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Hydrocarbon and Soot Oxidation over Cerium and Iron
Doped Vanadium SCR Catalysts

Lei Zheng,” Anna Zimina,®®

V,0.—WO,/TiO, (VWTi) catalysts are widely employed for
selective catalytic reduction (SCR) of NO,. However, due to their
poor thermal stability the application in diesel particulate filters
(DPFs), i.e. 2-way SCRonDPF is limited. In this study, the
potential of Ce- and Fe-doped VWTi systems for hydrocarbon
and soot oxidation in addition to the SCR activity was system-
atically investigated for fresh and thermally aged samples. The
formation of metal vanadates upon thermal aging, as identified
by X-ray diffraction, Raman and X-ray adsorption spectroscopy,
prevents drastic sintering of the support and maintains a high

1. Introduction

Selective catalytic reduction (SCR) of NO, with ammonia is to
date one of the most widespread technologies for NO, abate-
ment particularly for heavy-duty diesel engines."” Vanadium-
based SCR catalysts (V—SCR), typically containing vanadium as
redox active species and tungsten to reinforce TiO, as support
(V,05~WO,/TiO,),” are widely used for NO, reduction due to
their good removal efficiency and high resistance against
sulfur-poisoning."™ However, particularly the poor thermal
stability of vanadia® represents a significant challenge due to
the dynamic temperature changes encountered for mobile
applications. Chapman etal™ demonstrated that V,0s is
released already at around 550°C, which strongly limits their
high temperature application. In order to overcome this
problem different solutions have been proposed, including the
use of V-free TiO,- or WO;-based catalysts.” Recent studies
have shown that metal vanadates based SCR catalysts are
promising alternatives, which could be used to prevent
vanadium volatilization. Particularly, cerium, iron and erbium
vanadates exhibit enhanced thermal stability during SCR

[a] L. Zheng, Dr. A. Zimina, Dr. M. Casapu, Prof. J.-D. Grunwaldt
Institute for Chemical Technology and Polymer Chemistry (ITCP)
Karlsruhe Institute of Technology (KIT)

EngesserstralSe 20
76131 Karlsruhe (Germany)
E-mail: maria.casapu@kit.edu

[b] Dr. A. Zimina, Prof. J.-D. Grunwaldt

Institute of Catalysis Research and Technology (IKFT)

Karlsruhe Institute of Technology (KIT)

Hermann-von-Helmholtz-Platz 1

76344 Eggenstein-Leopoldshafen (Germany)

Supporting information for this article is available on the WWW under

https://doi.org/10.1002/cctc.202001314

0 © 2020 The Authors. Published by Wiley-VCH GmbH. This is an open access
article under the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided the
original work is properly cited.

ChemCatChem 2020, 12, 6272-6284 Wiley Online Library

! Maria Casapu,*® and Jan-Dierk Grunwaldt'

6272

a, b]

NO,—SCR and hydrocarbon oxidation activity. Additionally, the
doped VWTi catalysts show a slight increase of the CO,
selectivity during hydrocarbon oxidation, which represents an
important aspect for such multifunctional catalysts. Despite of
the advantages, the formation of metal vanadates hinders the
mobility of vanadium species and decreases the soot oxidation
ability of the doped catalysts. Interestingly, a promising soot
oxidation activity was identified for the VWTi—Fe sample after
aging at 650°C, which resulted in decomposition of the iron
vanadate and generation of highly dispersed and mobile V,0Os.

reactions by stabilizing the vanadium species and inhibiting the

sintering tendency while maintaining a good NO, removal
6]

activity.” Due to their higher thermal durability and good SO,
poisoning resistance,***” such catalyst formulations seem to be
suitable also for 2-way SCRonDPF (or SDPF) catalyst

applications.™ For such combinations of the NO,~SCR and
particulate matter filtration functionalities the exposure to high
temperatures is highly probable during DPF regeneration and
because this exhaust gas aftertreatment component is located
closer to the engine.” Hereof, an enhanced SCR performance
was observed over Ce-doped VWTi catalysts, which resulted
from the promotional effect of ceria on the oxidation of NO to
NO,." Furthermore, the modification of V—SCR catalysts with
iron oxide were as well reported to enhance the NO, reduction
activity.®*9" The presence of cerium and iron could also be
beneficial due to their known ability to oxidize volatile organic
compounds (VOC) and soot.? In this regard, the Ce*"/Ce*"
redox switch has often been exploited for oxidation reactions."”
Christensen et al."® demonstrated that ceria exhibits excellent
soot oxidation activity due to the low oxygen bond strength.
Ceria-based materials including doped ceria are also widely
used for oxidation of hydrocarbons.'* For example, Garcia
et al."* reported that CeO, prepared by a precipitation method
with urea was very active for naphthalene oxidation with 100 %
CO, selectivity even at 175 °C. Ceria-zirconia mixed oxides are as
well applied due to their ability to oxidize different classes of
volatile organic compounds (VOC) and soot, and actively
support NH;—SCR as component of various catalysts." Similarly,
Fe-based catalysts are known to be active for CO, hydrocarbon
and soot oxidation,"**"'% peing attractive for 2-way SCRonDPF
catalysts as well. Fe,0;-catalysts show excellent soot oxidation
activity due to the transfer of surface and bulk oxygen from the
catalyst to the surface of soot."**? Finally, Wagléhner and Kureti
reported that soot oxidation is almost fully selective to CO, over
Fe,0;-catalysts, with an onset temperature of around 400°C
even for the catalyst-soot loose contact case.'”™ This high
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selectivity towards CO, is a promising aspect since the oxidation
of VOC, such as C;Hg, 0-CgH,o, n-C;,H,6, and of soot over typical
vanadium-based SCR catalysts leads to significant amounts of
CO emissions,"® demanding for further catalyst development.

In the present study, we systematically investigated the VOC
and soot oxidation performance of Ce- and Fe-doped
V,0,—WO,/TiO, NO,—SCR catalysts. They were studied in fresh
state and after thermal aging, and compared to the activity of a
typical VWTi catalyst. Propylene, o-xylene and n-dodecane were
used as model VOCs for short chain, aromatic and long chain
hydrocarbons, and carbon black to represent the diesel soot.

2. Results and Discussion
2.1. Catalyst characterization

The three catalyst series VWTi (3 wt% V,0,-10 wt% WO,/TiO,, cf.
experimental section), and the 3 wt% Fe,0;- and 6 wt% CeO,-
doped catalysts (denoted VWTi—Fe and VWTi—Ce, respectively)
were analyzed with respect to their chemical composition using
inductively coupled plasma optical emission spectroscopy (ICP-
OES). The elemental compositions were very close to the
targeted compositions, as shown in Table S1. Hardly any change
of the sample compositions was noticed after thermal aging
treatment at 650 °C for 10 h for all three series of catalysts.

The specific surface area of selected samples is reported in
Table 1. The results indicate that the BET surface area of the as
prepared VWTi sample slightly decreases (from 64 to 52 m%q)
after the addition of cerium oxide but remains similar if iron
oxide is included in the catalyst composition. Further thermal
aging led to a stronger material sintering, particularly for the
VWTi catalyst series. After calcination at 650°C for 10 h, a
surface area of only 9 m?’/g was measured for VWTi-650, as
compared with 19 and 21 m%g for VWTi—Ce-650 and VWTi—Fe-
650, respectively. The main reflection at 25.4° in the X-ray
diffraction (XRD) pattern (Figure S1), typical for the anatase
phase of TiO,, was used to determine the crystallite sizes listed
in Table 1. Higher thermal aging temperature resulted in a
progressive growing of the crystallite size, with the larger sizes
measured for VWTi—Fe-700 and VWTi-700 aged catalysts
(65.3 nm and 77.3 nm, respectively). In contrast, the cerium-
doped sample was less affected by the thermal aging treat-
ment, with a crystallite size growth of only 5.2 nm after thermal
aging at 700°C for 10 h in comparison to the fresh state. This
beneficial effect of cerium addition was as well observed when

using less or excess of cerium relative to vanadium loading in
VWTi—Ce sample, as shown in Figure S2.

The total number of acidic sites evaluated based on the
temperature-programmed desorption of ammonia (NH;-TPD)
results (Figure S3) and normalized versus fresh VWTi sample
(Table 1) shows that the thermal aging treatment at high
temperature diminished the number of acidic sites, particularly
for the VWTi catalyst, which is known to be detrimental for the
SCR performance.'™”

Raman spectroscopy was used to identify the different
crystalline phases in the fresh and thermally aged catalysts.
Selected Raman spectra are shown in Figure 1 in the range
between 800 and 1200 cm™'. Similar to the XRD results
(Figure S1), the strong bands corresponding to the anatase TiO,
phase were observed for all catalysts (Figure 54)."® The band at
858 cm™' recorded for VWTi—Ce-650 and VWTi—Ce-700 (Fig-
ure 1(b)) has been previously attributed to cerium vanadate.'”!
The formation of cerium vanadate in the 650°C and 700°C
aged catalysts was also confirmed by XRD measurements
(Figure S1). Moreover, iron vanadate was found in VWTi—Fe-600
and VWTi—Fe-650 catalysts (Figure 1(c)), as indicated by the
band at 881 cm™'***"! |ts disappearance upon thermal aging at
700°C correlates to the decomposition of the iron vanadate
phase, which has been suggested to start already at 600°C by
Marberger et al®®® Hence, the formation as well as the
decomposition of iron vanadate occurred at a lower temper-
ature in comparison with cerium vanadate. Polymeric vanadates
were reported as active species for the SCR reaction."™ The
presence of polymeric vanadates (V=0 stretching vibrations) in
all fresh catalysts was indicated by the Raman bands in the
range of 940-990 cm~'.”Y For all three series of catalysts, the
V=0 stretching bands shifted to lower wavenumbers with
higher thermal aging temperature, demonstrating the diminish-
ment of the polymeric vanadates content. A more pronounced
decrease was found for VWT-650 and VWTi-700, as well as for
VWTi—Fe-700. The appearance of rutile TiO, phase was also
observed for these catalysts, as indicated by the bands at
808 cm™' (Figure 1(a)), 804 cm™' (Figure 1(c)) as well as 442 and
438 cm™' in Figure 54.2%

The UV-vis spectra of the investigated catalysts are shown
in Figure 2. The absorption at wavelengths lower than 580 nm
corresponds to the charge transfer signal of V> species (0>~ to
V°T) and the absorption above 600 nm was attributed to the
charge transfer from the d-orbital of V** to the conduction
band of Ti0,. It has been reported that vanadium species
interacting with titania boost the sintering of the TiO,
support.™ A more pronounced absorption in the region

Table 1. Structure characterization for selected samples.

Sample/T,ging VWTi VWTi-Ce VWTi-Fe

fresh 650°C fresh 650°C fresh 650°C
Seer [M?/g] 64 9 52 19 62 21
d [nm] @ 17.0 63.2 183 213 174 235
Acidic sites ! 1 0.18 0.84 0.51 0.98 0.47

[a] Crystallite size of titania estimated from XRD using the Scherer equation. [b] Relative total number of acidic sites normalized by that obtained for the VWTi

fresh catalyst.
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Figure 1. Raman spectra of investigated samples in the selected range of 800-1200 cm™' (full Raman spectra, cf. Figure S4 in the Supporting Information): (a)
VWTi, (b) VWTi—Ce and (c) VWTi—Fe fresh as well as 600 °C, 650 °C and 700 °C thermally aged catalysts.
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Figure 2. UV-vis spectra of (a) VWTi; (b) VWTi—Ce and (c) VWTi—Fe fresh as well as 600 °C, 650°C and 700 °C thermally aged catalysts.

starting from 400 nm up to 800 nm was observed for the VWTi
catalyst upon thermal aging, indicating more intimate V-Ti
interaction.”® For Ce- and Fe-doped catalysts, only minor
changes were measured during thermal aging process (except
VWTi—Fe-700), and this can be explained by the weaker V-Ti
interaction due to metal vanadates formation, as confirmed by
the XRD (Figure S1) and Raman spectroscopy (Figure 1) results.
Therefore, the moderate sintering process of the Ce- and Fe-
doped catalysts during thermal aging could be explained by
the formation of metal vanadates that weaken the V-Ti
interaction thus retarding the sintering of the support.”

The profile of the temperature-programmed reduction with
hydrogen (H,-TPR, Figure 3) recorded for the VWTi fresh catalyst
shows a main peak at 424°C and a shoulder at 539°C, which
were attributed to the reduction of highly dispersed vanadium
species. The peak appearing at a higher temperature around
813°C is due to the reduction of tungsten oxide."” Upon CeO,
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addition, the reduction extent measured between 300-600°C
increases (maximum at 454°C) due to overlap with the
reduction of surface Ce*" to Ce*" in the same temperature
region."” This is confirmed by comparing the reduction profile
of the VWTi—Ce catalyst with the results obtained for a V-free
WTi—Ce sample as shown in Figure S5. The addition of Fe to the
VWTi caused a lower onset temperature for reduction with the
peak maximum at 400°C and 752°C, which is due to the
simultaneous reduction of Fe,0,.['"%

Upon thermal aging, the reduction peaks shifted to higher
temperatures and became smaller for all catalyst series,
suggesting a gradual decrease of catalyst reducibility. The new
emerging peaks at 635°C, 645°C and 631°C from VWTi-650,
VWTi-700 and VWTi—Fe-700 catalysts, might be explained by
the rutile TiO, formation, as anatase to rutile phase trans-
formation were found for those catalysts (according to the XRD
results in Figure ST and Raman results in Figure 1). In addition,

© 2020 The Authors. Published by Wiley-VCH GmbH
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the disappearance of the peak around 450-460°C for cerium
doped catalysts after thermal aging at 650°C and 700 °C can be
traced back to the formation of cerium vanadate. A similar
tendency was observed for high cerium loaded catalysts, i.e.
VWTi-2Ce, as shown in Figure S5(c). Pronounced variations in
the TPR profile were recorded also for the VWTi—Fe samples
due to formation of iron vanadate and catalyst sintering
processes.

The formation of metal vanadates in Fe- and Ce-doped
catalysts during thermal aging treatment was confirmed also by
X-ray absorption spectroscopy (XAS) measurements. The nor-
malized X-ray absorption near edge structure (XANES) spectra
recorded at Ce L;- and Fe K-edges for the Ce- and Fe-containing
samples are shown in Figure 4(a) and (b), respectively. For the
cerium containing samples, VWTi—Ce and VWTi—Ce-600, a
similar XANES profile was observed as for the Ce*" reference
sample (Ce0,), due to the presence of CeO, in these catalysts

(cf. XRD data, Figure S1(b)). Major changes were noticed with
higher thermal aging temperatures: the XANES spectra of
VWTi—Ce-650 and VWTi—Ce-700 were very similar to the Ce®*
reference sample (ref. Ce(NO;);), which also based on findings
by Kumar et al.** indicates the formation of CeVO,. In addition
to the variation in oxidation state, the formation of cerium
vanadate involves the change of the crystal structure form
cubic (Ce0,) to tetragonal. Furthermore, a slight increase of the
Ce L;-edge white line intensity was observed for the VWTTi—Ce-
700 sample in comparison to the catalyst calcined at 650°C,
probably due to the higher degree of crystallinity of the more
strongly sintered catalyst. This evolution is supported by the
corresponding XRD patterns (Figure S1).

For the Fe-doped catalysts, two characteristic features at
7114.8 and 7118.4 eV in the pre-edge region were clearly visible
(Figure 4(b)), but did not appear for the Fe-reference samples
(also indicated from Boubnov et al.”® for staurolite, FeO, FePO,

a i (b)  |vwri-ce (c)  |vwrTi-Fe
(@) WTiCe] YWTi-Fe]
765
645 . . 504 631
. 527 S 5z 852 =]
=S 700 °C ] @ |700°C
A = = 502 AN
§ e 638 % %
_% 650 °C 796 B I
[a] o
o O
g 2 g

200 400 600 800 1000
Temperature / °C

200 400 600 800 1000
Temperature / °C

200 400 600 800 1000
Temperature / °C

Figure 3. H,-TPR results of the (a) VWTi; (b) VWTi—Ce and (c) VWTi—Fe fresh as well as 600 °C, 650°C and 700 °C thermally aged catalysts.
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Figure 4. Normalized X-ray absorption near edge structure (XANES) spectra of (a) Ce L;-edge of Ce-containing samples and (b) Fe K-edge of Fe-containing

samples, as well as their corresponding reference sample.
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reference samples). This region of the spectra resulting from
1 s—3d (quadrupolar) and/or 1 s—4p (dipolar) electronic tran-
sitions is mainly influenced by the oxidation state and
coordination geometry of the Fe sites”? According to
previous studies,®*” the two peaks can be attributed to surface
FeVO,. This indicates that a strong interaction distorting the
local geometry around the Fe atoms or the formation of FeVO,
takes place already in the fresh VWTi—Fe sample. However, this
change was not detected by Raman spectroscopy (Figure 1(c))
and XRD (Figure S1(c)) measurements, probably due to the
presence of amorphous or short range ordered phases. More-
over, the XANES post-edge region of Fe-doped catalysts was
completely different from that of reference samples, which
represents another evidence for surface FeVO, formation.*” For
the VWTi—Fe-700 sample the two features were still present in
the XANES pre-edge region, indicating that FeVO, was not
completely decomposed. Moreover, the more pronounced
features in the XANES region could be related to a further
particle size increase during catalyst calcination at 700°C.
Unfortunately, due to the low loading and overlap with the TiO,
rutile phase and WO,, the formation, sintering or decomposition
of FeVO, could not be identified in the corresponding XRD
patterns (Figure S1). The extended X-ray absorption fine
structure (EXAFS) of VWTi—Fe fresh as well as 650°C and 700°C
thermally aged samples was fitted using FeVO, as reference,
and the results are presented in Figure S6 and Table S2. The
rather high fitting degree again indicates the formation of
FeVO, species in all investigated samples.

Based on the results obtained by the different complemen-
tary characterization methods including the sufficiently long
thermal aging time, it can be concluded that most of vanadium
species are present as CeVO, and FeVO, in the aged catalysts.
However, we cannot completely exclude that a small amount of
vanadium remains in the initial oxide state, namely V,0O;, and
participates to the catalytic reactions as well.

100
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X
X

NO. conversion / %
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0+ r——
100 200 300 400 500 600
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2.2. SCR of NO, with NH,

The NH;—SCR performance of the fresh and thermally aged
VWTi, VWTi—Ce and VWTi—Fe samples is presented in Figure 5.
The as prepared VWTi shows a slightly broader temperature
window for the SCR activity as compared with the Ce- and Fe-
doped catalysts (a clearer comparison is provided in Figure S7).
The VWTi—Ce and VWTi—Fe samples exhibit a NO, conversion of
82.3% and 55.1% at 200 °C, respectively. Both values are lower
than 87.5%, as obtained for the VWTi catalyst for the same
temperature point. This could be explained by the slightly
decrease of the surface area and the total number of acidic sites
(Table 1). Significant loss of activity was observed for the VWTi
catalyst series with a NO, conversion at 350°C of only 86.3%
and 26.6% after thermal aging at 650°C and 700°C, respec-
tively. On the contrary, apart from VWTi—Fe-700, the thermal
aging treatment resulted in minor effects on the activity of Ce-
and Fe-doped catalysts, for which full NO, conversion main-
tained in the temperature range of 300-450°C. These results
confirm the beneficial effect of adding cerium or iron oxide
with respect to the thermal stability of vanadium-based SCR
catalysts. This can be traced back to the formation of metal
vanadates (Figures S1, 1 and 4), as it has been reported also by
other groups.™ ' However, FeVQ, is less thermally stable and
decomposes during aging at 700°C, leading to a severe
deactivation of VWTi—Fe-700 catalyst, which shows the highest
NO, conversion of only 36% at 350°C. Hence, the structural
evolution as uncovered in this study by Raman spectroscopy
(Figure 1) and XAS (Figure 4) strongly correlates to the catalytic
performance.

A similar beneficial effect on the thermal resistance was
observed when using lower or higher cerium loadings relative
to the vanadium content. For samples containing Ce:V molar
ratios of 0.5 and 2, no major difference could be observed for
the fresh and up to 650°C aged catalysts (Figure S8). However,
the catalyst with a Ce:V ratios of 1 maintained the highest NO,
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Figure 5. Catalytic performance under standard SCR condition: (a) VWTi; (b) VWTi—Ce and (c) VWTi—Fe fresh as well as 600 °C, 650 °C and 700 °C thermally aged
catalysts. 500 ppm NO, 500 ppm NH;, 5% H,0, 10% O, in N,, GHSV =50,000 h".
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removal activity upon thermal aging at 700°C for 10 h. 80%
NO, conversion during SCR at 250°C was still observed for the
VWTi—Ce-700 sample whereas only 53% and 61% were
measured for VWTi-0.5Ce-700 and VWTi-2Ce-700 samples,
respectively.

2.3. Hydrocarbon oxidation

The catalytic performance of the fresh and 650°C thermally
aged catalysts for propylene, o-xylene or n-dodecane oxidation
in a gas mixture additionally containing 5% H,0, 10% O, in N,
is compared in Figure 6. Full conversion of propylene was
obtained for all fresh catalysts starting with 400°C whereas at
lower temperature only o-xylene and n-dodecane were con-
verted. This is in accordance with our previous study showing
that hydrocarbons with longer chain length are more easily
oxidized,"®™ due to the fact that more adjacent sites are
exposure for adsorption, as suggested by Yao etal™ The
results also indicate that for the fresh catalysts vanadium
species act as active sites not only for NH;—SCR reaction but
also for hydrocarbon oxidation. The addition of Fe and Ce as
dopants and the formation of metal vanadates leads to a
slightly lower activity for hydrocarbon oxidation in comparison
to the VWTi sample. This could be explained by a decreased
availability of mobile oxygen. As the H,-TPR results (Figure 3)
revealed, the formation of vanadates and material sintering
resulted in a higher reduction temperature and lower reduction
extent as compared to the VWTi catalyst. However, the
advantage of an increased thermal stability is clearly visible
upon aging experiments. The oxidation activity drastically
decreased for VWTi after calcination at 650°C and only 70%
propylene conversion was measured at 550°C. For the same
catalyst, the full conversion of o-xylene and n-dodecane shifted
with 100°C and 150°C to higher temperature, respectively. This
is due to the transformation of anatase to rutile upon high
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temperature aging (as indicated by Raman results in Figure (1)),
which is typically encountered for V-TiO, catalysts."®*** In
contrast, for both doped samples only a minor diminishment of
the oxidation activity was observed, particularly for the
VWTi—Fe-650 catalyst. Therefore, due to the formation of metal
vanadates upon thermal aging, Ce- and Fe-doped catalysts
maintain not only their NH;—SCR performance but also the
hydrocarbon oxidation activity. In addition, improved CO,
selectivity from hydrocarbon oxidation was also measured for
VWTi—Ce and VWTi—Fe catalysts. Similarly as observed for the
NO, removal activity, the rate of the hydrocarbon oxidation was
kept high for catalysts with different cerium loadings (Fig-
ure S9), an intermediate cerium loading (V/Ce=1) still resulting
in the highest activity in spite of the high thermal aging
temperatures. In all cases, CO and CO, were detected as major
products, accompanied by small amounts of oxygenates, such
as formaldehyde at intermediate temperatures. The occurring
processes will be discussed in more detail in the following
sections.

2.4. SCR of NO, with NH; in the presence of hydrocarbons

NH;—SCR performance in the presence of hydrocarbons
(propylene, o-xylene and n-dodecane) was evaluated for the
fresh (Figure 7) and 650°C thermally aged catalysts (Figure 8).
All three hydrocarbons slightly inhibited the NO, removal
activity in the high temperature region due to the competition
for active sites, since both hydrocarbon oxidation and NH;—SCR
require the vanadium species for adsorption and activation.!é*"
However, the short and long chain hydrocarbons display
different NH;—SCR inhibition tendency at low temperatures.
Similarly as observed in our previous study,"® n-dodecane,
which is easier to oxidize (Figure 6), shows a stronger inhibition
effect in comparison to short chain hydrocarbons. As displayed
in Figure 7, for the fresh catalysts, hardly any influence of

0-
100 200 300 400 500 600
Temperature / °C

o+
100 200 300 400 500 600
Temperature / °C

(1 e . e —
100 200 300 400 500 600
Temperature / °C

Figure 6. Hydrocarbon oxidation over fresh and 650 °C thermally aged VWTi, VWTi—Ce and VWTi—Fe catalysts: (a) propylene conversion; (b) o-xylene
conversion and (c) n-dodecane conversion. 185 ppm C;H4 (or 80 ppm 0-CgH;, or 80 ppm n-C;,H,), 5% H,0 and 10% O, in N,, GHSV=50,000 h™".
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propylene was noticed, which is in accordance with previous
studies,"***3% while a clear inhibition effect was observed for n-
dodecane. Analogously, o-xylene shows an inhibition effect on
NO, conversion that is more pronounced in comparison to n-
dodecane, particularly for VWTi and Ce-doped catalysts. For the
VWTi catalyst, the NO, conversion of 89.1% at 200 °C decreased
to 62.7% in the presence of n-dodecane and to 24.7% if o-
xylene was added. As for VWTi—Ce, the 79.9% NO, conversion
at 200°C decreased to 42.7% or 20.9% in a gas mixture
containing n-dodecane or o-xylene, respectively. In contrast, for
VWTi—Fe the inhibition effect of n-dodecane and o-xylene is
similar, both decreased the NO, removal activity from 55.1%
conversion to 19.8% at 200 °C.
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After thermal aging at 650°C (Figure 8), a similar trend was
observed as for the fresh catalyst. In the presence of n-
dodecane a conversion drop of ca. 30% was found at 250 °C for
both VWTi-650 and VWTi—Ce-650 catalysts. o-Xylene addition
led to an even more severe decrease, from 41.1 % conversion at
250°C to 4.0% for VWTi-650 and from 90.7% to 3.6% for
VWTi—Ce-650. For VWTi—Fe-650, the NO, conversion at 250°C is
with 45% and 79% lower in the presence of n-dodecane and o-
xylene, respectively. As illustrated in Figure 8, even after the
thermal aging treatment at 650°C for 10 h, the Ce- and Fe-
doped catalysts exhibited higher NO, removal activity in
presence of hydrocarbons as compared with VWTi. An analo-
gous effect of propylene presence on the SCR activity, i.e. only
slightly inhibited the NO, removal activity in the high temper-
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ature region, was observed for catalysts containing different
cerium loadings (results not shown). This is partially due to the
known SCR activity of Ce-based SCR catalysts,*" as measured
also in the present study for a V-free WTi-2Ce catalyst (Fig-
ure S8(a)). A complementary estimation of the effect of different
hydrocarbons at intermediate temperatures (250 - 400 °C) could
be conducted by using a lower catalyst load for the NH;—SCR
activity tests, to prevent close to full conversion for all
investigated samples.

2.5. Hydrocarbon oxidation in presence of standard SCR
conditions

The hydrocarbon oxidation performance, with and without the
presence of the standard SCR conditions was systematically
compared over fresh (Figure S10) and 650°C thermally aged
catalysts (Figure S11). In general, the standard SCR gas mixture
did not significantly influence the hydrocarbon conversion, and
a more pronounced inhibition effect was observed only at low
temperatures. The corresponding Ts, (temperature of 50%
conversion) temperatures are plotted in Figure 9. In all cases,
the Ty, for hydrocarbon oxidation shifted to higher temperature
under SCR conditions. The highest shift of about 60°C was
measured for VWTi during n-dodecane oxidation. More impor-
tantly, after the thermal treatment at 650°C for 10 h, the Ce-
and Fe-doped catalysts exhibited lower Tg, temperatures in
comparison to the VWTi-650 sample. This clearly indicates that
the addition of Ce and Fe dopants helps in stabilizing not only
the SCR performance but also the hydrocarbon oxidation
activity (Figure 5, Figure 6, Figure S8), which is highly relevant
for 2-way SCRonDPF applications.

The CO, and CO emissions resulting from the hydrocarbon
oxidation, with (i.e. 500 ppm NO, 500 ppm NH;) and without
(i.,e. no NO/NH; in the feed) the presence of standard SCR

conditions, over the fresh catalysts are shown in Figure S12 and
Figure S13, respectively. The rather complex CO and CO,
concentration profiles suggest different reaction mechanisms
and reaction intermediates as the temperature increases.
According to Koebel and Elsener,"®™® monocarboxylic and
dicarboxylic acids are formed from VOC oxidation at low
temperature, by their decomposition leading to CO formation
as the temperature increases. Additionally, the adsorption,
desorption and later oxidation of such reaction intermediates
might also contribute to the uneven CO and CO, emission
profiles. The CO, selectivity, in terms of [CO,]/([CO]+[CO,])
ratio, over fresh and 650 °C aged samples is shown in Figure 10
and Figure S14, respectively. For all fresh catalysts the CO,
selectivity was in the range of 20-40% during propylene
oxidation, and high CO concentrations were simultaneously
detected. A higher CO, selectivity was found during o-xylene
and n-dodecane oxidation, amounting to 60-90% and 40-90 %,
respectively. The addition of cerium or iron to the VWTi catalyst
has only a small beneficial effect on the CO, selectivity. Even
higher CeO, loadings do not result in increased CO, emissions
(Figure S15). This behavior is in contrast to the well-known
ability of ceria and iron oxides-based catalysts to completely
oxidize VOC and CO especially at high temperatures. 21
Probably, the strong interaction with vanadium leading to
vanadates formation results in less redox active species (Fig-
ure 3). Nevertheless, the slight improvement towards the
desired product CO,, as shown by the vanadate-based catalysts,
combined with their superior thermal stability represents an
advantage for a potential multifunctional catalyst.

Obviously, the presence of the standard SCR gas mixture
promoted the CO, formation in the investigated temperature
range, regardless of catalyst composition, aging state and
hydrocarbon structure. This promoting effect is probably due to
the presence of NO, (particularly NO, formation via NO
oxidation) and the resulting more oxidative environment.

500'l'l'l'l'l 500'l'l'l'l'l 500 r T+ 1+ T 71
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Figure 9. Comparison of Ts, temperaturesfor hydrocarbon oxidation with and without the presence of standard SCR condition over investigated fresh as well
as 650°C thermally aged catalysts: (a) propylene oxidation (b) o-xylene oxidation and (c) n-dodecane oxidation. 185 ppm C;H, (or 80 ppm 0-CgH,, or 80 ppm
n-C;,H,), (500 ppm NO, 500 ppm NH;, when in presence of standard SCR), 5% H,0 and 10% O, in N,, GHSV=50,000 h".
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However, the CO, selectivity decreases with temperature (Fig-
ure 10 and S14) indicating that the partial oxidation instead of
total oxidation is favored. As mentioned above, this could be
due to a switch in the reaction mechanism. At the same time,
such a behavior might be caused by the inhibition of catalyst
reoxidation due to the presence of NH;, CO and other carbona-
ceous species.”
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2.6. Soot oxidation

In addition to hydrocarbon oxidation, soot oxidation was
evaluated and the corresponding CO and CO, emissions are
plotted in Figure 11. As shown in Figure 11(a), when the pure
soot is heated up in inert atmosphere (N,), only a slight
oxidation was detected above 200°C, with two maxima at
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Figure 11. Comparison of CO and CO, emissions from soot oxidation: (a) pure soot heating up in N, without catalyst; (b) soot-TPO without catalyst; (c) soot-
TPO with VWTi; (d) soot TPO with VWTi-650. 100 mL/min N, (a) or 10% O,/N, (b-d) with a temperature ramp of 10 °C/min to 600 °C. Marked temperatures
represent: T, = temperature of soot oxidation onset; T, =temperature maximum of the oxidation peak involving O-species; T, =temperature maximum of

the oxidation peak involving catalyst surface V-species.
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409°C and 545 °C (marked as T, oxidation by O-species), which
was ascribed to oxidation by traces of oxygen or water present
in the soot sample, as the O and OH radicals were reported to
participate in the soot oxidation process.*? This temperature
range corresponds to the oxidation of soot surface species or of
smaller particles.”® Upon oxygen dosage (Figure 11(b)), the
soot conversion significantly increased. This is due to the
transfer of gaseous oxygen to the surface of soot,*” as shown
from the shift and intensity of the T, peaks. Additionally,
another pronounced soot oxidation temperature range ap-
peared above 500°C, in line with literature data on the total
oxidation of carbon black in the absence of a catalyst .

During soot oxidation in the presence of the fresh VWTi
catalyst (Figure 11(c)), the onset temperature (T, decreased
to 102°C accompanied by an increase of the intensity for T,
region. In addition, a new peak at 187°C (marked as Ty,
oxidation from V-species) was noticed and could be attributed
to the soot oxidation via the contribution of VO, species. This is
in accordance with literature reports claiming that vanadium-
based SCR catalysts are active for soot oxidation,"**** and the
activity was found to correlate with the low oxygen bond
strength of vanadia."*! Moreover, the contact between soot
and catalyst is a key factor for soot oxidation at low
temperature.?” In this regard, the high mobility of V species in
this temperature range (V,0; with Tammann temperature of
~200°C) leads to migration of the active phase, thus, improving
the contact with the soot.”¥ In comparison to the fresh VWTi
catalyst, the T, and T, of VWTi-650 shifted to higher
temperature with a sharp decrease also of T, intensity. This
behavior could be attributed to the decreased mobility of
vanadium due to catalyst sintering (Table 1). However, the soot
oxidation performance in the temperature range of 500-600 °C
significantly improved for the thermally aged catalyst, and will
be discussed in detail in the following part.

The fresh and 650°C thermally aged Ce- and Fe-doped
catalysts were also evaluated for the catalytic soot oxidation
(Figure S16), the onset temperature as well as the temperature
for the T, peak are summarized in Figure 12(a). In general, over
the doped catalysts the soot oxidation is shifted to higher
temperatures. We assigned this inhibition effect to the
decreased vanadium mobility because of metal vanadates
formation, as demonstrated by the XRD (Figure S1), Raman
spectroscopy (Figure 1) and XAS (Figure 4) results.

An overview on the soot oxidation performance around
600°C of the different catalysts investigated in this study is
reported in Figure 12(b). For all catalysts, the CO, emissions
were higher than CO emissions. A CO, selectivity (in terms of
CO,/(CO+CO,) ratio) higher than 60% was measured for all
samples, while VWTi-650 and VWTi—Fe-650 exhibited 82% and
80.5% selectivity, respectively. These two catalysts showed also
the highest soot conversion at this temperature. For VWTi-650,
the formation of larger V,O; particles due to catalyst sintering
seems to promote soot oxidation above 450°C. In the case of
VWTi—Fe-650, this behavior could be explained by the partial
decomposition of FeVO, with V,0; formation and catalyst
sintering already at this moderate aging temperature, as shown
by our characterization data (Figures 1, 4 and S1) and in line
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Figure 12. Soot oxidation without and with the presence of different
catalysts: (a) comparison of the temperature for T,,.; and T,; (b) comparison
of the total CO, CO, emissions and CO, selectivity. Soot oxidation experi-
ments were carried out in 10% O,/N,, 100 mL/min, with a temperature ramp
of 10°C/min to 600 °C.

with Marberger et al®®¥ According to previous studies, the

extent of catalyst surface-soot particles contact represents a
critical factor that determines the catalytic soot oxidation
performance, particularly in the case of loose contact.*® It has
been suggested that only the outer surface of the catalyst
contributes to the solid-solid contact.®® Hence, catalysts with
lower surface area might expose relatively more active sites for
soot contact in comparison to high surface area catalysts, since
the active sites inside pores are not accessible for soot
oxidation. Liu et al.?® reported that the low surface area V/ZrO,
and V/TiO, catalysts are more active for soot oxidation in
comparison to V/AlL,O; and V/SiO, with higher surface area.
Accordingly, the very low specific surface area of 9 and 21 m?*/g
observed for VWTi-650 and VWTi—Fe-650, respectively could
partially explain their higher soot oxidation performance.
However, even with a low surface area of 19 m%g, the
VWTi—Ce-650 catalyst shows a lower soot oxidation activity as
compared to VWTi-650 and VWTi—Fe-650. Hence, the presence
of mobile V,05 seems to have a higher impact, as free vanadium
species were found to be highly active for soot oxidation.®*"
The lower redox activity of cerium vanadates (according to the
H,-TPR results, Figure 3(b)), that are still present in the
VWTi—Ce-650 limits the soot oxidation activity of this catalyst.
Regarding the soot oxidation mechanism at high temperature,
since VWTi and VWTi-650 exhibit comparably low CO oxidation
activity at 500-600°C (Figure S17), the possibility that the high
CO, selectivity of VWTIi-650 is due to CO formed from soot
oxidation which further oxidizes to CO, on the catalyst surface
can thus be ruled out. Hence, VWTi-650 and VWTi—Fe-650
catalysts possibly produce more di-oxygenated carbon inter-
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mediate species than mono-oxygenated surface species, finally
resulting in more CO, desorption.*”

3. Conclusions

In the present study the catalytic performance of hydrocarbon
(propylene, o-xylene and n-dodecane) and soot oxidation were
systematically evaluated for Ce- and Fe-doped V,0,—WO,/TiO,
fresh and thermally aged catalysts, as potential systems for 2-
way SCRonDPF applications. For the fresh catalysts only a minor
decrease of both NH,—SCR and hydrocarbon oxidation activity
was observed as a result of Ce and Fe addition. This can be
traced back to the slightly lower surface area and total number
of acidic sites. In line with previous studies, the formation of
metal-vanadates upon thermal aging, was demonstrated by
XRD, Raman spectroscopy and ex-situ XAS measurements. A
higher stability was found for CeVO, in comparison with FeVO,.
In contrast to the conventional VWTi catalysts, Ce- and Fe-
doped samples maintain not only a relatively good NH;—SCR
performance but also the hydrocarbon oxidation activity upon
thermal aging at 700°C and 650°C, respectively. As indicated
by spectroscopic investigations, this behavior could be ex-
plained by the formation of metal vanadates that weaken the
V-Ti interaction and thus retard the support from severe
sintering. Furthermore, the addition of the cerium or iron
slightly promotes CO, formation in the investigated temper-
ature range, regardless of hydrocarbon structure and catalyst
aging state. The presence of the standard SCR gas mixture
additionally enhanced the CO, selectivity, which was assigned
to the presence of a more oxidative atmosphere. Finally, the
doped catalysts are also attractive for catalyzing soot oxidation.
In contrast to the NH;—SCR and HC oxidation where highly
dispersed V-species were identified as active sites, the presence
of mobile V,0; seems to be the driving parameter for a high
activity and CO, selectivity. In spite of suffering from SCR and
hydrocarbon oxidation activity loss, the sintering of the samples
upon thermal aging, generates more catalyst-soot external
surface contact points and also V,0, mobile species, which
significantly improve the soot conversion and CO, selectivity, as
observed particularly for VWTi-650 and VWTi—Fe-650 catalysts.
In summary, the improved hydrothermal stability of the Ce-
and Fe-doped catalysts in comparison to the conventional VWTi
combined with good hydrocarbon and soot oxidation activity
makes them promising candidates for combined SCR and DPF
systems. Moreover, the slightly higher CO, selectivity measured
during long or short chain hydrocarbon oxidation represents a
notable advantage for a possible multifunctional catalyst.
However, to further improve their performance and stability,
fine tuning of the catalyst composition as well as combination
of different dopants need to be considered in the future.
Furthermore, for a final assessment compared to real applica-
tions, SO, poisoning tests should be conducted for all relevant
reactions occurring on such multifunctional catalytic systems.
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Experimental Section

Catalyst preparation

The vanadium-based SCR catalyst with a composition of 3 wt%
V,05-10 wt% WO,/TiO, (VWTi) was prepared by incipient wetness
impregnation. A commercial W/TiO, support (Cristal ACTiV™ DT-52,
10 wt% WO,/TiO,) was used and calcined in static air at 450°C for
4 h prior to impregnation. Next, the ammonium metavanadate
(Sigma) was dissolved in deionized water with the addition of oxalic
acid (Merck) and the obtained solution was impregnated on the W/
TiO, support. The sample was dried and then calcined at 550°C for
4 h (defined as the fresh state).

Ce- and Fe-doped V—SCR catalysts with a V/dopant molar ratio of
1:1 were prepared by impregnation of cerium (lll) nitrate hexahy-
drate (Alfa Aesar) or iron (lll) nitrate nonahydrate (Alfa Aesar)
aqueous solution on a fresh VWTi catalyst, respectively. The
obtained samples were dried and then calcined at 550°C for 4 h
(defined as the fresh state). For inducing the formation of
vanadates as well as for thermal stability tests, the prepared
catalysts were further aged at different temperatures, i.e., 600°C,
650°C and 700°C for 10 h in static air. In the present study, the
obtained samples will be referred as e.g. VWTi—Ce-600 for Ce-
doped VWTi catalyst after thermal aging treatment at 600°C for
10 h, VWTi—Fe-650 for Fe-doped VWTi catalyst after thermal aging
at 650°C for 10 h.

In order to investigate the impact of different V/Ce molar ratios on
the SCR and hydrocarbon oxidation activity, additional samples
were prepared with molar ratios of 0/1, 1/0.5 and 1/2 (WTi—Ce,
VWTi-0.5Ce and VWTi-2Ce, respectively) in a similar way as
mentioned above. The resulting catalysts were as well aged by a
10 h thermal treatment at 600°C, 650°C and 700°C and used for
tests on C3Hy oxidation in the presence or absence of the SCR gas
mixture.

Characterization

The specific surface area of the prepared samples was measured by
N, physisorption at —196°C using multipoint measurements on a
BELSORP-mini instrument (MicrotracBEL, Osaka, Japan). Prior to the
measurement, all samples were degassed in vacuum at 300°C for
2 h.

Raman spectroscopy measurements were conducted on a Renishaw
inVia confocal Raman microscope. A Nd-YAG laser with a wave-
length of 532 nm (100 mW) and a 2400 I/mm grating was used.
Spectra were taken with 0.5% laser power and ca. 40-50 spectra of
a small line area were measured which were averaged after cosmic
ray removal using Renishaw WIiRE™ software.

UV-vis spectra of the samples were recorded with a Lambda 650
instrument (PerkinElmer). Each spectrum was recorded from 190 to
800 nm with a scan speed of 0.5 s/nm.

Temperature programmed reduction with hydrogen (H,-TPR) was
performed using a Micromeritics AutoChem Il 2920 chemisorption
analyzer equipped with a thermal conductivity detector (TCD).
Catalyst sample placed in U-shaped quartz tube was pretreated at
500°C (10°C/min) with 50 mL/min of 20.5% O./N,. The sample was
flushed with 50 mL/min Ar at 50°C for 30 min followed by the TPR
in the temperature range of 50 to 1000°C in 50 mL/min of 10% H,/
Ar (10°C/min).

X-ray absorption spectroscopy (XAS) measurements of cerium and
iron doped samples were performed at the CAT-ACT beamline (KIT
synchrotron, Karlsruhe)“” at Ce L;-edge (5723 eV) and at the SUL—X
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beamline (KIT synchrotron, Karlsruhe)®" at Fe K-edge (7112 eV),
respectively. X-ray absorption spectra of the samples were recorded
in transmission mode for the cerium doped samples and in
fluorescence mode for the iron doped samples. In addition to the
prepared catalyst samples, several reference samples were also
recorded for comparison. The resulting XAS spectra were normal-
ized using the ATHENA program from the IFFEFIT package.*?

The chemical composition of the fresh and 650°C thermally aged
catalysts was determined using inductively coupled plasma optical
emission spectroscopy (ICP-OES) on an OPTIMA 4300 DV spectrom-
eter (PerkinElmer).

The prepared samples were also characterized by X-ray diffraction
(XRD) and temperature programmed desorption of ammonia (NH;-
TPD), a detailed description of the procedures is available in the SI.

Catalytic tests

All catalytic performance tests were carried out at steady-state
condition in a quartz tube plug flow reactor (ID=8 mm). Gases
were dosed individually by mass flow controllers (Bronkhorst) and
the resulting gas stream was preheated to 150°C before entering
the quartz reactor. The gas composition after the reactor was
analyzed with a MultiGas™ 2030 FTIR gas analyzer (MKS). For the
standard SCR and hydrocarbon oxidation tests, the catalyst powder
(500 mg, 125-250 um) was mixed with quartz sand (500 mg, 125-
250 pum) to reach a total bed length of 20 mm. The gas mixture for
standard SCR was 500 ppm NO, 500 ppm NH;, 5% H,0, 10% O, in
N, with a gas hourly space velocity (GHSV) of 50,000 h™'. Propylene,
o-xylene and n-dodecane were used as model hydrocarbons and
their concentrations were: 185 ppm C;H;, 80 ppm 0-CgH,, and
80 ppm n-Ci,H,6 in 5% H,0, 10% O, and balance N, at a GHSV of
50,000 h™'. A homemade saturator with N, as carrier gas was used
for the dosage of o-xylene and n-dodecane.

For the soot oxidation tests, the soot (20 mg, carbon black from
Alfa Aesar) and the catalyst (80 mg, 125-250 um) samples were
mixed together with a spatula, resulting in a loose contact.'?*! The
reactor was heated up to 600°C in 10% O,/N, (100 mL/min) with a
temperature ramp of 10°C/min.
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