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Niobium oxide deposited on high surface area
graphite as a stable catalyst in the 1-butanol
dehydration reaction
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Niobium oxide, a promising catalyst for acid-catalyzed reactions in water-rich environments, often faces
challenges due to its low specific surface area and performance highly dependent on synthesis conditions.
In our study, niobium oxide was dispersed over a high-surface-area graphite support (HSAG), and the
resulting composite catalysts were evaluated in the continuous gas-phase dehydration of 1-butanol under
mild conditions (275 °C, atmospheric pressure). We systematically investigated the effects of the niobium
precursor (chloride vs. oxalate), Nb loading (from 1/6 to 4/3 of the theoretical monolayer), and synthesis
method—incipient wetness impregnation (IW) vs. urea-assisted deposition-precipitation (DP). Catalysts
prepared by IW showed reduced surface areas and evidence of Nb oxide aggregation or partial reduction
(NbO,), while the DP method led to better dispersion, preservation of mesoporosity, and formation of
orthorhombic Nb,Os, as revealed by X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD).
Despite similar acid strength distributions, measured by ammonia temperature-programmed desorption
(TPD-NH3), catalytic stability varied markedly across samples. The DP catalyst exhibited outstanding stability
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deactivated IW samples. These findings demonstrate that the synthesis method governs catalyst dispersion,

rsc.li/catalysis

1. Introduction

Due to their unique characteristics, niobium compounds and
oxides find applications across various fields, including
sensors' and solar cells.”> Additionally, niobium'’s thermal and
mechanical resilience enhances the durability of materials,
and its versatility makes it valuable in the formulation of
catalysts.>* From this perspective, niobium displays unique
properties not found in neighboring elements on the periodic
table. These include high stability, strong oxygen affinity—
leading to the formation of reactive surface species—and the
ability to establish strong metal-support interactions.**
Furthermore, niobium exhibits remarkable versatility in the
oxides it can form, primarily appearing as NbO, Nb,O3;, NbO,,
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stability, and resistance to deactivation.

and Nb,Os, with the latter being the most thermodynamically
stable. Nb,Os may adopt various crystalline structures, with
pseudohexagonal, orthorhombic, and monoclinic being the
most common forms, listed in order of stability.”® In its
catalytic applications as an acidic solid, Nb,Os is often
utilized in its hydrated form, known as niobic acid
(H,Nb,Og). This material is an amorphous, water-insoluble
solid composed of distorted NbO, tetrahedra and NbOg
octahedra, similar to amorphous Nb,Os, and contains acidic
protons within its structure.” This acidic solid possesses
strong acidity, approximately 70% of that of H,SO,4,® and can
exhibit both Lewis and Brensted acidic characters. Its appeal
lies in the tunability of its acidic nature and the unique
catalytic behavior of its acid sites, which is not observed in
other acid catalysts with similar properties. The Bronsted acid
sites present in the hydrated form of niobium pentoxide are
attributed to the presence of surface hydroxyl (-OH) groups,
primarily associated with the Nb-O bonds in distorted
polyhedra and their connection points.” In contrast, Lewis
acid sites are distributed within NbO, tetrahedra and can
retain their functionality even in the presence of H,O. These

This journal is © The Royal Society of Chemistry 2025
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bonds are highly polarized and can fluctuate between Nb-OH
and Nb=0 configurations depending on proton abstraction.>"’

One of the most intriguing catalytic features of niobium
oxides is the interaction and tolerance of their acidic sites
with water molecules or protic compounds, such as alcohols.
In the presence of water, niobium oxides exhibit a reversible
transformation where Lewis acid sites convert into
catalytically active Bronsted acid sites."" This transformation
has been clearly observed in Brgnsted acidity test reactions,'
where introducing water enhances activity, unlike other solid
acids, including metal oxides and zeolites. This behavior is
particularly beneficial in biomass valorization reactions, such
as esterification, which involves alcohols."® Moreover, while
Lewis acid sites on metal oxides or zeolites are generally
blocked by water adsorption, reducing catalytic activity,
niobium oxides retain efficient acidic sites even after forming
an acid-base adduct (NbO4~H,0) on the surface.'* This
feature is especially useful in aqueous-phase reactions, with
successful results shown in processes such as glucose
to 5-hydroxymethylfurfural,’®> production of
aromatics from lignin,'"® and the transformation of
y-valerolactone into pentanoic acid."”

Bioalcohols are essential biomass-derived compounds
with substantial potential to replace petroleum derivatives,
especially in challenging-to-decarbonize sectors.'® Among
short chain bioalcohols, bioethanol and biobutanol are
particularly noteworthy due to their significant roles. While
bioethanol remains the most widely produced bioalcohol,
biobutanol is gaining importance in the sustainable fuel
market because of its superior properties.’®*' Known as
n-butanol (hereafter referred to as BuOH), it is highly suitable
as a direct fuel and valuable as a raw material for high-value
products, owing to its higher carbon content.>** The
expected growth in biobutanol production demands efficient
catalytic processes for its transformation, primarily through
reactions that either retain or remove oxygen.>** The
dehydration of BuOH, besides releasing a water molecule,
can proceed via two pathways (Scheme 1): (i) the
intermolecular route, involving the condensation of two
1-butanol molecules forming DNBE (di-n-butyl ether) which
may subsequently undergo the elimination of a BuOH
molecule, resulting in the formation of the olefin 1-butene,

conversion

P N N NG

di-n-butyl ether (DNBE)

SN on l - BuOH
1-butanol i
U
(BuOH) /\/ + H0
1-butene
Isomerization 1L
Isomerization
X =
trans-2-butene cis-2-butene
Scheme 1 Reaction pathways for 1-butanol dehydration: (i)

intermolecular dehydration and (ii) intramolecular dehydration.
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and (ii) the intramolecular route through elimination of
water from a single molecule, directly producing 1-butene.
Generally, 1-butene readily isomerizes into a mixture of linear
C4 olefins, or n-butenes, which have a well-established
market for direct applications.>***> Moreover, these C4 olefins
can be further oligomerized and hydrogenated to yield jet
fuel-range hydrocarbons, potentially replacing jet fuel
through the alcohol-to-jet (ATJ) pathway.>**”

The design of effective catalysts for BuOH dehydration
reactions has focused on those predominantly containing
either Lewis or Bregnsted acid sites, with y-Al,O5 (ref. 28-30)
and the acidic zeolite H-ZSM-5 (ref. 31-36) serving as model
catalysts, respectively. While catalysts with Lewis acid sites
demonstrate substantial stability over reaction time, they
typically require higher contact times and temperatures to
achieve acceptable levels of selectivity and conversion.*”**
However, these elevated temperatures lead to a decrease in
selectivity toward butenes, as cracking reactions occur,
resulting in the formation of lower molecular weight
compounds such as methane, ethylene, or propylene.*
Meanwhile, although catalysts with Brensted acid sites
exhibit significantly higher catalytic activity,">*" they often
suffer from high deactivation rates and selectivity losses due
to the occurrence of secondary reactions.*> Catalyst
deactivation, a key factor in sustainable butene production
and somewhat related to the type of active site involved, is
often underestimated in the research phase, yet it is crucial
when designing and implementing a process, as it can
determine its feasibility.**

In the search for alternative materials that can overcome
the limitations associated with both Lewis and Brgnsted acid
site-based catalysts, niobium pentoxide has emerged as a
promising candidate. A primary drawback of niobium oxide-
based materials is their typically low specific surface area,
which has driven extensive research efforts toward developing
synthesis methods that produce mesoporous structures with
enhanced surface exposure.**** Additionally, supported
niobium oxides exhibit highly variable catalytic behavior
depending on the oxide loading. This variability gives rise to
the formation of different polymeric species, which may
generate catalytically active sites at the junctions between
isolated species.**®

Owing to the unique acidic properties and structural
versatility of niobium oxides, catalysts derived from these
materials show significant potential for application in BuOH
dehydration reactions. Accordingly, this study presents
catalytic results obtained by dispersing niobium oxide onto
high-surface-area graphite (HSAG), evaluating the effects of
oxide loading, as well as the influence of two different
niobium precursor salts and two distinct synthesis methods.

2. Materials and methods

2.1. Catalyst synthesis

The HSAG (Sggr = 396 m> g™') employed as a support was
supplied by Timcal.
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2.1.1. Catalysts prepared by incipient wetness
impregnation (IW). The effect of the niobium oxide loading
on the support was studied using niobium chloride (NbCls,
Alfa Aesar, 99.95%) as a precursor, employing the IW
method. The unit cell of Nb,O5 corresponds to a theoretical
surface coverage of 6.3 Nb atoms per nm?**"*® Catalysts
were prepared using an appropriate solution volume with
absolute ethanol as the solvent, achieving theoretical
monolayer coverage values ranging from low levels, ensuring
high dispersion (1/6 of the theoretical value), to values
exceeding the theoretical monolayer (4/3), with intermediate
levels of 1/3 and 2/3 of the theoretical monolayer. Secondly,
a catalyst with a theoretical monolayer coverage of one-third
(1/3) of the total was synthesized using the IW method and
a niobium oxalate precursor salt (Nb(HC,O,)s, Alfa Aesar).
Due to the low solubility of niobium oxalate, a 0.1 M oxalic
acid solution was used to completely dissolve the required
amount of precursor salt.

2.1.2. Catalyst prepared by the deposition-precipitation
(DP) method. Similarly, a catalyst with a theoretical niobium
oxide content sufficient to cover 1/3 of the support surface
was prepared using the DP method assisted by urea. Briefly,
the required amount of niobium oxalate precursor salt was
mixed with 250 mL of water in a round-bottom flask, and
urea (CH4N,O) was added in a stoichiometric molar ratio of
2.5 (mol urea per mol Nb). The mixture was stirred vigorously,
heated to 90 °C, and maintained under reflux for 17 h. Then
it was filtered and repeatedly washed with distilled water.
After synthesis, all materials were dried at room temperature
for 12 h and then in an oven at 100 °C for 24 h and further
calcined in static air at 400 °C for 4 h, following a heating
program of 5 °C min~* from room temperature to 400 °C.

Table 1 provides a summary of the synthesized samples
along with the nomenclature to be used, which specifies the
theoretical monolayer percentage as well as the method and
precursor used for each sample.

2.2. Catalyst characterization

The textural properties of the synthesized catalysts were
evaluated by obtaining N, adsorption-desorption isotherms at
liquid nitrogen temperature (-196 °C). The experiments were
conducted using an ASAP2020 device (Micromeritics). Prior to
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measurement, the samples were degassed under vacuum at
150 °C for 16 hours. Given the mesoporous nature of the
synthesized catalysts, the specific surface area was determined
using the BET method. The total pore volume was estimated
from the adsorbed amount at a relative pressure of 0.97, and
the average pore size was calculated using the BJH method
based on the desorption branch.

Thermogravimetric analyses (TGA) were carried out in an
SDT Q 600 apparatus (TA Instruments) for both fresh (after
thermal activation and pre-reaction) and spent catalysts (post-
reaction), under inert (He, 100 mL min~") and air atmospheres
(100 mL min "), respectively. The temperature program ranged
from 30 °C to 800 °C (10 °C min ') and the evolution of the
released gases was monitored using quadrupole mass
spectrometry (Pfeiffer Vacuum Omnistar™ GSD 301).

Structural analysis of both fresh (before reaction) and
spent catalysts (post-reaction) was carried out using X-ray
diffraction (XRD) on a Polycrystal X'Pert Pro PANalytical
diffractometer equipped with a copper anode X-ray source
emitting characteristic Ko radiation (1 = 0.1544 nm),
operating at 45 kV and 40 mA. Bragg angles were measured
between 4° and 90° at a step rate of 0.04° s*

The dispersion of the niobium oxide domains over the
HSAG support was studied by scanning transmission electron
microscopy (STEM) by means of a JEOL JEM 3000F
microscope operated at 300 kV and employing a spot size of
0.14 nm. X-ray energy dispersive spectroscopic (EDS)
mapping analysis was performed with an ADF (GATAN)
detector. The samples were ground and ultrasonically
suspended in ethanol before microscopic analysis.

The electronic surface analysis and elemental surface
composition measurements of the catalysts
conducted using X-ray photoelectron spectroscopy (XPS) on
an Omicron spectrometer by SPECS, equipped with a
PHOIBOS 100 R4 analyzer and an aluminum X-ray source
(Koo = 1486.6 eV), operating at 75 W (12.5 kV and 6 A),
with a pass energy of 30 eV and an energy step of 0.050
eV. Each sample was pressed into a small pellet, placed
in the sample holder and degassed in the chamber for 6-
8 h to achieve a dynamic vacuum below 10™® Pa before
analysis. Spectral analysis was performed using CASA XPS
software, correcting the binding energy using the C(1s)
signal from the aromatic ring of graphite at 284.6 eV.

were

Table 1 Synthesis conditions, composition and textural properties of the synthesized catalysts

Nominal Nb  Theorical Nb coverage = Nb bulk BET surface area  Mesopore diameter ~ Pore volume
Sample Precursor weight (%) (% monolayer) content (%) (m>g™) (BJH)” (nm) (em® g™
HSAG — — — — 396° 5.7 0.47¢
1/6Nb(C])-IW  NbCls 6.1 16 — 240 4.3 0.30
1/3Nb(Cl)-TW NbCl5 11.5 33 12.6 219 3.9 0.22
2/3Nb(C)-TW  NbCl, 20.6 66 — 201 3.3 0.18
4/3Nb(Cl)-IW NbCl5 34.1 133 — 165 3.2 0.13
1/3Nb(OX)}-TW ~ Nb(HC,04)s 11.5 33 10.1 205 4.3 0.17
1/3Nb(Ox)-DP  Nb(HC,0,); 11.5 33 9.0 356 6.4 0.42
“ Determined by TGA in air considering that the final residue after complete carbon combustion corresponds to remaining Nb,Os. ? BJH

desorption average pore diameter. ¢ Data reported in ref. 49.
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The acidity of the catalysts was characterized by NH;-TPD
analysis, performed on a Micromeritics 2420 instrument.
Approximately 100 mg of the sample was treated in a He flow
at 350 °C to clean the catalyst surface before NH;
chemisorption. NH; was adsorbed at 100 °C, and the catalyst
was held under an inert atmosphere for 1 h to desorb weakly
bound NH;. The temperature was then ramped up at 10 °C
min! to 350 °C, with NH; desorption
monitoring, followed by isothermal conditions for 1 h.

continuous

2.3. BuOH dehydration reaction

Reaction tests were carried out using 150 mg of catalyst pre-
calcined at 400 °C. Before testing, the catalysts were pressed and
sieved to obtain grains between 0.35 mm and 0.55 mm, forming
a catalytic bed with CSi. Prior to the introduction of 0.04 mL
min~" of liquid BuOH into the reactor (using an HPLC pump),
the catalytic bed was stabilized at the reaction temperature (275
°C) for 1 h. The gas products were analysed online by means of a
gas chromatograph (450-GC) equipped with thermal conductivity
(TCD) and flame ionization (FID) detectors. The compounds
with high boiling points (BuOH and DNBE) were condensed and
collected every reaction hour. These liquid samples were
weighed and analysed using the same gas chromatograph, but
in this case only the FID was used.

The butanol conversion (Xguou (%)) and selectivity to
product i (S; (%)) were estimated employing the following
equations, respectively:

[ Fuonlin ~ [ FeuoH]

Xpuon (%) = out .100

[ Feuonlin

n;i F;

S; (%) = .
¢ (%) [ Fruonlin ~ [Fruor]ou

100

where [Fpyonlin represents the molar flow of butanol fed to

the reactor, [Fguomnout 1S the butanol molar flow at the reactor
exit, F; is the molar flow of product i (expressed in pmol
min ') and 7; is the stoichiometric factor of product i relative
to BuOH. The catalytic activity, per gram of catalyst or active
phase (7.,.), is defined as:

. .. o1 - X | F :
Catalytic activity (pmolg,oy min~ ' g7') = Xwwort [ Froonliy
100-Mcat

The carbon mass balance CB (%) is determined as:

2 1i Fi + [ Fpuon] oy

CB (%) = - -100

[ Fruomlip

3. Results and discussion
3.1. Textural and structural properties

Table 1 summarizes the textural parameters of the graphitic
support and synthesized catalysts, and Fig. S1 shows the N,
adsorption-desorption isotherms for the HSAG support and

This journal is © The Royal Society of Chemistry 2025
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catalysts synthesized with niobium chloride. As observed,
the isotherm of the HSAG support is type IVa (IUPAC) with
an H3 hysteresis loop, typical of mesoporous materials
formed by disordered graphitic layers. While the isotherm
shape of the synthesized catalysts remained similar to that
of HSAG, the specific surface area decreased significantly,
from 396 m> g for pristine HSAG to 165 m> g for the
catalyst with niobium content exceeding the theoretical
monolayer. Even the lowest niobium-loaded catalyst shows a
reduced surface area of 240 m> g'. Despite these
reductions, the catalysts retain high specific surface area,
exceeding values reported for mesoporous niobium oxides
in other studies."” As observed in Table 1, increasing
niobium loading reduces surface area, pore size, and pore
volume values. This is likely due to niobium oxide covering
the edges of the graphitic layers, which contributes to
mesoporosity, leading to reduced pore dimensions and
volumes.*® Fig. S2 shows the N, isotherms for catalysts
with a theoretical coverage of 1/3 of the monolayer,
synthesized by the two different methods (IW and DP), with
niobium oxalate as the precursor. Interestingly, the
synthesis via the DP method produces a material with
significantly greater adsorption capacity compared to the
IW method, resulting in an enhanced specific surface area
and pore volume (1/3Nb(Ox)-DP). It is important to note that
the HSAG used as a support is a lamellar material whose
mesoporosity arises mainly from interparticle voids rather
than from interlayer spacing or intrinsic microporosity. No
exfoliation or expansion of the graphite layers is expected, as
no intercalating agents or high-energy treatments were
applied during synthesis. Hence, the higher surface area of
the DP sample is most likely due to the preservation of the
interparticle porosity. In the IW method, the concentrated
precursor solution can lead to localized deposition and
partial pore blockage between graphite particles, thus
reducing both surface area and pore volume. In contrast, the
urea-assisted  deposition-precipitation route  promotes
gradual and homogeneous deposition of niobium species,
minimizing obstruction and allowing better access to the
existing porous network of the HSAG support.

The strong affinity of niobium for oxygen facilitates the
decomposition of its precursors and the subsequent
formation of niobium oxide at the calcination temperature
(400 °C).>° This is supported by gas evolution analysis during
thermal treatment under an inert atmosphere, as exemplified
in Fig. S3 for the 2/3Nb(Cl)-IW sample. In the fresh material,
mass spectrometric signals corresponding to chlorinated
species (m/z = 36) appear at around 200 °C, indicating
precursor decomposition. These signals disappear in the
sample obtained after calcination in air at 400 °C for 4 hours
and remain absent up to the maximum temperature tested
(800 °C), confirming the complete removal of chlorine. This
behaviour consistently observed in all catalysts
synthesized using niobium chloride as the precursor.

Thermogravimetric analysis under an air atmosphere,
performed after the activation treatment, provides an

was
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estimate of the niobium oxide content in the catalysts.
Assuming full combustion of the carbon support and that
the residue consists entirely of Nb,Os, the measured niobium
content is consistent across the catalysts and close to the
theoretical value, enabling a direct comparison of their
catalytic behaviour. As shown in Fig. S4 and collected in
Table 1, the final weights for the samples with a nominal
loading corresponding to 1/3 of a monolayer are similar and
closely match the theoretical Nb,Os content of 11.5%, with
minor deviations due to physisorbed water. The slightly
higher niobium oxide content for 1/3Nb(Cl)-IW (12.6%) is
attributed to partial decomposition of the chloride precursor
in ambient moisture. In contrast, the oxalate precursor (1/
3Nb(Ox)-IW) provides niobium content closer to theoretical
levels (10.1%), while the DP method (1/3Nb(Ox)-DP) may not
fully incorporate all niobium from the solution (9.0%).

The structural study of the catalysts after activation
treatment via XRD (Fig. 1) reveals significant differences
between the samples. In addition to the characteristic
diffraction peaks of the HSAG support, including a
pronounced peak at 20 = 26°, corresponding to the (002)
reflection plane of graphite, the incorporation of niobium
species generates low-intensity signals attributed to NbO,
species, whose intensity is more perceptible in the high
loaded samples but is absent in the catalyst synthesized by
DP. Despite the lower stability of NbO, compared to Nb,Os
and the lack of such species in similar treatments on silica,”
their stabilization can be attributed to the reducing nature of
the carbonaceous support. Carbon materials are well-known
for their ability to reduce metals at high temperatures, often
facilitating the formation of niobium carbides starting from
intermediate oxidation states.”® These species can appear at
relatively low temperatures,” although higher temperatures
are typically required when working with bulk niobium oxide
materials. In contrast, the diffractogram of the sample
synthesized by deposition-precipitation (1/3Nb(Ox)-DP)
shows distinct, albeit low intensity, signals. Notably, the peak

1/3Nb(Ox)-DP

1/3Nb(Ox)-IW

4/3Nb(Cl)-IW

Counts (a.u.)

2/3Nb(Cl)-IW

1/3Nb(CI)-IW
HSAG

30 40 50 60 70 80 90
o
20()
Fig. 1 XRD patterns of supported niobium catalysts after thermal
treatment.

|
=
=/

1
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corresponding to the (001) plane of the orthorhombic Nb,O5
structure (PDF 30-0873) appears at 260 =~ 22°. These
diffraction signals are absent in the catalysts synthesized by
IW, further highlighting differences in the crystallinity and
dispersion of niobium species between the two synthesis
methods.

Additional insight into the morphology and surface
distribution of the niobium species was obtained by STEM.
Although the resolution of the acquired micrographs limits
detailed structural interpretation, qualitative trends are
apparent among the four samples analyzed (Fig. S5). The
catalyst prepared via deposition-precipitation (1/3Nb(Ox)-DP)
exhibits  well-defined, individual particles with a
distinguishable morphology, contrasting with the more
diffuse, plate-like features observed in the IW-prepared
catalysts. These features are consistent with the higher BET
surface area of this sample (Table 1) and suggest a discrete
and homogeneous dispersion of niobium oxide domains.
Elemental mapping analysis (Fig. S6) further supports this
interpretation, revealing a uniform distribution of niobium
and oxygen over the support surface, in agreement with XPS
data showing the highest surface Nb/C ratio among the series
(Table 2). In contrast, the 1/3Nb(Cl)-IW and 1/3Nb(Ox)-IW
samples display broader, less defined regions, where the

graphite support appears to be partially coated by
overlapping lamellar structures (Fig. S5).
While the 1/3Nb(Ox)-IW catalyst shows a more

heterogeneous texture with local contrast variations, possibly
related to localized Nb aggregation, the Cl-based IW sample
appears to be more uniformly coated. The most extensive
surface coverage is observed for the 2/3Nb(Cl)-IW catalyst, in
which the graphite substrate is almost entirely hidden,
consistent with the higher surface Nb content measured by
XPS, as discussed below (Table 2).

3.2. Surface properties

The electronic properties of the synthesized catalysts were
studied using XPS and the dispersion of niobium species on
the support was determined by calculating the surface atomic
ratio of Nb to C, collected in Table 2 and represented in
Fig. 2, vs. the Nb,Os content. It is observed that the surface

Table 2 Surface properties of the support and catalysts

Atomic surface

content” (%) Nb{Ca T.otalj acid
ratio sites
Sample C Nb o (x 10%) (mmol g™
HSAG 95.1 — 4.9 — 0.12
1/6Nb(CI)-TW 91.0 0.7 8.3 7.6 0.14
1/3Nb(Cl)-TW 86.6 1.0 12.4 11.8 0.19
2/3Nb(Cl)-TW 81.2 3.4 15.3 42.3 0.25
4/3Nb(Cl)-TW 72.9 5.7 21.4 78.3 0.27
1/3Nb(Ox)-IW 91.1 0.7 8.1 7.8 —
1/3Nb(Ox)-DP 86.6 2.0 11.4 22.7 0.24

“ Determined by XPS measurements. ” Obtained by NH,-TPD
analysis.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Atomic Nb/C ratio determined by XPS as a function of the
incorporated Nb,Os percentage.

Nb/C ratio increases proportionally with the Nb,O; content
for catalysts 1/6Nb(Cl)-IW and 1/3NDb(Cl)-IW; however, for
catalysts with higher Nb loading, the increase in Nb/C
ratio exceeds expectations. The catalyst synthesized by DP
shows a higher relative surface niobium content, indicative
of greater dispersion, compared to its IW counterpart with

the chloride precursor. Additionally, the IW catalyst
prepared with the niobium oxalate precursor exhibits the
lowest surface niobium content among the series,

suggesting a poorer dispersion. These trends detected by
XPS are in line with those observed in the STEM images.
In contrast, the 2/3Nb(CI)}-IW catalyst, whose STEM image
revealed almost complete coverage of the carbon support,
presented a sharp increase in surface Nb concentration.

Hence, key conclusions from the semiquantitative XPS
analysis are as follows: (i) the surface Nb content gradually
increases with the bulk Nb,Os loading but does not plateau,
indicating incomplete surface saturation, (ii) the increase in
Nb loading from 1/3 to 2/3 monolayer leads to a significant
rise in the Nb/C ratio, consistent with the observed reduction
in surface area, (iii) niobium does not form atomically thin
layers but is well-dispersed on the support, as evidenced by
the higher dispersion achieved with the DP method, and (iv)
the absence of a plateau despite high niobium loadings
suggests small, low-crystallinity niobium oxide particles,
corroborating the XRD results. These combined results
confirm that synthesis via DP leads to better-dispersed
niobium species, while IW—especially at higher loadings—
promotes aggregation and partial reduction of the oxide
phase.

The accumulated XPS spectra in the binding energy range
corresponding to the Nb 3d region reveals slight differences
depending on the synthesis method (Fig. 3). All the catalysts
exhibit the characteristic Nb 3d doublet with a separation of
2.72 eV, consistent with oxidized niobium species. The peak
centered at around 207.6 eV, present in the 1/3Nb(Cl)-IW
(Fig. 3a), 1/3Nb(Ox)-IW (Fig. 3b) and 1/3Nb(Ox)-DP (Fig. 3c)
samples, is attributed to the 3ds, orbital of Nb>*,>* while the
lower binding energies observed in the 2/3Nb(Cl)-IW sample
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Fig. 3 XPS spectra in the Nb 3d region: a) 1/3Nb(Cl)-IW, b) 1/3Nb(Ox)-
IW, ¢) 1/3Nb(Ox)-DP and d) 2/3Nb(Cl)-1W.

(Fig. 3d), correspond to NbO, species, typically ranging from
206.8 to 207.3 eV.>*>® When comparing the three catalysts
with 1/3 monolayer coverage, it is interesting to note that the
DP-synthesized sample (Fig. 3c) shows a slight shift to higher
binding energies and narrower peaks, indicating more
electron-deficient, oxidized niobium.

The deconvolution of the O 1s XPS spectra (Fig. S7)
further supports the differences in niobium oxide
dispersion and the chemical state among catalysts. On the
one hand, among the three -catalysts with identical
theoretical Nb loading (1/3 monolayer), the O 1s signal at
~531.0 eV—assigned to lattice oxygen in Nb,Os—is
significantly more intense in the 1/3Nb(Ox)-DP catalyst than
in the IW-prepared counterparts. This difference strongly
suggests a higher surface concentration and dispersion of
niobium oxide species in the DP sample, which correlates
with the higher Nb/C surface ratio and supports the
conclusion that the DP method enhances the accessibility
and distribution of the active phase. On the other hand, the
presence of NbO, observed in the Nb 3d region in the
higher loaded sample (2/3Nb(Cl)-IW) is further supported by
the O 1s spectra of this sample (Fig. S7), where the main
component appears to be significantly shifted to a lower
binding energy (~530.0 eV), in contrast to the 1/3Nb
samples (530.9-531.0 eV). The shift in O 1s is characteristic
of oxygen bound to partially reduced niobium species. This
interpretation aligns well with the XRD results, where low-
intensity reflections attributed to NbO, phases were
observed (Fig. 1).

The acidity of the catalysts was evaluated by TPD-NHj;,
and the results are shown in Fig. 4 and Table 2. As exposed
in the Introduction section, niobium oxide can exhibit both
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Fig. 4 TPD-NHs curves of Nb-supported catalysts.

Lewis and Breonsted acid sites, in the form of Nb=—=O bonds
and Nb-OH groups, respectively.”'® Although TPD-NH,
analysis does not permit discrimination between Breonsted
and Lewis sites, the amount of desorbed NH; is an indirect
measure of the material overall acidity. The parent HSAG
support exhibits a low acidity (0.12 mmol g™, Fig. S8),
attributed to surface functionalities inherent to the
carbonaceous material. Upon deposition of niobium oxide,
all the catalysts show an increase in acidity, confirming the
generation of new acid sites associated with the niobium
species. The desorption profiles exhibit broad peaks
centered at around 200 °C, indicative of weak to medium-
strength acid sites, with no significant contribution from
strongly acidic sites at higher temperatures. As shown in
Table 2, the total acidity increases with niobium loading in
the TW series, from 0.14 mmol g™* for 1/6Nb(CI)-IW to 0.27
mmol g for 4/3Nb(CI)-IW. This trend is consistent with the
increasing surface Nb/C ratio determined by XPS, suggesting
that niobium species contribute directly to the formation of
accessible acid sites. The 1/3Nb(Ox)-DP sample displays a
total acidity of 0.24 mmol g, higher than its IW
counterpart with the same nominal loading (0.19
mmol g™'). This enhanced acidity may be related to better
niobium dispersion, as previously discussed, which allows a
greater fraction of Nb sites to be accessible and active.

3.3. Catalytic performance in the 1-butanol dehydration
reaction

The niobium oxide supported samples were evaluated in the
1-butanol dehydration reaction at 275 °C. Before initiating
the catalytic evaluations, the absence of catalytic activity was
confirmed in both the blank and HSAG support experiments.

3.3.1. Effect of Nb loading on catalytic activity. Fig. 5a
shows the catalytic activity per gram of catalyst as a function
of time on stream for the series of IW-synthesized catalysts
with varying niobium loadings. Among the catalysts prepared
using the chloride precursor, an increase in activity is
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Fig. 5 Catalytic activity of IW-synthesized catalysts, expressed per
gram of catalyst (a) and per gram of incorporated niobium after 8 h on
stream (b). Reaction conditions: T = 275 °C; Fye = 100 ml min™;
P(BuOH) = 9.78 kPa; Wcat =150 mg.

observed with increasing theoretical monolayer coverage, up
to 2/3. However, the 4/3 monolayer sample does not follow
this trend, showing a similar activity to the 2/3 sample
despite the higher nominal loading. All the catalysts exhibit a
marked initial deactivation that stabilizes over time, a
behavior commonly reported for this reaction.’®”® Notably,
the extent of deactivation is more pronounced in the initially
more active catalysts.

A clearer picture of niobium utilization efficiency emerges
when the activity is normalized per gram of incorporated
niobium (Fig. 5b). Under these conditions, the catalysts with
1/6 and 1/3 monolayer coverage display nearly identical
activity, whereas further increases in Nb loading result in a
decline in normalized activity. This suggests that, beyond a
certain loading, additional niobium species do not contribute
proportionally to the catalytic performance, likely due to
lower dispersion or pore blocking, as indicated by the
decrease in BET surface area and the emergence of NbO,
species in XRD and XPS at higher loadings. The TPD-NH;
data also show that acidity increases with Nb content, but
this does not translate into higher catalytic efficiency.
Therefore, 1/3 of the theoretical monolayer is identified as
the optimal Nb loading under the present synthesis
conditions.

3.3.2. Effect of the precursor and synthesis method on
catalytic activity and stability. With the optimal loading of
1/3 of the theoretical monolayer in mind, this composition

was selected to compare the effect of the niobium

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Catalytic activity over reaction time for catalysts synthesized
with a theoretical monolayer coverage of 1/3. Reaction conditions: T =

275 °C; Fiie) = 100 ml min™%; Pguony = 9.78 kPa; Wea = 150 mag.

precursor and synthesis method on catalytic performance
(Fig. 6). Among the IW-synthesized catalysts, the sample
prepared from niobium oxalate (1/3Nb(Ox)-IW) exhibited
slightly lower catalytic activity than its chloride-based
counterpart (1/3Nb(Cl)-IW). Both IW catalysts showed a
pronounced initial deactivation followed by a slower
decline in activity, which is typical in butanol dehydration
reactions due to coke formation or site
blockage.>**°

In contrast, the catalyst prepared by DP (1/3Nb(Ox)-DP)
demonstrated remarkable stability, maintaining a nearly
constant activity over the full 22-hour time-on-stream period.
This behavior stands out for a reaction that is known to be
strongly influenced by acidity and prone to deactivation. The
enhanced performance of the DP catalyst can be rationalized
based on its physicochemical properties. It presents a higher
BET surface area and a more uniform dispersion of niobium
species, as evidenced by XPS and STEM. Moreover, XRD
analysis indicates the presence of the orthorhombic Nb,Os
phase, known for its water-tolerant and catalytically robust
nature, which may further contribute to the observed long-
term stability.” The textural and surface characterization of
the IW-prepared catalysts, on the other hand, showed
reduced surface areas and signs of partial pore blockage,
pointing to less accessible and potentially more
heterogeneous active phases. NH;-TPD analysis supports this
interpretation: although total acidity increases with Nb
loading, all the samples show similar acid strength
distributions. The DP catalyst, with lower total niobium
content but higher dispersion, provides a more effective and
accessible distribution of acid sites, enabling sustained
catalytic performance.

The decline in catalytic activity observed for the IW-
prepared catalysts, particularly 1/3Nb(CI)-IW, can be further
understood in light of the post-reaction characterization. The
XRD patterns recorded after the reaction show no significant
structural changes in any of the catalysts, ruling out bulk
phase transformation or collapse as the cause of deactivation

active
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(Fig. S9). However, thermogravimetric analysis coupled with
mass spectrometry (TGA-MS) provides clear evidence of
surface carbon accumulation (Fig. $10). When comparing the
fresh and spent catalysts, a distinct weight loss starting from
200 °C up to around 400 °C is observed in the post-reaction
samples—absent in the fresh materials—indicating the
oxidation of coke deposits, confirmed by the detection of the
m/z = 44 fragment by MS analysis. This weight loss is
especially pronounced for 1/3Nb(Cl)-IW, suggesting a greater
extent of carbon buildup on this catalyst.

Although some carbon accumulation is also detected on
the DP catalyst, it is significantly lower in intensity. MS
analysis of the desorbed fragments provides additional
insight into the chemical nature of these residues (Fig. S11).
In particular, signals at m/z = 56 correspond to the molecular
ion of C, olefins (C4Hg"), common to all isomers (1-butene,
cis-2-butene, trans-2-butene, isobutene), while m/z = 41
corresponds to a characteristic fragment ion (C;Hs"), whose
relative intensity varies between isomers. Notably, isobutene,
due to its branched structure, generates more m/z = 41
fragments, leading to a higher 41/56 ratio than linear isomers
like 2-butene. In the case of the 1/3Nb(CI)-IW catalyst, the
observed 41/56 ratio (2.24) is significantly higher than the
ratio found in the DP catalyst (1.74), suggesting that
isobutene is more strongly retained and/or prone to
oligomerization®” on the IW-prepared surface. These findings
reinforce the idea that the DP method not only ensures better
niobium dispersion and acid site accessibility, but also
mitigates deactivation by minimizing coke precursors and
facilitating their removal.

3.3.3. Product distribution and reaction mechanism. The
product distribution obtained over catalysts with 1/3 of the
theoretical monolayer is represented in Fig. 7. It should be
noted that all catalytic tests were conducted under
differential conditions (conversions maintained below 10%)
specifically to ensure that initial activities and selectivities

2-cis-butene I 2-trans-butene 1-butene [ butyl aldehyde DNBE
L e e R ————

904

\\\

80
g e0- P2

> % Z Z

£ 50 i 7 / 7 /, //// 7
B I % /

5] 7

@ 404 4 ////

3 7 7 7 -

30

1/3Nb(OX)-IW

1/3Nb(Cl)-IW 1/3Nb(Ox) DP

Fig. 7 Product distribution obtained over catalysts synthesized with a
theoretical monolayer coverage of 1/3. Reaction conditions: 2 h
reaction time, T = 275 °C; Fye = 100 ml min%; Pguon) = 9.78 kPa;
Weat = 150 mg. Selectivity values obtained at differential conversion
levels: 6.43% for 1/3Nb(Cl)-IW, 3.10% for 1/3Nb(Ox)-IW and 6.30% for
1/3Nb(Ox)-DP.
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could be directly compared across catalysts without the
influence of secondary reactions. Nevertheless, the best-
performing catalyst (1/3Nb(Ox)-DP) was tested at higher
conversion levels (~30%, not shown for the sake of brevity),
and it was observed that both product distribution and
catalyst stability remained unchanged, confirming that the
reported selectivities are representative and robust across a
broader range of conversions.

As shown in Fig. 7, all the catalysts evaluated after 2 hours
on stream exhibit high selectivity toward C, olefins (=90%),
indicating that intramolecular dehydration is the dominant
reaction pathway under the conditions employed (see
Scheme 1). This mechanism is typically favored at moderate
temperatures and proceeds via both Brensted and Lewis acid
sites, which facilitate the elimination of the hydroxyl group.
In the Bronsted acid-catalyzed route, the alcohol OH group is
protonated, promoting its departure and enabling the
formation of a C=C double bond through f-elimination. In
contrast, Lewis acid sites act as electron acceptors, polarizing
the C-O bond and inducing its cleavage, thereby generating
the alkene while hydroxylating the catalytic surface. The
resulting OH group can then recombine with a p-proton to
form water, completing the catalytic cycle.

The major products detected in all cases were 1-butene
and its cis- and trans-2-butene isomers, with cis/trans ratios
close to unity. This distribution is typical of moderately acidic
environments,’® and suggests that the catalysts possess acid
sites of sufficient strength to promote isomerization, but not
so strong as to induce significant secondary reactions such
as cracking. This interpretation aligns with the TPD-NH;
profiles, which show broad desorption bands centered at
around 200-250 °C, indicative of weak to medium-strength
acid sites. The similar shape of the desorption profiles,
despite variations in total acidity, suggests comparable acid
strength distributions across all catalysts.

Minor amounts of DNBE obtained from the
intermolecular route (Scheme 1) were detected in all samples,
slightly more pronounced in the IW-prepared catalysts. Trace
levels of butyraldehyde, resulting from dehydrogenation
pathways, were also observed but were negligible, confirming
the selectivity of the system toward dehydration.
Interestingly, the consistently high C, olefin selectivity across
all the samples—regardless of the precursor or synthesis
method—suggests that all the catalysts maintain active acidic
functionalities, even though their accessibility and
dispersion, which differ significantly as shown by surface
and structural characterization, impact their overall activity
and stability.

It is worth noting that carbon balances exceeded 95% in
all cases, confirming the robustness of the experimental
protocol and the accurate quantification of both gas-phase
and condensed-phase products. This high closure also
indicates that undesired side reactions such as cracking to
light hydrocarbons or coke formation were minimal under
the operating conditions. The absence of significant carbon
loss further supports the conclusion that the observed
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differences in catalytic performance stem from intrinsic
textural and surface properties, not from degradation or
instability of the materials.

4. Conclusions

This work reports the development of niobium oxide-based
catalysts supported on HSAG for the gas-phase dehydration
of 1-butanol. To maximize the exposure of active sites, Nb,Os
was dispersed on the HSAG surface, and the effects of
niobium loading—from a submonolayer (1/6) to a
supermonolayer (4/3)—were systematically studied. Two
niobium precursors (niobium chloride and niobium oxalate)
and two synthesis methods (incipient wetness impregnation,
IW, and urea-assisted deposition-precipitation, DP) were
compared to evaluate their influence on the catalyst
structure, surface properties, and catalytic behavior.

All  the catalysts showed high selectivity toward
intramolecular dehydration products (n-butenes), with minor
amounts of DNBE and butyraldehyde as by-products. The
product distribution was consistent with a mechanism
dominated by medium-strength Brgnsted and Lewis acid sites.
An optimal niobium loading of 1/3 monolayer was identified
based on the catalytic activity normalized per gram of catalyst
and per gram of niobium. Higher loadings did not enhance
performance, likely due to reduced dispersion and partial
blocking of interparticle porosity. NH;-TPD analysis showed that
the acid strength remained similar across samples, indicating
that differences in activity and stability are mainly driven by
acid site density and accessibility, not intrinsic acidity.

The synthesis method was found to be a critical factor.
The IW catalysts displayed reduced surface area, signs of pore
blockage, and formation of partially reduced niobium species
(e.g., NbO,), especially at higher loadings. In contrast, the DP
catalyst retained the surface area of the support, showed
well-dispersed niobium species in the orthorhombic Nb,Os
phase (revealed by XRD and XPS), and exhibited superior
stability under reaction conditions. This was further
confirmed by post-reaction XRD, which showed no structural
degradation, and by TGA-MS, which revealed significantly
lower coke accumulation on the DP sample. Mass
spectrometric analysis of desorbed fragments further
indicated a higher retention of isobutene—a known coke
precursor—on the deactivated IW sample.

In summary, niobium oxide catalysts supported on HSAG,
especially that synthesized by the DP method, offer a
promising platform for biobutanol valorization via selective
and stable dehydration. These materials provide valuable
insights for designing acid catalysts with tunable dispersion
and surface chemistry, potentially extendable to other
oxygenated bio-derived feedstocks.
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