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ARTICLE INFO ABSTRACT
Keywords: In this study, we report a reusable catalytic system based on a bifunctional Pd/Al,O3 spheres to conduct the
Furfural single-reactor tandem aldol condensation/crotonization reaction between furfural and methylisobutyl ketone,

Methyl isobutyl ketone
Acid catalyst

Alumina
Single-reactor

followed by hydrogenation, both in batch and continuous mode. In batch mode, the process achieved an overall
86 % yield of 1-(tetrahydrofuran-2-yl)-5-methylhexan-3-one at 180 °C after 9 h at €5.2 wt% furfural concen-
tration). The reaction rate for the aldol condensation/crotonization step decreased at higher FF concentration,
suggesting the inhibition of Lewis acid centers due to adsorbed FF as inferred from kinetic modeling. In
continuous mode, the catalyst was operated in a dual-type fixed bed reactor and reached 55 % steady-state
conversion and 60 % and 35 % selectivity to 1-(furan-2-yl)-5-methylhexan-3-one and (E)-1-(furan-2-yl)-5-
methylhex-1-en-3-one, respectively, after 12 h operation at 170 °C and a weight-hourly space velocity of 0.50
h~! at high furfural concentration (18 wt%). NH3/CO, temperature-programmed desorption and FT-IR spec-
troscopy implemented with adsorbed pyridine, NHz and CO, were used to assess the nature, strength, density and
stability of the acid and basic sites.

reactions [24]. Besides, the furan ring can be subjected to alkylation,
hydrogenation, oxidation, halogenation and nitration reactions
[25-30]. However, a large number of FF transformations are possible,
and indeed, the use of renewable FF to produce fine and commodity
chemicals and fuels is still today an underdeveloped area [31].

The aldol condensation of FF with ketones is commonly employed in
the food industry, and can be used to prepare longer-chain value-added
liquid fuels starting from ketones. Aldol condensation is defined as an
organic reaction in which an enolate ion (i.e. carbanion generated from
a-hydrogen ketone or aldehyde) reacts with a carbonyl compound (most
often acetone) to form p-hydroxy ketone or p-hydroxy aldehyde, fol-
lowed by dehydration (crotonization) to give a conjugated
o,p-unsaturated enone. Aldol condensation reactions are commonly
catalyzed by homogeneous bases such as KOH and NaOH, which are
highly active, but hardly recyclable. The reaction can be either con-
ducted in a single phase or in biphasic system [32], enabling also one-
pot processes starting from carbohydrates [33]. Recent work has

1. Introduction

The mitigation of fossil fuels and the environmental shortcomings
derived from their use is encouraging the exploration of new energy
sources for the chemical industry. At present, many research strategies
focus on the use of biomass-derived feedstocks as platform chemicals for
the synthesis of fuels and valuable chemicals [1-4]. Most specifically,
the transformation of furanic compounds, which can be produced from
the hydrolysis of carbohydrates directly issued from lignocellulose, has
attracted great interest [5-7].

Biobased furfural (FF) can be used as building block to access a va-
riety of relevant industrial products and intermediates [8-13]. Furfural
can undergo typical reactions of aldehydes, such as acetalization
[14,15], acylation [16], aldol condensation [17], reduction to alcohols
[18], reductive amination to furfurylamine [19,20], decarbonylation
[21], oxidation to maleic acid/anhydride [22,23], and Grignard
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Nomenclature MIBK Methyl isobutyl ketone
A Pre-exponential factor in Arrhenius equation (mol.g '.s™1) Superscripts
¢ Concentration (mol.m3) 0 Initial Valge X
CB Carbon balance (-) Empty active site
CI Confidence interval of optimized parameter (-) Acronyms
cov Diagonal elements of the variance-covariance m?trix =) ALD-1  (E)-1-(furan-2-yl)-5-methylhex-1-en-3-one
Ea Activat.ion. energy in Arrileni'us equation (J.mol™ ") ALD-1-OH (E)-1-(furan-2-yl)-5-methylhex-1-hydroxy-3-one
F Total ¥1qu1d ﬂ(?wrate (m%s) ALD-2a,b (E/Z)-3-(furan-2-ylmethylene)-4-methyl-pentan-2-one
J Jacoblar‘l matric (-) 5 y ALD-3  (E)-1-(furan-2-yl)-di(5-methylhex-1-en-3-one)
K Adsorption constant (m”.mol ) BAS Brgnsted acid species
Mwisre - MIBK-to-FF weight ratio (-) BBS Brgnsted basic species
n Number of moles (mol) cat Catalyst
N Degrees of freedom (_1) L GC Gas chromatography
r Reaction rate (mol.g™ ".s™ ") FA Furfuryl alcohol
SSE Sum of squares according to Eq. (13) (-) F-ALD-1 Hydrogenated ALD-1 (C=C) product
t Time (s) FF Furfural
t Student-t () 5 FID Flame ionization detector
Vi Liquid volume (ms) L FT-IR  Fourier-Transformed Infrared
v Molar volume (m”.mol ") HPLC  High-performance liquid chromatography
w Catalyst amount (kg) . HR-TEM High-resolution transmission electron microscopy
WHSV ~ Weight-hourly space velocity (s™) ) ICP-AES Inductively coupled plasma atomic emission spectroscopy
y(e,f)  Output molar fraction vector measured under the input LAS Lewis acid species
vector & () LBS Lewis basic species
y(&e,f)  Predicted output molar fraction vector (-) LH Langmuir Hinshelwood
Greek symbols MIBK Methyl isobutyl ketone
v Stoichiometric coefficient () NMR Nuclear magnetic resonance
Xy Variance-covariance matrix for the molar fractions (-) PXRD Powder X-ray dlf'fre'lctlon
0 Density (kg.m"3) TCD Thermal conductivity detector
0 Surface coverage (<) THF-ALD-1 Hydrogenated ALD-1 (C—=C + furan ring) product
TPD Temperature-programmed desorption
Subscripts TPR Temperature-programmed reduction
FF Furfural

targeted the design of heterogeneous basic catalysts for the aldol
condensation/crotonization of FF with acetone. The catalysts are
commonly based on mixed oxides enriched with sites of medium
strength (e.g., Mg-Zr, Mg-La, Mg-Al) [34-39], hydrotalcites and layered
double hydroxides [40-43], KF/aluminas [44,45], titania [46], ZnO (in
the presence of water) [47] and zeolites/zeotypes [34,48-51]. Solid acid
catalysts also exhibit activity for aldol condensation reactions, even if
they have been less explored. Key examples comprise Brgnsted solid
acids relying on zeolites with microporous [52-54] or hierarchical ar-
chitectures [55,56], as well as Lewis solid acid catalysts based on Nb,Os
or NbyOs encapsulated in MFI zeolites [57,58], Sn/BEA [59] and Zr-
MOF-808/silica hybrids [60]. This study unveils the catalytic proper-
ties and robustness of y-alumina as Lewis solid acid catalyst for the aldol
condensation/crotonization reaction of FF with methyl isobutyl ketone
(MIBK).

As key innovation, the aldol condensation reaction of FF with a ke-
tone combined with a sequential reaction has been proposed for engi-
neering tandem reactions in a single reactor. Compared to a two-reactor
process, a single-reactor tandem process affords a higher degree of
intensification and avoids separation of the aldol intermediate. To this
aim, combinations of catalysts or multifunctional catalysts with
different active centers are required. For instance, the one-pot synthesis
of biofuels and monomer precursors has been reported by combining a
first aldol condensation step of FF with acetone, methyl isobutyl ketone
(MIBK) or cyclopentanone, followed by hydrodeoxygenation/hydroge-
nation catalyzed by Pd or Pt supported over acid/base supports [61-68],
Pd supported over hierarchical zeolites and propylamine-grafted mes-
oporous silicas [69,70] and Pt encapsulated in acid zeolites [71,72].

One-pot/single-reactor reactions have also been reported for preparing
furan- and THF-derived amines by the aldol condensation reaction of FF
with ketones, followed by reductive amination with NH3 and Hp, over
combined Amberlyst-26 and Ru/C or Pd/Al,Oj3 catalysts [73,74]. Key to
these developments is the compatibility of the different active centers,
which can show antagonistic behavior in the different steps. Moreover,
the catalysts should be stable against formation of oligomers from
furfural, especially in the presence of polar solvents.

Herein we report a robust catalytic system based on a bifunctional
Pd/Al,03 catalyst for conducting the single-reactor tandem solvent-free
aldol condensation/hydrogenation reactions of FF and MIBK to access a
renewable biosolvent and biofuel precursor in the branched alkane
range at high yield. The process comprises two steps (Scheme 1): (1)
aldol condensation/crotonization, and (2) selective hydrogenation of
the aldol condensation adduct(s). The activity and robustness of the
catalyst was investigated in batch and continuous dual fixed-bed re-
actors to devise conditions for upscaling, especially at high furfural
concentration. The catalytic conditions were optimized to achieve high
conversion and selectivity, as well as a high level of reusability. The
nature, strength and density of acid and basic on alumina were char-
acterized by combining NH3/CO-TPD and FT-IR spectroscopy using
pyridine, NH3 and CO, as acid/base probe molecules. The structural
properties of the catalysts and location of Pd nanoparticles on alumina
were investigated using X-ray diffraction (XRD) and HR-TEM. Kinetic
modeling of FF-MIBK aldol condensation over alumina in an autoclave
batch reactor was carried out using a Langmuir-Hinshelwood surface
reaction mechanism.
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Scheme 1. Two-reactor vs. single reactor tandem process for the synthesis of hydrogenated derivatives from FF.

2. Materials and methods
2.1. Materials

Palladium(II) acetate (98 %), supplied by Sigma-Aldrich, was used
for the synthesis of Pd/Al,O3 catalysts-NH3 (>99.7 %), purchased from
SIAD (Bergamo, Italy) and 2,6-di-tert-butylpyridine (>97 %), purchased
from Sigma Aldrich (Milano, Italy), were used in FTIR experiments.
Furfural (97 %) and methyl isobutyl ketone (>98-100 %), used for the
catalytic tests, were supplied by Sigma-Aldrich and Sinopharm/VWR
Chemicals, respectively. Toluene (99.8 %) and dodecane (>99 %) were
procured from Sigma-Aldrich and used as solvent and internal standard,
respectively. Gamma-alumina (Puralox SCCa-5/170, Puralox SCFal40,
Puralox SBa90, alumina spheres 1.8/210, Siral 30, Siral 5 HPV) were
supplied by Sasol, whereas commercial Pd/Aly03, Pt/Al,03, Rh/Al;03
and Ru/Al;O3 were purchased from Johnson Matthey. Silicon carbide
(120 ym) was procured from Alfa Aesar. All the chemicals, except
furfural, were used as received without further purification. Furfural
was distilled at 80 °C and 25 mbar using a rotavapor (R-300, Buchi).

2.2. Synthesis of Pd/Al;03

Pd/Al,03 was prepared by wet impregnation of AlpO3 spheres (5.9 g)
using a precursor solution of palladium acetate (0.54 g in 30 mL
acetone) under sonication. After 30 min, acetone was evaporated at
40 °C, and the catalyst was dried overnight at 80 °C, calcined at 400 °C
for 4 h and reduced at 200 °C for 4 h under Hs.

2.3. Catalyst characterization

Powder X-ray diffraction (PXRD) was used to characterize the phases
present in the catalysts. The patterns were obtained using a Bruker AXS
D8 ADVANCE diffractometer in reflection mode with Bragg-Brentano
geometry, operating with a radiation source of monochromatic X-rays
Cu Ko (A = 1.5406 A) and LYNXEYE_XE_T, and applying the following
acquisition parameters: voltage and amperage of the source 40 kV/40
mA; interval 5-60° (20).

Transmission electron microscopy (TEM) was conducted on a JEOL
2100 instrument with a LaB6 filament, an acceleration voltage of 200 kV
and using a Gatan 832 CCD camera. Prior to characterization, the
samples were dispersed in ethanol with ultrasonic treatment for 5 min
and dropped onto a carbon film on a copper grid. The size distribution of
Pd nanoparticles over Pd/Al,O3 was obtained by manual analysis of
micrographs with Image J software.

FTIR spectra of catalyst pellets, previously outgassed at 150 °C to
remove adsorbed moisture, were measured under vacuum (<107°
mbar) on a Bruker Equinox 55 spectrometer equipped with a pyroelec-
tric detector (DTGS type, 4 cm ™! resolution). NHg, pyridine and CO,
were adsorbed at room temperature using a specially designed cell and

evacuated using a vacuum line to carry out the adsorption—desorption in
situ measurements. FTIR spectra were normalized by the pellet weight
and plotted in differencemode. The total number of accessible Lewis and
Brgnsted acid sites (N) was measured using the Lambert-Beer law (A =
eNp), where A is the area of a given band (cm_l), ¢ is the molar
extinction coefficient (cm pmol’l), N is the concentration of the
vibrating species (pmol g 1), and p is the density of the pellet (mg cm %)
[75].

The density and strength of acid sites in the catalysts was measured
by NH3-TPD using a Micromeritics AutoChem II 2920 system equipped
with a quartz U-type tubular reactor and a thermal conductivity (TCD)
detector. In a typical test, the catalyst (70 mg) pre-grinded at 200 pm
was pre-treated at 250 °C for 2 h under a He flow [40 mL(STP) min]
and cooled down to room temperature. Then, NH3 was chemisorbed at
100 °C using pulsed injections, and the temperature was increased up to
1000 °C using a ramp of 10 °C minl. The density of acid sites was
quantified using the method reported in refs. [76,77]. The NH3-TPD
profiles were normalized by the catalyst catalyst.

The bulk Pd content of the catalysts, previously dissolved using a
HNO3/H2SO4/HF solution, was measured by Inductively Coupled
Plasma Atomic Emission Spectroscopy (ICP-AES) using a Thermo IRIS
Intrepid II XSP atomic emission spectrometer.

2.4. Catalytic tests

The catalytic tests for the tandem aldol condensation/crotonization
+ hydrogenation reaction were conducted both in batch mode (auto-
clave reactor) and in continuous flow (dual-type fixed-bed reactor). The
experimental details for the different tests are compiled in Sections 2.5.1
and 2.5.2.

Preliminary tests were carried in both operation modes to exclude a
role of mass transfer effects in the catalytic activity. In the tests in
autoclave, the FF conversion kept unchanged with the stirring rate in the
range 500-1500 rpm. Also, dedicated tests in the fixed bed were carried
out at constant weight-hourly-space-velocity (WHSV) (see definition in
Section 2.5.2) of 0.25 h™!, but varying the FF liquid flowrate and cata-
lyst loading in the reactor. The application of the Mears criterion also
confirmed the absence of of mass transfer resistances in the reactors (see
SI).

2.4.1. Catalytic tests in batch mode

The catalytic tests were carried out primarily in a stainless steel
autoclave reactor (30 mL, Taiatsu). In a given test in batch mode, 0.2 g
(2 mmol) of distilled FF and 3.8 g (38 mmol) of MIBK were reacted over
40 mg of calcined catalyst [MIBK/FF 19.0 = (w/w); FF/cat = 5.0 (w/w)]
in the temperature range of 120-180 °C under magnetic stirring (1000
rpm).

The same autoclave reactor was used to perform the single reactor
condensation/crotonization reaction of FF and MIBK at the
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experimental conditions described above for a given time, followed by
hydrogenation using molecular Hy at 80-160 °C, 10-20 bar and 6-12 h
ensuring complete reduction of Pd according to the Ho-TPR profiles of
the catalysts (not shown).

Additional catalytic tests for aldol condensation/crotonization re-
action were conducted in a Top Industrie reactor with mechanical stir-
ring (500-1500 rpm). In these tests, the reactor was charged with 2 g
(20 mmol) of distilled FF, 38 g (380 mmol) of MIBK and 400 mg of
catalyst [MIBK/FF 19.0 = (w/w); FF/cat = 5.0 (w/w)], and the reaction
was carried out at 120 °C. The results in the three reactors were com-
parable and fully reproducible using Siral HPV as catalyst (Figure S1).

The FF conversion, selectivity, yield, initial reaction rate of forma-
tion (ri o) of each product and carbon balance (CB), were defined using
the expressions (Egs. (1)-(5))

FF conversion = 1 —noﬂ x 100 (€8}
Npp
n;
Selectivity; = -——— x 100 (@3]
Npp — NFr
n;
Yield; = —— x 100 3)
npp
1 dn;
o = o 4
T W, “
Zn;
CByr == 100 ®)

where n; is the number of moles of product i, and W is the catalyst
loading.

2.4.1.1. Catalytic tests in continuous flow. The catalytic tests in contin-
uous flow were conducted in a stainless steel downflow fixed-bed
reactor (i.d 19 mm, length 250 mm) (Figure S2). The reactor consisted
of three layers: (bottom) 200-um SiC to ensure the positioning of the
catalyst(s) within the isothermal zone of the bed; (2) catalyst; and (3)
200-pm SiC to facilitate the feed mixing and heating to the reaction
temperature.

The temperature was controlled along the bed length using a heat
controller box (Top Industrie, +1 % accuracy). The gas (Hs) and liquid
were simultaneously co-added at the reactor inlet using a thermal mass
flow controller (Bronkhorst, +1 % accuracy) and a HPLC pump (PU-
4086, JASCO) (+5 % accuracy), respectively. The gas-liquid mixture
was depressurized along the reactor using a pressure regulator. The
reactor outlet was cooled down to room temperature while passing the
sampling pipe, enveloped with a cooling jacket, connected to the ther-
mostated cooling batch (LAUDA), and liquid samples were recovered at
regular times.

Two bed configurations were used for the catalytic tests: (1) a single
bed of Al,O3 (11.5 g) to study the catalytic activity in the aldol
condensation/crotonization reaction at 80 °C for 12 h using 4.8 wt% of
FF (2:1 MIBK/FF molar ratio), and (2) an Aly03-PdO/Al;03 (11.5 g
Aly,03 + 11.6 g PdO/Aly03) dual fixed-bed reactor, where PdO/Al;O3
bed was placed at the bottom of the Al;O3 bed, and the reaction was
carried out at the same conditions as in (1).

The weight-hourly space velocity of the reactor referred to FF
(WHSVgg) was computed as follows

_ Ry (mL /h) 1

O A v v pyps) ©

WHSVpr (")

where F is the total liquid flowrate at the reactor inlet (range 0.6-3.0
mL.h™Y), W is the catalyst loading (11.5 g), pp is the total density of the
liquid (0.86 g/mL) and Mypk-rr is the MIBK/FF weight ratio (4.5).
The FF conversion, selectivity and yield of each product, as well as
the carbon balance (CB), at the outlet of the reactor were defined using
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the following expressions (Egs. (7)-(10))

F,
FF conversion = 1 — —L x 100 7)
For
Selectivir B 100 ®)
electivity, = ———
Y F— Fur
F;
Yield; = —— x 100 9
FFF
XF; 4+ F
CBrr = =2 100 (10)

where F and Fgp refer to the initial and final FF molar flow, respec-
tively, and F; is the molar flow of product i.

2.5. Analysis of the reaction media

The concentration of non-reacted FF and MIBK and the reaction
products were analyzed and quantified by gas chromatography on a
Thermo Scientific Trace 1100 GC equipped with a flame ionization de-
tector (FID) and a HP-5 capillary column with 5 wt% phenyl groups
(length 30 m; inner diameter 0.25 mm) for the catalytic tests in auto-
clave, and on an Agilent GC equipped with a FID detector and a DB-5
column (30 m x 320 pm X 0.25 pm) for the catalytic tests in fixed
bed. The injector and detector temperatures were set at 250 °C/300 °C
and 300 °C/275 °C for the first and second GC, respectively, while the
sample volume was 2 pL. In both cases, the calibration was performed
using biphenyl and dodecane as internal standard for the aldolization
and hydrogenation products, respectively.

'H NMR analysis was used to identify the structure of organic com-
pounds. The NMR spectra were recorded on a 400 MHz Bruker spec-
trometer using CDCl3 as deuterated solvent. FF was identified using the
aldehyde signal -CHO at 9.7 ppm, while the aldol condensation product
(ALD-1) was characterized by the -CH- signal at 6.6 ppm belonging to
the furan ring.

3. Theory
3.1. Kinetic modeling

A kinetic model based on a Langmuir-Hinshelwood type catalytic
mechanism was developed and contrasted to rationalize the influence of
the operation variables on the catalytic performance for the aldol
condensation/crotonization of FF with MIBK. The model was further
implemented in the reactor mass balances and integrated over the
reactor volume. The mass and volume balances in an isothermal batch
reactor can be expressed as follows

dCi Cj dVL I
A= __2__ = (AT 11
dt V., dt + JZV'Jr’ an

1 dvp S
Va2 (Z) .

where c; is the concentration of species i (i.e. FF, MIBK, ALD-1-OH, ALD-
1), Vy, is the liquid volume, ng and n, are the number of species and
chemical reactions (ns = 4, n, = 1), respectively, v;; is the stoichiometric
coefficient of species i for reaction j, j is the reaction rate of the chemical
reaction j, and ¥; is the molar volume of species i.

3.2. Numerical approach and fittings

The kinetic model was incorporated into the mass balances (Eqs (11)
and (12), resulting in a system of coupled ordinary differential equations
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(ODEs). The ODEs were solved using the Matlab® functions ode15s with
a relative tolerance of 0.1 % for the local discretization errors. The
model parameters were fitted using a non-linear least-square method
using a hybrid optimization algorithm combining global optimization
with a genetic algorithm (ga) and local search with an interior-point
algorithm (fmincon), by comparison of the experimental and predicted
concentrations of FF, MIBK, ALD-1-OH, and ALD-1. Herein, the average
weighted least square criterion, expressed by Eq. (13), was used for
parameter estimation

1 Nexp Ngp ~ _ ~
SSE = s> D1 V() ~ T (6 O) ]2 [¥(er) ~F (6ers0) ]
e=1""Spe

(13)

where neyp is the number of experiments, ngpe is the number of samples
in the e experiment, y(ée,f) is the output molar fraction vector
measured under the input vector &, ;, which corresponds to the f system
input vector of the eh experiment, ?({,’e.ﬁQ) is the predicted output

molar fraction vector, and Xy is the variance—covariance matrix for the
molar fractions.

In a subsequent step, the random distribution of the error, as well as
the confidence interval, the degree of correlation and physical consis-
tency of the fitted parameters, were used as descriptors to assess the
quality of the kinetic model. The 95 % confidence interval for the
optimized parameters (CI;) was calculated using Eq. (14)

Cl; = £t;_g0s/24/COVj = 1.96,/covj; a4

where t1.,05,/2 refers to the Student-t (1.96 for 95 % confidence interval),
and covj; are the diagonal elements of the variance—covariance matrix
(Eq (15))

SSE

COV = ——7—
Ny — N,

(0T x3)™ (15)

where J is the Jacobian matrix and (Ny — N;) is the number of degrees of
freedom, Ny and N, referring to the number of experiments and pa-
rameters, respectively.

4. Results and discussion

4.1. Aldol condensation/crotonization of FF with MIBK over alumina
catalysts

4.1.1. Catalyst screening in batch reactor

First, we screened the catalytic performance of a series of silica-
aluminas and aluminas in batch reactor for the aldol condensation/
crotonization reaction of FF and MIBK (Table 1). All the catalysts exhibit

Chemical Engineering Journal 473 (2023) 145021

high selectivity to (E)-1-(furan-2-yl)-5-methylhex-1-en-3-one (ALD-1)
(Scheme 2) with a yield up to 89 % for alumina spheres at 180 °C after 3
h (entries 1-8). The calcination temperature does not affect the selec-
tivity of alumina in the range 100-800 °C (entries 5-7). However, the FF
conversion declines slightly at the highest calcination temperature
(800 °C). In all cases, the intermediate (E)-1-(furan-2-yl)-5-methylhex-1-
hydroxy-3-one (ALD-1-OH) is observed, but with low selectivity (3-5
%). The high performance of alumina catalysts opposes that observed on
ZnO, Al-SBA-15 (Si/Al = 76) and hierarchical HPSAPO-5 with only
Brgnsted acid centers (entries 9-11), where (E)- and (Z)-3-(furan-2-
ylmethylene)-4-methyl-pentan-2-one (ALD-2a and ALD-2b, respec-
tively) are also formed as by-products with a selectivity < 15 %. This
contrasting behavior suggests a key role of Lewis acidity in alumina on
the selectivity towards ALD-1. Besides, in all cases, no by-products is-
sued from the aldol self-condensation/crotonization of MIBK are
observed, as well as by-products from Michael addition of ALD-1 with
MIBK (ALD-3).

Overall, given its high selectivity and activity towards ALD-1, Al,03
was chosen as catalyst, calcined at 400 °C, for further optimization of the
reaction conditions and rationalization of the reaction mechanisms. The
results are presented in sections 4.1.2-4.1.4.

4.1.2. Kinetic profiles for FF + MIBK aldolization/crotonization over
Al,03

The kinetic profiles were measured on the Al;O3 spheres in batch
reactor in the temperature range 120-180 °C. The initial MIBK/FF and
FF/cat weight ratios were set to 19 (5.2 wt% FF) and 5.0, respectively.
The FF conversion increases monotonously along the reaction, reaching
almost full conversion at 180 °C after 6 h (Fig. 1). The ALD-1 selectivity
is promoted by the temperature at short reaction times (<3h) until a
plateau value higher than 95 %. Noteworthy, opposing a previous study
[69], the by-product ALD-2a,b is not observed along the reaction.
However, the alcohol intermediate (ALD-1-OH), issued from the aldol
condensation reaction, is observed at low yield (<5 %). Irrespective of
the temperature, the carbon balance is excellent with a value higher
than 95 % at full FF conversion (Figure S3).

We measured additional kinetic profiles at variable MIBK/FF and FF/
cat ratios (Figure S4) and plotted the selectivity-conversion curves
(Fig. 2). Regardless of the reaction conditions, the ALD-1 selectivity
displays a plateau (>90 %) at a FF conversion higher than 20 %. The
ALD-1-OH selectivity reaches 50 % at only 5 % FF conversion, but de-
creases sharply to 10 % while increasing the FF conversion to 20 %. At
higher conversion, the ALD-1-OH selectivity declines monotonously
until 5 % at full conversion. No ALD-2a,b is observed irrespective of the
conversion.

Overall, this body of results points out that Al;O3 (spheres) is an
active and selective catalyst for preparing ALD-1 by the aldol

Table 1

Summary of catalytic properties for silica-aluminas and aluminas tested in this study®.
Entry Catalyst Conv FF (%) Selectivity (%) Yield ALD-1 (%) CBrr (%)

ALD-1-OH ALD-1 ALD-2a,b

1 Si0,-Al,03 (Siral 5 HPV) 75 3 97 - 73 98
2 Si0,-Al,03 (Siral 30) 67 5 89 - 60 93
3 Al,03 (SCCa-5/170) 65 2 98 - 62 99
4 Al,03 (SBa90) 42 4 96 - 40 98
5 Al,03 (SCFa140)” 62 4 96 - 60 29
6 Al,03 (SCFal40) 72 5 95 - 68 929
7 Al,03 (SCFa140)“ 48 5 94 - 45 94
8 Al,O3 spheres 1.8/210 92 3 97 - 89 100
9 ZnO [69] 25 - 76 14 19 87
10 Al-SBA-15 (Si/Al = 76) [69] 38 - 45 7 17 84
11 H-SAPO-5 [69] 73 62 14 46 76

@ Reaction conditions: MIBK/FF = 19.0 (w/w), FF/cat = 5.0 (w/w), 180 °C, 3 h, catalyst calcined at 400 °C.

b Catalyst calcined at 100 °C.
¢ Catalyst calcined at 800 °C.
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Fig. 1. Time-evolution of the FF conversion (dashed curves) and ALD-1 selectivity (straight curves) at variable temperatures in the aldol condensation/crotonization
reaction of FF with MIBK over Al,O3 spheres. Reaction conditions: MIBK/FF ratio = 19.0 (w/w); FF/cat ratio = 5.0 (w/w), catalyst calcined at 400 °C for 2 h. The

curves are a guide to the eye.

| T (°C) MIBK/FF FF/cat suggesting a possible inhibition of the active centers by adsorbed FF. We
1004 = ool — o0 Oy [ [T O 180 19 5.0 measured the apparent activation energy for ALD-1 formation by rep-
1 H L™ 95% | I 160 19 5.0 resenting the Arrhenius plots (see also Figure S5). The apparent acti-
&2 Soi ALD-1 S 1;8 ]g gg vation energy is about 38 kJ/mol, which is much lower than the value
2 604 T [0 150 8.4 14 measured on microporous and hierarchical SAPO-5 catalysts (~100 kJ/
= : [ 165 8.4 20 mol) [69]. This observation combined with the much higher ALD-1
% 40+ l [l 165 40 38 selectivity suggests a facilitated activation of the aldol condensation/
» 0 crotonization reaction of FF with MIBK on Lewis acid centers compared
20t 7= L] ALD=1-OH 5% to Brgnsted acid centers when comparing the catalytic results over AloO3
ol------=== - D O & and SAPO-5.
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FF conversion /%

Fig. 2. Selectivity-conversion plots in the aldol condensation/crotonization
reaction of FF with MIBK over Al,Os; spheres. Reaction conditions: T =
120-180 °C; MIBK/FF ratio = 4.0-19.0 (w/w); FF/cat ratio = 4.0-20.0 (w/w).
The kinetic plots can be found in the SI (Figure 54).

condensation/crotonization reaction of FF with MIBK. The main by-
product is ALD-1-OH, but its yield is lower than 5 % at high FF
conversion.

4.1.3. Reaction rates and activation energies for ALD-1 synthesis

The initial reaction rates of ALD-1 formation over Al,O3 spheres
were measured from the kinetic plots of the ALD-1 yield in batch reactor
using Eq (4) and rational polynomial functions for fitting the kinetic
curves (Figure S4). The highest rate (110 mmol.g’l.h’l) is obtained at
180 °C for a MIBK/FF ratio of 19.0 (w/w), which is comparable to the
rate measured on hierarchical SAPO-5 [69]. The reaction rate increases
with the MIBK/FF ratio (i.e. lower FF concentration) (Figure S5),

4.1.4. Catalytic mechanism for ALD-1 synthesis over alumina spheres

The high activity and selectivity of AlyO3 spheres for the aldol
condensation/crotonization reaction of FF with MIBK prompted us to
study in more detail the catalytic mechanism. To this aim, we developed
a Langmuir-Hinshelwood (LH) kinetic model to rationalize the experi-
mental trends, with emphasis on the inhibition effect of FF on the re-
action rate. In line with the experimental observations, the following
assumptions were considered:

1. The FF-MIBK system was represented by two main reactions, i.e.
aldol condensation of FF with MIBK to ALD-1-OH, and crotonization
reaction of ALD-1-OH to ALD-1;

2. Langmuir-Hinshelwood (LH) surface reaction mechanisms were
considered involving the surface reaction between adsorbed MIBK
and FF;

3. The surface reaction was considered as rate limiting;

4. Langmuir-type FF and MIBK adsorption models were taken into
account.
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Table 2 Table 3
Elementary steps for the best model and rate equations (* = empty active site). Elementary steps for the best model and rate equations.
Step Elementary reaction Rate equation Parameter Estimated value CI (95%)
1 FF + * < Krr FE* K, _ O Az [x10* mmol-s~"-get] 3.89 [3.88, 3.91]
Vw0 Eag [x10* J-mol™'] 4.04 [4.04, 4.04]
2 MIBK + * & Kk MIBK* Ky — Ok A4 [x10* mmol-s~1.gct] 5.09 [5.06, 5.11]
cmpk 0 Eay [x10* J-mol '] 3.49 [3.48, 3.49]
3 " Lk N Eag K; [x107° m®mol '] 1.05 [1.05, 1.06]
FF* + MIBK* = ALDI1 —OH* — A 83 g O 1 :
r3 3exp( RT) MiBK* OFF Ko [x1073 m3-mol '] 5.82 [5.76, 5.89]
4 o ke . . Eay K3 [x1073 m®mol '] 5.90 [5.87, 5.94]
ALD1 —OH* = ALD1* + H,O* = A —— 10, Con ’
2 B “e"p< RT) ALDL-OH K4 [x10~% m®mol ] 6.82 [6.77, 6.91]
5 ALD1 —OH + * & Xawion ALD1 —OH* Ke — OaLp1-on- Ks [x107 m®>mol '] 9.10 [4.18, 19.82]
5 = &
caLD1-oH 6
6 ALD1 + * < Kam ALD1* Ke — OaLD1*
6 — % .
caLp1 0 The surface coverage of empty sites can be expressed as follows
7 Hy0 + * o Kmo H,0% _ Ohy0r
Ky =—— 1
00 0. =
1 4+ KrrCrr + Kmisk Cvisk +Karpi—onCarpi—on +Karpi Cavpr +Ku,0Crjyo

Taking into account the above assumptions, we developed different
rate equations that were fitted to the experimental data. Table 2 lists the
different elementary steps with the corresponding rate equations and
equilibrium expressions. In Table 2, A and E, represent the activation
energy and preexponential factors, respectively, whereas 6; and 0* refer
to the surface coverage of species i and empty actives sites, respectively.

For a LH mechanism, the reaction rates for ALD-1-OH and ALD-1
formation can be expressed from steps 3 and 4, respectively, as follows:

Ea

r3 = Ajexp < - Ri";) Omik* Opp (16)
Ea,

T, = AZCXP( - R*,F) OALDI-OH* a7)

where A and E, are the pre-exponential factor and activation energy,
respectively.

Assuming adsorption equilibrium for the different species on the
catalysts surface, Egs. (16) and (17) can be rewritten using the following
expressions

Ea

r3 = Ajexp ( - R*,{,) KMIBKKFFCMIBKCFF6§ (18)
Ea,

ry = AZEXP< - R7”13> KaLpi-onCavpi-on0+ (19)

(20)

The kinetic expressions for r3 and r4 combined with the expressions
for adsorption equilibrium (steps 1, 2, 5-7) and Eq. (20) were imple-
mented to the mass balances in Eq 11-12. The differential equations
were solved numerically, and the parameters of the kinetic model (i.e.
Eas, Eas, As, A4, Ky, Ko, Ks, K, Ky) were fitted by comparison of
experimental and predicted mass fractions with a correlation coefficient
>0.93. Fig. 3 plots representative fittings of kinetic curves and a parity
plot, whereas the parity plots for all the experiments are shown in the SI
(Figure S6). The fitted parameters are listed in Table 3. The model re-
produces conveniently the experimental trends and confirms the
inhibiting role of FF on the reaction rate for ALD-1 formation. Also
noteworthy, the activation energies for steps 3 and 4 (i.e. 40.4 kJ/mol
and 34.9 kJ/mol, respectively) compare well with the apparent activa-
tion energy measured from the experimental Arrhenius plots (i.e. 38 kJ/
mol, Figure S5).

4.1.5. Catalyst recyclability and reuse

We measured the recyclability and reuse of AlyOs spheres in six
consecutive catalytic runs for the aldol condensation/crotonization re-
action at 180 °C for 3 h (Fig. 4). The 1% run results in a 90 % FF con-
version and an ALD-1 selectivity of 98 %. The FF conversion declines
slightly to 82 %, whereas the ALD-1 selectivity keeps unchanged. The FF
conversion and ALD-1 selectivity are almost constant after the 3rd_gth
runs which reveals high catalyst stability during the reaction even if
some oligomers might generate. Further catalyst calcination at 400 °C

30 "
— A i B
25- o 207 N T (°C) MIBK/FF FF/cat
| .
1 é 157 # 1 160 19 5.0
° 20[ E 104 f_{- l:l 165 4-0 3.8
e n S 1 165 8.4 20
2 15 &w 0 150 8.4 14
w A 0 — :
TR 0 5 10 15 20 25
10C FF_EXP /wi%
T IAg O
5C
n D D
0 T I I ];] I;I T | T [ T “!]
0 1 2 3 4 5 6

Time /h

Fig. 3. (A) Experimental and fitted curves using the model depicted in Table 2; (B) parity plot. Additional parity plots can be found in Figure S6. Reaction conditions:
T = 120-180 °C; MIBK/FF ratio = 4.0-19.0 (w/w); FF/cat ratio = 4.0-20.0 (w/w).
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Fig. 4. Recyclability and reuse of Al,O3 spheres in six consecutive runs after washing with ethanol and calcination at 400 °C (6th run) under airflow. Reaction
conditions: T = 180 °C, time = 3 h, MIBK/FF ratio = 19.0 (w/w); FF/cat ratio = 5.0 (w/w). The carbon balance was >95 % for all the runs.

under airflow after the 5 run resulted in a total recovery of the initial
FF conversion (82 %).

4.2. Single-reactor aldol condensation/crotonization + hydrogenation
reactions

Given the results in section 4.1, we designed single reactor for con-
ducting the tandem aldol condensation/crotonization-hydrogenation
reaction. We prepared three metal-supported catalysts, i.e. Pd/Al;Os3,
Pt/Aly,03 and Ru/Al,03, at 5 wt% nominal metal loading, by impreg-
nating the corresponding metal precursor over Al,O3 spheres in acetone.
First, we investigated ALD-1 hydrogenation at 180 °C for 3 h and 20 bar
Hp pressure (Table 4 entries 1-3). The main hydrogenation products are
F-ALD-1 issued from the hydrogenation of the conjugated C—=C bond,
and THF-ALD-1 issued from further hydrogenation of the furan ring. The
highest selectivity is obtained over Pd/Al;03 (92 %), and accordingly
this catalyst was used hereinafter for engineering a single reactor
process.

We then investigated the catalytic performance of unreduced PdO/
Al,O3 catalyst in the aldol condensation/crotonization reaction of FF
with MIBK at 180 °C and MIBK/FF and FF/cat ratios of 19.0 (w/w) and
5.0 (w/w), respectively (Figure S7). The kinetic profile for ALD-1 for-
mation compares well to that measured on the parent Al,O3 spheres.

However, ALD-3 by-product is observed with a yield lower than 10 %
arising from the Michael reaction of ALD-1 with MIBK (Scheme 3,
Table 4 entries 4-6).

With these results, we engineered a batchwise single-reactor tandem
process over PdO/Al;Os (Fig. 5, Table 4 entries 7-8). The aldol
condensation/crotonization reaction was first carried out at 180 °C for 3
h, then H; (20 bar) was introduced to the reactor, and the hydrogenation
reaction was conducted at 180 °C for 6 h. A maximum THF-ALD-1 yield
of 86 % is achieved at 180 °C after 6 h, while the yield of the fully hy-
drogenated product of ALD-3 (i.e-THF-ALD-3) is lower than 7 %. For
comparison, when the hydrogenation reaction was conducted at 180 °C
for 6 h and 20 bar H; after the aldol condensation/crotonization reac-
tion, the F-ALD-1 and THF-ALD-1 yields decline drastically at the
expense of ALD-3, the latter reaching a maximum yield of 32 %, while
the yield of THF-ALD-3 increases slightly to 12 % (Table 4, entry 9).
Besides, the Interestingly, no furfuryl alcohol (FA) is observed from
direct FF hydrogenation.

Overall, this body of results points out the feasibility of a batchwise
single-reactor tandem process for the aldol condensation/crotonization
reaction of FF with MIBK, followed by hydrogenation. In this process,
THF-ALD-1 as main hydrogenation product, whereas the F-ALD-1 is only
favored in a narrow window of operation between 3.5 and 4.0 h.

Table 4
Main products obtained in the single-reactor tandem aldol condensation/crotonization reaction of FF with MIBK, followed by hydrogenation.
Entry Catalyst Reaction conditions Yield/%
1st step * 2nd step b ALD-1-OH ALD-1 ALD-3 F-ALD-1 THF-ALD-1 THF-ALD-3
1 Pd/Al,03 ¢ - 180 °C, 3 h, 20 bar H, - - - - 92% -
2 Pt/Al,03 © - 180 °C, 3 h, 20 bar H, - - - 27 % 64 % -
3 Ru/Al,03 ¢ - 180 °C, 3 h, 20 bar H, - - - 40 % 48 % -
4 Al,03 180°C,3h - <3 % 92 % <1% - - -
5 PdO/Al,03 180°C,3h - <3% 85 % 4% - - -
6 PdO/Al,03 180°C,6 h - <3 % 84 % 7 % - - -
7 Pd/Al,03 © 180°C,3h 180 °C, 6 h, 20 bar H, <3% - - - 86 % 7 %
8 PdO/Al,03 180°C,3h 180 °C, 6 h, 20 bar H, <3% - - - 87 % 6 %
9 PdO/Al,03 180°C,6h 100 °C, 6 h, 20 bar H, <3% 32 % - 27 % 29 % 12 %

@ Reaction conditions: MIBK/FF = 19.0 (w/w), FF/cat = 5.0 (w/w), 180 °C, 3 h; catalysts (Al,O3 spheres, powder) calcined at 400 °C.
b Reaction conditions (entries 7-9): MIBK/ALD-1 = 19.0 (w/w), ALD-1/cat = 5.0 (w/w), 180 °C, 3 h; catalysts (Al,O3 spheres, powder) calcined at 400 °C.
¢ Catalyst pre-reduced at at 200 °C for 4 h under H, before use.
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Scheme 3. Products obtained in the aldol condensation/crotonization reaction of FF with MIBK over unreduced PdO/Al,O3 (spheres).
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Fig. 5. Time-evolution of the ALD-1, ALD-3, F-ALD-1 and THF-ALD-1 yield in a
single-reactor tandem aldol condensation/crotonization — hydrogenation pro-
cess over PdO/Al,O3 spheres. Reaction conditions: (step 1) MIBK/FF ratio =
19.0 (w/w); FF/cat ratio = 5.0 (w/w), T = 180 °C, 3 h; (step 2) T = 180 °C, Hy
pressure = 20 bar. The catalyst was calcined at 400 °C for 2 h and reduced in
situ during the second step. The curves are a guide to the eye.

4.3. Catalytic tests in fixed-bed reactor

We further tested the catalytic performance of Al,O3 and Pd/Al;O3
spheres in a fixed-bed reactor operated in continuous mode (see
Experimental section in the SI for details) (Figure S8 and S9). The cat-
alytic tests were conducted at a MIBK/FF weight ratio of 4.5, a tem-
perature range of 140-200 °C and a WHSV range of 0.48-2.40 h™,
under a Ny (Al;03) and Hj (Pd/Al203) flow, respectively. Over AlyO3
(WHSV = 0.48 h™1), the FF conversion exhibits a sustained decline
during 2 h on stream at 140 °C and is enhanced at higher temperature
(160 °C) until 9 h, to reach a steady state value about 20 % (without Ny)
(Figure S8). In all the tests, the ALD-1 selectivity is almost 100 % with
minor formation of ALD-1-OH.

Further catalytic tests were conducted over Pd/Al;O3 spheres to
assess the formation of hydrogenated products (Figure S9). Setting the
reaction conditions at 170 °C and WHSV = 1.20 h™! (), the FF con-
version exhibits a monotonous decline until 25 % with preferential FA
formation at 60 % selectivity. ALD-1 and ALD-1-OH are generated with
<10 % selectivity, whereas THF-ALD-1 is favored compared to F-ALD-1
with 15 % selectivity. Rising the temperature to 185 °C at WHSV = 1.20

h™! (I)) promotes the FF conversion to 30 % while reducing the FA
selectivity to 37 % in detriment of THF-ALD-1 (30 %) and ALD-1 (15 %).
This trend is amplified by further increasing the temperature to 200 °C at
WHSV = 1.20 h™! (III) with the FA selectivity declining to 20 % and the
THF-ALD-1 and ALD-1 selectivity reaching in both cases 30 %. Finally,
keeping the temperature constant at 170 °C and decreasing the WHSV
from 2.40 h™! to 0.80 h™! (IV-VI) induces a decline of the FF conversion
until a steady state value of 20 % in favor of FA with a selectivity about
55 %.

To discourage FA formation, we combined Al,O3 and Pd/Al,O3 in a
single-reactor dual fixed-bed reactor (see also Experimental section in
the SI for details) (Fig. 6). We built a reactor including 11.5 g of Al,O3
and 11.6 g of Pd/Al;,03 (WHSV = 0.25 h™1) and fed FF and MIBK at
160 °C at a flowrate of 0.6 mL/min (MIBK/FF = 4.5 w/w), and H at a
flowrate of 600 mL(STP)/min, respectively. The catalyst displays a
stable performance during the first 7 h on stream at full FF conversion
with preferential formation of ALD-1 and F-ALD-1 at 55 % and 40 %
selectivity, respectively, and ALD-1-OH, THF-ALD-1 and FA with a
selectivity lower than 3 %. After this period, the catalyst exhibits sus-
tained deactivation with the FF conversion decreasing to 40 %. The ALD-
1-OH selectivity keeps stable in the range 45-60 %, while the F-ALD-1
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-O-Sel ALD-1
-O-Sel ALD-1-OL

IXI-Sel FA
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Fig. 6. Time-evolution of the FF conversion and selectivity to the different
products over PdO/Al,O3 spheres in single-reactor dual fixed-bed reactor aldol
condensation/crotonization — hydrogenation process. Reaction conditions:
temperature = 170 °C; MIBK/FF ratio = 4.5 (w/w), feed flowrate = 0.6 mL/
min; H, flowrate = 600 mL (STP)/min, pressure = 13 bar, cat = 11.5 g Al,03 +
11.6 g Pd/Al,05, WHSV = 0.25 h™1. The catalysts were calcined at 400 °C for 2
h and PdO/Al,O3 was reduced in situ during the second step.
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selectivity declines to 35 % with concomitant increase of the THF-ALD-1
selectivity to 18 %. The FA selectivity shows only a slight increase to 5
%.

Overall, compared to batch mode operation, a single-reactor dual
fixed-bed reactor allows preferential formation of F-ALD-1 as main hy-
drogenation product together with ALD-1 unlike THF-ALD-1 with
negligible FA formation.

4.4. Understanding the structure and acid properties of Pd/Al;03

Given the enhanced activity and selectivity of Pd/Al,O3 (spheres) for
the synthesis of THF-ALD-1 and F-ALD-1 in a single-reactor operated
batchwise and in continuous-flow dual fixed bed mode, respectively, we
explored the structural and textural properties of the bifunctional
catalyst, as well as the acidity and acid strength.

4.4.1. Structural properties of Pd/Al;03 and Al;O3

The XRD patterns of Al;03 and PdO/Al,O3 reveal typical reflections
of the Aly03 phase (Figure S10). Neat reflections belonging to the PAO
are visible at 20 = 34°, 43° and 55°, which are indicative of the presence
of Pd nanoparticles with a size>5 nm (6.3 nm estimated by Scherrer
equation). This size is compatible with the average particle size
measured by HR-TEM on crushed Pd/Al;O3 (3.3 nm). Representative
HR-TEM micrographs of the crushed Pd/Al,O3 spheres together with the
size distribution of Pd nanoparticles can be found in the SI (Figure S11).

4.4.2. Acid-base properties of crushed Al,0s, PdO/Al;O3 and Pd/Al;O3

It is known that Al,O3 have both acid and basic character. To study
the acid-base properties of AloO3 and the effect of the presence of PAO
and Pd, FTIR spectroscopy was implemented using probe molecules with
different acid-base properties after pre-treating the samples at 150 °C
matching the active temperature for the aldol condensation/crotoniza-
tion of FF with MIBK (120-180 °C, Fig. 1). The results and discussion are
presented in the following lines.

4.4.2.1. In situ vibrational FTIR spectroscopy using basic probes (pyridine,
NHs). The FTIR spectra in the OH stretching region of the crushed Al;03
and PdO/Al;03 spheres after outgassing at 150 °C for 90 min, and Pd/
Al,O3 after reduction at 150 °C under H; flow, reveal typical OH vi-
brations of the Al,O3 support that are not affected by the presence of
PdO and Pd (Figure S12). The weak signals at 3740 and 3680 cm ™! can

Chemical Engineering Journal 473 (2023) 145021

be attributed to the O-H stretching mode of terminal AIY-OH groups,
where Al is in octahedral coordination, and bi-bridged (AlV—OH—AIIV)
groups, respectively. Besides, the broad band centered at 3570 cm™! can
be assigned to tri-bridged (AIV-O(AIIV)H-AIIV) groups and H-bonded
hydroxyl groups [78]. The latter band vanishes by treating the samples
at higher temperature.

To elucidate the nature of acid sites on Al,O3, pyridine was used as
basic probe and its adsorption at room temperature was monitored by
FTIR spectroscopy. Pyridine is a well-established probe molecule for
investigating and quantifying the surface acidity of solid catalysts. In
particular, the vibrational ring modes in the range 1700-1400 cm™! are
the most sensitive with regards to the nature and strength of the
adsorptive interaction [78-80]. The bands centered at 1613 (vg,), 1592
(vgb), 1492 (v192) and 1450 (vi9p) em™! correspond to pyridine coordi-
nated to Lewis acid sites, and are present in all three samples after
desorption at 150 °C (Fig. 7, curves c). The density of Lewis acid species
(LAS) (Npas) were calculated by the integrated area of the 1450 em !
peak upon outgassing the catalysts at 150 °C with ¢ = 2.22 cm/pmol
[81]. The density of LAS is comparable for Al;03 and PdO/Al,O3 with a
value about 94.5 pmol/g (Table 5), whereas it increases slightly for Pd/
Al,O3 after reduction. The band ascribed to protonated pyridine is very
tiny yet visible at 1545 cm™! resulting in a density of Brensted acid
species (BAS) lower than 4 pmol/g for all the samples.

In a second set of experiments, NH3 was adsorbed at room temper-
ature and 30 mbar to qualitatively investigate the acidity of the different
catalysts (reliable extinction coefficients are hardly available) (Fig. 8).
NH; has stronger basicity than pyridine and the formation of NHj

Table 5
Density of accessible acid Brgnsted/Lewis acid sites (BAS/LAS) and Brgnsted/
Lewis basic sites (BBS/LBS) in fresh Al,03, PAO/Al,03 and Pd/Al,03 crushed
spheres.

Catalysts Density of acid sites (pmol/g) Density of basic sites (pmol/g)
LAS® BAS® LBS/BBS"”

AlOs 93.2 (76) 3.6 195

PdO/Al,03 95.9 (85) 2.4 177

Pd/Al;03 101.3 (186) 3.0 -

# Measured from FTIR spectroscopy using pyridine as acid probe. In paren-
theses, data measured by NH3-TPD (band centered at 350 °C).
b Measured by CO,-TPD (band centered at 320 °C).
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Fig. 7. FTIR difference and normalized spectra of adsorbed pyridine at room temperature on Al,O3 (A), PdO/Al,O3 (B) and Pd/Al,0O3 (C) at various desorption
temperatures: 25 °C (curves a), 100 °C (curves b) and 150 °C (curves c). The samples were outgassed at 150 °C before measuring the spectra.
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species on Brgnsted acid sites (bending modes centered at 1695, 1485,
1397 cm™ 1) is clearly visible in all three catalysts after NH3 adsorption
and degassing, matching earlier observations [78,82]. This result points
out that OH acid groups on the Al,O3 surface are strong enough to
protonate NHjs, although the acid strength is expected to be weak, since
they can be hardly be visualized in the FT-IR spectra using pyridine as
basic probe. The band centered at 1620 cm ™" can be attributed to the
bending mode of NH3 adsorbed on Lewis acid sites [78]. Finally, a band
is also visible at 1100 cm ™! upon contact of the samples with NH; that be
attributed to physisorbed NH3 on Al-OH groups (not shown), which
vanishes after outgassing at room temperature.

4.4.2.2. Insitu vibrational FTIR spectroscopy using COz as acid probe. Itis
well known that Al;03, besides its acid properties, can incorporate basic
centers. To characterize the basic centers of the three samples, we
monitored the FTIR spectra of the different samples after adsorbing CO»
as acid probe molecule at room temperature and 15 mbar (Fig. 9). At
room temperature, CO, can linearly interact with defective surface AI>*
cations (band at 2344 cm’l) or generate bicarbonate-like species (bands
at 1647 and 1435 cm ™! due to C-O stretching, and band at 1228 cm™!
due to O-H bending) [78,83,84]. The intensity of these bands is sys-
tematically lower for Pd/Al;0s3, and in all cases decreases after outgas-
sing the samples from 25 °C to 125 °C. In particular, the intensity of the
band at 2344 cm™! decreases dramatically for PdO/Al,03 and Pd/Al;03
compared to the parent Al;Os, especially for the latter sample, and the
band vanishes almost completely upon heating. Noteworthy, no
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distinctive bands belonging to CO5 adsorption on Pd nanoparticles are
observed [85-87]. Overall, these results suggest that Pd nanoparticles
might be located on basic defective sites of Al,Os, thus efficiently
blocking them for CO, adsorption.

4.4.2.3. NH3-TPD. NH3-TPD was used to gain insight into the density
distribution and strength of acid sites on Al,03, PdO/Al;,03 and Pd/
Al,O3 calcined at 400 °C (Fig. 10, Table S1). The NH3-TPD profile of
calcined Al;03 below the calcination temperature (400 °C) (Fig. 10A,
Table S1 entry 1) can be deconvoluted into four bands centered at 85,
120, 182 and 258 °C that can be attributed to weakly acid sites and NHj.
nNH;3 associations promoted by H-bonding, and by a further band
centered at 300 °C that can be attributed to acid sites with medium
strength. The sample exhibits five bands above the calcination temper-
ature that are centered at 418, 436, 500 and 670 and 800 °C. The former
three bands can be ascribed to acid sites with medium strength, whereas
the latter two bands correspond to strong acid sites. By integrating the
NH;-TPD profiles, the density of the latter two bands is 79 pmol.g™},
which is comparable to the density measured by FTIR spectroscopy
using pyridine as molecular probe (93.2 pmol/g). Accordingly, the latter
bands can be tentatively ascribed to strong Lewis acid sites, which are
expected to be active for the aldol condensation/crotonization reaction
of FF with MIBK.

The NH3-TPD profile of the spent Al,O3 after the aldol condensation/
crotonization reaction at 180 °C is similar to that of the fresh catalyst
(Fig. 10B, Table S1 entry 2). However, the first two bands centered at 85
and 120 °C ascribed to weak acid sites and NHj.nNH3 associations
vanish, which can be explained by partial dehydroxylation of the sample
during reaction/calcination. The band belonging to medium-strength
acid sites centered at 300 °C is also visible with a density about 64
pmol.g’l. Above the calcination temperature, the band appearing at
418 °C shifts to 376 °C with a density about 71 pmol.g !, whereas two
additional bands belonging to acid sites with intermediate acid strength
are visible at 469 and 494 °C, but with a lower density (14 vs 30 umol.
g~ and 53 vs 164 pumol.g ™}, respectively). Finally, the band originally
appearing at 670 °C vanishes, whereas the band centered at 800 °C is
still observed, but showing a lower acid density (7.1 ymol.g™1). Overall,
these observations point out that the strongest acid sites are only
partially poisoned during the reaction due to water generation or
furfural/ALD-1 oligomerization, promoting the catalyst stability and
allowing catalysts recyclability.

The NH;3-TPD profiles were also measured on PdO/Al;,O3 and Pd/
Al,03 (Fig. 10C-D, Table S1 entries 3-4). In both cases, the profiles are
similar to that of fresh Al,O3. However, the first band centered at 85 °C
vanishes, while the second band centered at 120 °C is not present for
PdO/Al;03 and shifts to higher temperature for Pd/Al;03, suggesting
partial dehydroxylation of alumina during Pd impregnation. An addi-
tional band is visible at 217 °C for PAO/Al5O3. In the case of PAO/Al5O3,
the band centered at 258 °C is not visible, whereas an additional band
centered at 275 °C appears for both samples that is not present in the
Al,O3 profile. The bands belonging to acid sites with intermediate
strength (i.e. 360, 452, 550 °C) are still visible after Pd impregnation
with densities about 85/186 ymol.g™!, 82/162 umol.g~! and 81,210
pmol.g ™}, respectively. The density of strong acid sites is 62 and 69
prnol.g’1 for PdO/Al;0O3 and Pd/Al,Os, respectively, which is compa-
rable to the value measured on Al,Os3.

4.4.2.4. CO2-TPD. CO,-TPD was used to measure the density distribu-
tion and strength of basic sites (Brgnsted and Lewis, BBS and LBS,
respectively) on Al;03 and PdO/Al;0O3 calcined at 400 °C (Figure S13,
Table S2). The CO2-TPD profile of calcined Al,O3 below the calcination
temperature (Fig. S13A, Table S2 entry 1) is similar to that measured by
NH;3-TPD for probing the surface acidity. The profile can be deconvo-
luted into five bands centered at 87, 125, 166, 195 and 225 °C that can
be attributed to weakly basic sites promoted by H-bonding, and by a
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further band centered at 318 °C that can be attributed to medium-strong
basic sites. By integrating the CO»-TPD profiles, the density of the latter
band is 195 pmol.g L. The CO2-TPD profile was also measured on PdO/
AlyOg3 (Fig. 13B, Table S2 entry 2). The profiles are similar to that of
fresh AlyO3, but the bands centered at 87, 125 and 195 °C are not
observed, which is consistent with partial dehydroxylation of alumina
during Pd impregnation. In contrast, an additional band appears that is
centered at 253 °C. The band belonging to medium-strength acid sites is
also visible at 325 °C with a density of basic sites of 177 pmol.g ™.

5. Conclusion

y-Alumina spheres calcined at 400 °C revealed as a robust and
scalable acid catalyst for the aldol condensation/crotonization reaction
of furfural and methyl isobutyl ketone (MIBK) in the temperature range
of 120-180 °C. The catalyst reached full conversion of furfural into (E)-
1-(furan-2-yl)-5-methylhex-1-en-3-one with almost complete carbon
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balance in batch mode at 160 °C for 12 h. The crotonization reaction was
enhanced for a furfural conversion higher than 20 %. The reaction rate
decreased at higher furfural concentration, which can be explained by
the inhibition of Lewis acid centers due to adsorbed FF as inferred from
kinetic modeling. The apparent activation energy is about 38 kJ/mol,
which is much lower than the value measured on microporous and hi-
erarchical H-SAPO-5 catalysts (~100 kJ/mol), suggesting a higher
activation of FF on Lewis acid compared to Brgnsted acid centers. The
spent catalyst could be restored and reused for at least six consecutive
catalytic runs without apparent loss of activity due to a lack of poisoning
of active Lewis acid centers of medium strength during the reaction as
inferred by FT-IR spectroscopy implemented with adsorbed pyridine and
NH;-TPD.

By impregnating alumina spheres with palladium, we conceived a
single-reactor tandem process for the aldol condensation/crotonization
reaction between furfural and methyl isobutyl ketone (MIBK), followed
by hydrogenation with molecular Hy, to access tetrahydrofuran and
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Fig. 10. NH;3-TPD profiles of (A) Al;03, (B) spent Al;O3, (C) PdO/Al,0O3 and (D) Pd/Al,O3 (crushed spheres, powder grinded at 200 pm). The peak deconvolution can
be found in the SI (Table S1). The dash line indicates the calcination temperature (400 °C). The blue and orange deconvolution bands refer to acid sites below and

upper the calcination temperature, respectively.

furan derivatives. The catalyst reached an overall 86 % yield of 1-
(tetrahydrofuran-2-yl)-5-methylhexan-3-one in batch mode at 180 °C
for 9 h for 5.2 wt% furfural concentration. The catalyst could also be
operated at high furfural concentration (18 wt%) in a dual-type
continuous fixed bed reactor reaching 55 % furfural conversion and
60 % and 35 % selectivity to 1-(furan-2-yl)-5-methylhexan-3-one and
(E)-1-(furan-2-yl)-5-methylhex-1-en-3-one, respectively, after 12 h
continuous operation at 170 °C and a WHSV of 0.50 h L

This study opens up an avenue for engineering continuous flow re-
actors for tandem reactions based on furfural at high concentration to
promote its stability under operation, making them compatible for in-
dustrial applications.
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balance in the aldol condensation/crotonization reaction; time-
evolution and parity plots for fitted and experimental TON; parity
plots for fitted and experimental weight concentrations; comparison of
catalytic performance of Al,Os and Pd/Al;Os spheres in the aldol
condensation/crotonization reaction; catalytic performance of Al,O3
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Pd/Al,03 spheres; CO2-TPD profiles of Al,O3 and PdO/Al;,O3 crushed
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