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ABSTRACT - As niobia (Nb20Os) is an accessible acid support in Brazil, the objective of this
work was to evaluate the effect of acidity in Ni/Nb2Os catalysts for the hydrogenation of furfural
in liquid phase. Catalysts with 5, 10 and 15 wt% Ni content were prepared by wet impregnation,
activated under H> flow, and tested in furfural hydrogenation at 150°C and 5 MPa of Hz. N»
physisorption results suggest pore blocking on the support as the amount of Ni increased. The
larger crystallites identified in XRD for 15% Ni/Nb2Os probably favored pore blocking, and
the atomic composition in EDS versus XPS indicates a lower metallic dispersion for this solid.
TPR and XPS results suggest all Ni catalysts are primarily constituted of reduced Ni species,
while TPD-NH; confirms that the acidity of the support was passed on to the catalysts. The
15 wt% Ni solid led to a slight decrease in activity, which can be related to its lower dispersion.
Catalysts proved to be promising in terms of selectivity to furfuryl alcohol, which remained
between 60 and 80% throughout the reaction. Also, acid sites-derived product difurfuryl ether

was produced with all catalysts, and can be an interesting addition to the biorefineries portfolio.

KEYWORDS - hydrogenation, biorefinery, metallic loading, nickel, niobium oxide, difurfuryl

ether.



INTRODUCTION

Considering that fossil resources currently dominate the global supply of energy, chemicals and
materials, greener and renewable alternatives need to be explored. Among many available
options, biomass stands out as a readily available source of both fuels and chemicals [1]. Hence
the concept of biorefinery arises, as an industry where a cost-effective conversion of biomass
yields bioproducts and bioenergy simultaneously, with the aid of optimization strategies related

to waste valorization and sustainability [2—4].

There is much potential in the hemicellulosic fraction of biomass. The five-carbon sugar xylose
can be obtained from the acid hydrolysis of xylans (hemicellulose constituent) and be further
isomerized and dehydrated to form furfural, an essential building block. This is the standard
process for furfural production, as the fossil alternative is not economically viable [3,5,6].
Furfural is widely used as a selective organic solvent and has applications in the transportation,
pharmaceutical, and agrochemical industries. This product has more than 80 derivatives,
including tetrahydrofurfuryl alcohol, 2-methylfuran, and furan, but about 65% of its production
is directed towards obtaining furfuryl alcohol [6—10].

The hydrogenation of the aldehyde group in furfural produces furfuryl alcohol, primarily used
to produce furan resins, to which it promotes chemical, thermal and mechanical stability, as
well as resistance to corrosion and solvent action. However, the industrial process in gas phase
uses a copper-chromite catalyst, an environmentally hazardous solid. Thus, new alternatives
have been tested, especially involving supported metal catalysts [6,10,11]. In addition, recent
studies have tested the performance of Ni as an active catalyst for furfural conversion in the
presence of Hz. The Ni-based catalysts show promising results in terms of activity, with
expressive selectivity for hydrogenation, hydrodeoxygenation, decarbonylation, and ring-
opening products [12,13]. Figure S1 presents the most common furfural conversion routes and

reunites the most important information about furfural and furfuryl alcohol.

Considering the support nature, factors related to availability, sustainability, physicochemical
properties, and innovation have been considered. Niobium pentoxide, also known as niobia
(Nb20:s), is able to provide high specific surface area and porosity [ 14], parameters required for
catalysis. Moreover, Nb is widely available in Brazil, responsible for about 88% of global
niobium production [15]. Nb-based solids such as niobia, niobic acid (Nb2Os.nH>0O), and
niobium phosphate (NbOPOs) are well-established acid catalysts [16], used primarily in

reactions that require Bronsted and Lewis acid sites, such as dehydration [17—19]. The catalytic



activity of Nb2Os depends on its degree of hydration and the crystalline phase in which the solid
is found since it presents polymorphism. For calcination temperatures between 100 and 500°C,
the simultaneous presence of Bronsted and Lewis acid sites can be observed [20], contributing

to the acidity of the solid.

Given the above, this research aims to evaluate the acidity effect of Nb2Os as a catalytic support
for furfural hydrogenation in liquid phase. It is noteworthy that the use of niobia in this reaction
system still has not been largely explored in the literature, hence evaluating a low-cost catalyst
such as Ni/NbyOs for possible application in biorefinery processes constitutes the main

contribution of this work.



EXPERIMENTAL

Catalyst preparation

Catalysts comprising Ni supported on NbOs (Nb2Os.nH>O, supplied by the Brazilian
Metallurgy and Mining Company, CBMM) were synthesized by wet impregnation, following
the method described by Suppino et al. [21,22]. Nickel chloride, NiCl, (Sigma Aldrich, 98%
purity), was chosen as the metal precursor. Ni loading was tested as 5, 10 and 15 wt% in an
attempt to boost the performance of this non-noble metal and investigate the influence of this

parameter.

Niobia was synthesized via calcination of niobic acid with synthetic air (80 mL/min) at 400°C
for 4 hours. The wet impregnation was performed by slowly adding the water-diluted precursor
to a suspension containing the support. The suspension was heated to 80°C, and its pH was
adjusted to 7 by the addition of NH4OH (0.5 mol/L) to be above the point of zero charge of the
support (~pH 4), obtained via potentiometric titration and in accordance to Kosmulski [23].
After pH adjustment and filtration, solids were washed with deionized water until chlorine was
no longer identified in AgNOs test. The reduction was accomplished under 60 mL/min H> flow,
at 400°C, for 3 hours. To minimize metal oxidation, catalysts were kept under Ar atmosphere

in order to form a protective layer of inert gas above materials surface [21,22].

Support and catalysts characterization

The solids were characterized by N> physisorption using models BET and BJH, to obtain
information about their textural properties. The analyses were performed at -196°C in a Tristar
Micromeritics equipment (model ASAP 2010). Samples were previously pretreated under
vacuum at 200°C for 12 hours. In all BET graphs, the coefficient of determination was R*>

0,999, which indicates an adequate adjustment of the model.

The elemental composition of the solids was semi-quantitatively evaluated by scanning
electronic microscopy coupled with spectrometric X-ray analysis (SEM/EDS). The analyses
were performed in a LEO Electron microscope (model LEO 440i). For SEM, the conditions
applied were electrical current of 100 pA and 20 kV, with 25 mm focus (magnification 1000x).
Meanwhile, EDS was based on elemental mapping, with a 70 eV system resolution, using the

ZAF method with 4 to 5 interactions.

The crystalline phases of catalysts were investigated with X-ray diffraction (XRD). The



analyses were carried out in a Phillips Analytical X-Ray equipment (model X'Pert-MPD). The
applied conditions were: 26 from 20° to 80°, 0.02° step, 40 kV voltage, 40 mA current, 0.04°/s
scanning, and 0.5 s/step. It is possible to estimate the mean crystallite size (s) using the Scherrer

Equation. For spherical crystallites, the characteristic constant K is often 0.9 [24].

X-ray photoelectron spectroscopy (XPS) was applied to analyze the surface composition and
the oxidation states of the active phase, using a spherical analyzer VSWHA-100 with an
aluminum anode (Al Ka, hv = 1486.6 eV). The pressure achieved was lower than 2.10°'> MPa.
To correct the binding energies, line C 1s with a binding energy of 284.6 eV was considered

for reference.

The profile corresponding to the degree of reduction of previously reduced catalysts was studied
with temperature-programmed reduction (TPR) in a Micromeritics AutoChem 2910 equipment.
In TPR, solids were heated under 60 mL/min flow of a 10% H>/Ar mixture, with a heating rate
of 10°C/min, from 25°C to 600°C. Total time of analysis was around 60 min. The degree of
reduction was estimated by a ratio between the values of actual and nominal H> consumption,

subtracted from 1 (100%).

Temperature-programmed desorption using NH3 as a basic probe molecule (TPD-NH3) was
also performed in a Micromeritics AutoChem 2910 equipment containing a TCD detector, to
study the acidity of the solids. Pretreatment was accomplished with 25 mL/min He flow at
300°C (10°C/min). Saturation was conducted under 25 mL/min NH;3 flow (30% NH3 and 70%
He) for 30 min at 50°C. Samples were flushed with He also for 30 min at 50°C to remove the
physisorbed NHs. Finally, samples were heated to 500°C (10°C/min) and this temperature was

kept for 20 minutes. Total time of analysis was around 65 min.

Catalytic tests

All chemical reagents used in catalytic tests were supplied by Sigma Aldrich, with purity higher
than 98%. Catalysts were externally reduced under H> flow previously to reactions, as described

in the Experimental section.

Catalytic tests were carried out in a slurry Parr reactor of 300 mL capacity initially filled with
300 mg of Ni catalyst, 38.9 g of 2-propanol, chosen as solvent, and 2.1 g of heptane, used as an
internal standard for chromatographic quantification. The reactor was hermetically closed,
purged with N three times, and subsequently pressurized to 5 MPa of H> with agitation adjusted
to 1000 rpm. When reaction temperature of 150°C was reached, 8.7 g of furfural were added



directly to the reactor through an ampoule, to obtain a substrate concentration of 1.5 mol/L.

Reactants and products were quantified in an HP-5890 series II gas chromatograph equipped
with a flame ionization detector (FID). A calibration curve was constructed with the internal
standard. The injection in triplicate suggests a standard deviation below 5%. An OV-5 capillary
column was used, with 5% diphenyl and 95% dimethylpolysiloxane stationary phase. Samples
collected at the end of the reaction (5 hours) were also submitted to gas chromatography
coupled with mass spectrometry (GC-MS) using a Perkin Elmer equipment (GC: AutoSystem
XL and MS: TurboMass). Similar analytical conditions were applied, with an NST-5 capillary

column.

Conversion was calculated as moles of furfural reacted divided by moles of furfural in the
beginning of the reaction. Selectivity was calculated as a mole percentage of a product in

relation to all identified liquid products.



RESULTS AND DISCUSSION

Characterization results

Table 1 presents the results of metal content, specific surface area, mean pore diameter and
crystalline domain size. There is an agreement between the nominal metal loading of the solids
and the results given by the EDS analysis. No signs of residual chlorine were identified.
Additionally, the SEM images in Figure S2 show no modifications related to morphology after

metallic impregnation.
[attach Table 1]

The isotherms obtained by N> physisorption are present in Figure S3. The support and Ni
catalysts possess type IV(a) isotherms which correspond to mesoporous solids [25]. The Nb2Os
support has a specific surface area of 126 m*/g, which agrees with previously reported values
for Nb,Os calcined at 400°C [26,27]. The impregnation of Ni on the surface of niobia did not
affect the total pore volume, however there was a slight but gradual decrease in the specific
surface area of the catalysts, if compared to the support (up to 30% for 15%/Nb2Os). Also, an
increase in the mean pore diameter of supported catalysts was noticed with the increase of Ni
loading. These findings suggest the occurrence of a partial pore blockage on the support, more

significant as the amount of impregnated Ni increased.

Figure 1 contains the XRD diffractograms for the calcined support, as well as for the Ni reduced
catalysts. The XRD results indicate the presence of a predominantly non-crystalline structure
for the support. Otherwise, it is observed some crystallinity degree by the Ni metallic phase for
the three catalysts. Peaks corresponding to metallic Ni (JCPDS 01-070-1849) were identified,
leading to the conclusion that at least some degree of reduction was achieved at 400°C and pure
H: gas. As shown in Table 1, the solid containing 15 wt% Ni has the largest mean Ni crystallite
size (32 nm). Therefore, the larger crystallites likely favored pore blocking.

[attach Figure 1]

As for the TPR results, values of peak temperature and degree of reduction are reported in Table
2, while the H> consumption profiles for previously reduced catalysts are present in Figure 2. It
is essential to highlight that the TPR was performed to evaluate the efficiency of the reduction
method and how much of the metallic phase would remain on the surface after catalysts were
exposed to the atmosphere. The profile corresponding to the support is also shown, which is

proved irreducible under the conditions applied.



[attach Table 2]
[attach Figure 2]

The H> consumption peaks identified in TPR at a temperature range of 150-200°C are probably
due to the oxidation of Ni in the form of Ni(II), which is typical for non-noble catalysts exposed
to atmospheric conditions [28]. Surface reoxidation in this temperature range has been reported
elsewhere [29,30]. Considering this hypothesis, all Ni catalysts present a degree of reduction
higher than 95%, which confirms that the reduction was appropriate and effective, and that the

atmospheric exposure did not lead to significant oxidation for none of the catalysts.

As for the XPS results, Table 3 shows the binding energies of the peaks found in each spectrum
and the probable surface composition of the catalysts. To verify that the metallic active phase
for hydrogenation is indeed on the surface, there is also a comparison between the Ni/Nb atomic
ratios measured through XPS and EDS. Figure 3 presents the XPS spectra for the 5, 10 and
15 wt% Ni catalysts.

[attach Table 3]
[attach Figure 3]

Peaks around 852 eV and 855 eV were commonly observed for Ni catalysts. The binding energy
of 852 eV corresponds to Ni(0) while the peak in 855 eV can be attributed to Ni(Il) [31], which
has also been reported for other Ni catalysts reduced by H» flow at 400°C [30]. Therefore, the
TPR and XPS results suggest that all three Ni catalysts are primarily constituted of reduced Ni

species, with a partially oxidized surface of a few atomic layers depth.

Another possible analysis of the surface properties can be accomplished by comparing the
atomic composition using the ratio Ni/Nb, which indicated an enrichment of Ni over the surface
when compared with the bulk composition for all catalysts. However, the difference between
the ratios is less pronounced for the 15 wt% Ni solid. This solid presented an increase of 78%
in its mean crystallite size, compared to 10% Ni/NbOs, therefore it is expected that the metal

dispersion on the surface has been compromised.

Table 4 shows the TPD-NHj3 results, while Figure 4 displays the profiles obtained in the
analyses for the support and catalysts. The support presents a total acidy of 676 umol NH3/g,
primarily including weak and medium-strength acid sites [32]. This TPD profile is consistent
with previous studies with calcined Nb»Os, also provided by CBMM [17,33]. The acidity values

tend to drop with the increase of calcination temperature, once the crystalline transition causes



suppression of acid sites [20]. Therefore, the acidity values found for niobia calcined at 300°C

[33], at 400°C (this work), and 500°C [17] decrease with calcination temperature, as expected.
[attach Table 4]
[attach Figure 4]

In terms of total acidity, there has been little change between the support and the Ni catalysts,
with a maximum decrease of 12%. As observed in Table 1, the specific surface area of the
catalysts was gradually reduced as the Ni loading increased, resulting in an increase in acid sites
density with the increment in metal content. A peak near 400°C, observed for all Ni supported
catalysts, differentiates their acidity in relation to the support. According to Guo and Zaera [34],
oxygen species originated from partially oxidized surfaces can act as Lewis acid sites for NH3
adsorption. As discussed earlier in this work, the presence of partially oxidized Ni over the

surface was detected for all catalysts.

The TPD-NH3 results display similarities in acidity for all evaluated materials, which suggests
that metallic impregnation, calcination and reduction thermal treatments did not significantly
alter the natural acidity of the support. Therefore, the presence of acidity in the metal-supported
catalysts makes them bifunctional, capable of promoting not only hydrogenation to furfuryl

alcohol but also other reactions that take place in acid sites [35].

Reaction results

Before discussing the results obtained with Ni as active phase, it is important to mention that a
control reaction was performed using only the calcined support (Nb2Os) as catalyst. After Sh,
less than 5% conversion was obtained, with traces of furfuryl alcohol identified. Thus, the
support could not hydrogenate furfural on its own, and a metallic active phase is needed in this
case. Moreover, the presence of acid sites in niobia might have led to the transformation of
furfuryl alcohol to difurfuryl ether, as traces of this last compound was found. This result is an
illustration of the acidic characteristic of the support, as it seems to be active for this dehydration

reaction.

Another important detail is that, in the reactions of this research, the solvent 2-propanol did not
act as an H, donor in a Meerwein-Ponndorf-Verley mechanism (MPV), as observed by Li et al.
[36]. Typical products of 2-propanol decomposition, such as acetone and isopropyl ethers, were
not identified in the chromatograms, so the H> consumed in the reactions came exclusively from

the high-pressure atmosphere created in the reactor.
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Figure 5 presents the furfural conversion profile, while Figure 6 presents selectivity to furfuryl
alcohol and difurfuryl ether throughout the reactions, with 5, 10 and 15 wt% Ni catalysts. A
similar performance was observed with all three solids, with a gradual increase of furfural
conversion overtime achieving 39, 47 and 41% after 5 h for 5, 10 and 15% Ni/Nb,Os,
respectively. Despite containing a greater amount of impregnated Ni, which is the active phase
responsible for hydrogenation, 15% Ni/Nb,Os presented a slight decrease in catalytic activity.
This behavior can be related to a lower metallic dispersion in this catalyst, as suggested by the
largest mean crystallite size, 32 nm (XRD result, Table 1), and also by the value encountered
for Ni/Nb atomic ratio (XPS result, Table 3), which can lead to a decrease of potential active

sites on the surface.
[attach Figure 5]
[attach Figure 6]

Despite the loss in activity with the increase of Ni loading, it is vital to highlight the selectivity
tendency that all three solids have presented. Figure 6 shows that the selectivity to furfuryl
alcohol remains roughly between 60% and 80% throughout the reaction time for all Ni catalysts.
Although these catalysts can be considered bifunctional, as they retained the acidity of the

support, the main reaction product was furfuryl alcohol.

The selectivity results are of great interest, as furfural in the presence of Hz can originate other
products, as seen in Figure S1. Table S1 presents Ni catalysts used in furfural hydrogenation to
furfuryl alcohol previously reported in the literature. These catalysts were tested in liquid batch

reactions, in experimental conditions similar to this work (synthesis, activation, reaction).

Among all previous applications of Ni in furfural conversion, only 18 were selected according
to the criteria previously described, which proves that it is hard to obtain high selectivity to
furfuryl alcohol with Ni as active phase. Even so, Ni/Nb2Os catalysts in this research presented

selectivity to furfuryl alcohol comparable to the best results reported in the literature.

Considering this work was exploratory - an introduction of a new catalyst in a selected reaction
system — there was not an attempt to optimize the catalytic activity. In turn, since the potential
of Ni/Nb,Os to produce furfuryl alcohol has been proven, it is now possible to optimize reaction

parameters in future research.

The GC-MS analyses were carried out to identify by-products possibly correlated to the nature
of the support. The results suggest the presence of difurfuryl ether, with selectivity values of
20-40% throughout the reaction. In the presence of bifunctional catalyst Ni/Nb.Os, furfural was

11



firstly hydrogenated to furfuryl alcohol in metallic sites, followed by etherification in acid sites,
as also reported elsewhere [37-39]. Difurfuryl ether is widely applied in the food industry as a
flavoring agent, and its most common synthesis route is a two-step process of bromination
followed by etherification, which is known as environmentally hazardous, so new alternative

processes need to be explored [40].

A catalyst recycling test was performed to assess catalyst reusability, and a new set of reactions
was carried out with the 10 wt% Ni catalyst, in the same conditions. This catalyst was chosen
for the reusability tests due to the higher results in converting furfural on the fresh test (47%).
On its second use, a conversion of 42% was obtained, practically repeating the performance of
the fresh catalyst. However, in a third cycle, the activity dropped considerably (17%). It is
noteworthy that the catalyst was not submitted to any sort of treatment before its reuse, which
could restore most of its activity. A more future study, regarding the deactivation mechanism
and potential regeneration is required to fully assess these results. Nevertheless, the catalyst
was able to maintain the same selectivity profile in all three reactions, with nearly no loss in the
production of furfuryl alcohol and difurfuryl ether. The results can be found in Figure S4

(conversion) and Figure S5 (selectivity).

To investigate whether selectivity would be maintained for a long time, catalyst 10% Ni/Nb2Os
was tested in a 10-hour reaction. Apparently, this is a system with steady selectivity, regardless
of the time frame or catalytic cycle. It is worth mentioning that the conversion profile resembles
a second-degree polynomial and tends to stabilize around ten hours, at approximately 55%
furfural conversion. Nevertheless, doubling the reaction time has only increased furfural
conversion in ca. 5%, which could not be a feasible aspect considering a future industrial
application of this catalyst. Modifications in catalytic synthesis or reaction conditions should
be performed in order to achieve higher conversions and is a topic for future research. The

results are presented in Figure S6 (conversion) and Figure S7 (selectivity).

In summary, the Ni/Nb>Os studied in this work was found to be predominantly selective to
furfuryl alcohol, currently the most important furfural derivative. As selectivity is a crucial
parameter to the viability of a production process, especially in terms of downstream operations,
this reaction system has the potential to be integrated into biorefineries. There are also many
advantages in terms of catalyst constitution, as a simple synthesis and activation procedure is
proposed, and Ni is an accessible and inexpensive metal. Also, the use of niobia as catalytic
support for furfural hydrogenation is still incipient, and this work is the first report with Ni-

supported catalysts in this reaction. As niobium is a strategic asset for Brazil, a niobium-based

12



Ni catalyst could be an interesting addition to the Brazilian biorefinery portfolio. Furthermore,
the findings of this work provide an alternative production process of difurfuryl ether that can

also benefit the food industry.

CONCLUSION

The present work was conceived from the question: what would be the influence of niobia as
support in Ni catalysts for the hydrogenation of furfural? From there, a series of developments
emerged. However, it is believed that the central question has been answered: Ni/Nb2Os
catalysts are capable of hydrogenating furfural to furfuryl alcohol, with the direct influence of
metallic loading, whereas the acidity of the support also plays a crucial role in the reaction, as

difurfuryl ether was found in the reaction medium.

The results obtained can be considered promising. In the reaction conditions applied in this
work, catalysts were able to maintain a high and steady selectivity to furfuryl alcohol for at least
ten hours. However, the increase of Ni loading from 10 to 15 wt% did not lead to a higher
catalyst activity, probably due to an impaired dispersion of Ni on the surface. All in all, a steady
selectivity is ideal for industrial processes, and due to its high availability in Brazil, expanding
the knowledge about niobium applications can lead to significant economic and technological

advances for our country.
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FIGURE CAPTIONS

Fig. 1 - XRD diffractograms for Nb2Os and catalysts containing 5, 10 and 15% Ni/Nb2Os.
Fig. 2 - TPR profiles for Nb,Os and previously reduced 5, 10 and 15% Ni/Nb2Os catalysts.
Fig. 3 - XPS spectra for 5, 10 and 15% Ni/Nb2Os.

Fig. 4 - TPD-NH3 profiles for Nb,Os and catalysts containing 5, 10 and 15% N1/Nb2Os.

Fig. 5 - Conversion of furfural measured throughout the reactions catalyzed by 5, 10 and 15%

Ni/Nb2Os. Reaction conditions: 5 MPa of H, 150°C, agitation of 1000 rpm, 300 mg of catalyst.

Fig. 6 - Selectivity to furfuryl alcohol and difurfuryl ether measured throughout the reactions
catalyzed by 5, 10 and 15% Ni/Nb2Os. Reaction conditions: 5 MPa of H», 150°C, agitation of
1000 rpm, 300 mg of catalyst.
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Table 1 - Ni loading obtained by EDS, textural features obtained by N> physisorption, and

mean Ni crystallite size obtained by XRD using the Scherrer Equation.

Specific Mean pore  Ni (111) mean

% N1
Material surface area  diameter crystallite size
(W/w)
(m?/g) (nm) (nm)

Nb20s - 126 5.7 ---

5% Ni/Nb2Os 5 111 6.7 17

10% Ni/NbOs 10 104 7.0 18

15% Ni/NbOs 14 89 7.5 32
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Table 2 - Peak temperature and degree of reduction obtained by TPR.

Peak Degree of

Material temperature reduction
(°O) (%)
Nb2Os - -
5% Ni/Nb2Os 170 95
10% Ni/Nb2Os 161 95
15% Ni/Nb2Os 157 98
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Table 3 - Surface composition obtained by XPS and comparison of Ni/Nb atomic ratio in

XPS and EDS.
Material Binding Probable species Ni/Nb atomic ~ Ni/Nb atomic
Energy (eV) on the surface ratio in XPS ratio in EDS
852.2 Ni(0)
5% Ni/Nb2Os 855.1 Ni(II) 0.23 0.13
860.7 satellite peak
852.3 Ni(0)
10% Ni/Nb2Os 855.3 Ni(II) 0.93 0.31
860.6 satellite peak
852.3 Ni(0)
15% Ni/Nb2Os 855.3 Ni(II) 0.50 0.41
860.7 satellite peak
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Table 4 - Total acidity and acid sites density obtained by TPD-NHj.

Acid sites
Total acidity '
Material density
(umol Nu3/g) 5
(umol NH3/m )

Nb2Os 676 54
5% Ni/Nb2Os 619 5.6
10% Ni/Nb2Os 673 6.5
15% Ni/NbOs 593 6.7
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