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Zusammenfassung

Die Selektive katalytisch Reduktion von Stickoxiden (NOy) ist die Standardmethode fiir die
Nachbehandlung von Verbrennungsabgasen, um umweltschddliche Substanzen zu entfernen. Die
Herausforderungen dieser Technologie liegen darin, die NO4-Umsétze bei niedriger Temperatur
zu erh6hen und gleichzeitig die negativen Effekte von anderen Komponenten im Abgas wie
beispielsweise H,0O, SO,, Phosphor oder Schwermetalle zu beschrianken. Es ist jedoch zu
beachten, dass durch unvollstindige Verbrennung Formaldehyd entsteht, dessen Einfluss aufdie
Reaktion bisher weitestgehend unerforscht ist. Daher ist das Ziel dieser Arbeit die Untersuchung
des Mechanismus der Formaldehydreaktion in der NH3;-SCR von NOy an unterschiedlichen
V,05-WO3/TiO,- Katalysatoren, in Abhéngigkeit von dessen Zusammensetzung und
Oberflacheneigenschaften durch den kombinierten Einsatz von katalytischen Auspriifungen und

in situ FTIR und EPR Experimenten.

Unsere Untersuchungen wurden zunécht an kommerziellen V,0sWO3/TiO, Katalysatoren (1
wt.% V, 6 wt% W) durchgefiihrt. Die Resultate zeigten mehrere negative Effekte des
Formaldehyds. HCHO reagierte mit NH; und bildete dabei HCN als Hauptprodukt. Diese
unerwiinschte Nebenreaktion fiihrte zu geringerem NO,-Umsatz und verringerter N,-Selektivitt.
Durch in situ FTIR Spektroskopie war es mdglich zu zeigen, dass HCHO und NHj3 an der
Katalysatoroberfliche zum Intermediat HCONH; reagieren, aus dem HCN entsteht. In einem
zweiten Schritt wurden andere Katalysatoren unterschiedlicher Zusammensetzung untersucht,
WO5/TiO; (W-Ti), V,05/TiO; (V-Ti) und V,05-WO3/TiO;, (V-W-Ti). Auf diese Weise sollte der
Einfluss der unterschiedlichen Katalysatorkomponenten auf die Reaktion mit HCHO studiert
werden. An dem aktivsten Katalysator V-W-Ti fiihrte HCHO zu dem stirksten Riickgang an
NOy-Umsatz iiber den gesamten Temperaturbereich, wihrend gleichzeitig groBe Mengen an
HCN freigesetzt wurden. /n situ FTIR Messungen zeigten eine verstirkte NH;-Adsorption an
Sdurezentren auf der Oberfliche des V-W-Ti Katalysators und damit die Bildung von HCONH ;.
Im Vergleich dazu adsorbierte NH; auf den W-Tiund V-Ti Katalysatoren weniger stark, sodass
HCHO mit Gittersauerstoff des Katalysators HCOO- bildete, welches wiederum zerfiel oder zu
CO und CO; oxidiert wurde. Zusitzlich zeigten in situ EPR Experimente, dass die hohe
Redoxaktivitdt von V-W-Ti die Umsatzgeschwindigkeit von HCHO und HCONH; erhdhte und

il



so die Bildung von HCN begiinstigte, sodass dadurch die Menge des fiir die SCR zur Verfiigung
stethenden NHj; sank. Diese Resultate der Arbeit konnen Grundlage fiir weitere Studien zur

Untersuchung des negativen Effekts von HCHO in der NH;-SCR Technologie sein.
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Abstract

Selective catalytic reduction of nitrogen oxides (NOy) by ammonia (NH3;-SCR) is the state-
of-the-art technology for the abatement of these harmful substances to the environment. The
challenges of this technology are to improve the conversion of NOy at low temperature and
restrict the negative effects from other components in the flue gas such as H,O, SO,,
phosphorous and heavy metals.! However, from the uncompleted combustion of the fuel,
formaldehyde is also formed, the effect of which has been widely neglected so far. Therefore, it
was the aim of this work to investigate the mechanism of formaldehyde conversionin NH3-SCR
of NOy on different V,05-WO3/TiO, catalysts, depending on their composition and surface
properties by combining catalytic tests with in situ FTIR and EPR experiments.

Our study was first carried out on a commercial V,05-WO3/Ti0; catalyst (1 wt. % V, 6 wt.
% W). These results showed many adverse effects of formaldehyde.2 HCHO reacts with NH; and
forms HCN as the main product. This undesired reaction lowers NOy conversion and N
selectivity. By in situ FTIR spectroscopy, it was found that HCHO and NH; react on the surface
of the catalyst to intermediate HCONH, which liberates HCN. Subsequently, catalysts of
different compositions, WO3/TiO, (W-Ti), V,0s/TiO, (V-Ti), and V,05-WO;3/TiO, (V-W-Ti),
were analyzed to explore the effect of the different catalyst components on the reaction of
HCHO. On the most active V-W-Ti catalyst, HCHO caused the highest decline of NOy
conversion in the whole temperature range and released the highest amount of HCN. In situ
FTIR results indicated that the high surface acidity of V-W-Ti promotes NH3 adsorption and
formation of HCONH,;. In contrast,on W-Tiand V-Ti catalysts, the amount of adsorbed NHj is
not large enough, HCHO rather interacts with lattice oxygen of the catalysts to form HCOO-
which then decomposed or was oxidized to CO and CO,. Besides, results from in situ EPR
experiments revealed that V-W-Ti's high redox activity also accelerates the conversion rate of
HCHO to HCONH,, facilitating the formation of HCN and simultaneously reducing the amount
of NHj for the SCR reaction. These results may support further studies to restrict the negative

effect of HCHO in NH3-SCR technology.
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Aims of Study

Nowadays, in parallel with the development of the industries and transportations, air
pollution is becoming a persistent problem. The emission of the greenhouse gases such as CO»,
NOy, etc., is causing global warming and affecting the Earth's survival day by day. For a long
time, removing the greenhouse gases has been studied to facilitate a highly effective and
productive, inexpensive, and practical application approach. The reduction of NO (most known
as NO and NO,) is one of the most concerned topics so far due to its negative effects on the
environment and human health. Nitrogen oxides are generated from the reaction of N, and O, at
high temperatures. Its formation during the combustion of fuel is inevitable because the air (80 %
N2, 20 % Oy) is always used as the oxygen source.

Among various methods and technologies to reduce NOx emission, selective catalytic
reduction of nitrogen oxides by ammonia (NH3-SCR of NOy) is the state-of-the-art method for
the abatement of NOy so far. The requirements of this technology are high activity and high N,
selectivity in an extensive temperature range. However, to approach the practical application, the
NH;-SCR catalyst needs to show high effectivity at low temperature and restrict the adverse
effects of other components in the flue gas such as H,O, SO,, phosphorous, alkali, heavy metals,
and HCL! In the flue gas, an amount of HCHO generated from the partial oxidation of fuels
could affect the NH3;-SCR. Interestingly, there are almost no detailed studies on the effect of
HCHO in NH3-SCR up to now, and this is the aim of this work.

Because V,05-WO;/TiO; catalysts have been widely studied and applied for NH;-SCR, we
firstly studied the effect of HCHO in a commercial V,05-WO;3/TiO; catalyst under different
concentrations of HCHO. Besides looking at the change of the main factors of the SCR reaction
such as the NOy conversion, NHj3 conversion, and the N, selectivity, the conversion of HCHO
and the formation of products from HCHO have been analyzed. After that, in situ FT-IR
experiments have been carried out to study the formation of intermediate species formed from
the interaction of HCHO. This could be the key to explain the effect of HCHO in the NH;-SCR
on the commercial V,05-WO3/TiO; catalyst.

In the second part of the thesis, the reaction of the effect of HCHO was studied on catalysts
of different composition, such as V,05/TiO, (V-Ti), WO3/Ti0;, (W-Ti), and V,05-WO3/TiO, (V-
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W-Ti) to explore explicitly the role of V, Ti, and W, preferentially by using in situ FT-IR and in

situ EPR to obtain information on formed intermediates and redox properties.
The main aims of this thesis comprised investigation of:

e the effect of HCHO for the performance of NH;-SCR on V,05-WO3/TiO; catalysts: NOy
conversion, NH; conversion, and N, selectivity

e the conversion of HCHO, the formation of the intermediate species on the surface of
catalysts, and the formation of products from its reaction in NH;-SCR of NOy

e the role of surface acidity and redox property for HCHO reactions in NH3-SCR and the
relation between the effect of HCHO and the SCR activity on different catalysts

This information will be the basis for further studies to restrict the negative effect of HCHO

and find out the new direction to improve the activity of catalysts for the abatement of NOy.

X



1. State of The Art

1.1 Sources of NO,and effect on the environment and human health

1.1.1 The emission of NOy

NOy is the genetic term of the nitrogen oxides with different valence states of nitrogen from
+1 to +5 (N,O, NO, N;O,, N,O3, NO;, N,O4, N,05).3 In atmospheric chemistry, due to the
stability and the effects on the environment, NOy is generally known as the genetic term of
nitrogen oxide (NO) and dinitrogen oxide (NO,).# Both of these oxides are toxic, and their

emission is becoming a serious problem for the environment.

Generally, the NOy emission mainly comes from three main sources: transportations, the
energy supply processes, and daily commercial activities. Lorenz et al. has described the
distribution of NOy emission sources from different sector groups (Figure 1).5 The road
transportation provides the highest part of NOy emission (40 %), and the non-road transportation
contributes 7 % in total NOy emission. The contribution of the industrial processes and
agriculture are insignificant, only 3 % and 2 % respectively. The energy production and energy
use in the industry contribute 21 % and 13 % of the NOy emission, respectively. In addition, the

commercial institutional and households release a significant amount of NOy (14 %)).

14% - Road transport

- Non-road transport
- Industrial processes
m Agriculture

Energy production
Energy used in industry
Commercial institutional
and households

13% 40%

7%

2% 3%

Figure 1. The emission of NOy in the European Union from different sector groups. Data

collected from UNECE Convention on Long-range Trans-boundary Air Pollution (LRTAP)>



Nitrogen oxides are formed from the reaction of oxygen and nitrogen at temperatures higher
than 1300 °C. The formation of NO depends on the ratio of the fuel and the air, and it is
accelerated in the stoichiometric ratio on the fuel-lean side.® Meanwhile, at temperatures below
760 °C, the NO formation is negligible. It can be described according to the Zeldovich equations
below (Equations 1-3):

N,+0 - NO+N (1)
N+0, > NO+0 )
N+OH —NO +H 3)
NO + % 0, —NO, (4)

Because of the characteristics of the emission sources, the distribution of the NO, emission is
not uniform. It mainly accumulates in the large industrial zones and the big cities where many
vehicles are circulated. A report from the European Environmental Agency showed the NO, map
over the whole of Europein 2018 (Figure 2).” Because of the easy conversion of NO to NO; in
the atmosphere (Equation 4), the NO; emission map is the representatives of the NOy emission.
As the information in Figure 2, the emission of NOy mainly accumulates in the west of Germany,
Belgium, Netherlands, North Italy, and England. In addition, some other big cities such as
Moscow, Paris, Madrid, Istanbul, etc., also release a significant amount of NO,. Therefore, the
key areas of the economy where the population is concentrated are most affected by NOx

emissions.

Figure 2. The emission map of NO; in Europe between April and September 2018. Source from

the European Environmental Agency’



Due to NOy's negative effects on the environment and human health, many organizations
have earnestly requested a reduction of NOy emissions. For a long time, many efforts have tried
to reduce the NOy emission in parallel with the economy's rise and transportation. According to

the data from Eurostat, based on the emission in 1990, the NOy emission is decreasing every year
(Figure 3).8

100
"~ —=— NO, emission in Europe

80 \'\.
o T 2017
o '\.\_
N 60- et
> v
2 70 %
x 404
(O]
©
£

20 +

0

T T T T T T T T T 1
2008 2010 2012 2014 2016 2018
Year

Figure 3. Timeline of NOy emission in Europe, data based on the emission in 1990. Data

collected from Eurostat?

However, the abatement rate of NOy emission in the EU is relatively slow. In 2017, the
emission of NOy equaled 70 % of the value in 1990. Therefore, despite the outstanding efforts of
NOy reduction, the air's NOx emission is still high, and the development of new technologies to

remove NOy remains a topic of interest.

1.1.2 Effect of NO, on human health and environment

NOy causes several negative effects on human health and the environment. It can directly
affect human health by directly contacting the respiratory system or indirectly by forming other
harmful compounds. Exposure of NOy can lead to asthma symptoms. It also can associate with

other health problems such as heart disease, birth outcome, and all case mortality.? In addition,



NOy can also react with the volatile organic compounds under solar irradiation to form O3,
leading to lung damage. NOy can also react with other chemicals to form various toxic
compounds such as nitroarenes, nitrosamines, and nitrate radicals, which can cause DNA
mutation. !9

One of the most pronounced effects of NOy on the environment is acid rain. As mentioned
above, in the ambient condition, NO can easily be converted to NO,. In the presence of water,

NO, will react to generate HNOj3 (Equation 5).
2 NO; + % O+ H,0 — 2 HNO;3 (5)

HNO;j a strong acid and can destroy outdoor constructions. In addition, NOy can deposit on
the surface of materials in the absence of moisture. When it rains, the chemical reactions take
place and produce nitric acid, which is then flushed by the water flow and through the ground,

harm to the plants and the survivals such as insects and fishes.!!

Because of their high chemical activity, NO and NO, will react with the other compounds in
the air (O,, H,O, volatile organics, etc., as mentioned above) and will not last long in the
atmosphere. Hence, although NO and NO; can absorb the infrared ray, the greenhouse effect of
NO and NO, is not considered. However, the contribution of nitrous oxide N,O to the
greenhouse effect is significant. According to the United States Environmental Protection
Agency data in 2018, N,O occupies 7 % in total contribution of greenhouse gases.!? Therefore,

the reduction of NOy should produce N, as the final product.

1.2 NH;-SCR technologies for NO, abatement
1.2.1 Overviews of the NH;-SCR technologies

Selective catalytic reduction of NOy to N is the most common method to remove NOy. The
used reducing agents are usually ammonia (NH3-SCR), hydrogen (H,-SCR), and hydrocarbons
(HCs-SCR). However, HCs and H, have some drawbacks which prevent their practical
application. At high temperatures (T > 500 °C), HCs are oxidized, and their efficiency in NOy
reduction is reduced. H,-SCR can reduce NOy at low temperatures (T <200 °C) on supported
noble metals (Pd, Pt), but these catalysts are expensive and not sufficiently resistant against H,O,
and SO,.!3-14 NH;-SCR is the most applied technology for the NO, abatement. In vehicles, the
reducing agent NH; is produced by the decomposition of urea CO(NH;), (Equation 6). The



generated NH; further reacts with NO to form N,, known as standard SCR (Equation 7), or NO,
and NO, known as the fast SCR (Equations 8-9).

CO(NH,), + H,0 — 2 NH; + CO, (6)
4NH; +4NO +3 0, — 4 N, + 6 H,0 (7)
8 NH; + 6 NO, — 7 Ny + 12 H,0 (8)
2 NH; +NO +NO, — 2 N, + 3 H,0 (9)

NH;3-SCR is mainly applied in the range of 250 — 450 °C in a heterogeneous catalytic bed
reactor. The reducing agent NHj is sprayed into the flue gas and its reaction with NOy takes

place on the surface of the catalyst (Figure 4).

NH; injection

[ — Catalyst
. (o]} ) N,
.&> C—

o> [ S NH,

< NH, @ %
Flue gas o N Clean gas
0, . 0. » NH; N,
o ® PR . o

Figure 4. Scheme of selective catalytic reduction by ammonia

Depending on the operating temperatures, the efficiency of NOy removal, and the catalyst
regeneration pathway, various catalysts have been applied for NH;-SCR. Zeolites-based
materials can perform high NO conversion at high temperatures (345—590 °C) and low NH;
slip. However, this type of catalyst can destruct NH3 and only can restrict SO, above 425 °C.
The metal oxides (vanadium, titanium, tungsten, molybdenum, etc.) operate at medium
temperatures (260 — 425 °C) and tolerate sulfur quite well. At low-temperature range (150 — 300
°C), the noble metals on support can perform high NOy conversion but very low sulfur
tolerance.!> Vanadium pentoxide V,05 supported catalysts are the most applied for NH3;-SCR of
NOy. The big advantages of vanadium supported catalysts are high NO, conversion, high N,
selectivity, affordability, and high SO, tolerance. Due to the unstable activity at the high
temperature of V,0s/TiO, catalysts, WO; has been widely used as the promoter, which can

inhibit the transforming of anatase TiO, to rutile and the loss of surface area.!®!7 In addition,



WOs; also enhances the surface acidity and stabilizes the dispersion of vanadium on the support,

which is further beneficial for the SCR performance.'®

1.2.2 Active sites, intermediates, and reaction pathways

In general, the heterogeneous catalytic reaction of NH; and NOx comprises four main steps:

e the adsorption of NHj3 on the surface of the catalyst to form either NH4",4s on the
Bronsted acid sites or NHj3 44 on the Lewis cites.

e the reaction of NH3/NH,4" with either NO/O, gases according to the Eley-Rideal (E-R)
mechanism or with nitrites/nitrates according to the Langmuir-Hinshelwood (L-H) mechanism to
form the intermediate species NH,-NO,.

e the decomposition of NH,-NO, to form N, and H,O.

e the oxidation of metal from low valence state to high valence state by oxygen.

a) E-R mechanism b) L-H mechanism

NO/O, N, + H,0 NO/O, N, + H,0
NH;

High valent Low valent High valent Low valent
redox cites redox cites redox cites redox cites
Q,/-H0 Q,/-H,0

Figure 5. A schematic diagram of SCR reaction following a) Eley-Rideal (E-R) mechanism b)

Langmuir- Hinshelwood (L-H) mechanism

However, up to now, the reaction mechanism of NH;-SCR remains controversial. One of the
most controversial issues is the Bronsted and Lewis acid sites' role in the SCR reaction. Topsee
et al. has proposed the SCR mechanism on Brensted acid sites, including two cycles: the acid
circle and the redox circle.!920 First, NH; adsorb on the active cite V>"'-OH to form NH4" and
activates V3*=0 in the vicinity to form V4*-OH. The NHj adsorbate then reacts with NO to form
intermediate species, which then decomposes to form N, and H,O. Ramis et al. has proposed the
SCR reaction on the Lewis cites. The reaction of NHj 4 with NO forms NH,-NO as the
intermediate, which further decomposes to N, and H,O.2! In principle, depending on the type of



catalysts and the reaction conditions, the involvement of the Lewis and Brensted sites is different

and still under debate.

The reaction of NH, (NH3/NH4") with NO is also a matter of discussion in NH3-SCR studies.
NHjy can react with gaseous NO according to the E-R mechanism or with the adsorbates of NO
on the surface (nitrites/nitrates) according to the L-H mechanism to form the intermediate
species NH-NO, (Figure 5). However, some studies have reached the consensus that this
reaction's pathway depends on the temperature. At low temperatures, the SCR reaction follows
the E-R mechanism, while the L-H mechanism dominates at high temperatures.'-22 Ramis et al.
has indicated that the nitrosamine NH,-NO is the intermediate species of the SCR reaction.
Meanwhile, in the presence of abundant NH,*, the surface complex NH3-NO is be formed.
However, there is no evidence for the existence of the complex NH,*-NO by IR spectroscopy

because of either the low concentration or the fast decomposition. 821 23

To approach the practical application, the SCR catalysts need to perform the high activity at
low temperatures and tolerate the negative effects of the other components in the flue gas. The
enhancement of the redox property and the surface acidity are the targets for preparing the SCR
catalysts. The high surface acidity will be favorable for the formation of NH,*/NH3 adsorbates,
increasing the amount of the reactants. Hence, the SCR supports always have a high surface area
and high thermal stability (TiO,, ZSM-5, SAPO 34, etc.). The nature of the metal oxides and
their dispersion on support are the determinant factors for the catalysts' surface acidity. In
principle, increasing the content of the metal oxides will increase the surface acidity. However,
the overload of the metal oxides on the support can lead to the aggregation and forming the
crystalline. The sintering of the metal oxides can reduce the redox property of the catalysts,

which is also an important factor of the SCR reaction. '8

The oxidation of the low valence states to the higher valence states by oxygen has been
agreed by many studies that it will follow the Mars—van Krevelen mechanism. The lattice
oxygen interacts with the adsorbents before being recovered by the oxygen in the gas phase. The
oxidation rate is the determinate factor for the SCR reaction.?* Therefore, enhancing the redox
property of catalyst will improve the SCR activity. However, the high redox property will also
oxidize NHj and reduce this reducing agent for SCR reaction. Besides, the improvement of the

redox property should also accompany the high selectivity of the N,. Some of the catalysts



contain Mn show very high redox property at low temperature but liberates quite a lot of N,O

which is also not a friendly compound for the environment. 2526

Furthermore, it was tested that in the presence of NO, (fast SCR), the conversion of NOy at
low temperature is higher than the standard SCR (without NO; in the feed).?’” Therefore,
accelerating the formation of NO, by the oxidation of NO during the SCR reaction could also
enhance the SCR activity. Many studies have tried to enhance the oxidation of NO to NO; to
achieve a higher NOy conversion at low temperatures.28-30 Furthermore, the formation of the
nitrites/nitrate species can also affect the effectiveness of catalyst since it performs different
reactivity. The nitrites/nitrate species with lower thermal stability will react with the NH4* atlow
temperature, and the high thermal stability will reduce the SCR activity. Kijlstra et al. has shown
the order of the thermal stability of the nitrites/nitrates: monodentate nitrites, bridged nitrites,

linear nitrites < bridged nitrates <bidentate nitrates.3!

Therefore, the SCR catalysts must satisfy the balance of both surface acidity and the redox
property. It is fundamental for any catalytic preparations to optimize the SCR application. In
addition, fossil fuel is a complex mixture of many mineral compounds. Therefore, the
combustion of fuel will generate many unexpected combinations in the flue gas. Although these
compounds are generally not that much, they can strongly affect the exhaust gas treatment
systems. Hence, besides the improvement of NOy conversion, the study on the restriction of the
other components in the exhaust gas such as SO,, P/HCI, alkali, and heavy metals hasalso been

considered, and it will be described in part below.

1.2.3  Effect of other components in flue gas

SO: poisoning. Fossil fuels always contain some sulfur compounds that generate SO, upon
combustion. Three steps can describe the effect of SO,: i) the SO, adsorption, ii) the SO,
oxidation to SO3, and ii1) the deposition of (NH4),SO4/NH4HO, on the surface of the catalyst.
The latter blocks the active sites for SCR reaction, enormously decreasing the catalytic activity.
The pathways of restricting SO, poisoning are based on the sulfate formation mechanism and its

effects on the active sites of the catalyst (Figure 6).
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Figure 6. Three steps of the sulfate deposition and the corresponding methods for the restriction

of the negative effects of the SO, poisoning

In principle, they can be divided into five major directions:!

e [nhibition of the adsorption and/or the oxidation of SO;: Introducing a strong surface
acidity can inhibit the adsorption of SO, since this acidic component prefers to interact rather
with base sites. However, the oxidation capacity is an essential aspect of enhancing the SCR
activity, as discussed above, and it is easy to oxidize SO; to SOs. Therefore, this pathway has not
been so attractive.

e Improving the adsorption of the intermediate species: Since the deposition of sulfates will
block the active sites, enhancing the adsorption of the active intermediate species (NH4", NH3,
nitrates, nitrites) could be an option to keep the amount of reactant large enough for SCR
reaction.

e [ntroducing sacrificial sites: The coverage of sulfates on the active sites could be avoided
by introducing additional sites that help in the deposition of sulfates. CeO, is mostly used as the
sacrificial sites since it is easy to form CeSO4 and Cey(SO4);, then protecting the other active
sites for the SCR reaction.32-33

e Preventing the decomposition of sulfates: The decomposition of NH4HO4 and (NH4),SO4
on the active sites can be prevented by water washing and thermal treatment after the SCR

reaction.?+35 However, sulfates usually are high thermal stability. The suppression of sulfates in



harsh conditions can lead to the deactivation of catalysts.3¢ Therefore, this method has not been
considered that much.

e Using SO; tolerant compounds: Some studies have shown that sulfate catalysts can
inhibit ammonium sulfates' formation since the surface is sulfated already. In some works, the
SCR reaction was performed on CuSO4/TiO,,3” CuSO4/Ce0,-TiO, catalysts of these catalysts
showed a high SO; tolerance.

Alkali poisoning. Many works have indicated the negative effects of alkali on NH3;-SCR, mostly
known as the effect of KCI. The presence of alkali can decrease the reducibility, reduce the
surface acidity, and accelerate the catalysts' sintering. The mechanism of the alkali effect
comprises the reaction of KCI with V-OH groups (Equations 10-12). This reaction will strongly
decrease the amount of Bronsted sites V-OH forthe SCR reaction. Furthermore, the formed HC1

reacts with VO, will destroy the active vanadium sites and change the valence states.??

_V-OH + KCl — -V-OK + HCI (10)
VO, + 2HCl — -V(OH),Cl, (11)
V(OH),Cl, — VOCL, + H,0 (12)

The construction of sacrificial sites on the catalysts or highly acidic supports could be a way
to improve alkali resistance. It was performed on V,0s/sulfated-TiO,* and V,0s/sulfated-ZrO,*
catalysts. The other direction for the restriction of alkali is constructing the alkali trapping
system in front of the SCR.#** The studies on the effect of alkali were mostly carried out by
impregnation of alkali on the surface of catalysts prior to the SCR testing. However, in
experimental conditions, the effect of alkali comes from the flue gas, and the actual effect of
alkali could be very different compared to the tests under model conditions. Therefore, up to

now, the alkali resistance is still the challenge for approaching the functional requirement.!

Heavy metal poisoning. Fossil fuels always contain a trace amount of heavy metals resulting
from the mineral salts. The deactivation of SCR catalysts by the effect of heavy metals such as
Pb, As, and Zn has been widely investigated so far. The heavy metals depositon the surface of
the catalyst and block the active sites, inhibiting the adsorption of NH; and NO and the reaction

of the intermediate species via.

For example, the presence of Pb also can restrain the formation of active poly-tungstate

species, leading to the formation of inactive bridge nitrate species. The same results were also
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obtained for Ce/TiO, catalysts. The Pb poisoning suppresses the adsorption and activation of

NH; and NO on the surface, accompanied by the decrease of Bronsted acid sites.*

The As-poisoning on V,05-WO3/TiO; catalyst has been reported by Lu et al.4¢ It was shown
that As presents in the form of H,AsO4 and HAsO4?, leading to the decrease both Lewis and
Bronsted sites of the catalyst. In addition, As also promote the N,O formation above 300 °C,
destroying the V-OH sites and then leading to the deactivation. The co-poison of As-Ca can
decrease the surface area, accelerate the WOj5 crystalline, and irreversible loss of oxygen defect
sites.4” Since the strong interaction of catalysts with the heavy metals poisoning and it is hard to
remove it effectively, enhancing the quality of fuels could be the good direction to reduce the

negative effect of the heavy metals for the NH3;-SCR catalysts.

P/HCI poisoning. The combustion of fossil fuels can generate a small amount of phosphorous,
which will affect the SCR catalysts. P-compounds can impair the redox property of V,0s-
WOs3/TiO; catalyst then inhibit the oxidation of NO. On CeO,-MoOj; catalyst, the low amount of
P-poisoning can be superior the NO oxidation and improve the activity. But increase the content

of Pup to 3.9 wt % will decline the NO, conversion.*8

HCIl formation from the combustion of halogenated organic in the flue gas can also
deactivate the catalyst. Due to the strong acidic property, HCI can destroy the metal oxides
(V,05) and form the salts that are inactivated for SCR reaction. The negative effects of HCI in
NH;3-SCR on CeMo/Ti and VW/Ti catalysts have also been reported.**-0 For the restriction of
the effects of phosphorous and HCI, constructing the sacrificial sites or the protective shell could

be the interesting pathway.

1.3 Sources of HCHO emission and impact on NH ;-SCR
1.3.1 The formation of HCHO

The exothermic fuel combustion is the energy supply for the engines. CO; is the final product
of the oxidation, but the uncompleted combustion can generate some other products in the flue
gas, among them HCHO.’! A report from International Council on Combustion Engines has
indicated that HCHO formation from methane is invertible from the port injection or

homogenous charge supply.>2
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In the exhaust gas, the concentration of HCHO varies depending on the type of fuels, the
combustion regimes, and the type of engines. Depending on the purpose and the condition of
each study, the units for measuring HCHO concentration are not the same. Rodrigues et al. has
studied the concentration of formaldehyde from sites impact of heavy -duty vehicles using diesel
and biodiesel fuels. It was found that formaldehyde, acetaldehyde, and propanone are the most
abundant quantified compounds. The emission of formaldehyde ranges from 28.45 to 287.3
ppbV (part per billion by volume), depending on the working time of the bus in a day .3 Suarez-
Bertoa et al. has measured the formation of ethanol, formaldehyde, and acetaldehyde from flex-
fuel vehicle exhaust. The emission of formaldehyde from their tests rises from 0.4 to 0.7 mg.km-!

depending on the points inside the exhaust gas system of the measurement. >

Since this work aims to study the effect of HCHO on the NH3-SCR of NOjy, it would be
better to compare the concentration of HCHO with the concentration of NOy in the flue gas.
Mitchell et al. has indicated no good correlations between HCHO concentration and NOy
concentration due to their different formation mechanisms. As mentioned above, NOy is formed
by the reaction of N, and O; at very high temperatures. Meanwhile, HCHO will be completely
converted at this condition and mainly comes from the partial oxidation of hydrocarbons in the
processes of gas flow insight the engine.’! A document from the United States Environmental
Protection Agency has studied the emission of HCHO and NOy from the light-duty vehicles and
light-duty trucks; depending on the specific conditions, the ratio of HCHO and NOy
concentration is different, ranging from 1.83 % to 7.50 %.3° Clairotte et al. has studied the
emission of HCHO from light-duty vehicles using ethanol — blend gasoline at low ambient
temperatures. The ratio of HCHO:NOy can up to approximately 18 % at high blend content of

ethanol in the fuel.s¢

Role of DOC. The presence of Diesel Oxidation Catalysts (DOCs) in the exhaust gas
treatment system is an important factor need to be considered. It is inserted in front of the SCR to
oxidize the unburned organic compounds of the flue gas (Figure 7). HCHO can be converted to
CO and CO; in the DOCs, and its concentration in the SCR will be no longer significant.
However, in some specific conditions, a considerable amount of HCHO after the DOCs still

exists. P.C. Shukla et al. has studied the role of DOCs for the unregulated emissions from the
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biodiesel fuels on the transportation engine. Despite the DOCs can reduce the HCHO
concentration, a significant amount of HCHO still presents at low engine load (0 — 50 % loading
condition).3” Furthermore, the concentration of HCHO even increase after the DOCs, resulting
from the partial oxidation of the other organic compounds. Wei et al. has studied the role of
DOC:s in the emission of volatile organic compounds from the combustion of blended methanol
fuels. The concentration of HCHO increases from 2.5 — 7 g/kWh to 8 — 11 g/lkWh at the speed of
1660 rpm at the 25 % engine load.>8

NH; injection
Exhaust gas _ Outlet
— DOC » DPF » SCR ¥ ACS [——
*  DOC: Diesel Oxidation Catalysts ¢ SCR: Selective Catalytic Reduction
*  DPF: Diesel Particulate Filter *  ACS: Ammonia Catalyst Slip

Figure 7. The exhaust gas treatment systems of the diesel engine

In summary, the concentration of HCHO in the exhaust gas and its ratio with NOy varies
depending on the work conditions of the engines. In principle, it does not exceed 20 % of the
NOy emission. Therefore, in this study, to ensure the concentration of HCHO is large enough to
observe the change of the SCR activity and also not too far to the practical condition, the
concentration of HCHO will be set equal to 10 — 18 % (100 — 180 ppm) of the NOy concentration
in the feed gas.

1.3.2 Reaction of HCHO with the components of standard SCR feed gas

A study on the reaction of HCHO with the components of the SCR feed gas (O,, NH3, NO) is
the basic to explain the effect of HCHO in NH3-SCR. First, regarding to O, which is always
present a considerable amount in the feed gas, HCHO can be oxidized by O, to form CO and
CO, (Equations 13-14).

HCHO + % 0, — CO + H,0 (13)

13



HCHO + 0, — CO, + H,0 (14)

Vanadium catalysts can accelerate the oxidation of HCHO via the formation of the
intermediate species on the surface. E. V. Danilevich et al. has studied the oxidation of HCHO
on Vanadia-Titania catalystat 120 — 140 °C. CO,, HCOOH, and CO are the main products and
their selectivity depends on the time of reaction due to the further decomposition and oxidation
of HCOOH.*® Many studies have indicated that the oxidation of HCHO on the heterogenous
catalysts will form formate species (HCOO-) on the surface as the intermediates, which further
form CO or CO; depending on the specific conditions.®0-62 Because the concentration of O in the
feed gas (5 vol %) is much higher than the initial concentration of HCHO (100 — 180 ppm), the
reaction of HCHO will not affect the amount of O,. However, the oxidation of HCHO, especially
the formation of formates on the surface, is an essential factor to explain the formation of

gaseous products of the reaction of HCHO in NH3-SCR.

There is no significant reaction between NO and HCHO that occurs in the ambient condition.
However, HCHO can react with NO, and nitrates on the surface of a catalyst, which can be

formed during the SCR reaction (Equations 15-17):63

HCHO + NO, — CO + NO + H,0 (15)
HCHO + 2 NO,; — CO,+ 2 NO + H,O (16)
HCHO +4 NOs-+ 4 H* — CO,+ 4 NO, + H,O 17)

Therefore, HCHO does not reduce NO to the lower oxidation states, but its reaction can
decrease amounts of nitrates on the catalyst's surface, reform NO to the gas phase, and decrease

the NO, conversion.

In the gas phase, HCHO reacts with NH; to form hexamethylenetetramine and water
(Equation 18).%4 On the surface of the catalyst, the adsorbates of NH3 (NHy4" a5, NH3 ag5) and
HCHO (formates) can react with each other (L-H mechanism) or with the gaseous (E-R
mechanism) to form ammonium formate and formamide, which will further decompose to
liberate the harmful products such as HCN and CO (Equations 18-22).65-66

6 HCHO +4 NH; — (CH;)¢N4 + 6 H,O (18)

NH; + HCOOH — HCOONH, (19)
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HCOONH, — HCONH, + H,0 (20)
HCONH, — HCN + H,0 1)
HCONH, — CO + NH; (22)

The reactions of HCHO with NH; will reduce the amount of NH3 and no more NHj3
available for the SCR reaction. These undesired reactions lead to the decrease of NO, conversion
and the N, selectivity. Furthermore, the liberation of the toxic products (HCN, CO) from these

reactions is also a serious problem and should be limited.
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2. Experimental methods

2.1 Catalystpreparation

For the beginning of the study, a fresh pellet of a commercial V,05-WO3/TiO; (1 wt. % V, 6
wt. % W) catalyst from Argillon GmbH was ground and screened by a sieve to filter particles of
a size suitable for the catalytic tests (250 — 315 um). After that, three different catalysts
WO5/TiO; (W-Ti), V,05/TiO, (V-Ti), and V,05-WO3/TiO, (V-W-Ti) were prepared by the
wetness impregnation method. The content of vanadium and tungsten were chosen to be the
same as in the commercial catalyst V,0s-WO3/TiO; (1 wt. % V, 6 wt. % W). The commercial
TiO, (P25 nano powder, Aldrich) was used as the support.

For the synthesis of the W-Ti catalyst, 0.5404 g of ammonium para tungstate hydrate
(NH4)10H2(W207)s.xH,0 (99.99%, Aldrich) was added to 58.00 mL deionized water at 35 °C,
then stirred until the solution becomes transparent. After that, 6.00 g TiO, P25 was slowly added
to the solution. The suspension was heated up to 55 °C and continuously stirred in 12 h to let the
molecules of tungsten salt deposits on the surface of TiO,. Finally, the mixture was dried
overnightat 100 °C, crushed into powder, and calcinated at 400 °C (5 K/min) in 2 h in synthetic
air (Figure 8a).

a)  (NH,)oHA(W;0)sH,0 TiO, 100 °C WO,TiO,

o
\ overnight 400 °C, sh (W-Ti)
P Drying

deionined @T 35°C = ssec 4;3" Colemation s

b)
NH,VO; TiO, 100 °C V.OUTIO,
\' overnight 550 °C. 5h -(V;_'“) 2
= 550 Dl—yiug- Calcination
O =) < |-l%
c)
NH, VO, WO,/TiO, 100 °C P
\gﬁ —\ overnight 550 °C. Sh (V-WCT)
LC,0,02M & — Drying

P

S = (a =T - R

Figure 8. The preparation of a) W-Ti, b) V-Ti, ¢) V-W-Ti catalysts by the wetness impregnation

method
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For the preparation of V-Ti catalyst, 0.1378 mg of ammonium metavanadate NH4VO3 (99 %,
Sigma-Aldrich) was dissolved in 30 mL oxalic acid 0.2 M. The solution was stirred until it
turned to turquoise color when vanadium forms an oxalate complex. After that, 6.00 g TiO, was
added to the solution and continuously stirred at 55 °C for 12 h for the deposition of vanadium
salt on the TiO, surface. Finally, it was dried overnight at 100 °C, crushed into powder, and
calcinated at 550 °C (5 K/min) in 2 h in synthetic air (Figure 8b). The V-W-Ti catalyst was
prepared in the same way the V-Ti catalyst, but instead of adding TiO,, 6.00 g powder of the W-
Ti catalyst was added to the vanadium oxalate complex solution. The suspension was also dried

at 100 °C overnight then calcinated at 550 °C (5 K/min) in 2 h (Figure 8c).

2.2 Characterization methods
2.2.1 Inductively coupled plasma - optical emission spectrometry (ICP-OES)

The chemical composition of catalysts is measured by inductively coupled plasma optical
emission spectrometry (ICP-OES). In the ICP-OES measurement, a sample was excited to take
place the electrons ionization. The electrons will take the thermic energy and reach the higher
excited states. When it drops back to the ground level, the energy will be released by a diverse
emission spectrum, depending on the type of elements. The wavelength and intensity of the
emission spectrum are the basis for detecting the elements and their composition on the catalyst.

In this study, for each measurement, 10.00 mg of sample was dissolved in 8.00 mL aqua
regia and 2 mL hydrofluoric acid and was treated by the microwave-assisted sample preparation
system “MULTI WAVE Pro” (Anton Paar) at 200 °C and 60 bars. After that, the solution was
diluted by water up to 100 mL then was analyzed by a Varian 715-ES ICP-emission
spectrometer and the ICP Expert software.

2.2.2 The X-ray diffraction spectroscopy

The X-ray powder diffraction (XRD) is commonly used to investigate the structural
crystalline of the catalysts. When an X-ray beam was irradiated to the crystal, the planes play a
role as the diffraction grating. The space between planes is d, and 0 is the incident angle of the
X-ray beam (Figure 9a). Therefore, the distance between two diffraction rays is d.sin6. To satisty
the interference condition of the light, the incident angle must satisfy the Bragg’s Law (Equation

23) since the wavelength A, and the planes space d are constant.
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n. A =2d.sin0 (23)

Hear n is any integer, A is the wavelength of the incident light, d is the spacingbetween two
adjacent planes, and 0 is the laser beam's incident angle. For the measurement, the sample is
rotated in the path of the collimated X-ray beam at an angle 0, and the detector for collecting the
diffraction is rotated at an angle of 26. Various crystalline will show the characteristic peaks,

which will be the fingerprint to detect their presence (Figure 9b).

Detector
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Figure 9. a) The diffraction of the X-ray beam on the planes of the crystalline of the solid,b) the
principle of the X-ray powder diffraction

In this study, the reflection spectra were recorded by a 6/8 diffractometer (X Pert Pro,
Panalytical, Almelo, The Netherlands) using a X’Celerator RTMS detector with the Cu Ka
radiation. The phase composition of catalysts was determined by the program suite WinXPOW
(Stoe&Cie), including the diffraction file PDF2 of the International Centre of Diffraction Data
(ICDD).

2.2.3 Brunauer— Emmett — Teller (BET) surface area analysis

The BET methodology is used to measure the specific area and the pore volume of the
catalysts. The theory of this method is based on applying the multilayer adsorption system and
assuming that there is no chemical reaction between the gas and the solid material. Therefore, N,
is principally employed as the gaseous adsorbate. The concept of BET theory is an extension of
the Langmuir theory, from monolayer to multilayer adsorption. The equation of BET is

following Equation 24.
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(24)

p is the equilibrium pressure of the adsorbate at a temperature of the experiment (atm)
po is the saturation pressure of the adsorbate at a temperature of the experiment (atm)
v is the adsorbed gas quantity

Vp, 18 the monolayer adsorbate quantity

c is the BET constant, following Equation 25:

E1—- E|
RT

) (25)

c=-exp-(

E, is the heat of adsorption for the first layer
EL is the heat of adsorption for the second and higher layers and is equal to the heat of
liquefaction or heat of vaporization

Equation 24 is an adsorption isotherm and can be plotted as the straight line with the value
/[v(po/p) — 1] is the y-axis, po/p value is the x-axis, which is called BET plot. The linear
relationship of the plot was maintained in the range of 0.05 <p(/p <0.35. The value of slope A
and the intercept I is used to calculating the monolayer adsorbed gas quantity vy, and the BET
constant ¢, following Equations 26 and 27 below.

1

A
-— 26 =1+= 27
A+] (26) ¢ I 27)

Um

The total surface area Sy, and the specific area of the material are calculated according to

the equations below:

U -N.s _ Stotal

Stotal = v (28) SpeT = T4 (29)

U, 1s the units of the monolayer volume of the adsorbate gas
N is the Avogadro number

S is the adsorption cross-section of the adsorbate species

V is the molar volume of the adsorbate gas

a is the mass of the solid sample or adsorbent
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Figure 10. a) the BET model of multilayer adsorption on the surface of the catalyst, b) BET plot
result

For each experimental measurement, the sample was firstly degassed at 200 °C at 0.01
mmbar for 3 h. The specific surface areas were determined by nitrogen adsorption at =196 °C

using the single-point BET procedure (Gemini III 2375, Micromeritics).

2.2.4 Hydrogen Temperature-Programmed Reduction (H>-TPR)

The temperature-programmed reduction is used to investigate the reducibility of catalysts.
Since the different species of vanadium oxides and tungsten oxides perform different
reducibility, the H,-TPR results could provide information on the dispersion of metal oxides on
bare support. The catalyst was set up in a fixed bed reactor, a flow of reductant (hydrogen) was
pumped across the reactor simultaneously with the gradual increase of the temperature. The TPR
reactor outlet was connected to a Mass Spectrometer to determine the amount of H leaving the

reactor, from which H, consumption was calculated (Figure 11).

Mass flow controller

T -

% |
7 Temperature
programmer
Mass spectrometer

Figure 11. Scheme of the H,-TPR setup
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In this study, H,-TPR measurements were performed using a Micromeritics Autochem 1I
2920 instrument. For each experiment, 200 mg of catalyst particles (250-350 um) was loaded
into a U-shaped quartz reactor and pre-treated in 5 vol % O,/He (30 mL.min!) at400 °C for 30
min. After that, it was cooled down to room temperature by flushing the Ar flow. The TPR
experiments were carried out from room temperature to 800 °C in 50.00 mL.min"! of 5 vol %

Hy/Ar flow (10 °C.min), and the hydrogen consumption was monitor by a TCD detector.

2.2.5 Raman spectroscopy

Raman spectroscopy was used to investigate the molecular structure of the supported
catalysts. Raman spectra can identify different types of vanadium and tungsten oxides scattering
on the surface of a support. It is based on the Raman effect of the light's scattering when it was

irradiated to the sample (Figure 12).

Incident

v/ Raman
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Figure 12. The scattering of the light from the irradiation and the molecule vibrations

When a sample was excited by a high-intensity laser beam, three light scattering types can be
observed. The elastic scattering (Rayleigh) is the main part and occurs with the same wavelength
as the incident light. Due to the excitation of vibration in the molecules, inelastic (Raman)
scattering is observed at a different wavelength, and it is used to determine the structure of the

molecules. Typically, the Raman scattering stokes lines are used for the analysis, but sometimes
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the anti-stokes can also be used. The Raman shift is the energy difference between the incident

light and the scattered light (Equation 30).

1
oA 2 (30)

Raman shift=

In the resulting spectrum, the vertical axis is the intensity of the scattered light. The
horizontal axis is the Raman shift value, which can identify the structure of metal oxide species
loaded on the surface of a support.

In this study, the Raman spectra of catalysts were recorded in the range of 300 — 2000 cm-!
by a Renishaw inVia Raman microscope, using a laser at 633 nm with a power of 1.7 mW. For
each experiment, 50.00 mg of catalyst powder was first pretreated in synthetic air at 300 °C for 1
h then cooled down to room temperature. The measurements were carried out in 10 seconds

accumulation in a Linkam reaction cell. Due to the induced fluorescence of tungsten, Raman

spectra of W-Ti were collected at 300 °C.

2.2.6 UV-Vis Diffuse Reflection Spectroscopy

In situ UV-Vis diffuse reflection spectroscopy (UV-Vis DRS) is used to study the dispersion
of vanadium oxides and tungsten oxides on the support. The UV -Vis DRS spectrum can provide
information on the oxidation states and the coordination geometry of the vanadium and tungsten
oxides on the surface of a support. It probes the electronic charge transfer transitions and the d -d
transition of the loaded oxides strongly related to the polymerization level and the oxidation
states of the metal oxides. However, this technic also has some disadvantages since the bands are
frequently very broad, and the individual absorption bands are overlapped with each other and

complicate the analysis.

N\

N

Figure 13. The diffuse reflection of the light on the surface of metal oxides loading on support
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The diffuse reflection of the light at the phase boundaries of supported catalysts is described
in Figure 13. An equivalent to the well-known Lambert-Beer law, which represents a linear
correlation between light absorption and concentration of a species in a liquid solution, is the
Kubelka-Munk function F(R.,) for diffuse reflectance on solids (Equation 31), in which R, is the
reflectance at infinite layer thickness. Under specific boundary conditions F(R.) is proportional

to the concentration of a species.

(1- Roo)
F(R,) = T oRe (31)

However, this is only true for low F(R.,) values. Love et al. found that the dependence of the
F(R.) function is nonlinear with the concentration of vanadium (the main active site of the SCR
reaction) even at moderate values (Equation 32).67 Therefore, the edge energy E, is used to
determine the local coordination of metal oxides on the support. The edge energy (E,) of

catalysts was calculated using the Tauc’s plot.68-69
[F(Rs)-hv]? oc (hv - €0) (32)

In this study, UV-Vis DRS experiments were performed by a Carry 5000 UV-Vis-NIR
Spectrometer equipped with a diffuse reflectance accessory (praying mantis, Harrick). BaSO 4
was used as the standard baseline. The catalyst particles were placed inside a heat-able reaction
chamber (Harrick) connected to a temperature programmer (Eurotherm) and mass flow
controllers (Bronkhorst) for gas-dosing. All catalysts were pretreated by a flow of 5 vol %
O,/He at 300 °C for 60 min to remove moisture before cooling down to the ambient temperature

for the measurement.

2.2.7 Pyridine adsorption analyzed by FT-IR spectroscopy

Pyridine adsorption infrared spectroscopy is widely used to discriminate and calculate the
amount of Brensted and Lewis sites on the surface of solid catalysts since it is more selective and
stable than the NH; adsorption. When Pyridine was introduced to the surface of the catalyst, it
will either interact with the metal atoms (Lewis sites) or OH groups (Brensted sites). The peak
area of the adsorption bands will be calculated by integration to determine the amount of Lewis
(band at 1445 cm') and Bronsted sites (band at 1538 cm!) on the surface of catalyst (Figure
14).70
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Figure 14. The surface interaction of Pyridine with the acidic sites of the catalyst

In this study, the surface acidity of the catalysts was analyzed by a Tensor 27 spectrometer
(Bruker) equipped with a heat-able and evacuate-able IR cell, connecting to a gas dosing and
evacuation system. For each experiment, 50 mg of catalyst powder was pressed into self-
supporting wafers (® =20 mm), pretreated by the evacuation at400 °C for 1 h then cooled to
room temperature for recording a background spectrum. The adsorption of Pyridine was carried
out at room temperature until saturation. The spectra were recorded after the evacuation of the
gas phase remain in the cell and subsequently every 50 °C during the heating in vacuum up to

400 °C.

2.2.8 Insitu FT-IR

Infrared spectroscopy (IR) is the most comprehensive application method of identifying and
analyzing chemical compounds. Each functional group (such as C-H, C=0, COO-, etc.) adsorb
the IR rays in different wavelengths and intensities, depending on the nature of the vibration and
the compounds' concentration. Therefore, tracking the IR bands' changes during the interaction
of the reactants on the surface of the catalyst will provide information on the formation and
reaction of the intermediate species. Nowadays, the Fourier-Transformation Infrared
Spectrometer (FTIR), which records the data collected and transforms it to the spectrum, is

predominately used.
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In this study, in situ FTIR experiments were carried out on a Thermo Scientific Nicolet 6700
spectrometer in transmission mode to study the formation of the intermediate species on the
catalyst surface. For each experiment, 60 mg catalyst was pressed into a thin wafer (& =20 mm)
and was placed inside a heat-able IR quartz reaction cell using a CaF, window connected to a gas
dosing system. Before each experiment, the catalyst was pretreated at 350 °Cin 5 vol % O,/He

flow (50 mL.min-!) for 1 h, then cooled downto 150 °C for the in situ experiment.

IR beam HCHO \_’ o ~/'/ IR beam
—) \' ", —

IR cell ‘ ‘ ‘
150 °C

Figure 15. The scheme of in situ FT-IR experiments set up

The interaction of HCHO/O, with NH3 on the surface of catalysts was first conducted by the
adsorption of 0.1 vol % NH3 (50 mL.min-1) for 1 h followed by flushing He flow for 30 min to
remove the unstable species on the surface of the catalyst. Subsequently, the outlet was closed,
and the catalyst was exposed to a flow of 400 ppm HCHO, 5 vol % O; (25 mL.min"!) for 10 min.
Finally, the cell was closed for 50 min to observe the formation of the intermediate species. The
various experiment was carried out by the first adsorption of 200 ppm HCHO, 5 vol % O,/He in
60 min (50.00 mL.min"). After that, a flow of He was flushed to the catalyst to remove the
unstable species. Finally, the cell was closed, and a flow 0f 0.2 vol % NH3/He (20.00 mL.min"")
was dosed in 10 min, and the cell was kept in 50 min to observe the formation of the
intermediate species.

The simultaneous interaction of HCHO and NH; was carried out by the flushing a flow of
200 ppm HCHO, 0.1 vol % NH3, 5 vol % O,/He over the catalystat 150 °Cin 1 h. After that, the
cell was closed and heated up to 350 °C to observe the decomposition of the intermediate

species.

25



The formation and reaction of the intermediate species of the SCR reaction were firstly
studied by the adsorption of 0.1 vol % NH3/He (50.00 mL.min"") on the catalystin 1 hat 150 °C.
After flushing by He in 30 min to remove the unstable species, a flow 0£0.2 vol % NO, 5 vol %
O,/He (20.00 mL.min"!) was injected into the IR cell in 10 min, then keeping the cell closed in
50 min to observe the reaction. The same process was carried out for the simultaneous
interaction of HCHO/NO/O, with the adsorbate of NH; by dosing a flow of 400 ppm HCHO, 0.2
vol % NO, 5 vol % O,/He (20.00 mL.min"") to the IR cell.

2.2.9 In situ EPR

Electron paramagnetic resonance (EPR) spectroscopy is a unique and selective method to
study the nature of species containing unpaired electrons. As mentioned above, vanadium is the
leading active site for the SCR reaction, and the redox pair V3*/V#* plays a crucial role in the
catalytic activity. V4" contains an unpaired electron and, therefore, can be well detected by EPR
spectroscopy.

A single electron has an electron spin S and a magnetic moment g which are both vectors.
When brought into an external magnetic field By, S and j are aligned with the magnetic field
direction, leading to two states of different energy (Figure 16a). This is called the Zeeman
interaction. The two states of the unpaired electron are labeled by the energies E; , and E 4,
with the corresponding spin quantum numbers mg =+ and m, = -2, respectively (Equations 33 -

34). B is the Bohr magneton, and g. is the spectroscopic g-factor of the free electron (=2.0023).

E1/2 :%ge-B-BO (33)
E 1/, =-"2g.B.Bo (34)
a) b)
E 2 E=+/g.p.B,
\é \é/ AE = gE'B'BO
R - N E= '%'ge‘B‘BO
B, B=0 B=B,

Figure 16. a) The orientations of the electron moment i in the magnetic field By, b)

corresponding the spin state energies
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In a molecule, the electron resides in an orbital where spin-orbit coupling can take place.
This leads to deviations of the g value from g. and will be used to detect the existence of the
species containing a single electron of the molecules. It is calculated from the frequency of the

wavelength v (MHz) and the value of the magnetic By (Gauss) (Equation 35).

_AE hv 0.7145 v(MHZz) 35
BBy  B.By ' By (Gauss) (35)

g

h is the Planck constant (h =6.626-10-34]J-s)

v is the value of the frequency (MHz)

B is the Bohr magneton constant (f =9.274-10-28 J.G)

There are two common methods for the EPR spectra record experiment: the continuous wave
EPR (cw) and the pulse EPR. In this study, the cw method is applied in the microwave range
from 9-10 GHz in X-band frequency. In the case of V4" which has the electronspin S=1/2 and
nuclear spin [ = 7/2, the interaction of the nuclear magnetic moment with the unpaired electron

will turn to the perturbation, known as the nuclear hyperfine structure (Figure 17).

Splitting of electron levels
into 21 + 1 hyperfine lines
by interaction with
nuclear spin (I =7/2)

By || 2

v
v
\
'
\
\
v
\
v
v
v
\
\

B
Figure 17. The energy splitting levels and the corresponded EPR spectra of VO?2* species.
Reproduced fromref. A. Briickner.”!
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The resonance condition now becomes:’?

AE =hv=g By +h-Am (36)
A is the anisotropic hyperfine tensor called the hyperfine coupling constant (cm-!)
my is the magnetic quantum number of nuclear(m;=L I-1,...,0,...,-1+1,-)

In addition, the structure of VO?2* species is usually a square pyramid or an octahedron. V
atom places in the center and is surrounded by oxygen atoms in the corner. It leads to axial

distortion and the rise to an anisotropic spin distribution. Therefore, the g-tensor and A-tensor

AXX 0 0
0 A4, O (38)
0 0 A4z

value will be divided into three principle components:

9xx O 0
g= 0 gyy 0 (37) A

0 0 9z

In the perpendicular orientation of the external magnetic field and the z-axis of the VOg
octahedron, the g-tensor values as g, = gxx = gyy. In the parallel orientation of the external
magnetic with the z-axis, the g-tensor values as g, = g,, (Figure 17). The hyperfine coupling
effect of V°! nuclear leads to the splitting energy level of the unpaired electron. The axial
geometry of VO?* turns the g-tensor into two components g, and g, with the corresponding

value of the hyperfine coupling constants A, and A, respectively.

. = /3
H/‘\H/?\H /C‘)\\H]/l N\ Jiso = (29, +81)3
/ \o/ \O/ So S@ —— ‘
‘ I I 'Clusfer" T
Support v

‘\H/‘

o/
| \ Single site

EPR spectra of vanadium species on support

Support

Figure 18. The contribution of vanadium species on support for EPR spectra. Reproduced

from ref. A. Briickner.”3

The EPR signals of V4 also depend on the dispersion of vanadium on the support. In the

cluster forming case, the anisotropic g and A splitting are averaged out and turn to the isotropic
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signal. Since the dispersion of vanadium on the support's surface is not uniform, the EPR spectra
normally contain two components: the cluster specie and the isolated species. As mentioned
above, the axial geometry of VO?* will turn the g-tensor into 2 values (g, and g;) and these
values will be affected by the components surrounding the V atom. Therefore,the EPR spectra
with the corresponding values (g, A) will provide information on the dispersion of the vanadium
species on the surface of the catalyst and its contribution to the reaction (Figure 18). The
determination of the contribution of vanadium species for the EPR spectra will be carried out by

the simulation.”?

In this study, EPR spectra were collected by an ELEXSYS 500-10/12 X-band cw
spectrometer (Bruker) using 6.3 mW microwave power, 100 kHz modulation frequency, and 5 G
amplitude. For each experiment, 100 mg catalyst of particles (250 — 315 um) was placed inside a
homemade quartz plug-flow reactor equipped with mass flow controllers (Bronkhorst) at the

inlet for gas dosing (Figure 19).

EPR cavity Outlet
A TR - _..Glass wool
Magnet Eﬂ: : Catalyst ...
A el
Inlet

Heat transfer

Figure 19. Scheme of the in situ EPR experiment set up

Before each experiment, the catalyst was pretreated in a flow of 5 % vol O,/He at 300 °C for
1 h, then cooled down to 150 °C under Ar flow for the measurement. The catalyst was first
exposed to a flow of 50 mL.min"! 0.2 vol % NH3/He for 1 h, and subsequently to Ar flow for 30
min to remove all the unstable species on the surface of the catalyst. After that, a flow of 50
mL.min"! of 400 ppm HCHO, 5 vol % O,/He or 0.2 vol % NO, 5 vol % O,/He was flushed over
catalyst for 1 h. Spectra were collected every 3 minutes to observe the change of V#* species

during interaction of HCHO/O; or NO/O, with the adsorbates of NH; on the surface of the
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catalyst. The EPR spectra of the catalysts were simulated by the software package Easyspin
implemented in the MATLAB program.’#

2.3 Catalytic test
2.3.1 The standard SCR reaction

In this study, the SCR reaction was carried out using a feed of 0.1 vol % NHj3, 0.1 vol % NO,
5 vol % O,, balance He. A fixed-bed quartz plug-flow reactor was used. For each experiment,
100 mg catalyst of particles of size 250-315 um diluted with 500 mg a-Al,O; was used. The total
flow rate of the feed was set at 100 mL.min"!, corresponding to a GHSV of 70 000 h-! (Figure
20). Before the experiment, the SCR catalyst was pretreated by a flow of 20 vol % O,/He at 500
°C for 1 h for the removal of all the contaminants on the surface of the catalyst. In addition, this
catalytic pretreatment also oxidized all the active sites to the highest valance state, which would
be beneficial to achieve the maximum catalytic activity. The reaction was carried out in the
temperature range of 150— 500 °C (50 °C/step). In each step of temperature, the reaction was

kept for 1 h to achieve the stable catalytic performance.

Bypass

100.00 mL.min-! Analysis
. Outlet

NH/He ‘— . | ! |
: — _\ ) = 1
' Feed gas Products i

()2 »—' i
; '
i Catalyst‘

He ‘ N a-ALO; | l

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 20. The scheme of the experimental set up of the NH3-SCR reaction

Because NO readily reacts with O, to form NO, under ambient conditions, a small amount of

NO, is present in the feed gas, and it is counted as a reactant. The reactants (NO, NO,, NH3) was
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detected by a UV multi-gas sensor detector (ABB Gas Analyzer models AO2020, Limas 1 IHW,
Manheim, Germany). The SCR reaction’s products (N, and N,O) were detected by an Agilent
HP 6890 GC using a molecular sieve 5A and a Porapak Q capillary column. The conversion of
NOx (NO and NO;) and NHj3; was calculated according to the reacted amount over its
concentration in the feed gas (Equations 39-40). The selectivity of N, was calculated according

to the quotient of N, and the reacted amount of NO and NH; (Equation41).

[Nox]in B [NOX]out

XNo, =0T 100% (39)

Xni; = [NH3][;I'{3[TH3]°“t - 100% (40)
2

Sx M, -100% (41)

27 [NO, L+ [NH3]._ -[NOyJoye - [NHs]_

2.3.2 Reaction of HCHO in NH3-SCR

HCHO generation. The formation of HCHO was conducted by the thermal decomposition
of trioxane.2 Trioxane vapor was generated by its sublimation in a diffusion cell. The diffusion
cell was putinside an aluminum block to keep the temperature stable at room temperature. A He
flow was set up to flush trioxane vapor to a converter made by 3.0 m Restek silicon steel tube
(outer and inner diameter: 1/16 and 0.04 inch). The converter was heated up to 290 °C for the
decomposition of trioxane to form HCHO (Equation 42). All the lines containing HCHO were
heated up to 120 °C to avoid the polymerization and accumulation of HCHO inside (Figure 21).
The HCHO concentration leaving the converter was taken as stable when the concentration of
trioxane entering the converter reached a stable level. This is only possible when the sublimation
of solid trioxane reaches equilibrium with the amount of trioxane flushed out by Helium flow. It
took at least 5 h from the beginning of the Helium flushing to the diffusion cell.

(CH,0); — 3 HCHO 42)

The concentration of HCHO and the formation of products from its reaction was measured

by an online FT-IR spectrometer (ThermoFisher Scientific) (Figure 21). The total flow rate of

the feed gas was always kept constant in each SCR experiment at 100 mL.min"!. The
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concentration of HCHO in the feed gas entering the SCR reactor was controlled by the flow rate

of He passed through the diffusion cell.

Bypass

im-1
NH,, NO, O,/He 100.00 mL.m|n

-

J Analysis

He (CH;0)3/He m HCHO/He

Glass
diffusion -

cell trioxane

Aluminum block

Figure 21. The experimental set up of the HCHO formation from the thermal decomposition of

trioxane, connecting with the normal SCR experiment set up

HCHO calibration. To set up the suitable concentration of HCHO, different rates of the He
flushing trioxane flow were added to the feed, which was always kept constant at 100.00
mL.min"!" and containing an excess amount of O, (5 vol % O,/He). Ittook atleast 5 h from the
beginning of trioxane flushing to achieve a stable concentration of HCHO in the feed. HCHO
will be oxidized by the catalyst to form CO and CO, and the concentration of CO and CO, will
be used to calculate the concentration of HCHO in the feed. In this case, the conversion of
HCHO (Xycno) was calculated from its IR peak area before and after the reaction. Therefore, the
concentration of HCHO was calculated by dividing the total concentration of CO, and CO by the
conversion of HCHO (Equation 43).

% _ [CO2]out+ [CO]out —~ [HCHO),, - [CO2]out+ [CO]out 43)
HCHO [HCHOin i XHCHO

Table 1. The corresponding concentration of HCHO in the total feed gas (100 mL.min"") as a

function of He flow rate through trioxane diffusion cell

Flow rate (mL.min") 1.0 1.5 2.0 2.5

100 125 150 180
Chcro (ppm)
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The concentration of HCHO in the feed gas resulting from the different flow rates of He
through the diffusion cell is shown in Table 1. In principle, it increases following the increase of
He flow rate but not linearly. As mentioned above, the stable concentration of HCHO will be
achieved when the sublimation of solid trioxane balances with the flushing of He flow to the

converter.

Effect of HCHO on NH3-SCR. These tests were carried out by adding 100 — 180 ppm
HCHO, 0.1 vol % NHs;, 0.1 vol % NO, 5 vol % O, balance He. The injection point of HCHO
with the standard SCR feed gas was set up close to the reactor to restrict the side reaction of
HCHO with the other components in the line. The reaction conditions (temperature, time of each
step, gas detection) were kept the same as the normal SCR reaction. In addition, the conversion
of HCHO and the formation of gas products from its reaction were measured by FT-IR
spectrometer. The selectivity of products (CO, CO,, HCN, and (CH;)¢N4) was calculated based
on the reacted concentration of HCHO (Equations 44-47). The calibration of the concentration of

HCHO, CO, CO,, HCN, and (CH;)sN4 by FT-IR measurement is shown in Figure A1.

co
Sco. = 102 Jout “100% (44)
>~ [HCHO], - [HCHO]_,

O
Sco = ko * 100% (45)
[HCHOJ;, - [HCHO]

[HCN]

out
_ £ 100 46
SHCN [HCHO]in - [HCHO]out : 0
) © 100° 47
(CH2)6N4 [HCHO]in - [HCHO]out : 7

2.3.3 Thepresence of H,O in NH;-SCR reaction

Water vapor is always presenting in the exhaust gas since it is a fuel combustion product
(Equation 48). Therefore, the SCR studies should always be taken in the presence of steam to

approach the practical condition.
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y Zz Yy
CH,O, + (x+7 - 5) 0, - xCO, +% Hy0 (48)

For dosing H,0, a flask containing distilled water was surrounded by a water jacket heated
up to 54 °C in which the saturated steam pressure at 54 °C is 112.5 mm Hg. The He flow for
balance (Figure 22) was bubbled into the flask before mixing with the other flows. The volume

percentage of water vapor in the feed gas was calculated by the equation below:

fi PH,0
Cho= = + 100 %
20 Patm ’
55 112.5
=— © 100 %
100 758
=8.2 (%)

f, is the flow rate of the Helium flow flushing water vapor (55.00 mL.min"!)
f, is the flow rate of the feed gas (100.00 mL.min"!)

Py, ¢ is the saturated steam pressure (112.5 mm Hg)

Pgtm 1s the atmospheric pressure (758 mm Hg)

NO, NH;, HCHO, O,/He 100.00 mL.min™ /
L »
120 °C
He
A: """"""""""""
HEO —":j_ 5 _:'—F Hzo
54 °C — o © T E?i;tilled water
—— o e
!5 o -
i °0 6 Water jacket
o

Figure 22. A scheme set up of the water evaporation for the experiments of the effect of the

water
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2.3.4 Oxidation of HCN under transient conditions

The oxidation of HCN over V,05-WO3/TiO, catalyst was carried out in temporal analysis of
products (TAP-2) reactor. A resolution of about 100 pus was used for the time-resolved
technique. A quadruple mass spectrometer (HAL RD 301 Hiden Analytical) at atomic mass units
(AMU) was used to analyze the reaction products in the outlet. For each experiment, 41 mg of
catalyst (particle size of 250-315 um) was added between two layers of quartz particles within
the isothermal zone of the quartz microreactor. The sample was pretreated by a flow 3 mL.min-!
0of 100 % vol O, at 500 °C for 30 min. After that, two types of pulse experiments were carried
out from 350 to 500 °C (50 °C/step).

The oxidation of HCN was first tested in the ability of lattice by pulsing a mixture of 10 vol
% HCN/N,. The test of HCN oxidation by adsorbed oxygen species was carried out by pulsing a
flow of 30 vol % 30,/Ar then with 10 vol % HCN/N,, a time delay of 0.5 s between two pulses.

After that, the catalyst was treated in a flow of 3 mL.min"! 100 % vol O, for 5 min to remove the

180 species on the surface.
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3. Results and discussion
3.1 Effects of HCHO on a commercial V,05-WO3/TiO; catalyst
3.1.1 Catalytic test

The elemental composition of the used commercial V,05-WQO3/TiO; catalyst is shown in
Table 2. The content of V and W is 1 wt. % and 6 wt. %, respectively. In addition, some other
elements such as Na, Al, Si, etc., are also present, mainly for improving the surface area and
thermal stability.
Table 2. Elemental composition of the commercial V,05-WO3/TiO; catalyst measured by ICP-
OES

Element Vv w Ti Na Al Si 0&

others
Content 1.01 % 6.22 % 44.46 % 0.06 % 1.52% 3.85% 42.88 %
(wt. %)

The conversion of NOy and NHj; as well as, N; selectivity in the absence and in the presence
of HCHO are shown in Figure 23. In the absence of HCHO, the commercial V,05-WO3/TiO,
catalyst shows the highest activity above 250 °C (90 — 96 %), which declines again above 400 °C
(Figure 23a, blue line). The decrease of NOy conversion at high temperatures is due to the partial
oxidation of NHj (Equations 49-50). Furthermore, the formation of N,O from the oxidation of
NHj at high temperature also leads to decreased N, selectivity above 400 °C (Figure 23c, blue
line). This has also been confirmed by the reaction of 0.1 vol % NH3, 5 vol % O,/He over the

commercial catalyst (Figure A2).
2NH;3 +3/20,— N; + 3 H,0 (49)
2 NH;3 +2 0, —» N,O +3 H,O (50)

In the presence of 100 — 180 ppm HCHO, the conversion of NOy drops (~ 10— 18 %) in the
whole temperature range (Figure 23a). Meanwhile, the NH; conversion is almost unchanged
except for the slight decrease at 200 °C (Figure 23b). The selectivity of N, decreases in the
whole temperature range, especially at low temperatures (Figure 23c¢). This suggests that HCHO
prefers to react with NHj3, reducing the amount of NH; for SCR reaction and reducing NOy
conversion and N, selectivity. Besides, the strong decrease of N, selectivity from 150to 200 °C

suggests that the reaction of HCHO and NH; can even be strong at low temperatures.
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Figure 23. Conversion of NOy, NH; and the selectivity of N, from the reactionof 0 — 180 ppm
HCHO, 0.1 vol % NO, 0.1 vol % NH3, 5 vol % O,/He on commercial V,05-WO5/TiO, (1 wt, %
V, 6 wt. % W) catalyst. Reproduced from ref. Ngo et al.2

HCHO is completely converted in all cases. Therefore its conversion curves are not added.
The formation of products from the HCHO reaction in NH3-SCR is shown in Figure 24. There
are four main products detected from the HCHO reaction: HCN, CO,, CO, and (CH;,)¢Ny4. The
selectivity of products depends on the temperature and does not change much when the
concentration of HCHO increases from 100 to 180 ppm. In principle, HCN is the main product;
its formation reaches the maximum in the range of 250 — 400 °C. CO; is significantly formed at
temperatures higher than 400 °C, corresponding with the decline of HCN formation.
Interestingly, a small maximum of CO, formation is found at 200 °C, which matches with the
slight decrease of NHj3 conversion at 200 °C. It could be explained by the formation of
HCOONHy, on the surface of a catalyst, which further decomposes to CO, and NH3. This will be
discussed in the in situ FT-IR part later. CO is significantly formed in the range 250 — 400 °C in
all cases of HCHO concentration. At temperatures below 200 °C, a small amount of
hexamethylenetetramine (HMT) is formed. As mentioned above, this product comes from the
gas phase reaction of HCHO and NHj (Equation 18, part 1.3.2). Surprisingly, the total selectivity
of products below 250 °C does not add to 100 % in all cases, although no HCHO was detected in
the outlet. This suggests that the interaction of HCHO forms an intermediate species on the
surface of the catalyst, which does not decompose at low temperatures. This could be another
negative effect of HCHO since such intermediate species may block the active sites of catalyst

and could be the reason for the strong decrease of N, selectivity at low temperature (Figure 23¢).
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Figure 24. Conversion of HCHO (dash line) and the selectivity of products based on HCHO from
reaction of 0 — 180 ppm HCHO, 0.1 vol % NO, 0.1 vol % NH3, 5 vol % O,/He on commercial
V,05-WO3/Ti0; catalyst. Reproduced from ref. Ngo et al.?

In the following, the role of each component of the SCR feed gas will be clarified by their
separate reaction with HCHO. The oxidation of HCHO by O, was carried out by the reaction of
100 ppm HCHO in 5 vol % O,/He. HCHO is completely oxidized by O, above 250 °C and forms
CO as the main product (Figure 25). CO, is significantly formed above 350 °C due to the

oxidation of CO.
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Figure 25. Conversion of HCHO and the formation of products from the reaction of 100 ppm
HCHO, 5 vol % O,/He on commercial catalyst V,05-WO3/TiO,. Reproduced from ref. Ngo et
al.2
Below 250 °C, only 75 — 90 % HCHO is converted, and interestingly, only 30 — 70 ppm CO is
formed, lower than the reacted concentration of HCHO. It could be explained by the
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uncompleted decomposition of formates formed on the surface of a catalyst, which will be
shown in the in situ FT-IR part below (Figure 28). The reaction of HCHO in the full feed of
NH;-SCR (Figure 24) produces much less CO and much more CO, at high temperatures in
comparison to its reaction with only O, (Figure 25). Therefore, the oxidation by O, is not the
main pathway of the HCHO reaction in NH3-SCR.

Conversion and formation of products from the reaction of 100 ppm HCHO, 0.1 vol % NO, 5
vol % Oy/He is shown in Figure 26. CO is still the main product, and its curve of selectivity is
the same as in the reaction of HCHO/O,. Meanwhile, no conversion of NO could be detected
during the reaction. However, interestingly, different from the reaction with only O,, a
significant amount of CO, was formed below 250 °C, with the complete conversion of HCHO.
This could be explained by the reaction of HCHO with NO; or nitrates which are created by the
oxidation of NO, as mentioned in the part 1.3.2 (Equations 15-17). It has been confirmed by the
experiments of 100 ppm HCHO, 100 ppm NO,, 0.1 vol % O./He on the commercial V,0s-
WO3/TiO; catalystat 150 °C (Figure A3a). NO, reacts with HCHO to form CO and CO;, being
itself reduced to NO. Meanwhile, when the feed of 100 ppm HCHO, 100 ppm NO, 0.1 vol %
O,/He was flushed over the catalyst, no direct reaction of HCHO and NO was found (Figure
A3D).
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Figure 26. Conversion of HCHO and the formation of products from the reaction of 100 ppm
HCHO, 0.1 vol % NO, 5 vol % O,/He on commercial catalyst V,0s-WO3/Ti0,. Reproduced

from ref. Ngo et al.2
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Even though HCHO completely reacted with NO/O,, the formation of products from this
reaction differs from the formation of products from HCHO reaction in NH3;-SCR (Figure 24).
Besides, HCHO does not directly affect the total concentration of NO. Therefore, the interaction
of HCHO with NO/O; is also not the main pathway of its reaction in NH3-SCR.

Significant changes were found by the reaction of 100 ppm HCHO, 0.1 vol % NH3, 5 vol %
O,/He. HCHO is completely converted in the whole temperature range, and the formation of gas
products is the same as during its reaction in the full SCR feed gas (Figure 27). The conversion
of NHj is approximately 10 % in the temperature range of 150 — 300 °C and strongly increases at
higher temperature due to its oxidation by O, (Figure A2). In principle, HCN is the main
product, accompanied by a significant formation of CO, above 400 °C and a small amount of
(CH;)6N4 below 200 °C. Interestingly, the small maximum in the formation of CO, at 200 °C is
also found. These results strongly confirm the suggestion above that HCHO preferably reacts

with NHj3 in the SCR reaction.
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Figure 27. Conversion of HCHO and the formation of products from the reaction of 100 ppm
HCHO, 0.1 vol % NHs;, 5 vol % O,/He on commercial catalyst V,05-WO3/TiO,. Reproduced

from ref. Ngo et al.2

3.1.2 Insitu FT-IR experiments
As discussed above, HCHO prefers to react with NHj in the NH3;-SCR. Therefore, analysis of

the formation of intermediate species from the interaction of HCHO and NH; on the surface of
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the catalyst is the key to explain its negative effects. The interaction of adsorbates resulting from
the reaction of HCHO/O, with gaseous NHj3; on the commercial V,0s5-WO3/TiO, catalyst is
shown in Figure 28. The catalyst was first exposed to 200 ppm HCHO and 5 vol % O,/He in 60
min, followed by 30 min flushing in He to remove unstable species from the catalyst surface. An
intense broad band around 1575 cm-! of v,(COO-) and a slightly weaker bandat 1410 - 1350 cm-
I of v(COO") + 6(CH) vibrations of formate species are found.”> The formation of a large
amount of formate on the surface of the catalyst explains the lower concentration of CO
compared to the reacted concentration of HCHO in Figure 25. At low temperatures, HCHO is
not totally converted to CO, but it partly retains on the surface of the catalyst in the form of
adsorbed formates as the intermediate.

Subsequently, the catalyst was exposed to 0.1 vol % NH3/He; the formate bands disappeared
completely after 5 min (Figure 28). Simultaneously, the bands at 1686, 1600, and 1393 cm!
raised, which could be assigned to the vibrations of v(C=0), 6(NH;), and 6(CH) of HCONH,,
respectively. The excess NH; adsorbed on Bronsted sites is reflected by the band at 1432 ¢cm-1.76-
77" A shoulder at 1721 cm! also raises during the exposure of NHj. It could be assigned to the
splitting from transverse optical symmetry of v(C=0) to a longitudinal optical symmetry band of

adsorbed formamide.”8-7
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Figure 28. FTIR spectra of the commercial V,05-WO3/TiO, catalyst obtained after the pre-
adsorption of HCHO/O, and subsequent exposure to NHj; in a closed cell for 60 min.
Reproduced fromref. Ngo et al.?
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The FTIR spectra of the interaction of adsorbed NHj; with gaseous HCHO/O, is shown in
Figure 29. After 60 min exposure to 0.1 vol % NHs/He, a strong band of NH; adsorbs on
Bronsted sites at 1430 cm! is found (Figure 29).7¢77 The exposure to 200 ppm HCHO and 5 vol
% O,/He for 60 min leads to the decrease of the NH4* band and the rise of the typical bands of
HCONH, at 1676 cm™!, 1588 cm-!, 1390 cm™- and 1721 ¢cm-!.80-81
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Figure 29. FTIR spectra of the commercial V,05-WO3/TiO, catalyst after pre-adsorption of NHj3
and subsequent exposure to HCHO/O; for 60 min in the closed cell. Reproduced from ref. Ngo et

al.2

This shows that in any case, the interaction of HCHO and NHj; forms HCONH; as the
intermediate species, and this does not depend on the sequence of their adsorption, 1. HCHO/O;,
2.NHj; or vice versa. The formation of HCONH, matches with the work of Krocher et al. and

could be the explanation for the formation of HCN shown above.%5-66

To prove the role of HCONH; for the reaction of HCHO in NH3-SCR, the interaction of
HCHO and NHj; was performed in the presence of NO. The catalyst was first exposed to a flow
0f 0.1 vol % NHj3/He in 60 min and subsequently to a flow 0of400 ppm HCHO, 0.2 vol % NO, 5
vol % Oy/He. Different from the exposure to HCHO/O,, the band of NH," at 1429 cm'!
completely disappears after 60 min interaction with NO/HCHO/O; (Figure 30). This is due to the
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reaction of NO with adsorbed NH4* as in the standard SCR reaction. Typical bands of HCONH,
were also found at 1673 cm-!, 1600 cm™!, and 1379 cm!. Bands at 1617 cm™ and 1470 cm-! can
be assigned to the bridged nitrate and monodentate nitrate from the adsorption of excess NO,

respectively.$2
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Figure 30. FTIR spectra of the commercial V,0s-WO3/TiO, catalyst obtained after pre-
adsorption of NHj and subsequent exposure to HCHO/NO/O; in the closed-cell for 60 min.

Reproduced from ref. Ngo et al.?

In summary, the interaction of HCHO and NH; forms HCONH; on the surface of the
commercial V,05-WO3/TiO; catalyst, and this reaction occurs independently from the reaction
of NO and NHj. This shows that the presence of HCHO in NH3;-SCR consumes a certain
amount of NHj3 which is then no longer available for the reduction of NOy, and the formation of

HCONH; as a surface intermediate is a consequence of the reaction of HCHO and NH3.

3.1.3 Reaction of HCONH; on the commercial V,0s-WO3/TiO; catalyst

To prove the role of HCONH; for the formation of gas products from HCHO reactions, a
flow of 300 ppm HCONH,, 5 vol % O,/He was directly flushed over the V,05-WO3/Ti0O,
catalyst in the NH3-SCR reactor. All the conditions of the reaction were kept the same as in the

SCR reaction. The conversion and formation of products from this reaction are shownin Figure
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31. HCONH,; is converted completely above 250 °C and mainly formed HCN, CO, NH3, N and
CO,. Above 400 °C, trace amounts of NO and N,O were also detected. The formation of

products from the HCONH, reaction is based on two decomposition pathways (Equations 21-
22):

HCONH, — HCN + H,0 1)
HCONH, — CO + NH; (22)

The lower concentration of NH3 than CO concentration is due to its partial oxidation on the
catalyst, matching with the results plotted in Figure A2. HCN is formed in the whole temperature
range, and its concentration is also higher than that of the other products. This confirms the role
of HCONH), for the emission of HCN from the reaction of HCHO in NH3-SCR and matches with
the in situ FTIR results above. Like catalytic tests, CO, is significantly formed above 400 °C,
and interestingly, a small maximum at 200 °C is also found. It could be explained by the
hydration of HCONH; to form HCOONH,4, which further decomposes to form CO,, NH;, and H,
(Equations 51-52).83

HCONH, + H,0 — HCOONH,4 (51)
HCOONH4 — C02 + NH3 + H2 (52)
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Figure 31. The reaction of 300 ppm HCONH,, 5 vol % O; over the commercial V,05-WO3/Ti0,
catalyst. Reproduced from ref. Ngo et al.?
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The emission of HCN from the HCHO reaction in NH3-SCR is a matter of concern and
should be restricted in any case. The results from catalytic tests and the reaction of HCONH ,
above have shown the decline of HCN at high temperatures and the simultaneous increase of
CO, formation. This could be due to the oxidation of HCN on the commercial V,05-WO3/Ti10,
catalyst. This oxidation could be an interesting strategy to remove toxic HCN, which will be

studied by the transient pulse experiments below.

3.1.4 The oxidation of HCN

The transient pulse experiments were performed in the TAP-2 reactor to analyze the
oxidation of HCN. At first, only HCN was pulsed on the V,05-WO3/TiO; catalyst in the absence
of O, between 350 — 500 °C. The result shows that HCN is oxidized by lattice oxygen above 400
°C to form CO, and NO (Figure 32a). The negligible emission of NO from 400 to 450 °C could
be explained by its adsorption on the surface of the catalyst. At 500 °C, it could be seen clearly
the decline of the HCN signal occurs simultaneously with the rise of the CO, and NO signals.
The oxidation of HCN can be described by Equation 53 below:

2HCN +7/20,— 2CO, +2NO + H,O (53)
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Figure 32. Oxidation of HCN in the absence of gas-phase O, over the VWT catalyst: a)
temperature induced changes of the amount of C'°O, and N'°O upon pulsing of HCN (10 vol%
in N;), b) normalized transient responses of HCN, C'°0O, and N'®O recorded at 500 °C.
Reproduced fromref. Ngo et al.?
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To check whether gaseous oxygen is also involved in HCN oxidation, the same pulse
experiments were performed with 180, and HCN. The same results are obtained as in the absence
of gaseous 180, and no C'80, and N80 are detected (Figure A4). Hence, HCN can be oxidized
by the lattice oxygen of the catalyst to form CO; and NO. The latter is involved in the standard
SCR (Equation 7) reaction and it could be one more reason for the decrease of NHj;

concentration and the formation of N, above 300 °C in Figure 31.
4NO +4NH;+30,—2N,+6 H,O (7)

The pathway of HCHO reaction in NH3-SCR on a commercial V,05-WO3/TiO, catalyst is
summarized in Figure 33. Many negative effects of HCHO have been detected and are proved by
its reaction with NH; to form HCONH, as the intermediate. The further decomposition of
HCONH; leads to different gas products. Dehydration to HCN is the major pathway and its
liberation is the matter of concern. HCN can be removed by the oxidation but this forms NO

which must be efficiently reduced to N, in the SCR reaction.

--------------------------------- NO + CO, + H,0

NH3+NO+02—)N2+H20 0,
i 450-500°C

1
consumption .
major pathway

: -H,0 — HCN + H,0
HCHO + NH; + O, - HCONH, —
A _— CO + NH3

minor pathway \

Figure 33. The pathway of the formation of gas products from the interaction of HCHO/O, with
NH; on a commercial catalyst V,0s5-WO;/TiO,. Reproduced from ref. Ngo et al.?

To explore explicitly, the role of vanadium and tungsten for the reaction of HCHO, V,05s-
WOs;/TiO; catalysts with different compositions of vanadium and tungsten have been prepared
and tested to identify the role of active sites for HCHO reaction. This could be the basis for
developing catalysts able to restrict the negative effects of HCHO for the NH;3-SCR.
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3.2 Effects of HCHO on different V,05-WO3/TiO; catalysts
3.2.1 Catalyst characterizations

The surface area, elemental composition, and the corresponding surface density of V.and W
are shown in Table 3. In principle, the impregnation of metal oxides on TiO, P25 does not
change that much the surface area of the catalysts. The results from ICP-OES confirm that the
elemental composition of prepared catalysts (W-Ti, V-Ti, and V-W-Ti) are the same as the used
commercial catalyst (1 wt. % V, 6 wt. % W), which facilitates comparison with the results of the
latter described above. The surface densities of V and W on the surface of TiO; support are
calculated from the BET surface area and the elemental compositions. The total surface area of

the catalyst is calculated according to Equation 54.
Stotal = log'z'mcatalyst' SBET (an) (54)

Stotal 18 the total surface area of catalyst (nm?2)

Meaalyst 1S the weight of catalyst (g)

Sger is the BET surface area of catalyst (m?/g)

The total atoms of elements are calculated based on their composition from ICP-OES (Equation

55).

%Melement Mcatalyst
Nelement = Na- (atoms) (55)

100-Mejement

Nelement 1S the total number of atoms of the elements on a catalyst (atom)
Na is the Avogadro number (NA =6.022-1023 mol1)
Y%Meiement 1S the mass percentage of elements from ICP-OES results (%)
Meaalyst 15 the weight of catalyst (g)
Meiement 18 the molar mass of the elements (g/mol)
Assuming that vanadium oxides and tungsten oxides evenly disperse on the surface of a
support, the surface densities (Sgensity) Of these elements will be calculated by the division of the

total number of elements with the total surface area of the catalyst (Equation 56).

Nelement

Sdensity = (atoms/nm?) (56)

Stotal

The surface densities calculated can provide information about the possibility of the

multilayer formation of metal oxides on the surface of a support. It shows that on W-Tiand V-Ti
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catalyst, the coverage with VO respectively WOy is still below that of a monolayer of VO, (~7-
8 V atoms/nm?)34-85 and WOy on TiO; (~ 5 W atoms/nm?).86-87 The surface density of V and W
on V-W-Ti catalyst are still below the monolayer coverage of both VO, and WO,. However, the
presence of both VO, and WOy will increase the coverage density of metal oxides on the surface
of a support. It can lead to the surrounding of the metal oxides by the others, which will be
discussed more below. The results from powder XRD measurement show that only anatase and
rutile TiO, could be detected (Figure AS). There are no crystalline V,05 or WO; phases seen in

all cases, corresponding with the results from the surface density calculated above.

Table 3. The indicators of the characterizations of vanadium-tungsten supported catalysts

measured by ICP-OES, BET

Catalyst BET (m’/g) V(ICP) W(CP) Surface density | Surface density
(%wt. V) (%owt. W) (V atoms /nm?) | (W atoms /nm?)

Ti 52.9 _ _ _ _

W-Ti 55.2 _ 6.26 _ 3.71

V-Ti 49.5 1.13 _ 2.70 _

V-W-Ti 48.7 1.14 6.24 2.76 4.20

The dispersion of vanadium and tungsten oxides on catalysts is also studied by in situ UV-
Vis DRS characterization method. The local structures of vanadium and tungsten are often
associated with the bands of the ligand-to-metal charge-transfer transitions, which are showed in
the UV-Vis DRS spectra (Figure A6). However, many publications indicated that the E, values
calculated are more quantitative and informative for the local structures.8890 The correlation of
the edge energy E, with the average number of V-O-V bonds (Ny.o.v) and W-O-W bonds (Nw.o-
w) has been proposed in previous studies (Equation 57-58).91-93 These experimental formulas are
built based on the relationship of E, calculated and the polymerization degree of vanadium and
tungsten on different samples. This relationship can be considered linear. Samples with a higher
degree of polymerization of vanadium and tungsten oxide will display lower E, values and vice

versa. An average number higher than 1 indicates the formation of bonding chains of metal
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oxides on the surface of a support. In contrast, the average number less than 1 point, mainly to

the formation of single sites.
Nv.ov =14.03 -3.95E, (57)
Nw.o.w=11.89-2.37-E, (58)

The E; of W-Ti catalyst calculated from the Kubelka-Munk function and the Tauc’s plot
method is 3.47 eV (Figure 34a). According to Equation 54, the average number of W-O-W
bonds is 3.7, indicating the formation of WOy chains on the surface of a support. The edge
energy calculated of the V-Ti catalyst is 3.48 eV (Figure 34b). Therefore, the average number
calculated of V-O-V bonds according to Equation 57 is ~ 0.28. Hence, the dispersion of
vanadium on the support of V-Ti catalyst mainly forms the single sites. It matches with the result
of the surface density of VO calculated above; the surface density of VOy is still quite far to
reach to the VO, monolayer on support. The E, value calculated of V-W-Tiis 3.42 eV, not much
different compare to V-Tiand W-Ti catalyst. Therefore, the formation of VO4 chains and WO
chains on V-W-Ti is not significantly different. The coverage of both metal oxides on support
will lead to the surrounding of a metal oxide by the other one. This could affect to the catalytic
characterizations such as surface acidity and the symmetry of vanadium ions, which will also be

discussed by the other characterization methods below.
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Figure 34. The edge energy of catalysts calculated from the UV -Vis DRS spectra using Kubelka-

Munk function

The surface acidity of catalysts was studied by FTIR spectra using pyridine adsorption

(Figure 35). The corresponding quantities of Bronsted and Lewis acid sites are shown in Table 4.
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The bare support TiO, P25 has only Lewis acid sites. The Bronsted acid sites only present when

vanadium and tungsten were introduced. The coverage of VO, and WOy leads to the decrease of

Lewis acid sites of TiO,, which is also indicated by a slight shift of the bands above 1600 cm! of

TiO; to the higher wavenumbers.”® The higher amount of Breonsted sites and stronger decrease of

Lewis sites on W-Ti catalyst is due to the higher surface density of WO, (3.71 atoms/nm?)

compare to VOy (2.7 atom/nm?2) on support.
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Figure 35. FT-IR spectra at 150 °C of the pyridine adsorption on vanadium-tungsten supported

catalysts and the bare support TiO, P25

Table 4. The relative intensity of Brensted sites (integration of the band at 1538 cm-!') and Lewis

sites (integration of the band at 1445 cm™!)

Catalyst Ti W-Ti V-Ti V-W-Ti
Bronsted site 0.00 0.74 0.25 3.33
Lewis site 3.85 1.50 3.67 1.78

Interestingly, the V-W-Ti catalyst creates the highest amount of Bronsted sites and even

more than the sum of Bronsted sites from the W-Ti and V-Ti catalyst. In addition, the band of

Lewis sites on the V-W-Ti catalyst shifts from 1445 cm! to 1447 cm™! andthe total amount of
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Lewis sites on V-W-Ti is also higher than the W-Ti catalyst. It has been studied thatthe amount
of Lewis sites on vanadium is negligible.!® Therefore, the changes are due to the effect of the
synergistic of vanadium and tungsten on the surface of V-W-Ti. This might come from the

surrounding of the metal oxide by the other one, as discussed above.

The in situ Raman spectra of catalysts after removing the surface water are shown in Figure
36. For the W-Ti catalyst, the broadband from 1001 - 1018 cm! could be ascribed to the
vibration of W=0O of both mono-tungstates and surface WOs/WOQOg poly-tungstates, matching
with the formation of W-O-W moieties as suggested by the result of in situ UV-Vis DRS
investigations above.3¢-%4 On V-Ti catalyst, the band of anatase TiO; at 795 cm! is seen clearly
due to the uncompleted coverage of VO, on the surface. Broadband at 1032 cm! has been
assigned to V=0 bonds of VO species on the support.?+5 Therefore, also considering the edge
energy result from the UV-vis spectra (Figure 34), both single sites and oligomers of vanadium
oxide might exist on the surface of the TiO, support, which has also been confirmed by the in

situ EPR results described in part 3.2.4 below.

Raman intensity (a.u)

750 800 850 900 950 1000 1050
Raman shift (cm™)

Figure 36. In situ Raman spectra of the catalyst after pretreatment by synthetic air at 300 °C in 1

h and cooling down to room temperature for measurement (for W-Ti is 300 °C)
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The bridging V-O-V bonds are seen clearly by the broadband around 938 cm-!. On the V-W-
Ti catalyst, the band of V-O-V bonds at 938 cm-! is broader and weaker. It may point to a partial
cleavage of V-O-V bonds by WO, species, as it was found previously by Kompio et al.?¢ This
goes along with a shift of the V=0 vibration from 1030 to 1018 cm!, to which the W=0
vibration may also contribute (compare the blue spectrum of W-Ti in Figure 36). The shift of the
V=0 band in catalyst V-W-Ti could be explained by the intimate mixing of WO, and VO on the
surface.?® On the V-W-Ti catalyst, the surface dispersion of VO, seems not to be much different
from that of the V-Ti catalyst, but on the former, VO, may be surrounded by WOy species,
creating V-O-W bonds. This could affect the catalytic performance, which will be discussed in

more detail in the in situ EPR part 3.2.4 later.

The reducibility of the catalysts analyzed by TPR is shown in Figure 37. The W-Ti catalyst
shows a broad peak of H, consumption from 400 °C to 723 °C, resulting from the reduction of
sulfate present in commercial TiO, P25, on which a sharp peak at 723 °C from the reduction of
W6t to W4 is superimposed.?® The V-Ti catalyst shows the maximum of H, consumption at 434
°C from the reduction of V5" to V3*. The less pronounce of the broad peak from 400 °C to 723 °C

compare to the W-Ti catalyst is due to the co-reduction of vanadium and sulfate.%®
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Figure 37. Temperature program reduction of W-Ti, V-Ti, and V-W-Ti catalysts
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On the V-W-Ti catalyst, the reduction of V3* to V3* is delayed to the maximum H,
consumption at 447 °C, the reduction of W6" to W4" was shifted from 723 °C to 706 °C. The
reducibility of vanadium species on V-W-Ti is not better than on V-Ti in H; as the reducing
agent. However, the shift of the H, consumption peaks indicates the change of the surface
structure when both VO, and WOy present on the surface compared to the presence of only one
oxide species. Combining with the results of pyridine adsorption and Raman results above, the
change of the V-W-Ti catalyst's reducibility might come from the formation of V-O-W bonds,
created by the surrounding of VO by WO, species.®’

In short summary, by several characterization methods, the dispersion and morphology of
vanadia-tungsta supported catalysts have been studied in detail. No crystalline of V,0s and WO;
was formed, vanadia and tungsta are dispersed on the TiO, support as amorphous species. At the
low loading content of vanadium (1 wt. % V), there is not much difference between the
dispersion of vanadia on the V-Ti and V-W-Ti catalysts. Vanadia is dispersed on titania and
tungsta both as single sites and clusters. The difference of the V-W-Ti catalyst is the surrounding
of vanadia by tungsta, which creates a lot of Brensted sites and V-O-W bonds, which might be

the decisive factor for catalytic performance in the SCR reaction and the reaction of HCHO.

3.2.2 Catalytic test

The changes of NOy, NH3 conversion, and the formation of products from standard SCR
reaction (N; and N,O) are plotted in Figure 38. In this case, it would be more beneficial to plot
N, directly and N,O concentrations to observe the effect of HCHO on product formation from
standard SCR reactions since the formation of N,O on vanadium supported catalyst and
vanadium-free catalyst is very different. In addition, a part of NH3 will react with HCHO to form
different amounts of HCN on different catalysts. Therefore, plotting N, selectivity will be

challenging to explain and link the results together.

In the absence of HCHO, the NOy conversion on W-Ti catalyst reaches its maximum from
350 -400 °C and declines again at the higher temperature (Figure 38a, dashed pink line). The
conversion of NHj is quite like the NOy conversion below 350 °C but increases at a higher
temperature and reaches 100 % above 400 °C (Figure 38a, dashed blue line). It could be
explained by the partial oxidation of NHj3 at high temperature (Figure A7a), the same as the
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results of the commercial V,05-WO3/TiO, catalyst (Figure A2). N, was the main product of the
SCR reaction on W-Ti catalyst; a small amount of N,O was only formed in the range of 300 —
400 °C (Figure 38a, dashed orange line). The decrease of N, concentration above 400 °C is due
to the limited reduction of NOy by NHs. NHj3 is oxidized completely, but the formation of N,
from its oxidation is only half of the same NH3; amount that reacts with NOy. In the presence of
HCHO, generally, the conversion of NOy and NH3 on W-Ti catalyst does not change that much.
However, NOy conversion decreases above 450 °C. This might be related to the oxidation of
HCN, which will be described in more detail in Figure 39a below. Corresponding with the
insignificant change of NOy and NHj; conversion, the formation of N, and N,O is almost

unchanged in the presence of HCHO.
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Figure 38. The conversion of NH; and NOy, and the formation of N, and N,O in the absence
(dash line) and in the presence of 100 ppm HCHO (solid line) from reaction of 0-100 ppm
HCHO, 0.1 vol % NH3, 0.1 vol % NO, 5 vol % O,/He on a) W-Ti, b) V-Ti, ¢) V-W-Ti catalysts

In the absence of HCHO, the conversion of NOy on V-Ti catalyst reaches its maximum in the
range of 300 — 400 °C and declines again at the higher temperature (Figure 38b, dashed pink

line). Compare to the W-Ti catalyst, V-Ti shows much better activity in the whole temperature
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range, especially at low temperatures. For example, at 250 °C, only 6 % NOyisreduced, while
on V-Ti catalyst, it is 72 %. This is clearly since vanadium is the main active site for SCR
reaction, and tungsten plays the promoter's role. The conversion of NHj3 is quite similar to NOy
conversion and reaches 100 % above 300 °C. Similar to the other catalysts, the difference of NHj3
and NOy conversion could be explained by the partial oxidation of NHj3 at high temperature
(Figure A7b). N, is the main product, but a significant amount of N,O was formed above 400 °C.
This indicates that vanadium is the main factor for the formation of N,O in NH;-SCR. In the
presence of 100 ppm HCHO, the NO and NH; conversion on the V-Ti catalyst does notchange
that much. The NOy conversion only slightly decreases (~ 5%) below 300 °C. Corresponding
with the insignificant change of the NOy and NH; conversion, the formation of N, and N,O on
the V-Ti catalyst is also almost unchanged. Only slightly can be observed is the slightly decrease
of N,O formation (~ 20 ppm) at a temperature higher than 400 °C and the slight decrease of N,
concentration (~ 30 ppm) below 300 °C.

The efficiency of the V-W-Ti catalyst is shown in Figure 38c. For the standard SCR reaction,
V-W-Ti shows the highest activity in the whole temperature range. For instance, at 250 °C, the
conversion of NOy reaches 78 % on the V-W-Ti catalyst compared to only 32 % on the V-Ti
catalyst. The conversion of NOy on V-W-Ti catalyst reaches its maximum in the range of 250 —
450 °C (up to 92 %) and declines above 450 °C due to the partial oxidation of NH; (Figure 38c,
dashed pink line). However, compare to W-Ti and V-Ti catalyst, the gap between NHj
conversion and NOy on V-W-Ti catalyst at high temperature is narrower. N, is still the main
product, and N,O is also formed at high temperatures. Therefore, the promotion effect of
tungsten increases the SCR activity but does not change the formation of N,O on vanadium sites
at high temperatures. In the presence of HCHO, the NOy conversion on the V-W-Ti catalyst
decreases approximately 10 % in the whole temperature range, very similar to the commercial
catalyst. The conversion of NHj3 is almost unchanged, suggesting that HCHO also prefers to react
with NH3, reduces the NH; amount for SCR reaction, and leads to the reduction of the NOy
conversion. Due to the decrease of the NO, conversion, the concentration of N, also decreases in
the whole temperature range. Meanwhile, the formation of N,O is almost unchanged in the
presence of HCHO.

The formation of products from the HCHO reaction is shown in Figure 39. HCHO is

completely converted in all cases, so its conversion curves are not added. Generally, the reaction
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of HCHO in NH3-SCR forms HCN, CO,, and CO. Different from the commercial catalyst, the
formation of (CH,)4Nj is too low to be detected.

The formation of products from HCHO reaction on W-Ti catalyst is shown in Figure 39a.
HCN and CO; are the main products, and no CO was detected. The formation of HCN reaches
its maximum at 300 °C and decreases at high temperatures. The concentration of CO; increases
at high temperatures and up to 100 ppm above 450 °C. As proved in part 3.1.4, these could result
from the HCN oxidation on W-Ti catalyst at high temperature to form CO, and NO (Equation
53). This result also explains the reduction of NOy conversion on W-Ti catalyst above 400 °C in
Figure 38a.

Interestingly, the total concentration of products below 250 °C does not add to 100 %. This is
due to the formation of intermediate species on the surface of the catalyst, which does not
completely decompose at low temperatures. The formation of intermediate species will be shown

in part3.2.3 below.
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Figure 39. The formation of products of HCHO from the reaction of 100 ppm HCHO, 0.1 vol %
NH3, 5 vol % O,/He on W-Ti, V-Ti, and V-W-Ti catalysts

The formation of products from HCHO reaction in NH3-SCR on V-Ti catalyst is shown in
Figure 39b. Different from the W-Ti catalyst, a lot of CO is formed on the V-Ti catalyst. The
formation of products depends on the temperature of the reaction. In principle, HCN is mainly
formed in the range of 150250 °C, CO is formed primarily in the range 0of 250 — 400 °C and
CO, is mainly formed above 400 °C. Below 250 °C, the total concentration of products still does

notadd to 100 ppm, but higher compared to W-Ti catalyst.
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The formation of products from the reaction of HCHO on V-W-Ti catalyst is shown in
Figure 39c. Like V-Ti catalyst, HCN, CO, and CO, are the main products, butthe curves of its
concentration based on temperature ranges are different. CO, is also the main product at a high
temperature, which might come from the oxidation of HCN. The formation of CO on V-W-Ti
catalyst is less than on V-Ti catalyst, and in return, more HCN is formed. The total concentration
of CO, CO,, and HCN below 200 °C is still less than 100 ppm but not that much. This result
indicates that the decomposition of the intermediate species on V-W-Ti is better than on V-Ti

and W-Ti catalyst.

In short summary, the effect of HCHO on NH3-SCR of NOy is different on different
catalysts. The V-W-Ti catalyst shows the highest SCR activity and is affected by HCHO the
most. In the presence of HCHO, the conversion of NOy on V-W-Ti catalyst decreases in the
whole temperature range, and HCN is formed the most. It has been proved above that the
negative effects of HCHO on commercial V,05-WO3/TiO; catalyst come from its reaction with
NH;. Hence, the reaction of 100 ppm HCHO, 0.1 vol % NH3, 5 vol % O,/He will also be carried

out on these catalysts.

Conversion of NHj and the formation of products from the reaction of HCHO/NH3/O, on
catalysts are shown in Figure 40. HCHO was converted in all cases, so its conversion is not
plotted. The conversion of NH; substantially increases at high temperatures due to its oxidation
which has been confirmed its a separate reaction with only O, (Figure A7). The oxidation
capacity of the catalysts is also demonstrated in this reaction. V-W-Ti shows the highest
conversion of NHj3 and W-Ti catalyst shows the lowest, as the sequence of their SCR activity

(Figure 38).

The formation of products from the reaction of HCHO/NH3/O, on W-Tiis shown in Figure
40b. The liberation of CO, and HCN, in this case, is the same as the reaction of HCHO in NH 3-
SCR (Figure 39a). N, is the main product of NHj; oxidation, and the formation of N,O is
negligible. This confirms that the formation of N,O is not facilitated by tungsten.

On the V-Ti catalyst, the oxidation of NH; forms a large amount of N,O at high
temperatures, confirming the role of vanadium in its formation in NH3-SCR. CO,, HCN, and CO
are the main products of the HCHO reaction. The increase of CO; and the decline of HCN at

high temperatures are due to the oxidation of HCN, which has been proved above. Interestingly,
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the formation of CO in this reaction (Figure 40c) is much less in comparisonto the reaction of
HCHO in NH3-SCR (Figure 39b). This could be explained by the formation of nitrate species on
the surface of catalyst from NO, which then oxidized HCHO to form CO as tested from the

commercial catalyst (Figure A3).
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Figure 40. a) Conversion NHj3, and the formation of products from the reaction of 100 ppm

HCHO, 0.1 vol % NH3, 5 vol % O,/He on b) W-Ti, ¢) V-Ti, and d) V-W-Ti catalysts

On the V-W-Ti catalyst, the oxidation of NH3j is like that of the V-Ti catalyst, N is the main
product, but it is suppressed by the formation of N,O at high temperature. The formation of CO,
and HCN from HCHO in this case (Figure 40d) is similar to the reaction of HCHO in the full
feed of NH;3-SCR (Figure 39¢). However, the formation of CO, in this case, is also less than in
the reaction of HCHO in NH;-SCR. Same as on V-Ti catalyst, it could be explained by the effect

of NO, it can create nitrates on the surface, which then oxidizes HCHO to from CO.
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Therefore, same as the commercial catalyst, the effects of HCHO on V,05-WO3/TiO,
prepared catalysts above are also determined by its reaction with NHj;. However, the
performance is not the same on these catalysts. The best V-W-Ti catalyst is more affected than
the others. The formation of the intermediate species on the surface of catalysts could explain

these differences, and it will be studied by in situ FT-IR experiments below.

3.2.3 Insitu FT-IR experiments

On commercial V,05-WO;/Ti0,, it has been demonstrated that the formation of HCONH,
does not depend on the sequence of the adsorption — the reaction of HCHO and NHj. Either
HCHO reacts with the adsorbates of NH3 (NHj3 445, NH4" 345) or NHj reacts with the adsorbates of
HCHO (formates) to form HCONH,. However, the oxidation of HCHO on the prepared catalysts
is not the same as the catalytic test (Figure 41a). At 150 °C, HCHO has completely oxidized on
V-Ti and V-W-Ti catalyst, but only 30 % of total HCHO is reacted on W-Ti catalyst. The gap
between the total concentration of CO and CO, and the reacted concentration of HCHO is due to

the formation of the intermediate species on the surface of catalysts (Figure 41b).
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Figure 41. a) The conversion and formation of gas products fromreaction of 100 ppm HCHO, 5
vol % Oy/He on W-Ti, V-Ti and V-W-Ti catalystat 150 °C, b) FT-IR spectra of the adsorption
of 200 ppm HCHO, 5 vol % O,/He on W-Ti, V-Tiand V-W-Ti catalysts at 150 °C

On the V-W-Ti catalyst, HCHO is almost completely converted to CO, and the remaining
adsorbates on the surface of the catalyst are not much. The band at 1673 cm-! could be ascribed

for the vibration of an adsorbed water molecule.?® On W-Tiand V-Ti catalyst, the typical bands
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of formate at 1361 cm™! of 6(CH), 1383 cm™! of v5(COO-), and 1556 cm! ofv,(COO-) are seen
clearly.” %0 The shoulder at 1661 cm™! is ascribed for the adsorbed water molecules on the

surface of catalysts generated from the oxidation of HCHO. 8

Therefore, the number of intermediate species remaining on the surface of W-T1i, V-Ti, and
V-W-Ti catalysts are completely dissimilar. This would make it very difficult to compare the
differences in the formation of intermediate species on the surface of catalysts when NH3 is
subsequently exposed. On the other hand, the interaction of NH; with the adsorbates of
HCHO/O; and the interaction of HCHO/O, with the adsorbent of NH; both yield the same result.
Therefore, only the in situ FTIR spectra recorded upon the interaction of HCHO/O, with
preabsorbed NH; are discussed below. The oxidation of NH; on the above catalysts at 150 °C
has been shown to be negligible (Figure A7).

Interaction of HCHO/O, with the pre-adsorbates of NH3 on bare support TiO, P25 is shown
in Figure 42. On the bare support TiO,, NH;3 adsorbs only on Lewis sites (the bands at 1170 and
1594 cm! of the coordinated NH; on Lewis sites).190-191 No band of NH; adsorption on Brensted
acid sites (NH4") is formed, corresponding with the result of the pyridine adsorption (Figure 35,
Table 4).
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Figure 42. FT-IR spectra of the interaction of HCHO/O, with the adsorbate species of NH3 on
bare support TiO, P25
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The exposure of HCHO/O;, leads to the rise up of the bands at 1576 cm-!, 1381 cm-!, and
1360 cm-! which could be ascribed for v,4(COO"), vs(COO-) and 6(CH) of bidentate formate,
respectively.”> 9 Band at 1642 cm! is ascribed for the v,(COO") of the surface monodentate
formate with asymmetric coordination of the COO- group.!92 No formamide is formed. The
slight decrease in the band intensity of pre-adsorbed NH; (1170 cm-!) can be explained by

replacing the NH; adsorbate on the TiO; surface with formate.

On the W-Ti catalyst, NH; adsorbs on both Brensted (1445 cm-) and Lewis acid sites (1223
cm) (Figure 43, red line). A band at 1170 cm! of the Lewis site on TiO; is not found, indicating
that the surface of bare support is almost completely covered by tungsten. The exposure of
HCHOY/O, leads to the decrease of both bands of NH,4" and adsorbed NHs at 1445 cm and 1225
cm! respectively. Simultaneously, the typical bands of formate at 1574 cm-!, 1381 cm! and
1362 cm! are also found. However, compare to the formation of formate on bare support TiO», it
is much less. Differently, formamide is formed as indicated by its typical bands of v(CO) at 1672
cmand 6(NH;) at 1634 cm-! (Figure 43).80-81
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Figure 43. FT-IR spectra of the interaction of HCHO/O, with the adsorbate species of NH3 on
bare support W-Ti catalyst

The formation of HCONH, on W-Ti catalyst occurs on both Brensted and Lewis acid sites,

but it seems that the reaction on Brensted acid sites was more substantial than on Lewis sites.
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After 60 min exposure with HCHO/O», the band of NH4* at 1445 cm! completely disappears,
but the amount of NHj 4 on Lewis sites remains. Possibly, the Lewis sites do not involve the
formation of HCONH, in this case. The slight decrease of the band at 1170 cm! is due to the
replacement of formates, same as on bare support TiO, P25. The formation of formates and
HCONH; simultaneously occurs. Therefore, the more acid sites created on the catalyst surface,
the more formation of HCONH,. And vice versa, when the amount of NH; adsorbates on metal
oxides is not large enough, HCHO will interact with the lattice oxygen of TiO, to create
formates.

A similar result is also found on the V-Ti catalyst, NH; adsorb on V-Ti catalyst on both
Bronsted sites (1425 cm™!) and Lewis sites (1189 cm-!) (Figure 44, red line). Since the vanadium
content on TiO; is not large enough to cover the entire surface of the support, the shift acid band
from 1170 cm! to 1189 cm! could be ascribed for the mixing effect of vanadium support TiO,

on Lewis sites.
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Figure 44. FT-IR spectra of the interaction of HCHO/O; with the adsorbate species of NH3 on
bare support V-Ti catalyst

The exposure of HCHO/O; leads to the decrease of both bands at Brensted and Lewis sites.
Same as on W-Ti catalyst, the adsorbates of NH; on Bronsted acid sites completely react after 60

min interaction. Meanwhile, a significant amount of NH; on Lewis sites remains. The formation
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of both formate (1568 cm, 1380 cm! and 1362 cm’) and formamide (1672 cm)
simultaneously occurs. The band at 1646 cm-! could be ascribed for v,,(COO-) of monodentate
formate, overlaps with the band of 3(NH;) (1636 cm™') of formamide. However, the intensity of
formate bands on V-Ti is significantly higher than on W-Ti catalyst. This could be explained by
the interaction of HCHO with the lattice oxygen of bare support TiO, since the dispersion of

vanadium on V-Ti catalyst cannot cover the entire surface of TiO,, as discussed above.

Therefore, HCONHj; is only formed when the metal oxides (VOy, WOy) are loaded on TiO,.
The role of the surface acidic sites for the formation of HCONH; could be seen moreclearly on
the V-W-Ti catalyst. The adsorption of NH; on V-W-Ti catalyst forms a strong and broadband at
1425 cm-! on Brensted sites (Figure 45).
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Figure 45. FT-IR spectra of the interaction of HCHO/O, with the adsorbate species of NH3 on
bare support V-W-Ti catalyst

Dosing HCHO/O; to the adsorbates of NHj; leads to the decrease in the band intensity of
NH4" and NHj (at 1425 cm! and 1223 cm!, respectively). Formamide is the only product that is
indicated by typical bands at 1675 cm-!, 1636 cm-!_and 1395 cm™! of v(CO), & (NH;), and 6(CH),
respectively. A small amount of NHj3 »45 (1226 cm!) on Lewis sites remains on the surface of the
catalyst. Different from W-Ti and V-Ti catalyst, the amount of NH4" remains after 60 min

exposure with HCHO/O, and could be the reason that there was no formate is formed. This also
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indicates the role of NH4" for the formation of HCONH,: a certain amount of the adsorbate of
NH; on Lewis sites can react with HCHO to form HCONH, but the adsorbate of NH; on
Bronsted sites predominates. The reaction of NH4* occurs more intensely, and while NH4* is still
on the surface, HCHO will only interact with it to form HCONH,,. Interestingly, a sharp peak at
1264 cm! is always present in the first 10 minutes of the exposure of HCHO/O, and disappears
after 60 minutes when the formation of HCONH, reaches to its maximum on all catalysts. It

could be ascribed to an intermediate formed during the formation of HCONH.

In summary, these in situ FTIR results above have indicated the role of surface acidity for the
reaction of HCHO in NH3-SCR. HCONHj is only formed by the reaction of HCHO with the
adsorbates of NHj on the surface of catalysts. Both Brensted and Lewis acid sites on metal
oxides can involve the interaction of HCHO, but Brensted acid sites play the primary role for
HCHO interaction. These results are a critical point to explain the various effects of HCHO on
V,05-WO3/TiO, prepared catalysts in Figure 38. On the V-W-Ti catalyst, pre-adsorbed
NH4*/NH; species will react with NO as the standard SCR or with HCHO to form HCONH,. It
leads to the decrease of NH3; amount for SCR reaction, thus reduces the NO, conversion in the

whole temperature range.

In contrast, on the V-Ti and W-Ti catalyst, the amount of pre-adsorbed NH4*/NHj3 is not
large enough for both reactions of NO and HCHO. A part of HCHO will interact with the bare
support to form formate, which further decomposes or be oxidized to liberate CO and CO,.
Therefore, the presence of HCHO does not affect that much the NOyconversion on the W-Ti,
and V-Ti catalyst (Figure 38a, b), and the formation of HCN on these catalysts is also less than
on the V-W-Ti catalyst and (Figure 39).

3.2.4 Insitu EPR experiments

As mentioned above, the redox pair V3*/V4* plays a critical role in the catalytic activity of
SCR reaction. /n situ EPR experiment can very well detect V4* which can provide information
on the participation of different vanadium species for each period of the SCR reaction. In
addition, the behavior of the redox property for the formation of HCONH; can indicate the
relationship between the SCR activity and the effect of HCHO on each catalyst.
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All catalysts are pretreated with 5 vol % O,/He at 300 °C for 1 h before the reaction to
remove the surface contaminants, then are cooled down to 150 °C for the measurement. Because
the EPR spectra of tungsten (W3") and titania (Ti3*) only can be detected at very low
temperatures, the spectra observed at 150 °C below can only be ascribed for the EPR spectra of
V#4+ 103-104 Furthermore, the values observed from the simulation could provide information on
the local structures of vanadia species. The axial distortion of the V4 center has been
investigated by the parameter Ag,/Ag, (Agi1= g1 - Ge» AL =91 - e, o= 2.0023 for the free
electron) and the delocalization coefficient 8,2 obtained from Equation 59 can provide the
information of the single electron delocalized toward the O ligands in the plane of O4V=0 site.1%
B,% =1 corresponds to the localization of the single electron totally at the vanadium nucleus. P
value was set to 184.5 G and is known as the elecment — specific parameter which cover the
relation of the Bohr magneton uj and the nuclear magneton uy.'% The signal area of V4* EPR
spectra during the reaction is calculated by the double integration of the V4" EPR peak. This area

includes both the cluster and isolated VO?* species.
B2?=(7/6)Agy - (5/12)-Ag - (7/6) [(Ay - AL)/P] (59)

The representative EPR spectra of the interaction of NO/O, with the pre-adsorbates of NHj3
on vanadium supported catalysts and the corresponding signal area of V4" with time (collected
every 3 min) are shown in Figure 46. The axial distortion Ag,/Ag, and the delocalization
coefficient 8,2 of the simulated spectra are summarised in Table 5. The detailed simulated values
(g1, 91, A, A)) of the representative spectra are shown in Table A1-4. The corresponding

simulated spectra, together with the experimental ones, are shown in Figure S8-9.

After the pretreatment, both V-Tiand V-W-Ti catalysts still contained a small amount of V4*
(Figure 46a, b, black lines), which survived oxidative pretreatment. The exposure of NH 3 on both
catalysts increases the amount of V4* which could be ascribed to the reduction of V3*. As shown
by the results of the in sifu FTIR experiments above (Figure 44-45), NH; adsorbson V-Tiand V-
W-Ti on both Brensted acid sites (NH4") and Lewis acid sites (NH3). The formation of the
adsorbates of NH3; might be the reason for the reduction of V3% but both NH4" and NHj o4
contain the valence state of N at -3. On the other hand, there were no products detected of the
NH; oxidation on both catalysts at 150 °C (Figure A7). Therefore, the reduction of V3* to V4*

should be ascribed for the oxidation of a small amount of NH; at 150 °C, which cannot be
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detected by the current conditions of the equipment. The other possibility is due to the formation
of a type of chemical bond between a nitrogen atom (N-3) and a vanadium atom (V3*) where the
nitrogen atom will produce donor electron to vanadium atom. The mechanism of SCR reaction is
a controversial topic for a long time, and this could be an interesting topic of further research.
The exposure of NO/O, leads to the decrease of the V4 EPR signal. As mentioned in part1.2.2,
NO will react with the adsorbates of NH; on the surface of the catalyst to form N, and O, will
oxidize V4" to V3*, which is the reason for the reducing of V4" EPR signal.
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Figure 46. The in situ EPR spectra of a) V-Tiand b) V-W-Ti catalysts after the pretreatment at
300 °Cin 5 vol % O,/He, 60 min treatment with 0.2 vol % NHs/He, 30 min flushing He and 60
min exposure to 400 ppm HCHO, 5 vol % O,/He at 150 °C, c) the EPR spectra area of vanadium

supported catalysts with time resulted from the integration

The signal area of V4" EPR spectra during the interaction of NO/O, with NH3 is obtained
from the double integration (Figure 46¢). The exposure of NH; leads to the formationof V4* on
both catalysts but more on the V-W-Ti catalyst. It could be due to the promotion effect of W
which facilitates the reducibility of V. The flushing with He does not change the amount of V4+.
Interestingly, the amount of V4" increases on both catalysts in the first 6 min exposure of NO/O,.
It could be explained by the formation of V3* during the adsorption of NH; which is then

oxidized by O; to form V4*. After 6 min exposure with NO/O,, the amount of V4* decreased due
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to the oxidation by O, to form V>* as the redox cycle of the standard SCR. The rate of the V4*
oxidation is much faster on the V-W-Ti catalyst. After approximately 12 min exposure to NO/O,,
the EPR signal of V4 on V-W-Ti becomes stable. Meanwhile, on the V-Ti catalyst, it takes
approximately 60 min (Figure 46c¢). This could be why the higher SCR activity on V-W-Ti
compared to V-Ti catalysts; the redox cycle faster will accelerate the reactionrate and produce

more products.

The axial distortion (Ag, /Ag,), delocalization coefficient ($*;?) and the relative intensities (L
%) of vanadium species from the simulated values are shown in Table 5. The simulation indicates
that V4" on both catalysts comprises two single VO?2* species and the cluster to fit the original
spectra. This matches with the results from UV-Vis DRS and Raman above that both single sites

and vanadium clusters exist on the catalysts.

Table 5. Simulate parameters of the EPR spectra and parameters calculated thereof. gand A
values, relative intensity (I.) (axial distortion of VO?2* site), and delocalization coefficient ,*?2

(see text) from the interaction of NO/O, with the adsorbents of NH3 on vanadium supported

catalysts
Time \Y% V-Ti V-W-Ti
species Ag,/Ag, B2 L1 % Agy/bg, | B*7 L1 %
After VO* (1) 2.02 0.676 30.4 2.43 0.680 16.9
pretreatment | yo2* (11) 3.70 0.570 8.8 524 0.541 17.8
Singlet 60.8 65.3
60 min VO* (1) 1.72 0.696 322 2.61 0.678 28.0
NH; VO (1) 3.44 0.603 21.7 3.97 0.622 253
Singlet 46.2 46.6
12 min VO (I) 1.75 0.692 28.0 2.39 0.690 16.3
NO/O, VO (II) 3.43 0.625 222 3.90 0.630 33.1
Singlet 49.9 50.7
60 min VO (I) 2.02 0.685 20.5 2.38 0.674 17.9
NO/O; VO (I1) 3.24 0.545 45 4.04 0.566 16.1
Singlet 74.6 67.0
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On catalyst V-Ti, two species of isolated VO?" have different axial distortion and
delocalization coefficient values. The adsorption of NH; increases the contribution of single sites
for the V4 EPR spectra. It indicates that the exposure of NHj is dispersed relatively evenly on
the catalyst surface. The contribution of specie VO2*(II) is not that much after the pretreatment
(8.8 %) but increases a lot after the adsorption of NH; (21.7%). However, after 60 min exposure
with NO/O,, its contribution to the EPR spectra is significantly reduced (4.5 %). Hence, the
involvement of specie VO2*(II) for the SCR reaction is stronger than specie VO2(I). This might
be due to the outermost surface-exposed of VO2*(II) more than specie VOZ2*(I), which also agrees
with the higher Ag,/Ag, value on VO?*(Il). The local environment is more distorted on the
surface where the coordination vacancies exist. In addition, the *,2 also changes more during the
interactions on VOZ2*(II) species. This should be the consequence of the surrounding environment

of VO2(II) species being changed more.

On the V-W-Ti catalyst, two isolated VO?2* and the cluster are found to fit the original
spectra. Despite the delocalization, the coefficient does not change that much compare to V-Ti
catalyst, the axial distortion Agy/Ag, of vanadium species on V-W-Ti catalystis higher (Table
5). This result can be pointed to the close intimate of V and W on the surface, resulting from the
surrounding of tungsten oxides for vanadium oxides. In the vicinity of W, V will tend to exist in
its reduced state since the reduction potential of VO3*/VO?2* (0.957V) is much higher compared
to the potential of Wo/W>5" (-0.029V) or WO /W4 (0.036V).197 The involvement of both
vanadium species is quite similar on the V-W-Ti catalyst. Therefore, the intimate coordination of
V and W in the vicinity will accelerate the redox property of both species, which should be the
reason for the higher activity of the V-W-Ti catalyst.

The EPR spectra of vanadium supported catalysts from the interaction of HCHO/O, with the
adsorbates of NH; are shown in Figure 47. Unlike the interaction of NO/O,, the interaction of
HCHO/O; strongly increases the EPR signal of V4*. It could be explained by the oxidation from
HCHO (C9) to either HCONH,; (C?*) on V-W-Ti catalyst or both HCONH; and formate HCOO-
(C%") on V-Ti catalyst (Figure 44-45). Resulting from the reduction of V>3*, the rate of V4*
formation on V-W-Ti is faster. The intensity of V4" reaches saturation earlier than on the V-Ti

catalyst (Figure 46¢).
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The axial distortion (Ag, /Ag,), delocalization coefficient (B*,?) and the relative intensities
(Ite1 %) of vanadium species from the simulated values are shown in Table 6. There are some
minor changes of the simulated parameters of EPR spectra of V-Ti and V-W-Ti catalyst after
pretreatment and 60 min NH; adsorption compare to Table 5. This is due to the experimental
error from two various experiments despite the same procedure on the same catalysts
(pretreatment — NH; adsorption). However, in general, the error is negligible; the components of

the EPR spectra are still like the previous experiments. Therefore, these experimental errors can

be ignored.
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Figure 47. The in situ EPR spectra of a) V-Ti catalyst and b) V-W-Ti catalyst following by the
pretreatment at 300 °C by 5 vol % O,/He, 60 min pre-adsorption with 0.2 vol % NHs/He, 30 min
flushing He and 60 min exposure with 400 ppm HCHO, 5 vol % O,/He at 150 °C, c) the EPR

spectra area of vanadium supported catalysts with time resulted from the integration

The simulated results show the decrease of the contribution of isolated VO?2* and the increase
of cluster for V4 spectra during the exposure of HCHO/O,. It could be explained by the
formation of V#* in the vicinity of V4* sites created by NH; adsorption before, forming the V4*
cluster and reducing the contribution of the isolated VO?* species. Since the content of vanadium
loading on the surface of V-Ti and V-W-Ti is equal (1 wt.%), the dispersion of VO, on both
catalysts is not unlike that much; the higher oxidation property of V-W-Ti only can be explained
by the promotion effect of W for the reducibility of V as discussed above.
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This result indicates the role of redox cites for the effects of HCHO on different catalysts. V -
W-Ti catalyst was affected more than W-Ti and V-Ti catalyst because V-W-Ti contains more
acidic sites for the interaction of HCHO/O, and NH3 and its high redox property accelerates the
oxidation of HCHO to form HCONH, which will further decompose to form HCN. This is the
explanation that why HCN was created the most on V-W-Ti catalyst.

Table 6. Simulate parameters of the EPR spectra and parameters calculated thereof. gand A
values, relative intensity (L) (axial distortion of VO?2* site), and delocalization coefficient ,*?2

(see text) from the interaction of HCHO/O, with the adsorbents of NH; on vanadium supported

catalysts
Time A% V-Ti V-W-Ti
species Agy/Dg. B*,? Lt % Ag,/Ag. B*2? L1 %
After VO* (1) 1.93 0.697 27.5 243 0.693 16.9
pretreatment | VO** (II) 4.05 0.587 11.0 5.25 0.602 17.8
Singlet 61.5 65.3
60 min VO* (I) 1.77 0.690 351 249 0.765 242
NH3; VO* (IT) 3.62 0.617 20.8 4.00 0.651 20.2
Singlet 44.1 55.6
12 min VvO* (1) 1.77 0712 25.6 2.64 0715 10.7
HCHO/O; VO* (1) 3.65 0.618 214 3.76 0.647 17.9
Singlet 53.0 71.4
60 min VO* (1) 1.86 0.701 27.8 2.19 0.676 49
HCHO/O, | VO* (IT) 3.77 0.584 12.2 3.75 0.631 11.4
Singlet 60.0 83.8

3.2.5 Effect of HO

In the flue gas, water vapor from the combustion of fuel always presents and could affect the
NH;-SCR. Therefore, the effect of HCHO is also studied in the presence of H,O to approach the
practical condition. The conversion of NOy, NH; and formation of products from the reaction of
HCHO in NH3-SCR in the presence of H,O on V-W-Ti catalyst are shown in Figure 48. In the
presence of 8 vol % H,O, NOy conversion increases above 300 °C but decreases below 300 °C in

comparison to the absence of H;O. Meanwhile, NH; conversion was unchanged above 300 °C
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and decreased at a temperature lower than 300 °C (15 — 20 %). N, is still the main product from
the SCR reaction, but the formation of N,O reduces a lot. The effect of H,O at a temperature
higher than 300 °C could be explained by its hindering the partial oxidation of NH;.108

In the presence of both HCHO and H,O, the conversion of NOy and NHj; decreased
significantly in the whole temperature range (Figure 48a-b, pink lines), especially below 300 °C
in comparison to the presence of only HCHO (Figure 48a-b, blue lines). The NOy conversion
reaches to its maximum above 300 °C but does not decline that much at a temperature higher
than 450 °C. Same as the presence of the only H,O, it could be explained by the limited partial
oxidation of NHs. It was also confirmed by the negligible formation of N,O (Figure 48c, dashed
pink line, overlapped with the green line).

Formaldehyde was converted completely in the presence of H,O. CO, is formed above 400
°C and the curve of HCN formation is the same as its formation in the absence of H,O (Figure
49a). Interestingly, the total concentration of HCN and CO,; only reaches to maximum~20 ppm
in the whole temperature range. This result suggests that in the presence of H,O, the
decomposition of HCONHj; is limited, remains on the surface of the catalyst, and blocks the
active sites, then strongly reduced the SCR activity. To confirm this, the catalyst after the
reaction is heated up to 350 °C and flushing by He. The result shows that HCN is released a lot
from the catalyst, and it needs approximately 6 h to remove all HCONH; on the surface of the
catalyst (Figure 49b). Although the coverage of HCONH,;, on the surface of the catalyst can be
removed at 350 °C, it will take a long time. This explains why the conversion of NOy and NHj;
above 350 °C s still much lower than the absence of H,O. The delay of HCONH, decomposition
inhibits the reaction of NO and NHj3 on the surface of the catalyst.
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Figure 48. Conversion of NOy, NH; and the formation of N, N,O from the reaction of 0.1 vol %
NO, 0.1 vol % NH3, 0 - 8 vol % H,0, 0 — 100 ppm HCHO, 5 vol % O,/He on V-W-Ti catalyst

Therefore, the effect of HCHO on the presence of H,O is worse compared to the dry
condition. HCHO is converted completely, but the NOy conversion and N, formation decrease
more than in the absence of H,O, especially at low temperatures. The reaction of HCHO in this
case also forms HCN and CO; but less than in dry conditions. In contrast, the formation of
HCONH, from the interaction of HCHO and NH;remains on the surfacein the wet condition.
This uncompleted decomposition will block the active sites, and the catalyst need to be heated up

at high temperature to unblock the surface-active sites.
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Figure 49. a) Conversion and formation of products of HCHO from the reaction of 100 ppm
HCHO, 8 vol % H,0, 0.1 vol % NO, 0.1 vol % NH3, 5 vol % O,/He on catalyst V-W-Ti, b) The
liberation of HCN with time by heat up catalyst V-W-Ti after reaction of 100 ppm HCHO, § vol
% H50, 0.1 vol % NO, 0.1 vol % NH3;, 5 vol % O,/He
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4. Conclusions and outlook

In this study, the effect of HCHO in NH3-SCR of NOy has been studied on V,05-WO3/Ti0,
catalysts with different compositions. The formation of intermediate species on the surface of
catalysts and the redox behavior of the active sites of the reaction of HCHO in NH;-SCR have

also been studied by in situ FTIR and in situ EPR experiments, respectively.

The first results on a commercial V,05-WO3/TiO, (1 wt. % V, 6 wt. % W) catalyst shows
many negative effects of HCHO. In the standard SCR feed gas (NH3, NO, O,), HCHO prefers to
react with NH; to form HCN as the main product. This undesired reaction leads to the decrease
of both NOy conversion and N, selectivity. Results from in sifu FTIR experiments indicate that
the interaction of HCHO and NH; will form HCONHj as the intermediate species on the surface
of the catalyst. The latter can be formed by either gaseous HCHO reacts with the adsorbates of
NH; (NH4tas, NH3 445) or gaseous NHj reacts with the adsorbates of HCHO (formates). The
decomposition of HCONHj is the source of the HCN liberation from the reaction of HCHO in
NH;3-SCR. HCN is a very harmful compound, and it can be oxidized by the lattice oxygen of
catalyst at high temperatures. However, this oxidation will form NO, which will return to the

SCR reaction and reduce the NOy conversion again.

The role of active sites has been studied by carried out the effect of HCHO on catalysts with
different compositions: WO5/TiO, (W-Ti), V,05/TiO;, (V-Ti), and V,05-WO3/TiO, (V-W-Ti)
catalyst. Catalysts are prepared by the wetness impregnation method, and the content of
vanadium and tungsten are based on the used commercial one. Several characterization methods
have been applied to investigate the dispersion of metal oxides on the surface of the support. It
shows that at low loading content of vanadium (1 wt. % V), there is not much differentbetween
the dispersion of vanadium on bare support TiO, (V-Ti catalyst) and WO3/TiO, (V-W-Ti
catalyst). However, on the V-W-Ti catalyst, vanadium oxides are surrounded by tungsten oxides,
and the synergistic of these oxides will create more surface acid sites and the V-O-W bonds. The
latter accelerates the redox cycle of vanadium sites, which will increase the activity of SCR

reaction.

The effect of HCHO on different catalysts is strongly related to their catalytic activity of
SCR reaction. In the same condition, the V-W-Ti catalyst shows the highest SCR activity and is
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affected the most by the reaction of HCHO. HCHO causes the decline of NOy conversion on V-
W-Ti catalyst in the whole temperature range and releases the highest amount of HCN. In situ
FTIR experiments reveal that the high acidic property on V-W-Ti catalyst provides enough NHj;
surface adsorbates for the reaction of HCHO to form HCONHj as the intermediate species. In
contrast, on W-Tiand V-Ti catalyst, where the amount of NH3 adsorbates isnot large enough,
HCHO will interact with lattice oxygen of bare support to form formates further decomposed or
oxidized to form CO and CO,. Besides, results from in situ EPR indicates that the high redox
property of catalyst also accelerates the oxidation rate of HCHO (C?) to HCONH, (C2*) (Figure
50). These are the reasons for the highest liberation of HCN on the best SCR catalyst V-W-Ti.

H,O0 + HCN HCHO CO; + H,0
CO + H,0

Figure 50. The pathways of HCHO reaction on NH3-SCR of NOy on V,05-WO3/TiO; catalysts

In the presence of H,0, the effect of HCHO becomes even worse than in the dry condition.
The NOy conversion on V-W-Ti declines more than the absence of H,O, especially at a
temperature lower than 250 °C. The emission of HCN is much less than the reaction of only
HCHO, but the reason is due to the deposition of HCONH; on the catalyst surface. The presence
of H,O inhibits the decomposition of HCONH;, leads to the coverage of HCONH, on the surface
of the catalyst, blocks the active sites, and enormously decreases the catalytic activity. This
contamination can be removed by heating the catalyst after reaction at a high temperature (above

350 °C) and liberate a lot of HCN.

Further works. Since HCHO causes several negative effects on the NH3;-SCR, solutionsneed to
be found to limit them. However, there is a disadvantage that the catalyst which has high SCR
activity will also strongly accelerate the formation of HCN from the HCHO reaction. The
formation of HCONH; is inevitable whenever HCHO is present on the catalyst surface
containing NHj adsorbates, and even it is accelerated by the high catalytic redox property.

Therefore, the removal of HCHO before it can affect the SCR could be necessary and appliedby
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the DOCs. Though, in some conditions, the DOCs can even generate HCHO from the partial
oxidation of unburned hydrocarbon. Thus, minimizing the formation of HCHO should be an

important factor to consider for applying the DOCs.

Another possibility is that since the HCHO reaction will induce HCN, developing a new
catalyst that can perform high SCR activity and good HCN treatment may be of interest. The
oxidation of HCN on V,05-WO3/TiO; only occurs at high temperature and liberates NO, which
will further return to the feed gas and decrease the NOy conversion again. Therefore, the
acceleration of HCN oxidation should increase NH; concentration in the feed gas to ensure
enough amount of NH;3 for SCR reaction. Since H,;O is always present in the exhaust gas, the
hydrolysis HCN on the SCR catalyst could also be an exciting pathway. The hydrolysis of HCN
is the reverse reaction of the decomposition of HCONH,. The latter can also be hydrolyzed to
form HCOONH,4, which will further decompose to form NH; and CO,, limiting the emission of

HCN to the environment.
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Figure Ala. The FTIR bands used to quantify HCN, CO,, CO, (CH;)sN4, and HCHO

concentration. Reproduced from ref. Ngo et al.2
The concentration of HCN was calibrated by the height of the peak at 715 cml. The

concentration of HCN, CO,, CO, (CH;)sN4, and HCHO was calibrated by the boundaries of their

typical bands shown above.
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Figure A1b. The corresponding calibration curves. Reproduced from ref. Ngo et al.?
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Figure A3. Reaction at 150 °C on commercial V,05-WO3/Ti0, catalystofa) 100 ppm HCHO,
100 ppm NO3, 0.1 % O,/He, and b) 100 ppm HCHO, 100 ppm NO/He. Reproduced from ref.
Ngo etal.?

(the commercial NO; bottle contained 1 % O, added to stabilize NO,, which corresponding to

0.1% O, in the total feed)
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A signal at an atomic mass unit of 32 (AMU32) can be assigned to '°O, or N130. However, it
should belong to 10, as the same signal in the feed of 10 vol % HCN/Ny, i.e., impurity oxygen.
If this signal belongs to N80, the shape should be like N'°O due to the strong adsorption of

nitrates on the surface of the catalyst.
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Figure AS8. The corresponding simulated EPR normalized spectra, and the original EPR
normalized spectra of a) V-Tiand b) V-W-Ti catalyst following by the pretreatment at 300 °C by
5 vol % O,/He, 60 min pre-adsorption with 0.2 vol % NH3/He, 30 min flushing He and 60 min
exposure with 0.2 vol % NO, 5 vol % O,/He at 150 °C
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Figure A9. The corresponding simulated EPR normalized spectra, and the original EPR
normalized spectra of a) V-Tiand b) V-W-Ti catalyst following by the pretreatment at 300 °C by

5 vol % O,/He, 60 min pre-adsorption with 0.2 vol % NH3/He, 30 min flushing He and 60 min
exposure with 400 ppm HCHO, 5 vol % O»/He at 150 °C
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Table Al. Simulated parameters of the EPR spectra of V-Ti catalyst (cf. Figure 46a) and

parameters calculated thereof. g and A values, the relative intensities (I, %)
Ag,/Ag, (axial distortion of VO?* site) and delocalization coefficient §,*2
V species gy g1 A, /G A, /G | Agy/Ag. By’ Lie1 %
After VO (1) 1937 | 1970 169.6 | 527 2.02 0.676 304
pretreatment | yopeqpy | 1916 | 1979 | 1734 | 687 3.70 0.570 8.8
Singlet 1.963 - - - 60.8
60minNHs | v (1) 1945 | 1969 1708 | 523 1.72 0.696 129
VO (ID) 1.922 1.979 173.6 65.0 3.44 0.603 217
Singlet 1.963 - - - 46.2
12 min VO (I) 1.945 1.969 170.8 52.8 1.75 0.692 28.0
NO/O; VO?* (I1) 1.922 1.979 177.8 65.2 343 0.625 22.2
Singlet 1.962 499
60 min VO* (1) 1.935 1.969 171.6 53.1 2.02 0.685 20.5
NO/O; VO (1) 1.917 1.976 17222 72.0 3.24 0.545 45
Singlet 1.964 74.6
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Table A2. Simulated parameters of the EPR spectra of V-W-Ti catalyst (cf. Figure 46b) and
parameters calculated thereof. g and A wvalues, the relative intensities (I,q %)

Ag,/Ag, (axial distortion of VO?* site) and delocalization coefficient §,*2

V species gy g. A, /G A /G | Agy/Ag. B*,? L1 %
After VO () 1914 | 1.966 1772 | 557 243 0.680 16.9
pretreatment | yopeqpy | 1.880 | 1979 | 1825 | 758 5.24 0.541 178
Singlet 1.963 - - - 65.3
60minNHs | vor (1) 1918 | 1.970 1815 | 608 261 0.678 3.0
voran | 1890 | 1974 1863 | 69.0 3.97 0.622 253
Singlet 1.963 - - - 46.6
12 min VO (1) 1918 | 1.967 1796 | 572 239 0.690 163
NO/O; vorny | 1892 | 1974 1884 | 702 3.90 0.630 33.1
Singlet 1.972 507
60 min vor @ | 1916 1.966 1755 | 555 238 0.674 17.9
NO/O, Vo any | 1.884 1.973 184.1 747 4.04 0.566 16.1
Singlet 1.977 67.0
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Table A3. Simulated parameters of the EPR spectra of V-Ti catalyst (cf. Figure 47a) and

parameters calculated thereof. g and A wvalues, the relative intensities (I,q %)
Ag,/Ag, (axial distortion of VO?* site) and delocalization coefficient §,*2
V species gy g. A, /G A /G | Agy/Ag. B*,? L1 %
After VO* (I) 1.940 1.970 172.4 52.8 1.93 0.697 27.5
pretreatment | yopeqpy | 1916 | 1.981 1759 | 686 4.05 0.587 11.0
Singlet 1.963 - - - 61.5
60minNH3 | yo2+ @) 1.945 1.970 1694 519 1.77 0.690 35.1
VO (1) 1.918 1.979 177.2 65.6 3.62 0.617 20.8
Singlet 1.963 - - - 44.1
5 min VO () 1947 | 1971 173.0 | 522 1.77 0.712 256
HCHO/O: | yorrqry | 1921 | 1980 | 1779 | 666 3.65 0.618 21.4
Singlet 1.963 - - - 53.0
60 min VO* (I) 1.946 1.972 173.0 53.8 1.86 0.701 27.8
HCHO/O: | yoprry | 1922 | 1981 | 1743 | 685 3.77 0.584 122
Singlet 1.963 - - - 60.0
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Table A4. Simulated parameters of the EPR spectra of V-W-Ti catalyst (cf. Figure 47b) and
parameters calculated thereof. g and A wvalues, the relative intensities (I,q %)

Ag,/Ag, (axial distortion of VO?* site) and delocalization coefficient §,*2

V species gy g. A, /G A /G | Agy/Ag. B*,? L1 %
After VO () 1915 | 1966 | 1797 | 564 243 0.693 169
pretreatment | yopeqpy | 1.890 | 1975 | 1863 | 72.1 5.25 0.602 17.8
65.3

Singlet 1.963
60minNH; | yvor (1) 1914 [ 1967 | 1815 | 558 249 0.765 24.2
vor ny | 1904 | 1978 | 1839 | 719 4.00 0.651 20.2
55.6

Singlet 1.963
Smin VOr (D) 1922 | 1968 | 1827 | 57.0 2.64 0.715 10.7
HCHO/O: | yorqry | 1908 | 1974 | 1841 | 662 3.76 0.647 17.9
714

Singlet 1.963
60 min VO (D) 1920 | 1972 | 1817 | 616 2.19 0.676 49
HCHO/O: | v (i 1898 | 1975 | 1839 | 667 3.75 0.631 11.4
83.8

Singlet 1.963
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