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Heterogeneous catalytic oxidation of furfural with
hydrogen peroxide over a niobia catalysty
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Tapio Salmi,? Johan Warna® and Dmitry Yu. Murzin @ *@

Furfural is a very interesting bio-based platform molecule that can be derived from the pentoses found in
hemicelluloses, such as xylose and arabinose. Furfural displays significant potential as a source for the
production of various chemicals. By oxidizing furfural with hydrogen peroxide, a range of products can be
obtained, including diacids such as succinic and maleic acids, as well as lactones such as 2(5H)-furanone.
In this study, the oxidation of furfural was conducted using niobia as a heterogeneous catalyst, which
displayed an interesting behavior, giving 2,3-dihydroxybutanedioic acid (tartaric acid) as the main oxidation
product. Other typical oxidation products, namely succinic acid and 2(5H)-furanone were also obtained in
moderate concentrations. Tartaric acid and the rest of the oxidation products were identified by GS-MS, *H
NMR and *C NMR. A wide range of conditions were screened to reveal the catalytic behavior of the
system, enabling furfural consumption and formation of tartaric acid. Additionally, a plausible reaction
network was established based on a previously proposed mechanism and experimental observations that
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1 Introduction

Over the past few decades, significant efforts have been
dedicated to the development of alternative technologies for
producing fuels and chemicals, while reducing reliance on
petrochemical resources. Biomass has emerged as a source of
renewable materials and energy, owing to its abundance and
renewable character.”® Therefore, transformation of biomass
into value-added products has become a top priority for the
global sustainable development. Relevant chemicals can be
obtained by applying the biorefinery concept,® in which the
biomass is fractionated and the obtained macromolecules are
refined further to smaller components. For instance, the C5-
C6 sugars after hydrolysis of polysaccharides can be subjected
to further rearrangement by partial removal of oxygen atoms
generating a variety of renewable platform compounds
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accounted for the production of tartaric acid.

including furfural, 5-hydroxymethylfurfural (HMF), lactic acid,
and levulinic acid.*

Furfural, derived from the hemicellulose fraction of
biomass,">® has emerged as a key platform molecule* due to
its versatility and high degree of functionality.® In the recent
years, there has been significant interest in valorizing furfural
from both industrial and academic sectors, owing to its
market availability, as it is currently produced at a large-scale
from abundant and readily available agricultural waste such
as bagasse, rice husk and corn cobs.”® Furfural, traditionally
obtained through a two-step process involving acid hydrolysis
of lignocellulosic biomass followed by the dehydration of
pentoses, has demonstrated a significant market potential as
a source of fuel components and C4-C5 chemicals, such as
2-methylfuran, tetrahydrofuran, valerolactones,
butyrolactones, and dicarboxylic acids,””° many of which are
mainly produced from petroleum sources.’

Numerous chemical and bio-routes exist to valorize
furfural as a so-called bio-based platform molecule. Some of
those methods reported in the literature® include
hydrogenation,'®'* aldol condensation,'*"® amination,™
oxidative esterification,”> as well as gas-'® and liquid-
phase'” ™" oxidations. Among these approaches, selective
oxidation of furfural with hydrogen peroxide offers a
promising pathway to various C4 chemical intermediates and
products.”® The liquid-phase oxidation of furfural with
hydrogen peroxide produces lactones (e.g. furanones) and

This journal is © The Royal Society of Chemistry 2024
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dicarboxylic acids (e.g. succinic, malic acid, furoic and maleic
acid). Formic acid is generated as a byproduct during
oxidation process. Moreover, both succinic and maleic acids
can be dehydrated to their corresponding anhydrides at
elevated temperatures. These C4 molecules have numerous
novel applications,” such as plant growth regulators,
bactericides, plasticizers, monomers and components of
biodegradable plastics (e.g.,, polybutylene succinate,
polyurethanes). It is also possible to upgrade them further to
C4 chemical intermediates via stoichiometrically efficient
hydrogenation,”* thus providing bio-based substitutes for
these multimillion ton per year products, currently made
almost entirely from fossil-based feedstock.*

The selectivity of the furfural oxidation leans toward one
or various specific products depending on the catalyst. When
acidic catalysts containing Brensted acid sites'”?*** are used,
for example, ion exchange resins (e.g. Amberlyst-15, Smopex-
101), sulfated zirconia and sulphonated functionalized
materials, the main oxidation products are succinic acid and
2(5H)-furanone. Catalysts containing Lewis acid sites,**"** for
example TS-1, typically allow better yields of maleic acid, even
if, in some cases Lewis acids can also be selective towards
succinic acid.”> Some other ways of converting furfural to
oxidation products exist, such as using biological routes that
involve microorganisms, including bacteria and fungi.>**’
These processes, conducted under aerobic or anaerobic
conditions,*®? are capable of converting pentoses and their
derivatives (e.g., furfural, HMF) into value-added products,
such as furan-2,5-dicarboxylic acid (FDCA), furoic acid, and
furfuryl alcohol.”’”** The performance and selectivity of
microorganisms can be improved through genetic
modification methods.>”

This work explores oxidation of furfural with hydrogen
peroxide using niobia as a heterogeneous catalyst, allowing a
dramatic switch of the product selectivity from succinic and
maleic acids to tartaric acid, never reported before in open
literature. Various niobium oxide catalysts were synthesized
and evaluated. The kinetic profiles were investigated, which
required application of a complex analytic approach,
comprising 'H NMR, C NMR, GC-MS, HPLC for the
identification and quantification of the products. A range of
physico-chemical =~ methods (e.g, @ HRTEM, acidity
measurements by FTIR-pyridine, nitrogen physisorption,
SEM-EDS, ICP-EOS and XPS) were utilized to characterize the
synthesized catalytic materials, to explain the obtained
results, and to construct a reaction network.

2 Experimental section

2.1 Materials and chemicals

Furfural (99%), maleic acid (=99.9%), pr-tartaric acid (99%),
prmalic acid (=99%), malonic acid (99%), formic acid
(299.9%), fumaric acid (=99.9%), succinic acid (=99.9%),
2(5H)-furanone (98%), 2-furoic acid (98%), niobium(v) oxide
(99.9%), niobium(v) chloride (99%), silica gel 60, tetraethyl
orthosilicate (TEOS) (98%), 1-propanol (=99.9%) and PEG-
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PPG-PEG (Pluronic P123), were all purchased from Sigma
Aldrich. 5-Hydroxy-2(5H)-furanone (=95%) was provided by
Activate Scientific. Hydrogen peroxide (>30% w/v) and
hydrochloric acid (=37%) were acquired from Fisher Scientific.

2.2 Catalyst preparation

The catalytic materials were prepared following well-
established synthesis procedures described in literature.**

2.2.1 Niobium deposited silica gel (Nb-SiO,). Niobium
deposited silica gel was prepared via the evaporation
impregnation method.*** In brief, 10 g of silica gel 60 and
3.78 g of NbCls were dispersed in 250 ml of deionized water
in a round-bottom flask. The synthesis was carried out at 75
°C overnight in a rotavapor equipment. Thereafter, water was
evaporated from the solution by applying vacuum and the
solid mixture was recovered and dried in an oven overnight at
105 °C. The dried material was calcined at 450 °C for 4 hours.

2.2.2 Mesostructured niobia (Nb,O5(meso)). Mesoporous
niobium oxide (Nb,Os(meso)) was synthesized following a
previously reported method.*® Pluronic P123 was used as a
structure-directing agent. 4 g of P123 were dissolved in 40 ml
of 1-propanol. After complete dissolution, 7.3 g of NbCl; were
added to the mixture under vigorous stirring. Thereafter, 22 ml
of water were added to the mixture keeping vigorous stirring to
form a gel-like mixture. The resulting gel was poured into a
Petri dish and set to age at 40 °C for 13 days. The aged mixture
was recovered from the Petri dish, crushed and calcined at 450
°C at a heating rate of 1 °C min™" for 10 hours.

2.2.3 Niobium SBA-15. Nb-SBA-15(x), where x represents
the nominal Si/Nb ratio use in the synthesis, was prepared
according to the reported methods.?” In a typical preparation,
4 ¢ of Pluronic P123 were dissolved in 150 ml of 1.6 M HCI at
40 °C. Once Pluronic P123 is completely dissolved, a
determined amount of NbCl; (3.68-16.94 mmol) was added
to the mixture, followed by adding 8 g of TEOS drop-wise
after complete dissolution of niobium chloride. The resulting
mixture was stirred and kept at 40 °C for 24 h. The mixture
was transferred to a Teflon liner and kept at 100 °C for
another 24 h in an autoclave. After this period, the solid was
filtered, washed with water and calcined at 550 °C with a
heating rate of 1 °C min™" for 6 h.

2.3 Catalyst characterization

The surface morphology of the niobium materials was
elucidated wusing high resolution transmission electron
microscopy (HRTEM), with a JEM 1400 plus microscope to
record the electron microphotographs. Other morphological
studies were performed by scanning electron microscopy
(SEM) and elemental analysis (EDS) in a Zeiss Leo Gemini
1530 device to determine the surface structure and the metal
content, respectively. Nitrogen physisorption at -196 °C was
carried out in a Micrometrics 3Flex-3500 instrument to
estimate the specific surface areas and pore size distributions
of the various catalysts. Specific surface areas were calculated
using the BET method, while the pore size distributions and
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the total pore volume (micro and meso) were estimated using
the NLDFT method. The micro pore volume was calculated
for 0 to 2 nm pore size range, while the mesoporous volume
was calculated for 2 to 50 nm pore size range. X-ray
diffraction (XRD) characterization was performed at room
temperature using a Cu source of X-ray in a Panalytical
Empyrean diffractometer equipped with a PiXcel3D solid
state detector. The acidities of the different catalytic materials
was determined by Fourier transform infrared spectroscopy
(FTIR) with pyridine (=99.9%) as a probe molecule in an ATI
Mattson FTIR Infinity Series spectrometer. The catalyst,
pressed to a disk (10-30 mg), was outgassed at 450 °C for 1 h
and thereafter the temperature was decreased to 100 °C and
background spectra were recorded. Pyridine adsorption was
carried out at 100 °C for 30 min. Pyridine was then desorbed
at 250, 350 and 450 °C for 1 h, the spectra of the sample were
recorded in between every desorption temperature at 100 °C.
The quantitative amounts of the Bronsted (1545 em™') and
Lewis (1450 cm™") acid sites were calculated with the
constants of Emeis.’® The oxidation state of Nb was
determined by X-ray photoelectron spectroscopy using a
NEXSA XPS (Thermo Fischer Scientific) device by applying Al
Ko radiation. The peaks deconvolution was made with
XPSPeak4.1 software, prior to deconvolution, Shirley
background was subtracted from the data. Inductively
coupled plasma-optical emission spectrometry (ICP-OES) was
performed in a PerkinElmer Optima 5300 DV instrument to
determine metal content in the reaction mixture during
catalyst stability experiments, by digesting the samples in a
mixture of 30% HCl (Sigma-Aldrich), 65% HNO; (Sigma-
Aldrich) and 50% HBF, (Sigma-Aldrich) mixture.

2.4 Oxidation experiments

Furfural oxidation experiments were carried out in a 100 ml
jacketed glass reactor equipped with a condenser and
mechanical stirring. The reaction temperature was tracked
with a thermocouple at the interior of the reactor vessel, and
it was kept constant by an external thermostat device. In a
typical oxidation experiment, furfural (16.6-60.8 mmol) was
introduced into the reactor, followed by 80 ml of water as the
solvent and a determined amount of catalyst (0.5-3 g). The
mixture was heated up and once the desired reaction
temperature (60-90 °C) was reached, a 30 w/v% hydrogen
peroxide solution, corresponding to the desired furfural-to-
hydrogen peroxide molar ratio (1:2-1:8), was poured into
the reactor either at once or dropwise at a specific flowrate
using a syringe pump.

Periodically withdrawn samples were filtered using 0.45
pm syringe filters. Subsequent analysis was done by high-
performance liquid chromatography (HPLC) in a Agilent
1100 instrument equipped with an Aminex HPX-87H
column and 0.005 M H,SO, solution as the mobile phase.
A refractive index detector was used for quantification.
The analysis of the samples was carried out at 55 °C and
0.5 mL min " flowrate. Prior to analysis, calibration of all
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reagents and products was performed using commercially
available standards.

A total organic carbon (TOC) balance was calculated for
each experiment to follow the distribution of carbon during
the reaction. The TOC was calculated as it follows:

TOC (%) = DI (1)
CoFullcFu
where ¢; and n; represent the concentration of a component i
and the number of carbons per molecules of that component,
respectively. copy and ngg, are the initial furfural concentration
and the number of carbon per furfural molecule.

3 Results and discussion
3.1 Catalyst characterization results

The surface areas of the niobia catalysts are reported in
Table 1. Niobium oxide from commercial source displayed an
extremely low surface area <1 m?> g™*, while the synthesized
niobium oxide displayed a higher surface area of 43 m> g'.
The synthesized silica supported niobia prepared by the
evaporation-impregnation method exhibited on the contrary,
a larger surface (273 m” g”*) mainly due to utilization of silica
as a matrix. The same trend was observed for Nb-SBA-15
materials, giving, as expected even larger surface areas
ranging from 420 m> g ' to 514 m” g~'. Neat SBA-15 displayed
a surface area of 658 m> g '. The nitrogen physisorption
isotherms and the pore size distributions of all the catalytic
materials are displayed in Fig. S1 and S2,i respectively. The
materials exhibit type IV isotherms, classified according to
IUPAC as per the guidelines.*® Notably, Nb-SBA-15 and Nb,-
Os(comm) exhibit a hysteresis loop H1, while Nb,O5(meso)
and Nb-SiO, showed the H2 type loop. Additionally, the pore
size distributions reveal the presence of both microporosity
and mesoporosity across all samples, except for the
commercial niobium oxide, which did not exhibit porosity.

The pore volumes of the catalytic materials are reported in
Table 1. All the materials exhibit a comparable percentage of
mesopores relative to the total volume, which aligns with the
reported values for Nb-SBA-15.*” Otherwise, important
differences in the total volumes are noticed in the following
order; NDb-SBA-15 > Nb-SiO, > Nb,Os(meso) > Nb,-
Os(comm), reflecting the nature of materials, i.e. supported
vs. bulk materials.

The EDS analysis in Table 1 provides quantification of the
atomic niobium content, determined as a relative percentage
with the rest of the observed elements being O, Si and Al (as
an impurity <0.5%). Notably, neat niobium oxides (Nb,-
Os(comm) and Nb,Os(meso)) demonstrated nearly identical
relative metal amounts, approximately 23%. The supported
niobia catalysts: Nb-SiO,, Nb-SBA-15(5), Nb-SBA-15(8), Nb-
SBA-15(12), and Nb-SBA-15(23), exhibited varying relative
percentages of niobium, namely 3.5%, 5.4%, 3.9%, 2.4%, and
1.6%, respectively, which correspond to Si/Nb ratios of 8, 5,
7, 12 and 19, indicating a good agreement with the nominal
loadings used during synthesis.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Textural properties of the catalysts

Catalyst Sger (m* g™) Vr (em® g™ Vin (%) Nb (%) Si/Nb
Nb,O5(comm) <1 — — 22.4 —
Nb,O5(meso) 43 0.12 92 23.6 —
Nb-Si0, 273 0.35 83 3.5 8
Nb-SBA-15(5) 420 0.56 86 5.4 5
Nb-SBA-15(8) 437 0.68 87 3.9 7
Nb-SBA-15(12) 514 0.79 86 2.4 12
Nb-SBA-15(23) 500 0.72 85 1.6 19
SBA-15 658 0.82 82 0 —

Notes: Sger: specific surface area calculated using BET method, Vy; total pore volume (micro + meso) calculated by the non-local density
functional theory (DFT), V,,; percentage of mesoporous volume (calculated in the pore size range 2-50 nm), Nb and Si/Nb: atomic percent of

niobium and Si to Nb ratio determined by EDS.
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Fig. 1 X-ray diffraction patterns of the niobium containing catalysts: a) low angle b) wide angle.

Fig. 1 illustrates the X-ray diffraction (XRD) patterns for the
Nb-SBA-15 catalytic materials. In Fig. 1a, the low-angle patterns
exhibit characteristic reflection peaks for the mesoporous SBA-
15 in the 0.5-4° 26 range. These peaks include a prominent
reflection (100) and two minor reflections (110) and (200).
However, as the niobium loading increases, these reflections
gradually diminish, indicating some level of decrease in the
structural order of the SBA-15 support.

Fig. 1b, which presents the wide-angle patterns, offers
further insights into the niobium incorporation to SBA-15. It
is evidenced that at a higher niobium loading (Nb-SBA-15(5)),
the catalytic materials begin to exhibit discernible reflections
associated to the niobia phase. Conversely, a lower niobium
loading (Nb-SBA-15(12)) results in poorly defined niobia
peaks, suggesting a high degree of dispersion within the SBA-
15 framework.*’

High resolution transmission electron microscopy
(HRTEM) was utilized to examine the textural properties of
the various niobium catalysts, with the resulting micrographs
displayed in Fig. 2. Commercial Nb,Os catalysts (Fig. 2a)
exhibited a very bulky structure*’ with no apparent porosity,

This journal is © The Royal Society of Chemistry 2024

which explains the very low surface area determined by
nitrogen physisorption analysis of this material. Conversely,
the synthesized Nb,O; catalyst (Fig. 2b) contained finer
particles with a higher level of porosity and observable
mesoporous structures, primarily due to the synthesis
procedure employing a structure-directing agent (Pluronic
P123). Irregular porosity is visible in the transmission
electron micrographs of Nb-SiO, catalyst (Fig. 2c), which is
typical for the SiO, support. Nb-SBA-15 (Fig. 2d) displayed
clear features of mesoporous materials with a highly ordered
and uniform porosity. In contrast with the XRD analysis, the
micrographs suggest that addition of a metal during the
synthesis of SBA-15 material did significantly impact the
expected mesostructured characteristics.*”

The particle size distributions of the Nb-SBA-15 materials,
as determined by HRTEM, are depicted in Fig. S3.f Among
various samples, Nb-SBA-15(5) and Nb-SBA-15(8) exhibited
the largest niobium cluster sizes, with the mean particle sizes
of 19.3 nm and 18.4 nm, respectively. Notably, Nb-SBA-15
materials with lower metal loading ratios (Si/Nb = 12 and 23)
displayed smaller mean particle sizes and narrower size

Catal Sci. Technol,, 2024, 14,1942-1957 | 1945
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Fig. 2 Transmission electron micrographs of the niobium containing catalysts (spacebar = 100 nm): a) Nb,Os(comm) b) Nb,Os(meso) c) Nb-SiO,

d) Nb-SBA-15.

distributions. This observation suggests that employing
higher metal loading in the synthesis of Nb-SBA-15 leads to
formation of larger niobium particle sizes.

The morphological features of the catalytic materials
investigated using scanning electron microscopy (SEM) are
illustrated in Fig. S4.f The commercial Nb,Os5 displayed very
large and agglomerated particles with no apparent porous
structures, while the synthesized Nb,Os consisted of small
particles that assembled and formed porous domains. The
Nb-SiO, catalyst also displayed fine particles. The Nb-SBA-15
material exhibited a typical for SBA-15 rope-like structure®

Table 2 Brgnsted and Lewis acidities using FTIR-pyridine

with a periodic porosity. These observations are consistent
with the TEM analysis results.

Acidity of the catalytic materials was determined using
FTIR with pyridine, and the results are reported in Table 2.
The commercial niobia oxide exhibited a non-acidic nature,
with measured values falling within the range of an
analytical error. Similarly, the Nb-SiO, catalyst displayed
low acidity with a total acidity of only 6 pmol g™'. In
contrast, the synthesized mesostructured niobia (Nb,-
Os(meso)) demonstrated significantly higher acidity
compared to the commercial counterpart with total acidity

Catalyst BAS“ (umol g7) LAS® (umol g™") TAS (umol g™
Nb,O5(comm) 0 0 0
Nb,O5(meso) 26 23 50
Nb-SiO, 1 5 6
Nb-SBA-15(5) 3 23 26
Nb-SBA-15(8) 2 22 24
Nb-SBA-15(12) 1 26 27
Nb-SBA-15(23) 3 18 21

Notes: BAS, Bronsted acid sites; LAS, Lewis acid sites; TAS, total acid sites. Measurement of pyridine adsorption-desorption was performed at
250 °C, 350 °C and 450 °C, corresponding to weak (data at 250 °C minus data at 350 °C), medium (data at 350 °C minus data at 450 °C) and

strong (data at 450 °C) acid sites, respectively. “ Mainly weak acid sites.
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of 50 pumol g™'. Both Brensted and Lewis acid sites were
observed in this material.

The Nb-SBA-15 catalysts primarily featured Lewis acid
sites. Interestingly, the total acidity (TAS values) of the Nb-
SBA-15 materials remained unaffected by deposition of
niobium metal. This phenomenon is explained by formation
of larger particles with a higher metal loading, as evident
from the particle size distributions (Fig. S31).

These results align with findings from previous
studies,®”** where is suggested that the metal dopant is the
main contributor to the acidity observed in Nb-SBA-15
materials, since siliceous SBA-15 is well established as
neutral support material.**

3.2 Catalyst activity

Fig. 3a shows a typical kinetic profile of furfural oxidation on
the SBA-15 supported niobium catalyst. The reaction is
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Fig. 3 Furfural oxidation with H;O, and Nb-SBA-15 as an
heterogeneous catalyst in a batch mode at 80 °C, Fu:HP = 1:4, 1 g of
catalyst, and 700 rpm; a) concentration profiles, b) selectivity vs.
conversion behavior.
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characterized by a rapid consumption of furfural and
immediate formation of formic acid, generated primarily by a
direct cleavage of furfural at the beginning of the reaction.
Moreover, formic acid can also be produced by degradation
of various dicarboxylic products that appear later during the
reaction.'® Malonic acid and 5-hydroxy-2(5H)-furanone are
immediately formed at the beginning of the experiment, but
after the first hour of the reaction, their concentrations
decrease rapidly, suggesting their roles as intermediates for
the formation of other products.

In contrast with the typical heterogeneous catalysts used
for the liquid phase oxidation of furfural, namely acidic ionic
exchange resins (e.g. Amberlyst-15, Smopex-101, Dowex,
Amberlite IR 120H) and some metal oxides and silicates
(Al,O3, S-ZrO,, TS-1), typically yielding 2(5H)-furanone,
succinic and maleic acids as the major oxidation products,
the use of niobium catalyst in the furfural oxidation resulted
in tartaric acid as the main product. Notably, tartaric acid
has never been observed as a major oxidation product of this
process and is usually present in negligible quantities.'*>*®
'H NMR, C NMR and GC-MS (quality: 99) techniques
provided clear identification of tartaric acid formation. Some
spectra are shown in Fig. S5-S81 for tartaric acid and other
oxidation products.

From Fig. 3a it is also observed that 2(5H)-furanone and
succinic acid are the second major products from the furfural
oxidation on niobium catalyst. Other products such as malic
and malonic acids, are present at lower concentrations.

The distribution of products is displayed in Fig. 3b, where
the intermediate nature of 5-hydroxy-2(5H)-furanone is clearly
visualized. At the beginning of the reaction when the
conversion of furfural is low, a high selectivity of 5-hydroxy-
2(5H)-furanone is observed, however, as the reaction
advances towards a higher furfural conversion, the selectivity
of 5-hydroxy-2(5H)-furanone decreases considerably. A similar
tendency is evidenced for the selectivities of maleic and
malonic acids, indicating their further conversion to other
products. Furthermore, when the reaction progresses and a
higher furfural conversion is attained, the selectivity for
tartaric acid, 2(5H)-furanone and succinic acid increase to
maximal values of 32%, 24% and 20%, respectively, with 94%
furfural conversion after 7 hours of reaction.

In addition to tartaric acid, 2(5H)-furanone and succinic
acid, the selectivity of the final products, fumaric and maleic
acids are ca. 10% each by the end of the experiment. The rest
of the oxidation products were generated in inferior quantities.

The total carbon balance (TOC) of the liquid phase is
illustrated in Fig. 3b, with the values ranging between 91%
and 75% from the start to the end of the reaction. A slight
and steady decrease of TOC during the reaction can be
attributed to degradation reactions, giving gaseous products,
and the presence of unidentified components in trace
amounts that are difficult to quantify by HPLC. The
formation of CO, from the decomposition of formic acid and
short-chain carboxylic acids, has been reported in a previous
publication of our group.”” The amount of carbon that
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escapes in this way can reach up to 18% of the total initial
value, depending on the reaction conditions.

Fig. 4 compares the catalytic performance of various
niobium catalysts in terms of furfural consumption and
tartaric acid production. A blank experiment was conducted
as a reference. The consumption rates of furfural increased
in the following order: Nb-SBA-15 > Nb,Os(meso) > Nb-SiO,
> Nb,Os(comm) > blank. A similar trend was observed for
the generation of tartaric acid. The difference in the behavior
of the niobia catalysts can be attributed to their varying
properties, particularly the acidity. The consumption rate
constant of furfural calculated by a first order kinetics
approximation demonstrated a near-linear increase in the
correlation with the Lewis acidity of the catalyst, as
illustrated in Fig. S9.f Nb-SBA-15 and Nb,Os(meso) displayed
the best performances, possibly due to their higher Lewis
acidity compared to the other catalysts. This was evident in
the case of the commercial pure niobium oxide, which
exhibited no acidity (Table 2) and 23% niobium metal as
determined by EDS (Table 1).

Based on these results, Nb-SBA-15 was identified as the
most effective catalyst among the tested ones for the
formation of tartaric acid. Further investigations were
conducted with this material by synthesizing it with varying
nominal amounts of metal to determine its influence on the
reaction. The catalytic results are depicted in Fig. 5,
illustrating that Si/Nb nominal ratio had almost no effect on
the furfural conversion, while the generation rate of tartaric
acid was slightly different. Increasing the amount of niobium
in the catalyst did not provide any improvement in
performance for the Si/Nb nominal ratio exceeding 12.
However, a slightly lower tartaric acid concentration was
observed when a low nominal amount of niobium was
incorporated into SBA-15 (i.e. Si/Nb = 23). The reason for
such a behavior is attributed to the almost equal acidities of
these materials (Table 2).
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3.3 Influence of reaction conditions

The influence of various reaction parameters on furfural
oxidation using Nb-SBA-15 was investigated in detail. The
reaction temperature was varied from 60 °C to 90 °C with the
results displayed in Fig. 6. As expected, it was observed that
the furfural conversion increases with temperature, and the
same tendency was evidenced for tartaric acid yield, however,
when high temperatures (i.e. 90 °C) were used, the tartaric
acid concentration decreased after 7 h of reaction. The
reason for the decline in the tartaric acid concentration
might be favorable conditions for secondary reactions (i.e.
tartaric acid degradation) to smaller molecules such as
formic acid, which further decomposes to CO, and H,O.
From Fig. 6, the apparent activation energy for furfural
oxidation, determined by its consumption at different
temperatures, was calculated from the slope of the Arrhenius
plots and found to be approximately 22 kJ mol ™. This value
is relatively low when compared to other catalytic systems
such as sulfonated resins®® and sulfated zirconia.'®

The effect of the hydrogen peroxide-to-furfural molar ratio
is depicted in Fig. 7. Increasing the molar ratio above 4:1
does not seem to have any significant effect on the furfural
conversion and the tartaric acid yield. Conversely, for a lower
molar ratio (Fu: HP = 1:2), a lower furfural consumption rate
and subsequently a lower tartaric acid formation rate were
observed. An explanation for the needed high amounts of
hydrogen peroxide lies in the reaction network of the furfural
transformations to various products (Scheme 1), where it is
presumed that hydrogen peroxide is used in stoichiometric
amounts in several successive steps before the formation of
the final products. Additionally, it should be noted that a
parallel catalytic hydrogen peroxide decomposition occurs
within the system, leading to the consumption of a portion
of this reactant as evidenced from Fig. S10.f Consequently, to
ensure favorable conditions for furfural oxidation, it is

b)
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Fig. 4 Furfural oxidation with different niobium catalysts in a batch mode at 80 °C, Fu:HP = 1:4, 1 g of catalyst t and 700 rpm; a) furfural

consumption b) tartaric acid formation.
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necessary to maintain high levels of hydrogen peroxide
throughout the reaction.

A modest increase in the furfural consumption was
observed when the catalyst amount was varied between 0.5
and 2 g (12.5-50 wt% with respect to furfural), whereas the
tartaric acid production exhibited a more pronounced
response within this range (Fig. 8). However, the catalyst
loading exhibits a non-proportional relationship with the
reaction rate (Fig. S11f), a behavior atypical for
heterogeneous catalytic systems. This phenomenon is
attributed to the favorable conditions for mass transfer
primarily due to the high viscosity of the reaction mixture
when loaded with substantial catalyst amounts. A clear
example of this behavior can be observed during the

This journal is © The Royal Society of Chemistry 2024

oxidation of furfural at a catalyst loading of 3 g. At such a
high loading, the reaction medium adopted a slurry-like
paste consistency during the experiment, in which diffusion
to the active sites becomes hindered, leading to a suppressed
catalytic performance compared to experiments with a lower
catalyst loading. Hence, it is preferable to use low catalyst
loadings to achieve optimal performance.

The reaction was carried out primarily in a semibatch
operation mode by adding the hydrogen peroxide drop-wise
over a period of time, but some experiments were also
performed in a batch mode. Fig. 9 displays the influence of
varying the flow rate of hydrogen peroxide addition and
compares both modes of operation (batch and semibatch).
Faster kinetics is observed in the conversion of furfural as
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well as in the formation of tartaric acid when high flowrates
are utilized, probably because of the high amount of
hydrogen peroxide present at the beginning of the reaction,
elevating the reaction rate. Therefore, even a better
performance is observed when the reaction is carried out in a
batch setup, resulting in faster furfural consumption and
faster tartaric acid production.

Fig. 10 illustrates the impact of varying the initial furfural
concentration. At a low concentration of 0.18 mol L, the
furfural conversion reached around 70% by the end of the
reaction. Conversely, higher initial furfural concentrations
exhibited nearly complete conversion, approaching 100%.
Interestingly, it was observed that the tartaric acid selectivity
improved at lower initial furfural concentrations compared to
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Fig. 8

higher concentrations (0.40 and 0.60 mol L™"). However, the
profiles for the 0.4 mol L and 0.6 mol L™ initial furfural
concentrations were quite similar, with a slightly higher
tartaric acid selectivity observed for the 0.4 mol L™
concentration at the end of the reaction.

3.4 Catalyst stability

The stability of the Nb-SBA-15 catalyst was evaluated
through two different sets of experiments (Fig. 11). In the
first set, once the reaction had been completed, the solid
catalyst was recovered from the reaction mixture by filtration
and washed several times with water to remove the excess of
oxidation products from the catalyst surface. Afterwards, the
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min%, 80 °C, Fu: HP = 1:4 and 700 rpm; a) furfural consumption b) tartaric acid formation.
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catalyst was dried overnight and reused in successive
experiments.

In the second set of experiments, the recovered catalyst
was washed with water, dried overnight, and calcined at 550
°C with a heating rate of 1 °C min™" for 6 h. The recalcined
catalyst was subsequently used in the reaction. This
recalcination process aimed to restore the catalytic activity
and stability by removing any possible carbonaceous residues
and other unwanted species that might have accumulated on
the surface during the reaction.

Upon reusing the catalyst after washing and drying
(illustrated in Fig. 11a), a decrease in its performance, mainly
in the selectivity was evidenced. Although the furfural
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Fig. 10 Influence of initial furfural concentration on the furfural

oxidation using Nb-SBA-15 under semibatch condition at HP addition
rate = 4.15 ml min%, 80 °C, Fu:HP = 1:4, 1 g of catalyst, 700 rpm and
7 h of reaction.

This journal is © The Royal Society of Chemistry 2024

conversion remained nearly the same (run 1 = 95%, run 2 =
93%, run 3 = 99%) by the end of the reaction (7 h), a
significant decrease in tartaric acid selectivity was observed
after the second reuse, which continued to decline at a lower
percentage in the third reuse. These observations suggest
that the catalyst undergoes some level of deactivation during
the first experiment.

The stability of Nb-SBA-15 catalyst was further evaluated
by calcining the washed and dried catalyst to remove any
potential organic contaminants from its surface, as shown in
Fig. 11b. Interestingly, a very similar activity profile was
obtained upon comparing it to the experiment with fresh
catalyst, with furfural conversions of 93% and 97% for the
fresh and recalcined catalyst, respectively, by the end of the
reaction. However, the tartaric acid selectivity was still found
to decrease after calcination, indicating that some degree of
catalyst deactivation might persist even after calcination.

The oxidation state of niobia during the stability test was
determined with XPS analysis, and the results are presented
in Fig. S12.f The XPS spectra of the fresh, spent, and
recalcined catalysts revealed a doublet for the Nb 3ds,, and
Nb 3dz, bands at 207.47 and 210.03 eV, respectively.*”**
These findings indicate that the niobia catalyst maintains a
Nb®>" state throughout the reaction and that no
transformation to other niobium species takes place.

To further investigate the cause of deactivation, ICP-EOS
analysis was performed, with the results summarized in Table 3.
After six hours of the reaction, it was observed that a certain
amount of niobium species had leached from the catalytic
material into the liquid phase. The impact of niobium loading
on the SBA-15 material was previously discussed in section 3.2
(Fig. 5), and it was observed to have almost no influence on the
activity, however, a negative effect on tartaric acid selectivity was
evidenced. Hence, it can be assumed that niobium leaching is
one of factors contributing to catalyst deactivation, as the

Catal Sci. Technol., 2024, 14,1942-1957 | 1951
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catalyst activity remains nearly unaffected while only selectivity
is compromised during the stability experiments.

3.5 Reaction network

The furfural oxidation network on a niobia catalyst was
elucidated based on experimental observations and a
previous analysis,'® in which it was suggested that the
oxidation proceeds through the Baeyer-Villiger oxidation
mechanism.”® In the first step, furfural is transformed into
furfural-a-hydroxyhydroperoxide, which is subsequently
transformed into furoic acid or 2-furanol and formic acid.
The oxidation experiment of furoic acid (Fig. S137) revealed
formation of almost all the products derived from furfural
oxidation, indicating that a route exist in which furoic acid is
converted further, probably to 2-furanol as a key
intermediate. The decarboxylation process of furoic acid to
produce 2-furanol has been previously described in a DFT
analysis by Gong et al.*’

After the formation of 2-furanol, it undergoes subsequent
reactions to form other intermediates and the main products.
It is presumed that the unstable 2-furanol is further
converted into 5-hydroxy-2(5H)-furanone and isomerized to
2(5H)-furanone and 2(3H)-furanone through parallel and
competitive pathways. The oxidation process of 5-hydroxy-
2(5H)-furanone was observed to be responsible for the
formation of maleic acid (Fig. S147), while succinic acid is
assumed to be mainly formed from 2(3H)-furanone,* since
oxidation experiments with 5-hydroxy-2(5H)-furanone and

Table 3 ICP-EOS of the reaction mixture

Nb (mg L)

Avg. Std.
Reaction mixture after 6 h 6.71 0.10

1952 | Catal Sci. Technol., 2024, 14, 1942-1957

2(5H)-furanone (Fig. S14 and S15%) resulted in negligible
quantities of this product.

The experimental results for the oxidation of succinic acid
are presented in Fig. S16.f No additional oxidation products
were observed throughout the experiment, suggesting that
succinic acid is a highly stable compound that does not
undergo further transformations under the investigated
reaction conditions. In contrast, maleic acid is known to
undergo reversible isomerization to fumaric acid under acidic
conditions.’® Scheme 1 also illustrates a potential pathway
for the generation of malic acid, which was observed at low
concentrations in the catalytic system.

The reaction network depicted in Scheme 1 presumes that
tartaric acid can be formed through two main pathways:
oxidation of fumaric and maleic acids. While both pathways
are chemically the same and have been reported to exist,*® it
was necessary to perform oxidation experiments of fumaric
and maleic acids to verify those routes at the studied reaction
conditions. Oxidation of maleic acid (Fig. 12a) resulted in the
rapid generation of large amounts of tartaric acid, along with
trace amounts of formic and malic acids, while the oxidation
of fumaric acid (Fig. 12b) produced very low amounts of
tartaric acid, along with maleic acid formed by isomerization
and trace amounts of formic and malic acids. These results
indicate that tartaric acid is primarily formed via the
oxidation of maleic acid during furfural oxidation on Nb-SBA-
15 catalyst.

Additional oxidation experiments were conducted to gain
a deeper understanding of the reaction network. For example,
the oxidation of tartaric acid (Fig. S17t) resulted in partial
degradation to tartronic and formic acid, which was assumed
to be the main route,”"”> however, other unidentified
compounds were present, too. The oxidation of malic acid
primarily yielded malonic and acetic acids as the main
products (Fig. S187). Furthermore, oxidation of malonic acid,
displayed in Fig. S19,f predominantly produced tartronic,

This journal is © The Royal Society of Chemistry 2024
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formic, and acetic acids. Based on these observations, it is
suggested that malonic acid is derived from malic acid®*>°
and can further undergo either conversion to tartronic acid®’
or cleavage into formic and acetic acids.”**® Otherwise, it is
worth highlighting that there might be alternative routes for
the formation of malonic acid, as evidenced by its presence

This journal is © The Royal Society of Chemistry 2024

at the early stages of the furfural oxidation on Nb-SBA-15
(Fig. 3).

It is important to note that the reaction network depicted
in Scheme 1 provides a simplified representation of the
actual, more intricate mechanism, which typically involves a
series of rearrangements and tautomeric transformations, as
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well as the formation and disappearance of short-lived
compounds, which might be challenging to detect and
quantify.*®*® Additionally, it is worth mentioning that the
product distribution and formation pathways can vary
significantly depending on the specific catalyst and reaction
conditions employed, as has been demonstrated in prior
studies‘17,18,24,59

4 Conclusions

Furfural oxidation with hydrogen peroxide in the presence of
niobia catalysts was explored. Notably, this study revealed a
substantial production of tartaric acid as the main oxidation
product, which has never been reported at such high
quantities in the actual system. Alongside tartaric acid, other
typical oxidation products, such as succinic acid and 2-(5H)
furanone, were detected in significant quantities, leading to a
product distribution.

Among the various synthesized niobia catalysts, Nb-
SBA-15 exhibited the most promising performance in
terms of furfural consumption and tartaric acid
production. This superior catalytic behavior was attributed
to the Lewis acidity of the catalyst, property that
displayed an almost linear relationship with the rate of
furfural consumption.

A compressive reaction network was established based on
the experimental observations. Individual experiments were
conducted with each of the reaction products, and it was
determined that the tartaric acid formation in the system
primarily occurs through the oxidation of maleic acid.
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