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Abstract

V205-WO3/TiO; catalysts are widely used to reduce NOyx emissions from municipal solid
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waste incineration. However, the flue gas always contains different alkali (and alkaline earth)
metal chlorides. In this work, we compared the effect of KCI, NaCl and CaCl, on V20s-
WO3/TiO> catalyst for the NHs Selective Catalytic Reduction of NOy, and we aim to improve
the tolerance of the catalyst by replacing WOz with Nb2Os. It was found that KCI has the
greatest poisoning effect, resulting in a severe decrease in the surface acidity, redox
performance, V>*/V*" ratio and surface adsorbed oxygen. The replacement of WO; with
Nb2Os improved the activity and KCI tolerance of the catalyst owing to the improvement of
surface acidity, redox performance, and V°* ratio and surface adsorbed oxygen. This may be
due to that Nb2Os is easier to bond with K than that of V20s, protecting V.05 more effectively.
In-situ DRITFS experiments showed that alkali (earth) metal ions favor the transformation of
adsorbed NO; species into stable nitrates and nitrites. However, the replacement of WO3 with
Nb2Os would inhibit the formation of these stable species owing to the larger surface

adsorbed oxygen.

Keywords: V205 -WOs/TiO2; Alkali metal chlorides poisoning; Replacement of Nb2Os;

KCI tolerance; NHs-SCR
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1 Introduction

With the rapid economic development and improvement of living standards, a large amount of
domestic waste is discharged in the environment [1]. Notwithstanding the general increase in
recycling and composting procedures (and corresponding processed waste volume), the waste
incineration technology is still regarded as an effective way to quickly eliminate waste. The
ammonia-Selective Catalytic Reduction (NH3-SCR) technology is widely used to control the
emission of NOx from municipal solid waste incineration flue gas, and NH3-SCR catalysts are the
key unit for this technology [2, 3]. A large number low-temperature NH3-SCR catalyst have been
studied, such as CeO2-MnOz, MnO2-TiO2, CeO.-TiO2, and MnO2-FeOz, etc [4-9]. However, V20s-
WOs/TiO2 (where V20s is the active phase and WOs is a promoter) is still the commercial deNOx
catalyst owing to its efficient activity and excellent resistance to H,O and SO, [10-12].

Compared with the catalyst used in coal-fired power plants, the V205 content of the catalyst
used in waste incineration plants is larger, usually 3wt% vs 1wt% in the coal-fired power plants.
This is mainly due to the difference in the temperature of the NH3-SCR process, which is usually
around 400 °C and 215 °C in coal-fired power plant and waste incineration one, respectively.
Moreover, the flue gas from waste incineration plants always contains K, Na, Ca, Cl, Pb, Zn, etc,
which would lead to the serious deactivation of the catalyst [4].

The effect of alkali (and alkaline earth) metal oxides on the activity of V205-WO3/TiO>
catalyst has been studied extensively [13-15]. Chen et al [16] compared the effect of Na.O, KO,
MgO, and CaO on V.0s-WO3/TiO catalyst, and it was found that the degree of poisoning effect
was related to the alkalinity of the metals, i.e., K:O>Na,O>CaO>MgO. This was explained in terms
of greater decrease in the amount of Bransted acid sites and reducibility of V20s and WO3 species
for KO with respect to the other oxides. Du et al. [17] studied the poisoning effect of alkali oxide
by density functional theory (DFT) calculations on VOsH3 clusters. The authors computed a

competition between alkali hydroxides neutralization and NHsz adsorption with surface V-OH
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Brensted acid sites, resulting in a decrease of acidity and corresponding NHs sorption capacity.
Moreover, the replacement of hydrogen with alkali metal ions in the VOsH3 cluster after
neutralization led to the reduction of V°* species, resulting in a decrease the redox performance of
the catalyst. Similar conclusions were drawn by Peng et al. [18], who studied by DFT V20s/TiO>
and WOs/TiO2 (001) surface models. The presence of K ions would lower NH3 adsorption by
occupying the Brgnsted acid sites and weakening the Lewis ones. Moreover, surface K ions would
lower the reducibility of the V2Os active phase, rather than the promoter WO3.

As we known, a large amount of CI ions is present in the flue gas from waste incineration
plants, which would form alkali (and alkaline earth) metal chlorides. Some researchers found that
alkali metal chlorides had a greater poisoning effect on V20s-WO3/TiO> catalyst than alkali metals
oxides [19]. Therefore, it is of great significance to compare the effect of different alkali metal
chlorides on V20s-WO3/TiO- catalysts with high vanadium content and to improve their resistance
to alkali metal chlorides.

Nb2Os is also widely used as a promoter in the catalysts for alkane hydrogenation and NHs-
SCR reactions [20, 21]. It was found that the addition of Nb2Os would improve the surface acidity
and redox performance of the catalyst [22, 23]. Moreover, Krocher et al. [24] found that the
addition of Nb,Os dramatically enhanced the activity and Nz selectivity of MnO,-CeO; catalyst in
NH3-SCR owing to the strong interaction between Nb and Mn, which led to a remarkable
dispersion of the redox and acidic sites. Nb2Os was also found to improve the amount of surface
adsorbed oxygen in the CeO2-Nb.Os catalyst, which has been related to a short-range activation
effect of Nb.Os to CeO, species [21, 25-27]. However, to our knowledge the effect of Nb.Os
promoter on alkali chloride tolerance of V>0s/TiO catalysts for NH3-SCR performance has not
been studied up to now.

In this work, the effect of different alkali (and alkaline earth) metal chlorides (NaCl, KCI and

CaCl,) on the NH3-SCR performance and physicochemical properties of a V20s-WO3/TiO; catalyst
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was compared. The substitution of the WO3 promoter with Nb2Os was investigated in relation to
KCI tolerance of the catalyst. The catalysts were characterized about their general physicochemical
properties (crystal phase, surface area and porosity), surface composition and acidity, reducibility of
the V.05 active phase and WO3/Nb2Os promoters. The results are discussed in relation to the

decrease of catalytic activity induced by the different alkali (and alkaline earth) metal chlorides.

2. Experimental
2.1 Preparation of catalysts

V205-WO3/TiO; catalyst was prepared by impregnation method with the mass ratio of V205
and WOs3 of 3.0% and 5.0%, respectively. This corresponds to 2.5 Va/nm? and 1.6 Wa/nm? (see
Table 1 for textural properties). In detail, the required amount of NH4V O3, H4oN10O41W12 -xH20
and C2H204-2H.0 were added into 20 mL ultrapure water and mixed well to form the solution, in
which the molar ratio of NH4VOs/ C2H204-H20 was 1:2. Then TiO2 was added into the mixed
solution, and the solvent was evaporated in a water bath at 90 °C with stirring. Finally, the sample
was calcined at 450 °C for 5 h, and labeled as VWTI.

The poisoned VWTi catalysts were made by impregnation method using a KCI, NaCl or CaCl;
solution (2.0wt%, corresponding to 2.7x10*4, 3.4x10%, 1.8x10* mol/g, respectively), which was
evaporated at 90 °C in a water bath with continuous stirring. The obtained samples were labeled as
KCI-VWTi, NaCIl-VWTi and CaCl>-VWTI, respectively.

For comparison, V205-Nb2Os/TiO> (labeled as VNbTi) and KCl-poisoned V205-Nb2Os/TiO-
(labeled as KCI-VNDbTi) were also prepared by the same method, where HaoN100s1Wi2 was

replaced by C10HsNbO20-xH20 (5 wt% Nb2Os in the catalyst).

2.2 NH3-SCR performance evaluation

The NH3-SCR performance of these catalysts was measured in a fixed-bed reactor (quartz tube

iris-AperTO

University of Turin’s Institutional Research Information System and Open Access Institutional Repository



with the length of 500 mm and inner diameter of 8 mm) using 0.2 g catalyst with particle size of 20-
60 mesh. The feed gas contained 1000 ppm NO, 1000 ppm NHs, and 11 vol.% O and N2 as the
balanced gas, with a total flow rate of 300 mL/min. The catalyst was purged with N, at 300 °C for
0.5 h before the test. The outlet gas concentration (NOx, NH3, N2O) was analyzed by an Gasmet
FTIR DX-4000 infrared gas detector. The NOyx conversion and N2 selectivity were calculated by
following egs:

NO, conversion (%)=(1-%)>f 100% 1)

- 2[N2 0l gt
[NO, ] +[NH;3 ]i.u' NOy] g~ [NH3 ] gt

N, Selectivity (%)=(l )>< 100% (2)

2.3 Catalyst characterization

A PANnalytical X’ Pwet Powder diffractometer was chosen to measure the XRD patterns of
the fresh and poisoned catalysts, operating at 40 KV and 40 mA using a Ni-filtered Cu Ka radiation.

Raman spectra were collected with a Renishaw micro-Raman spectrometer, equipped with a
785 nm diode laser (Renishaw) as the excitation source. The laser was focused on the sample
through a 20xlong working distance objective, which also captures the backscattered light. The
elastically scattered light was filtered by an edge filter, and the Stoke-scattered portion was
dispersed by a 1200 lines/mm grating and passed to a Peltier-cooled CCD for detection. Before the
measurements, the catalysts were placed in a capillary and dehydrated by a thermal tratement at
450°C for 2h in a static oven. The capillary were sealed before the measurements to avoid exposure
to ambient conditions. The spectra were normalized to the intensity of the TiO» support band at 144
cm L,

The texture of the samples was analyzed by N»-physisorption at the liquid nitrogen
temperature (-196 °C) using a Micromeritics ASAP 2010 instrument. The specific surface area of
samples was calculated by the Brunauer-Emmett-Teller (BET) method; total pore volume and mean

pore diameter were calculated by the Barrett-Joyner-Halenda (BJH) method.
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NHs-TPD experiments were performed on the activity evaluation device, and the concentration
of NH3z was analyzed by the Gasmet FTIR DX-4000 infrared gas detector. First, 0.1 g sample was
purged at 300 °C with N2 for 30 min, cooled to room temperature (30 °C), and then contacted with
NHa. After saturation, the samples were purged with N2 until the concentration of NHs dropped to 0
ppm. Finally, the desorption process was started from 30 °C to 550 °C under N2 with a ramp rate of
10 °C/min.

A chemisorption analyzer (TP-5076) was used to characterize the redox performance of these
samples. First, 0.05 g sample was pretreated by He gas flow at 300 °C 1 h. After cooling to room
temperature, the reduction process was started under 5% H/He with a rate of 10 °C/min.

XPS experiments were performed on a Thermo Scientific ESCALAB 250Xi with Al Ka X-ray
radiation (1486.6 eV) at 150 W, and the Binding Energy was calibrated to the C 1s peak at 284.6 eV.

In-situ DRIFTs experiments were carried out with a Nicolet iS50 FT-IR spectrometer. Before
the test, the sample was purged with N2 at 300 °C for 30 min, and the sample was collected during
the cooling process. Then, NHz/N2 (NO+02/N2 or NO+O2+NH3/N2) mixture was introduced until
the sample was saturated. After that, the spectra were collected at each target temperature. The
reported difference spectra were obtained by subtracting for each temperature the corresponding
spectrum measured before dosing the mixture.

In-situ FTIR experiments in transmission mode were carried out to study the interaction of the
CO probe molecule with the catalysts surface. The infrared spectra were measured with 4 cm™
resolution on a Bruker Equinox 55 FTIR spectrometer, equipped with a mercury cadmium telluride
(MCT) cryodetertor, Thin self-supporting wafers of each sample were placed inside an in-situ IR
cell, which allowed for control of temperature and gas atmosphere. Before the measurements, the
catalysts were treated at 500 °C for 2 h under dynamic vacuum, before admitting 80 mbar of O at
the same temperature. CO adsorption experiments were carried after cooling the cell with liquid

nitrogen (estimated temperature under the IR beam -163 °C). The reported spectra of the catalysts
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before CO dosage. All the spectra were normalized by using the optical density prepared pellets

(weight of pellet divided by area).

3. Results and discussion
3.1 NH3-SCR performance

The effect of different alkali and alkaline earth metal chlorides (KCI, NaCl, and CaCl,) on the
NH3s-SCR performance of VWTi catalysts in the 100-300 °C range was investigated, and the results
are shown in Fig. 1. For VWTi catalyst, the NOx conversion exceeded 85% above 225 °C, reaching
about 99% at 300 °C. The NOy conversion decreased after introducing KCI, NaCl, and CaCl, in the
order of CaCl,-VWTi > NaCl-VWTi > KCI-VWTi (84%, 64%, and 48% at 300 °C, respectively).
100% N2 selectivity was achieved for all the fresh and poisoned catalysts (Fig.S1), which suggested
that alkali and alkaline earth metal chlorides had no negative effect on N2 selectivity of VWTi
catalyst.

According to the above experimental results, it was found that KCI had the strongest poisoning
effect on VWTi catalyst. On this basis, WOz was replaced by Nb>Os to improve KCI tolerance of
the vanadium-based catalyst. It was found that VNDbTi catalyst had a better catalytic activity than
VWTIi, reaching nearly 96% at 225 °C, which was about 10% higher than that of VWTi catalyst.
Moreover, VNDbTI catalyst showed an excellent anti-KCI poisoning ability. After KCI poisoning, the
NOx conversion of VNbTI catalyst still reached about 80% at 300 °C, which was 1.7 times than that
of VWTi catalyst. Also in this case no N2O formation was observed during the reaction on VNbTi
and KCI-VNDTi catalysts (as shown in Fig. S1). In summary, the replacement of WO3 by Nb,Os can

effectively enhance the NH3-SCR performance and KCI tolerance of the catalyst.
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Fig. 1 The NH3-SCR performance of the VWTi, VNbTi and corresponding alkali and alkaline earth

metal chloride poisoned catalysts

3.2 General physico-chemical properties (XRD, Raman, and N2-physisorption)

The crystal structure of the catalysts was analyzed by XRD, and the results are shown in
Fig.S2. All samples showed the diffraction patterns of anatase TiO> phase without extra phases
[PDF-ICDD-21-1272][28, 29]. This suggests the high dispersion of the active phase and the
alkali/alkaline earth metal salts used for the poisoning.

The anatase phase of the samples was confirmed by Raman spectroscopy (Fig.2), showing for
both fresh and poisoned catalysts bands at 143, 395, 515, and 619 cm™ , which were assigned to the
Eg), B1g), AgtBig(2), and Eg(2) vibration modes of anatase TiOo, respectively [30]. Moreover, three
very weak bands appeared in the range of 950-1050 cm™ over VWTi catalyst. The band at 1032
cm! can be related to the V=0 stretching mode of the vanadyl species in the monomeric O=V°*Os
groups [31, 32], and the ones at 1015 and 1009 cm™ to W=0 stretching modes of di/oligomeric and
isolated tungstenyl species, respectively [33, 34]. There is no evidence for the presence of
crystalline V20s or WO3 phases (sharp peaks expected at 998 and 800 cm™, respectively),
indicating the good dispersion of the active phase.
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After CaCl, poisoning, the vanadyl and tungstenyl bands are hardly affected, and new weak
bands appear at 984 and 970 cm™. The interval 900-800 cm is usually related to V-O-V vibrations,
which are however observed at lower frequency (950-920 cm™) in dehydrated V20s-TiO2 samples
[35]. The position of the bands, similar to what observed in hydrated VWTi samples [36] could
suggest that V-O-V and V-O-W groups are perturbed by the presence of CaCl; on the surface.

On the other hand, Raman spectroscopy clearly shows a stronger perturbation of the VOx
active phase and promoter by NaCl and KCI poisoning, since the bands at 1015 and 1032 cm
disappear, and a broad band grows at 984 cm™. These results indicate that KCI and NaCl have a
stronger influence on the structure of VO surface species than CaCl,. Also in this case no evidence
for the peaks related to crystalline V2Os or WOz were present in the spectra, indicating that the
chloride salts did not promote sintering.

When Nb,Os replaced WO3 a band related to V=0 stretching mode appeared at 1040 cm!
owing to the presence of neighbor vanadyl species. This result indicates that replacing WOz with
Nb2Os can promote the interaction of VVOx species, resulting in the improvement of electron transfer
ability, thereby enhancing the activity. Also in this case the presence of KCI suppresses the vanadyl

bands, indicating a strong interaction of the cation with vanadyl groups.
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Fig. 2 Raman spectra of dehydrated VWTi, VNDTi and corresponding alkali and alkaline earth

metal chloride poisoned catalysts.

The textural properties of the fresh and poisoned catalysts were measured by No-physisorption,
and the results are displayed in Table 1. The BET specific surface area, total pore volume and mean
pore diameter of VWTi catalyst were 79 m?/g, 0.36 cm®/g, and 9.1 nm, respectively. In general, a
large surface area can promote the dispersion of active species, thereby improving the activity of the
catalyst. The BET specific surface area of the catalysts is not particularly affected by the presence
of the alkali and alkaline earth metal ions. The observed changes are within the experimental error.
This suggests that the textural properties are not a key factor for the catalytic activity in this study.

Based on the measured values of surface area, the surface density of the active phase (V),
promoters (W and Nb) and pollutants, expressed in at/nm? was calculated and reported in Table 2.
The surface density of V is 2.5 at/nm? in all samples, with values around 4 and 5 at/nm? for V+W

and V+Nb catalysts, respectively. These values do not exceed the theoretical monolayer, estimated
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to be between 6 and 8 at/nm? for vanadium and 4.5 at/nm? for tungsten [31, 37]. This would imply a
good dispersion of the active phase on the TiO. support surface, in agreement with XRD and
Raman results. The surface density values reported in Table 2 show some variability, since they
have been calculated with respect to the measured BET specific surface area of each sample (Table
1). However, we can safely state that all samples are characterized by the same VOXx surface density.

The surface density of the chloride pollutants is between 1.3 and 2.6 at/nm? in the order
CaClo<KClI<NaCl. This low amount points to an atomic dispersion of the metal ions and chlorine
anions, excluding an aggregation effect on the active phase. No clear correlation is observed
between the surface density of the metal ions (and chloride anions) and the SCR performance of
the catalysts. More in detail, CaCl>-VWTi has the lowest cation surface density and highest activity
(1.3 at/nm? and 84% of NOx conversion with respect to VWTi at 300 °C, respectively). However,
the activity of KCI-VWTi (2.0 at/nm?) is sensibly lower (48% of NOx conversion) with respect to

NaCl-VWTi with a slightly higher cations surface density (2.6 at/nm?, 64% of NOXx conversion).

Table 1 Textural properties of the VWTIi, VNbTi and corresponding alkali and alkaline earth metal

chloride poisoned catalysts.

BET specific surface area  Total pore volume  Mean pore diameter

Sample

(m?/g) (cm*/g) (nm)

VWTi 79 0.36 9.1
CaCl-VWTi 83 0.37 11.8
NaCI-VWTi 81 0.36 11.7
KCI-VWTi 81 0.35 11.8
VNbTi 84 0.35 11.7

KCI-VNbTi 73 0.34 9.1

Table 2 Surface density of active phase and pollutants of the studied catalysts.
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\% WINb  V+W/Nb  MeClx Total

Sample
(at/nm?) (at/nm?) (at/nm?) (at/nm?)  (at/nm?)

VWTi 25 1.6 4.1 - 4.1
CaCl-VWTi 2.4 15 3.9 1.3 5.4
NaCIl-VWTi 25 1.6 4.1 2.6 6.7
KCI-VWTi 2.5 1.6 4.1 2.0 6.2
VNbTI 2.4 2.7 51 - 51
KCI-VNDbTi 2.7 3.1 5.8 2.2 8.0

3.3 Surface acidity (NH3-TPD)

Surface acidity is regarded as an important factor to affect the activity of the catalysts in the
NH3s-SCR reaction [38]. Therefore, NH3-TPD was chosen to measure the surface acidity of these
catalysts. Fig.3 shows the NH3z-TPD curves of the VWTi, VNbTi and corresponding poisoned
catalysts. For VWTI, the TPD profile can be deconvoluted into three desorption peaks (i.e., I, Il, and
[11), which were related to the desorption of NHs from weak, medium and medium-strong acid sites,
respectively [39, 40]. After poisoning, the amount of desorbed NH3z decreases in the order
VWTi>CaCl-VWTi>NaCl-VWTi>KCI-VWTi, as detailed in Table 3. The decrease is not
correlated to the surface density of the salts (see Table 2), and indicates a chemical specificity of the
pollutants in decreasing surface acidity of the catalysts, in agreement with the literature [16, 18, 41] .
Indeed, we can observe that the decrease in the total amount of desorbed NH3 from CaCl>-VWTi is
small (221 umol/g vs 246 pmol/g in VWTI), but with a significant increase in the desorption
temperature of medium-strong sites (403 vs 369 °C). On the other hand, the desorption peak related
to medium-strong sites is shifted to lower temperature for NaCIl-VWTi (329 °C) and absent in KCI-
VWTi. The observed trend correlates well with the results of activity test, particularly concerning
the total amount of acid surface sites probed by NHa.

VNDBTi catalyst shows an NH3-TPD profile similar to that of VWTi, with similar desorption
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temperature of the three deconvoluted components, and a higher total amount (284 pmol/g).
Interestingly, also in this case KCI poisoning mainly affects the high temperature peak, which
however does not disappear completely. In this case the total surface acidity of the poisoned KCI-
VNDTi catalyst was about 60% of the starting material, which is larger than what measured for KCI-
VWTi (46%). These results suggest that the replacement of WOz by Nb2Os can improve the surface
acidity of VWTi catalyst, and it effectively reduces the effect of KCI on the surface acidity of the

catalyst, thereby enhancing the NHs-SCR performance and resistance of KCI poisoning.

[ 100 NH,-TPD
—"“’\A.‘;:—.‘:—:__‘__ R
R PSSR Bl | L

KCI-VWTi

NaCl-VWTi
CaCL-VWTi

2

NH, concentration (ppm)

T T T T T T !
100 200 300 400 500
Temperature (°C)

Fig. 3 NH3-TPD profiles of the VWTi, VNbTi and corresponding poisoned catalysts

Table 3 Quantitative data of NHs-TPD profiles over the studied catalysts

Peak temperature (°C) Acid amount (umol/g)  Acid amount (umol/g)

Sample T T, Ts S1 S2 Ss S1+5,+S3
VWTi 179 269 369 70 102 74 246
CaCl-VWTi 179 284 403 50 127 44 221
NaCI-VWTi 184 254 329 57 76 45 178
KCI-VWTi 184 259 / 64 49 / 113
VNDbTi 175 259 358 74 111 99 284
KCI-VNbTi 189 264 354 78 61 32 171
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3.4 Redox performance (H2-TPR)

The reducibility of the catalysts was tested by Hz-TPR experiments, and the results are shown
as Fig. 4. The two peaks on VWTi catalyst at 471 °C and 528 °C can be assigned to the reduction of
V> to V3 [16, 42] and of W®" to W** [43, 44], respectively. After poisoning with CaCl,, the
reduction peak of V°* is partially affect in intensity while no evident effect on the reducibility of
W5* is seen. A new reduction peak at 700 °C appears. This has been interpreted in terms of the
bonding of WO3 with Ca to form a stable W-O-Ca structure, which required a higher temperature to
reduction than WOs3 [45]. This is not evident in our experiment, since the reduction peak of W®" is
unchanged after CaCl; poisoning.

As for NaCI-VWTi and KCI-VWTi catalysts, the H.-TPR peak related to the reduction V°* is
apparently shifted to 500 °C, and a small decrease in the reduction of W®" is seen (peak at 528 °C).
A new peak at 595 °C is formed (with an evident shoulder at 622 °C for KCI-VWTi), which could
be related to the interaction of the VOy phase with NaCl and KCI. These results show that the three
alkali (earth) chlorides affect the reducibility of V>* and W®* in a different extent, forming species
with higher reduction temperature which depends on the nature of the cation (Na*/K* vs Ca?*). As
we known, the active phase in VWTi catalyst is V20s, while WO3 acts as a promoter, with
electronic and structural effect [46, 47]. The sample with higher activity (CaCl.-VWTi) is the one
characterized by a lower effect on V°* reducibility and apparently unaffected redox properties of
Wo*,

For VNDTi catalyst, the reduction peaks of V°* and Nb®" are observed at 460 °C and 508 °C
[42, 48, 49]. Compared to VWTi catalyst, the reduction peak of V°* is shifted to a lower
temperature, suggesting that the replacement of WO3 by Nb.Os would enhance the reducibility of
the catalyst as a consequence of an electronic effect. After KCI poisoning, new peaks are observed
between 550 and 650 °C, while the two peaks related to V°* and Nb>* reduction are very similar to

VNDbTi catalyst. As seen in CaCl,-VWTi, the peak related to V°* reduction seems more affected in
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terms of intensity with respect to the promoter one, but is still present.

This would suggest a weak interaction of KCI with the catalyst surface, scarcely affecting the
redox properties of active phase and promoter, indicating a more positive effect of Nb.Os, with
respect to WO3 to preserve the redox properties of V2Os species in the presence of the pollutant.
This is apparently in contrast with the Raman results, showing the disappearance of the V=0
vibrations after KCI poisoning. Further studies, supported by theoretical calculations, would be

necessary to explain this effect with a structural model.

[20 H,-TPR

KCI-VNbTi

! R |
; 1508
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Temperature ("C)

Fig. 4 H>-TPR profiles of VWTi, VNDTi and corresponding alkali and earth alkali metal

poisoned catalysts

3.5 The surface compositions (XPS)

Fig.S3(a) reports the Ti 2p spectra of VWTI, VNDbTI, and corresponding poisoned catalysts. All
catalysts displayed two bands at 464.4 eV and 458.7 eV, which were assigned to Ti 2p12 and Ti
2psp, respectively [50, 51]. This indicates that Ti mainly exists as Ti** on the surface of these

catalysts, and CaCly, NaCly, and KCI had little effect on Ti** reducibility.
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The W 4f XPS spectra of the VWTi, CaCI-VWTi, NaCI-VWTi, and KCI-VWTi catalysts are
displayed in Fig.S3(b). All samples show two peaks at 37.3 eV and 35.2 eV, which can be assigned
to surface W®* species [52, 53], hardly affected by poisoning.

Fig.5(a) shows the VV2ps/2 spectra of these catalyst series. As can be seen, V 2pz/2 spectra of all
samples could be divided into three peaks at 517.3 eV, 516.6 eV, and 515.7 eV, which were assigned
to V°*, V', and V3, respectively [54, 55]. According to the literature, the V°*/(V>*+V4*+V®") ratio
can be used as a descriptor for the catalytic activity [53, 54, 56]. The V°*/(V>*+V**+V?") ratios
calculated in the present work for all catalysts are listed in Table 3, together with the surface
composition estimated by XPS. The measured surface atomic percentage is in good agreement with
the expected composition of the samples. Coming to the V°* ratio, this is 0.3 for VWTi catalyst, and
decreases in the order CaCl>-VWTi>NaCl-VWTi>KCI-VWTi, in agreement with the trends
observed with the catalytic tests and H»-TPR. This further supports the observation that the
presence of KCI and NaCl has a stronger effect on redox properties of V20s, resulting in a lower
V>* ratio, in agreement with DFT calculations [17, 18].

For VNDTi catalyst, the ratio of V°* was 0.34 which was larger than that of VWTi catalyst,
and decreased to 0.30 after KCI poisoning. These results are also in line with H2-TPR results and
could explain the higher activity of VNDbTi in terms of an electronic effect of the promoter, which
also induces a better resistance of KCI than VWTi catalyst.

O1s XPS spectra of VWTi catalyst displayed two bands, as shown as Fig.5 (b). In detail, the
band at 529.9 eV labeled as Op was related to lattice oxygen O?-, which could be attributed to Ti-O,
W-O, and V-O groups [45, 57]. The band at 531.3 eV labeled as O, was related to the surface
adsorbed oxygen [58, 59]. O, species have been explained as hydroxyl groups and O2%/0 in the
oxide defects, with alleged high mobility, which could promote the activation of adsorbed species
(NOx and NHs3 species), resulting in higher activity [60, 61]. Therefore, the ratio of O, (i.e., (Od/

(Out Op)) over these catalysts was calculated, and the results are listed in Table 3. It was found that
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the O, ratio of VWTi catalyst was as high as 0.42, and it decreased to 0.32, 0.31 and 0.27 after
introducing CaCl,, NaCl, and KClI, respectively. The O, ratio of Nb2Os catalysts was slightly higher
than the corresponding WOz ones: 0.43 and 0.33 in VNbTi and KCI-VNDTi catalysts, respectively.
The observed trend is in agreement with the activity of the catalyst, but cannot explain alone the
observed loss of activity after poisoning.

Finally, it is interesting to notice that in CaCl>-VWTi catalyst, O, and Og are shifted to a lower
binding energy with respect to the others. This would suggest an increase in the electron cloud
density around the O atom, which could facilitate the electron transfer, thus explaining the higher

activity with respect to NaCl-VWTi and KCI-VWTi catalysts.
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Fig. 5 (a) V 2pz2 and (b) O 1s XPS spectra of the VWTi, VNDTi and corresponding poisoned

catalysts.

Table 4 Surface composition (atomic percentage), Oo/(Otor) and V°*/(Vior) surface ratios of the

catalysts.

Vv W Ti 0] K Na Ca Cl Nb O Vo

Sample

Atomic % ratio

VWTi 3.67 468 2241 69.24 / / / / / 0.42 0.30
CaCl-VWTi 323 432 2325 66.70 / / 0.89 141 / 0.32 0.27
NaCI-VWTi  3.42 453 2296 67.11 / 0.93 / 1.05 / 0.31 0.27
KCI-VWTi 335 446 2196 68.27 1.02 / / 0.94 / 0.27 0.25
VNbTi 3.83 / 2040 70.1 / / / / 5.67 0.43 0.34
KCI-VNbTi  3.72 / 21.63 67.23 1.06 / / 0.98 5.38 0.33 0.30

3.6 Analysis of the surface adsorbed species by in-situ DRIFTS

In-situ DRIFT spectroscopy was used to explore the effect of the alkali and alkaline earth
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metal chlorides and replacement of WOz by Nb2Os on the surface species formed by interaction of
the catalysts surface with the NH3-SCR reactants. In-situ FTIR coupled to CO adsorption was used
to assess the dispersion of the alkali and alkaline earth metal ions on the poisoned VWTi and
VNDTi catalysts.
3.6.1 In-situ DRIFTS of NH3 adsorption

NHs adsorption followed by in-situ infrared spectroscopy provides qualitative information
about the nature of acid surface sites, responsible for the NH3-TPD profiles described above. Fig. 5
shows the effect of CaCl,, NaCl, and KCI and replacement of WO3 by Nb2Os on Brgnsted (B) and
Lewis (L) acid sites of VWTi catalyst. For VWTi catalyst, two bands appeared at 1678 cm™ and
1440 cm™ after NHs saturation at 50 °C, which were assigned to NHs" species formed by
interaction of NHs with (V-OH) Brensted acid sites [15, 62, 63]. After poisoning, the intensity of
this band is considerably lowered in the order CaCl.>NaCI>KClI, in agreement with the observed
changes in NHs-TPD (Figure 3 and Table 3) and DFT calculations indicating that the cations are
substituting a V-OH group [17, 18]. Moreover, a new band appeared at 1602 cm™ in the
characteristic region of NHz adsorbed on Lewis acid. A similar band has been however assigned to
NHs interacting with CI~ anions. [19, 64]. Kong et al [19] compared the effect of KCI and K20 on
V20s5-WO3/TiO; catalysts, and reported about a competition for NH3z between CI~ and V20s. The
higher deactivation of KCI poisoned catalyst with respect to KO ones was thus explained by the
scarce reactivity of NHs molecules interacting with CI~ anions instead of V2,05 and WO3 species.

When WOs is replaced with Nb,Os, the intensity of NH4* species at 1440 and 1678 cm
increased and a new band appeared at 1235 cm™ related to NHs species adsorbed on L acid sites
[65]. The change in the NH4™ and NH3z bands after poisoning with KCI is evident, but less important
than that of KCI-VWTi catalyst. These observations are in agreement with the NHs-TPD data,
testifying of an improvement in surface acidity and lower effect of KCI when Nb2Os replaced WOs3

as a promoter.
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Fig. 5 In-situ DRIFTS of NHs adsorption at 50 °C on the VWTi and VNbTi and corresponding
poisoned catalysts
3.6.2 In-situ DRIFTS of NO+O; adsorption
The effect of CaCl,, NaCl, and KCI on the adsorption of NOy species was characterized by in-
situ DRIFTS of NO+0O- adsorption, and the results are shown in Fig.6. For VWTi catalyst, broad
band at 1627 cm™ with a very weak peak around 1577 cm™ is observed after NO+O; saturation at
50 °C. This was attributed to adsorbed NO- species (1627 cm™) [66, 67], with a small contribution
of chelating bidentate nitrates (1608/1577 cm™?) [68]. The components at 1608 and 1577 cm
assigned to chelating bidentate nitrates becomes more evident after poisoning, at the expenses of
adsorbed NO., particularly in KCI-VWTi catalyst. Moreover, for NaCI-VWTi and KCI-VWTi
catalysts, a new intense absorption at 1408 and 1387 cm™ assigned to monodentate nitrites
appeared [69]. These results suggest that the introduction of these alkali metal chlorides would
increase the adsorption sites of NOy, while changing the reactivity of NO/O, mixture with the
surface. According to literature [70, 71], the nitrites and nitrates formed by alkali metals are stable,

not playing a role in the NH3-SCR reaction. Indeed, adsorbed monodentate nitrites are still present
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at 225 °C on NaCI-VWTi and KCI-VWTi, while VWTi and CaCl>-VWTi at the same temperature
only show traces of adsorbed NO; (band at 1627 cm™?, Fig. S4).

For VNDbTi catalyst, only a well defined band assigned to adsorbed NO2 species at 1627 cm™ is
present, which showed lower thermal stability with respect to VWTi (175 °C and 225 °C, Fig. S4).
This would be in agreement with fact that VWTi also showed the formation of a small amount of
more stable surface nitrates. After KCI poisoning, chelating bidentate nitrates (1608 and 1577 cm™)
are formed together with adsorbed NO>, in similar amount as in CaCl>-VWTi catalyst. The thermal
stability of these species is lower with respect to what observed on the poisoned VWTi catalysts
(200 °C, Fig. S4). This is an interesting result, showing that Nb2Os inhibited the formation of stable
nitrates and particularly nitrites, which are formed in the presence of KCI on VWTi.

Finally, We notice that there is no apparent correlation between the surface reactivity of NO/O>

and the relative amount of O, measured by XPS.
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Fig. 6 In-situ DRIFTS of NO+O_ adsorption at 50 °C on the VWTi and VNDbTi catalysts and
corresponding and poisoned catalysts
When NO/O; are co-adsorbed with NH3 on the same set of catalysts, the resulting spectra are

very similar to what reported in Fig. 5: apart from some differences in some peak position and
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intensity, the spectra are mainly related to adsorbed NH4" and NH3 species (Fig. S5). This suggests

an Eley-Rideal mechanism, where adsorbed NH3 plays a key role [64].

3.6.3 In-situ FTIR study of CO adsorption

CO adsorption studies were carried out in static conditions, to probe the dispersion of the alkali
and alkaline earth metal ions on the surface of VWTi and VNbTi catalysts. Spectra were measured
at liquid nitrogen temperature, by stepwise decrease of the CO pressure in equilibrium with the
pellet. Fig. 7a shows the corresponding spectra on VWTi catalyst, which are characterized by peaks
at 2193 cm™? (moving at 2198 cm™ at low CO coverage), 2169 and 2142 cm™. The band at
2140/2142 cm™ is related to the so-called ‘liquid-like’, which is aspecific being related to CO
condensation on the surface or inner porosity of the materials. Its intensity varies in the different
samples, but will not be discussed in detail due to its aspecificity.

The bands at 2169 and 2193/2198 cm™ can be related to CO interacting with V-OH groups and
with W** ions (X=5 or 6) [31]. After introducing CaCly, the intensity of CO bands becomes weaker,
and no signal related to the formation of Ca?*-- CO adducts is observed. In agreement with Raman
and H>-TPR results, this would indicate a weak interaction of the cation with the active phase and
promoter. Importantly, V-OH groups are still present in the sample (V-OH-- CO band at 2169 cm
and Figure S6), in agreement with NHs-TPD results, suggesting that the Ca?* ions are not able to
exchange the proton, at variance with what reported for monovalent cations [17, 18].

Interestingly, the CO band at 2169 cm™ disappeared after introducing NaCl and KCI, which
can be related to a strong interaction of the cations with then active phase, forming VO-Na/K
structures, at the expenses of V-OH species (see also Fig. S6 for the OH stretching region). This
interaction also affects the W** ions, which are no more able to interact with CO (band at
2193/2198 cm™). This could be related to the disappearance of the tungstenyl bands in the

corresponding Raman spectra. In both cases new intense bands related to the interaction of CO with
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Na* and K* appeared at 2165 and 2155 cm™, respectively [72, 73]. This suggests that the cations,
probably present in VO-K/Na structures, are coordinatively unsaturated, i.e., have Lewis acid
character.

The spectra measured on VNbTi catalysts show the same aspecific band at 2142 cm™, a stable
band at 2185 cm™ (not disappearance upon decreasing CO equilibrium pressure) and a relatively
weaker one at 2165 cm™. The band at 2165 cm™ can be related to V-OH-- CO adducts, in lower
amount and slightly different acidity with respect to VWTi (Fig. S6), and the stable one at 2185 cm™
! to the interaction of CO with surface Nb** sites. After KCI poisoning these bands disappear, and a
strong band due to K*-- CO adducts is observed at 2156 cm™. This shows an higher intensity with
respect to what observed on KCI-VWTiI, indicating a higher dispersion and/or accessibility of the
alkali metal ions.

As mentioned above, it is important to notice that the surface OH groups (giving upon CO
interaction a broad band within 3400~3600 cm™, Fig. S6) [31] completely disappeared after KCI
and NaCl poisoning in VWTi catalyst, in agreement with the hypothesis that they substitute
Brensted V-OH groups [17, 18]. This does not occur in CaCl.-VWTi catalyst, and is less evident in
KCI-VNDbTI, indicating that the replacement of WOs with Nb2Os can in part protect surface
Brgnsted V-OH groups from KCI exchange, which is in agreement with the results of In-situ
DRIFTS of NHs adsorption and NH3-TPD. As a final comment, these results clearly show a
different interaction of the cations with the surface of the catalysts, which seems to be mainly
dependent on the cation charge. However, they do not shed light on the positive effect of Nb2Os (vs

WO3) on catalytic activity and resistance to pollutants.
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Fig. 7 In-situ FTIR spectra of CO adsorbed at liquid nitrogen temperature on the VWTi and

VNDbTi catalysts and corresponding poisoned catalysts. Maximum CO pressure 60 mbar.

4. Conclusion

In this work, we compared the effect of different alkali and earth alkali metal chlorides on
V20s5-WO3-TiO> catalyst to be used in the NH3-SCR reaction for application in waste incineration
plants. We find that KCI has the strongest poisoning effect, followed by NaCl, while the effect of
CaCl; is milder. A detailed physico-chemical characterization points to the fact that the monovalent

cations exchange Bragnsted V-OH groups, while Ca?" is less efficient in this reaction. All cations
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affect the redox properties in a different extent (reducibility in hydrogen, surface V> and O
relative amounts measured by XPS), but the better correlation with the catalytic activity seems to be
found with the surface acidity, as measured by NH3-TPD, and to the reactivity of NO/O, with the
catalyst surface. In fact, the introduction of CaCl,, NaCl, and KCI on V20s-WQOz3-TiO> favors the
formation of stable nitrates and nitrites, which are probably not relevant in the NH3-SCR reaction.
Using Nb2Os as promoter instead of WO3 increases the NOx conversion of the catalyst, its
total surface acidity (NHs-TPD) and its resistance to KCI pollution (chosen among the three due to
highest deactivation observed on the V20s-WOz3-TiO- catalyst). In the presence of this promoter
KCI affects less strongly the redox properties of the catalysts, is less efficient in the exchange
reaction with V-OH groups and does not promote the formation of stable nitrites. Even if we are not
able to explain the phenomena at a molecular level, our results points to an electronic effect of the
promoters in tuning the interaction of alkali and earth alkali metal chloride salts with the V20s

active phase, thus influencing the catalyst performance.
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