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Abstract: In recent years, increased attention to air pollutants such as NOx has led the scientific
community to focus meaningfully on developing strategies for NOx reduction. Selective catalytic
reduction of NOx by ammonia (NO SCR by NH3) is currently the main method to remove NOx from
diesel engine exhaust emissions. The catalysts with typical V2O5-WO3/TiO2 (VWTi) composition are
widely used in NH3-SCR for their high NOx conversion activity, low cost, and robustness, especially
concerning sulfur poisoning. However, in real diesel engine working conditions, the thermal and
hydrothermal aging of catalysts can occur after several hours of operation at high temperature,
affecting the catalytic performance. In this study, the stability of a commercial VWTi monolith,
self-supported and containing glass fibers and bentonite in its matrix, was investigated as a case
study. In laboratory conditions, NO SCR tests were performed for 50 h in the range of 150 to 350 ◦C.
Subsequently, the VWTi monolith was thermally and hydrothermally aged at 600 ◦C for 6 h. The
thermal aging increased the NOx conversion, especially at low temperature (<250 ◦C), while the
hydrothermal aging did not affect the SCR. The differences in NOx conversion before and after aging
were associated with the change in vanadium and tungsten oxide surface coverage and with the
reduction in the surface area of catalysts. In order to correlate the change in SCR activity with the
modifications occurring after aging processes, the monolithic samples were characterized by several
techniques, namely XRD, SSA and pore analysis, TPR, XPS, Raman, TGA and SEM/EDX.

Keywords: V2O5-WO3-TiO2 monolith; hydrothermal aging; NO SCR; ammonia

1. Introduction

The nitrogen oxides (NOx) from exhaust emissions of engines are well-known to
be harmful to human health and the environment [1]. For this reason, several stringent
regulations and laws have been issued in many parts of the world to limit the pollutant
emissions produced by diesel engines. Exhaust gas aftertreatment systems effectively
eliminate pollutants from internal combustion engines’ exhausts without compromising
engine power or fuel efficiency. Among these systems, selective catalytic reduction (SCR)
systems are utilized in both road and marine applications to significantly reduce NOx
emissions [2]. SCR systems can operate independently and exhibit high reliability and
durability without requiring significant engine alterations. In the standard SCR reaction,
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the ammonia reduces nitrogen oxides (e.g., NO) to nitrogen over a solid catalyst according
to Equation (1) [3]:

4NO + 4NH3 + O2 → 4N2 + 6H2O (1)

A variety of SCR catalytic systems have been investigated, including zeolites (such
as Fe-ZSM-5 and Cu-CHA zeolite) [4,5], noble metals (such as Ag, Pd, and Pt) [6,7], and
metal oxides (such as V-Mo/TiO2, V-Nb/TiO2, and V-W/TiO2) [8–10]. Among these
categories, metal-oxide-based catalysts are the most commonly utilized, with vanadia-
tungsten supported titania catalysts being particularly prominent because of their elevated
conversion efficiencies in the medium-high temperature range (250–400 ◦C), strong sulfur
resistance and low costs [11]. In this type of catalyst, TiO2 is commonly present as anatase
and acts as support material, and around 10 wt% WO3 is introduced as a promoter of
catalyst stability and surface acidity [12–15]. Vanadium oxide species, reported as V2O5 ca.
1–3 wt% [3], represent a redox-active component [13,16,17] and are responsible for the SCR
activity [18].

Excellent results have been reported by Napolitano et al. [2] using VWTi catalysts for
NOx conversions in maritime applications within a fixed temperature range. However, the
land-based diesel vehicle engines do not operate under established working conditions and
hence can be subjected to unexpected temperature fluctuations. In this case, the evaluation
of thermal stability for SCR catalysts is crucial to endure harsh conditions. The tempera-
tures of the diesel exhaust are often higher than 650 ◦C due to the periodic regeneration
diesel particulate filter (DPF) necessary to eliminate particulate matter (PM) [19]. The
NH3-SCR reactor is usually located downstream of the DPF to meet the current strict
emission standards [20,21], causing the exposure of SCR catalyst to high temperatures
and humidity [22,23]. In these conditions, VWTi catalysts can undergo a loss in activity
due to the phase change of TiO2 from anatase to rutile above 550 ◦C [24]. Moreover, there
is concern that vanadium species could be released at those temperatures as a result of
washcoat delamination [25] or volatilization [20,26,27], posing potential risks to human
health and the environment [28,29]. For all of these reasons, it is crucial to understand the
thermal and hydrothermal stability of vanadia-based catalysts in detail.

The influence of time and temperature on catalyst morphology and activity during
thermal aging was examined by Kompio et al. [14]. They reported that in the aging
temperature range between 600 and 750 ◦C, a VWTi catalyst with low V2O5 loading
(0.5–1.5 wt%) can be thermally activated or deactivated depending on the aging time. It
was found, for instance, that VWTi catalysts aged at 600 ◦C showed higher performance
than in the fresh state. However, increasing the aging temperature, the same catalysts
underwent a heavy deactivation after 1000 min. The same increased SCR activity for
low V-loaded VWTi has been reported by other researchers in recent years [30–32]. The
structural change, the formation of bulk WO3 and polymeric VOx species, seems to play
a key role in increasing the activity upon aging of the catalysts [13,33,34]. However, high
V-loaded (3 wt%) VWTi showed decreased SCR activity owing to a significant diminution
of surface area after aging [30].

Regarding hydrothermal aging, there are many studies focusing on the vanadia SCR-
catalyst [31,32,35]. Asako et al. [36] aged vanadia catalyst for 100 h at 550 ◦C and found that
it lost 40−60% of its activity. Madia et al. [30] performed progressive aging experiments for
100 h at 550 ◦C and 30 h at 600 ◦C and found that 2 wt% V2O5 had the best hydrothermal
stability. Rasmussen and Abrams [37] demonstrated that vanadium tungsten catalyst was
stable under hydrothermal conditions at 550 ◦C (110 h). Maunula et al. [38] found good
durability without deactivation using 10% H2O up to 750 ◦C for 20 h.

Although a significant amount of research has been conducted on hydrothermal aging
of vanadium-based catalysts, certain areas remain controversial. Only a few studies have
specifically examined changes to the active sites during hydrothermal aging. Works in the
literature proposed that the presence of water can result in a decrease in activity due to
competition with ammonia for adsorption [39–41].
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This study aimed to understand the effect of realistic, brief thermal-hydrothermal ag-
ing on state-of-the-art V-SCR catalysts. Even though it is widely known that V-SCR catalysts
should not be exposed to exhaust temperatures above 550 ◦C, there is a possibility that brief
high-temperature events caused by engine malfunctions or rapid hydrocarbon decomposi-
tion may exceed this limit. By investigating the impact of short-term hydrothermal aging
on the morphology, chemical composition, and catalytic performance of a state-of-the-art
V-SCR catalyst, this study can provide valuable information on the real-world impact of
brief high-temperature events. In this work, the stability of a commercial VWTi monolith,
cordierite-free, but containing glass fibers and bentonite in the matrix in order to ensure
its honeycomb structure, was investigated in laboratory conditions as a case study. NO
SCR tests were carried out between 150 and 350 ◦C for 50 h. Subsequently, the catalytic
performances of the monolith were studied after thermal and hydrothermal aging at 600 ◦C
for 6 h in dry and wet conditions. Several characterization techniques (XRD, SSA and pores
analysis, TPR, XPS, Raman, TGA and SEM/EDX) were used to correlate the change in SCR
activity with the modifications occurring after aging processes.

2. Results and Discussion
2.1. Catalytic Activity

VWTi monolith was tested as received to evaluate its NO conversion and N2 selectivity
(see black curve in Figures 1 and 2) in a standard NO-SCR test in which the data points were
collected after waiting 40 min at each temperature. Temperatures above 400 ◦C were not
investigated because NH3 oxidation occurs, influencing the real conversion and selectivity
evaluation. [14,31]. NO conversion increased between 125 and 200 ◦C, and a conversion of
over 90% was reached between 220 and 400 ◦C (Figure 2). Similarly, nitrogen selectivity
remained consistently high between 100 ◦C and 350 ◦C, marginally decreasing to 95% at
400 ◦C (Figure 2). The catalytic behavior exhibited by the VWTi monolith was in accordance
with what has been reported in the literature [2,18]. Accurately defining its performance
was crucial for subsequent stability and aging studies.
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Figure 1. NO conversion over VWTi and VWTi-50h monolithic catalysts. 
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The long run test was performed over a total of 50 h, in which each temperature was
maintained for 5 h, except for the critical temperatures of 350 and 200 ◦C, which were
maintained for 12 h. These two temperatures, indeed, represent the extremes that define the
maximum conversion and selectivity range (as showed in Figures 1 and 2). For that reason,
a longer observation time was chosen. Figure 3 displays the profile of NO concentration
in parts per million (ppm) as a function of time, at different reaction temperatures. At the
end of the NO-SCR test, the temperature of VWTi monolith was lowered to 350 ◦C and
maintained for 12 h, resulting in a NO concentration of zero ppm. The same trend was
observed by decreasing the reaction temperature by steps of 25 ◦C until reaching 200 ◦C,
as expected from the conversion graph in Figure 1. At 175 ◦C and 150 ◦C, a noticeable
increase in NO concentration (approximately 25 and 250 ppm, respectively) was observed,
in accordance with the diminished catalyst activity at lower temperatures, as shown in
Figure 1. Furthermore, to validate that the VWTi retained its performance after 50 h of
continuous reaction, a standard SCR test was conducted after the long run (refer to red
curve in Figures 1 and 2). The selectivity for nitrogen remained identical to those obtained
before the 50 h long run test, while the conversion exhibited a slight increase between
150 and 200 ◦C. This behavior could be attributed to aging-induced activation over the 50 h
period, a phenomenon that will be further explored in this section.

The stability test over 50 h of the VWTi monolith revealed crucial insights into its
long-term performance. Evaluating how the catalyst maintains its efficiency and selectivity
over an extended period is vital for understanding its practical applicability and durability
in real-world applications. This analysis helps determine whether the catalyst can sustain
its effectiveness without significant degradation or loss of catalytic activity, ensuring its
reliability and functionality over time.

However, envisaging practical applications, it is not only important to assess the
stability of the catalyst over time, but also its robustness concerning aging phenomena that
may occur due to temperature spikes or the presence of water. For this reason, the impact
of thermal and hydrothermal aging at 600 ◦C for 6 h on the catalytic activity of VWTi was
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investigated, and NO-SCR tests were carried out over the aged monoliths (Figures 4 and 5).
The temperature of 600 ◦C was chosen to guarantee deactivation [30].
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After hydrothermal aging, the monolithic sample, labelled as VWTi-h, showed in
a subsequent standard NO-SCR test only a slight decrease in NO conversion between
75–150 ◦C, leaving activity at high temperature almost unchanged, except at higher tem-
perature (350–400 ◦C), while a pronounced decay in the selectivity for N2 was registered
above 300 ◦C. Conversely, the thermally aged catalyst, VWTi-t, showed improved NO
conversion at low temperature (75–200 ◦C) compared to hydrothermally aged and fresh
samples, while at 350–400 ◦C, the N2 selectivity decreased, but to a lesser extent than
for the hydrothermally treated catalyst. Similar effects in the NO SCR performance of
V-loaded VWTi catalysts have been already reported in the literature [30–32] and have been
attributed to several factors, especially the formation of bulk WO3 and polymeric VOx
species that are favored by sintering of the TiO2 support and seem to play a key role in
increasing the activity upon aging of the catalysts [13,33,34].

In order to explain the so far discussed modifications in NO SCR and with the aim to
detect structural, morphological, redox and electronic changes occurring during the aging
process, detailed characterizations of the monoliths were carried out as reported below.

2.2. X-ray Diffraction

The phase composition and structural characteristics of the VWTi, VWTi-t and VWTi-h
catalysts were investigated using X-ray diffraction (XRD), and their patterns are presented
in Figure 6. The XRD patterns of all three samples indicated the presence of two crystalline
phases of TiO2, mainly anatase (ICSD file n. #9854) and rutile (ICSD file n. #9161), which
were confirmed by comparison with the ICSD references. No evident sintering and trans-
formation from anatase to the rutile phase occurs in the TiO2 structure upon hydrothermal
or thermal aging.

Interestingly, the studied catalysts showed no discernible peaks that could be at-
tributed to the WO3 and V2O5 phases, neither before nor after hydrothermal and thermal
aging. This implies that these species may exist in catalysts as finely dispersed oxides or in
an unordered state, consistent with previous research results [2].
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2.3. Specific Surface Area and Pores

The N2 adsorption/desorption isotherms were registered over the samples in order
to calculate the specific surface area (SSA), pore volume and mean pore size distribution.
The values are listed in Table 1. Upon hydrothermal aging, a decrease in the surface area
(from 53 to 37 m2 g−1) and the formation of larger pores (24.9 vs. 15.8 nm) took place
in comparison with the fresh sample, pointing to a sintering effect [31,42]. Conversely,
thermal aging induced increased surface area (from 53 to 60 m2 g−1) that was accompanied
by higher pore volume, from 0.26 to 0.34 cm3 g−1, and larger pore size (20.6 vs. 15.8 nm)
with respect to the as received catalyst, suggesting structural changes and redispersion of
surface-active species that likely rearrange in a more porous network.

Table 1. Textural properties of the monolithic catalysts.

Samples Surface Area
(m2 g−1)

Pore Volume
(cm3 g−1)

Mean Pore Size
(nm)

VWTi 53.0 0.26 15.8
VWTi-h 60.0 0.34 20.6
VWTi-t 37.0 0.25 24.9

2.4. H2-TPR

The redox properties of the monolithic catalysts (VWTi, VWTi-t and VWTi-h) were
investigated by H2-TPR measurements. As shown in Figure 7, the hydrogen consumption
peaks can be divided into two main zones. Considering VWTi monolith, the first peak,
between 450 and 550 ◦C, corresponded to the reduction of V5+ species to V3+ and was
indicative of highly dispersed vanadium species [43], while the shoulder at 410 ◦C was
associated with polymeric aggregates. The second main peak, between 750 and 900 ◦C,
corresponded to the reduction of W6+ to W4+ species [7,38]. An intermediate reduction
zone, centered at around 630 ◦C, was also detected, corresponding to the reduction of
well-dispersed V-O-W species. Regarding the aged samples (VWTi-t and VWTi-h), they
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both exhibited two main peaks of reduction in the same ranges of temperature along with
a reduction feature near 630 ◦C. However, it should be noted that the first peak, observed
at 470 ◦C in the fresh sample, was shifted at around 520 ◦C upon aging. Moreover, such
peak had a very broad shape, suggesting the reduction of a different type of vanadium
species with not well-defined chemical environment. On this basis, it can be concluded
that the aging process modified the structure and dispersion of vanadium oxidized species,
as well as their interaction with the TiO2 support. In Table 2 are reported the hydrogen
consumption values and the range of temperatures of the main peaks. As can be observed,
the experimental consumption of V and W exceeded their respective theoretical consump-
tion due to the simultaneous reduction of part of the surface (at around 300–500 ◦C) and
bulk (at around 850–900 ◦C) TiO2 [44]. Furthermore, there was a progressive lowering
of the experimental hydrogen consumption in the sequence: 26.5–25.6–22.8 mL g−1 for
VWTi, VWTi-h, and VWTi-t, respectively. This can be explained considering that due to the
sintering of titania upon hydrothermal and thermal aging, the exposed reducible surface
area of the support and its total reducibility decreased.
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Figure 7. H2-TPR profiles of (a) VWTi, (b) VWTi-h and (c) VWTi-t. 

Figure 7. H2-TPR profiles of (a) VWTi, (b) VWTi-h and (c) VWTi-t.

Table 2. Reduction temperatures and hydrogen consumption values of the monolithic catalysts.

Sample Temperature Range (◦C) Experimental H2
Consumption (mL g−1)

Theoretical H2
Consumption (mL g−1)

VWTi
300–700 14.0 9.6 (V2O5 → V2O3)
700–1000 12.5 10.6 (WO3 → WO2)

Total 26.5 20.2

VWTi-h
400–700 10.9 9.6 (V2O5 → V2O3)
700–1000 14.7 10.6 (WO3 → WO2)

Total 25.6 20.2

VWTi-t
400–750 8.1 9.6 (V2O5 → V2O3)
700–1000 14.7 10.6 (WO3 → WO2)

Total 22.8 20.2
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2.5. XPS

The XPS analysis was performed on the monolithic catalyst as slab in order to analyze
the surface composition. Figure 8 shows the survey scan of the sample. The spectrum
confirmed the presence of Ti, O, W, Si and Al, according with the chemical composition
reported in the data sheet. The main peak relative to vanadium (V2p) overlapped with the
more intense O1s satellites arising by the emission due to the Al Kα 3 component of the
un-monochromatized radiation. This overlapping made its analysis subject to important
errors (see blue inset in Figure 8).
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inset, the Ti2p region.

On the contrary, the region between 30 and 50 eV contained clearly distinguishable
peaks relative to W4f, Ti3p and V3p; for this reason, this region was used to analyze and
quantify these elements. The results in terms of W4f7/2, V3p, and O1s binding energies
(eV) and surface W/Ti and V/Ti atomic ratios are listed in Table 3. Figure 9 shows the
W4f, Ti3p and V3p regions of the monolith. The spectra show a complex peak that can be
deconvoluted with two doublets, due to the spin orbit splitting of W4f7/2 and W4f5/2 (spin
orbit separation = 2.1 eV), a peak attributed to Ti3p and a peak due to V3p. According to
the literature, the position W4f7/2 at 35.7eV is due to W(VI), while W4f7/2 at 34.3 eV is due
to W (V) [45–47]. By deconvolution of the region, it was found that tungsten was present
as W(VI). The V3p position was in accord with the presence of V(V) [48–50]. Ti3p (37.2eV)
was in accord with the presence of Ti (IV) [51,52]. This fact was confirmed by the analysis
of the Ti2p region with the two typical peaks at 458.2 eV (Ti2p3/2) and 463.9 eV (Ti2p1/2)
(see red inset in Figure 8) [53]. By looking at the atomic ratio of vanadium and tungsten
with respect to titanium, an important surface enrichment was found. Upon treatments, no
differences were found in the chemical state of the elements; nevertheless, a further surface
enrichment of vanadium was found, especially for the VWTi-t sample. Oxygen showed
the typical profile of TiO2 material with a component at ca. 529.5 eV due to lattice and a
component at 531.5 eV due to OH surface groups [53]. No trends were found in the relative
changes of the two components after thermal or hydrothermal treatments (see Figure 10
and Table 3).
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Table 3. XPS results in terms of W4f7/2, V3p and O1s binding energies (eV) of the monolithic device
and W/Ti and V/Ti atomic ratios. The relative intensities of the different components O1s are given
in parentheses.

Sample W 4f7/2
(eV)

V3p
(eV) O1s W/Ti

(0.03) *
V/Ti

(0.03) *

VWTi 35.8 41.0 529.3 (58%)
531.8 (42%) 0.23 0.13

VWTi-h 35.6 41.7 529.6 (64%)
531.6 (36%) 0.23 0.15

VWTi-t 36.0 41.4 529.4 (56%)
531.7 (44%) 0.17 0.22

* nominal ratio value.

Catalysts 2024, 14, x FOR PEER REVIEW 10 of 20 
 

 

and V3p regions of the monolith. The spectra show a complex peak that can be deconvo-

luted with two doublets, due to the spin orbit splitting of W4f7/2 and W4f5/2 (spin orbit 

separation = 2.1 eV), a peak attributed to Ti3p and a peak due to V3p. According to the 

literature, the position W4f7/2 at 35.7eV is due to W(VI), while W4f7/2 at 34.3 eV is due to W 

(V) [45–47]. By deconvolution of the region, it was found that tungsten was present as 

W(VI). The V3p position was in accord with the presence of V(V) [48–50]. Ti3p (37.2eV) 

was in accord with the presence of Ti (IV) [51,52]. This fact was confirmed by the analysis 

of the Ti2p region with the two typical peaks at 458.2 eV (Ti2p3/2) and 463.9 eV (Ti2p1/2) 

(see red inset in Figure 8) [53]. By looking at the atomic ratio of vanadium and tungsten 

with respect to titanium, an important surface enrichment was found. Upon treatments, 

no differences were found in the chemical state of the elements; nevertheless , a further 

surface enrichment of vanadium was found, especially for the VWTi-t sample. Oxygen 

showed the typical profile of TiO2 material with a component at ca. 529.5 eV due to lattice 

and a component at 531.5 eV due to OH surface groups [53]. No trends were found in the 

relative changes of the two components after thermal or hydrothermal treatments (see 

Figure 10 and Table 3). 

46 44 42 40 38 36 34 32

In
te

n
s
it
y
 (

a
.u

.)

Binding Energy (eV)

(a)

(b)

(c)

46 44 42 40 38 36 34 32

V3p
Ti3p

W 4f7/2W 4f5/2

 

Figure 9. W4f, Ti3p and V3p region of VWTi (a), VWTi-h (b) and VWTi-t (c). 

  

Figure 9. W4f, Ti3p and V3p region of VWTi (a), VWTi-h (b) and VWTi-t (c).



Catalysts 2024, 14, 241 11 of 20

Catalysts 2024, 14, x FOR PEER REVIEW 11 of 20 
 

 

Table 3. XPS results in terms of W4f7/2, V3p and O1s binding energies (eV) of the monolithic device 

and W/Ti and V/Ti atomic ratios. The relative intensities of the different components O1s are given 

in parentheses. 

Sample 
W 4f7/2 

(eV) 

V3p 

(eV) 
O1s 

W/Ti 

(0.03) * 

V/Ti 

(0.03) * 

VWTi 35.8 41.0 
529.3 (58%) 

531.8 (42%) 
0.23 0.13 

VWTi-h 35.6 41.7 
529.6 (64%) 

531.6 (36%) 
0.23 0.15 

VWTi-t 36.0 41.4 
529.4 (56%) 

531.7 (44%) 
0.17 0.22 

* nominal ratio value. 

540 535 530 525 520

In
te

n
s
it
y
 (

a
.u

.)

Binding Energy (eV)

(a)

(b)

(c)

540 535 530 525 520

 

Figure 10. O1s region of VWTi (a), VWTi-h (b) and VWTi-t (c). 

  

Figure 10. O1s region of VWTi (a), VWTi-h (b) and VWTi-t (c).

2.6. Raman Analysis

In order to gain more insight into the structure of VWTi catalysts and their modifica-
tions occurring upon aging, Raman analysis was also performed. The Raman spectra of
the examined samples are reported in Figure 11A. All of the samples showed vibrational
bands at around 149, 393, 514 and 636 cm−1, typical of the TiO2 in the anatase form [54].
Noteworthily, as reported for similar samples, the strong intensity of Raman bands related
to anatase hindered the main bands associated with the vibrational modes of surface V2O5
and WO3 species in the region below 800 cm−1 [54,55]. This can be related to the good
dispersion of the vanadium and tungsten oxides and to their lower content compared to the
TiO2 (see Table 4), in accordance with the XRD measurements. Interestingly, the position of
the main vibrational mode of anatase of the VWT-t sample (149 cm−1, Figure 11B) showed
a blue shift of 4 cm−1 compared to the VWT-h and VWT catalysts (145 cm−1). This is
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attributed to a lattice distortion of TiO2 due to the introduction of defects as a consequence
of the thermal treatment [56,57]. Furthermore, in the VWT-t sample, it was possible to note
a broad signal in the 800–1000 cm−1 region. Considering the presence of a small band at
197 cm−1, related to the bending vibrations of the O–V–O bond, the 800–1000 cm−1 signal
can be assigned to the small contributions of the vanadium oxide surface species [57]. This
pointed to the fact that the thermal treatment caused a surface segregation of the vanadium
species in the VWT-t catalyst, as also confirmed by XPS. These structural modifications of
the VWT-t sample could explain the higher activity of this catalyst in the NO conversion,
especially at low temperatures, compared to the VWT and VWT-h samples.
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Table 4. Chemical composition of the commercial monolithic catalyst.

Phase Wt%

TiO2 75.0
WO3 7.0
V2O5 3.0

bentonite 6.0
glass fiber 9.0
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2.7. TGA Analysis

The TGA curves of fresh and aged catalysts are shown in Figure 12. In the temperature
range of 25–1000 ◦C, the TGA curves typically exhibited three major distinct weight loss
regions. The first weight loss region occurred between 50 and 200 ◦C, which was due to
the evaporation of physically adsorbed water and other volatile species from the catalyst
surface [58]. This weight loss is typically small and does not significantly affect the overall
performance of the catalyst. The second weight loss region occurred at higher temperatures,
between 400 and 600 ◦C, and it was primarily due to the thermal decomposition of the
catalyst components [59–61]. The catalysts exhibited another weight loss at 500–700 ◦C
related to the decomposition of vanadium, which constitutes the active component in VWTi
catalysts for SCR reactions [37]. The degree of weight loss in this region depends on the
thermal stability of the catalyst and the specific reaction conditions. In the case of VWTi
catalysts that have undergone thermal and hydrothermal aging, the TGA curve exhibits
smaller weight loss in the second region compared to fresh catalyst. This behavior can be
attributed to the aging process that has already caused some of the catalyst components,
such as V2O5, to be lost or sintered, resulting in a lower overall weight loss during the
TGA analysis. Comparing thermally aged VWTi with the same hydrothermally aged
sample, the thermally aged one showed a lower weight loss. One possible reason is that
thermal aging typically involves exposure to dry air, which may not result in significant
water uptake by the catalyst. In contrast, hydrothermal aging involves exposure to high-
temperature steam, which can lead to significant water absorption [62]. The water absorbed
during hydrothermal aging can contribute to the weight loss observed in TGA, leading
to a greater overall weight loss compared to thermal aging. Additionally, the structural
changes that occur during thermal aging may be less harsh than those that occur during
hydrothermal aging. Thermal aging typically involves exposure to high temperatures in an
oxygen-containing atmosphere, which can lead to oxidation and sintering of the catalyst
particles. However, the exposure to steam during hydrothermal aging can result in more
severe structural changes, such as the leaching of active components, the formation of
new phases, and the growth of new particles. Therefore, TGA results confirmed what was
previously observed with other characterization techniques (TPR, XPS, Raman), namely
that a variation in the initial composition of the VWTi catalysts occurs after thermal and
hydrothermal treatments.
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2.8. SEM/EDS

Some representative SEM images of the monolithic catalyst VWTi and its hydrother-
mally and thermally treated states are displayed in Figures 13 and 14, respectively.
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Figure 13. SEM images of fresh sample of the monolithic catalyst (VWTi) at different magnifications.
(A–C) Channel section and (D–F) lateral walls of the channels.
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Figure 14. SEM images of lateral walls of the channels at different magnifications for monolithic
catalysts. (A–C) Hydrothermally treated VWTi-h and (D–F) thermally treated VWTi-t.

SEM pictures of the channel section of the monolithic catalyst highlight that the
thickness of the walls of the channels is approximately 350 microns and that the dimensions
of the square channels are approximately 2 × 2 mm (Figure 13A,B). Figure 13C,F show
the nanostructured nature of the monolithic catalysts, which appear to be made up of
nanoparticles with size of ca. 40–45 nm. The images shown in Figure 13D,E indicate the
presence of some irregularities on the lateral walls of the channels, which potentially may
be due to the cutting operation required to reduce the monolithic catalyst into small pieces
for SEM analysis. Notably, the glass fibers remain unseen, as they are fully covered by the
catalytic material.
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On the contrary, although the nanostructured nature of the monolithic catalyst was
maintained (Figure 14C,F), both the hydrothermal and thermal treatments, especially the
latter, resulted in the partial detachment of the catalytic material from the monolith surface.
This detachment exposed certain glass fibers (see Figure 14A,E) and, in the case of thermally
treated material, led to the removal of some glass fibers (see Figure 14D).

The EDX analyses revealed the presence of the three catalyst components, namely Ti,
W and V, whose average percentages in the fresh sample, as well as in both the hydro- and
the thermal-treated samples, were approximately 90, 8 and 2%, respectively. Consequently,
the W/Ti and V/Ti ratios corresponded to 0.09 and 0.02, indicating that the amount of
vanadium was almost coincident with the nominal value. In contrast, the quantity of W
exceeded the nominal data. The surface segregation of tungsten, as well as vanadium, was
well confirmed by XPS analysis (see Table 4). Nevertheless, the lower depth of analysis of
XPS with respect to EDX was responsible for the differences found in vanadium surface
concentration.

The EDX analysis carried out on the fibers left uncovered, due to the erosion in both
the hydrothermally and thermally treated samples (see Figure 14A,E), highlighted their
siliceous nature. Additionally, the presence of an EDX signal relating to aluminum indicated
the presence of partially exposed bentonite fibers in both treated samples. Consequently,
these latter two samples exhibited signs of degradation, particularly noticeable in the
VWTi-t monolith.

3. Materials and Methods
3.1. Monolithic Catalyst

The catalyst (VWTi), provided by HUG Engineering AG, had a monolithic structure
and a geometric parallelepiped shape (200 cpsi, with dimensions ca. 8 × 6 × 16 mm). In
Table 4 the chemical composition, as certified in the data sheet, is listed.

3.2. Characterization of Monoliths

All of the characterizations were performed on small portions of the monolithic samples.
The crystalline structure of the catalyst was determined by registering powder X-ray

diffraction patterns (XRD), performed on a Bruker D5000 diffractometer equipped with a
Cu K anode and graphite monochromator. The data were recorded in the 20–80◦ 2θ range
with a step size of 0.05 and time per step of 20 s. The crystalline phases were analyzed
according to ICSD files (Inorganic Crystal Structure Database, FIZ Karlsruhe).

Specific surface areas and pore volumes were determined from N2 adsorption–desorption
isotherms at −196 ◦C using Micromeritics ASAP 2020 equipment, through the Brunauer-
Emmett-Teller (BET) method in the standard pressure range 0.05–0.3 P/P0. Before the
measurements, the samples were degassed at 250 ◦C for 2 h. By analysis of the desorption
curves, using the BJH calculation method, the pore volume and mean pore size distributions
were obtained.

Hydrogen temperature programmed reduction (TPR) measurements were carried out
with a Micromeritics AutoChem 2910 instrument equipped with a thermal conductivity
detector (TCD). The samples (0.1 g) were pre-treated with a mixture of 5 vol% O2 in He
at 30 mL min−1, heating up to 400 ◦C and holding at this temperature for 30 min. After
cooling down to room temperature, a gas mixture of 5 vol% H2 in Ar was introduced at
30 mL min−1 into the sample tube, and the temperature was increased up to 1000 ◦C at a
rate of 10 ◦C min−1. Hydrogen consumption values (mL g−1) associated with the reduction
steps were calculated by peak integration and using a calibration curve.

The X-ray photoelectron spectroscopy (XPS) analyses were performed with a VG
Microtech ESCA 3000 Multilab, equipped with a dual Mg/Al anode. As excitation source,
un-monochromatized Al Kα radiation (1486.6 eV) was used. The monolithic catalysts as
slab were mounted on a double-sided adhesive tape. The pressure in the analysis chamber
was in the range of 10−8 Torr during data collection. The constant charging of the samples
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was removed by referencing all of the energies to the C1s binding energy set at 285.1 eV.
Analyses of the peaks were performed with the CasaXPS software (Version 2.3.18PR1.0).

The Raman measurements were carried out using the second harmonic (532 nm) of an
Nd:YAG laser in the backscattering mode with a Witec Alpha 300 RS instrument. For all of
the analyzed samples, the power of the exciting laser was 5 mW, and the acquisition time
and accumulation number were fixed, respectively, at 10 s and 10 spectra.

The thermogravimetric analyses (TGA) of the samples were registered using the TGA
1 Star System (Mettler Toledo, Scwerzenbach, Switzerland). About 10 mg of the sample was
heated from room temperature to 100 C, left at this temperature for 1 h, and then heated to
1100 C at the rate of 10 C/min under flowing air at 30 mL/min.

Scanning electron microscopy (SEM) was performed using an FEI Quanta 200 ESEM
microscope, operating at 20 kV. Small portions of the monolithic catalysts were glued in
two different arrangements onto several stubs by using a conductive carbon cement (Agar
scientific, Stansted, UK). One placement aimed to study the cross-section of the channels,
while the other one was designated to investigate the morphology of the lateral walls within
the channels. After this, a thin layer of gold was deposited on the samples. Moreover, an
electron microprobe, used in an energy dispersive mode (EDX), was employed to obtain
information on the actual Ti, W, and V composition of the monolithic catalysts.

3.3. Catalyst Activity Test

The standard NO SCR by NH3 tests were performed in a fixed-bed continuous-flow
U quartz reactor with an inner diameter of 12 mm. The feed gas, consisting of 1000 ppm
NO, 1000 ppm NH3, 10 vol% O2 and He as balance, was led over the catalyst at a flow rate
of 50 mL min−1 (STP), equivalent to a gas hourly space velocity (GHSV) of 5000 h−1. The
activities were measured as a function of temperature from 25 ◦C to 400 ◦C, with a heating
rate of 5 ◦C min−1; the data were collected after about 40 min to achieve a steady-state
condition. After the VWTi monolith reached the temperature of 400 ◦C, the NO conversion
was monitored for a total of 50 h to assess catalyst stability over an extended period (long
run). In detail, the temperature was rapidly decreased from 400 ◦C to 350 ◦C, followed by
steps of 25 ◦C down to 150 ◦C, maintaining each temperature for 5 h. For the more critical
temperatures (350 and 200 ◦C), an observation period of 12 h was employed. The same
monolith after the long run, labelled as VWTi-50 h, was subsequently tested again under
the same conditions described at the beginning of this paragraph (standard NO SCR).

The thermal and hydrothermal aging of the monolith was carried out at 600 ◦C in air
for 6 h with a ramp rate of 10 ◦C min−1 (thermal), and with the introduction of 30 vol% of
H2O in air (hydrothermal). The samples were identified as VWTi-t and VWTi-h, respectively.
Subsequently, the aged monoliths were tested under the same conditions used for VWTi
(standard NO SCR). The inlet and outlet gas compositions were analyzed by ABB detectors,
infrared (Limas 11) for NO, N2O, NO2, and NH3, and paramagnetic (Magnos 206) for O2.
The NO conversion and N2 selectivity were calculated by the following equations [63]:

NO Conversion (%) =
[NO] in − [NO]out

[NO] in
× 100 (2)

N2 Selectivity(%) =

[
1 − [NO2]out + 2[N 2 O]out

[NO]in + [NH3]in − [NH3]out − [NO]out

]
× 100 (3)

4. Conclusions

In the present paper, NO SCR by NH3 was studied over a commercial monolith
with composition V2O5-WO3/TiO2. The sample with typical honeycomb structure was
cordierite-free, but contained glass fibers and bentonite in the structure. The catalytic
tests were performed at first on the as-received catalyst (labelled as VWTi), and a long
run of 50 h in the range between 150 and 350 ◦C was registered, showing very stable NO
conversion values. Then, tests were registered after performing two aging treatments, a
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thermal (sample labelled as VWTi-t) treatment at 600 ◦C in air for 6 h and a hydrothermal
(sample labelled as VWTi-h) treatment at 600 ◦C for 6 h under added air flow of 30 vol%
of H2O, in order to simulate semirealistic working conditions. In the NO SCR tests, the
thermally aged catalyst, VWTi-t, showed improved NO conversion at low temperature
(75–200 ◦C) in comparison with hydrothermally aged and fresh samples, maintaining high
selectivity for N2 up to around 350 ◦C. Conversely, the hydrothermally treated catalyst
slightly deactivated in the NO conversion at low temperature, while the selectivity for N2
dropped above 300 ◦C. XPS and Raman characterizations carried out pointed to structural
changes and redispersion of vanadia surface-active species that likely rearranged in a
porous structure, as suggested by higher specific surface area values, with a segregation on
the surface of the catalyst, thus, explaining the higher activity of this catalyst in the NO
conversion, especially at low temperatures, compared to the VWT and the VWT-h samples.
In the present investigation, we demonstrated that although enhanced catalytic properties
were observed after thermal aging, the successful application of such a catalyst in real
engine working conditions as an NO SCR device is not guaranteed. Indeed, SEM and
EDX analyses evidenced that both the hydrothermal and thermal treatments, especially the
latter, resulting in the partial detachment of the catalytic material from the monolith surface,
led to the removal of some glass fibers and, therefore, to the degradation of the catalytic
material, particularly noticeable in the VWTi-t monolith. These findings underscore the
impact of the monolith matrix, glass fibers and bentonite, on the stability of the catalyst
upon aging.
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