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The solvent-free hydrogenation reaction of acetone over bifunctional heterogeneous catalysts, comprising cross-
linked perfluorosulfonic acid (PFSA) resins and supported Pd nanoparticles, was investigated in the liquid phase
under batch conditions. A systematic study was performed by analyzing separately the effect of the main reaction
parameters on the reaction outputs. Acetone conversion, selectivity and productivity to methyl isobutyl ketone
(MIBK) were measured as a function of the reaction temperature, the amount of catalyst, the Pd loading, the Hy

pressure, the reaction time and the cross-linkage of the polymeric support. Reproducible trends were observed
that could be explained in terms of properties of the catalyst, conversion path and kinetics. Best compromise
results between selectivity (92 %) and productivity (37.0 mmolypk g{alt h'}) at 19.7 % acetone conversion were
obtained for the 0.26Pd@X-1ink-08-PW79 catalyst, based on 0.8 % cross-linked PFSA support and 0.26 % wt Pd

content.

1. Introduction

Methyl isobutyl ketone (MIBK) is a chemical largely used as solvent
for paints, coatings and inks, as extracting medium in the synthesis of
antibiotics and lubricants, as intermediate in the production of epoxy,
acrylic and vinyl resins, as well as a flavouring agent and in food-contact
packaging products [1,2]. The current global demand of MIBK exceeds
300 kton y !, with an expected Compound Annual Growth Rate of 7.5 %
over the period 2016-2024 [3,4].

The manufacture processes of MIBK involve three consecutive reac-
tion steps, using acetone (ACE) as starting material: acid or base-
mediated aldol condensation of ACE to diacetone alcohol (DAA), acid-
catalysed dehydration of DAA to mesityl oxide (MSO), metal-catalysed
selective hydrogenation of MSO to MIBK (Scheme 1, path A) [5]. The
conventional procedure generates large amount of waste and it is
economically and technically unfavourable, due to the use of multiple
reactors and processing units.

Heterogeneous truly bifunctional metal / acid catalysts, i.e. "a combi-
nation of well-defined supported acid and metal sites acting under the
same reaction conditions", namely metals onto solid acids, are an useful
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tool to achieve reaction sequences in cascade, in one-pot and in one-
stage [6,7]. They are a valuable and eco-friendly option for the pro-
duction of MIBK, being able to promote the direct conversion of acetone
to MIBK over separable and reusable catalysts, combining condensation
and hydrogenation steps. A number of heterogeneous bifunctional cat-
alysts have been reported for the synthesis of MIBK [8,9], including
patented [10-15] and industrial ones [16]. The usual drawback of this
strategy is selectivity. Indeed, under the concurrent conditions of acidic
and hydrogenation catalysis, acetone may undergo a very complex re-
actions network, resulting in a variety of C3, C6, C9 and Cl12
by-products, due to the several possible condensation, dehydration,
isomerisation and hydrogenation side-reactions. A picture of the main
potential reactions and products is shown in Scheme 1.

Most of reported bifunctional catalysts have been employed using
fixed-bed reactors and streams of gas-phase reagents [17]. However,
solvent-free, liquid phase batch processes have also been described,
showing higher selectivity to MIBK (up to 90 % at ca. 50 % ACE con-
version), under milder reaction conditions (Table S1). In this case, the
most convenient catalysts were those based on polymeric supports,
particularly sulfonated resins, due to several benefits compared to other
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materials, including: commercial availability, low cost, easy and tune-
able metal loading, high acid density, effective recovery and reuse, good
stability, low back pressure evolution, if packed into flow-through
reactor systems [18-20]. As expected by the greater affinity for C—=C
rather than CO—= bonds hydrogenation [21,22], palladium was the
supported metal of election. By contrast, sulfonated resin-based catalyst
suffer from some limitations: catalyst deactivation due to adsorption of
the water and diisobutyl ketone (DIBK) produced [23-25], support
degradation at high temperatures (> 130 °C) [26], need of relatively
high Hj pressures [27].

In very few instances, liquid-phase operations were performed under
continuous flow conditions (Table S2). Compared to batch setups, this
adds significant process intensification in terms of increased safety and
productivity, simpler downstream processing, smaller hold-up volumes,
improved heat transfer and process control [28-30]. Continuous refresh
of catalyst may also reduce active sites inhibition [31,32].

We previously reported the use Aquivion® perfluorosulfonic acid
resins as effective support for the immobilisation of metal nanoparticles
(MNP), and the application of the resulting bifunctional catalysts in the
direct conversion of biomass-derived substrates to high added-value
chemicals: (-)-menthol and y-valerolactone [33]. Aquivion® is a fam-
ily of short side-chain, perfluorinated fluorosulfonic acid polymers
(PFSA), produced in a variety of acid densities and featuring acidic
strengths comparable to that of sulfuric acid (Hammett acidity ca.—12)
[34,35]. Typical of fluoropolymers, they have excellent thermal resis-
tance and chemical inertness, that allow to withstand highly aggressive
reaction conditions, including reductive environments [36,37].
Compared to the polymeric congeners Nafion®, Flemion® and Aci-
plex®, Aquivion® displays a higher crystallinity, ionic conductivity and
glass transition temperature (T; 140 °C) [38]. This has prompted its use
as solid acid catalyst in a variety of processes [39-47]. Recently, we
described, for the first time, the use of Pt onto an Aquivion cross-linked
congener in the catalytic amination reaction of ethyl levulinate to
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N-heptyl-5-methylpyrrolidin-2-one, a bio-derived functional substitute
of the REACH-restricted solvent N-methyl-2-pyrrolidone [48].

Aim of the present work is the engineering of heterogeneous
bifunctional catalysts based on cross-linked Aquivion polymers and their
use in the direct synthesis of MIBK from ACE. Investigation of cross-
linked derivatives was motivated by the enhanced rigidity and me-
chanical stability, compared to the uncross-linked (linear) homologues,
which facilitates their separation and recovery [49,50]. Herein we
report the immobilisation of Pd NP onto cross-linked Aquivion polymers
and their application to the one-pot (single reactor unit) and one-stage
(reagents and catalyst mixed in a single operation) hydrogenation of
acetone, in the liquid phase and under batch conditions. A systematic
study was carried out to investigate the effect of catalyst composition
and reaction conditions on the reaction outputs. Best compromise con-
ditions were chosen and compared with the literature data.

2. Experimental
2.1. Materials and methods

Unless otherwise stated, all reactions and manipulations were per-
formed under nitrogen using standard Schlenk techniques.

The perfluorosulfonic acid polymers Aquivion® were obtained from
Solvay Specialty Polymers Italy, with the following specifications:
coarse powders (PW), equivalent weight 794 g mol ™! (79)(1.26 mmol
SOsH.g™ 1), CF3 end-capping group as stabilizer, cross-linkage either
0.0, 0.2, 0.5 or 0.8 wt % (X-link). The labelling scheme adopted refers to
these characteristics, i.e. X-link-02-PW79 indicates an Aquivion polymer
with the above specification and 0.2 wt% cross-linkage. Typical thermal
properties are Tg ca. 140 °C and Ty, > 170 °C [35]. The materials were
used as received, without further purifications, after sieving to a fraction
of size range of 354-500 pm. The choice was motivated by the lower
internal mass transfer limitations compared to larger particle sizes [51],
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and by the better sedimentation and easier recovery compared to
smaller sizes.

Palladium(Il) nitrate trihydrate and acetone ACS reagents (> 99.5 %)
were obtained from Aldrich. All other reagents used for calibration
curve (methyl isobutyl ketone, methyl-isobutyl alcohol, diisopropyl
ether, isopropyl alcohol, diacetone alcohol, mesityl oxide, iso-mesityl
oxide, 4,6-dimethyl heptan-2-one, diisobutyl ketone, 2,6,8-trimethyl-
nonan-4-one) were commercial products and were used as received
without further purifications.

The metal content, both in the supported catalyst and leached in the
catalytic reaction solutions, was determined by Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) at the Analytical
Department of Solvay Specialty Polymers. Typical detection limit for Pd
was 0.2 ppm.

TEM (Transmission Electron Microscopy) analyses were performed
using a M12 PHILIPS instrument at 120 KeV accelerating voltage. The
sample preparation was carried out by dispersing the grinded material
into about 1 ml of ethanol and treating the solution in an ultrasonic bath
for 30 min. Successively, a drop of solution was deposited onto a carbon
coated Cu TEM grid and the solvent left to evaporate. Statistical nano-
particle size distribution analysis was typically carried out on 300-400
particles.

X-ray Photoelectron Spectroscopy (XPS) experiments were carried
out in an ultrahigh vacuum (UHV, 10—9 mbar) system equipped with a
non-monochromatic X-ray source (Ko radiation, 1486.6 eV) and a
hemispherical analyser. The X-ray source was set to work at 120 W (12
kV and 10 mA) and the analyser was set at a constant pass energy of 44
eV for the survey analysis and 22 eV for the high-resolution analysis.
Spectra were analysed with the dedicated software CasaXPS. The cali-
bration was obtained using the aliphatic component of carbon 1 s
transition (284.8 eV) and the background was subtracted using the
Shirley’s method.

SEM (Scanning Electron Microscopy) experiments were carried out
using a Dual Beam, TESCAN GAIA3 FIB/SEM ultrahigh resolution field
emission microscope at 5 KeV voltage. Energy Dispersive X-ray Spec-
trometry (EDS) experiments, either maps or point-to-point analyses,
were acquired on the same instrument at different sample depths.

Swelling measurements. The acetone uptake ability of the catalysts
was investigated by measuring their weight change after solvent ab-
sorption [52]. Phenex centrifuge tube filters, consisting of a PP filter
insert with a PTFE membrane (pore size 0.45 pm) and an outer PP
centrifuge tube, were used in the procedure. In a typical experiment, the
empty filter insert was weighed, filled with a fixed amount of dry
catalyst (about 30 mg) and weighed again to obtain the exact weight of
the material (m;). A small volume of acetone (2 mL) was added to the
filter insert at room temperature, that was then sealed using a tethered
upper cap and a PTFE lower plug (Fig. S3). After 2 h swelling, he lower
plug was removed and the filter insert was assembled in the outer tube
and centrifuged (20 min@3000 RPM). After centrifugation, the insert
was removed from the outer tube and weighed to obtain the weight of
the swollen sample (my). The amount of acetone absorbed was then
calculated on the basis of the acetone density [(mgm;)/d * mj], (d
=0.791 g/mL) and expressed as mL of acetone per unit weight of ma-
terial (mL /g).

'H NMR spectra were recorded at 400.13 MHz on a Bruker Avance
DRX-400 spectrometer. 13C{lH} NMR spectra were recorded at 100.613
MHz on the same instrument using DEPT-135 pulse sequences. Chemical
shifts in ppm are relative to tetramethylsilane as external reference.

GC-analyses were performed on a Shimadzu GC 2010 Plus gas
chromatograph equipped with flame ionization detector and VF-WAXms
(30 m, 0.25 mm ID, 0.25 pm FT) fused silica capillary column. GC-MS
analyses were performed on a Shimadzu QP2010S apparatus equipped
with the same capillary column.

Reactions under hydrogen pressure and batch conditions were car-
ried out using a stainless steel autoclave (35.3 mL internal volume)
constructed at Istituto di Chimica dei Composti OrganoMetallici-CNR
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(Firenze, Italy) and equipped with a magnetic stirrer, a Teflon® inset
and a pressure controller.

The reaction products were unequivocally identified by comparison
of the GC retention times, mass spectra and NMR resonances with those
of authentic specimens, whenever possible. Quantitative analysis of
each reaction product identified was carried out via GC based on cali-
bration curves of pure compounds. Typical coefficient of determination
(R parameter for each calibration curve was > 98 %.

2.2. Synthesis of the bifunctional Pd catalysts

The Pd@Aquivion catalysts were prepared using a procedure anal-
ogous to that previously described [33]. The synthesis involved two
steps: metallation of Aquivion polymers using Pd(NOs3), as metal pre-
cursor, followed by metal reduction on the metallated polymer using Hy
as reducing agent. All Pd@Aquivion materials were characterized by
ICP-OES for metal loading and TEM for Pd nanoparticles (PdNP) size
determination. The labelling scheme adopted and the metal loading of
each catalyst are summarised in Table 1. Herein, the synthetic procedure
is described for X-link-02-PW79 Aquivion material and Pd 1% loading,
as representative example.

In a typical experiment, a degassed, brownish solution of Pd(NO3),
(40 mg, 0.15 mmol, molar ratio SO3H/Pd = 13) in water (29.0 mL) was
added under nitrogen via syringe to a degassed suspension of X-link-02-
PW79 (1600 mg) in water (29.0 mL). The mixture was stirred at room
temperature for 24 h using an orbital stirrer. After that time, the solution
was decanted and the resulting, brown solid material was washed with
degassed water (3 x 50 mL). Water (50 mL) was then added under ni-
trogen and Hy was bubbled through the suspension at 1 bar for 4 h with
stirring at room temperature. The solid obtained was decanted and
washed with degassed water (2 x 25 mL), before being dried under high
vacuum at 60 °C overnight. The resulting resin obtained as black powder
was stored under nitrogen.

2.3. Catalytic experiments

In a typical experiment, a weighted amount of Aquivion-supported
Pd catalyst was loaded into the steel autoclave above described and
the system was degassed by three cycles of vacuum/nitrogen. A
degassed volume of acetone (6 mL) was transferred under nitrogen via a
Teflon tube into the autoclave. Nitrogen was replaced by hydrogen with
three cycle of pressurization/depressurization. The autoclave was
finally charged with the desired pressure of hydrogen at room temper-
ature, then the reactor was heated up to the selected temperature using
oil bath. After stirring for the desired time, the reactor was cooled down
to room temperature and depressurized. The recovered reaction sus-
pension was transferred in a centrifuge vials and centrifuged for 30 min
at 9500 rpm and 16 °C. The clear solution thus obtained was decanted
off from the solid catalyst under a stream of nitrogen. A sample of the
reaction solution was analysed by GC and GC MS for product identifi-
cation and quantification. The recovered solid catalyst was analysed by

Table 1
Pd@Aquivion catalysts synthesized.

Catalyst Support Pd loading (wt%)®
1.00Pd@PW79 PW79 1.00
0.25Pd@X-1ink-02-PW79 X-link-02-PW79 0.25
1.04Pd@X-link-02-PW79 X-link-02-PW79 1.04
0.14Pd@X-link-05-PW79 X-link-05-PW79 0.14
0.50Pd@X-link-05-PW79 X-link-05-PW79 0.50
1.00Pd@X-link-05-PW79 X-link-05-PW79 1.00
0.10Pd@X-link-08-PW79 X-link-08-PW79 0.10
0.26Pd@X-1ink-08-PW79 X-link-08-PW79 0.26
0.50Pd@X-1ink-08-PW79 X-link-08-PW79 0.50
0.91Pd@X-link-08-PW79 X-link-08-PW79 0.91

# From ICP-OES analysis.



F. Liguori et al.

TEM. ICP-OES analyses were performed to quantify the metal content,
both in the recovered catalyst and leached in the catalytic reaction so-
lutions. For recycling experiments, the solid catalyst recovered from the
first cycle was placed into the autoclave and a fresh portion of acetone (6
mL) was added under nitrogen. Nitrogen was replaced by hydrogen with
three cycle of pressurization/depressurization. The autoclave was
charged with the desired pressure of hydrogen at room temperature,
then the reactor was heated up to the selected temperature using oil bath
for the second catalytic cycle.

The following formulas were used to calculate the conversion of ACE
(Xacg), the yield of product P (Yp) and the selectivity to product P (Sp):

s .M c
Xace (%) = M.mo: DAcE 100

S
e Mace

F M
Yo (%) = —2.100

MAcE

M
Sp (%) = <P o100 = 2109
C

ACE NAcE

where:

niCE = moles of ACE before reaction start

nk’lcg = moles of ACE in the reaction products mixture

n%ce = nicr - n¥cr = moles of ACE converted

n} = moles of compound P in the reaction products mixture

Fp =reaction coefficient for compound P: 1 for monomers (C3, IPA),
2 for dimers (C6, MIBK, DAA, MSO, IMSO, IPE, MIBA), 3 for trimers (C9,
DIBK, DMH), 4 for tetramers (C12, TMN4)

In a rough approximation, the molar ratio between H, and acetone
was calculated based on the volume of ACE used (6 mL) and assuming
the moles of H; as those contained in the autoclave ceiling at the selected
pressure and room temperature.

Under our experimental conditions and within the temperature
(100—-180 °C) and pressure ranges (10—35 bar) adopted, the ACE molar
fraction in the gas phase was reported to be negligible [24].

3. Results and discussion
3.1. Synthesis and characterisation

Heterogeneous, bifunctional palladium / acid catalysts were syn-
thesized based on linear and cross-linked PFSA Aquivion® polymeric
supports featuring fixed acid sites density (1.26 mmol SO3H-g ™) and
different cross-linking degrees, namely 0.0, 0.2, 0.5 and 0.8 % wt. The
structure of the Aquivion materials used is sketched in Scheme 2. The
linear polymer is commercially available, whereas the cross-linked
congeners are not yet commercial products [53,54]. Typical of low
cross-linked functional polymers (i.e. less than 2% wt), all the support
materials used have a very low surface area in the dry state (less than 0.3
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m? g'l), consistent with a non-porous, gel-type structure [55,56].
However, the interior of this polymer class can be made accessible by
swelling in appropriate solvents, therefore making swellability a crucial
parameter for their application in catalysis [18,57]. Usually, the lower
the cross-linkage of functional polymers and the smaller is the pore size
and the higher the swelling propensity [58,59]. Swelling tests of linear
Aquivion polymers in various solvents were previously carried out by us,
showing swelling volume to be inversely proportional to the dielectric
constant of the solvent [33].

Strongly acidic sulfonated polymers are known to be excellent ma-
terials for the preparation of bifunctional metal / acid catalysts, due to
the good mechanical, thermal and chemical stability, tuneable metal
loading, atomic level dispersion of the metal precursor, thus allowing for
the immobilisation of metal nanoparticles of small size. Stabilisation of
MNP onto functional polymers may be favoured by electrostatic effects
[60] and, whenever a tridimensional network is created by cross-linking
of polymeric chains, a steric stabilization may also be effective [61,62].
A number of reviews are available describing the synthesis, properties
and applications of sulfonic resins-based catalysts [18,19,63,64].
Despite of the above benefits, the only commercially available bifunc-
tional catalyst based on sulfonic resins is Amberlyst-CH®, a
Pd-containing styrene-divinylbenzene macroreticular copolymer, spe-
cifically designed for the synthesis of MIBK and TAME (tert-amyl methyl
ether) [65,66]. Drawbacks of Amberlyst-type polymers are the reduced
mechanical stability, resistance to oxidation and maximum operating
temperature (130 °C).

Because of the improved chemical resistance, a number of per-
fluorosulfonic polymers have been used in catalytic application, above
all Nafion® [67], but, to the best of our knowledge and with the
exception of Aquivion, none of them in a cross-linked variety.
Cross-linkage usually results in a enhanced stability (chemical, me-
chanical, thermal) and thus in the potential for the synthesis of recov-
erable solid catalysts [68].

In the present work, Aquivion-supported catalysts with diverse Pd
content were prepared. Table 1 summarizes the catalysts synthesized
and the labelling scheme adopted. The synthetic procedure was analo-
gous to that previously reported for the preparation of the uncross-
linked catalyst congeners: metallation of the polymer via ion-exchange
using an appropriate Pd(II) precursor in water, followed by in-situ
metal reduction with Hy [33]. Reduction under 1 bar Hy and room
temperature was possible for the immobilised Pd(II) species [69]. The
protocol enables the clean and facile synthesis of heterogeneous,
bifunctional materials comprising finely dispersed Pd nanoparticles and
Brgnsted acid single-sites onto a single catalytic body.

All catalysts synthesized in the present work were characterised in
the solid state by a combination of spectroscopic, diffraction and mi-
croscopy techniques. ICP-OES analyses showed the bulk Pd content in
the finished catalysts to be generally in line with the amount of pre-
cursor used, thus indicating a metal uptake in the range 85-99 %.
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Scheme 2. Schematic representation of the structure of the PFSA Aquivion polymers examined.
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Slightly lower uptakes were recorded for higher Pd loadings and cross-
linking degrees, that may be tentatively attributed to the worse site-
accessibility of the water-soluble Pd ions. XPS experiments were per-
formed to characterise the oxidation state of the supported Pd particles.
Irrespective of the Pd loading and the Aquivion support material, XPS
spectra indicated the finished catalysts to contain both Pd(0) and Pd(II)
species. Thus, the XPS Pd peaks in the 3d region, where the palladium
doublet is usually observed, were typically deconvoluted into two
oxidation states, Pd(0) around 3ds,, 335 eV binding energy and Pd(II)
3ds/3 around 338 eV [70]. The calculated abundance of the two states
was typically around 80 % for Pd(0) and 20 % for Pd(II), respectively. Pd
(I1) peaks can be attributed to a layer of PdO due to sample manipula-
tion, on the basis of Ar sputtering experiments in agreement with pre-
vious findings [33,71], and to oxygen-coordinated species [72,73]. The
XPS spectra of 1.04Pd@X-link-02-PW79 and 0.26Pd@X-1ink-08-PW79
catalysts are reported in Fig. S1, as representative examples, the latter
being significantly noisier due to the reduced Pd content. TEM analysis
showed all catalysts to contain spheroidal Pd nanoparticles with a broad
distribution of diameters centred around 3 nm, sometimes gathered in
larger aggregates, with no significant size differences among catalysts.
Representative TEM images, size distributions and values are reported in
Fig. S2. As previously reported for similar systems, chemisorption ex-
periments were hampered by the limited accessibility of gas reactants to
low-cross-linked resin in the dry state [33,69,74]. Swelling properties in
acetone were measured for catalysts with comparable metal loading (ca.
1% wt) using a solvent : catalyst weight ratio analogous to that of cat-
alytic experiments (i.e. 6 mL ACE, 100 mg catalyst, vide infra). Swelling
volumes (mL Ace/€ catalyst) are reported in Table 2, showing the ACE
uptake to be significantly higher for lower cross-linking degree of the
polymeric support material, as expected.

3.2. Catalytic conversion of acetone to MIBK

The as-prepared, bifunctional metal / acid materials were tested as
single catalytic body in the solvent-free, direct conversion of acetone to
MIBK, in the liquid phase and batch conditions, using Hy as clean
reducing agent. A systematic study was performed examining the effect
of the reaction conditions, the diverse supported catalysts and the
combination thereof on the process outputs. The performance of the best
catalytic system in the range examined was compared with those re-
ported in the literature.

3.2.1. Systematic study

As previously described for other bifunctional batch systems, the
selectivity of the catalytic conversion of ACE to MIBK is ruled by the
relative kinetics of the several (competitive) potential side-reactions
(Scheme 1) [75] Under concurrent hydrogenation and acid catalysis
conditions, ACE may undergo two initial reaction paths. Path A, leading
to the formation of MIBK, involves a rate determining aldol
condensation-dehydration step, which usually requires temperatures >
110 °C, followed by a fast C—=C bond hydrogenation. Under these cir-
cumstances, DAA and MSO are therefore rarely detected, while the
selectivity to MIBK usually decreases with increasing ACE conversion,
due to further MIBK condensations reaction [76,77]. Path B involves the
hydrogenation reaction of C—=0O bond to isopropyl alcohol (IPA),

Table 2
Swelling ability of Pd@Aquivion catalysts in acetone.”.

Catalyst Swelling volume
(mL/g)
1.00Pd@PW79 1.90
1.04Pd@X-link-02-PW79 1.33
1.00Pd@X-link-05-PW79 1.21
0.91Pd@X-1ink-08-PW79 0.97

@ Room temperature, ca. 30 mg catalyst in 2 mL ACE.
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eventually followed by further dehydrations. This path is usually
kinetically disadvantaged over Pd catalysts, unless high metal loadings,
H, pressures or low temperatures are used [78,79]. For any given metal
/ acidic support material combination of the catalyst involved, the
critical experimental parameters affecting the rates of above side re-
actions, hence in turn the MIBK yield, are: i) the reaction temperature, ii)
the amount of catalyst (defining the molar ratio between ACE and acidic
sites), iii) the loading of supported metal (defining the molar ratio be-
tween ACE and hydrogenation sites), iv) the hydrogen pressure (which
regulates the molar ratio between Hs and acetone), v) the reaction time
[80].

We have therefore investigated the effect of all the above parameters
on the process outputs, either in terms of ACE conversion, selectivity to
MIBK, yields of by-products and productivity to MIBK. The catalytic
performances were recorded in order to identify the optimal catalyst
composition and reaction condition settings. Due to the industrial rele-
vance of the process, which may need to avoid troublesome and costly
purification procedures of the reaction mixture [81], priority was given
to the maximisation of MIBK purity and productivity, rather than the yield
of MIBK. Therefore, our best results were selected on the basis of a
minumum 90 % selectivity to MIBK. Productivity to MIBK was evaluated
in terms of both mmol product per mass of catalyst (mmolyipk e h ™)
and mol product per mass of noble metal (molyk gl?‘} h™1). Other
productivity estimates (e.g. reactor volume productivity, turnover fre-
quency) were used to rationalize the various effects and to compare
diverse catalysts, as illustrated in the following sections. In a preliminary
investigation, the effect of each parameter was examined separately for
each cross-linked support used (see Table 1). Once general trends were
established, we compared the performance of the diverse Aquivion
catalysts featuring different cross-linkage degrees. Data for the linear,
uncross-linked Aquivion resin PW79 catalyst were also recorded for
comparison.

Irrespective of the catalyst and the reaction settings used, the only
compounds identified in the reaction mixtures at the end of catalytic
experiments were ACE, MIBK, DIBK, IPA, DMH and TMN4 (see Scheme 1
for abbreviations). In no case, the total amount of other unidentified
products or traces of other chemicals was above 0.06 mol %.

3.2.1.1. Effect of the reaction temperature. Significant acetone conver-
sion to MIBK usually requires relatively high reaction temperatures, due
to the slow condensation step. The effect of the temperature was thus
examined first, in the range 100-180 °C, in order to evaluate: i) the
resistance of the catalysts and ii) the conversion and selectivity to MIBK.

In first set of experiments, fixed amounts of ACE and solid catalyst
were mixed at room temperature, then heated under catalytic condi-
tions. After 4 h reaction time, the mixture was cooled down to room
temperature and analysed. Whereas all catalysts showed to be insoluble
at room temperature, the behaviour of the catalysts recovered after the
catalytic runs was remarkably different, depending on the Aquivion
support material and the reaction temperature. Upon increasing the
temperature, the lower the cross-linkage of the catalyst and the higher
was the tendency to form a colloidal dispersion, resulting in unrecov-
erable gel-type mixtures, irrespective of the Pd loading. Representative
findings are summarised in Table 3 for catalysts containing ca. 1 wt%
Pd. Thus, for instance, under the conditions of Table 3, the only sepa-
rable catalysts for reactions performed at 140 °C were those with 0.5 and
0.8 wt % cross-linkage. This finding can be justified by the diverse sol-
gel transition temperatures of thermo-responsive polymers depending
on their molecular weight (cross-linkage), at a given concentration [82,
83]. Acetone, as well as lower alcohols, is a good swelling agent for PFSA
in general (see also data in Table 2), hence overswelling with formation
of gels is consistently maximised for low cross-linking degrees. It must be
pointed out, however, that the findings summarised in Table 3 are valid
only within the experimental conditions adopted, i.e. 6 mL ACE and 100
mg catalyst, since catalyst recoverability was significantly affected by
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Table 3

Effect of the reaction temperature on the recovered Aquivion-supported catalysts.".

Applied Catalysis A, General 610 (2021) 117957

Temperature (°C)

Catalyst 100 120 140 160 180
1.00Pd@PW79 separable solid gel gel n.a. n.a.
1.04Pd@X-link-02-PW79 separable solid separable solid gel gel n.a.

1.00Pd@X-link-05-PW79
0.91Pd@X-link-08-PW79

separable solid
separable solid

separable solid
separable solid

separable solid
separable solid

separable solid
separable solid

separable solid
separable solid

# Reaction conditions: catalyst 100 mg, ACE 6 mL, reaction time 4 h, 25 bar H,.

the weight ratio ACE / solid catalyst. Upon decreasing this ratio,
recoverability worsened for catalysts with lower cross-linking degrees
(vide infra). Whenever a catalytic system resulted in an unrecoverable
gel, its behaviour was not investigated further.

On the other hand, irrespective of the other parameters, an increase
in the reaction temperature led invariably to a higher ACE conversion,
but to a lower selectivity to MIBK, due to significant formation of by-
products. Representative examples are reported in terms of conversion
/ selectivity diagrams in Fig. 1, left and Fig. 1, right, for the 1.00Pd@X-
link-05-PW79 and 0.91Pd@X-link-08-PW79 catalysts, respectively.
Overall, under the conditions range investigated (catalyst amount
100—300 mg, Pd loading 0.1-1.0 % wt, Hy pressure 10—35 bar, reaction
time 2—22 h) ACE conversions were in the range 9-63 % and selectiv-
ities to MIBK were in the range 97—-63%. Representative data are
summarised in Table 4. A larger selection of results is reported in
graphical format in the Supporting Information [84].

Upon increasing the reaction temperature, in addition to MIBK, an
increase in the formation of DIBK and DMH was mainly observed. This
finding indicates that, under the reaction conditions range examined: i)
path B - Scheme 1 does not contribute significantly to the conversion of
ACE, ii) the acid-catalysed condensation of MIBK with ACE is facilitated
at higher temperatures and increasing MIBK concentrations. The
composition of the reaction mixture, as a function of the reaction tem-
perature and after 4 h, is graphically reported in Fig. 2 left and Fig. 2
right, for the 1.00Pd@X-link-05-PW79 and 0.91Pd@X-1ink-08-PW79
catalysts, respectively.

The highest amount of DIBK ever detected in our experiments was
around 5 % mol, for reactions performed at temperatures > 140 °C, for
reaction times > 12 h and using > 100 mg catalyst (see below). The DIBK
content was less that 2 % mol, and typically < 1% mol, for reactions
performed at temperatures < 140 °C, < 4 h reaction time, irrespective of
the catalyst amount.

3.2.1.2. Effect of the catalyst amount. Experiments were performed at

1.00Pd@X-link-05-PW79, 100 mg, 25 barH,,4 h
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increasing amounts of catalyst (100—300 mg) and fixed ACE volumes (6
mL). Since all catalysts feature the same acid density (1.27 mmol
SO3H- g’l), this means that the molar ratio between ACE and H™ sites
decreased in this set of experiments, ranging from 650 to 220. Irre-
spective of the other reaction parameters, an increase in the catalyst
amount invariably resulted in a remarkably higher ACE conversion,
while selectivity to MIBK was not significantly affected, since yields of
both MIBK and condensation by-products increased similarly (at least in
the mid-low reaction temperature range). This effect is graphically
shown in Figs. 3 and 4for the 0.50Pd@X-1ink-08-PW79 catalyst, in
which selectivity / conversions diagrams and reaction mixtures com-
positions are reported. This finding is consistent with the fact that the
initial acid-catalyzed aldol condensation step, leading to MIBK (Scheme
1, path A), is rate-determining under our experimental conditions. Use
of higher amounts of solid catalyst was hampered by the formation of
unrecoverable gel-type reaction mixtures, depending on the catalyst
cross-linkage and the reaction temperature (see above) [84].

3.2.1.3. Effect of the Pd loading and H pressure. Catalytic experiments
were carried out at different Hy pressures (10—35 bar) or using catalyst
with different Pd loadings (0.1-1 % wt), i.e. with increasing densities of
hydrogenation sites, showing a much less pronounced effect on the ACE
conversion process, compared to the other experimental parameters.
Thus, no direct correlation between Pd content and ACE conversion or
selectivity to MIBK could be established in our experiments [80]. The
conversion / selectivity diagrams obtained for Pd@X-link-08-PW79
catalysts as a function of Pd loading, is reported in Fig. 5, as represen-
tative example. Analogously, only a minor increase in ACE conversion
and a decrease in MIBK selectivity was observed on doubling the Hj
pressure from 10 to 25 bar, as shown in Fig. 6, left for the
0.91Pd@X-1ink-08-PW79 catalyst. Significant formation of the hydro-
genation by-product IPA (> 1% mol) was only obtained in the instance
that a Hy pressure greater than 25 bar was used, as graphically shown in
Fig. 6, right, that justifies for the MIBK selectivity drop observed. These

0.91Pd @X-link-08-PW79, 100 mg, 10 bar H,, 4 h
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Fig. 1. Conversion / selectivity diagrams, as a function of the reaction temperature, for the hydrogenation reaction of ACE over : left) 1.00Pd@X-link-05-PW79
catalyst (100 mg, 4 h, 25 bar Hy); right) 0.91Pd@X-link-08-PW79 catalyst (100 mg, 4 h, 10 bar Hj).
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Table 4
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Selected data for the solvent-free, direct synthesis of MIBK from ACE over heterogeneous bifunctional Pd@Aquivion catalysts in the liquid phase and batch

conditions.®.

MIBK
Entry  Catalyst '(l;ecn)llg H; (bar)” g;lg;tlty Time (h)°  Conv. (%) ge] # (%)  Productivity” (mmol get h™ TOFy' (mol mol! h°
b 1

1 1.04Pd@X-link-02- 120 25 100 4 14.7 96.5 29.0 23.0
PW79

2 1.00Pd@X-link-05- 120 25 100 4 14.2 88.7 25.7 20.4
PW79

3 0.91Pd@X-1ink-08- 120 25 100 4 11.0 68.7 15.5 12.3
PW79

4 1.00Pd@X-link-05- 160 25 100 4 34.9 80.0 57.2 45.4
PW79

5 0.14Pd@X-1ink-05- 160 10 100 4 30.0 85.4 52.3 41.5
PW79

6 0.26Pd@X-1ink-08- 140 10 100 4 19.7 92.0 37.0 29.4
PW79

7 0.25Pd@X-link-02- 120 25 200 4 16.5 87.9 14.8 11.8
PW79

8 0.10Pd@X-1ink-08- 140 10 200 2 21.6 84.2 37.1 29.4
PW79

9 1.04Pd@X-link-02- 180 25 100 22 63.3 62.8 14.5 11.8
PW79

@ Reaction conditions: ACE 6 mL. Data from GC analysis.

b Reaction temperature.

¢ H, pressure measured at the reaction onset and room temperature.
4 Amount of heterogeneous catalyst.

¢ Reaction time.

f Acetone conversion.

8 Selectivity to MIBK.

b productivity to MIBK per weight heterogeneous catalyst.

! Turnover frequency per H sites.
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Fig. 2. Reaction mixture composition (mol %), as a function of the reaction temperature, for the hydrogenation reaction of ACE over: left) 1.00Pd@X-link-05-PW79
catalyst (100 mg, 4 h, 25 bar Hy); right) 0.91Pd@X-link-08-PW79 catalyst (100 mg, 4 h, 10 bar H).

findings are consistent with our observations above indicating that i)
path B in Scheme 1 does not contribute significantly under the experi-
mental conditions adopted and ii) irrespective of the Pd loading, the
Pd-catalysed C=C bond hydrogenation step is fast in path A. Indeed, in
the hypothesis that the first aldol condensation reaction is

rate-determining in the overall two-step process and that hydrogenation
is faster, all Pd hydrogenation-related parameters do not significantly
affect neither the catalytic performance nor conversion, at least within
the experimental ranges examined. Other parameters, such as the
number of surface-exposed hydrogenation sites may not pay a role in
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0.50Pd@X-1ink-08-PW79, 140 °C,10 bar H,, 4 h
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Fig. 3. Conversion / selectivity diagram, as a function of the catalyst amount,

for the hydrogenation reaction of ACE over 0.50Pd@X-1ink-08-PW79 catalyst
(140 °C, 4 h, 10 bar Hy).
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Fig. 4. Reaction mixture composition (mol %), as a function of the catalyst
amount, for the hydrogenation reaction of ACE over 0.50Pd@X-link-08-PW79
catalyst (140 °C, 4 h, 10 bar Hp).

this case, given the comparable size of Pd nanoparticles, whereas
non-linear dependence of conversion from H; pressure may be due
site-accessibility and mass transfer phenomena.

It must be underlined that, under our experimental conditions, sub-
stoichiometric Hy / ACE molar ratios were involved throughout, that
hampers full conversion of ACE to MIBK in any case, but justifies for the
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Fig. 5. Conversion / selectivity diagram, as a function of the Pd loading (wt %),
for the hydrogenation reaction of ACE over Pd@X-link-08-PW79 catalyst (100
mg, 140 °C 4 h, 10 bar Hy).

negligible hydrogenation of ACE to IPA, in line with previous studies
[80]. In all experiments, the amount of Hy consumed was consistent with
that calculated on the basis of the amount of hydrogenation products
formed. See Supporting Information.

3.2.1.4. Effect of the reaction time. The effect of the reaction time on the
ACE conversion process was drastic. Upon increasing the reaction time
from 4 up to 22 h, an increase of conversion (up to 63 %) was associated
with a sharp decrease of MIBK selectivity, irrespective of the other
experimental conditions. In most cases, this was due to a significant
increase of condensation by-products (DIBK, TMN4, DMH), unless a
combination of harsh hydrogenation conditions was adopted (i.e. high
Pd loading and H; pressure), which resulted in the formation of IPA up
to 2% mol. Representative examples are reported in Fig. 7 and in Fig. 8
in terms of conversion / selectivity curves and reaction mixture
composition, respectively, for the 0.14Pd@X-link-05-PW79 and
0.91Pd@X-1ink-08-PW79 catalysts.

This effect is safely ascribable to the increase of contact time between
the solid acid catalyst and the intermediate conversion product MIBK,
which favours the further condensation reaction of MIBK with uncon-
verted ACE. The situation is analogous to that observed in any other
catalytic process wherein the desired product is that due to a partial
conversion of the substrate, e.g. the partial hydrogenation reaction of
alkynes to alkenes [85,86], the hydrogenation of 5-hydroxymethylfurfu-
ral to 2,5-bis(hydroxymethyl)furan [87] or the partial hydrogenation of
biodiesels [88]. In the present conversion process of ACE, the picture is
complicated by the occurrence of coexisting acid-catalyzed condensa-
tion and metal-catalyzed hydrogenation reaction conditions.

3.2.1.5. Effect of the catalyst’s cross-linking degree. Use of Aquivion
support materials with different cross-linking degrees had two main
consequence: an effect on the mechanical stability of the solid catalysts
and an effect on the catalyst’s efficiency.

The effect on the catalyst’s stability was discussed above in the
relation to effect of the reaction temperature. Catalysts with higher
cross-linkage displayed a higher resistance to form colloidal suspen-
sions, hence they were more liable to be recovered in the solid state and
reused. This is particularly relevant for practical applications of these
catalysts, both in terms of long-term production of MIBK and potential
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Fig. 6. Hydrogenation reaction of ACE over 0.91Pd@X-link-08-PW79 catalyst (100 mg, 140 °C 4 h), as a function of the Hy pressure (bar). Left: conversion /

selectivity diagram. Right: reaction mixture composition (mol %).

0.14Pd @X-link-05-PW79, 100 mg, 140 °C, 10 bar H,

100
—e— Reaction time (h)

95
4
%0 N

\8\
85

80

Selectivity to MIBK (%)

16
75

70 T T ]
20 30 40 50

Conversion (%)

0.26Pd@X-link-08-PW79, 100 mg, 140 °C, 10 bar H,

100

—e—Rectiontime (h)

95

90 \

85

80

Selectivity to MIBK (%)

75

70 T T
10 20 30 40

Conversion (%)

Fig. 7. Conversion / selectivity diagrams, as a function of the reaction time, for the hydrogenation reaction of ACE over: left) 0.14Pd@X-1ink-05-PW79 catalyst (100
mg, 140 °C, 10 bar Hy); right) 0.91Pd@X-1ink-08-PW79 catalyst (100 mg, 140 °C, 25 bar Hy).

incorporation into flow-through reactors.

On the other hand, under identical experimental conditions, an in-
crease in the catalyst’s cross-linking degree invariably resulted in a
lower catalytic activity, as graphically shown in Fig. 9 for catalysts with
ca. 1 % Pd loading, as representative example [84][84]. This finding
may be attributed to a lower acid sites-accessibility of the substrate upon
increase of the cross-linkage of the polymeric support, in agreement with
the swelling data of the catalysts in acetone as reported in Table 2. Since
the acid-catalyzed condensation step is rate-determining in the overall
process, this effect could be quantitatively evaluated by mean of the
turnover frequency calculated per H' sites (TOFy = molypk molg'h™),
which indeed decreased in the series 0.2 > 0.5 > 0.8 % cross-linkage, as
reported in Table 4, entries 1—3. An analogous result was previously
highlighted by us using cross-linked Aquivion polymers in the
acid-catalyzed amination reaction of levulinates [48]. Any effect of
catalyst’s cross-linkage on selectivity shall be considered with care,
since selectivity data must be compared at the same conversion level.
However, the data available in our hands suggest the lack of any direct
correlation in this case.

3.2.2. General observations

We performed a systematic study of the ACE conversion process by
examining the effects of reaction conditions and catalysts’ properties.
For each parameter investigated, reproducible trends were observed
that can be fully justified in terms of catalysts’ features, conversion
pathways and reactivity of intermediate products. Despite restricted to a
range of experimental conditions, our study revealed that within the
ranges explored: i) path B in Scheme 1 is disfavoured, so that the for-
mation of IPA; ii) the aldol condensation step is rate determining; iii)
critical experimental parameters for MIBK production are the reaction
temperature, the amount of catalyst used and the reaction time, whereas
the Pd loading and the H; pressure are less important; iv) high selectivity
values to MIBK (i.e. > 90 %) are only observed for moderate ACE con-
versions (i.e. < 30 %). The cross-linkage of the support material has
consequences on both catalyst’s activity and recoverability. It is clear
that optimization of the selective production of MIBK requires a selec-
tion of reaction parameters resulting in a very fast aldol condensation
reaction of ACE (path A, Scheme 1), thus to maximise the ACE conver-
sion while minimising the contact time with the catalyst, hence the
formation of by-products. This suggests that the implementation of a
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Fig. 8. Reaction mixture composition (mol %), as a function of the reaction time, for the hydrogenation reaction of ACE over: left) 0.14Pd@X-1ink-05-PW79 catalyst
(100 mg, 140 °C, 10 bar Hy); right) 0.91Pd@X-1ink-08-PW79 catalyst (100 mg, 140 °C, 25 bar Hy).
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Fig. 9. Conversion dependence from catalyst’s cross-linkage for the hydroge-
nation reaction of ACE over 1.04Pd@X-1ink-02-PW79, 1.00Pd@X-link-05-
PW?79 and 0.91Pd@X-1ink-08-PW79 catalysts (100 mg, 120 °C, 25 bar Hy, 4 h).

continuous flow reactor system may be a promising perspective for the
improvement of the present bifunctional catalyst, due to the potential
for a careful control of contact time [89]. On the other hand, choice of
the best polymeric support for catalyst is ruled by the best compromise
solution between catalyst’s efficiency and recoverability.

Based on the above observations, the combination of batch experi-
mental parameters and catalyst’s properties leading to the best
compromise results, yet non-optimised, between catalyst resistance,
productivity and selectivity to MIBK were 0.8 cross-linkage of the PFSA
support, Pd loading 0.26 %, H; pressure 10 bar, reaction temperature
140 °C, catalyst amount 100 mg (catalyst 0.26Pd@X-link-08-PW79).

10

This resulted in a selectivity and a in productivity to MIBK of 92 %
and 37.0 mmolyek gc’alt h’l, respectively, at 19.7 % ACE conversion,
after 4 h reaction time (Table 4, entry 6). The productivity per amount of
Pd was 14.3 molypk gﬁdl hl. It must be mentioned, however, that a
higher MIBK selectivity (96.5 %), yet a lower productivity, could be
obtained using the 1.04Pd@X-link-02-PW79 catalyst at lower temper-
ature (120 °C) (Table 4, entry 1). Higher productivities around 50
mmolypg g{alt h~! were obtained in the high temperature range (> 160
°C), however with a considerable selectivity drop (ca. 80 %), as above
discussed (Table 4, entry 4 and 5).

Importantly, under the conditions above mentioned (see Table 3),
the solid catalysts could be easily recovered from the reaction mixture
and reused in subsequent ACE hydrogenation cycles, without significant
loss of activity or selectivity. As a representative example, the results of
first three hydrogenation cycles using the 0.91Pd@X-link-08-PW79
catalyst are reported in graphical format in Fig. 10. In no instance the
amount of Pd leached in the catalytic reaction solution was above that of
the ICP-OES detection limit. Noteworthy, catalyst reuse was possible
even in the upper reaction temperature range (e.g. 160 °C), that can be
ascribed to the high thermal stability of the perfluorinated polymeric
support. In addition to the ease of separation and recovery, benefits of
heterogeneous catalysts, compared to homogeneous systems, may
include robustness and stability on the long term. In that case, reuse of
heterogeneous catalysts may overcome the usually higher Turnover
Numbers typical of homogeneous systems [90]. In the present case, long
term experiments over several repetition runs will be conveniently
performed once a catalyst showing high selectivity at high conversion
level is developed.

3.2.3. Comparison with literature data

As above outlined, a number of heterogeneous bifunctional catalysts
have been described in the literature for the direct conversion of ACE to
MIBK, in the liquid phase and under batch conditions. Data for the most
significant examples are summarised in Table 5, whereas a full list is
reported in Table S1. Among these catalysts, the only one with industrial
application, and by the way the most similar to those herein described, is
Amberlyst-CH28 (macroreticular sulfonated resin support, 0.7 wt% Pd),
which resulted in a 96 % selectivity to MIBK at 45 % ACE conversion
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Fig. 10. Catalyst reuse experiments for the hydrogenation reaction of ACE over
0.91Pd@X-1ink-08-PW79 catalysts (100 mg, 160 °C, 10 bar Hy, 2 h, ACE 6 mL).
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(Table 5, entry 4). Various comparative elements with the Aquivion-
based catalysts can be highlighted:

i) under very similar reaction conditions (120 °C, 25 bar Hj) the

Aquivion catalysts 1.04Pd@X-1ink-02-PW79 provided a slightly
higher selectivity to MIBK (96.5 %), however at a lower con-
version value (14.7 %) (Table 5, entry 1). As a consequence,
productivities to MIBK were lower for the Aquivion catalyst both
in terms of weight catalyst (29.0 vs. 42.4 mmol gz h™!) and
weight Pd metal (2.8 vs. 6.0 mol gpd h™1).

ii) best compromise results between catalyst productivity (37.0

iii)

mmol g{alt h™1) and selectivity (92 %) were obtained for the
Aquivion catalyst 0.26Pd@X-link-08-PW79, under 140 °C and 10
bar Hp, at 20 % ACE conversion (Table 5, entry 2). In this case,
while productivity and selectivity were comparable to those of
the Amberlyst system, productivity in terms of noble metal used
was much higher (14.3 mol gp4 h™!) because of the lower Pd
content. This allows for a significant saving of expensive noble
metal.

importantly, it must be noticed that in the case of Amberlyst a
high conversion was obtained using a remarkable amount of
catalyst (5 g, Table S1) that features a high acid-sites density (4.8
mmol SOsH-g™1). This result can be easily justified in terms of
low ACE / H' sites molar ratio in that case (72) and by the fact
that the acid-catalysed aldol condensation step is the rate deter-
mining one. Consistently, the Aquivion catalysts, for which a
much higher ACE / H" ratio can be calculated (649), provide
lower ACE conversions under similar reaction conditions. Actu-
ally, the normalized parameter TOFy indicates the Aquivion
catalysts to be more active than Amberlyst (23 vs. 8.8 hH
(Table 5, entry 1 vs. entry 4), that can be attributed to the higher
acidic strength and lower cross-linkage of the Aquivion support.

Representative literature data for the solvent-free, direct synthesis of MIBK from ACE over heterogeneous bifunctional metal/acid catalysts in the liquid phase and
batch conditions.

MIBK
Entry  Catalyst ]:,emap. H, . ACF/C H' C(])on:. Sel.® Productivity' (mmol Productivity®(mol TOFy" (mol Ref.
©C) (bar) ratio (%) (%) g bl g molg! h')
pd b

1 1.04Pd@X-link-02-PW79 120 25 649 14.7 96.5 29.0 2.8 23.0 i
2 0.26Pd@X-1ink-08-PW79 140 10 649 19.7 92.0 37.0 14.3 29.4 !
3 0.14Pd@X-link-05-PW79 140 10 649 40.7 79.1 16.5 11.8 13.1 !
4 0.7Pd@Amberlyst-CH28 120 30 72 45.0 96.0 42.4 6.0 8.8 [80]
5 0.1Pd@Csy.sHo sPW12040 180 75 na. 42.1 89.8 326 32.6 na. [92]
6 0.131’(?1@HTl 118 27.6 n.a. 38.0 82.2 6.3 4.8 n.a. [93]
7 0.1Pd@Nb,05/Si0, 160 20 n.a. 16.6 93.0 165.7 165.7 150.6™ [76]
8 0.11Pd@MIL-101 150 7.5 60" 59.8 90.2 61.9 56.3 21.5" [94]
9 1.0Pd@Ethane-SiO,-SOsH 180 n.a. 148 49.8 82.7 n.a. n.a. n.a. [95]
10 0.1Pd@Mg-Al-mixed- 120 18 n.a. 42.1 88.4 28.9 28.9 n.a. [96]

oxide
11 1.0Pd@Zn-Cr-mixed- 200 5 88° 55.6 83.1 39.8 4.0 20.4° [971

oxide
12 O.ZOPd@HT-SiOQI’p 190 5 n.a 16.0 100.0 2135.5 1067.7 n.a. [79]

# Reaction temperature.
b H, pressure.

¢ Acetone / H' sites molar ratio.

4 Acetone conversion.
¢ Selectivity to MIBK.
f Productivity to MIBK per weight heterogeneous catalyst.
& Productivity to MIBK per weight Pd.

" Turnover frequency per H sites.

! This work.

! HT = hydrotalcite, amphoteric.

™ With respect to the total Brgnsted -+ Lewis acidity =1.07 mmol g~ .
T With respect to the total Brgnsted + Lewis acidity =2.88 mmol g~
° With respect to the total Brgnsted + Lewis acidity =1.95 mmol g~ .

P Nano colloidal system.
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As above described, use of larger amounts of Aquivion catalysts is
hampered by the formation of unrecoverable gel mixtures,
however.

reuse of Amberlyst-based catalyst is limited by its upper tem-
perature limit, due to thermal degradation of the resin (130 °C)
and by the deactivation of the catalyst, due to the adsorption of
water produced during the process that covers the catalytic sites
[91]. As a matter of fact, the Amberlyst catalyst could be reused
two times, after drying at 80 °C for 3 h after each run [80][80]. By
contrast, the Pd-Aquivion catalysts could be efficiently reused
with no need of reactivation treatment even at high temperature
(160 °QC), thanks to the higher thermal stability and hydropho-
bicity of the perfluorinated matrix.

iv

—

Other solid catalysts have been reported showing high selectivity to
MIBK (> 90 %, Table 5). However, a fair comparison of efficiency should
involve similar reaction conditions and ACE conversion levels, which is
often hampered by lack of experimental data. In some cases (e.g. entry 5,
9, 11), experiments were performed at high temperatures (> 180 °C),
whereas a positive contribution of Lewis acid sites onto the catalyst
support is arguable (e.g. entry 7, 8, 11). Within these assumptions, the
efficiency of the Aquivion-based catalysts is line with that of the re-
ported systems in term of productivity, whereas they ranks high in term
of acid sites activity (i.e. TOFy). It must be underlined, however, that all
catalysts (if data are available) were invariably used at much lower ACE
/ acid sites ratio compared to Aquivion (either using higher amounts of
catalysts or acid sites densities), that undoubtedly favours the conver-
sion of ACE, but increase the operating expenses of the process. Very
high productivities were reported using an hydrotalcite-supported Pd
catalyst, namely 0.20Pd@HT-SiO; (Table 5, entry 12), at 190 °C reac-
tion temperature [79]. However, this was a nano-colloidal quasi-ho-
mogeneous system, that partially explain for the high activity.

Finally, it must be mentioned that the catalytic synthesis of MIBK
from ACE using propan-2-ol as hydrogen transfer agent, instead of
hydrogen gas, have been previously reported. Moderate MIBK yields
were obtained in gas-phase operations over Cu-Mg-Al catalysts [98,99].

4. Conclusions

We have described the synthesis of heterogeneous bifunctional Pd/
acid catalysts, based on a novel class of cross-linked perfluorinated
sulfonic acid polymers, and their application to the one-pot, single stage
synthesis of MIBK from acetone in the liquid phase. A systematic study
was performed analyzing the separate effect of key reaction parameters
and catalysts’ features on the process outputs. All effects were repro-
ducible and could be rationalized in terms of reaction pathway, kinetics
and active sites accessibility. Under our experimental conditions, a
mechanism consistent with a first, rate-determining acid-catalysed aldol
condensation step, followed by a relatively fast metal-catalysed hydro-
genation was demonstrated. Accordingly, the reaction temperature, the
reaction time and the molar ratio ACE / H' sites showed to be critical in
the processes, whereas the Pd-related parameters (i.e. Pd loading, Hy
pressure) had no significant effect on the catalytic performance. The
cross-linking degree of the polymeric support showed a positive effect
on the catalyst’s stability and recoverability, whereas slightly decreased
its activity. Non-optimised selection of reaction conditions and catalyst
properties resulted in high selectivity to MIBK (up to 96 %) at moderate
ACE conversion, wherein remarkable productivity (up to 57 mmolypk
g{alt h™1) and turnover frequency under mild conditions (140 °C, 10 bar
Hj) were attributed to the high acidic strength of the fluorosulfonic acid
support. Compared to commercial Amberlyst-CH28, the catalysts herein
described offer the unquestionable benefit to be effective at lower Pd
loading, hence allowing for the savings of noble metal, whilst affording
comparable performance. As product purity decreases upon increasing
conversion in the process, best compromise results between selectivity
(92 %) and MIBK productivity per unit metal (14.3 molypx gﬁj h'H
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represent a significant outcome of the present catalytic system, that
doubles that of the Amberlyst one in term of reduction of precious metal
usage. In addition, the present catalyst can be reused with no efficiency
decay at high reaction temperature, that can be attributed to the thermal
stability of the hydrophobic perfluorinated polymeric support.

The results obtained indicate cross-linked Aquivion type fluorinated
polymers to be a promising class of materials for the engineering of truly
heterogeneous bifunctional catalysts, targeting multistep reaction pro-
cesses in one-pot, featuring high efficiency and resistance. Potential
applications are several, particularly in the catalytic valorisation of plant
biomass [100], wherein cascades of metal / acid - mediated reactions are
required for the direct conversion of feed to added-value platform
chemicals [101,102]. To the best of our knowledge no other examples
have been reported in the literature, nor are commercially available, of
cross-linked PFSA materials. Based on the high acid catalysis activity
and resistance herein demonstrated, we believe that these materials may
represent an extremely useful option to convention sulfonated resins,
whose application as catalysts are plenty in several fields at the indus-
trial level [64,103]. As perspective, our findings also suggest the syn-
thesis of PFSA materials with higher cross-linkage (> 1 %) and acid sites
density (> 2 mmol-g~!) to be key in the design of catalysts with
enhanced performance.
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