of the tested catalysts. Thus, very good
chemoselectivity to menthol isomers (93-96% vyield at full
conversion) and good stereoselectivity to menthol (70-85%
yield) have been shown by zeolite-supported Ru,® Pt*'! or
I192%% hanoparticles (Table 5, entry 2, 3 and 4). Moderate yields
of menthol (60-85%) have been obtained either using Cu onto
unfunctionalized  silica,™® Ru onto SiO,-supported zinc
bromide,® Pd onto heteropolyacid-silica,!®*! or Pt onto Ga-
doped silica®! under microwave-assisted transfer hydrogenation
conditions (Table 5, entries 5-8). Lower menthol yields were
obtained using either a Zr-beta + Ni@SiO, mechanical
mixture! ® 1 or a bifunctional MOF catalyst containing
coordinatively  unsaturated Cr** sites and palladium
nanoparticles!®! (Table 5, entries 9-10). With respect to other
literature reported hydrogenation catalysts, Pd@PW65SM-H2
ranks in the low-range reaction rate, the highest productivity
value having been observed under hydrogen-transfer conditions
using 2-propanol as H-source (Table 5, entry 8).1°®! Productivity
for PA@PW65SM-H2 is ca. 5102 mol ge¢”" h™, that increases to
ca. 20102 mol ge¢”" h™ if only the surface exposed Pd atoms
are considered (23.8% from TEM). However, advantages of
Pd@PW65SM-H2 are clear in terms of use of water solvent,
milder reaction conditions and (-)-menthol purity, which prevents
the need of burdensome downstream purifications.

From the comparison with other catalysts, one can argue
that the high (stereo)selectivity of Pd@PW65SM-H2 is
attributable to the appropriate combination of efficient metal-site
catalysis and strong Brensted acidity of the Aquivion® PFSA
support. A complex combination of other factors, although less
evident, may play a role, including porosity of the material,®®%
balance of Lewis and Brensted acid sites in the solid
catalyst,®"%"" hature of the solvent. It is known that the one-
pot synthesis of menthol from citronellal is very sensitive to the
solvent used.®" However, this more directly affects the overall
conversion rate and the relative rates of acid / metal catalysis,
hence the chemoselectivity, rather than stereoselectivity.'%2%!
In the case of Sn-beta catalysts, a beneficial effect on the
diastereoselectivity by addition of small amounts of water was
highlighted, although the way of action could not be
ascertained."™ In the case in our hands, compared to water,
use of PA@PW65SM-H2 in THF resulted in lower (-)-menthol
selectivity, at the same conversion level (yield (-)-menthol 73%,
Table S9). Reactions carried out in n-hexane resulted in very
low conversions, that can be tentatively attributed to the low
polarity of the solvent.®” It is clear that use of water solvent is
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inherently advantageous in terms of environmental impact,
whereas it may present some selectivity issues because of the
potential formation hydration by-products. However, this issue
can be circumvented by selection of the appropriate catalyst, i.e.
Pd@PW65SM-H2 in this case.

Q H, OH -H,0
OH _~, OH . o
o metal o H* 0
LA HVA GVL

Scheme 4. Pathway of catalytic conversion of LA to GVL.

Table 6 Selected data for the direct conversions of LA to GVL by
MNP@PW65SM catalysts.!

Entry Catalyst Temp. Time Conv. Sel® Prod.™
[°C] %] [%] [mol gy h']

1 PW65SM 70 4 0.0 - -

2 Pd@PW65SM-H2 70 4 1 >99 -

3 Rh@PW65SM-OTf ¥ 70 4 20 >99 013

4 Ru@PW65SM-H2 1 70 4 86 >99 081

5 Ru@PW65SM-H2"® 70 7 >99 99 0.45

6 Ru@PW65SM-H2® 80 4 97 96 0.87

7 Ru@PW65SM-BH4 50 4 26 99 0.27

8 Ru@PW65SM-OTf 50 4 50 99 0.52

9 Ru@Dowex [ 50 4 29 99 0.30

[a] Reaction conditions: LA 0.43 M in water, substrate/metal molar ratio =
420:1, H, pressure 5 bar. Data from GC analysis. [b] Selectivity to GVL. [c]
GVL Productivity calculated on metal M content. [d] Substrate/metal molar
ratio 320. [e] Substrate/metal molar ratio 380. [f] Data from ref. [118].

Conversion of levulinic acid to y-valerolactone: GVL is a
safe material widely used as solvent, flavour, intermediate in the
synthesis of a variety of fine chemicals and as platform for liquid
biofuels.!'®®'%! |t can be catalytically produced from levulinic acid
(LA),['71%81 5 degradation product of lignocellulosic biomass,!'®
by a two-step hydrogenation-lactonization process via y-
hydroxyvaleric acid (HVA) in one-pot (Scheme 4).I'"% Details of
the reaction mechanism and kinetic of the aqueous phase
catalytic conversion of LA to GVL can be found in the
literature.I'"""""? The selected "best" bifunctional MNP@PW65SM
catalysts above described for each metal were tested in the
direct conversion of LA to GVL under various conditions of
temperature and H, pressure. Operations were carried out in
batch using an inert autoclave, real feedstock material, i.e. a
concentrated aqueous solution of LA, and the same one-pot,
one-stage protocol above described for the conversion of (+)-
citronellal. Representative results for experiments carried out
using different catalysts are summarized in Table 6. Under the
same reaction conditions, the activity of MNP@PW65SM
catalysts roughly followed the order Ru (good) > Rh (moderate)
> Pd (negligible), which is in fair agreement with the increasing
metal affinities toward aliphatic C=0 bonds hydrogenation.!'"!
Thus, while GVL yields were less than 20% using the selected
Pd and Rh catalysts (Table 6, entries 2,3), the ruthenium
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derivative Ru@PW65SM-H2 resulted in 86% yield after 4 hours
under 70 °C and 5 bar H, (Table 6, entry 4). The ruthenium
catalysts were therefore investigated in greater detail. Full
conversion could be achieved using the Ru@PW65SM-H2
catalyst upon increase of the reaction time from four to seven
hours, while selectivity to GVL remained above 99% (Table 6,
entry 5). A productivity of 0.45 moley. grs' h™ could be
calculated on these basis, that increases to 1.72 molgy. gr,” h™
if the surface-exposed Ru atoms are considered (26%), as
inferred from TEM data.!'™! Over 4 hours reaction time, an
increase of the temperature to 80 °C caused a conversion
enhancement to 97% and a slight selectivity decrease to 96%,
due to the formation of unidentified GVL degradation products
(Table 6, entry 6). In the aqueous-phase synthesis of GVL from
LA (Scheme 4), it is known that the HVA lactonization step
controls the rate of GVL formation below 70°C, whereas at
higher reaction temperatures the LA hydrogenation is rate
determining.l""? A solid acid co-catalyst acid may therefore
enhance the intramolecular esterification of HVA at low
temperatures and, ultimately, the yield of GVL. This has been
previously demonstrated using either Ru@C + Amberlyst!'%'"?!
or Ru@graphite + zeolite!'® mechanical mixtures. In the case in
our hands, in order to establish the role of the acidic Aquivion®
support, we performed a series of experiments at 50 °C using
protonated and non-protonated Ru catalysts having the same
Ru content and size of embedded RuNP, namely
Ru@PW65SM-OTf and Ru@PW65SM-BH4. Thus, while use of
Ru@PW65SM-BH4 resulted in 26% LA conversion (Table 6,
entry 7), the corresponding acid catalyst Ru@PW65SM-OTf
provided a 50% conversion under the same reaction conditions
(Table 6, entry 8), which demonstrates a positive contribution
from the support. However, since selectivity was invariably
above 99%, with no traces of HVA product detected by GC and
HPLC analysis, any role of the support on the lactonization step
cannot be ascertained. By contrast, these evidences clearly
indicate a “proton acceleration” effect on the Ru-catalyzed
hydrogenation step, as previously reported for Ru@C +
Amberlyst mixtures,"™ and bifunctional Ru@SPES and
Ru@Dowex catalysts.!""""8 Notably, at 50 °C the productivity of
the Ru@PW65SM-OTf catalyst was ca. 70% higher than that of
the literature reported, yet weaker acid, Ru@Dowex congener
containing embedded RuNP of comparable size (2.8 + 0.8 nm)
(Table 6, entry 8, 9 and Figure S12), which confirms the benefits
of the high acidic strength of Aquivion® on the catalytic
activity.!"'® Whatever the MNP@PW65SM catalyst, no metal
leaching above the ICP-OES detection limit were observed. The
catalysts could be quantitatively recovered at the end of the
catalytic runs, simply by cooling down the reaction mixture to
room temperature and decantation. No significant changes of
MNP size were shown by the recovered Ru@PW65SM-H2
catalyst (Table S4, Figure S3). Catalyst reuse was possible,
showing minor activity loss (< 10%) after 3 cycles (Figure S13).
Several solid-supported bifunctional catalysts have been
described for the conversion of LA to GVL,"""""! however they
often require high temperatures and/or high hydrogen
pressures 21201211 Tq the best of our knowledge, RuU@PW65SM-
H2 allows for one of the highest selectivity under the mildest
operating conditions ever reported for a heterogeneous catalyst,
although with slightly lower reaction rate (Table S8). The above
results corroborate that Ru particles of small size together with a
considerable density of high strength acid sites are crucial to
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obtain highly efficient, low-temperature catalysts for the direct
conversion of LA to GVL.['*2

Conclusion

Methods for the production of fine chemicals from vegetable
derived substrates complying with sustainability criteria are of
central relevance to global policies related to environmental
protection and mitigation of climate changes.['?®'?*! Strategies
based on direct catalytic conversions may be crucial to this goal,
however they require sophisticated catalysts able to operate with
diverse metal centres and diverse functional groups, thus to
promote multi-step sequential syntheses otherwise unattainable
with conventional catalysts.®? This necessitates a rational
design of multifunctional heterogeneous catalysts that considers
appropriate chemical compositions, choice of support and active
phase properties.['*

In this paper we described a very simple design to a new
family of metal / acid catalysts tailored for the liquid phase direct
conversion of plant biomass derivatives, based on readily
available materials. We showed that the combination of the
specific properties of Aquivion® PFSA (porosity, acidity, thermal
and chemical stability) with those of embedded nano-sized noble
metal entities (Pd, Rh, Ru) allows for the obtainment of
bifunctional catalysts, featuring effective versatility in terms of
both supported metals and catalysed reactions. A systematic
study of catalyst performance, carried out by decoupling the
catalyst activity in separated reaction steps, enabled the
prediction of the best bifunctional systems for two important
multistep processes, namely the synthesis of GVL and (-)-
menthol. Both reactions were attained in the aqueous phase
with good conversions and excellent selectivity under mild
reaction conditions, with no need for (acidic) additives,
intermediate workups or regeneration treatments. Noteworthy,
operating conditions could be kept below 70 °C and 10 bar H,
pressure, which is an important target for sustainable industrial
applications.! ' © ' 1 The superior performance of the
MNP@PW65SM catalysts was attributed to the concurrence of
well-defined, strong acidic and MNP hydrogenation sites on the
support, with the optimal resistance and appropriate swelling of
the fluorinated matrix in water. Lack, for instance, of adequate
porosity (e.g. Nafion)l'®! or acidity (e.g. Dowex) in polymeric
congeners commonly results in lower catalytic activity, due to either
the failure of the substrate to access the active sites or the acid-
catalysed steps (e.g. dehydration, cyclization) to occur efficiently.

We are confident that the materials described in this work
will boost novel catalytic processes for the effective conversion
of plant biomass derivatives.

Experimental Section

General information

The Aquivion® material used was the PW65S type, i.e. a coarse powder
(PW) containing 1.54 mmol SO3H/g, equivalent weight 650 g/mol (65),
with CF3 end-capping group stabilizer (S) and 0.3 m? g™ surface area.
The material was sieved into four fractions wherein that of size range
354-500 um, herein identified by the label “M”, was examined throughout
the present study.
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Synthesis of the catalysts

Step 1: metallation of the polymer. In a typical procedure, a degassed
solution of metal precursor (0.088 mmol metal) in the appropriate solvent
(17.0 mL) was added under nitrogen via syringe to a degassed
suspension of PW65SM (600 mg, 0.924 meq SO;H, mol ratio
SOzH/metal = 10.5) in the same solvent (17.0 mL). The mixture was
stirred at room temperature for 2 h using an orbital stirrer. The resulting
solid was decanted, washed with the solvent (3 x 25 mL) before being
dried at 50 °C under high vacuum overnight. Step 2: method a) reduction
with Hz. The metallated polymer was loaded into an autoclave under
nitrogen without solvent. The autoclave was charged with hydrogen (1
bar for Pd, 20 bar for Rh, Ru) and heated at the desired temperature (rt
for Pd, 120 °C for Rh, Ru) for 2-6 hours. After that time, the autoclave
was cooled to room temperature, depressurized and the black solid
obtained stored under nitrogen. Step 2: method b) reduction with NaBH,.
In a typical procedure, solid NaBH, was added in excess (100 mg, 2.64
mmol, 30:1 with respect to the metal) to a degassed suspension of
metallated resin (600 mg) in water (15 mL). Bubbles appeared
immediately while the resin turned to black and the solution remained
colourless. After 2h at room temperature and 250 rpm orbital stirring, the
solid was decanted and was washed with degassed water (4 x 25 mL),
before being dried under high vacuum at 50°C overnight. The resulting
product obtained as black powder was stored under nitrogen. A sample
of this material (450 mg, 0.66 mmol exchange sites) was washed twice
for 20 min each with a degassed solution of the selected acid in water
(0.1 M, 66 ml, 6.6 mmol H") under orbital-stirring. The solid was decanted
and washed with degassed H,O until neutral pH. The resin was then
dried under high-vacuum for 24h at 50°C.

Catalytic conversion of (R)-(+)-citronellal to (-)-menthol

In a typical procedure, the supported catalyst PdA@PW65SM-H2 (60 mg,
1.34 wt % Pd, 0.007 mmol of palladium), was placed under nitrogen into
a metal-free autoclave. Neat (R)-(+)-citronellal (133.0 mg, 0.86 mmol,
substrate/Pd molar ratio 114) was then added under nitrogen. Degassed,
deionized water (9.0 mL) was transferred under nitrogen via a Teflon
tube into the autoclave. Nitrogen was replaced by hydrogen with three
cycles pressurization/depressurization. The autoclave was charged with
10 bar pressure of hydrogen, stirred at 150 rpm and heated to 80 °C
using an oil bath. After 48 hours, the reactor was cooled down to room
temperature, depressurized and the solution was removed for GC-Ms
analysis using a gas-tight syringe. An analogous procedure and identical
reaction conditions were used for the other catalysts.

Catalytic conversion of LA to GVL

In a typical procedure, the supported ruthenium catalyst (60 mg, 1.79
wt % Ru, 0.011 mmol of ruthenium), was placed under nitrogen into a
metal-free autoclave. A degassed solution of LA in deionized water (10.4
mL, 0.43 M, 4.47 mmol, substrate/Ru molar ratio 420) was added under
nitrogen via a Teflon tube. Nitrogen was replaced by hydrogen with three
cycles pressurization / depressurization. The autoclave was charged with
5 bar H; pressure, stirred at 240 rpm and heated to 70 °C using an oil
bath. After 4 hours, the reactor was cooled down to room temperature,
depressurized and the solution was removed for GC-Ms and HPLC
analysis using a gas-tight syringe. An analogous procedure and identical
reaction conditions were used for the other catalysts.

Acknowledgements

Thanks are due to Centro Microscopie Elettroniche (CNR,
Firenze) for technical assistance.



PR
RPOOWONOUAWNER

OO UIUIUIUUUICICTUUDNDAARNRNDNARNANARNWWWWWWOWWWWRNRNNNNNNNNNRPRRERRPRR
GRAONPROOOVNOGNROMNROOOMVNOUROMNROOONOONRONROOONOURWNROOONOUNWN

Keywords: bifunctional catalysts « cascade reactions * biomass
conversion ¢ heterogeneous catalysis ¢« Aquivion

1 Abbreviations: MIBK, methyl isobutyl ketone; THF, tetrahydrofuran;

DVB,

divinylbenzene; NBD, bicyclo[2.2.1]hepta-2,5-diene; TEM,

transmission electron microscopy; XRD, X-ray diffraction; EDS, energy

dispersive X-ray spectrometry;

ICP-OES, inductively coupled plasma

optical emission spectroscopy; XPS, X-ray photoelectron spectroscopy;

GC,
spectrometry;

gas chromatography; GC-Ms, gas chromatography-mass
NMR, nuclear magnetic resonance; TPD, temperature

programmed desorption.
§ C. Moreno-Marrodan and F. Liguori contributed equally to this work.

1

(21

13

4

(5]
6l

[71
(8l

9]

[10]
M1l
2
(3]
[14]
(3]

[16]

71

(8]
(9]

[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]

[32]

[33]

Catalysis for Renewables; G. Centi, R. A. van Santen, Eds.; Wiley-
VCH: Weinheim, 2007.

Handbook of Green Chemistry and Technology, J. Clark, D. Macquarrie,
Eds.; Blackwell Science: Oxford, 2002.

Chemicals and Fuels from Bio-Based Building Blocks, F. Cavani, S.
Albonetti, F. Basile, A. Gandini, Eds.; Wiley-VCH: Weinheim, 2016.
C.Y. Chen, X. Q. Zhao, H. W. Yen, S. H. Ho, C. L. Cheng, D. J. Lee, F.
W. Bai, J. S. Chang, Biochem. Eng. J. 2013, 78, 1-10.

O. R. Inderwildi, D. A. King, Energy Environ. Sci. 2009, 2, 343-346.

P. J. Deuss, K. Barta, J. G. de Vries, Catal. Sci. Technol. 2014, 4,
1174-1196.

R. A. Sheldon, Green Chem. 2014, 16, 950-963.

S. M. Sen, D. M. Alonso, S. G. Wettstein, E. |. Girblz, C. A. Henao, J.

A. Dumesic, C. T. Maravelias, Energy Environ. Sci. 2012, 5, 9690-9697.

H. Kobayashi, A. Fukuoka, Green Chem. 2013, 15, 1740-1763.

G. Centi, P. Lanzafame, S. Perathoner, Catal. Today 2011, 167, 14-30.
P. Gallezot, Chem. Soc. Rev. 2012, 41, 1538-1558.

J. M. Notestein, A. Katz, Chem. Eur. J. 2006, 12, 3954-3965.

H. Seong, H. T. Chen, J. W. Wiench, M. V. Pruski, S. Y. Lin, Angew.
Chem. Int. Ed. 2005, 44, 1826-1830.
Bifunctional Molecular Catalysis; T.
Springer-Verlag: Berlin, 2011.

F. Stefan, S. Meha, W. Anthony, W. Harald, R. Justine, L. Thomas, J.
Am. Chem. Soc. 2005, 127, 1206-1215.

Catalyst Separation, Recovery and Recycling; Chemistry and Process
Design; D. J. Cole-Hamilton, R. P.Tooze, Eds.; Springer: Dordrecht,
2006.

W. Luo, U. Deka, A. M. Beale, E. R. H. van Eck, P. C. A. Bruijnincx, B.
M. Weckhuysen, J. Catal. 2013, 301, 175-186.

M. J. Climent, A. Corma, S. Iborra, Chem. Rev. 2011, 111, 1072-1133.
S. Sartipi, M. Makkee, F. Kapteijn, J. Gascon, Catal. Sci. Technol. 2014,
4, 893-907.

P. Barbaro, F. Liguori, N. Linares, C. Moreno-Marrodan, Eur. J. Inorg.
Chem. 2012, 3807-3823.

M. J. Climent, A. Corma, S. Iborra, ChemSusChem 2009, 2, 500-506.
F. X. Felpin, E. Fouquet, ChemSusChem 2008, 1, 718-724.

H. Li, Z. Fang, Jr., R. L. Smith, S. Yang, Prog. Energ. Combust. Sci.
2016, 55, 98-194.

J. C. Serrano-Ruiz, R. M. West, J. A. Dumesic, Annu. Rev. Chem.
Biomol. Eng. 2010, 1, 79-100.

P. Gupta, S. Paul, Catal. Today 2014, 236, 153-170.

M. A. Harmer, Q. Sun, Appl. Catal., A: Gen. 2001, 221, 45-62.

W. Nicol, E. L. du Toit, Chem. Eng. Process. 2004, 43, 1539-1545.

The Dow Chemical Company, Form No. 177-02436-0511.

M. Zecca, P. Centomo, B. Corain in Metal Nanoclusters in Catalysis
and Materials Science; B. Corain, G. Schmid, N. Toshima, Eds.;
Elsevier: Amsterdam, 2008, pp. 201-232.

V. Arcella, A. Ghielmi, G. Tommasi, Ann. N.Y. Acad. Sci. 2003, 984,
226-244.
www.solvay.com/en/markets-and-products/featured-products/
Aquivion.html (accessed April 2016).

G. A. Olah, G. K. S. Prakash, A. Molnar, J. Sommer, Superacid
Chemistry; John Wiley & Sons, Inc.: Hoboken, NJ, 2009.

M. Danilczuk, A. J. Perkowski, S. Schlick Macromolecules 2010, 43,
3352-3358.

Ikariya, M. Shibasaki Eds;

[34]

[35]

[36]

(371

[38]

[39]

[40]

[41]

[42]
[43]

[44]

[45]
[46]

[47]
(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]
[56]

[57]

(58]

[59]
[60]

[61]
[62]

[63]

[64]

[65]

[66]

[67]

WILEY-VCH

A. Ghielmi, P. Vaccarono, C. Troglia, V. Arcella, J. Power Sources
2005, 145, 108-115.

S. Subianto, M. Pica, M. Casciola, P. Cojocaru, L. Merlo, G. Hards, D.
J. Jones, J. Power Sources 2013, 233, 216-230.

C. D'Urso, C. Oldani, V. Baglio, L. Merlo, A. S. Arico, J. Power Sources
2014, 272, 753-758.

P. Xiao, J. Li, H. Tang, Z. Wang, M. Pan. J. Membrane Sci. 2013, 442,
65-71.

L. Bianchi, E. Ballerini, M. Curini, D. Lanari, A. Marrocchi, C. Oldani, L.
Vaccaro, ACS Sustainable Chem. Eng. 2015, 3, 1873-1880.

L. Spadaro, F. Frusteri, O. Di Blasi, G. Bonura, A. Mezzapica C. Troglia,
A. Ghielmi (Solvay Solexis S.p.a.). Patent No. W0O2008043804 (A1),
2008.

W. Fang, Z. Fan, H. Shi, S. Wang, W. Shen, H. Xu, J. M. Clacens, F.
De Campo, A. Liebens, M. Pera-Titus, J. Mater. Chem. A 2016, 4,
4380-4385.

W. Fang, S. Wang, A. Liebens, F. De Campo, H. Xu, W. Shen, M.
Pera-Titus, J. M. Clacens, Catal. Sci. Technol. 2015, 5, 3980-3990.

M. T. Gokmen. F. E. Du Prez, Prog. Polym. Sci. 2012, 37, 365-405.

M. Ahmed, M. Arif Malik, S. Pervez, M. Raffig, Eur. Polym. J. 2004, 40,
1609-1613.

G. V. Samsonov, V. A. Pasechnik, Russ. Chem. Rev. 1969, 38,
547-565.

P. Barbaro, F. Liguori, Chem. Rev. 2009, 109, 515-529.

B. Corain, M. Zecca, K. Jefabek, J. Mol. Catal. A: Chem. 2001, 177, 3-
20.

See Supporting Information.

C. Moreno Marrodan, D. Berti, F. Liguori, P. Barbaro, Catal. Sci.
Technol. 2012, 2, 2279-2290.

Catalytic hydrogenation experiments in which the stirring speed is
varied were carried out to this purpose. See Supporting Information.

A preliminary investigation carried out on ca. 2 mm diameter extruded
pellets showed an inhomogeneous anchoring of PANP, which was
attributed to the limited mass transfer within the polymer due to
insufficient swelling.

C. Oldani, L. Merlo, P. Barbaro, C. Moreno-Marrodan, F. Liguori,
(Solvay Specialty Polymers ltaly S.p.A.). Patent No. W0O2016079036
(A1), 2016.

M. Kralik, M. Hronec, S. Lora, G. Palma, M. Zecca, A. Biffis, B. Corain,
J. Mol. Catal. A: Chem. 1995, 97, 145-155.

F. Liguori, C. Moreno-Marrodan, P. Barbaro, Chinese J. Catal. 2015, 36,
1157-1169.

C. Moreno-Marrodan, P. Barbaro, M. Catalano, A. Taurino, Dalton
Trans. 2012, 41, 12666-12669.

B. Corain, M. Krdlik, J. Mol. Catal. A 2001, 173, 99-115.

P. Barbaro, F. Liguori, C. Moreno-Marrodan, Green Chem. 2016, 18,
2935-2940.

Preliminary studies indicated that washing with HCI or CF3;CO,H is also
possible, with no major effects on the catalytic performance of the
materials, see ref. [51].

A. Ohtaka, Y. Kono, S. Inui, S. Yamamoto, T. Ushiyama, O. Shimomura,
R. Nomura, J. Mol. Catal. A: Chem. 2012, 360, 48-53.

A. Rouocoux, J. Schulz, H. Patin, Chem. Rev. 2002, 102, 3757-3778.
B. Corain, K. Jefabek, P. Centomo, P. Canton, Angew. Chem. Int. Ed.
2004, 43, 959-962.

H. Bénnemann, R. M.Richards, Eur. J. Inorg. Chem. 2001, 2455-2480.
B. Corain, M. Zecca, P. Canton, P. Centomo, Phil Trans R Soc A 2010,
368, 1495-1507.

K. Mc Eleney, C. M. Crudden, J. H. Horton, J. Phys. Chem. C 2009,
113, 1901-1907.

E. Coronado, A. Ribera, J. Garcia-Martinez, N. Linares, L. M. Liz-
Marzan, J. Mater. Chem. 2008, 18, 5682-5688.

M. Muniz-Miranda, S. Caporali, P. Marsili, E. Giorgetti, Mater. Chem.
Phys. 2015, 167, 188-193.

A. Biffis, H. Landes, K. Jefabek, B. Corain, J. Mol. Catal. A: Chem.
2000, 151, 283-291.

N. Scotti, M. Dangate, A. Gervasini, C. Evangelisti, N. Ravasio, F.
Zaccheria, ACS Catal. 2014, 4, 2818-2826.



PR
RPOOWONOUAWNER

OO UIUIUIUUUICICTUUDNDAARNRNDNARNANARNWWWWWWOWWWWRNRNNNNNNNNNRPRRERRPRR
GRAONPROOOVNOGNROMNROOOMVNOUROMNROOONOONRONROOONOURWNROOONOUNWN

[68]

[69]

[70]
[71]

[72]
[73]
[74]
[78]
[76]

[77]

[78]
[79]

[80]
[81]

[82]

[83]

[84]

[85]

[86]

[87]

(8]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]
[97]

[98]
[99]
[100]

[101]
[102]

[103
[104]

Dowex sulfonated strong cation-exchange resin, H® form, gel-type, 4.8
mmol g exchange capacity, 276 + 2 um bead size.

W. P. Zhou, A. Lewera, R. Larsen, R. |. Masel, P. S. Bagus, A.
Wieckowski, J. Phys. Chem. B 2006, 110, 13393-13398.

Nanoparticle and Catalysis, Ed: D. Astruc, Wiely-VCH, Weinheim, 2007.
M.M. Telkar, C.V. Rode, R.V. Chaudhari, S.S. Joshi, A.M. Nalawade,
Appl. Catal. A: Gen. 2004, 273, 11-19.

Y. Yuan, N. Yan, P. J. Dyson, ACS Catal. 2012, 2, 1057-1069.

B. Corain, M. Kralik, J. Mol. Catal. A: Chem. 2000, 159, 153-162.

J. Wang, L. M. Huang, Q. Z. Li, Appl. Catal. A 1998, 175, 191-201.

Z. Wang, K. D. Kim, C. Zhou, M. Chen, N. Maeda, Z. Liu, J. Shi, A.
Baiker, M. Hunger, J. Huang, Catal. Sci. Technol. 2015, 5, 2788-2797.
T. Seki, J. D. Grundwaldt, N. van Vegten, A. Baiker, Adv. Synth. Catal.
2008, 350, 691-705.

P. Meric, K. M. K. Yu, A. T. S. Kong, S. C. Tsang, J. Catal. 2006, 237,
330-336.

P. Gallezot, D. Richard, Catal. Rev. Sci. Eng. 1998, 40, 81-126.

C. Moreno-Marrodan, F. Liguori, E. Mercadé, C. Godard, C. Claver, P.
Barbaro, Catal. Sci. Technol. 2015, 5, 3762-3772.

A. J. Farco, O. Grundmann, Mini-Rev. Med. Chem. 2013, 13, 124-131.
H. Oertling, A. Reckziegel, H. Surburg, H. J. Bertram, Chem. Rev. 2007,
107, 2136-2164.

J.C. Leffingwell, in Handbook of Cosmetic Science and Technology, 3rd
ed., A. 0. Barel, M. Paye, H. I. Maibach, Eds.; Informa Healthcare Pub.:
New York, 2009, pp. 661-675.

T. lwata, Y. Okeda, Y. Hori, (Takasago International Corporation).
Patent No. EP1225163 (A3), 2004.

(+)-Citronellal is a renewable compound obtainable by the fractional
distillation of combava, lemon-scented teatree, lemon eucalyptus or
lemongrass oils. See: Flavors and Fragrances. Ullmann's Encyclopedia
of Industrial Chemistry, 7th ed.; John Wiley & Sons: New York, 2011.

Y. Komatsuki, K. Ishida, K. Shiroyama (Takasago International
Corporation). Patent No. US2013/136704 (A1), 2013.

G. L. von Poser, C. Menut, M. E. Toffoli, P. Vérin, M. Sobral, J. M.
Bessiére, G. Lamaty, A. T. Henriques, J. Agric. Food Chem. 1996, 44,
1829-1832.

J. Pl6Rer, M. Lucas, P. Claus, J. Catal. 2014, 320, 189-197.

P. Kogovsky, G. Ahmed, J. Srogl, A. V. Malkoy, J. Steele, J. Org. Chem.
1999, 64, 2765-2775.

C. Milone, C. Gangemi, G. Neri, A. Pistone, S. Galvagno, Appl. Catal.,
A: Gen. 2000, 199, 239-244.

N. Ravasio, N. Poli, R. Psaro, M. Saba, F. Zaccheria, Top. Catal. 2000,
13, 195-199.

P. Mertens, F. Verpoort, A. N. Parvulescu, D. De Vos, J. Catal. 2006,
243, 7-13.

F. Neatu, S. Coman, V. Parvulescu, G. Poncelet, D. De Vos, P. Jacobs,
Top. Catal. 2009, 52, 1292-1300.

F. losif, S. Coman, V. Parvulescu, P. Grange, S. Delsarte, D. De Vos, P.
Jacobs, Chem. Commun. 2004, 1292-1293.

K.A. da Silva Rocha, P.A. Robles-Dutenhefner, E.M.B. Sousa, E.F.
Kozhevnikova, |.V. Kozhevnikov, E.V. Gusevskaya, Appl. Catal. A 2007,
317, 171-174.

A. M. Balu, J. M. Campelo, R. Luque, A. A. Romero, Org. Biomol.
Chem. 2010, 8, 2845-2849.

Y. Nie, W. Niah, S. Jaenicke, G. K. Chuah, J. Catal. 2007, 248, 1-10.

F. G. Cirujano, F. X. Llabrés i Xamena, A. Corma, Dalton Trans. 2012,
41, 4249-4254.

C. Yu, J. He, Chem. Commun, 2012, 48, 4933-4940.

F. Goettmann, C. Sanchez J. Mater. Chem. 2007, 17, 24-30.

R. Weingarten, G. Tompsett, W. Conner Jr., G. Huber, J. Catal. 2011,
279, 174-182.

S. M. Coman, P. Patil, S. Wuttke, E. Kemnitz, Chem. Commun, 2009,
460-462.

Y. Nie, G. K. Chuah, S. Jaenicke, Chem. Comm. 2006, 790-792.

A. Corma, M. Renz, Chem. Comm. 2004, 550-551.

M. Boronat, A. Corma, M. Renz in Turning Points in Solid-State,
Materials and Surface Science, K. D. M. Harris and P. P. Edwards, Eds.
RSC Publishing: Cambridge, 2008, Chapter 38.

[105]

[106]

[107]

[108]

[109]

[110]

[111]
[112]

[113]
[114]
[115]
[116]
[117]
[118]
[119]
[120]
[121]
[122]
[123]
[124]
[125]

[126]

[127]

[128]

WILEY-VCH

D. M. Alonso, S. G. Wettstein, J. A. Dumesic, Green Chem. 2013, 15,
584-595.

I. T. Horvath, H. Mehdi, V. Fabos, L. Boda, L. T. Mika, Green Chem.,
2008, 10, 238-242.

F. Liguori, C. Moreno-Marrodan, P. Barbaro, ACS Catal. 2015, 5, 1882-
1894.

J. M. Bermudez, J. A. Menéndez, A. A. Romero, E. Serrano, J. Garcia-
Martinez, R. Luque, Green Chem. 2013, 15, 2786-2792.

Top Value Added Chemicals from Biomass, T. Werpy, G. Petersen,
Eds.; U.S. Department of Energy, Volume I, 2004.

O. A. Abdelrahman, A. Heyden, J. Q. Bond, ACS Catal. 2014, 4,
1171-1181.

Z.Yan, L. Lin, S. Liu, Energy Fuels 2009, 23, 3853-3858.

M. G. Al-Shaal, W. R. H. Wright, R. Palkovits, Green Chem. 2012, 14,
1260-1263.

E. Sulman, V. Matveeva, V. Doluda, L. Nicoshvili, L. Bronstein, P.
Valetsky, |. Tsvetkova, Top. Catal. 2006, 39, 187-190.

R. L. Johnston, Atomic and Molecular Clusters, Taylor & Francis,
London, 2002.

A. M. Raspolli Galletti, C. Antonetti, V. De Luise, M. Martinelli, Green
Chem. 2012, 14, 688-694.

J. M. Nadgeri, N. Hiyoshi, A. Yamaguchi, O. Sato, M. Shirai, Appl. Catal.
A: Gen. 2014, 470, 215-220.

Y. Yao, Z. Wang, S. Zhao, D. Wang, Z. Wu, M. Zhang, Catal. Today
2014, 234, 245-250.

C. Moreno-Marrodan, P. Barbaro, Green Chem. 2014, 16, 3434-3438.
W. R. H. Wright, R. Palkovits, ChemSusChem 2012, 5, 1657-1667.

W. Luo, M. Sankar, A. M. Beale, Q. He, C. J. Kiely, P. C. A. Bruijnincx,
B. M. Weckhuysen, Nat. Commun. 2015, 6, article number: 6540,
DOI:10.1038/ncomms7540.

A. Yepez, S. De, M. S. Climent, A. A. Romero, R. Luque, Appl. Sci.
2015, 5, 532-543.

J. F. Haw, Phys. Chem. Chem. Phys. 2002, 4, 5431-5441.

Climate commitments of subnational actors and business: A
quantitative assessment of their emission reduction impact, United
Nations Environment Programme, Nairobi, 2015.

J. C. Serrano-Ruiz, R. Luque, A. Sepulveda-Escribano, Chem. Soc.
Rev. 2011, 40, 5266-5281.

B. Louis, G. Laugel, P. Pale, M. Maciel Pereira, ChemCatChem 2011, 3,
1263-1272.

Sustainable Catalysis: Challenges and Practices for the Pharmaceutical
and Fine Chemical Industries, P. J. Dunn, K. K. Hii, M. J., Krische, M.
T., Williams, Eds.; Wiley: Weinheim, 2013.

R. Dach, J. J. Song, F. Roschangar, W. Samstag, C. H. Senanayake,
Org. Process Res. Dev, 2012, 16, 1697-1706.

A. J. Seen, J. Mol. Catal. A: Chemical 2001, 177, 105-112.



Supporting Information

Click here to access/download
Supporting Information
Chemcatchem_aquivion_ESI_FINAL.pdf


http://www.editorialmanager.com/cctc/download.aspx?id=56170&guid=538304e1-5d55-4729-b3b3-f44f1ecd3ce3&scheme=1

Table of contents

Click here to access/download

Additional Material - Author
TOC.doc


http://www.editorialmanager.com/cctc/download.aspx?id=56171&guid=85e57dde-11d9-4dc7-951f-f777212d514a&scheme=1

