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ABSTRACT: Upgrading furanic aldehydes (such as furfural or 5-hydroxymethyl furfural) to cyclopentanone compounds (such as
cyclopentanone or 3-hydroxymethyl cyclopentanone) is of great significance for the synthesis of high-value chemicals and biomass
utilization. Developing an efficient reduced metal/acidic support with Lewis acidity is the key to facilitating the carbonyl
hydrogenation and hydrolysis steps in the hydrogenative ring-rearrangement reaction. Herein, three pure Lewis acidic pyrochlore
supports of the form A,B,0; (La,Sn,0;, Y,2Sn,07, Y,(Sng,Cey3),07.5) with the same crystal structures and different metals are
synthesized. The Lewis acidity and the surface properties of the pyrochlore can be tuned by inserting different kinds of A and B site
metals. After impregnation, Pd nanoparticles with appropriate particle sizes are uniformly loaded on the surface of pyrochlore. For
the reaction of the furanic aldehydes, all of these pyrochlore-based catalysts exhibit hydrogenation and hydrolysis rates that are both
faster than those of traditional support-based catalysts due to the oxygen vacancy and pure Lewis acidity of the support. Among
these pyrochlore-based catalysts, Pd/Y,Sn,0; exhibits activity and selectivity that are higher than those of Pd/La,Sn,0,. Moreover,
the Y,Sn,0;-based catalyst partially substituted by Ce*" ions at the B site is more efficient, with the highest cyclopentanone yield
and 3-hydroxymethyl cyclopentanone yield of 95.0% and 92.5%, respectively. Furthermore, the catalyst can still maintain an
effective activity and stability after 4 runs. This study not only presents an efficient bio-based route for the production of
cyclopentanone compounds but also focuses on the acid catalytic performance of pyrochlore based on its pure Lewis acidity.

Introduction

Upgrading renewable biomass to high-valued fine
chemicals is a feasible pathway for achieving a sustainable
resource-based economy. Lignocellulose is the most abundant
bio-based organic matter, which can be continuously
hydrolyzed, dehydrated and generated furanic aldehydes (e.g.,
furfural (FFA) or 5-hydroxymethyl furfural (HMF)) [1,2].
These furanic aldehydes have been considered as bio-based
platform compounds for the preparation of various fine
chemicals, such as linear alcohols, 5-furancarboxylic acid,
tetrahydrofuran, 2,5-furandicarboxylic acid, 2-methylfuran,
2,5-dimethylfuran, 2,5-dihydroxymethyltetrahydrofuran,
cyclopentanone (CPO), 3-hydroxymethyl cyclopentanone
(HCPN) [3-10]. Among these fine chemicals, cyclopentanone
compounds (e.g., CPO, HCPN) are important building blocks
for resins, lysine, vitamins, lubricating oils, and high-density
biofuels [11,12], because of the reactivity of hydroxyl and
carbonyl groups. At present, CPO is mainly prepared from
fossil-derived adipic acid [13]. However, HCPN has not been

commercially synthesized yet. Hence, the route of
synthesizing cyclopentanone compounds from bio-based
furanic aldehydes is promising to provide a sustainable

pathway for fine chemicals and to efficiently utilize biomass
resources.

The synthesis of cyclopentanone compounds from furanic
aldehydes is occurred by continuous carbonyl group
hydrogenation, furan ring rearrangement, hydrogenation and
dehydration steps. Usually, the reaction is conducted in
aqueous solutions (140-190 °C, 2.0-8.0 MPa H, pressure)
under a reduced metal-supported solid acid catalyst [14].
Currently, various acidic metal oxides (such as TiO, and
Nb,0s), zeolites (such as HB, HZSM-5, and SBA-15), metal-
organic frameworks (such as Cr-MIL-101 and Cu-MOF) and
carbon materials are used as supports for the reaction.[9,10,
15-22] Usually, catalysts with non-acidic support (such as
carbon) need a higher reaction temperature and hydrogen
pressure because of their weak catalytic ability in the
hydrolysis of the hydrogenated product of furfural aldehydes
(i.e., 2,5-bis(hydroxymethyl)furan and furfuryl alcohol). It is
widely accepted that the type of acidity has an important effect
on the reaction. A Lewis acid promotes the synthesis of the
target product by ring-opening and intramolecular aldol
reactions, and a Bronsted acid easily triggers the generation of
macromolecular humins via the intermolecular coupling
reaction of active intermediates [23]. These traditional
supports with Lewis and Brensted acid character exhibit an
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unsatisfactory catalytic effect on the reactions because of the
generation of low-value humins. Recently, we reported some
noble metals supported on a metal-organic framework
exhibiting pure Lewis acidity that produced a considerable
yield of the target product for the reaction [10, 24, 25]. The
type of noble metal (i.e., Pd, Pt, Ru, and Au) is optimized, and
the Pd nanoparticles exhibit an excellent catalytic performance
due to their excellent C=0 hydrogenation ability. However,
the MOF support is usually unstable under the reaction
conditions.

Pyrochlore (format as A,B,0; or A,B,040’) is ternary
metal oxides with a Fm3m space group and cubic unit cell. It
is a defective fluorite-type crystal structure (format as B,Og),
where the B cation is coordinated by eight oxygen ions (Figure
1A). When half of the eight-coordinated B cation (a large
radius, typically trivalent rare earth elements) is replaced by
six-coordinated A cation (a small radius, usually a tetravalent
transition metal elements), the topological structure is
transformed from fluorite to pyrochlore [26]. O’ and O anions
are sited at the 8b and 48f sites with mm and 43m site
symmetries, respectively. The A and B metal cations are sited
at the 16c and 16d sites respectively, both with 3m site
symmetry. The 48f oxygen anions are linked to two A and two
B cations, and the 8b oxygen anions are linked to four B
cations. In the pyrochlore structure, the 8a oxygen anions are
vacant (Figure 1B). Besides the natural oxygen vacancies, the
oxygen vacancies can be further generated when the B-site
cation is isomorphically substituted by another C metal cation
with a lower valence based on the principle of
electroneutrality (Figure 1C) [27-29]. In the field of
photocatalysis and electrocatalysis, these surface oxygen
defects can change the valence state of the metal cation and
build a hole in the band structure, leading to a rapid oxygen
generation rate for the oxygen evolution reaction [30-35] and
photocatalytic water splitting [36]. In contrast, in the field of
thermocatalysis, pyrochlore is rarely reported. Currently,
pyrochlore is mainly used in the dry reforming of methane
[37], the oxidative coupling of methane [38], ethanol steam
reforming [39], the catalytic transformation of ethanol into
acetone [40], water gas shift reactions [41], and the catalytic
reforming of liquid fuels into synthesis gas [42]. These oxygen
vacancies are favorable for these reactions involving oxygen-
containing compounds. However, these reactions are
oxidation-reduction reactions. The pyrochlore has not been
reported in the field of acid reactions, nor has it been
mentioned in complicated biomass conversion reactions,
including acid catalysis 2]16rrld reduced rpeggil catalysis.

5'e. 54
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Figure 1. One-eighth of the unit cell of (A) fluorite (B4Os), (B)
pyrochlore (A;B,0;) and (C) B-site substituted pyrochlore
(A5(BxC14)207.5). The substitution of B4 with C cation of low
valence states results in a lattice vacancy of oxygen.

Herein, a class of pyrochlore-supported Pd nanoparticle
bifunctional catalysts with pure Lewis acidity is prepared for
the production of cyclopentanone compounds. The pure Lewis

acidity is provided by the coordinated unsaturated metal
cation. Meanwhile, the acidity and specific surface area of
these catalysts can be controlled by adjusting the kind of A
and B site cations. Compared with traditional supported
catalysts (Pd/Hp, Pd/TiO,, and Pd/Nb,Os), the Pd/pyrochlore
exhibits a higher catalytic performance because of the strong
Lewis acidity, high Pd particle dispersion, and great
accessibility of the active sites. Among these Pd/pyrochlore
catalysts, Pd/Y,(Sny;Ce3),07.5 possesses the best catalytic
performance, with the complete conversion of furanic
aldehydes, achieving selectivity of cyclopentanone compounds
of greater than 91%. Moreover, the catalyst exhibits a stable
recycled performance.

Experimental
Materials

Furfural, = ammonia, sodium  stannate trihydrate
(Na,Sn0s-3H,0), lanthanum nitrate hexahydrate
(La(NOs);-6H,0), yttrium nitrate hexahydrate
(Y(NO3);°6H,0), cerium nitrate hexahydrate

(Ce(NO»);-6H,0), sodium dihydrogen phosphate (NaH,PO,),
palladium chloride (PdCl,), and sodium carbonate (Na,COs)
were supplied by Sinopharm Chemical Reagent Company.
Acetone was obtained from the Aladdin Reagent Company. 5-
Hydroxymethyl furfural (99%) and TiO, (Degussa P25) power
were purchased from Beijing Coupling Technology Company.
Nano Nb,Os was supplied by Shanghai Chaoqin New Material
Technology Company. The H (SiO,/Al,0; = 25) was obtained
from Tianjin Nankai Catalysts Company, and calcined in air
for 6 h at 550 °C. Other chemicals were directly used without
further treatment.
Preparation of the pyrochlore support

La,Sn,0, Y,Sn,0; and Ce-doped Y,Sn,0; are synthesized
by a hydrothermal method. For La,Sn,0; and Y,Sn,05, 8.70 g
of La(NO;);-3H,0 (or 7.70 g of Y(NO;);-6H,0), 540 g of
Na,Sn0;-3H,0, and 80 mL of water were mixed and then
adjusted the pH of 9.0 via ammonium hydroxide.
Subsequently, the mixture was added to a 100 mL Teflon-
lined autoclave and heated at 200 °C for 24 h. The resultant
solid was obtained by filtration, washed by water, dried
overnight at 150 °C, and then calcined at 800 °C for 6 h in an
air atmosphere. For Ce-doped Y,Sn,O,; 2.17 g of
CC(NO3)2'6HQO, 7.70 g of Y(NO3)36H20, 5.40 g of
Na,Sn03-3H,0, and 70 mL of water were mixed, adjusted to a
pH of 9.0 via ammonium hydroxide, and heated at 200 °C for
24 h. The synthesized Y,(Sn,;Ceg3),075 was obtained by
filtration, washed, dried, and calcined using the same process
used to prepare La,Sn,O; and Y,Sn,0;. The element analysis
shows that the molar ratio of Y:Sn:Ce is 1:0.7:0.3, which is
consistent with the molar ratio of the three metal precursors.
The Ce-doped Y,Sn,0; compound is denoted as
Y2(Sng,Ce3),07.5.
Preparation of the Pd/Pyrochlore catalysts

A PdCl, solution was impregnated onto the pyrochlore
supports via an incipient method. Typically, 1 g of pyrochlore,
a certain amount of PdCl,, and 10 mL of water were
thoroughly mixed, and the mixture was heated at 80 °C, dried
overnight at 110 °C and calcined at 400 °C for 4 h in an air
atmosphere. If not mentioned, the PdCl, content is 0.88 g, and
the Pd content on the support surface is 5.0wt%, which is
proved by the element analysis. As a comparison, the TiO,-,

ACS Paragon Plus Environment

Page 2 of 10


javascript:void(0);
javascript:;
javascript:;

Page 30of 10

oNOYTULT D WN =

ACS Catalysis

Nb,Os-, HB-supported catalysts are synthesized via the same
process.
Catalyst characterizations

The X-ray diffraction (XRD) was determined by a
Panalytical Empyrean diffractometer with a Cu target and Cu-
Ko radiation. The X-ray photoemission spectroscopy (XPS)
was obtained by an ESCALAB 250Xi with a monochromatic
Al anode X-ray gun. The morphology and particle size of the
samples were determined using a JEM-2100 transmission
electron microscope (TEM). The pore textural properties and
the specific surface areas were obtained by performing N,
adsorption-desorption at -196 °C on an ASAP 2046 surface
analyzer. The elemental analysis was carried out on an
OPTIMA 5300DV inductively coupled plasma-atomic
emission spectrometer. The acid-base properties were
characterized by determining the temperature-programmed
desorption of ammonia (NH;-TPD) and carbon dioxide (CO,-
TPD) on a HUASI DAS-7200 instrument. Temperature-
programmed reduction (H,-TPR) were performed on a
Micromeritics AutoChem II 2920. The acid type was analyzed
by performing pyridine-adsorbed infrared spectroscopy using
a Bruker VERTEX 70 spectrometer. Catalyst was tabled to
wafer (10 mg/cm?), degassed and dewatered under vacuum at
200 °C for 1 h, and the pyridine adsorption was performed at
60 °C for 30 min. Then, the temperature gradually increased to
150 °C and 250 °C, and the spectra was recorded. The signal
detected at 150 °C and 250 °C was attributed to total acid sites
and strong acid sites, respectively.

Catalytic reactions

Typically, 10.4 mmol of furanic aldehydes, 40 mL of water,
and 0.1 g of catalyst were added into a 100 mL stainless-steel
autoclave from Anhui Kemi Machinery Technology Co., Ltd..
The hydrogen was purged to replace the air for 4 times, and
kept at a 4.0 MPa hydrogen pressure. Subsequently, the
mixture was stirred at a rate of 600 rpm, and heated to 150 °C,
and sampled periodically. 1 mL of the resultant product
mixtures was removed from the reactor, extracted by 2 mL
ethyl acetate, and 20 pL of internal standard substance (N,N-
dimethyl formamide) was added. The concentrations of
products were analyzed by a Trace 1300 gas chromatograph
equipped with a TG-WAXMS capillary column (30 m x 0.32
mm) and a flame ionization detector (FID). The carbon loss
was defined as humins.

In situ Attenuated total reflection infrared (ATR-IR)
measurements

The ATR-IR spectroscopy was acquired with a Nicolet iS
50 spectrometer installed with a highly sensitive MCT detector
and a heating chamber equipped with CaF windows. The
ethanol suspension of the catalyst was dropwise added onto
the surface of the diamond probe equipped on the instrument
and dried at 100 °C. ATR-IR spectra were recorded with
averaging 32 scans at the resolution of 2 cm™. To simulate
catalytic reaction conditions, the catalyst was firstly reduced at
150 °C for 1 h in a 5% H,/Ar flow, and the background
spectrum was recorded before adding of the substrate.
Subsequently, the liquid furfural was introduced into the
surface of the catalyst by bubbling with an Ar gas stream
(flow rate of 40 mL/min). The adsorption of furfural was
conducted at 150 °C for 30 min, and the Ar gas stream (flow
rate of 40 mL/min) was used to remove the physically

adsorbed furfural. In situ ATR-IR spectra of the solid-liquid
interface was recorded.
Results and discussion

Structural characteristics of the Pd/pyrochlore catalyst

The XRD patterns of the pyrochlore and the corresponding
Pd-supported catalysts are displayed in Figure 2A. All of the
samples display the intense diffraction peaks typical of the
pure A,Sn,0; (A = La, Y) crystalline phase (26 = 28.7, 33.3,
47.8, and 56.8°), proving that the pyrochlore phase has been
successfully synthesized, and the precipitation of a secondary
phase did not occur by the simple hydrothermal method. The
elemental analysis data exhibit that the A:B site metal molar
ratios of LaZSn207, stl’l207, Yz(Sn0_7Ceo_3)207_5 (i.e., 1102,
1:0.98, 1:0.97) are close to the expected stoichiometry of
pyrochlore (i.e., 1) (Table 1). Meanwhile, Y»(Sny;,Ce(3),07.5
with Sn*": Ce** molar ratio of approximately 0.7: 0.3 exhibits a
similar XRD pattern with Y,Sn,0O,, indicating that Sn*' is
partially replaced by Ce**, which will not change the crystal
structure of the Y,Sn,0; pyrochlore type. However, as the A-
site cation La** with replaced with Y3* or the B site Sn** cation
is partially doped by Ce?*", the position of the diffraction peaks
has shifted to a larger angle, indicating that the Ilattice
parameter of pyrochlore decreases. According to the literature,
the ionic radius of La’" and Y3" is 0.106 and 0.09 nm,
respectively [43], and a smaller cation leads to smaller lattice
parameters. Meanwhile, the Ce’" ion has a larger ionic radius
than Sn** (0.103 vs 0.07 nm). To maintain electrical neutrality,
the partial substitution leads to the formation of oxygen
vacancies, which also decrease the lattice parameters.
Although the Pd content is approximately S5wt% after
impregnation, the Cl content is not detected due to the thermal
decomposition of PdCl, during the preparation conditions (400
°C, 4 h)[44]. The XRD patterns of the catalyst are almost the
same as those of the corresponding supports, confirming that
Pd nanoparticles are well dispersed on the surface. Moreover,
the XRD of Pd/TiO, and Pd/Nb,Os only show the
characteristic peak of anatase TiO, and pseudohexagonal
Nb,Os crystals, without the characteristic peak of Pd
nanoparticles (Figure S1) [45,46].

The N, adsorption-desorption isotherms in Figure 2B show
that all of the catalysts exhibit IV type isotherms and H3 type
hysteresis rings, which indicated the existence of a
mesoporous pore structure generated by particle accumulation.
Compared with Pd/La,Sn,0,, the Y-contained Pd/Y,Sn,0; has
a larger specific surface area of 66.7 m%*/g and a larger pore
volume of 0.258 cm?®/g (Table 2). After Ce modification, the
specific surface area of Pd/Y,(Sng;Ce(3),07.5 increases to 89.5
m?/g, while the pore volume decreases to 0.131 cm?/g. These
results indicate that replacing the A and B site metal changes
the particle size of pyrochlore. The Pd/TiO, and Pd/Nb,Os
possess low specific surface areas of 44.6 and 10.6 m?-g,
pore volumes of 0.321 and 0.028 cm?-g"!, respectively.
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Table 1. Element analysis of Pd/pyrochlore.
Samples Pd content Clcontent Lacontent Y content Sn content Ce content Molar ratio of ~ Molar ratio of
(wt %) (wt %) (wt %) (wt %) (wt %) (wt %) AB Sn:Ce
Pd/La;Sn,0, 4.98 - 29.44 - 25.88 - 1: 1.02 -
Pd/Y,Sn,0, 4.95 - - 21.16 27.67 - 1: 0.98 -
Pd/Y(Sng7Ce3),07.5 5.01 - - 26.51 24.39 11.88 1:0.97 0.7:0.3

Pd/HP shows a specific surface area of 510.2 m?-g! and pore
volume of 0.503 cm?-g! due to their microporous structure
(Figure S2). As shown by TEM, the pyrochlore crystal size of
Pd/La,Sn,0; is obviously larger than that of Pd/Y,Sn,O; and
Pd/Y,(Sngy7Ce3),07.5 (Figure 2 C, D, E). The Pd clusters are
uniformly and randomly dispersed on the surfaces of all
pyrochlore and other supports (i.e., TiO,, Nb,Os, HB) in the
range of 3-5 nm (Figure S3). The distribution of Pd
nanoparticles was further evaluated by H,-TPR (Figure S4).
All Pd supported catalysts have an obvious peak below 100 °C,
which has an approximate peak area. These results indicate
that Pd is easily reduced and the dispersion degree of Pd is
similar in these catalysts. According to the result of H,-TPR, a
peak that appeared above 500 °C is attributed to the reduction
of Sn* of pyrochlore supports[47].
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Figure 2. (A) X-ray diffraction patterns of pyrochlore, (B) N,
adsorption-desorption isotherms and pore diameter distribution of
pyrochlore-based catalysts and TEM micrographs of (C)
Pd/LaZSn207, (D) Pd/stl’l207, (E) Pd/Yz(SHO_7C€0_3)207_5.

Table 2. Physicochemical properties of catalysts.

Total Strong

S Pore Lewis Lewis Bfﬂ“§ted Alkali
Samples (m'i?T) Volume Acid Acid Acid Amount
g (cm?/g) Amount Amount Amount (mmol/g)
(mmol/g)  (mmol/g) (mmol/g)

Pd/TiO, 44.6 0.321 0.006 0.003 0.001 0.008
Pd/Nb,Os 10.6 0.028 0.006 0.004 0.001 0.009
Pd/HB 510.2 0.503 0.044 0.032 0.151 /
Pd/La,;Sn,04 20.9 0.054 0.018 0.009 0.001 0.029
Pd/Y,Sn,0, 66.7 0.258 0.041 0.023 0.001 0.033
PAYa(Smor— g95 0131 0.046 0.032 0.001 0.037

Ce3)207.5

To investigate the influence of the acid-base properties of
the catalyst, NH; and CO,-TPD tests were carried out, as
shown in Figure 3, Figure S5 and Figure S6. Obviously, the
NH;-TPD result shows that all the pyrochlore-based catalysts
exhibit a much higher acid amount than that of the TiO,- and
Nb,Os-based catalysts. For the pyrochlore-based sample, two
desorption peaks appear at 200 and 400 °C, which was
attributed to the acidity of the coordinated unsaturated B-site
metal sites, respectively. The acid strength is described by the
NH;-desorbed temperature. Among the Pd/pyrochlore,
Pd/Y»(Sng;Ce3),07.5 (210, 308 °C) shows a stronger acidity
than that of Pd/La,Sn,0; (182, 261 °C) and Pd/Y,Sn,0; (179,
277 °C). Furthermore, CO,-TPD result in Figure S6 indicates
these Pd/pyrochlore possess a large amount of basic site
because of the rare earth metals.[38] Subsequently, IR spectra
of the in-situ adsorbed pyridine were used to detect the acid
types. The acid density of Lewis and Brensted acidic sites was
calculated using the Emeis equation (Table 2, Figure S7) [48].
The pyridine-adsorbed FTIR spectra of the pyrochlore-, TiO,-
and Nb,Os-based samples treated at 150 °C exhibit peaks at
1450 cm™!' and very weak peaks at 1540 cm-'. This confirms
the pure Lewis acidity of the pyrochlore, TiO,, and Nb,Os
supports. On the contrary, in addition to exhibiting Lewis
acidity, zeolite HP exhibits a considerable Brensted acidity.
Due to the similar topology of three pyrochlore, the acid
amount of Pd/pyrochlore is positively correlated with the BET
area. Because of the larger specific surface area, more active
coordinated metal sites are exposed. In particular,
Pd/Y »(Sng;Ce3),07.5 exhibits the highest Lewis acid amount
of 0.046 mmol/g, as shown in Table 2. Meanwhile, the acid
density of strong Lewis acidic sites was calculated based on
the signal detected 250 °C. Agreed with the result of NH;-TPD,
the Pd/Y,(Sng7Ce3),07.5 shows the highest strong Lewis acid
amounts of 0.032 mmol/g (Figure 3B).

Bﬂ.[ls
A [ Total Lewis B Strong Lewis

o
=
=1
@
2
>
2

s
3
3

Intensity

Pd/Y y(Sng 3Ceg 303075

s
=
S

0.004 4 PAY 5,07

Acid amount (mmol/g)
=
s

s
2
H

201 0%
qgﬁ\ < A

o1 o1

S oM o

v“‘” @M‘ &m?}"‘
00

Pd/LaySny07

0.000 . - ' - : o0’

100 200 300 400 500 600 700 bﬁm\‘
Temperature (°C) ¥

Figure 3. (A) NH;-TPD profile and (B) Lewis acid amount
detected by pyridine-adsorbed FTIR spectra of catalysts.

The surface properties were further investigated by XPS for
the catalysts (Figure 4). The Pd 3d XPS spectra of the
supported catalyst shows that peaks appear at 335.1 and 340.8
eV (attributed to the 3ds, and 3d;, peaks of Pd(0)) as well as
337.8 and 343.2 eV (ascribed to the 3ds, and 3d;, peaks of
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Pd(IT)) [49]. Agreed with the result of H,-TPR, Pd(Il) can be
in-situ reduced to Pd(0) under the reaction conditions, which is
confirmed by the XPS spectrum of the used catalysts (Figure
S8) [50]. The weak peak around 200 eV may be ascribed to
the trace residue Cl on the catalyst surface. Meanwhile, the
XPS peaks of Ols has two peaks (O; and Op) at 530.0 and
531.7 eV for all pyrochlore-based catalysts [51]. The Oy is
attributed to the lattice oxygen, and the Oy is attributed to the
surface-adsorbed oxygen species on oxygen vacancies. After
partial substitution of Sn*" by Ce**, the Oy/O, peak area ratio
of Pd/Y»(Sny-Ce3),07.5 is obviously higher than Pd/Y,Sn,0,
(0.91 vs 0.71). Combined with the result of NH;-TPD, the
oxygen vacancies are further created and then the B-site cation
is isomorphically substituted by another metal cation with a
lower valence based on the principle of electroneutrality.
Combined with the result of NH;-TPD and Py-FTIR, the
incorporation of Ce*" in the pyrochlore leads to the formation
of oxygen vacancies and further exposure of the coordinative-
unsaturated Sn**.

Pd/LazSn207

Pd/YZS“207

Pd/La,(Sng ,Ceq 3),07.5

e

1000 800 600 400 200

0346 344 342 340 338 336 334 332 330 536 534 532 530 528 526

Binding Energy (eV)
Figure 4. XPS spectra of Pd/pyrochlore.

Hydrogenative ring-rearrangement of furfural

As shown in Figure 5A, the hydrogenative ring-
rearrangement of furfural (FFA) to cyclopentanone (CPO)
involves a hydrogenation reaction to form furfuryl alcohol
(FA), hydrolysis ring-opening reaction to form 2-pentene-1,4-
dione (PED), intramolecular aldol reaction to form 4-hydroxy-
2-cyclopentenone (HCPEO), then hydrogenation, dehydration
reactions to form CPO. A trace amount of PED, HCPEO, and
HCPO is detected by GC-MS, indicating that the reactivity of
intramolecular aldol and dehydration are fast. Figure 5B, 5C
shows the catalytic kinetics under Pd/TiO, and Pd/Y,Sn,0O,
catalysis. A large amount of FFA and FA exhibits that the
carbonyl group hydrogenation and hydrolysis reactions are the
rate-limiting steps. With increasing reaction time, FA is
gradually transformed, and CPO is gradually generated. The
concentration of FA intermediate first increased and then
decreased. The active carbonyl, furan ring, and hydroxyl
groups in FA, intermediates and CPO can easily result in a
carbon loss by some intermolecular coupling reactions.
Interestingly, some by-products of tetrahydrofurfuryl alcohol
(THFA) are created via the furan ring hydrogenation of FA
(Figure 5A). Compared with Pd/TiO,, Pd/Y,Sn,0; possesses

three obvious advantages. First, the conversion of FFA is
increased from 51.0% to 91.1% within 6 h by the acceleration
of the C=0 hydrogenation reaction. Secondly, the selectivity
of THFA is decreased from 11.0% to 2.0%, and the furan ring
hydrogenation reaction is completely inhibited. Thirdly, the
selectivity of FA decreased from 8.1% to 5.1% and the
selectivity of humins decreased from 14.8% to 1.9%.
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Figure 5. (A) The reaction pathway of FFA reaction; (B), (C)

product concentration over Pd/TiO, and Pd/Y,Sn,07; (D) catalytic

performance of FFA reaction over various catalysts. Reaction

conditions: H,O (40 mL), catalyst (0.1 g), FFA (10.4 mmol),

temperature 150 °C, time 6 h, 4.0 MPa H, pressure.
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Figure 5D further evaluates the catalytic performance of
other catalysts. The reaction without catalyst or with only
pyrochlore show no FFA conversion and CPO yield, because
the hydrogen cannot be activated. Pd/C exhibits a high
hydrogenation activity, whereas basically no CPO is generated
due to the lack of acid sites. All of the conventional metal
oxide-supported Pd catalysts (Pd/TiO,, Pd/Nb,Os, Pd/HpB)
show a mass generation of humins by the Brensted acidity
catalysis. Pd/Nb,Os and Pd/TiO, possess a relatively high CPO
selectivity, whereas their catalytic activities are low, and a
large amount of THFA is generated because of the furan ring
hydrogenation reaction. These results indicate that the
promotion of C=0O hydrogenation and furan ring hydrolysis
and inhibition of furan ring hydrogenation are extremely
challenging for the selective synthesis of cyclopentanone. All
the pyrochlore-based catalysts exhibit a better activity and
selectivity than the traditional metal-oxide-based catalysts
because the pyrochlore-based catalysts have a large number of
oxygen vacancies and a Lewis acidity. Interestingly, among
these pyrochlore-based catalysts, the order of the FFA
conversion agreed with the amount of oxygen vacancies:
Pd/Yz(Sn0A7CeoA3)207,5 (99.9%, 091) > Pd/YzSIl207 (91.1%,
0.71) > Pd/La,Sn,0; (83.4%, 0.67). According to previous
work, the strong Lewis acidity is favorable for the hydrolysis
of FA[10,24]. Meanwhile, the order of the CPO selectivity
agreed with the amount of strong Lewis acid sites:
Pd/Y»(Sng7Cep3),075 (95.1%, 0.032 mmol/g) >
Pd/Y,Sn,0; (91.0%, 0.023 mmol/g) > Pd/La,Sn,O,
(87.6%, 0.009 mmol/g). The Pd/Y,(Sny;Ceg3),07.5 catalyst
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with the largest amount of oxygen vacancies and strong Lewis
acid sites exhibits a satisfactory catalytic performance, with a
FFA conversion of 99.9%, CPO selectivity of 95.1% and CPO
yield of 95.0%. To further promote the catalytic effect of
Pd/pyrochlore, the Pd loading content was optimized, and 5
wt% Pd/pyrochlore produces the highest yield of CPO (Figure
S9). The initial reaction solution before and after adding
catalyst was neutral with a pH of 7.0. Then, as pH value was
adjusted from 7.0 to 5.8 and 4.5 by the weak acidic NaH,PO,
(Figure S10), the presence of Brensted acid in the acidic
solution causes carbon loss rather than the generation of CPO
[52,53]. Meanwhile, as pH was increased from 7.0 to 10.5 by
the basic Na,CO;, the ring-opening reaction is completely
suppressed and approximately 90% yield of FA and THFA is
obtained.

Hydrogenative ring-rearrangement of 5-
hydroxymethylfurfural

These catalysts are also used with 5-hydroxymethyl furfural.

5-hydroxymethyl furfural (HMF) can be converted to 1-
hydroxy-3-hexene-2,5-dione (HHED) through carbonyl
hydrogenation and hydrolysis ring-opening steps similar to
those of the furfural reaction (Figure 6A). These intermediates
(e.g., 2,5-bis(hydroxymethyl)furan (BHF), HHED) are verified
by GC-MS. In contrast to the FA reaction, the large amount of
1-hydroxyl-2,5-hexanedione (HHD) that existed in the
reaction mixture shows that 4-hydroxy-4-hydroxymethyl-2-
cyclopentanone (HHCPN) has been synthesized from the
hydrolyzed intermediate HHED, which occurs during the first
hydrogenation step; then, the intramolecular aldol reaction
proceeds rather than the first intramolecular aldol reaction, and
then hydrogenation occurs in the furfural reaction. In contrast
to the results of our previous study catalyzed by MOF, the
BHF concentration is very low catalyzed the metal oxide-
based catalyst because the hydrolysis reaction is very fast
because of the strong Lewis acidity of pyrochlore[10]. The
result indicates that the rate-limiting steps in the HMF reaction
are the carbonyl hydrogenation and intramolecular aldol
reactions. Compared with the intramolecular aldol of PED to
HCPEO in the CPO synthesis, the hydroxymethyl group in
HHD transfers electrons to the carbonyl group, thus reducing
the aldol reactivity [54]. Moreover, the steric hindrance of
hydroxymethyl group further makes the synthesis of 3-
hydroxymethyl cyclopentanone (HCPN) more difficult. To
synthesize HCPN with a high yield, the reaction time was
extended to 12 h. Similarly, the excessive hydrogenation and
intermolecular C-C coupling reactions produce the THFA and
humin by-products. Likewise, the time-dependent product
curve indicates that Pd/pyrochlore exhibits a better activity
and selectivity than Pd/TiO, due to the higher catalytic activity
of the carbonyl hydrogenation, hydrolysis, and intramolecular
aldol reactions (Figure 6B, C).

Figure 6D also evaluates the catalytic performance of other
catalysts. Blank experiment, pure pyrochlore, Pd/C, Pd/TiO,,
Pd/Nb,Os and Pd/H} show unsatisfactory catalytic conversion
or selectivity. The pyrochlore-based catalysts exhibit a higher
activity of HMF and selectivity toward HCPN than traditional
support-based catalysts. Likewise, the order of the HMF
conversion agreed with the amount of oxygen vacancies:
Pd/Yz(Sn0A7CGOA3)207_§ (999%, 091) > Pd/YzSn207 (968%,
0.71) > Pd/La,Sn,07 (95.0%, 0.67). Because the rate-limiting
aldol condensation reactions are also catalyzed by acids, the

selectivity of HCPN also agreed with the order of the strong
Lewis acid amount: Pd/Y,(Sng;Ce3)207.5 (92.6%, 0.032
mmol/g) > Pd/Y,Sn,0; (76.4%, 0.023 mmol/g) > Pd/La,Sn,0,
(60.0%, 0.009 mmol/g). Finally, after 12 h, the conversion
over Pd/ Y,(Sng7Ce3),07.5 is 99.9%, the selectivity is 92.6%,
and the yield is 92.5%. Besides, compared with the result of
our previous study catalyzed by a MOF-based catalyst, the
stronger acidity of the pyrochlore-based catalyst more easily
catalyzes the intramolecular aldol reaction and produces a high
yield of HCPN (92.5% vs 82.0%) [10].
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Figure 6. (A) The reaction pathway of HMF reaction; (B), (C)
product concentration over Pd/TiO, and Pd/Y,Sn,07; (D) catalytic
performance of HMF reaction over various catalysts. Reaction
conditions: H,O (40 mL), catalyst (0.1 g), HMF (10.4 mmol),
temperature 150 °C, time 12 h, 4.0 MPa H, pressure.

Reaction mechanism

To more clearly explain the excellent performance of
Pd/pyrochlore, kinetic studies of the FFA hydrogenation step
and the FA hydrolysis step are performed. For the
hydrogenation step, plotting the In(C/C,) of FFA with respect
to time results in a linear relationship, which suggests that the
FFA hydrogenation reaction is pseudo-first-order reaction
(Figure S11). The hydrogenation kinetics constant is strongly
dependent on the amount of oxygen vacancies:
Pd/Yz(Sn0A7C60A3)207,,§ (129 h_l, 091) > Pd/YzSIle7 (041 h_l,
0.71) > Pd/La,Sn,0; (0.30 h!, 0.67 ) (Figure 7C). According
to previous work, the oxygen vacancy easily selectively fixes
and promotes the C=0O hydrogenation [51,55]. To understand
the mechanism of oxygen vacancy, in-situ attenuated total
reflection infrared spectra (ATR-IR) were employed to gain
some molecular insight into the adsorption and surface species
present on the catalysts under the reaction conditions (Figure
7A). The spectra of the pristine furfural clearly show peaks at
756, 933, 1020 (related to the furan ring ) and 1675 cm!
(related to the carbonyl structure) [56]. For Pd/TiO,, peaks
correlated to the furan ring and carbonyl groups have been
redshifted about 20 and 30 cm™'. The strong interaction of both
furan and carbonyl groups with catalyst suggests flat
adsorption of furfural on the Pd/TiO, surface [57,58]. In
contrast, the spectra of adsorbed furfural on Pd/Y,Sn,0; shows
a remarkable red shifted of the carbonyl band (by 20 cm™),
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whereas the furan ring bands remain unchanged compared
with the pristine furfural, indicating that Pd/Y,Sn,O; only
absorb carbonyl of furfural via a vertical configuration. This
adsorption configuration ensures highly selective carbonyl
hydrogenation, and the low yield of THFA by-product over all
Pd/pyrochlore catalysts. Meanwhile, the adsorption kinetic of
furfural from H,O over Y,Sn,0O; and TiO, support is studied
(Figure 7B, Figure S12). Figure 7B shows the adsorption
quality of Y,Sn,0; is obviously higher than TiO,. The result
clearly elucidate the positive influence of the oxygen vacancy.
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Figure 7. (A) ATR-IR spectra of FFA adsorbed on different
catalysts, (B) adsorption kinetics of FFA under Y,Sn,O;, and
TiO,, (C) Relationship between oxygen vacancies and
hydrogenation rate of FFA; (D) Relationship between acid
amount and FA hydrolysis rate. Adsorption conditions: 0.0015 g
FFA, 0.05 g catalyst, 30 mL H,O, temperature 30 °C.

For the FA hydrolysis step, to remove the effect of the FA
hydrogenation, the reaction is carried out under nitrogen

atmosphere. Likewise, the hydrolysis step of FA has also
followed pseudo-first-order kinetics (Figure S13). According
to the result of Py-FTIR and NH;-TPD, the result is that the
hydrolysis kinetics constant is dependent on the strong Lewis
acid amount of the catalyst: (1.07 h', 0.032 mmol/g) >
Pd/Y,Sn,0; (0.93 h'!, 0.023 mmol/g) > Pd/La,Sn,0; (0.84 h!,
0.009 mmol/g) (Figure 7D). More acidic sites are beneficial to
the hydrolysis of FA because the Lewis acid sites are more
easily accessible to the reactant. Exceptionally, Hp with a high
acid amount exhibits a relatively weak ability to hydrolyze due
to their small pore size. Interestingly, in the absence of a
catalyst, FA can undergo a slow transformation catalyzed by
the hydrogen proton formed by auto-dissociation of water
under the reaction temperature (150°C) (Figure S13) [59].
According to the results of the reaction solution with different
pH, homogeneous Brensted acid in the solution is not
conducive to ring-rearrangement reaction, but the
intermolecular C-C coupling for the formation of humins. The
low amount of humins over pyrochlore-based catalysts can be
attributed to a large amount of basic site, which can neutralize
the in-situ generated hydrogen proton, and guarantee the real
pure Lewis acid catalysis. These results show that the great
catalytic performance of pyrochlore-based catalysts is
ascribable to the high efficiency of the hydrogenation and

hydrolysis steps, which are based on Pd/pyrochlore possessing
the most oxygen vacancies and Lewis acid amounts, and alkali
amounts. To verify whether the conversion of HCPEO from
FA proceeds through a two-step of hydrolysis and
intramolecular aldol reaction mechanism or a one-step of
Piancatteli reaction mechanism, FA is used as the reactant and
a certain amount of acetone is added to the reaction system. It
is worth mentioning that HCPEO is unstable in water phase,
which is easy to aggregate to form humins unless a rapid
hydrogenation conversion. PED and HCPEO can be detected
by GC-MS when no acetone is added (Figure S14A, Figure
S15). After addition of acetone, since the intermolecular aldol
reaction rate of PED is faster than that of intramolecular aldol,
the aldol product of PED and acetone can be detected instead
of HCPEO (Figure S14B, Figure S15). The result
demonstrates the two-step mechanism of the ring-
rearrangement catalyzed by pyrochlore.

Catalyst stability and reusability

The reusability of the catalyst was determined by the FFA
reaction. The spent catalyst was centrifuged, washed by water,
dried before the wuse for next runs. After 4 runs,
Pd/Y »(Sng;Cey3),07.5 shows a high FFA conversion rate of
99.6%, and the CPO selectivity of 91.2% (Figure 8). The XRD
and XPS data of the reused catalysts exhibits that the
pyrochlore crystals and oxygen vacancy have been retained
(Figure 8B, Figure S8, Table S1). The N, adsorption-

desorption results indicate the stability of the physical

structure (Figure S16, Table S1). This result exhibits that
these Pd/pyrochlore catalysts are efficient and stable.
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Figure 8. (A) Recycling performance of the Pd/Y»(Sng7Ceg3),07.

s in FFA reaction. Reaction conditions: H,O (40 mL),

Pd/Y»(Sny7Ce3),075 (0.1 g), FFA (10.4 mmol), reaction time 6

h, 4.0 MPa H, pressure, temperature 150 °C; (B) XRD diffraction

patterns of Pd/pyrochlore before and after four catalytic runs.

Conclusion

A series of highly tunable pyrochlore-supported Pd catalysts
were developed for the bio-based preparation of
cyclopentanone compounds. The oxygen vacancies and Lewis
acid amount have a great influence on the hydrogenation and
hydrolysis steps, respectively. Various pure Lewis acidities
and oxygen vacancies can be tuned by the substitution or
partial substitution of the A and B site metal ions in the
A,B,0; pyrochlore structure. Compared with the traditionally
supported catalysts Pd/Nb,Os and Pd/TiO,, the pyrochlore
catalyst with abundant oxygen vacancies and a strong Lewis
acidity exhibits a much higher activity and selectivity. Among
the pyrochlore catalysts, the Ce**-doped Y,(Sng;Cey3),07.5
catalyst exhibits the best performance, with cyclopentanone
compound yields above 92%, due to the largest specific
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surface area, highest oxygen vacancies and highest strong
Lewis acid amount. In addition, the pyrochlore catalyst
exhibits good stability in the recycling experiment, without
any significant pyrochlore structure degradation and Pd
leaching. This research provides a highly efficient reaction
system for the preparation of cyclopentanone compounds and
extends the application prospects of an adjustable pyrochlore
catalyst.
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