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Phosphate-modified CaNb,Og¢ was prepared using the amorphous
metal complex method and tested as a solid catalyst for xylose
dehydration to furfural. The orthorhombic CaNb,Og consists of
octahedral NbOg and square antiprismatic CaOg, providing unique
Lewis and Bronsted acid sites. These active sites exhibited a higher
furfural yield compared to orthorhombic Nb,Os.

The effective use of biomass-derived sugars, such as glucose
and xylose, as renewable carbon resources can contribute to
achieving carbon neutrality." Xylose is a pentose sugar obtained
via acid-catalyzed hydrolysis of xylan, the main component of
hemicellulose.” The dehydration of xylose yields furfural, which
is reported as one of the top-listed biobased products by the US
Department of Energy due to its high potential applications as a
green solvent, fuel additive, organic fertilizer, and valuable
biopolymer precursor.® Previously, we demonstrated that the
water-tolerant Lewis acid catalysis of amorphous Nb,Os is
effective for xylose dehydration, with unsaturated coordination
Nb’* centers serving as pivotal active sites. However, catalyst
reusability remains a significant challenge.” In catalytic sugar
conversion, insoluble polymers, called humin, are usually
formed via the polymerization of the substrate, intermediates,
and/or products. These by-products are deposited on the
surface, leading to severe deactivation. Catalyst regeneration
requires calcination (>500 °C) in the presence of oxygen to
remove organic deposits, which induces the crystallization of
amorphous Nb,Os, thereby reducing its intrinsic activity by a
decrease in the number of unsaturated Nb®' centers, ie.,
catalytic active sites.® To overcome such thermal instability, it is
essential to develop a crystalline Nb-based metal oxide catalyst
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that retains its activity even after the thermal post-treatment.
The incorporation of additional elements into Nb,Os to form
Nb-based complex oxides changes its Lewis acidity and
enhances its catalytic performance.’”° Similarly, phosphate
treatment (P-treatment) effectively tunes catalyst surface
properties.’® Here, we report the catalysis of CaNb,Os, an
alkaline earth metal niobate, for xylose dehydration.
Orthorhombic CaNb,Og consists of octahedral NbOg and square
antiprismatic CaOg with edge-sharing structure, while
orthorhombic Nb,Os features edge-shared NbOg and penta-
gonal bipyramidal NbO, (Fig. 1). We hypothesized that the
unstable edge-sharing structure of CaNb,Os facilitates the
formation of coordinatively unsaturated Lewis acid sites,
enhancing the activity in xylose dehydration. Such a structural
future is specific to CaNb,Os compared to other alkaline earth
metal niobates. The effects of phosphoric acid treatment (P-
treatment) on crystalline Nb,Os; and CaNb,O, were also
examined to improve their activity.

The amorphous metal complex (AMC) method using a water-
soluble niobium peroxo complex was employed to prepare high
surface area catalysts.” The P-treatment was performed by the
procedure reported in our previous papers using a 1 M H;PO,

(A) Nb,O; (Orthorhombic)

Octahedral NbOg and pentagonal bipyramidal NbO,
(B) CaNb,O; (Orthorhombic)

Octahedral NbOg and square antiprismatic CaOg

Fig. 1 Crystalline structures of (A) Nb,Os and (B) CaNb,O¢. Red balls,
blue and green sticks represent O, Nb and Ca, respectively.
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Table 1 Surface properties of prepared catalysts
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Catalysts Sper’ (m* g™ Surface P content” (atom%) LAS‘ (umol g1 BAS? (umol g ™)
Nb,O- 9 — 23 n.d.

P-Nb,Os5 9 3.9 14 n.d.

CaNb,0O¢ 23 — 32 <10
P-CaNb,0, 23 2.6 37 10

“ Determined by N, adsorption. ” Determined by XPS. © Lewis acid site estimated by FTIR measurement of pyridine-adsorbed sample.
4 Brensted acid site estimated by FTIR measurement of pyridine-adsorbed sample.

aqueous solution.”® The detailed synthetic procedures are
described in ESL}

X-ray diffraction (XRD) measurements (Fig. S1, ESIt) revealed
that the orthorhombic phases of both CaNb,0Os and Nb,O5 are
retained after P-treatment. N, adsorption-desorption
measurements (Table 1) showed that CaNb,Og has a larger
Brunauer-Emmett-Teller (BET) surface area than Nb,Os, likely
due to the incorporation of the light Ca element. The P contents
of the catalysts were estimated using an X-ray photoelectron
spectroscopy (XPS) (Fig. S2, ESIt) as 3.9 atom% for P-Nb,Os
and 2.6 atom% for P-CaNb,Os (Table 1).

The acid properties of the catalysts were characterized by
in situ infrared (IR) spectroscopy with pyridine as a basic
probe molecule to quantify Bregnsted acid site (BAS) and
Lewis acid site (LAS).® Fig. 2(A) displays the difference IR
spectra of adsorbed pyridine species on Nb,O5 and CaNb,O
before and after P-treatment (see ESL} Fig. S3 for O-H and
C-H stretching vibrations). Both Nb,Os; and P-Nb,O; have
two specific bands at 1605 and 1444 cm™' corresponding to
typical vibrational modes of the pyridine coordinated on LAS.
The P-treatment for Nb,Os reduced LAS density (Table 1),
indicating that phosphate species deactivate some LASs
(Fig. 2(B)). The active LAS of amorphous Nb,Os has been
proposed as the tetrahedrally coordinated NbO, species in
our previous study,"” and they are fully stabilized with

(A) Pyridine adsorption

Abs. 1444
0.05 (LAS)
1602

1608  (LAS)

(Las) \

P-CaNb,0;

Octahedral Nb as LAS

weakly coordinated and exchangeable H,O ligand(s). The
active LAS of crystalline Nb,Os is likely associated with the
octahedrally coordinated but oxygen-defective NbOg, and a
portion of these LASs lose their Lewis acidity upon the
reaction with phosphoric acid. In contrast, CaNb,0O¢ has two
apparent differences compared to Nb,Os: 1) variations in
band frequency around 1600 cm ' and 2) the presence of
BAS. Two distinct bands were observed at 1608 and 1602
cm™' for CaNb,Og and P-CaNb,O,, which are well-known
vibrational modes sensitive to metal type, coordination
environment, and acid strength.gb’9 For instance, the
vibrational frequency of adsorbed pyridine on octahedrally
coordinated AlOg species in y-Al,O; appears at a lower
frequency than that of tetrahedrally coordinated AlO,
species.’® In the case of CaNb,Og, differences in the
coordination environment between defects in Nb-O-Nb and
in Nb-O-Ca suggest that the two observed bands can be
assignable to distinct LASs. Since the vibrational band for
liquid-phase pyridine is present at 1580 cm ', the higher
frequencies observed for CaNb,O¢ indicate stronger
interactions, i.e., stronger LASs. Consequently, CaNb,O, has
both slightly stronger and weaker LASs compared to Nb,Os.
According to Pauling's principles, the edge-sharing structure
is less stable than the corner-sharing structure, leading to a
preferential formation of defect sites at Nb-O-Ca bonds.

(B) Plausible structures of acid sites
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Fig. 2

(A) Difference IR spectra of adsorbed pyridine species on the prepared catalysts at 30 °C. (B) Plausible structures of acid sites on Nb,Os and

CaNb,Og¢ before and after P-treatment. White circles in (B) indicate oxygen defect sites.
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Another notable difference is the presence of BAS in CaNb,Og¢
and P-CaNb,Og. A weak band at 1542 cm™", assignable to the
vibrational mode of the pyridinium cation,® was observed in
CaNb,Os and became pronounced in P-CaNb,Os. The
numbers of BASs are summarized in Table 1. The Bronsted
acidic nature of CaNb,O¢ probably originate from the
polarized Nb-O-Ca bond, where a proton is formed on a
negatively charged oxygen atom to satisfy charge
compensation. Still, the amount of BAS is negligibly small.
P-treatment enhances the hydrolysis of polarized Nb-O-Ca
bonds, resulting in the formation of Ca-O-PO(OH), species
and unsaturated coordination Nb sites, as illustrated in
Fig. 2(B). The process explains the increase in BASs, which
can be attributed to the immobilization of phosphate species.
The formation of LAS can be supported by the increased
band intensity at 1602 ¢m™'. The unsaturated coordination
Nb species formed by P-treatment are stabilized with weakly
coordinated and exchangeable H,O ligand(s) and serve as
LASs in acid-catalyzed reactions.

The catalytic performance of Nb,Os; and CaNb,O, was
evaluated in the dehydration of xylose (Fig. 3(A)). While
CaNb,04 showed almost the same furfural yield as Nb,Os, its
furfural selectivity was low. This low furfural selectivity
indicates the formation of polymerized by-product so-called
humin, which is most likely catalyzed by relatively stronger
LASs derived from the octahedrally coordinated Nb>" centers
in CaNb,Os. The P-treatment improved the catalytic
performance of both CaNb,04 and Nb,Os. Notably, P-CaNb,-
Og exhibited higher furfural yield and selectivity compared to
the parent CaNb,Og, even at almost the same levels of xylose
conversion. This improvement suggests an increased rate of
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Fig. 3
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furfural formation accompanied by a decreased rate of
humin formation. On the contrary, P-Nb,Os; showed
enhanced furfural selectivity without a significant increase in
furfural yield. This behavior suggests that the LAS
responsible for humin formation is deactivated by the
formation of phosphate moieties on the surface. The effect of
P-treatment on crystalline Nb,Os was consistent with that
observed for amorphous Nb,Os, but the enhanced activity of
CaNb,O¢ after P-treatment cannot be explained by the
deactivation of LAS that causes side reactions.

Our previous study on amorphous Nb,Os revealed that
LAS produces furfural through the stepwise dehydration of
xylose, and intrinsic BAS does not participate in furfural
formation (Fig. S4, ESIT).** Assuming that crystalline Nb,Os
and CaNb,O¢ follow the same reaction pathway, the high
activity of P-CaNb,Og is unlikely to result from the increased
BAS after the P-treatment. Instead, the improved furfural
selectivity of CaNb,Og is primarily interpreted by the decrease
of LAS that causes humin formation. In addition, the
increased furfural yield is manly attributed to an increase in
LAS effective for furfural formation (Table 1). We speculate
the increase in both LAS and BAS to the hydrolysis of polar
Ca-O-Nb bond generating phosphate-based BAS and Nb-
based LAS during the P-treatment (Fig. 2B). The effect of
phosphate loading on the activity of the resulting P-CaNb,O
revealed that phosphate species immobilized via the
equilibrium adsorption method are essential for enhancing
the acid properties and improving the catalytic activity
(Table 1 and Fig. S5, ESIT).

Control reactions were performed using reference catalysts
to confirm the unique catalysis of P-CaNb,Os. A mixture of

(B) Reusability of P-CaNb,O¢

I Furfural By-products @ Selectivity
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(A) Catalytic activity of various catalysts for xylose conversion. Reaction conditions: xylose, 75 mg; catalyst, 300 mg; toluene, 8 mL; water, 2

mL, temperature, 120 °C; time, 5 h. 0.01 mol% of HzPO,4, 80 mol% of H,SO4, and 20 mol% of Sc(OTf)s to substrate were used for the reaction. (B)
Reusability test of P-CaNb,Og. Reaction conditions are the same as Fig. 3(A). Reused catalysts were calcined at 500 °C for 5 h in air before each
reaction. Gray bars represent total yield of undetectable by-products including humin. The sum of the blue and gray bars means the xylose

conversion.
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CaNb,0s and H;PO, improves the target product yield
compared to CaNb,Os alone. However, the product yield
remained lower than that of P-CaNb,Og, which evidences that
the catalysis of P-CaNb,O, is not merely derived from the
simple combination of CaNb,Os and H;PO,. P-CaNb,Oq
demonstrated a higher furfural yield than conventional
homogeneous Lewis acid catalyst, Sc(OTf);. Since Brensted acid
catalysts are known for high furfural selectivity,"" we compared
the catalytic activity of typical homogeneous and heterogeneous
Bronsted acid catalysts, such as H,SO,, a sulfonated polystyrene
resin (Amberlyst-15) and H-beta zeolite. Although the selectivity
of P-CaNb,Og was slightly lower than that of these Brgnsted
acid catalysts, it still showed a higher furfural yield, highlighting
its great potential as a solid acid catalyst for xylose dehydration.
The time-course experiments (Fig. S6, ESIf) showed no
significant difference in furfural selectivity between the two
catalysts during the reaction, but the reaction rate for furfural
formation with P-CaNb,Os was larger than that with P-Nb,Os,
likely due to the large amounts of LAS. Hot filtration
experiments (Fig. S7, ESIT) indicate that the reaction completely
stopped after the catalyst was removed, implying no obvious
leaching of phosphate species during the reaction.

The reusability of heterogeneous catalysts is crucial for
industrial applications and serves as a key indicator of
catalyst performance. Amorphous Nb,Os; (Nb,Os-am) is a
promising catalyst for xylose dehydration. To highlight the
advantages of crystalline material, the reusability of Nb,Os-
am and P-CaNb,Os was evaluated. Prior to the reusability
test, thermogravimetric-differential thermal analysis (TG-
DTA) of fresh and spent P-CaNb,O, was performed to
determine the optimal regeneration temperature (Fig. S8,
ESIT). Continuous weight loss was detected up to 500 °C in
the spent catalyst, accompanied by a slight exothermic peak
due to the deposited humin species, while there was almost
no weight loss in the fresh catalyst. Therefore, the spent
catalyst was calcined at 500 °C for 5 h in air to remove the
organic deposits before reuse. Nb,Os-am decreased steeply its
original activity for the first and second reuse tests (Fig. S9,
ESIT), This deactivation is caused by the crystallization of
amorphous Nb,Os; phase during the calcination process,
because the strong acidity of Nb,Os-am is derived from its
amorphous nature.®” The calcination treatment of Nb,Os-am
formed orthorhombic Nb,Os; (Fig. S10, ESIf) and also
decreased BET surface area from 120 to 67 m”> g '. In
contrast, P-CaNb,0O¢ retained its original activity even after
five cycles (Fig. 3B). XRD measurements revealed no
difference between fresh and spent P-CaNb,O (Fig. S11,
ESIT), evidencing its high thermal stability towards during
regeneration treatment.

Conclusions

Orthorhombic P-CaNb,0Os has proven to be an effective
catalyst for the conversion of xylose to furfural. In situ IR
spectroscopy using pyridine as a molecular probe revealed
the presence of abundant and stronger LAS on P-CaNb,Os.
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Such specific surface acidity leads to its better catalytic
performance. P-CaNb,0s demonstrated excellent reusability
for at least five cycles. The choice of the elements and the
addition of functions through appropriate post-treatment can
be an important factor in the catalytic application of
crystalline metal oxides. This approach offers promising
opportunities for designing efficient and durable metal oxide
catalysts tailored for specific reactions.
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