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Abstract: Here, we report the development of a new catalyst for
selective furfural (FF) hydrogenation to furfuryl alcohol (FA) based
on ~ 7 nm Pd-Cu alloy nanoparticles (NPs) formed in inexpensive,
commercially  available = micro/mesoporous  hypercrosslinked
polystyrene (HPS). A comparison of catalytic properties of as-
synthesized and reduced ( denoted “r") catalysts as well as Pd-Cu
alloy and monometallic Pd NPs showed a considerable
enhancement of the catalytic performance of Pd-Cu/HPS-r
compared to other catalysts studied, resulting in ~100% FF
conversion, 95.2% of FA selectivity and TOF of 1209 h'. This was
attributed to the enrichment of the NP surface with Cu atoms,
disrupting the furan ring adsorption, and the presence of both
zerovalent and cationic Pd and Cu species, resulting in optimal
hydrogen and FF adsorption. These factors along with exceptional
stability of the catalyst in ten consecutive catalytic cycles make it
highly promising in practical applications.

Introduction

In recent years, a great deal of attention has been paid to the
development of environmentally friendly processes using

biomass ingredients as precursors for syntheses of value-added
chemicals. Furfural (FF) is a high-output chemical obtained by
dehydration of xylose (a byproduct of farming and wood
processing) and utilized for hydrogenation to furfuryl alcohol
(FA), tetrahydrofurfuryl alcohol (THFA), cyclopentanone, etc.
FA is generally used in a paint production, as solvent and
precursor in the production of glass fiber and polymer
concrete .l Heterogeneous catalysts are commonly employed in
the FF hydrogenation due to their high stability, facile separation
from the reaction medium, and recyclability.™!

The most frequently utilized noble metal catalysts in FF
hydrogenation are based on Pd nanoparticles (NPs) stabilized
by various supports®® such as carbons (non-modified and
chemically modified)® and metal oxides (SiO,, Al,Os, MgAl
oxides, etc.), including mesoporous solids and those modified
with transition metals (Ti, Zr, Sn).?> ¢ The support can control
the interactions between the metal surface and the furan ring,
thus, controlling selectivity. Pd NPs formed on amorphous
supports (SiO2, Al,O3) were found to be quite efficient for the FF
hydrogenation, while doped ordered mesoporous supports
(TIMCM-41, ZrMCM-41, SnMCM-41) allowed for higher
selectivity to FA and THFA.?®! Moreover, Pd NPs placed in
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mesopores were more stable than those on the support surface,
allowing higher reusability. The support porosity is definitely
advantageous for catalysis, but commercially available
mesoporous silica and alumina have low attrition resistance
which jeopardizes the catalyst stability.["!

Porous crosslinked polymers have shown multiple
advantages as catalyst supports, including controlled porosity
and a high tensile strength, i.e., enhanced attrition resistance.®!
In our preceding work, Pd NPs were formed in commercially
available micro/mesoporous hypercrosslinked polystyrene (HPS)
using two different precursors, PdCI(CH3;CN), and
Pd(CH3COO),, and studied in FF hydrogenation to FA.1%8l It was
shown that FF conversion and selectivity to FA were higher for
smaller Pd NPs, but no other structural features were explored.

It is well-established that modification of Pd NPs with a
second metal is an excellent way to control a reaction pathway
and selectivity in the FF hydrogenation via weakening the H»
adsorption on Pd and altering the FF adsorption.”®! Poisoning of
Pd with Bi allowed the FF hydrogenation with a high selectivity
to FA and cyclopentanone.® It is believed that in the Pd-Bi
catalyst there is an active site isolation, which is accountable for
the increase of selectivity to target products, while eliminating
oligomeric byproducts. Copper is another metal of choice for Pd
NP modification.['2 4a 4c. 52, éc, 9¢, 101 Alloying of Pd and Cu leads to
higher reactivity.[® ° In the case of Cu@Pd core-shell bimetallic
catalysts, it was demonstrated that an enhanced activity can be
assigned to decreased hydrogen surface coverage, making
more catalytic sites accessible for FF adsorption.['a

Taking into account successes of Pd-Cu alloys in the FF
hydrogenation to FA and advantages of the micro/mesoporous
HPS support in a number of hydrogenation reactions,[' in this
work we developed novel heterogeneous catalysts with Pd-Cu
alloy NPs in the HPS pores and compared their properties with
those of monometallic Pd NPs. We demonstrate that the
formation of Pd-Cu alloy NPs, whose surface is enriched with Cu
atoms and contains a fraction of cationic Pd and Cu species,
leads to high FF conversion and FA selectivity as well as an
enhanced activity and reusability.

Results and Discussion

Catalytic properties

The catalyst synthesis was carried out by impregnation of HPS
with the solution containing both palladium and copper acetates,
followed by the Na,COj treatment to precipitate NPs in the HPS
pores (Scheme 1a). This results in the formation of mixed Pd-Cu
oxides as reported elsewhere.'? These as-synthesized samples
are denoted “as”. The reduction of Pd and Cu species was
performed prior to the catalytic reaction in the hydrogen flow at
275 °C. The reduced samples are denoted “r’. The Pd and Cu
contents in the catalysts were varied between 1 and 5 wt.% by
loading, keeping the Pd:Cu molar ratio unchanged at 1:1.7
(Table 1). The molar ratio was varied for the catalysts containing
1 and 5 wt.% of Pd or Cu. The elemental analysis data for key
samples are presented in Table S1.

Before studying catalytic properties of bimetallic Pd-Cu/HPS
catalysts in the FF hydrogenation, we tested monometallic
Cu/HPS and Pd/HPS catalysts synthesized in a similar way. The
data presented in Table S2 demonstrate that although Cu
catalyzes the FF hydrogenation, the conversion is low and the
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main products are furan and 2-methylfuran (Scheme 1b) with no
selectivity to any product. This was surprizing considering high
selectivity and conversion of Cu-containing catalysts on metal
oxide supports!'® and could be tentatively attributed to the HPS
influence. For Pd/HPS catalysts (Table S2), the conversion
increases with the increase of the Pd content and for all the
samples, two products are observed: FA and THFA. The best
selectivity to FA was obtained for the catalyst containing 3 wt.%
of Pd. Moreover, for all the samples, both conversion and
selectivity are higher for the catalysts where Pd-containing NPs
were reduced by hydrogen vs. as-synthesized catalysts, whose
oxidized Pd species were reduced in situ during the catalyst
activation and the catalytic reaction.
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d 1 ) ., CufcH;co0), [T (77
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Scheme 1. Schematic representation of the formation of Pd-Cu NPs in the
HPS pores (a) and FF hydrogenation (b). The red rectangle in (b) shows the
target product, FA.

For bimetallic catalysts with the Pd:Cu=1:1.7 molar ratio (Table
1), the increase of the metal loading leads to the FF conversion
increase for both as-synthesized and reduced catalysts. The
maximum FF conversion of 99.9% is achieved for reduced
catalysts containing 3 or 5 wt.% of each metal. At the same time,
the selectivity varies. For all bimetallic catalysts, furan and 2-
methylfuran are present in the reaction mixture due to the
presence of Cu (Table S2). The best selectivity to FA (95.2%) is
obtained for 3 wt.% of metal loading, while at the higher content
(5 wt.%) the selectivity to FA drops to 87.3% due to the
increased THFA amount, indicating an acceleration of the C=C
hydrogenation of the furan ring. An increase or decrease of the
Pd:Cu molar ratio to 1:0.33 or 1:8.4 (Pd:Cu weight ratios of 5:1
and 1:5, Table 1) results in the decrease of the selectivity to FA
and the increase of fractions of other compounds: THFA, furan,
and 2-methylfuran.

Thus, the best conversion (99.9%) and selectivity (95.2%) were
obtained for the reduced Pd-Cu catalyst containing 3 wt.% of
each metal. For this catalyst, a carbon balance was calculated
using an overall carbon vyield to verify fidelity of the product
analysis.['® . The overall carbon yield (%) expressed as (5 x Cs
moles + 4 x C4 moles)products/ (5 X Cs moles)sr x 100% is equal
99.78%. Taking into account cleavage of CO (not measured)
upon the furan formation, the total carbon yield is 100%.
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Table 1. Catalytic properties of Pd-Cu bimetallic catalysts in the FF hydrogenation.[®

Molar ratio, FF

Catalyst Pd/Cu, wt.% (by Selectivity, %

XRF) Pd:Cu conversion, FA THFA Furan 2-methyl-furan

%

Pd-Cu/HPS-as 373 17 88.5 86.2 7.7 2.3 338
Pd-Cu/HPS-r 3/3 117 99.9 95.2 3.2 1.1 05
Pd-Cu/HPS(1)-as 1/1 1:1.7 69.2 76.2 1.2 7.4 5.2
Pd-Cu/HPS(1)-r 1/1 1:1.7 78.4 785 13.8 4.1 36
Pd-Cu/HPS(2)-as 5/5 1:1.7 94.9 772 127 5.4 47
Pd-Cu/HPS(2)-r 5/5 117 99.9 87.3 8.5 23 1.9
Pd-Cu/HPS(3)-as 1/5 1:8.4 66.2 67.9 8.9 13.2 10.0
Pd-Cu/HPS(3)-r 1/5 1:8.4 755 73.3 10.2 7.7 8.8
Pd-Cu/HPS(4)-as 5/1 1:0.33 9.5 61.6 20.3 10.5 7.6
Pd-Cu/HPS(4)-r 5/1 1:0.33 98.2 79.2 15.6 33 1.9
Pd/HPS-as 3/0 - 63.9 74.2 25.8 - -
PA/HPS-r 3/0 - 79.9 84.6 15.4 - -

el Reaction conditions: temperature 120 °C, pressure (Hz) 6 MPa, furfural volume 2 mL, isopropanol volume 48 mL, catalyst amount 0.1 g, reaction time 180 min.

Monometallic Pd/HPS-r with the same Pd content showed much
lower conversion (79.9%) and selectivity (84.6%) than those for

Pd-Cu/HPS-r.

Influence of FF hydrogenation conditions on catalysis
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The dependencies of the conversion and selectivity on time,
hydrogen pressure, and the reaction temperature for Pd/HPS
and Pd-Cu/HPS samples with 3 wt.% of each metal loading
(Table S1) are presented in Figure 1. The data show that for all
the samples, the highest conversion is achieved for 180 min and
at the 6 MPa hydrogen pressure, while the temperatures for
reaching the highest conversion differ. For Pd-Cu/HPS-r, it is
already reached at 120 °C, while for three other samples, a
higher temperature (140 °C) is needed. As for selectivity, the
highest value is obtained at the beginning of the reaction which
is consistent with literature data.l'4 For Pd-Cu-HPS-r, the
selectivity remains nearly unchanged until the end of the
reaction, while for other samples, it noticeably drops. For all
samples, the selectivity is the highest at 6 MPa pressure and
120 °C, which determined our choice of optimal reaction
conditions. It is noteworthy that in all reaction conditions, the
conversion and selectivity are higher for Pd-Cu bimetallic
catalysts compared to Pd/HPS.

Structure, morphology, and textural properties

To better understand the influence of the synthetic procedure
(prior to reduction) and the Cu presence on the behavior of
bimetallic Pd-Cu/HPS catalysts, we studied structure,
morphology, and textural properties of four Pd-Cu/HPS and
Pd/HPS samples listed in Table S2.

Porosity data for bimetallic Pd-Cu and monometallic Pd
samples are presented in Table S3 and Figure S1. Liquid
nitrogen adsorption-desorption isotherms (Figure S1a,b) are
typical for micro-mesoporous hypercrosslinked polymers.['S The
changes in surface areas and pore volumes (Table S3) show a
similar trend for HPS samples with both bimetallic and
monometallic NPs: upon precipitation of NPs in the HPS pores
(as-synthesized samples), the polymer porosity decreases and
then further decreases upon the NP reduction. The size of the
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majority of mesopores (4 nm) remains unchanged but their pore
volume significantly decreases after NP incorporation. Larger
mesopores with diameters in the range of 4-20 nm display a
similar behavior. These data indicate that NPs are formed in the
pores, leading to the decrease of the pore volume and pore
surface area, however, they are not blocking pore junctions
because the porosity decrease is moderate.

To evaluate NP sizes, we used small-angle X-ray scattering
(SAXS) and transmission electron microscopy (TEM). It is
noteworthy that for NP-containing HPS samples, SAXS is a
more reliable technique because NPs can overlap in HPS
(Figure 2a, b), giving irregular, non-spherical projections and
making the NP size evaluation untrustworthy, unless very high
NP populations are examined for better fidelity. On the other
hand, in some cases SAXS data can result in the NP size
overestimation.['®! Thus, the combination of both techniques is
the most trustworthy approach. The NP diameter distributions
obtained by measuring 709 NPs for Pd-Cu/HPS-r and 841 NPs
for Pd/HPS-r on the respective TEM images are shown in Figure
S2. The experimental SAXS data and the best fits for spherical
NPs are presented in Figure S3. The radii of gyration and NP
diameters are shown in Table S4.

5 iy
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g 2 é 20
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Figure 2. TEM images (a, b), volume NP size distribution from the SAXS data
(c, d), and a comparison of the NP sizes from TEM and SAXS data (e, f) for
Pd-Cu/HPS-r (a, c, ) and Pd/HPS-r (b, d, f).

For both bimetallic (Pd-Cu) and monometallic (Pd) samples
(Figure 2 ¢, d), as-synthesized NPs are smaller than those after
the hydrogen reduction. The increase of NP sizes upon
reduction indicates that there is a migration of metal species
between NPs, i.e., ripening, which is not surprising due to an
elevated reduction temperature (275 °C). The NP sizes obtained
from TEM and SAXS data are in good agreement, especially for
bimetallic NPs. The mean NP size from both methods is about
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6-7 nm which noticeably exceeds the typical pore size (4 nm)
(Figure S4). This reveals that NPs are mainly located in pore
junctions, but without blocking the pore system as about ~60%
of pore volume remains available.

The X-ray diffraction (XRD) patterns of Pd-Cu/HPS-r and
Pd/HPS-r and their high resolution (HR) X-ray photoelectron
spectroscopy (XPS) Pd3d spectra are presented in Figure 3.

a b Pd2+ PO

_ c

= > /‘ j PAHPS+
£ % N %

% z

5 @

2 c

= 2

£
o A H 4 % 6 7 344 340 336 332

20, degree Binding energy, eV

Figure 3. XRD patterns (a) of Pd-Cu/HPS-r and Pd/HPS-r and their HR XPS
Pd3d spectra (b).

The XRD pattern of Pd/HPS-r shows typical reflections of Pd°
(JCPDS-ICDD 46-1043), whose line broadening allowed us to
determine the crystallite size of 6 nm, indicating that Pd NPs are
most likely ‘single crystals. For bimetallic Pd-Cu NPs in Pd-
Cu/HPS-r, the XRD pattern is nearly identical, but its reflections
are shifted towards larger angles and the peak positions are in
between those characteristic of Pd (JCPDS-ICDD 46-1043) and
Cu (JCPDS-ICDD 4-9-2090) phases. According to the literature
data,l'”l this peak positioning reveals the formation of the
bimetallic Pd-Cu alloy. The absence of the reflections from Cu
metal as well as its oxides or hydroxides once more confirms the
alloy formation. The crystallite size of Pd-Cu alloy NPs is also ~6
nm which could be underestimation due to NP heterogeneity. It
is worth noting that as-synthesized mono- and bimetallic
samples are completely amorphous and their XRD patterns (not
shown) resemble that of HPS. This was anticipated, considering
mild conditions of the sample preparation (70 °C). Thus, the
hydrogen treatment (at 275 °C) of a mixed Pd-Cu oxide is
accompanied by metal reduction and crystallization. According
to Vegard's rule, ideal Pd-Cu alloys should show a linear
increase of lattice parameters with the Pd content increase.['® In
the case of Pd-Cu/HPS-r (37 at.% Pd by elemental analysis), the
calculated lattice parameter should be 3.75 A, while in fact, it is
3.87 A, revealing heterogeneity of alloy NPs,['®! which is further
revealed by XPS.

For both samples, the deconvolution of the HR XPS Pd3d
spectra results in two doublets in the Pd3ds, and Pd3ds:
regions. The Pd3ds. peak positions at 335.0-335.1 eV and
336.5-336.9 eV (Table S5) are typical for Pd® and Pd?* (most
likely PdO),?% respectively, with nearly the same Pd%:Pd?* ratios
(Table S5). The HR XPS Cu2p spectrum of Pd-Cu/HPS-r (Figure
S5) shows that the major component is Cu® with a smaller
fraction of Cu?* (Table S6). The BE of Cu® (932.2 eV) is typical
for Cu NPs." The presence of Cu?* could be due to incomplete
reduction of CuO in the as-synthesized sample or oxidation of
Cu® species under air. A comparison of the Pd:Cu atomic ratio
from XPS (surface method) and the elemental analysis data
(bulk method) demonstrate an enrichment of the NP surface by
copper, i.e., heterogeneity. Both theory and experiment
demonstrate that the metal with the lowest surface energy has a
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tendency to segregate to the surface of alloys.”? In our case,
Cu with the average surface energy of 113.9 meVA? favors the
surface enrichment compared to Pd, whose average surface
energy is 131 meVA2.22 Nonetheless, XRD demonstrates the
formation of Pd-Cu alloy which enhances interactions between
Pd and Cu atoms,/®! boosting the NP catalytic performance.

Influence of Pd-Cu interactions in alloy NPs on the catalytic
action

To evaluate the influence of Pd-Cu interactions in Pd-Cu/HPS-r
on the selective hydrogenation of FF to FA, we assessed the
functions of Cu and Pd in monometallic catalysts. The data
presented in Table S2 demonstrate that for all Cu/HPS catalysts,
the FF hydrogenation products are FA, furan, and 2-methylfuran
(Scheme 2a). This is in agreement with the literature data,%e
indicating that copper based catalysts facilitate hydrogenation of
the C=0 bond due its adsorption on the catalytic site, while the
C=C bonds in the furan ring remain unchanged.!'e 4c 52 10al

* =0y

decarbonylation
S H, g
hydro- p
genation
\.
N

Scheme 2. Schematic representation of FF hydrogenation on Cu (a), Pd (b),
and Pd-Cu NPs.

Alternatively, for Pd/HPS catalysts (Table S2), the FF
hydrogenation products are only FA and THFA, 9 revealing that
on the Pd surface both the C=O group and the furan ring are
adsorbed due to planarity of the FF molecule. The C=C bonds
interact with Pd via -t interactions (Scheme 2b).[58 143

It was demonstrated that when two metals, Cu and Pd, are
combined in a bimetallic NP, the NP surface properties as well
as the structure of active sites change, thus, affecting the
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chemical reactivity, which could be assigned to weaker
interactions between metal sites and FA (for easy desorption). 6
%l This is well illustrated for Pd-Cu alloy NPs in Pd-Cu/HPS-r,
allowing for 99.9% of the FF conversion and the 95.2%
selectivity to FA (Table 1). To the best of our knowledge, this is
one of the highest values of the FA selectivity at the 100% FF
conversion, reported to date.'¥ Although a higher selectivity
(98.6%) has been described for Pd-Cu/MgO®d, a double catalyst
amount was required in that case. The presence of Cu in
bimetallic NPs most probably disrupts the weaker C=C bond
adsorption on neighboring Pd atoms, leading to the higher yield
of the target product. However, the question arises what degree
of disruption is needed and what electronic state of metal
species is favored?

It was established that a combination of Pd and Cu may
change the electronic structure of Pd species compared to pure
Pd, decreasing the decarbonylation rate, while increasing the
hydrogenation rate.l'*a In the reaction mechanism study of
bimetallic Pd-Cu NPs, it was discovered that the presence of Cu
improves the selectivity to FA, while Pd mainly increases the FF
conversion most likely due to optimized hydrogen adsorption
(Scheme 2c),[**! preventing hydrogen oversaturation on the
surface and allowing for the better FF adsorption.'a Moreover,
for dissociative hydrogen adsorption on metal, the presence of
zerovalent and cationic metal species is essential.l®> 1 The
data presented in Tables S5 and S6 demonstrate that in Pd-Cu
alloy NPs (the Pd-Cu/HPS-r sample), both Pd®-Pd?* and Cu®-
Cu?* pairs exist with approximately 20% of oxidized species.
This distribution of oxidized-reduced Pd-Cu species seems to be
beneficial for optimal hydrogen adsorption and high FF
conversion, while the disruption of Pd atom coverage on the NP
surface due to alloying and enrichment by Cu (Table S6) may
lead to suppression of the furan ring adsorption and its
hydrogenation, thus, high FA selectivity. The TOF value for Pd-
Cu/HPS-r, calculated per moles of NP surface atoms (taking into
account Pd:Cu ratios on the surface and in bulk, Table S6) is
1209 h', which is comparable (1148 h™' in ref.?*l) or exceeds the
values reported for many other heterogeneous catalytic systems,
for example 204 h™' in ref. 2%, 21 h' in ref.?%], 96 h' in ref.[1%°],
~400 h™' in ref.?7], 952 h™' in ref.?8, etc. The only exception is a
customised catalytic membrane reactor with the Ru-
polyethersulfone membrane, allowing TOF of 48000 h*',*! but a
special equipment is required in this case and the conversion is
only 26.13%.

In view of high conversion and selectivity of Pd-Cu/HPS-r,
we studied reusability of this catalyst in ten consecutive
reactions. Figure 4 demonstrates that both conversion and
selectivity to FA decrease by only a couple of percent after ten
cycles, indicating enhanced stability of alloy NPs in the HPS
pores as well as practically unchanged catalytic performance
which exceeds the catalytic performance upon reusability of
other catalysts.[° 10al
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Figure 4. Conversion and selectivity to FA in repeated uses of Pd-Cu/HPS-r.
The reaction time for all reuse experiments remained 180 min.

Conclusion

We developed a novel catalyst for the selective FF
hydrogenation based on Pd-Cu alloy NPs and the commercially
available micro/mesoporous HPS support. The advantages of
this inexpensive polymer support such as high porosity and
mechanical robustness, were fully realized by forming well-
defined 6-7 nm NPs in the pore junctions, providing a sufficient
pore system (~60% by volume) for transport of reacting and
target molecules. XRD confirmed the formation of alloy Pd-Cu
NPs, while XPS showed the enrichment of the NP surface with
Cu atoms as well as the presence of both zerovalent and
cationic Pd and Cu species, i.e., NP heterogeneity. Such a
structure of Pd-Cu alloy NPs allowed for nearly 100%
conversion and excellent selectivity to FA (95.2%) along with a
significant activity of the catalyst (TOFs= 1209 h'). This
exceptional performance was attributed to the prevention of the
furan ring adsorption on Pd due to neighboring Cu species and
facilitated FA desorption, both leading to higher selectivity.
Controlled hydrogen and FF adsorption due to mixed valence
states of Pd and Cu species lead to higher conversion. These
factors as well as remarkable catalyst reusability in ten
consecutive reactions makes this catalyst promising for practical
applications.

Experimental Section

The description of materials, analysis of catalytic samples, and
characterization methods are presented in the Supporting Information.

Synthesis of catalysts

The Pd-Cu-containing HPS-based catalyst was synthesized via a wet-
impregnation method according to the procedure described elsewhere for
Pd/HPS using Pd acetate as precursor.??l In a typical experiment, 1 g of
HPS granules (pretreated, dried and crushed to the size <60 um) were
impregnated with 3 mL of THF solution containing 0.071 g of
Pd(CH3COO)2 and 0.090 g of Cu(CH3COO)2xH20. The product was
dried at 70 °C for 1 h and treated with 2.7 mL of the 0.3 M Na2COs
solution for precipitation of oxides/hydroxide NPs.[65: 14b]
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After that the catalyst was washed with distilled water until neutral pH
and dried at 70 °C for 2 h. The catalyst was denoted “as-synthesized”
(as). Reduction of Pd and Cu species in the catalyst was carried out in a
hydrogen flow at 275 °C for 2 h. The catalyst was denoted “reduced” (r).
Monometallic Cu- and Pd-containing catalysts were prepared in a similar
way using a single precursor.

Catalytic testing

FF hydrogenation was performed in a Parr reactor (Series 5000 Multiple
Reactor, stainless steel). In a typical experiment, the catalyst (0.1 g) was
mixed with 24 mL of isopropanol and treated in a hydrogen flow for 30
min at 120 °C and 6.0 MPa pressure under vigorous stirring (1000 rpm)
for the catalyst activation. After that 2 mL of FF and another 24 mL of
isopropanol were added to the reactor. Samples of the reaction mixture
were taken for analysis regularly and analyzed with GC-MS (Shimadzu
GCMS-QP2010S) equipped with a capillary column HP-1MS (30 m x
0.25 mm id., 0.25 pm film thickness) (see details in the Supporting
Information). The experiments were performed for 180 min. The TOF
value for Pd-Cu/HPS-r was calculated as moles of the substrate
consumed per moles of NP surface atoms (calculated knowing the NP
size and composition) per hour.

For reusability experiments, the reaction mixture was placed in glass
tubes and the catalyst was separated by centrifugation using a bench
centrifuge at 4,000 rpm. The supernatant was removed and the catalyst
was washed with isopropanol three times, following the same isolation
procedure. Finally, the catalyst was utilized in the repeated experiments
without drying.
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Biomass-derived furfural hydrogenation: We developed novel Pd-Cu alloy nanoparticles (NPs) in pores of inexpensive,
commercially available hypercrosslinked polystyrene (HPS) and tested in selective furfural (FF) hydrogenation to furfuryl alcohol (FA).
The controlled surface composition of Pd-Cu NPs ensures high FF converson and FA selectvity, while the NP location in HPS pores

allows for high stability upon reuse in ten consecutive reactions.
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