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A B S T R A C T

In this work, the dehydration reaction of xylose (a representative C5 sugar) to furfural has been studied over W- 
Nb-O mixed oxides presenting hexagonal or pseudo-crystalline Bronze-type structure with controlled textural 
and acid properties, and also high stability under reaction conditions. Thus, a series of W-Nb-O metal oxides with 
different W/Nb ratios have been prepared hydrothermally, characterized by several physicochemical techniques 
and tested in autoclave-type reactors in liquid phase. Their influence on the catalytic activity has been assessed 
by tuning the Brønsted/Lewis acid properties of W-Nb-O materials. Interestingly, optimal catalytic results for the 
dehydration of xylose to furfural in monophasic system (water/ethanol mixture) were achieved for 
W0.20Nb0.80Ox catalyst, with a furfural selectivity comparable to that of sulfuric acid industrial catalyst. Furfural 
productivity (0.683 gFur ⋅ gCat

− 1 ⋅ h− 1) attained with this W-Nb-O catalyst was higher than that calculated for most 
relevant and recently reported solid acid catalysts working in both mono- and bi-phasic systems, respectively. 
Catalytic activity of W-Nb-O material remained practically unchanged after three consecutive reuses, while 
structure and chemical composition of material were maintained unaltered either after three catalytic cycles or 
after 14 days experiment carried out under optimal reaction conditions. Reactivity results have been explained 
on the combination of both Brønsted and Lewis acid sites as a result of the different incorporation of niobium into 
the bronze structure.

1. Introduction

Biomass is a general term for all organic materials derived from plant 
and animal waste, such as wood from natural forests, waste from agri
cultural and forestry processes, and industrial, human or animal wastes 
[1]. Furthermore, nowadays, the decrease of fossil resources (i.e., gas, 
carbon and petroleum), combined with an increasing energy and fuels 
demand by emerging economies, and political and environmental con
cerns about carbon oxide emissions, make it imperative to develop 
economical and energy efficient processes for the sustainable production 
of renewable fuels and chemicals, with low-to-none carbon footprint. In 
this sense, lignocellulosic or plant biomass stands out as the only 
renewable source of carbon on Earth [2,3]; moreover, biofuels (this 
meaning fuels derived from plant biomass) are the most available and 
sustainable alternative for the production of liquid fuels, since green
house emissions associated with their production are far lower than 

fossil-based ones, even achieving net zero emissions if efficient pro
duction methods are used [4–6].

Among the different types of biomasses, lignocellulosic biomass is 
the cheapest and most abundant of them, composed of three major 
components, cellulose, hemicellulose and lignin, with small amounts of 
extractives and ash. Cellulose macromolecules regularly gather to form 
tough microfibers that function as the skeleton material of the cell wall, 
and the inner space is packed with amorphous hemicellulose and lignin 
linking material. Cellulose (30–50 wt% of biomass), sugar polymer 
composed only by glucose, connects with hemicellulose or lignin mol
ecules mainly through hydrogen bonds, while the connections between 
hemicellulose and lignin include both hydrogen and covalent bonds (see 
Figure S1, Supporting Information). On the other hand, hemicellulose 
(20–40 wt% of biomass) is a sugar polymer containing five-carbon 
(usually xylose and arabinose) and six-carbon atoms (galactose, 
glucose and mannose). Interestingly, the most abundant building block 
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of hemicellulose is xylan (a xylose polymer linked at positions 1 and 4), 
useful for the production of fine chemicals and some precursors/addi
tives for fuels.

Therefore, lignocellulosic raw material can be converted into fuels 
and chemicals by different primary routes. In this sense, syn-gas pro
duction via gasification, bio-oil production by pyrolysis or liquefaction, 
and specific hydrolysis of biomass to produce sugar monomer units are 
typically studied [7]. After these primary treatments, a wide variety of 
products of interest can be obtained from biomass, including 
bio-compounds or platform molecules such as furfural, 5-hydroxyme
thylfurfural (5-HMF), levulinic acid, γ-valerolactone, and others [8]. 
In this way, furfural is an important raw material useful as 
building-block for furan-based chemicals and a major chemical for the 
production of biofuels and biochemicals, such as methylfuran [9,10], 
furfuryl alcohol [8,9], tetrahydrofurfuryl alcohol [11,12], tetrahydro
furan [10,12], dihydropyran [10,12,13], and furoic acid [10,14], among 
others.

Furfural current industrial production occurs through the selective 
dehydration of C5 sugars present in the hemicellulosic fraction by 
employing acid catalysts, sulfuric acid under homogeneous conditions 
being the most commonly used catalyst [19–21]. China (the world’s 
largest exporter of furfural) adopted the Quaker Oats methodology to 
develop its own process (West pro-modified Huaxia Technology) start
ing from corn cobs with 3–4 wt% of sulfuric acid as catalyst. Apart from 
this process, there are others industrially employed such as Suprayield, 
S-SC [10], CIMV or MTC [1], for instance, always using H2SO4 as ho
mogeneous catalyst and with maximum furfural yields ranging between 
50 % and 70 %. In fact, hemicellulose (mainly compose by xylan) 
degradation into pentosan and its further depolymerization to pentoses 
(i.e., xylose) needs to be carried out under acid conditions, usually 
performed at relatively high temperatures (>140 ºC). Hence, selectivity 
to furfural under these reaction conditions is set at ca.70 %, although 
higher values (up to 80 %) have been reported by continuous extraction 
with organic solvents [15,16] (i.e., toluene, MIBK) or supercritical CO2 
[17], and even by new reactor engineering developments enhancing 
mineral acid and sugars interactions/contacts and/or furfural extraction 
by organic solvents [18–22]. Nevertheless, due to the hazardous prop
erties of mineral or liquid acids such as sulfuric acid and the well-known 
drawbacks of homogeneous catalytic processes, there has been a great 
effort to replace toxic liquid acid catalyst by more environmentally 
friendly solid acid catalysts [23–25].

In the last years, the use of solid acid catalysts presenting both 
Brønsted and Lewis acid sites has been explored. Among others, acidic 
ionic exchange resins (i.e. Amberlyst 70) [26], silica-alumina based 
materials [27], microporous materials like zeolites (i.e. H-ZSM-5, 
H-SAPO-34) [28,29], mesoporous niobium oxide [30], transition metal 
oxides [31], heteropolyacids (HPAs) [32] and carbon-based sulphonated 
materials [33], have been used as catalysts for furfural production from 
different C5 enriched streams. Particularly, small pore H-SAPO-34 [34]
and medium pore H-ZSM-5 [35] zeolites have been used as solid cata
lysts for furfural synthesis in both monophasic (water/γ-valerolactone) 
and biphasic (water/toluene) systems, respectively. In the former case, 
furfural yields close to 40 % were achieved, while better results (82.4 % 
yield) were a priori reported for H-ZSM-5 catalyst, but the way or 
method for determining the latest results are not well described or 
specified by the authors. Different Nb-based catalytic systems have also 
been studied for sugars dehydration to furfural. In this sense, 
niobium-containing catalysts, such as Nb-oxide supported on MCM-41 
(MCM-Nb16) [36] and Nb-incorporate on mesoporous silicates 
(H-AM11) [37] have been used with water/toluene solvent system 
yielding 60 % and 54 % of furfural, respectively. These results are 
slightly better than 50 % furfural yield achieved with Nb2O5 by using the 
same water/toluene biphasic system [30], although better results (68 % 
furfural yield) have been reached with Nb2O5-type catalyst using 
water/CPME monophasic solvent system [38].

In general, the use of solid catalysts holds promising results to reduce 

associated production costs by eliminating corrosiveness of the reaction 
media and minimizing separation/neutralization costs. Regretfully, up 
to now, catalyst deactivation mostly due to carbon and/or heavy poly
meric compounds (namely humins) deposition onto the active sites of 
the catalysts remains an important technological challenge [39–41].

In light of the above-mentioned, the replacement at industrial scale 
of mineral sulfuric acid by using more sustainable solid acid catalysts 
that maximize furfural production avoiding the formation of byproducts 
is of special interest. For this purpose, the development of heterogeneous 
catalysts with controlled acid properties, including the adequate com
bination of Brønsted and Lewis acid sites, and high resistance to deac
tivation under furfural synthesis conditions even in the presence of huge 
amount of water is required. In this regard, hydrothermally synthesized 
W-Nb-O mixed oxides with either hexagonal tungsten bronze (HTB) or 
pseudo-crystalline structure have emerged as robust and selective cat
alysts capable to conduce different acid-mediated catalytic reactions, 
such as selective dehydration of glycerol and consecutive condensations 
of light oxygenated organic compounds in aqueous media [42,43], and 
more recently, the N-alkylation of aniline with benzyl alcohol [44]. In 
this work, it is presented the synthesis and detailed characterization of 
W-Nb-O based materials, with different chemical composition, applied 
in the selective dehydration of xylose (selected as representative mole
cule of C5 sugars fraction) for the production of furfural in aqueous 
media under moderate reaction conditions. The tuning of the acid 
properties of W-Nb-O materials through their chemical composition 
control from the synthesis, and their influence on the catalytic activity 
observed will be assessed by adequate characterization of the solids. 
Optimization of reaction conditions to maximize furfural yield, the 
possibility of using mono- or bi-phasic reaction systems, as well as the 
stability and recyclability of the solid catalyst under reaction conditions 
will be studied. Finally, main results here reported for this robust 
W-Nb-O catalyst, mainly considering stability and recyclability, carbon 
balances in reactions, and furfural productivity (calculated as gFur ⋅ gCat

− 1 ⋅ 
h− 1), were compared with these data reported or calculated for most 
relevant and recently reported solid acid catalysts working in both 
mono- and bi-phasic solvent systems; thus, emphasizing the significance 
and robustness of the results here discussed. This novel solid catalyst 
development could be helpful for upscaling of furfural production 
through an heterogenous catalytic system, thus making furfural more 
accessible for further transformations towards high-added value indus
trial products [45].

2. Experimental procedure

2.1. Materials and reagents

Xylose (Sigma-Aldrich, 99.0 %), xylulose (Sigma-Aldrich, 95 %), 
furfural (Sigma-Aldrich, 99.0 %), L-pyroglutamic acid (Fluka, 99.0 %), 
mQ water (milliQ, Millipore), ethanol (Scharlab, 96.0 %), toluene 
(Scharlab 99.9 %), ammonium metatungstate hydrate (Sigma-Aldrich, 
85.0 %), niobium oxalate (Sigma-Aldrich, 99.9 %), sulfuric acid (Sigma- 
Aldrich, 96 %) were used without any treatment.

2.2. Catalyst preparation

W-Nb-O mixed metal oxides, with Nb/(W+Nb) molar ratios ranging 
from 0 to 1, were prepared by hydrothermal synthesis from aqueous 
solutions (pH = 1, with HCl 3 M) of the metallic precursors, i.e., 
ammonium metatungstate hydrate and niobium oxalate, following 
previously reported methods [42]. Synthesis gels were transferred to 
Teflon-lined stainless-steel autoclaves and heated at 175 ºC for 48 h. 
Subsequently, formed solids were thermally activated at 550 ºC for 2 h 
under N2 stream. Samples have been named as WyNbzOx, where y and z 
represent the molar percentage of tungsten and niobium, respectively, in 
the synthesis gel, considering each catalyst derive from pure WO3 oxide.

For comparison, pure tungsten oxide and pure niobium oxide have 
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been also prepared by hydrothermal synthesis. Pure tungsten oxide 
(named as W1.0Ox) pure niobium oxide (named as Nb1.0Ox) were acti
vated at 400 ºC/2h [42] and 550 ºC/2 h [46], respectively, under N2 
stream.

In addition, WO3 (Sigma-Aldrich, 99.9 %), Nb2O5 (Sigma-Aldrich, 
99.9 %), Amberlyst-15® ionic-exchange polymeric resin (Sigma- 
Aldrich), H-Beta with Si/Al molar ratio of 38/1 (Zeolyst), and H-USY 
with Si/Al molar ratio of 30/1 (Zeolyst) commercially available mate
rials were used as acid solid catalysts for comparative purposes.

2.3. Catalyst characterization

Powder X-ray diffraction patterns (XRD) were collected using a 
Panalytical X ́Pert diffractometer equipped with a graphite mono
chromator operating at 40 kV and 30 mA, employing Ni-filtered CuKα 
radiation (λ= 0.1542 nm). Specific surface areas were determined from 
N2 adsorption isotherms at − 190 ºC, using the BET method, in a 
Micromeritics ASAP 2000 instrument. Samples were previously 
degassed under vacuum at 250 ºC before adsorption. Thermogravimetric 
studies (TG) were carried out in a Mettler Toledo TGA/SDTA 851 
apparatus. Samples were heated at 10 ºC min− 1 from room temperature 
up to 800 ºC.

FTIR spectra of both as made and thermally activated samples were 
recorded using a Nicolet 205xB spectrophotometer with a spectral res
olution of 1 cm− 1 in the 400–4000 cm− 1 region at room temperature 
(128 accumulations per scan). Previously, samples were milled and 
mixed with spectroscopic grade KBr and subsequently pressed into 
pellets.

IR spectra of adsorbed NH3 were recorded in a Thermo “is50” 
spectrometer using a DTGS detector, acquired at 4 cm− 1 resolution, with 
homemade glass IR cell that allows in situ treatments. For each experi
ment, a previous activation at 250 ºC for 1.5 h was considered, followed 
by evacuation at 10− 4 mbar at said temperature for 1 h. Afterwards, 
samples were cooled down to room temperature and NH3 was dosed at 
increasing pressure (0.4–25 mbar) until saturation, followed by evacu
ation. The temperature was then increased to 100 ºC under vacuum. IR 
spectra were recorded after each dosage and after each evacuation 
temperature.

Ammonia temperature programmed desorption (NH3-TPD) experi
ments were performed in a Micromeritics TPD/2900 equipment. Then, 
samples (ca. 100 mg) were heated at 300 ºC for 1 h under argon flow to 
be subsequently cooled down to 100 ºC and saturated with ammonia. 
Afterwards, solids were kept under inert gas flow (100 ºC/15 min) to 
eliminate physically adsorbed NH3. TPD analyses were carried out in the 
100–500 ºC temperature range (heating rate of 10 ºC min− 1) with des
orbed ammonia being analyzed by both mass spectroscopy and a ther
mal conductivity detector (TCD) analyzer.

The vibrational properties were analyzed using a confocal Raman 
microscope Witec ALPHA 300RA. This instrument is equipped with a 
ND:YAG laser light source of 532 nm wavelength and p-polarization 
aligned parallel to the x-axis. The microscope offers an optical resolution 
of ~200 nm laterally and ~500 nm vertically. Under optimal measure
ment conditions, the spectral resolution is 0.02 cm⁻¹ . Raman spectra 
were recorded within the spectral range of 65–3850 cm⁻¹ , using a 600 g 
⋅mm− 1 grating. Measurements were conducted at room temperature, 
employing an objective lens with a numerical aperture of 0.95. An 
output laser power of 1 mW was used to prevent overheating effects and 
the formation of undesirable phases [47]. Data were processed using the 
Witec Project Plus software (version 2.08). Subsequently, average 
Raman spectra and Raman intensity images in the XY plane of the 
W-Nb-O mixed oxides are calculated from representative areas.

The crystal morphology was studied by both Scanning (SEM) and 
Transmission (TEM) Electron Microscopy. In the case of SEM analyses, 
micrographs were acquired in a ZEISS ULTRA 55 Field Emission Mi
croscope, working at a voltage of 2 kV. Average chemical composition 
was also determined by energy-dispersive X-ray spectroscopy (XEDS), 

with an acquisition time for each spectrum of 120 s, by using an Oxford 
LINK ISIS detector attached to the microscope. Conversely, HR-TEM 
micrographs were taken in a Jeol JEM-2100F microscope with a field 
emission gun operated at 200 kV, equipped with a high-angle annular 
dark field (HAADF) detector. Samples were suspended in CH2Cl2 and 
then drop-cast on carbon-coated Ni grids (3 mm diameter) subsequently 
air-dried. Image analyses were performed with Gatan Digital Micro
graph software. Measures took place at the Microscopy Service of the 
Polytechnic University of Valencia (UPV).

X-ray photoelectron spectroscopy (XPS) measurements were per
formed on a SPECS spectrometer at ultra-high vacuum (10− 9 mbar), 
equipped with a Phoibos 150 MCD-9 detector, and using a non- 
monochromatic Al Kα X-ray source (1486.6 eV). Analyzer pass and X- 
ray power were 30 eV and 100 W, respectively. For the data treatment, 
CasaXPS software was employed, referencing all signals to the C 1 s 
signal at 284.5 eV.

Finally, chemical analyses of selected fresh and reused samples were 
performed by inductively coupled plasma atomic emission spectrometry 
(ICP-AES) using a Varian 715-ES spectrophotometer calibrated with 
solutions of the elements of interest. Moreover, reused samples were also 
analyzed by Elemental Analysis (EA) in a Fisons EA1108CHN-S equip
ment to determine the amount of Carbon (C wt%) deposited on the solids 
after reaction.

2.4. Catalytic tests

Catalytic tests were performed in a 12 mL Teflon-lined stainless steel 
autoclave reactor equipped with a magnetic stirrer, temperature and 
pressure controllers, and a valve for liquid/gaseous sample injection 
and/or extraction. Typically, 10 wt% xylose in water or in H2O/alcohol 
mixtures were poured into a Teflon container inside the reactor along 
with ca. 160 mg of catalyst, and it was hermetically closed. The xylose 
dehydration reaction was performed at 160 ºC with continuous stirring 
(1000 rpm) under autogenous pressure during 3 h. Liquid aliquots 
(≈100 μL) were taken at different time intervals, filtered off, cooled to 
room temperature and diluted in a 0.25 wt% L-pyroglutamic acid 
aqueous solution before HPLC analyses using an Agilent 1200 chro
matograph equipped with RI detector and a Bio-Rad Aminex HPX-87H 
column, with 5 mM H2SO4 as mobile phase at 60 ºC.

Conversion was calculated through Eq. (1) by comparing the amount 
of xylose added at the beginning of the reaction with that determined by 
the HPLC measurement of the final mixture at the end of reaction, where 
n0

xylose corresponds to the initial moles of xylose and nf
xylose corresponds to 

the final moles of xylose: 

CXylose(mol%) =
n0

xylose − nf
xylose

n0
xylose

× 100 (1) 

Selectivity for each one of the different products detected in the final 
mixture was calculated through Eq. (2) by considering the amount of 
xylose converted as a function of the total amount of products in the 
liquid fraction, where and n0

xylose corresponds to the initial moles of 

xylose and nf
product correspond to the final moles of products (e.g. 

furfural): 

Sproduct(mol%) =
nf

product

n0
xylose − nf

xylose

× 100 (2) 

The yield was defined as the quotient between the amount of desired 
product (i.e. furfural) and the amount of xylose present in the initial 
mixture, where and n0

xylose corresponds to the initial moles of xylose and 

nf
product correspond to the final moles of products (e.g. furfural): 

YDesired product(mol%) =
nf

product

n0
xylose

× 100 (3) 
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3. Results and discussion

3.1. Structural, textural and physicochemical characterization of W-Nb- 
O mixed oxides

Fig. 1 and Figure S2 (in Supporting Information) show XRD patterns 
of heat-treated catalysts, while a summary of the main physicochemical 
properties of the catalysts can be observed in Table 1. The XRD patterns 
of pure tungsten oxide can be related to hexagonal tungsten oxide 
bronze (HTB, h-WO3) structure, with diffraction peaks at 2θ = 14.0; 
23.2; 28.1 and 36.9º (JCPDS: 85–2460) [48] whereas the XRD patterns 
of pure niobium oxide can be related to a pseudo-hexagonal niobium 
oxide (JCPDS: 28–0317), with peaks at 2θ = 22.6 and 46.4º, related to 
(001) and (002) planes, and broad peaks at 2θ = 25.9, 36.6 and 56.1º, 
respectively [49].

W-Nb-O mixed oxides with Nb/(W+Nb) molar ratio lower than 0.30 
maintain hexagonal tungsten oxide bronze (HTB) structure, with main 
diffraction peaks appearing at 2θ = 14.0; 23.2; 28.1 and 36.9º (JCPDS: 
33–1387), respectively [50]. In addition, it is well known that pure 
hexagonal tungsten oxide is stable up to 450 ºC [50]. However, 
Nb-doped tungsten oxide catalysts with Nb/(W+Nb) molar ratio lower 
than 0.30 are able to maintain the HTB structure with heat-treatment up 

to 550 ºC.
Conversely, for W-Nb-O materials with Nb/(W+Nb) molar ratio 

higher than 0.30, it is only observed the presence of a pseudo-crystalline 
phase, mainly ordered in the c axis, with an intense X-ray diffraction 
peaks at 2θ = 22.7 and 46.2º [51]. In addition, these samples shown 
additional broad peaks at 2θ = 26.1; 35.0; 49.6; 54.3 and 55.8 º (for 
samples with Nb/(W+Nb) ratio in the range of 0.30–0.55) or at 2θ 
= 26.9; 36.5; 46.5; 51.0; and 55.6º (for samples with Nb/(W+Nb) ratio 
of 0.60–0.90), respectively.

On the other hand, these differences in composition and/or crystal
linity also seem to have notable influences in the acid characteristics of 
these catalysts. Then, Fig. 2A displays the NH3-TPD results for selected 
samples, while the calculated results of ammonia adsorption are 
depicted in Table 1.

As expected, the progressive incorporation of Nb5+ species into the 
W-based material gives rise to a change in the acid characteristics of the 
samples. Then, ammonia desorption maxima observed in Fig. 2A profiles 
for the different catalysts show a shift from ca. 300 ºC, in the W1.0Ox 
sample (related to Brønsted acid sites) to ca. 200 ºC (related to Lewis acid 
sites) in the catalysts with the highest Nb content (see Figs. 2A-e and 2A- 
f) [51]. These results suggest that the strength of the acid sites in ma
terials with higher Nb-contents is lower than those presenting HTB 
structure (i.e., samples with Nb-content lower than 30 %). Nevertheless, 

Fig. 1. X-ray diffraction patterns of heat-treated catalysts: a) W1.0Ox; b) W0.90Nb0.10Ox; c) W0.75Nb0.25Ox; d) W0.65Nb0.35Ox; e) W0.50Nb0.50Ox; f) W0.38Nb0.62Ox; g) 
W0.20Nb0.80Ox; h) W0.10Nb0.90Ox; i) W0.05Nb0.95Ox; and j) Nb1.0Ox. Inserted, the crystal structure of hexagonal tungsten bronze structure (down) and hexagonal 
niobium oxide (up): oxygen (blue balls); W or Nb (pink balls).

F. Cernicharo-Toledo et al.                                                                                                                                                                                                                    Applied Catalysis A, General 706 (2025) 120467 

4 



the results shown in Table 1 confirm that, while the acidity of the sample 
increases with the Nb content per gram of catalyst, if normalized by 
surface area, said acidity (also named surface density of acid sites) fol
lows the opposite trend: W0.20Nb0.80Ox ≈ W0.38Nb0.62Ox 
< W0.50Nb0.50Ox < W0.75Nb0.25Ox < W0.90Nb0.10Ox < W1.0OX.

In this sense, to ascertain these Brønsted-Lewis acid differences 

among samples, NH3-IR analyses of representative samples were per
formed, and spectra shown in Fig. 2B confirmed the progressive shift to 
Lewis acidity when increasing the niobium content of samples. Thus, IR 
spectrum for W0.90Nb0.10Ox catalyst (Fig. 2B, spectrum a) is mainly 
composed of a main band centered at ca. 1420 cm− 1, related to 
ammonia cations (NH4

+) formed by the coordination of NH3 to Brønsted 
acid sites [52]. On the contrary, spectra for W0.75Nb0.25Ox, 
W0.38Nb0.62Ox and W0.20Nb0.80Ox samples (Fig. 2B, spectra b, c and d, 
respectively) show notable bands at 1608 (δas NH3), 1265 and 
1193 cm− 1 (due to splitting of the symmetric deformation mode, δsym 
NH3), which have been assigned to Lewis acid sites [52], along with 
aforementioned 1420 and 1666 cm− 1, suggesting also relative amount 
of Brønsted acid sites, also decreasing in intensity as the niobium content 
increases (seen particularly in W0.20Nb0.80Ox catalyst). Moreover, 
NH3-IR analyses at increased temperatures (from room temperature to 
250 ºC) are shown in Figure S3, observing in all cases the same band 
profile although decreasing in intensity, so no changes in the nature of 
the acid sites can be concluded.

Furthermore, the differences observed in both structural and textural 
properties of W-Nb-O mixed oxides (see Figs. 1 and 2, and Table 1, 
respectively) should also correspond to dissimilarities in the 
morphology of the crystals. Then, Fig. 3 presents the FESEM (Fig. 3A) 
and HRTEM (Fig. 3B) micrographs of selected W-Nb-O mixed oxides 
samples.

As can be seen, materials with the highest W content (i.e., 
W0.90Nb0.10Ox and W0.75Nb0.25Ox samples) display the lowest crystal 
size, while W0.20Nb0.80Ox and especially W0.05Nb0.95Ox oxides with 
high Nb contents mainly consist of rather infinitely bigger crystals. In 
addition to this, shape of HTB-presenting materials (Fig. 3A, micro
graphs a and b) is clearly cylinder-like, while the loss of the said crys
talline structure (observed in Fig. 3A, micrographs c, d and e) leads to 
more platelet-like shapes [53,54].

On the other hand, HRTEM micrographs observed in Fig. 3B 
(particularly, micrographs b and c) show for W-Nb-O samples with high 
Nb content (W0.38Nb0.62Ox and especially W0.20Nb0.80Ox) the presence 

Table 1 
Main textural and physicochemical properties of W-Nb-O mixed oxides catalysts.

Catalyst Composition W/ 
Nb atomic ratio

Acid Sitesc

(µmolNH3 

g¡1)

Surface 
aread

(m2 g¡1)

Surface 
density of 
acid sitese

(µmolNH3 

m¡2)

EDXa XPSb

W1.0Ox
f 1.00/ 

0
1.00/ 
0.00

325.4 16.0 20.3

W0.90Nb0.10Ox 0.93/ 
0.07

0.93/ 
0.07

152.7 24.6 6.2

W0.75Nb0.25Ox 0.75/ 
0.25

0.74/ 
0.26

159.2 38.2 4.2

W0.65Nb0.35Ox n.d. n.d. 288.2 67.2 4.3
W0.50Nb0.50Ox n.d. 0.64/ 

0.36
374.9 102.5 3.6

W0.38Nb0.62Ox 0.38/ 
0.62

0.43/ 
0.57

331.0 143.9 2.3

W0.20Nb0.80Ox 0.20/ 
0.80

0.25/ 
0.75

388.8 134.8 2.9

W0.05Nb0.95Ox 0.09/ 
0.91

0.14/ 
0.86

286.1 129.0 2.2

Nb1.0Ox 0/ 
1.00

0.00/ 
1.00

171.1 70.0 2.4

a Determined by EDS;
b Determined by XPS;
c Determined by NH3-TPD;
d Determined from N2 adsorption isotherms (BET method);
e Density of acid sites normalized by surface area,
f Unlike the rest of the samples heat-treated at 550 ºC under N2, this catalyst 

was activated at 450 ºC under N2. n.d.= not determined

Fig. 2. A) NH3-TPD profiles of catalysts: a) W1.0Ox; c) W0.75Nb0.25Ox; d) W0.65Nb0.35Ox; e) W0.50Nb0.50Ox; f) W0.38Nb0.62Ox; and g) W0.20Nb0.80Ox. B) NH3-IR 
spectra at room temperature of: b) W0.90Nb0.10Ox, c) W0.75Nb0.25Ox, f) W0.38Nb0.62Ox and g) W0.20Nb0.80Ox catalysts.
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of metal oxides phases with interplanar distances in between WO3 and 
Nb2O5 oxides that could be assigned to different planes (i.e., (330), 
(320), (400), and others) of W-Nb-O mixed oxides. On the contrary, the 
presence of W oxide phases with only interplanar distances assigned to 
planes (200), (211) and (100) of WO3 are observed for the measured 
sample with low Nb content (W0.75Nb0.25Ox, see Fig. 3B, picture a). All 
these evidences confirm the presence of W-Nb-O mixed oxides structures 
when Nb content in the solids increased upper a W/Nb molar ratio of 
0.30.

Further spectroscopic characterization results are displayed in Fig. 4, 
where confocal Raman studies of some representative catalysts are 
presented. Moreover, FTIR analyses of selected samples, both as- 
synthesized and heat-treated, and the attained spectra are plotted in 
Figure S4. The IR spectra of activated catalysts (Fig. S4-B), in the 
1850–400 cm− 1 region, present main bands in the 1000–400 cm− 1 re
gion, which correspond to both Me=O (in the 1000–900 cm− 1 region) 
and Me-O-Me stretching modes (in the 900–400 cm− 1 region) in this 
type of bronze-like materials [55,56]. In addition, a small band at ca. 

1400 cm− 1 is only observed for sample W1.0Ox, heat-treated at 400 ºC, 
and related to the δ(NH) deformation modes of NH4

+ cations [56]. This 
suggests that, in this case, ammonium cations are not completely 
removed during the material activation at 400 ºC. Moreover, the pres
ence of different bands in the 1500–1800 cm− 1 region in as-synthesized 
samples with the highest niobium content (Fig. S4-A) has been associ
ated with oxalate species that, in any case, disappear after the thermal 
activation [57].

Confocal Raman analyses were performed in the samples to provide 
accurate compositional information at a local microscale level [58]. In 
this context, optical micrographs, Raman intensity images in the XY 
plane, and the average Raman spectra are presented in Fig. 4, derived 
from representative areas for each sample. Raman mappings reveal a 
single-phase composition, as only one spectrum is detected throughout 
each sample, obtained from the scanned area indicated by an orange box 
(Fig. 4). Furthermore, Nb1.0Ox and W1.0Ox samples has been also 
included as references. Accordingly, six distinct Raman bands can be 
clearly observed in the Nb-doped WO3 samples, all associated with the 

Fig. 3. A) FESEM micrographs at 15k magnification of: a) W0.90Nb0.10Ox; b) W0.75Nb0.25Ox; c) W0.38Nb0.62Ox; d) W0.20Nb0.80Ox; and e) W0.05Nb0.95Ox. B) HRTEM 
micrographs of selected samples: a) W0.75Nb0.25Ox, b) W0.38Nb0.62Ox and c) W0.20Nb0.80Ox.
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presence of a hexagonal WO3 structure [59]. This is noteworthy because 
XRD results for the W0.38Nb0.62Ox and W0.20Nb0.80Ox samples did not 
show the formation of the said HTB structure (Fig. 1A). Nevertheless, 
some differences can be ascertained among samples.

In the W0.90Nb0.10Ox sample, the signal at approximately 
124 cm⁻¹ can be attributed to MeO6 (where Me = W, Nb) lattice vibra
tions as a whole, shifting to higher frequencies with increasing Nb 
content in the catalyst. This suggests a progressive contraction in the 
lattice parameters of samples with higher Nb content [60]. Furthermore, 

Raman bands at approximately 235 and 324 cm⁻¹ are associated with 
deformations of Me-O bonds, while bands at around 720 and 
799 cm⁻¹ are assigned to O-Nb-O and O-W-O vibrations, respectively, 
with the former increasing with the Nb content. Finally, a broad band at 
approximately 994 cm⁻¹ is ascribed to O=Me stretching vibrations and 
no noticeable variations are detected. These Raman mode positions are 
consistent with other studies on Nb- and W-based oxide samples 
[61–64].

Surface composition of the catalysts was studied by means of XPS, 

Fig. 4. Optical micrographs (left), in-plane Raman intensity images (center) and Raman spectra right) of a) W1.0Ox; b) W0.90Nb0.10Ox; c) W0.75Nb0.25Ox; d) 
W0.38Nb0.62Ox; e) W0.20Nb0.80Ox; and f) Nb1.0Ox. The yellow square area of the optical micrographs indicates the region of the acquired Raman mapping.
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and results are shown in Table 1 and Figure S5. Considering tungsten 
species, all samples at 4 f core level display a doublet at ca. 35.5 eV (4 f7/ 

2) and 37.6 eV (4 f5/2) related to the presence of W6+ species [62]; while 
niobium 3d core level can be deconvoluted into a single doublet at ca. 
207.1 eV (3d5/2) and 209.8 eV (3d5/2), assigned uniquely to Nb5+ spe
cies [65].

Nevertheless, minority presence of W5+ species among these samples 
is always observed. However, in the case of the sample with the lowest 
tungsten content (i.e., W0.05Nb0.95Ox catalyst), a significant amount of 
partially reduced W5+ species (ca. 40 %) can be deconvoluted, provided 
that in this case the lattice must be mainly formed of Nb5+ species. 
Interestingly, EDS and XPS compositions were shown to be highly 
similar, suggesting a strong homogeneity of the different catalysts, 
especially those with high W-contents. Nonetheless, for Nb-rich cata
lysts, an increase in the tungsten content on the surface of the samples 
compared to the bulk composition has been observed (see Table 1).

3.2. Catalytic activity results

3.2.1. Preliminary catalytic tests
As previously mentioned, the dehydration reaction of xylose to 

furfural is industrially carried out using sulfuric acid as a homogeneous 
catalyst, typically achieving furfural selectivities of around 70 %. For 
example, in the case of Huaxia/Westpro plants currently operating in 
China, 25–35 tons of steam are consumed per ton of furfural produced, 
by reaching ≈ 50 % furfural yields based on the theoretical pentosan 
content [20]. Nevertheless, in order to figure out the catalytic behavior 
of H2SO4 under our operational conditions (see above in Experimental 
procedure, Section 2.4.), some preliminary tests were carried out using 
different aqueous solutions of sulfuric acid as homogeneous catalyst for 
the dehydration of xylose to furfural in autoclave-type reactors. There
fore, Fig. 5 shows the evolution of xylose conversion and the selectivity 
to furfural with time using two different acid concentrations, 1 and 5 wt 
% (Figs. 5A and 5B, respectively) at 160 ºC, while additional experi
ments at different reaction temperatures are plotted in Figure S6, 
showing that best results are achieved at 160 ºC.

In this sense, a clear effect on the catalytic activity is observed as a 
function of sulfuric acid concentration. Then, a xylose conversion of 
roughly 65 % is obtained by using 1 wt% of H2SO4 (Fig. 5A) after one 
hour, with a maximum of 80 % after three hours of reaction. However, 
xylose conversion can be also increased when increasing the sulfuric 
acid concentration (Fig. 5B) by achieving ca. 85 % after one hour, and 
reaching full conversion after two hours of reaction. Nevertheless, and 
regarding the furfural selectivity, no big differences can be ascertained 
during the first hour of reaction in both cases. Thus, it is observed a 
sudden increase up to 80–90 % selectivity for reaction times lower than 
30 min, followed by a decrease up to ca. 40 % within the first hour. 

Interestingly, when a lower H2SO4 concentration (Fig. 5A) was used, this 
furfural selectivity is maintained throughout the reaction, whereas the 
selectivity to furfural further drops to ca. 20 % by increasing the H2SO4 
concentration up to 5 wt% (Fig. 5B), this suggesting a larger production 
of by-products in the latter case mainly related to consecutive reactions 
between furfural and intermediates. In any case, about 45 % yield to 
furfural is obtained using H2SO4 as catalyst in the best case, a similar 
result obtained in other investigations [66].

Furthermore, it is worth noting that the acid catalyzed xylose 
dehydration goes through intermediates formation giving furfural as 
main product if the catalyst offers the adequate acidity, but in
termediates can also rapidly undergo non-desired reactions (i.e., 
condensation, resinification) if active sites have stronger or weaker 
acidity than required (see Scheme 1). In general, the main by-product 
observed under the reaction conditions here tested are humins (poly
meric compounds with solid and dark appearance), together with very 
small amounts of other side-products produced by further degradation 
via hydrolysis/dehydration of xylose, such as formic and acetic acid, 
formaldehyde and acetone, among others.

On a further step, and with the aim of using solid heterogeneous acid 
catalysts for the xylose dehydration reaction, different commercially 
available heterogeneous catalysts such as Amberlyst-15® polymeric 
resin, H-Beta and H-USY zeolites, as well as WO3 and Nb2O5 commercial 
oxides were tested, and comparative results can be found in Table 2. In 
that table, water and H2SO4 were used as reference homogeneous cat
alysts for comparative purpose. Results showed that, even though 
acceptable furfural productions were obtained for Amberlyst-15® and 
H-USY catalysts, selectivity values are still far from H2SO4 performance. 
Nevertheless, the Amberlyst-15® catalyst presents several regeneration 
problems [67], while in the case of H-USY catalyst difficulties in the 
separation of the solid catalyst from the reaction mixture (slurry solution 
containing huge amount of olygomers/humins) are encountered (see 
Figure S8 in SI), these important drawbacks making them unsuitable for 
this process. Additionally, H-Beta zeolite along with Nb2O5 and WO3 
oxides reported remarkably low furfural selectivity values (more than 
three times lower compared to sulfuric acid at one hour of reaction 
time). On the other hand, even commercial WO3 and Nb2O5 simple 
oxides presented low activity and selectivity to furfural, it has been 
previously reported that mixed W-Nb-O oxides with either hexagonal or 
pseudo-crystalline bronze type structure and presenting tunable 
Brønsted/Lewis acid sites ratio depending on the chemical composition 
are of special interest in different biomass transformation reactions 
[42–44]. Therefore, a detailed study of these mixed oxides is presented 
here next.

3.2.2. Dehydration of xylose to furfural over W-Nb-O mixed oxides
It is well known that a suitable combination of Brønsted/Lewis acid 

Fig. 5. Xylose dehydration to furfural using H2SO4 aqueous solution as homogeneous catalyst: A) 1 wt% of H2SO4; B) 5 wt% of H2SO4. Reaction conditions: 10 wt% 
Xylose, 4 mL H2O, at 160 ◦C with 1000 r.p.m.
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sites with the adequate strength can enhance the dehydration reaction of 
xylose to furfural [68]. Thus, and considering the catalytic results pre
viously attained with WNb-based acid catalyst (see Table 2), different 
W-Nb-O mixed oxides with different physicochemical characteristic 
(Table 1) were tested to study the influence of the chemical composition 
on the selective dehydration of xylose to furfural and results are shown 
in Fig. 6 and Table 3. It is important to mention that the main reaction 
parameters (temperature, amount of catalyst, and solvent) of the process 
have been previously optimized, and results from this optimization are 
shown in Table S1 (in Supporting Information).

Catalytic results for the dehydration of xylose to furfural over the 
synthesized W-Nb-O catalysts show two different trends (Fig. 6A). On 
the one hand, for the catalysts with none to low niobium content (i.e., h- 
WO3, W0.90Nb0.10Ox and W0.75Nb0.25Ox samples which present the 
HTB structure, see Fig. 1), xylose conversion values tend to increase with 
the niobium content while uncorrelated furfural selectivity were 
encountered. Nevertheless, by further increasing the niobium content 
and therefore losing the HTB crystalline structure (from W0.65Nb0.35Ox 
sample) an increase in both xylose conversion and furfural selectivity is 
observed, reaching a maximum for the W0.20Nb0.80Ox catalyst, with 
96.1 % xylose conversion and 38.8 % selectivity to furfural. Interest
ingly, these values resulted in a 37.3 % furfural yield, comparable to 
homogeneous H2SO4 catalyst (i.e., 38.3 %) under similar reaction con
ditions (see Table 3 and Fig. 6).

Then, apart from the differences in the crystalline structure among 

samples, the different incorporation of niobium into the framework also 
leads to a tunable Brønsted/Lewis ratio, as observed in Figs. 2A and 2B, 
with an evident increase in the amount of Lewis acid sites (see Fig. 2B) 
concomitantly with the niobium content.

Likewise, the different furfural yields can also be related to the 
relative amount of acid sites on the surface of the catalyst and their 
adequate distribution on the solid. In this manner, it was also reported 
that the loss of the HTB structure in these WNb-based oxides provokes an 
increase in the specific surface area (see Table 1). In this sense, the 
furfural yield and both the surface area and the surface density of acid 
sites are represented in Figs. 6B and 6C, respectively, as a function of the 
chemical composition of the W-Nb-O samples. It was found that the 
surface density of acid sites decreased as the niobium content increased, 
reaching a plateau from W0.38Nb0.62Ox to W0.05Nb0.95Ox samples, 
while the furfural yield followed the opposite trend, achieving a 
maximum value (ca. 38 %) for W0.20Nb0.80Ox sample, that corresponds 
also to the higher total acidity and surface area (see Fig. 6B) for the 
catalysts studied. These two different trends suggests that not only a 
proper amount of Brønsted/Lewis acid sites is needed for the effective 
xylose dehydration to furfural to occur, but also these acid sites should 
be somehow dispersed in a suitable environment to avoid consecutive or 
secondary reactions between furfural and intermediates conducting to 
the formation of by-products, such as humins in our reaction conditions.

In order to provide more insights on the adequate Brönsted/Lewis 
acid sites ratio and its influence of the catalyst behavior, calculations 
from acidity measurements of four selected W-Nb-O materials per
formed by NH3-TPD (see Fig. 2A) and NH3-IR (see Figure S3) were done. 
With the deconvolution of bands of NH3-TPD spectra of W-Nb-O samples 
two main peaks centered approximately at 200–210 ºC (A1) and 
300–330 ºC (A2), commonly assigned to Lewis (A1) and Brönsted (A2) 
acid sites, respectively, were determined (see Figure S9 in SI). The 
integration of these peaks revealed that Lewis/Brönsted ratio increases 
with the Nb incorporation on the Bronze structure of W-Nb-O mixed 
oxides, going from 1.55 for W0.75Nb0.25 sample to 2.16 for the 
W0.20Nb0.80 optimum catalyst. This increasing in Lewis/Brönsted acid 
sites also correlates with the catalytic performance for these samples, 
thus evidencing the presence of more Lewis acid sites in the catalyst is 
relevant for the xylose dehydration process. This affirmation is rein
forced by the amount of Lewis and Brönsted acid sites present in the 
mixed oxides calculated from data of NH3-IR spectra of the same four 
selected W-Nb-O samples (see Fig. 2B and Table S3 in SI). The attained 
results confirmed that the presence of Lewis acid sites increases with the 
Nb content in the materials, this correlating with the increase in the 
catalytic activity observed with a maximum in furfural yield for the 
W0.20Nb0.80 optimum catalyst.

At this point, the specific role of Brönsted and Lewis acid sites on the 

Scheme 1. Furfural synthesis via dehydration of xylose and plausible main by-products.

Table 2 
Xylose dehydration to furfural using different commercially available hetero
geneous catalysts compared to H2SO4.a.

Catalyst t = 10 min t = 60 min

Xylose 
Conversion 
(%)

Furfural 
Selectivity 
(%)

Xylose 
Conversion 
(%)

Furfural 
Selectivity 
(%)

HWTb n.d. n.d. 4.1 87.3
H2SO4 5.6 91.1 85.4 44.8
Amberlyst− 15® 41.8 12.5 99.7 33.7
H-Beta 8.9 11.1 29.0 8.0
H-USY n.d. n.d. 99.1 33.3
WO3 49.5 12.1 69.5 13.6
Nb2O5 46.5 10.9 80.8 14.5
W0.38Nb0.62 44.4 18.0 91.2 32.3

a Reaction conditions: 10 wt% Xylose, 4 mL H2O, at 160 ◦C with 1000 r.p.m., 
for 10 or 60 min. Amount of catalyst: 0.04 g for homogeneous catalyst (H2SO4) 
and 0.16 g for solid catalyst.

b HWT: Hot water treatment, reaction without catalyst at 160 ºC. n.d.= not 
determined.
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reaction mechanism of xylose-to-furfural dehydration is difficult to 
assess, this fact being still a matter of debate among the researchers. In 
general, there are two main reaction mechanisms proposed in literature, 
which involve the direct route and the indirect route, respectively, for 
furfural production from xylose (see Figure S10 and its explanation in 
SI). In the direct route, also called cyclic pathway, first protonation step 
followed by H2O elimination and 5-member cycle rearrangement (that 
could be concerted steps) with a further furan ring formation to give 
furfural is the most widely accepted synthetic way. In the indirect route 

(thermodynamically disadvantaged), the first step conduct to a xylose 
transformation to its open chain form that then isomerize to xylulose, 
which after a rearrangement to 5-member ring is protonated and finally 
dehydrated (H2O elimination) to produce furfural (see Figure S10 and its 
explanation in SI). In this sense, it is widely accepted in literature that 
Brönsted acids are the main responsible of first steps of reaction (pro
tonation and H2O elimination) when reaction occurs through the pro
posed direct route, the assistant role of Lewis acid sites in the ulterior 
steps of rearrangement and furanic ring formation is more plausible. 
This later Lewis acid assistance could explain the better selectivity 
observed to the furfural formation when comparing with other solid acid 
catalysts. On the other hand, the indirect route could also be directed by 
Brönsted acid sites (mainly in the first step of xylose opening to chain 
form) with assistance of Lewis acid sites in the isomerization to xylulose 
and further cyclization, although the two final steps (protonation and 
H2O elimination) is most likely catalyzed by Brönsted acids [69].

Attending to all the above-mentioned and here attained results, we 
believe that in our case the reaction takes place preferably by the cyclic 
transformation of xylose to furfural (direct route), this route being 
favored by the presence of Brönsted acid sites with the assistance of 
Lewis centers. On the other hand, the occurrence of the indirect route 
type mechanism via isomerization of xylose to xylulose and further 
formation of furfural could not be ruled out. In fact, the formation of a 
small amount of xylulose as reaction intermediate has been observed in 
chromatographic analyses during our catalytic experiments (see 
Figure S11 in SI). These results are similar to those found in literature, 
for example in the research of Sixta et al. [69], where they observed the 
appearance of traces of xylulose when carrying out the dehydration 
reaction of xylose to furfural. These experimental evidences indicate 
that both mechanisms could coexist; although presumably the reaction 
mainly occurs by direct dehydration (cyclic pathway), as xylulose for
mation takes place in lesser extent.

3.2.3. Study on the stability and reusability of W-Nb-O catalyst under 
reaction conditions

Furthermore, the stability and reusability of this type of oxides was 
studied by using the best performing catalyst, this is the W0.20Nb0.80Ox 
sample (see Fig. 7 and Table S2, in Supporting Information). In this case, 
the dehydration of xylose to furfural was evaluated using a mixture of 
H2O/ethanol as mono-phasic solvent system. In fact, the effect of using 
different solvents either in mono-phasic (H2O/ethanol) or bi-phasic 
(H2O/toluene) systems was previously assessed for a representative W- 
Nb-O catalyst (see Table S1 in SI). Results indicated that while the 
employment of H2O/toluene bi-phasic solvent system drastically 
decreased the catalytic activity, the use of H2O/ethanol mono-phasic 
solvent system showed a little enhancement in the selectivity (and 
consequently in yield) to furfural, probably due to the formation of 
xyloside-type ethers intermediates [70] (see Table S1). Therefore, cat
alytic recycling tests over the sample that showed the best catalytic 

Fig. 6. Xylose conversion and selectivity to furfural at 1 h of reaction (A); 
furfural yield and surface area (B); and furfural yield and surface density of acid 
sites (C) as a function of the chemical composition of materials (i.e., Nb/(W/ 
+Nb) ratio). Reaction conditions: 10 wt% Xylose, 160 mg catalyst, 4 mL H2O, 
at 160 ◦C with 1000 r.p.m.

Table 3 
Xylose dehydration to furfural over selected W-Nb-O catalysts with different W/ 
Nb ratio.a

Catalyst t = 10 min t = 60 min

Xylose 
Conversion 
(%)

Furfural 
Selectivity 
(%)

Xylose 
Conversion 
(%)

Furfural 
Selectivity 
(%)

H2SO4 5.6 91.1 85.4 44.8
W1.0Ox 55.7 24.5 76.9 19.7
W0.90Nb0.10Ox 57.1 21.5 78.3 26.7
W0.38Nb0.62Ox 44.4 18.0 91.2 32.3
W0.20Nb0.80Ox 47.5 49.3 96.1 38.8
Nb1.0Ox 41.0 25.8 78.2 34.3

a Reaction conditions: 10 wt% Xylose, 4 mL H2O, at 160 ◦C with 1000 r.p.m., 
for 10 or 60 min. Amount of catalyst: 0.04 g for homogeneous catalyst (H2SO4) 
and 0.16 g for solid catalyst. H2SO4 data for comparison.
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performance, this is W0.20Nb0.80Ox material, were carried out by using 
the H2O/EtOH solvent system at 160 ºC (with 10 wt% xylose and 
160 mg of catalyst). After each catalytic cycle, the solid catalyst was 
recovered from reaction mixture, washed with a H2O/EtOH mixture, 
and then regenerated in air at 550 ºC for two hours before its use in the 
next catalytic cycle.

Accordingly, the results in terms of xylose conversion and main 
products selectivity obtained for three catalytic cycles using the 
W0.20Nb0.80Ox oxide are shown in Fig. 7A. There, it can be seen that the 
catalyst maintained practically the same catalytic activity, with xylose 
conversion ranging always between 95 % and 98 %, while the furfural 
selectivity suffered a little decrease with consecutive catalytic reuses, 
although not very noticeable, while humins products did not change so 
much after any reuse. Detailed results are displayed in Table S2.

Characterization measurements performed on the fresh and used 
catalysts after recycling tests shown in Fig. 7B and Table S2 demon
strated that both the structural and chemical stability was maintained 
after every “use + regeneration” cycle, as no changes were ascertained 
either by XRD patterns (Fig. 7B) or by metal contents data from ICP (in 
Table S2) measured before and after each catalytic cycle. In addition, the 
humins deposits formed onto the solid catalyst during reaction have 
been quantified, and for this purpose, all the solids present in the re
action crude (catalyst + humins) have been recovered and washed with 
H2O/EtOH and later analyzed by both EA and TGA. Table S2 also shows 
the differences in the Carbon content of the catalyst before and after 
regeneration, where a complete elimination of the accumulated humins 
on the catalyst surface can be appreciated.

It is interesting to mention that the regeneration step was also carried 
out under N2 stream, however, the presence of O2 is mandatory to 

eliminate the humins deposists as it can be seen in Fig. 7C, where only 
the catalyst regenerated under air stream recover its original physical 
appearance. Nevertheless, a complete humins removal is unlikely to 
exist, suggesting that this is reason for the very slight decrease in furfural 
selectivity after every catalytic cycle. In any case, the W0.20Nb0.80Ox 
material proves to be a robust and efficient catalyst for the selective 
dehydration of xylose to furfural by working at relatively high xylose 
concentrations in aqueous mono-phasic solvent systems under moderate 
reaction conditions.

Finally, the stability over time of these W-Nb-O mixed oxides was 
studied by submitting a representative sample (W0.38Nb0.62Ox) to the 
optimal reaction conditions during 14 days, in order to identify possible 
changes in the structure of the catalyst. As shown in Fig. 8, the structure 
of the catalyst determined by X-ray diffraction measurements is very 
similar to the fresh material; moreover, the chemical composition (W/ 
Nb ratio) measured by ICP shows very small changes in the W/Nb ratio, 
and the absence of Nb and W in the liquids after reaction. Therefore, the 
catalyst demonstrated to be a highly resistant and robust material under 
hydrothermal conditions and under common operational conditions 
employed for synthesis of furfural through dehydration of C5 sugars.

3.2.4. Comparative analysis of results obtained over W-Nb-O mixed oxides 
and other reported solid acid catalysts

With the aim to evaluate the catalytic performance of our developed 
W-Nb-O mixed oxides in the C5 sugar (xylose) dehydration to furfural 
within the actual context, a comparison of our catalytic results (in terms 
of reaction conditions, reusability and furfural productivity) with those 
observed for other catalytic systems, (i.e., some of the most relevant 
solid acid catalyst recently reported in literature) is presented in Table 4. 

Fig. 7. A) Xylose conversion (blue) and selectivity to furfural (red) and humins (green) on W0.20Nb0.80Ox catalyst; B) XRD patterns of fresh and regenerated catalysts 
after catalytic cycles; and, C) fresh and regenerated catalyst in nitrogen (a.x.) or air (b.x.) stream after the first, second and third catalytic cycle for 
W0.20Nb0.80Ox sample.
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In this case, we are also including comparative results attained with 
sulfuric acid (homogeneous reaction). As expected, results indicated 
that furfural productivities (calculated as gFur•gCat

− 1•h− 1) are higher for 
the homogeneous system than for the solid catalysts, due to the fact that 
calculations/estimations were made considering the mass of mineral 
acid and not the amount or concentration of Brönsted acid sites. It also 
worth noting that, except with the here reported catalytic system, car
bon balances in reactions were neither considered not reported in all the 
cases, this pointing out the lack of accuracy of some of the results 
compiled for other solid catalysts in Table 4.

On one hand, medium pore H-ZSM-5 [35] zeolites working in 

biphasic (water/toluene) system gave a priori 82.4 % furfural yield, with 
a moderate furfural productivity (0.436 gFur•gCat

− 1•h− 1), but the way or 
method for determining the latest results are not well described or 
specified by the authors.

On the other hand, Nb-containing catalysts have been also proposed 
[31,36–38]. Niobium oxide supported on MCM-41 (denoted as 
MCM-Nb16) [36] catalyst used with a biphasic water/toluene solvent 
system yielded around 60 % of furfural, with a productivity value of 
0.383 gFur•gCat

− 1•h− 1). However, in the latter case, as well as for eHTiN
bO5-MgO [31] and for a microporous niobium silicate denoted as 
H-AM11 [37] solid acid catalysts, the sugar concentration employed was 
relatively low (<3.2 wt%), as low were also the furfural productivities 
achieved even working in biphasic (water/toluene) solvent system (see 
Table 4).

In addition, 68 % furfural yield could be reached with Nb2O5-type 
catalyst using water/CPME monophasic solvent system [38], although 
the calculated furfural productivity was 0.218 gFur•gCat

− 1•h− 1 in this case. 
We must indicate that lower furfural productivities 
(<0.215 gFur•gCat

− 1•h− 1) were attained by using other Nb-based catalysts 
under monophasic solvent systems [71,72]. However, in general, lower 
furfural productivities were achieved with solid acid catalysts working 
in monophasic solvent systems when comparing with results obtained 
with solid acid catalyst in water/toluene biphasic system [30,35,36].

Remarkably, the here developed W-Nb-O mixed oxides catalyst, 
prepared hydrothermally and heat-treated at 550ºC, working in mono
phasic water/EtOH solvent system offered the best value of furfural 
productivity (0.683 gFur•gCat

− 1•h− 1) from all the solid acid catalysts listed 
in Table 4, better than that of Nb2O5 catalyst in biphasic H2O/Toluene 
system (productivity = 0.640 gFur•gCat

− 1•h− 1) [30], and much better than 
the other solid acids analyzed (productivity ranging between 0.073 and 
0.436). Furthermore, although the furfural yield was moderate 
(41.4 %), this value was attained at just 1 h of reaction, by employing 
9.1 % concentration of sugar at low temperature (160 ºC), while 
calculated carbon balances for the reaction were > 75 %, values not 
informed by any other report in literature. More importantly, the 
robustness and reusability of the catalyst was also demonstrated, with 
only 5 % yield loss after 3 consecutive catalytic cycles.

Summarizing, the here reported W-Nb-O mixed metal oxides showed 

Fig. 8. XRD patterns of W0.38Nb0.62Ox regenerated material obtained before 
and after 14 days reaction (stability test) of xylose dehydration to furfural. 
Inset: Catalyst composition (W/Nb ratio) before and after the stability test. 
Reaction conditions: 10 wt% Xylose, 4 mL solvent (1 mLH2O / 3 mLEtOH), 
160 mg W0.38Nb0.62Ox, at 160 ◦C with 1000 r.p.m. Regeneration conditions: at 
550 ºC, 1 h in air + 2 h in N2.

Table 4 
Composition of catalytic results, reaction conditions, reusability and calculated furfural productivities of most recent reported solid catalysts vs the W-Nb-O catalyst 
here studied in the sugar (xylose) dehydration to furfural.

Characteristics of 
reaction

Catalyst Solvent 
system

Time 
(min)

Sugar conc. 
(wt%)

Productivity 
(gFur•gCat

− 1•h− 1)
Reusability Temp 

(ºC)
Yield 
(%)

CB 
(%)

Ref.

Nº of 
cycles

Yield 
loss (%)

Industrial catalyst H2SO4 H2O 60 9.1 4.898 - - 160 38.3 41 This 
work

H2SO4 H2O 180 10.0 4.913 - - 170 46.1 N.d. 1
H2SO4 H2O/ 

Toluene
300 10.0 1.060 - - 120 83.0 N.d. 2

Biphasic Catalyst ZSM− 5 H2O/ 
Toluene

180 14.1 0.436 5 0a 190 82.4a N.d. 3

MCM-Nb16 H2O/ 
Toluene

100 3.19 0.383 3 6 170 59.9 N.d. 4

eHTiNbO5–MgO H2O/ 
Toluene

240 2.91 0.133 3 15 160 55.0 N.d. 5

H-AM11 H2O/ 
Toluene

360 3.19 0.049 3 0 160 54.0 N.d. 6

Nb2O5 H2O/ 
Toluene

90 3.19 0.640 - - 170 50.0 N.d. 7

Monophasic 
Catalyst

NBO H2O/ 
CPME

240 10.0 0.218 3 0 180 68.0 N.d. 8

NbOPO3 H2O 180 1.0 0.211 4 13 180 55.0 N.d. 9
SAPO− 34 H2O/GVL 360 1.0 0.073 5 5 190 40.0 N.d. 10
Nb2O5 H2O 360 2.0 0.246 - - 160 46.1 N.d. 11
W0.20Nb0.80Ox H2O/EtOH 60 9.1 0.683 3 5 160 41.4 76 This 

work

N.d.: Not-determined.
a It has not been specified how the total furfural formed has been determined.
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to be a robust and efficient acid catalyst for the furfural synthesis from 
xylose (C5 sugar) in monophasic solvent system under moderate reac
tion conditions, with furfural productivity higher than that achieved by 
other solid acid catalysts in both biphasic and monophasic systems. Of 
course, furfural yield reached with our W-Nb-O catalyst could be further 
improved, and future research will focus on two main strategies: i) the 
enhancement of the acidity of the systems by incorporating an addi
tional element in the W-Nb-O Bronze structure, and ii) the evaluation of 
the catalytic system in a continuous flow fix-bed catalytic reaction sys
tem aiming to reduce the amount of humins formed during the process.

4. Conclusions

A series of solid acid catalysts based on W-Nb-O mixed oxides with 
either hexagonal or pseudo-crystalline Bronze-type structure have been 
synthesized through a hydrothermal method at moderate temperatures. 
It has been found that chemical composition of W-Nb-O materials is 
essential to tune textural and mainly acidic properties. Thus, best cata
lytic results for the dehydration of xylose to furfural were achieved for 
W0.20Nb0.80Ox catalyst, with a furfural selectivity comparable to that of 
homogeneous sulfuric acid under our optimal reaction conditions, 
which is the catalyst employed at industrial level. This achievement is 
attributed to the adequate combination of both Brønsted and Lewis acid 
sites given by the optimal W/Nb composition in the material, as well as 
to the low surface density of acidic sites that has been shown to be 
necessary for a smooth sugar dehydration this way reducing the non- 
desired formation of consecutive condensation products, mainly 
humins. Furthermore, this catalyst has demonstrated its activity and 
selectivity even after three consecutive catalytic cycles by maintaining 
unaltered its structure and chemical composition, thus becoming a 
robust and efficient catalyst for C5 sugars dehydration in aqueous media 
under moderate reaction conditions. Main results achieved for this 
optimal W-Nb-O catalyst in terms of stability and recyclability, carbon 
balances in reactions, and furfural productivity (calculated as gFur ⋅ gCat

− 1 ⋅ 
h− 1) were compared to these data reported or calculated for most rele
vant and recently reported solid acid catalysts, thus demonstrating that 
the W-Nb-O material is a competitive, robust and recyclable solid acid 
catalyst for the furfural production from C5 sugars. Moreover, this very 
good catalytic behavior makes this material suitable for upscaling 
furfural production from C5 sugars, a key step for this bio-derived 
platform molecule becoming more available for further applications 
[45], thus favoring the development of new strategies for obtaining 
renewable products, as for example the novel synthetic route for sus
tainable aviation fuels (SAFs) production starting from furfural very 
recently promoted by the HIGFLY (HIGee to Furanic-based jet Fuel 
technology, GA 101006618) European project [73].
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