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Nitrous Oxide Formation over Zeolite-based Catalysts during Ammonia-SCR:
The Effect of Framework Structure, Acidity, and Copper Content

GHopsIeH IsaPour

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Abstract

The emission control of anthropogenic nitrous oxide (N2O), a by-product formed
through fossil- and renewable fuel combustion, agricultural activities, and industrial
chemical processes, has attracted large considerations due to its substantial contribu-
tion in global warming and ozone layer depletion. Selective catalytic reduction with
ammonia (NH3-SCR) is the most prevailing technology for the abatement of nitrogen
oxides (NOy) in the exhaust gases from lean-burn processes, with the possible forma-
tion of N O. Therefore, the development of catalysts for efficient NO reduction with
no or minor N,O formation is of major importance. Hence, zeolite-based catalysts
exchanged with copper have shown to be efficient catalysts for NO reduction owing
to their high catalytic performance under practical reaction conditions. This work
aims to increase the understanding of the N>O formation during NH3-SCR, in par-
ticular studying the effect of different parameters, from zeolite framework structure,
ammonia storage capacity of the zeolites, to Si/ Al and Cu/Al molar ratios.

Three different zeolites with varying pore sizes, from small to medium and large
pore zeolites (S5Z-13, ZSM-5 and beta), were chosen to investigate their performance
as SCR catalysts. A range of SSZ-13 samples with Si/ Al molar ratios of 6, 12, and 24
were prepared by hydrothermal crystallization, and exchanged with copper, Cu/Al=
0-0.4 molar ratios, to investigate the effect of the Si/ Al and Cu/ Al molar ratios on the
ammonia storage capacity and the SCR performance of the samples. Furthermore,
the role of the sample pretreatment on the SCR performance was investigated for
the SS5Z-13 sample with Si/ Al= 12 molar ratio. The prepared samples were studied
by flow reactor experiments and in situ diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) to evaluate the catalytic activity and selectivity, and to
monitor the evolution of surface species during reaction.

Copper ions as active sites in the zeolite catalyzing the SCR reaction by NO activa-
tion and formation of NO* and/or surface nitrate species. During SCR, the nitrate
species can subsequently react with NH3 and form ammonium nitrate (AN) as an
intermediate, which partially contributes to N, O formation upon decomposition.

In order to understand the system in more detail, we have investigated important
factors such as Si/Al and Cu/Al molar ratio and temperature on the NHj3 storage
capacity of the samples based on SSZ-13. Temperature programmed desorption by
NHj3 (NH3-TPD) carried out to characterize the nature of the different acid sites in the
zeolite. It is revealed that the samples with low Si/ Al molar ratio provide higher NH3
storage capacity, which increases with increasing Cu loading. After NH3-TPD, SCR
experiments were subsequently performed resulting in higher NO, conversion and
N,O formation by increasing the Cu content for all samples. Results from DRIFTS
showing vibrational peaks associated with N>O in accordance with the flow reactor
findings. Moreover, the role of pretreatment for the NH3-SCR performance was
evaluated for the sample with Si/Al=12, and the results show that the pretreatment
in NH3 and NO, in the absence of Oy, reveals higher low-temperature activity for
standard SCR compared to the pretreatment including O,.

Keywords: Zeolites, N,O, I situ IR spectroscopy, Heterogeneous catalysis, SCR, Si/ Al molar

ratio, Copper content
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Introduction

A constant tightening of the exhaust emission standards and the
global strategies for a sustainable decrease of greenhouse gas (GHG)
emissions call for efficient lean-burn combustion processes and
development of highly active catalytic systems. An increase in the
exhaust filtration procedures obliged by more stringent emission
legislation demands adequately higher exhaust gas temperatures.
[1] On the contrary, the level of exhaust gas temperature is in
general decreasing owing to the consistent improvement in the
combustion efficiency.

Air pollution legislations concerning vehicle emissions date back
to the 1960s in the USA, where the primary objectives of federal
emission regulations were grounded on the Clean Air Acts (CAA).
These acts were initially established in 1967, and later in 1970,
pursued by two modifications in 1977 and in 1990. [2]

By the compliance of the CAA and the upcoming vehicle emis-
sion standards, the commercialization of oxidation catalysts? was
commenced in the USA in the 1970s in order to control emissions
of carbon monoxide (CO) and hydrocarbons (HC) from gasoline
engine combustion. Afterwards, suggesting the three-way catalyst®
technology in the 1980s, expanded the possibility to control ni-
trogen oxide emissions as well. Eventually, in the 1990s, along
with the introduction of the oxidation catalysts for diesel fueled
cars in Europe, heavy-duty diesel trucks and diesel busses in the
USA started to use these catalysts as well. The catalysts in the
above-mentioned applications mostly contain noble metals such
as palladium, platinum, and rhodium as their active components.

(2]

NOxy is a general term for NO and NO; both of which are potent in
contributing to air pollution and result in forming ozon (O3), smog
and acid rain. [3, 4] The composition of NOy in combustion process
originates from; (i) thermal NO,; which forms by exceeding the
combustion chamber temperature to 2000 K (ii) fuel NOy; produced
via the oxidation of ionized nitrogen compounds in the fuel in
advance, and (iii) prompt NOy; emerges through the combination
of N in the air with the fuel.

Different types of catalyst technologies such as lean NOy trap
(LNT), non-selective catalytic reduction (NSCR) of NOy in rich
burn natural gas engines and selective catalytic reduction of NOy
by ammonia (NH3-SCR) for lean-burn processes, are applied for
mobile and stationary engines. Among all, NH3-SCR of NOy is an

1: CAA is a comprehensive Federal
law that regulates all source off air
emissions like NOy, SO;, CO, VOC
and Pb.

2: Oxidation of hazardous com-
pounds like CO, VOC, CH;0O, HC
to CO2 and water in the presence of
precious metals such as Pt or Pd, with
promoters and binders is done by ox-
idation catalysts.

Oxidation catalysts are less effective
on NOy reduction.

3: Three-way catalysts (TWC) simul-
taneously convert three pollutants to
harmless emissions:

1. CO to CO»
2. HC to CO;, and H,O
3. NOx to N»

The catalyst uses active precious
metals such as platinum, palladium
and rhodium supported on metal ox-
ides like alumina, ceria and zirconia.
By controlling the air to fuel ratio,
three-way catalysts can cut CO, HC
and NOy emissions by over 99%.



2 1 Introduction

4: Zeolite;

1. Was coined by the Swedish miner-
alogist Cronstedt, in 1756.

2. The name comes from the Greek
meaning ‘boiling stone’.

3. Porous crystalline framework ma-
terials.

4. Containing pores of molecular size
(5-12 A° or 0.5-1.2 nm).

5. Have a crystal structure which
is constructed from TOy tetrahedral,
where T is either Si or Al

efficient technology for the abatement of NO, and works via the
continuous selective catalytic reduction of NO4 to nitrogen and
water by the reaction with ammonia. This technology was first
discovered over a platinum (Pt) catalyst. [5] The drawback with Pt-
based catalysts is their poor NOy reduction at higher temperatures,
which makes it applicable only at low temperatures (< 250 °C).

Another group of metal-based SCR catalysts, which were de-
veloped at a later stage, are zeolite-based-catalysts.* These have
wide temperature operation windows with functionality at higher
temperatures. Zeolites are applied in many catalytic processes
because of their stability, high activity and selectivity. Zeolites are
often modified in order to tune their catalytic properties and can
be found in different pore sizes, from small to medium and large
pore zeolites. [6]

The first zeolite that was identified as an active SCR catalyst
was mordenite. [7] Commonly, the ion-exchanged zeolites with
transition metals such as Fe and Cu, were found to be beneficial in
the SCR application. [8] The disadvantage of available Fe-based
zeolites for SCR applications in the stationary system is their
performance at temperatures around 600 °C. [9] Therefore, the
temperature restriction may be determined by the durability of
the catalyst rather than its selectivity. So, the expanded catalysts
for mobile engine applications being efficient in both low and
high temperatures, are Cu-based zeolites. The Cu-based ZSM-5
zeolite, which was widely known as the comprehensive lean-NO
catalyst in the 1990s, is active in NOy reduction during SCR within
the temperature range of about 200-400 °C, however with an
insufficient thermal durability. [10] Later, the large-pore Cu-beta
zeolite catalysts, were developed for lean-burn applications owing
to their better durability in a wider temperature range compared to
the ZSM-5 zeolites. However, the well-known tendency of the beta
zeolite to adsorb hydrocarbons (HCs) from the exhaust, results in
catalyst deactivation during a fast oxidation of the HCs. [11]

The drawbacks of medium and large-pore zeolites resulted in
the development of another type of Cu-based zeolites formulated
for SCR reactions for lean-burn applications These are based on
the chabazite framework structure (CHA): SSZ-13 is one type
of zeolite with chabazite framework structure. It is a small-pore
size zeolite with the capability of not adsorbing HCs from the
exhaust gases as these cannot enter the pore structure, active over
a wide temperature range and being hydrothermally stable at
temperatures above 650 °C. [12]



Background

2.1 Selective catalytic reduction (SCR)

Growing environmental awareness in recent decades has resulted
in the establishment of more severe and stringent environmental
legislation and regulations. The concept ‘air pollutant’ covers
all compounds which potentially are considered detrimental for
human beings, animals, vegetation and other substances. [13] The
major sources of air pollution are combustion processes utilized
in mobile and stationary sources such as power plants, vehicles
and other incineration processes. Sulfur oxides (particularly SO,),
particulate matter, hydrocarbons, carbon monoxide, and nitrogen
oxides are the key combustion-generated air contaminants. [14] The
emergence of acid rain, ozone layer depletion, photochemical smog,
and even global warming (correlated with N>O), mainly produced
by atmospheric pollutants such as SO, and NO, are considered as
the most drastic world ecological issues due to creating irreversible
changes in the ecosystems both terrestrial and aquatic. [15-18]

In a recent emission scandal [19, 20] the public awareness rose
regarding that NOy emissions from combustion processes both in
mobile and stationary sources, are a major threat to human health
and environment. The contribution of NOy from diesel engines,
formed by oxidation of atmospheric nitrogen at elevated temperat-
ures (thermal NOy), is about 75% of the total NO, emissions from
road traffic. [10]

Great efforts have been made to restrict the emission of such pollut-
ants through an extensive application of existing technologies or
via the development of new ones. [15] The process to reduce NOy
emissions from lean-burn application, which have been extensively
developed over the past few decades, is so-called selective catalytic
reduction (SCR)! with ammonia. However, this technology that ori-
ginally was applied in industrial installations and stationary power
plants, it is now installed in a multitude of lean-burn applications,
ranging from off-road vehicles, light and heavy-duty trucks, and
cars, to ships and locomotives. All these applications implicate spe-
cific challenges owing to rigorous emission restrictions, alternative
fuels and new internal combustion engine technologies.

Until now, tremendous efforts have been made to fulfil these
legislative commitments, to optimize the performance of either
pre-combustion control or combustion and post-combustion abate-
ment modifications. [13, 14] The reduction of the nitrogen content

1: SCR:

» It is already presented in
the late 1970s for stationary
sources.

» The main involved reactions
in selective catalytic reduction
of NOx by ammonia are:

“Standard-SCR":

4NH3 +4NO + O — 4Nj + 6 H,O
“Fast-SCR”:

2NH3 + NO + NO; — 2N; + 3H,O
“NO2-SCR”: 2NO; + 2NH3 — N +
N>O +3H,0

Or:

3NO; + 4NHz —> Ny + 6 H0. [21,
22]
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2: Two forms of ammonia applicable
in SCR:

» Anhydrous ammonia:
toxic
hazardous
high vapor pressure
requires thick-shell pressur-
ized storage tanks and piping.

» Aqueous ammonia:
less hazardous and easier to
handle.

in the fuel via fuel purification, attains pre-combustion control.
During combustion, engine modification can help alternating the
operational conditions to eliminate or reduce the NOx formation. It
should be considered that pre-combustion and combustion control
are merely achieving a modest reduction of NO, emissions. [23]

So, for achieving a high NOy reduction, post-combustion control
is required. As the term suggests, post-combustion control deals
with reducing the nitrogen oxides after they have been formed in
the combustion processes. Many attempts, either by combustion
control or by post-combustion control technologies, have been
applied to reduce NOy emissions. Various techniques have been
applied for the NOy abatement and as mentioned earlier the most
widely used method is selective catalytic reduction by ammonia 2
(NH3-SCR) as a reducing agent. [23] The aim of this technology
is to decrease the NOy content in the flue gas and convert it to
harmless N,. [13, 14] This is the most efficient technology for the
NO reduction from lean exhaust gases which has undergone
enormous developments over the past couple of decades.

One of the challenges with the SCR technology is the threshold
temperature of the urea injection into the hot exhaust gas. The
required temperature is of about 200 °C, which for many lean-burn
processes, is above the exhaust gas temperature. Furthermore,
during the catalytic reaction, the uniform distribution of the redu-
cing agent is a crucial factor for the efficiency of the SCR systems.
[23] However, selectivity to nitrogen, cost and fuel efficiency are
important properties of SCR catalysts.

2.2 Application of zeolites in SCR reactions

One of the utmost required issues for the sustainable develop-
ment of the society is appointing cost-effective and environmental-
friendly processes to achieve improvement from environmental
aspect and renewable energy sources. Catalytic technologies are
noteworthy for emission abatement owing to their low costs and
high efficiency. [24]

One type of material, which has been widely applied in catalysis,
adsorption and separation, is zeolites. Zeolite-based catalysts are
of high interest in exhaust gas abatement for instance for lean-
burn processes. The outstanding thermal and chemical stabilities
of zeolites at different operational temperatures, their high sur-
face area and activity, accessibility, and their adaptable chemical
properties result in extensive technological applications.
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2.2.1 Acidic properties of zeolites

Zeolites have represented prominent potential for industrial ap-
plications by taking advantage of their unique multifunctional
Bronsted and Lewis acidic sites. However, the stability, product
selectivity and reproducibility of zeolites need further improve-
ment.

Bronsted acid sites in zeolite frameworks are highly polarized
hydroxyl groups, which have the role as proton donors with high
activity to many catalytic reactions. Brensted acidic zeolites are
playing a crucial role in many processes in the oil-refining and
petrochemical industries. [25] In addition to Brensted acid sites,
zeolites are interesting scaffold structures for providing Lewis acid
properties by substitution of Si atoms in zeolite frameworks with
tetrahedrally coordinated Zr, Ti, Sn, or Cu atoms which results
in generating Lewis acid sites. Lewis acid sites are electron ac-
ceptors from other molecules and are facilitating many conversion
processes that will not occur over Brensted acid sites. [26]

Metal-exchanged zeolite catalysts have played a significant role in
the NH3-SCR technology development compared to base metal
catalysts® like molybdenum and tungsten, and vanadium oxide-
based catalysts as early NH3-SCR catalysts. The zeolites can be
categorized based on their framework structure and pore size
ranging from small- to medium-, and large-pore zeolites such
as SSZ-13 (CHA), ZSM-5 (MFI), and beta (BEA) zeolites, respect-
ively. [24, 30] A schematic representation of the zeolite framework
structure, with the relative pore dimension, is presented in Figure
2.1. Compared to previous NH3-SCR catalysts, zeolites have the
advantages of high activity, easy availability, and high stability at
substantially higher temperatures than base metal catalysts. They
can also withstand prolonged operation at elevated temperatures,
for example 900 °C for small-pore zeolites with chabazite structure.
A lower potential for SO, oxidation and less corrosion related risks
are their further specific properties.

Among the different metal-exchanged zeolites, copper-based zeolites
are of high interest based on their availability, high stability at
different temperatures and high activity for NOy reduction in a
wide range of reaction conditions. Furthermore, Cu zeolites are of
high importance as model systems, and aids better understanding
of the fundamental aspects of the chemistry and mechanistic path-
ways of the reactions through the catalytic transformation of the
pollutants. [24, 31]

Figure 2.1: Framework structure of a)
CHA, b) MFI and c) BEA zeolites.

a)

Zeolite SSZ-13 (CHA), 8-
membered ring, small-pore,
0.38 x 0.38 nm [27]

Zeolite ZSM-5 (MFI), 10-
membered ring, medium-
pore, 0.53 X 0.56 nm [28]
Zeolite beta (BEA), 12-
membered ring, large-pore,
0.77 x 0.66 nm. [29]

3: Base metal catalysts:

>
>

Less expensive

Operate well at common tem-
perature ranges used in indus-
trial applications

Lack high thermal durability

Potential to oxidize SO; into
SOs3
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4: DOC is an aftertreatment catalyst
designed to oxidize CO and HC into
CO; and H5O.

5: ASC is a catalysts which converts
unreacted ammonia passing through
the SCR catalyst. This may occurs at
excess ammonia injection, low tem-
peratures or for poisoned SCR cata-
lysts.

2.3 Evolution of surface and gas phase species
during SCR

2.3.1 Nitrous oxide (N,O) formation during SCR

As mentioned earlier, selective catalytic reduction technology by
NHj3 is an efficient technique for the abatement of NO,. During
SCR and the exposure of the catalyst to the gas composition, the
compounds react on the catalyst surface and the catalyst surface
undergoes a change in its state from reduced to oxidized. This
leads to the emergence of different species which can retain on
the catalyst surface or desorb to the gas phase. Reduction of NOx
during the aftertreatment process by the SCR reaction can result in
the formation of the undesired by-product nitrous oxide. Nitrous
oxide has a potential contribution in global warming, hence being
one of the pollutants in the list of greenhouse gas contributors.

Different types of catalysts such as diesel oxidation catalysts
(DOC)*, ammonia slip catalysts (ASC)° and the selective catalytic
reduction catalysts all are potential contributors to N>O formation,
depending on the exhaust gas composition, temperature, type of
catalyst, and aftertreatment operation strategy.

The N,O formation during the SCR process is temperature de-
pendent, and can proceed through different pathways at different
temperatures. It has been proposed that at temperatures lower
than 200 °C, N,O forms through the formation and subsequent
decomposition of Cu-peroxo complexes. In the temperature range
of 230-400 °C, N,O formation proceeds via the decomposition of
surface ammonium nitrates (NH4NO3) species and at temperatures
higher than 400 °C, non-selective catalytic oxidation of ammonia
by oxygen is the source of N,O formation.

N,O formation via copper per-oxo complexes

Formation of N,O via the Cu per-oxo reaction mechanism suggests
the formation of H,NNO and HONO over NHjz-solvated Cu-
sites, which later decompose to N, and H,O over Brensted acid
sites. Also, Non-selective N,O formation proceeds via HNNO
decomposition over the Cu-sites. [32] Two cycles that takes this
mechanism into account are shown in Figure 2.2. [32]

In cycle I in Figure 2.2, NO adsorption on a Cu cation forms
NO-OO-*. Later, the coordination of an additional NH3 molecule
to NO-OO-* results in the formation of Ho NNO-OOH-*.
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Desorption of HNNO from the Cu site follows by its diffusion to
a Bronsted acid site. The reaction proceeds by subsequent NO and
NHj3 adsorption and H,NNO-OH-OH formation.

The desorption and diffusion of HyNNO occurs twice, which
enables the adsorption of a third NO in the reaction cycle forming
HONO-OH-*. HONO desorbs and further reacts over a Bronsted
acid site. After HONO desorption, the remaining *~OH—* can
react with NO to produce another HONO. An alternative reaction
pathway can be through the adsorption of an additional NH3, to
form NH3-OH—* and *. Subsequently, NO can be adsorbed on
NH3-OH-*, and form HONO, which desorbs and diffuses to a
Bronsted acid site. The additional NHj3 desorption results in the
restoration of the linear [Cu(NH3),]* complex.

A possible path for N,O formation within cycle I may be a side

reaction of direct decomposition of H,NNO over H,NNO-OOH-*.

After the formation of H,NNO-OOH-*, it is possible for H,NNO
to transfer two H atoms to the OOH-* intermediate instead of
diffusing to the Brensted acid sites.

In cycle II, each oxygen site *-OO-* can adsorb one NO to form
-ONOONO-. The complex separates into two ONO- as adsorbed
nitrites (NO;"), and the separated complexes subsequently react
with NO and NHj3 to form HONO-H,NNO. The HONO and
HoNNO complexes desorb and later decompose into N, and H,O
at the Bronsted acid sites. Here, the Cu sites appear as linear
complexes *. As in cycle I, NH3 may adsorb on *-OO-* and restrict
NO adsorption. N,O formation in cycle II is not considered since

H;NNO cannot decompose by hydrogen transfers in this cycle.

[32]

N,O formation through the ammonium nitrate route

The reaction between NHj3 and surface nitrates species can result in
the formation of ammonium nitrate. Decomposition of ammonium
nitrate is recognized as one source of N,O formation during SCR
conditions. [33] Two key factors are important for the rate of N,O
formation: the concentration of NO, in the gas phase and the
stored NHj3 on the catalyst surface.

Based on the discussion in the literature regarding the role of the
zeolite structure on NH3-SCR and, specifically N,O formation, it
is agreed that during the SCR reaction N,O is formed to a higher
extent in the MFI or BEA framework structure, in comparison to
the CHA framework. [34, 35]
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Figure 2.2: Proposed reaction cycle I
and II for low-temperature NH3-SCR
over Cu-CHA.
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A number of reaction mechanisms for the N,O formation under
standard SCR reaction conditions are suggested. The most com-
monly reported one is a Langmuir-Hinshelwood mechanism, in
which the reaction between adsorbed NO, and ammonia species
on the catalyst surface results in the formation of adsorbed am-
monium nitrate (AN). [36, 37] It is assumed that the AN is formed
at low temperature (<200 °C) and subsequently decomposes when
the temperature becomes higher than around 230 °C. [38] Hence,
at elevated temperatures, the formation and decomposition of AN
intermediate proceeds continuously at steady state. [39] Another
suggested mechanism for N, O formation is through the reaction
of NO, with a pair of NH4" ions, leading to the formation of an
active compound, which subsequently decomposes to N or N,O
owing to a rapid reaction with NO or NO,.

Hence, reaction of ammonium and nitrate species via the Langmuir-
Hinshelwood mechanism could explain the generated N,O at
temperatures around 250-350 °C. By further temperature increase
to around 550 °C, a considerable decline in the N,O formation
appears, which could be owing to the lack of surface NH4NO3
species. [37, 40, 41]

N,O formation through NH3 oxidation

Based on previous reports, there is no clear and specific connection
between the relevance for the NH3 oxidation activity and N,O
selectivity for SCR catalysts. It seems that N,O formation is not
particularly connected to the ammonia oxidation, but rather to
the surface reactions over the different kinds of catalytic materials,
controlled by the chemistry and the specific properties of the
catalysts. N,O formation through NHj oxidation is known as
non-selective oxidation of NH3 (eqn. (2.1)). [42] It is revealed that
N,O formation via NH3 oxidation over Cu-based catalysts mainly
occurs at elevated temperatures. [43] In addition, the existence
of intermediate species such as NH and NHO, may result in a
reaction over transition metal oxides and produce NO, N, and
N>O, during the ammonia oxidation. [44]

2NH;3; + 20, == N,O + 3H,0 (2.1

Besides, during the fast NH3-SCR, N,O formation appears in
higher concentrations upon the addition of NO; into the inlet gas
composition. Two main pathways can be taken into account for
N,O formation during fast SCR; one can be the reaction between
NO; and the adsorbed surface nitrite intermediate species [33, 45]
and the other, can occur through NO,-SCR , which are shown in
eqn. (2.2) and (2.3), respectively;



1
300 — 450°C NO2—(NH4+)2 + N02 + E 02 e (2 2)

2N,0 +3H,0 +2H*

250 — 300°C 2NO; + 2NH3; — N + N, O +3H,O  (2.3)

In addition, it is demonstrated via the Eley-Rideal mechanism
that the adsorbed NHj3 species can react with gaseous NO and
contribute to N,O formation in the SCR reactions. [37]

2.4 Objectives

The objective of this work is to understand and provide knowledge
regarding the effect of the framework structure of zeolites, acidity,
and copper content in the formation of by-products during NH3-
SCR. This study has mainly focused on the catalyst performance
under various reaction conditions forming N,O, as one of the major
byproducts during NH3-SCR. The evolution of different surface
species during the NH3-SCR has been evaluated by in situ diffuse
reflectance infrared Fourier transform (DRIFT) spectroscopy along
with catalytic activity studies in flow reactor with a focus on the
effect of framework structure in Papers I and II, respectively. In
Papers III and IV an investigation of the importance of acidity
and copper content over zeolites with different Si/ Al and Cu/Al
molar ratio is presented. The role of pretreatment conditions on
the evolution of different surface species during NH3-SCR has
been evaluated in Paper V. Additionally, the catalytic activity of
the zeolites was followed by flow reactor studies to correlate the
catalytic activity to different Cu species.

2.4 Objectives
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Experimental

This study aims at investigating the influence of the zeolite frame-
work, role of acidity and copper content on the formation of N,O
and surface species during the NH3-SCR reaction. A detailed de-
scription of the experimental procedure applied throughout this
thesis project is presented in this chapter. The performance of the
zeolite samples was studied by flow reactor measurements and in
situ DRIFT spectroscopy, followed by detailed sample characteriz-
ation in order to improve the understanding of the results. Vari-
ous characterization techniques were applied including scanning
electron microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDX), X-ray diffraction (XRD), nitrogen and argon physisorp-
tion, inductively coupled plasma sector field mass spectrometry
(ICP-SEMS), X-ray fluorescence (XRF), Temperature-programmed
reduction by hydrogen (H>-TPR), and Temperature-programmed
desorption by ammonia (NH3-TPD).

3.1 Synthesis of zeolite samples

In all samples, copper was used as the active metal site and
introduced by the “incipient wetness impregnation” method to the
structure of the zeolite. In Papers I and II three different zeolites
(55Z-13, ZSM-5, and beta) with Si/ Al molar ratios of around 12
with 2 wt% Cu loaded to the zeolite, were used. The SSZ-13 zeolite
was synthesized by a sol-gel synthesis procedure followed by
hydrothermal crystallization in an autoclave. Both H-ZSM-5 and
H-BEA samples are commercially available, and they have been
used with no further preparation. In Papers III-V, SSZ-13 zeolites
were synthesized with Si/Al= 6,12, and 24 molar ratio and with
varying Cu content (Cu/Al=0, 0.1, 0.2, 0.3, and 0.4 molar ratio or 0,
0.7,1.4, 2, 2.7 wt%). The synthesis of the Si/Al=12 and Si/Al= 24
samples is the same as the method used for the samples in Papers
I and II, but the sample with Si/Al= 6 was synthesized with a
different route including NHj-Y zeolite.

3.1.1 Synthesis of SSZ-13

The general synthesis procedure for the samples with Si/Al=12,
and 24 molar ratio started by dissolving IM sodium hydroxide
(Sigma-Aldrich, > 98 %) in Milli-Q water (18 M(Q.cm) and then
mixing the solution with the structure directing agent, SDA, (25%
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Hydrothermal Crystallization
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Figure 3.1: The schematic procedure
for the synthesis of Cu-SSZ-13.

solution of SDA 2825, Sachem, ZeoGen), Al(OH)3 (Sigma-Aldrich,
50.0-57.5% Al (as Al,O3) basis, reagent grade) and fumed silica
(Sigma-Aldrich, 55130-500G, standard grade) with an average
particle size of 0.007 vm. The obtained homogeneous gel was
sealed off in Teflon-lined stainless-steel autoclaves and heated to
160 °C for 96 h under stirring. After hydrothermal synthesis, the
autoclaves were cooled down to room temperature and washed
and filtered around 10 times with Milli-Q water until reaching pH
below 8. Later, the samples were dried at 110 °C and calcined at
600 °C in order to remove the SDA. Then the obtained powder was
dissolved in Milli-Q water and ammonium nitrate (Sigma-Aldrich,
98%, hemi(pentahydrate)), and nitric acid (Sigma-Aldrich, 69%)
were added to adjust the pH. The solution was stirred for 1 h at
80 °C and then washed with Milli-Q water and centrifuged. This
step was repeated twice in order to remove all sodium from the
sample. The remaining precipitate was kept at 110 °C overnight to
obtain NH4-S5Z-13. To convert the zeolite to H-form, the samples
in NHy-form were further calcined at 600 °C.

The zeolite sample with Si/Al= 6 molar ratio was prepared by
a similar procedure reported by Fickel et. al. [46, 47] The water
solution of sodium silicate (Sigma-Aldrich, reagent grade) and
NaOH (Fisher Scientific) was stirred for 15 min at room temperature.
Then, NHy-Y (Zeolyst CBV100) was added and stirred for 30 min,
and the solution was stirred for another 30 min after the addition of
SDA. The final solution was collected into Teflon-lined autoclaves
and heated at 140 °C under stirring for 6 days. The product was
centrifuged and washed with Milli-Q water and then dried at
room temperature. The final solid powder was calcined in air at
550 °C for 8 h. The schematic procedure of the zeolite synthesis is
presented in Figure 3.1.

3.1.2 Copper ion-exchange

The preparation of the Cu-promoted samples was performed
by the incipient wetness impregnation method. First, a copper
nitrate (Sigma-Aldrich, 98%) solution and subsequently ethanol
was added to the NHy-type samples. The slurry was stirred for
15 min and left at room temperature overnight before calcination.
The calcination of the Cu-55Z-13 samples was carried out in two
steps, first by increasing the temperature to 600 °C with a rate of 2
°C/min and kept at this temperature for 6 h, and then increased
to 750 °C and kept constant for 2 h, followed by a cooling step to
room temperature. For the other two zeolites (NH4-ZSM-5 and
NHj-beta) the calcination was performed in one step at 600 °C for
8 h. The list of applied chemicals for the synthesis are presented in
Table 3.1. The samples were pelleted, grinded and sieved to around



Name Formula Application
Sodium Hydroxide” NaOH pH adjustment
Aluminum Hydroxide?  Al(OH); Al precursor
Trimethyladamantyl Ci13H5NO SDA
ammonium Hydroxide®

Silica Fume? Si0, Si source
Nitric Acid® HNO3 pH adjustment
Ammonium Nitrate NH4NO;3 NHj exchange
Copper Nitrate® Cu (NO3)2.2.5H,0  Cu precursor
Sodium Silicate " NaySiO3 Si source
Zeolite-Y ! NH4-Y Zeolite source

350 and 40 microne prior to use for powder reactor experiments
and DRIFTS measurements, respectively.

3.1.3 Monolith preparation

Prior to the catalytic activity measurements in the flow reactor in
Paper II, the samples were washcoated on honey-comb cordierite
monolith substrates (cpsi: 400). The dimensions of the monoliths
were 20 mm in length and 15 mm in diameter. The monoliths
were heated at 550 °C for 2 h in air to remove contaminants. Later,
a slurry was prepared with a 90:10 mass ratio of liquid to solid
phase. The liquid phase contained the 50:50 mass ratio of water to
ethanol, and the solid phase contained the catalyst powder sample
and boehmit! binder (Dispersal P2) with a mass ratio of 95:5. The
monoliths were dipped into the prepared slurry and subsequently
dried with a heat gun. This procedure was repeated for a couple
of times until reaching the desired loading of washcoat. Finally,
the monoliths were calcined at 500 °C for 1 min with heat gun,
and subsequently, were calcined at 500 °C for 2 h with a ramp of 2
°Cmin’l. A washcoated monolith sample is shown in Figure 3.2.
Detailed procedures for washcoating can be found in Papers I and
IL.

3.2 Sample characterization

3.2.1 Inductively coupled plasma-sector field mass
spectrometry and X-ray fluorescence spectroscopy

The elemental analysis of the zeolite samples was done by ICP-

SFMS or XRF to trace element determinations, the Si/ Al molar
ratio, and the copper content in the zeolite samples. The ICP-SFMS

3.2 Sample characterization 13

Table 3.1: Chemicals used for the syn-
thesis of SSZ-13 and for the function-
alization of the zeolite samples with

copper.

a,f Sigma-Aldrich, > 98% anhydrous;
b Sigma-Aldrich, 50.0-57.5% Al (as
Al>O3) basis, reagent grade;

¢ 25% solution of SDA 2825, Sachem,
ZeoGen;

d Sigma-Aldrich, S5130-500G, 0.007
vm, standard grade;

e Sigma-Aldrich, 69%;

g Sigma-Aldrich, > 98%;

h Sigma-Aldrich, > 98%;

i Zeolyst CBV100%

1: Boehmite or bohmite is an
aluminium oxide hydroxide (y-
AIO(OH)) mineral, a component of
the aluminium or bauxite.

Figure 3.2: Monolith sample wash-
coated by catalyst.
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An acronym of the researchers who
proposed the BET and BJH theory:

2: Stephen Brunauer, Paul Hugh
Emmett and Edward Teller.

3: Elliott Pierce Barret, Leslie G. Joiner
and Paul P. Halenda

characterization technique, produces ionized samples in induct-
ively coupled plasma (ICP), which follows by the ion extraction
with a mass spectrometer (MS) for determining the elemental
compositions both quantitatively and qualitatively. This analysis
was performed by ALS Scandinavia AB. XRF is a non-destructive
analytical technique applied with the purpose of deducing the
composition of some of the studied catalysts. It can determine the
chemistry of a sample by measuring the fluorescent (or secondary)
X-ray emitted from a sample when it is excited by a primary X-ray
source. This analysis was performed using a PANalytical axios
spectrometer (Malvern) at KCK Lab, Chalmers.

3.2.2 Nitrogen physisorption

For quantifying the specific surface area (SSA) and pore size
distribution of supported catalysts such as zeolites, a commonly
used method is that of gas physisorption analysis by N». The SSA,
which is corresponding to the area occupied by the adsorbed gas,
and the pore size distribution of a material can be measured by
the BET? and BJH? methods, respectively, which were proposed
in 1938, and 1951. [48] The concept behind this theory is that an
inlet gas, generally N, generally adsorbs to the sample surface in
a layer-by-layer manner and by detecting the volume of one layer,
the surface area can be calculated. N is typically applied owing
to its availability in high purity and also its weak interaction with
almost all solids.

In this work the BET method has been used to measure the SSA
and pore volume of the samples. The general concept in the meas-
urements is an initial drying step of the samples at an elevated
temperature (normally 220 °C for zeolites) over night, under N,
flow in order to remove adsorbed water. Owing to the weak in-
teraction between N and solid phases at a low temperature (-196
°C), liquid N is used to cool samples to get detectable amounts
of adsorption. N, is dosed step-wise (at constant temp) and the
physisorbed amount of N, is measured after reaching adsorp-
tion/desorption equilibrium for each p/po. The data is collected
by a Micromeritics Tristar 3000 instrument and is presented in the
form of a BET isotherm, which depicts the amount of adsorbed
gas as a function of the relative pressure. According to IUPAC clas-
sification, six types of adsorption isotherms can be distinguished,
and typically four of them are found in porous materials, and the
isotherm shape depends on the texture of porous solid material.
[49]

The BET method is the most extensively applied method to assess
the volume of a monolayer (V) of adsorbed gas on a solid surface.
[50] The relationship between the volume of the monolayer (V)



at a certain relative pressure (p/po) is demonstrated in the BET
equation (eqn. (4.2)), where C is a second parameter connected to
the heat of adsorption.

(R Py S N [
Vipo/ =10~ mC O~ VaCr/po)

[ CRY

However, it is worth noting that this method presents a roughly
good estimation of the surface area for microporous and mesopor-
ous compounds with a number of assumptions 4, even though it
can be misinterpreted for microporous materials such as zeolites.
This is due to the limitations arisen by the small pore volumes
resulting in the formation of multilayer adsorption, which cause
capillary condensation. [51, 52] Nevertheless, for the zeolite-based
materials, BET surface measurements are mainly reported for
making comparison, and it should not be considered as the actual

surface area but preferably commensurable to the pore volume.

In addition, the common method used for the estimation of pore
size distribution is based on the obtained data from physisorption,
and presented BJH using the t-plot method. This is an appropriate
method for the pore size estimation of mesoporous materials and
the t-plot is helpful in determining of the volume of micropores.
[49] The evaluated values for the surface area and pore size volume
are presented in Papers I-III.

3.2.3 Scanning electron microscopy accompanied with
energy-dispersive X-ray spectroscopy

Scanning electron microscopy (SEM) is a useful well-known tech-
nique with very high magnifications which is extensively applied
for imaging of surfaces. An SEM projects and scans a focused beam
of electrons over a surface of a sample to provide an image. The
electrons in the beam interact with the sample, therewith generates
various signals that can be applied to obtain information about the
surface’s topography and composition. The existing of an excellent
depth of field in high resolution images of surface topography are
produced by a highly focused primary scanning electron beam.
The primary electrons create low-energy secondary electrons by
entering the surface by an energy of 0.5 — 30 kV. The intensity of
the secondary electrons is mostly controlled by the surface topo-
graphy of the targeted sample. Analysis of the surfaces by SEM
can provide information regarding surface structure, microcracks,
discoloration, existence of contaminants, and deposits. The SEM
images are provided in Papers I and III. The SEM image of a
synthesized Cu-SSZ-13 sample with Si/Al= 24 is shown in Figure

3.2 Sample characterization

4: BET theory assumptions are as the

following;:

» Adsorption and desorption
rate are equal, regardless of

the layer

» Adsorption sites in first layer

are equivalent

» no lateral interactions among
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adsorbed molecules in mul-

tilayer

» All available sites have the

same energy
» only one adsorbate per ad-
sorption site

Figure 3.3: SEM images with two dif-
ferent magnifications for synthesized

SSZ-13 zeolite with Si/Al= 24.
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Incident X-rays Diffraction X-rays

Figure 3.4: Schematic representation
of the bragg’s equation.

The balls in the graph are schematic
illustrations of atoms and correspond
to the building blocks of a crystalline
material. The atoms are arranged peri-
odically due to the crystalline nature.
The incident X-ray beam is scattered
at various planes of the material and
hence resulting in diffracted X-rays
with a different optical path length
to travel. The magnitude of the path
length solely depends on the distance
between the crystal planes and the
angle of the incident X-ray beam.

5:nA = 2dsinf
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0: Diffraction angle
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A: Wavelength of the refracted light
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Figure 3.5: XRD images for the SSZ-
13 synthesized catalysts with Si/Al=
12 and various Cu content.

3.3. An energy-dispersive X-ray analysis (EDX) accompanied with
SEM was used in paper I for elemental analysis of the zeolite
samples. The EDX mapping, provides information regarding the
elemental composition in a specific area.This method depends on
the electron excitation from the inner shell after bombarding the
target sample with an electron beam.

EDX analysis provided the elemental analysis of Si, Al, O, and Cu
in Paper I and also a comparison was made with the obtained data
from ICP-SFMS analysis.

3.2.4 X-ray diffraction

The X-ray powder diffraction method is a powerful nondestructive
technique, which is widely applied to investigate the structural
features of crystalline materials owing to its simplicity and avail-
ability. This technique can also provide information of the ratio of
crystalline to non-crystalline regions, the arrangement of crystals
(crystal orientations or texture), average crystal size, and the dis-
tance between the planes of the crystal. The application of XRD
for the zeolites can help in determining whether the synthesized
zeolite has correct crystalline structure or not. Later, an electron
from the outer shell begins to fill the hole in the core and results
in an energy release as an Auger electron X-ray, and the detector
measures the emitted X-ray energies of the existed elements in the
sample. [53]

The samples used in all papers were analyzed with XRD to de-
termine the crystalline phase and if the crystalline structure of the
synthesized zeolites correspond to the target zeolite structure and
is maintained after copper ion-exchange. The diffraction patterns
were collected with a Siemens D5000 diffractometer with a 20
of 0.03°. The sample is placed between the X-ray source and the
detector within an angle of 20 from each other. The XRD measure-
ment is based on Bragg’s law® [54] and the emergence of the peaks
are by the interference of a scattered monochromatic X-ray beam
at specific angles with the sample and recorded as reflected X-rays
by a detector.

The peak intensities are specified within the lattice planes by the
atomic positions. [55] Schematic representation of the bragg’s
equation and the XRD image of SSZ-13 synthesized zeolite are
shown in Figures 3.4 and 3.5, respectively.

The XRD pattern is a characteristic of the investigated substance
which is considered as a fingerprint of atomic arrangements in the
studied material.



3.2.5 Temperature programmed reduction

For characterizing the surface of metal oxides, mixed metal ox-
ides, and metal oxides dispersed on a support under various
thermal conditions, an analytical technique known as Temperature-
programmed reduction (TPR) is extensively used. In order to
identify the temperature of reduction, the pre-oxidized samples
are heated and hydrogen (diluted in Ar) is used as a reducing agent.
The detected temperature for hydrogen consumption corresponds
to the reducing temperature. The sample is placed in a fixed-bed
reactor while the temperature is increased linearly.

In Paper II, 50 mg of sample was loaded into the quarts tube and
then treated with a low concentration of hydrogen (0.17% H in Ar
balance) while increasing the temperature to 800 °C with a ramp
of 10 °Cmin™. The TPR sequences were performed with a scanning
differential calorimeter (Sensys DSC, Setaram), and the outlet
gas composition was monitored by mass spectrometer (Hiden
HPR-20 QUI MS). TPR accompanied with the mass spectrometry
equipment can provide information regarding the reducibility
of the oxide’s surface, both quantitatively and qualitatively, and
also the heterogeneity of the reducible surface. However, this
technique is intrinsically quantitative and can directly correlate
with catalytic behavior, the data obtained regarding the structure
of the species is not that straightforward compared to the one
obtained by spectroscopic methods. Hence, both methods are
applied in combination and are complementary. [56]

3.2.6 Temperature programmed desorption

Temperature programmed (TP) experiments are helpful way to in-
crease the understanding about the interactions between molecules
and the catalyst surface, and provide special characteristics of a
material. The total surface acid sites of zeolites and their density
can be determined using ammonia TPD (temperature programmed
desorption). [57, 58] The acid sites in zeolites play a crucial role in
catalytic reactions and are consider as active sites. The principle
is the pre-adsorption of NHj3 on the catalyst at a specific (low)
temperature (e.g. 70 °C) and then physisorbed species are flushed
away by purging the sample in Ar flow. Later, the sample is heated
in Ar to reach the target temperature. The chemisorbed species
start to desorb during the temperature ramp at a certain temper-
ature and the desorbed species can be detected and quantified.
Information regarding both numbers and strength of acid sites
can be extracted from the data. An illustration of a temperature
programmed desorption experiment is given in Figure 3.6. In this

3.2 Sample characterization
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Figure 3.6: Anillustration of a temper-
ature programmed desorption pro-
cess used in Paper III.
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6: The extra-framework Al species are
in the form of octahedral Al;O3 and
remarkably reduce the zeolites activ-
ity since it envelops the actual strong
acid sites of the zeolite framework.
[59]

thesis work the NH3-TPD is used to determine the different acid
sites and their density for various zeolites.

This information is obtained by studying the DRIFTS spectra of the
adsorbed NHj3 and also comparing them with the catalytic activity
and selectivity data obtained from flow reactor measurements.
Several peaks appear in NH3-TPD profiles at different desorption
temperatures owing to the existence of several types of acid sites
distinguished by their strength. Here, TPD profiles were analyzed
by fitting Gaussian functions to recognize desorption temperat-
ures and also quantify the population of different acid sites. The
obtained peaks are corresponding to weak, medium, strong and
sometimes extraframework® acid sites.

NH3-TPD is applied in Papers II-III to gain further insights about
the effect of zeolites framework and Si/ Al and Cu/Al molar ratio,
respectively, on the availability of acid sites and NHj3 storage be-
havior of the catalysts. For Paper II, the monolith samples were
used to determine the acid site density, and in Paper III, powder
samples were used both in DRIFTS and powder reactor measure-
ments. NH3-TPD experiments in DRIFTS is extensively used to
track the acid site density and the acid strength by investigating
samples with various Si/Al molar ratio and Cu content. More
detailed discussion is given in section 4.1.3, and 4.2.1 for Paper II
and Paper III, respectively.

3.2.7 Diffuse reflectance infrared Fourier transform
spectroscopy

Diffuse reflectance infrared Fourier transform (DRIFT) spectro-
scopy is a spectroscopic method for the identification of adsorbed
surface species (e.g. zeolites” surfaces). The method represents
scattered spectra from the surface of powder samples [60], allow-
ing analysis of e.g. metallic centers and acid sites and quantification
of reaction products, during reaction conditions. [60, 61]

In infrared spectroscopy the sample is irradiated with an infrared
beam, and the transmitted or reflected radiation is measured, which
provides structural analysis and quantification. The absorbance
is wavelength dependent and measures the amount of absorbed
radiation by the molecules in the sample. By the atom adsorption,
the electron density around the atom will be modified which will
result in the appearance of an electric dipole. The modification
will increase as the bond between the adsorbed atom and the
substrate becomes more ionic and stronger. [62] For infrared light,
the absorption is associated with the vibrational and rotational
modes of the various functional groups such as -OH, -NH, -NO,
etc., in the molecules, [63] which appear at specific wavenumbers.



3.3 Following surface species by in situ DRIFTS

The wavenumbers are characteristic of chemical absorption bands
and functional groups, and the corresponding evolved peaks are
analyzed to estimate the structure of the compound. The frequency
or absorption band of functional groups is typically reported in
wavenumber (cm™) and depends to the mass of involved atoms in
the chemical bonds and the bond strength. [63] Hence, it provides
information about the species bonded to the catalyst surface and
helps in clarifying the various catalyst sites by using specific probe
molecules such as NO or CO.

DRIFTS measurements require a minimum of sample preparation.
The sample is typically loaded on a flat surface inside a chamber
covered with two IR transparent dome-shaped CaF, windows
on top. The schematic of DRIFTS cell’s dome is shown in Figure
3.7. The DRIFT spectrum strongly relies on the particle size, its
distribution and homogeneity, the refractive index of the sample
and packing density. [63] It should be considered that to obtain the
highest quality DRIFTS spectrum and a more accurate spectrum
with a narrow bandwidth, a small and uniform particle size is
required. Furthermore, the packing of the loaded sample in the
DRIFT’s cell needs to be loose in order to increase the IR beam
penetration.

In Paper I, the DRIFTS analysis was performed to investigate
the evolution of various surface species during the step response
reaction procedure including NO oxidation, standard SCR, NH3
adsorption. For this purpose, the initially calcined and degreened
zeolite powder samples were pretreated in the DRIFTS cell. The
detailed information regarding degreening and pretreatment of
the samples are given in Paper I and section 3.4. The samples were
then cooled in Ar to the target temperature where the background
spectra were taken. Thereafter, different inlet gas compositions
were provided according to each step at step response reaction
and the recorded IR absorbance spectra were collected after 15
min for each step. The procedure for Papers II-V is similar to the
procedure explained for Paper I, with a difference in inlet gas
composition depending on the investigated experiment.

3.3 Following surface species by in situ
DRIFTS

3.3.1 Surface species evaluated by diffuse reflectance
infrared Fourier transform spectroscopy

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS),

is commonly applied method to analyze powders and rough sur-
face solids since it depends on scattering of radiation within the

Figure 3.7: Schematic of DRIFTS
cell’s dome from top view.
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Figure 3.8: A background spectrum
for a zeolite sample after ambient ex-
posure.

sample and can provide information of rotational (only gas phase
species) and vibrational bonds of one or two stimulated atoms in
the examined sample and present it as the collected spectra from
powder samples. The radiated IR beam over the sample results
in a scattered reflection which is collected by a mirror adjusted
outside the DRIFT cell and recorded as a spectra after reaching the
detector. There are two general types of reflected light: specular
and diffuse. A common example of specular reflection (also called
front-surface, regular, or Fresnel reflection) is light reflected from
mirrors or other polished surfaces. Specular reflectance occurs
at any interface between two materials with different refractive
indices. Specularly reflected light is characterized by the rule that
the angle of reflection is equal to the angle of incidence. Common
examples of diffusely reflecting surfaces are the matte surfaces
characteristic of certain types of paper and powders. Diffusely
reflected radiation is the light reflected from a diffusely reflecting
sample for which the angle of reflection does not equal the angle
of incidence. The DRIFT set up includes a beam splitter along
with a fixed and moving mirror. The incident light that reaches
on a beam splitter will be divided into two equal intensity beams
where 50% is reflected to the moving mirror and the other 50% is
transmitted to the fixed mirror. Later, the light is reflected back
from both mirrors to the beam splitter where 50% is sent to the
detector and the other 50% is lost to the source. [64]

The radiated IR beam over the sample results in a scattered reflec-
tion which is collected by a mirror adjusted outside the DRIFT cell
and recorded as a spectrum after reaching the detector. However,
the quantitative analysis of the obtained spectra is intricate and
difficult, due to the size and number of particles as well as their
orientation in the beam which affect the intensity of the scattered
light. Additionally, the overlapping of different spectra resulting
in complication in the interpretation and identification of different
species.

The pretreatment of the samples before running experiments plays
a crucial role to remove the contaminants from the surface, since any
kind of contamination can affect the results. It is noteworthy that
the pretreatment immediately follows by the reaction procedure in
case of starting experiment with an oxidized catalyst and reducing
the number of adsorbed surface species. [65] Figure 3.8 shows a
spectra of less proper pretreated sample. The bands highlighted
in the red dashed line are related to hydrocarbons adsorbed on
the surface of the zeolite, which is an indication of a non-proper
pretreatment procedure.



3.4 Catalytic activity and selectivity in flow reactor

3.3.2 Gas phase species evaluated by mass spectrometry

Mass spectrometry is an advanced powerful technique for both
qualitative and quantitative analysis and is based on ionization
followed by separation of ions according to their mass-to-charge
ratio. In a mass spectrometer (MS), the detector plays a crucial
role for the separated charged ions. The choice of detector mainly
depends on the type of experiment and the design of the instrument.
A desirable detector in a mass spectrometer can present properties
such as high amplification and high collection efficiency, low noise
and cost, fast time response with a narrow distribution, long term
stability and long life and preferably be mounted outside of the
vacuum. In case of inaccurate and unreliable ion detection, any
measurements performed previously would be meaning]less.

3.4 Catalytic activity and selectivity in flow
reactor

3.4.1 Flow reactor setups

In order to evaluate catalytic activity of zeolites, a monolith reactor
was used for monolith samples in Paper II and a fixed bed reactor
was used for powder samples in Papers III-V. The washcoated
monolith samples were placed in a quartz tube flow reactor ac-
companied with a heating coil and insulation. The temperature
was controlled by two thermocouples; for monolith samples one
thermocouple is positioned 10 mm upstream from the inlet of the
monolith sample and the other located centrally inside the mono-
lith sample (see Figure 3.9), while for the fixed bed powder reactor
one thermocouples is positioned close to the sample and the other
is a couple of millimeters away from the sample. The flow of each
inlet gas was controlled by separate mass flow controllers (MFCs)
(Bronkhorst) and the outlet gas composition was monitored by a
Fourier transform infrared (FTIR) spectroscopy (MKS MultiGas
2023 HS) and a mass spectrometer (MS).

3.4.2 Outlet gas detection

The outlet gas composition was detected with both FTIR and mass
spectrometry.

IR spectroscopy is an analytical technique which relies on the same
principle as DRIFT spectroscopy and measures the interaction
between infrared light and material by absorption, emission, or
reflection. [51] It is applied to study and identify chemical materi-
als or functional groups in liquid, solid, or gaseous forms. Each

Thermocouples
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Figure 3.9: Scheme of the in-line

monolithic reactor.
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5: Infrared spectrum regions:

Near-IR  (high  energy):
4000-12500 cm™ (2.5-25 vm),
for studying the fundamental
vibrations
rotational-vibrational
structure.

Mid-IR, 4000-400 cm™! (2.5-25
vm)

Far-IR (low energy), 400-10
em’™! (25-1000 vm), for study-
ing rotational spectroscopy
and low frequency vibrations.

and associated

6: Mass spectrometer consists of at
least these three components: ioniz-
ation source, mass analyzer, and ion
detection system.

7:a. For example by accelerating them
and subjecting them to an electric or
magnetic field.

b.Ions of the same mass-to-charge ra-
tio will undergo the same amount of
deflection.

molecule absorbs frequencies of light which are characteristic of
their structure. When the frequency of the molecular vibration or
rotation matches with the frequency of the incident light, absorp-
tion happens. The adsorption of a atom on the surface results in
a change in the dipole moment due to the charge seperation and
electrone density chane around the atom. [62] Different factors
such as molecular potential energy, the mass of the atom in the
chemical bond, and the corresponding vibrational coupling can
affect their energies, which is expressed in wavenumbers with a
typical unit of cm™.

The visualization of an infrared light absorbance (or transmittance)
versus frequency, wavenumber or wavelength results in an IR
spectrum. The infrared spectrum is usually divided into three
regions; the near, mid and far infrared®, named with their relation
to the visible spectrum.

Mass spectrometry® is another analytical tool applied for meas-
uring the mass-to-charge ratio (m/z) of one or more molecules
present in a material. It is extensively used for the monitoring of
either pure samples or complex mixtures. The interaction of the
ions with an applied electric field is the base of mass selection.
A material which can be solid, liquid, or gaseous, is ionized by
bombarding with a beam of electrons. This may result in breaking
up of some of the molecules in the into positively charged frag-
ments, and then separated according to their mass-to-charge ratio.”
Results are displayed as spectra of the signal intensity of detected
ions as a function of the mass-to-charge ratio. These measurements
can also be used for calculating the exact molecular weight of the
sample components. Typically, mass spectrometers help in identi-
fying unknown compounds via determining molecular weight,
quantifying known compounds.

3.4.3 Degreening and pretreatment procedure

All the powder samples were initially degreened at 500 °C for 2 h
in standard SCR reaction conditions (400 ppm NO, 400 ppm NH3,
10% O») prior to the activity or other characterization experiments
(such as DRIFTS, and NH3-TPD) in the flow reactor with GHSV
of 20,400/24,300 h'!. Furthermore, the monoliths were degreened
once more in the same conditions after being washcoated. Sub-
sequently, the pretreatment procedure was performed before each
measurement in order to remove potential surface adsorbates. In
Papers I and II, the pretreatment was carried out in the presence
of Ar and 10% O,, while in Papers III and IV the pretreatment was
done in two steps: first in the presence of Ar and 10% O, followed
by flowing 400 ppm NO, 400 ppm NHj3 in Ar. In addition, a series
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of measurements were performed to investigate the effect of the
pretreatment on the catalytic activity and the evolution of surface
species. In these experiments(presented in Paper V three different
pretreatments were used, i) Ar and 10% O, ii) Ar and 10% O,
followed by 400 ppm NO, 400 ppm NHj3 and 10% O, in Ar balance,
and iii) Ar and 10% O,, followed by 400 ppm NO, 400 ppm NHj3
in Ar balance.

3.4.4 Catalytic activity and selectivity measurements

The catalytic activity and selectivity of the degreened, pretreated
powder and washcoated samples were investigated in flow reactor
experiments in the presence of different gas feed composition at
different temperatures. In Paper II, the prepared monolith samples
were exposed to a gas composition corresponding to standard (400
ppm NO, 400 ppm NH3, 10% O,) and fast SCR (200 ppm NO, 200
ppm NO;, 400 ppm NH3, 10% O3) conditions with or without water
(5%) with a total flow of 1200 ml.min™ (Ar balance). The catalysts
were heated in a ramp of 20 °C.min™! to the target temperature
and kept at that temperature for 30 min. Also, experiments with
varying ratio of NO/NO; and with the constant concentration of
NH3, O, and H>O (400 ppm, 10% and 5%, respectively, Ar balance)
were done in Paper II. In Paper III powder samples were used for
ammonia adsorption/desorption experiments with 400 ppm NHj3
(Ar balance). Standard (400 ppm NH3, 400 ppm NO, and 10% O,)
and fast (400 ppm NH3z, 200 ppm NO, 200 ppm NO,, and 10% O,)
SCR conditions were evaluated for powder samples in Papers IV
and V.
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Results and Discussion

Selective catalytic reduction with ammonia is an efficient tech-
nology to eliminate hazardous NOy compounds from lean-burn
processes. Among the various assayed catalysts for this purpose,
copper-containing zeolites have been found to be active with high
performance over a wide range of temperatures and conditions.
[12, 31]

Different factors such as the zeolite pore size, acidity of zeolite and
metal content plays a crucial role in the performance of the zeolite
catalysts. The zeolite framework structure has a significant effect
in determining the fundamental features of zeolite-based catalysts
during NH3-SCR. Zeolites based on 12- and 10-membered rings
such as BEA, [34, 66] or MFI [67] (large and medium-pore size
zeolites), respectively, are predominantly reported for application
in the SCR process.

Recently, 8-membered ring (small-pore) zeolite catalysts, with
CHA framework, were recognized to have remarkable advantages
such as improved hydrothermal stability, higher SCR activity,
better hydrocarbon tolerance, elevated N> selectivity with less
N>O formation, as compared to large- or medium-pore zeolite
counterparts. [12, 68] Hence, both Papers I and II focus on how the
framework of the zeolites and their properties affects the emergence
of various species and intermediates such as N,O, during NH3-
SCR. Paper I was mainly carried out in dry conditions while in
Paper II both dry and wet conditions are considered for the activity
measurements.

As mentioned, surface acidity is an important factor for SCR cata-
lysis. The evaluation of the acidity, or more specifically the surface
acidity, requires the determination of the nature, the strength, and
the number of acid sites. Among many techniques, temperature
programmed desorption is frequently used, where the catalyst first
is saturated with a reactive gas, like NHj3 in a static or dynamic
system. Later the catalyst is submitted to a linear temperature ramp
in a flow of inert gas, e.g. Ar, to desorb NH3.

To evaluate the NHj storage in the zeolite, NH3-TPD experiments
were performed first for the zeolites with different pore size in
Paper II in a flow reactor and then investigated for the SSZ-
13 zeolites with different Si/ Al molar ratio and Cu content in
Paper III with both in situ DRIFT spectroscopy and flow reactor
experiments.
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The effect of different Si/ Al molar ratio and Cu content for the
S5Z-13 samples on the formation of various species and particu-
larly N,O, were evaluated in Paper IV with both in situ DRIFT
spectroscopy and flow reactor. The role of pretreatment as one of
the affecting parameters on the performance of the catalyst has
been evaluated in Paper V for the SSZ-13 samples with Si/Al=12
molar ratio.

For elemental analysis and to determine the content of Si, Al and
Cu in the zeolites ICP-SFMS analysis was used for all studied
zeolites in Papers I-IV, while XRF analysis was used in Paper V.
The results for the studied samples with different pore size are
provided in Table 2, Section 3.1 in Paper II and the obtained results
for the samples with different Si/ Al and Cu/Al molar ratio are
presented in Table S, in the supplementary information, in Paper
IIL. The obtained results correspond to the target values.

Table 4.1: The specific surface area
(SSA) and the specific pore volume
(SPV) of the samples with different were measured applying sorption analysis (BET) by nitrogen or Ar.

pore sizes. The results for the samples with three different pore sizes (Papers
I-II are shown in Table 4.1, and the results for Papers III-IV and

The specific surface area and specific pore volume for all samples

sample SSA SPV ) ) )

Paper V are shown in the supplementary information for Paper
Cu-55Z-13 540 0.232 III and Paper V, respectively.
Cu-ZSM-5 323 0.124
Cu-BEA 508 0.150 Based on the results in Table 4.1, it is clear that the samples
H-SSZ-13 674 0.304 with CHA framework structure show significantly higher specific
H-ZSM-5 425 0.158 pore volume compared to the other two samples, which can be
H-BEA 631 0.185 owing to the large cage void of the CHA-type framework. [69]

Besides, Cu addition decreases the specific surface area by almost
20% compared to the samples in H-form. The reason can be the
accumulation of copper species such as, Cu** and [Cu (OH)]*
inside the cages in the zeolite framework and as a consequence
block the zeolite surface where the N; can be adsorbed. [70] It is
also concluded that Cu species are located not only inside but also
in the extra framework positions of the zeolite, which can lead to
the blockage of the micropores.

For the S5Z-13 samples with different Si/ Al molar ratios and Cu
content (Papers III-V) the decreasing trend in specific surface area
does not appear for all the samples by increasing Cu content. To
investigate this, the BET measurements were carried out in both
N> and Ar environment for some of the samples with Si/Al=12 to
study if there is an interaction between N, and the zeolite samples.
Interestingly, the obtained results from both measurements showed
the same trend. So, it can be inferred that for the SSZ-13 zeolite, with
a small pore size, either the penetration of the N> molecule into the
pores of the zeolite is hampered and hence hinder the complete N>
adsorption or Cu dispersion was done quite well during the Cu-
exchange procedure with no blockage of the pores of the zeolites.
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However, it needs to be considered that BET measurement is a way
to get a rough estimation of the surface area of the zeolites and it
does not provide the actual and real surface area.

4.1 The effect of zeolite framework structure in
ammonia SCR

In this section, the effect of the framework structure of the zeolite
on the formation of different species such as N,O during NHs-
SCR is in focus. N,O formation is evaluated based on the flow
reactor studies in Paper II and the results are correlated with the
observations from DRIFT spectroscopy measurements from Paper
I. In addition, the ammonia storage capacity of three different
zeolites is taken into account to achieve information regarding the
acidity and the acid strength in the zeolites.

4.1.1 N, O formation during standard and fast SCR

Catalytic activity tests were performed in flow reactor to investigate
the N,O formation during both standard and fast SCR reaction
conditions. The N,O formation profiles as a function of reaction
temperature are presented in Figure 4.1 for all three Cu-S5Z-13,
Cu-ZSM-5 and Cu-BEA samples during both standard and fast
SCR reaction conditions. Although, the results depict that the
Cu-BEA sample result in higher N>O formation in the entire
temperature range compared to the Cu-ZSM-5 and Cu-S5Z-13
samples, there is two different trends at low and high temperature
for N>O formation.

As mentioned earlier in Section 2.3, N,O formation can proceed
through different pathways depending on the reaction temperature.
During SCR reaction conditions at temperatures below 200 °C,
N> O formation will not occur via the formation and decomposition
of NH4NO3, since the temperature is too low for the NH4NO3
decomposition, which starts above 230 °C. Ammonium nitrate
forms through the reaction of ammonia with surface nitrate species
in the zeolite during NH3-SCR. [37, 71, 72]

Hence, the N,O formation through the NH4;NO3 decomposition
can proceed at temperatures above 230 °C, which appears with
two maximum peaks below 350 °C and the other high-temperature
regions around 350-500 °C. The NH4NO3; decomposition contin-
ues until it is consumed and by a further temperature elevation
to around 350 °C, a considerable decline in the N,O formation
appears, which could be owing to the lack of surface NH4NO3
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Figure 4.1: N>O concentration as
a function of catalyst temperature
within standard and Fast SCR con-
dition over Cu-based zeolites.
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species. The second peak for N>,O formation appears at temper-
atures above 350 °C and reaches the highest N,O formation at
500 °C. Here, at higher temperatures, N,O originates from the
non-selective oxidation of NH3. However, for all samples, the N,O
formation is quite low with less than 10 ppm during standard SCR
conditions.

Moreover, upon the addition of NO; during fast SCR reaction
conditions higher N>O formation is achieved for all samples in
comparison to standard SCR reaction conditions. This reveals the
crucial role of NO; on the SCR activity at lower temperatures,
[38, 73] which is probably owing to the higher activity of NO,
compared to O, in re-oxidization of Cu(I) to Cu(II). Figure 4.1 shows
the highest formation of N,O for the fast SCR reaction conditions
for Cu-BEA, followed by Cu-ZSM-5 and Cu-55Z-13 at 130 °C and
150 °C. An investigation of N>O formation at lower temperatures
reported by Devadas et al., [45] revealed that the N,O formation
over Fe-ZSM-5 can be due to the NH4NO3 decomposition. In
addition, the influence of NO; on the NH;3-SCR reaction has been
investigated [74] and it is proposed that the introduction of NO,
has a major contribution in the production of N,O in the lower
temperature range (150-250 °C).

4.1.2 N, O formation over varying NO,/NOjy ratio

To determine the contribution of fast and NO, SCR on N,O form-
ation, the effect of NO,/NOy ratio was investigated for the Cu-
S57-13, Cu-ZSM-5 and Cu-BEA samples at three different bed
temperatures (220, 200, 180 °C). The zeolite samples were exposed
to 400 ppm NHj3 and varying NO, /NOj ratio as follow; NO, /NOy;
0, 50, 60, 75, 80, and 100%.

The spectra are recorded after 15 min of exposing the catalysts
to the corresponding gas composition of each step. The obtained
value for N;O integrated peak area is shown in Figure 4.2. The
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peak around 2230 cm™ attributed to N»O formation, shows larger
peak area for the Cu-S5Z-13 compared to the other two zeolites,
and most pronounced at the lowest temperature. The Cu-ZSM-5
and Cu-BEA show the same trend at low temperature, as well.
The same observation is seen for the NO* integrated peak area
for the band around 2120 cm™ at the lowest temperature. The
higher amount of NO* and N,O formation at low temperature can
be related to the NO* coverage which decreases with increasing
temperature.
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Studies reported by Liu et al. [74] revealed that N,O formation
is temperature dependent and shows different behaviour at tem-
peratures above or below 250 °C. The results show that below
250 °C there should be maximum N,O formation with less NO,
concentration. This is in line with our study where at temperatures
below 250 °C, N>O shows higher integrated peak area when NO,
has less concentration. Also, further increase in NO», concentration
results in a drop in N, O formation. A possible reason can be that
at high NO, concentration ammonium nitrate forms in a higher
amount and consequently blocks the surface of the catalyst, which
results in lower conversion and subsequently lower N>O forma-
tion. At higher temperatures, no surface blocking happens and the
maximum N»O formation is achieved for 100% NO,.

Furthermore, it is notable that the trend of the produced amount
of AN is correlated with the NO* peak intensity within the NO
oxidation step from the in situ DRIFTS results in Paper I. This indic-
ates that the amount of surface nitrates can determine the amount
of produced AN. Also, at higher temperatures the formation of
species such as NoOy [75] is of less interest, it can explain the lower
amount of surface nitrate groups at low temperature. Based on the
literature, it is commonly accepted that at low temperatures, the

Figure 4.2: Integrated N>O peak area
from DRIFT spectra after exposing
the Cu-557-13, Cu-ZSM-5, and Cu-
BEA zeolites to various NOj/ NOx
ratio at 220, 200, and 180 °C.
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Table 4.2: Infrared peak assignments
for different species emerged during
the reaction in 4000-400 cm™.

v [em™] Ref.
NO on Cu?*

1902 [76]

1907 (6MR) [76]

1945 (8MR) [77]
NO on Cu*

1812 [76]
NO* on M"* or BAS

2144 Cu-CHA [78]

2123 Cu-ZSM-5 [79]

2134 Cu-BEA [80]
NO?*, NO*

1550-1650 [81]
NH Stretching

3300-3500 [76]
NH Bending

1400-1650 [76]
NH*" on BAS

1430, 3000 [82]
Cu™*... NH 3

3352, 3182, 1620 [80]
NH3 on EFAI

1327 [83]
[Cu(NH3)NH,J**

1619, 1278 [83]
Si(OH)Si, Silanol OH

3740-3760 [84]
Si(OH)AI, Bronsted AS

3600-3650 [85]

The position of the peaks may vary
between different zeolite samples an-
d/or in one type of sample with dif-
ferent exchanged metal.

large-pore zeolites represent higher N,O formation. [76] It can be
assumed that, at low temperatures, the rate of AN decomposition
and subsequently N,O formation is higher for Cu-BEA and the
main part of AN is decomposed in the large-pore zeolites.

Additionally, the integrated peak area attributed to nitrate species
(1530-1700 cm™) has demonstrated a similar trend as seen for NO*
and N,O for all three zeolites, with the highest value of nitrate
species at low temperature and low NO, concentrations.

At NO;, /NOx= 0%, corresponding to standard SCR reaction con-
ditions, the highest peak area can be originated from the lower
reaction rate. On the other hand, increasing the NO, /NOjy ratio
from 0% to 50%, promotes the fast SCR reaction, resulting in
the consumption of surface nitrate species appearing as a sharp
decline in the related peak area. Later, a further NO, addition
cause a gradual increase for the related peak area. This agrees
with the lowest amount of NO* and N,O formation when we
have the highest amount of nitrate species.In a nutshell, the zeolite
framework structure and reaction temperature play a crucial role
on the formation of surface species and also undesired by-products
during NOy reduction by ammonia-SCR. The results obtained from
DRIFTS and flow reactor studies reveal major contributions of NO*
and nitrate species during NO oxidation. Moreover, by varying the
NO, /NOx-ratio, the higher formation of NO* and N,O species
occurs at lower temperatures and higher N>;O formation for the
large-pore zeolite (Cu-BEA) compared to medium- (Cu-ZSM-5)
and small-pore (Cu-SSZ-13).

4.1.3 The evolution of surface species

This section concerns the evolution of surface species that emerge
during the step response experiments carried out over three Cu-
based catalysts under dry conditions (in the absence of water
vapor), which is investigated in Paper I and Paper II. The aim is to
correlate the effect of zeolite framework structure to the formed
surface species. It should be noted that the same samples, with
the same Si/Al= 12 molar ratio and Cu content (2wt%), were
used in both Paper I and Paper II, with the same degreening and
pretreatment procedures.

NO Oxidation

In situ DRIFTS measurements, where three zeolites (Cu-S5Z7-13,
Cu-ZSM-5, and Cu-BEA) were exposed to NO and O, at 130 °C
for 15 min (Figure 4.3), identifies two types of adsorbed surface
species, which possibly participate in the SCR reactions. [12] Two
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Figure 4.3: In situ DRIFT spectra after exposing the Cu-55Z-13, Cu-ZSM-5 and Cu-BEA samples to NO + O for 15 min at 130 °C.

vibrational bands in the 1560-1630 cm™ wavenumber region could
be ascribed to various configurations of surface nitrates. Another
relatively broad band also appears, centered around 2154 cm™ for
Cu-BEA, 2145 cm™ for Cu-ZSM-5 and 2156 cm™ with a shoulder at
2185 cm™! for Cu-SSZ-13. The band around 2150 cm™ is attributed
to NO* at the exchange sites of the zeolite (Cu?*) and the shoulder
(at 2185 cm™ for Cu-SSZ-13) is related to N-O stretching vibrations
of NO* adsorbed on Brensted acid sites. [86, 87]

It has been proposed that copper can exist in two different sites
in zeolite-based catalysts and based on the location of Cu in the
zeolite they can be considered as isolated Cu ions or multi-nuclear
Cu clusters. [76] Although the SCR reaction proceeds through
different reaction pathways over different Cu species, both types of
Cuions and clusters can catalyze SCR reactions. The step response
experiments initiated with NO oxidation, in which NO can be
activated by isolated Cu sites and form surface NO* intermediate
species with an oxidation state of +3 for N, or by multinuclear Cu
sites, which results in the formation of intermediates with higher
N oxidation states like +4 or +5, contributing in the evolution of
surface nitrates or nitrites. [12]

Of the two mentioned Cu sites, isolated Cu ions are the preferred
active centers for the SCR reaction, which represent excellent
N, selectivity and high SCR activity. [12] However, in the SCR
reaction, multinuclear Cu sites are involved as less active sites, in
comparison with isolated Cu sites. In addition, they contribute to
the formation of undesirable byproducts, such as N>O. [12] The
framework structure of the zeolite presents high importance and
strong effect on the distribution of Cu sites. In small-pore zeolites,
isolated Cu sites are the dominant, while multinuclear Cu sites are
detected in low levels in large or medium-pore size zeolites. [12]
It shows that the NO molecule originally adsorbs on an isolated
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Figure 4.4: NO" and Nitrate or ni-
trite peak intensity after exposing the
Cu-S57-13, Cu-ZSM-5, and Cu-BEA
zeolites to NO and O» at different
temperatures.

Cu?* site, and, donate one electron to the Cu?* ion, to reduce it to
Cu”. Simultaneously, the oxidation state of the N atom in the NO
increases from +2 to +3 and forms NO™.

An alternative assignment has been suggested for the two men-
tioned bands which are based on the two cationic positions in
the zeolite. [86] The existence of two Cu?* species in Cu-S5Z-13
zeolite with different reducibility has been reported by Kwak et
al. [88] Cu ions can either occupy the six-membered rings in the
zeolite framework or can be located in the cationic positions in
the larger cages of the zeolite framework. Based on their obser-
vations, the peak at low wavenumber ascribes to NO* placed in
the six-membered ring, whereas the high wavenumber band that
appeared as a shoulder, features the NO* located in the larger
cages of the SSZ-13 framework.

All three zeolites represent similar spectra regarding the peak
positions with a difference in the peak intensities, proportional
to the amounts of surface species during the NO oxidation. It is
considerable that the reported peak intensity values can merely
be remarked as a trend for comparison of different IR bands.
The illustrated peak intensities in Figure 4.4 reveals two different
trends depending on the temperature. At low temperature the Cu-
BEA sample shows a higher nitrate or nitrite peak intensity with
lower intensity for the NO* peak in comparison to the other two
zeolites, while Cu-S5Z-13 zeolite reveals a higher peak intensity
for NO* at lower temperature. This results in a high value of
nitrate or nitrite/NO™ intensity ratio for the Cu-BEA zeolite, which
correspond to the lower number of Cu?* species in the Cu-BEA
zeolite, while the Cu-55Z-13 sample provides high abundance
of Cu?* species due to the higher peak intensity of NO*. In the
reduction cycle of the SCR, Cu?* is reduced to Cu*, which occurs
by the adsorption of NO on Cu?* sites, thus forming Cu* and NO*.
[89]
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NH;-SCR

The surface nitrate groups on all three zeolite samples are reactive
to NH3. From Figure 4.3, the observed band around 1620 cm’,
1627 cm™, and 1624 cm™ for Cu-BEA, Cu-ZSM-5, and Cu-5SZ-13,
respectively, gradually disappears after exposure to a gas compos-
ition corresponding to standard SCR conditions (400 ppm NO +
400 ppm NH3 + 10% O,). The spectra for standard SCR are shown
in Figure 4.5. Meanwhile, new bands appear in the 3100-3700 cm™
and 2100-3000 cm™! wavenumber region. The first bands are attrib-
uted to two series of species on the surface of the zeolite. The ones
around 3100-3370 cm™ is ascribed to N-H stretching vibrations
of NH; or NH,* and the ones at 3400-3700 cm™ are associated
with O-H stretching vibrations. However, the broad bands in the
2100-3000 cm™ region, complicate the correlation between these
bands and the nature of the surface species. However, this band
can be generally assigned to ammonium nitrates on the catalyst
surface. [47,76, 78]
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Interestingly, under the standard NH;3-SCR reaction conditions at
low-temperature, Cu ions are solvated by NHj3. For the solvation
of a Cu*, two NHj ligands are needed to form monometallic [Cu-
(NH3)2]" complexes, while for Cu®* species four-fold coordinated
complexes such as [Cu(NH3)4]*", [Cu(OH)(NH3)3]t, and com-
plexes containing a mixture of NH3 and NOx can form. The
[Cu-(NH3)2]" complexes appear abundantly over isolated Cu sites
[47, 90] and very likely diffuse across zeolite pores to generate
transient [Cul (NH3)2]"-O;-[Cul (NH3)2]* dimers which play a
role in activation of O, via re-oxidation of Cu* ions to Cu?*. [91,
92]

Hence, evaluating the emergence of surface species from adsorp-
tion of NH3 on Cu-based zeolites is of high importance to connect
their involvement in the NH3-SCR. Interactivity between Cu and
NH; depends on some factors such as; the nature of Cu ions (Cu™,

Figure 4.5: In situ DRIFT spectra after
exposing the Cu-55Z-13, Cu-ZSM-5
and Cu-BEA samples to Standard
SCR condition for 15 min at 180 °C,
and 1622/2150 intensity ratio at at
different Temperatures.

33



34 4 Results and Discussion

Cu-SSZ-13

T T T T
3900 3800 3700 3600

Cu-ZSM-5

150 °C

Intensity (a.u.)

130 °C

el E e

3778 - Lo n- -
3743 - << -
3655

T T T
3900 3800 3700 3600

3658 - <~ - =< - -+~ ---

3780- - <~ -

3747
3734

T T T T
3900 3800 3700 3600
Wavenumber (cm’)

Figure 4.6: Steady state in situ DRIFT
spectra for O-H stretching vibration
region for the Cu-SSZ-13, Cu-ZSM-5
and Cu-BEA samples under standard
SCR condition for 15 min at different
temperatures.

Cu?* or [Cu(OH)]*) and their environment, gas phase composition,
and temperature.

The redox nature of the standard SCR reaction is confirmed by the
observation of both Cu(I) and Cu(II) in operando experiments, [89,
93, 94] which therefore makes it possible to correlate the activity
of the catalysts with the observed reducibility. It is indicated that
for attaining the Cu(II) — Cu(I) reduction half-cycle, both NO and
NHj are required, [89, 95] and as soon as NO™ or surface nitrite
species emerge, a rapid reaction between them and NHj3 occurs
under SCR condition, which subsequently results in producing
water and nitrogen according to eqn. (4.2):

NO* + NH3=N, + H,O + H* (4.1)

Unluckily, the surface nitrites vibrational bands appear at fairly
low wavenumbers, with the higher possibility of overlapping with
the zeolite framework vibrations, which makes the interpretation
of observations very difficult.

However, at the same reaction time and conditions, Cu-SSZ-13
shows higher NHj3 storage in its cages, which requires more time
and NO; to consume all the adsorbed NHj3. The higher ammonia
storage can also be confirmed from the strongly bonded NH3 on
Bronsted acid sites, which appear as the sharp negative band in the
OH stretching region as in Figure 4.6. The negative peaks appeared
at 3579 and 3604 cm™ after NH3 adsorption for Cu-SSZ-13 and
are assigned to O-H stretching vibrations from Brensted acid sites
(-Al-O(H)-Si-) in the zeolite framework. An analogous trend is
observed for the Cu-ZSM-5 and Cu-BEA samples with the values
at 3602 and 3606 cm™, respectively. This indicates the existence of
two types of Brensted acid sites for Cu-55Z-13 with higher negative
intensity and one type of Bronsted acid sites for Cu-ZSM-5 and
Cu-BEA. The appearance of another type of band above 3700 cm™,
are attributed to O-H stretching vibrations of Al (OH) or Si (OH)
surface species that can happen upon the NHj3 adsorption on
silanol groups. [96]

NO; SCR reaction over pre-adsorbed NHj;

The introduction of NO and NO, after NH3 adsorption consumes
all pre-adsorbed NH3 in all three zeolite samples, faster for the
large-pore zeolite. This can result in higher and faster AN formation
and subsequent release, during SCR condition, which facilitates
the formation of N>O at higher temperatures.
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Figure 4.7: In situ DRIFT spectra after exposing the Cu-55Z-13, Cu-ZSM-5 and Cu-BEA samples to NO, NO,, O; for 15 min at 130 °C.

In order to study the interaction of ammonia and NO; over the
catalysts, step response experiments with pre-adsorbed NH3 were
performed. During the experiments the amount of surface NH3
species decreases as function of NO, exposure time. Figure 4.7
shows the in situ DRIFTS spectra obtained during the exposure
of Cu-S5Z-13, Cu-ZSM-5 and Cu-BEA to NO; and NO (200 ppm
each) and 10% O,. Exposing the catalysts to the mentioned gas
composition for 15 min shows a decline in the peak intensity
corresponding to ammonia species adsorbed on acid sites (both
N-H stretching and N-H bending region). The reaction between
NO; in the gas feed and the pre-adsorbed NHj3 proceeds according
to the following overall reaction in eqn. (4.2): [97]

4NH3 + 3N02:‘3.5N2 + 6H20 (4.2)

An interesting observation is a faster peak intensity drop for
the Cu-BEA sample compared to the Cu-ZSM-5 and Cu-SSZ-13
samples within 15 min of exposure time. It seems that the degree
of NH3 consumption is connected to the framework structure of
the zeolite, and the large-pore Cu-BEA zeolite has a lower capacity
to accumulate NH3z compared to Cu-ZSM-5 and Cu-S5Z-13, and
within 15 min the pre-adsorbed NH3 is almost consumed, while
the higher amount and strongly bonded NHj3 in the Cu-S5Z-13
sample requires more NO; and longer exposure time to be able
to consume the pre-adsorbed NHj3. For making this clear, three
different peaks corresponding to the ammonia species adsorbed
on the different acid sites of the zeolites have been chosen and the
intensity of these peaks illustrated versus the gas exposure time
in Figure 4.8. This observation agrees with the trends in the OH
stretching region in Figure 4.6, in which demonstrates the intense
negative peak in the OH stretching region for the Cu-SSZ-13 sample
indicates larger amount of strongly bonded NHj3 on the sample
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surface. Furthermore, it can be concluded that NO, represents
a higher reactivity compared to NO, due to the consumption of
accumulated NHjz on the zeolite surface by NO,.

Copper Species

The reducibility of the oxidized Cu-55Z-13, Cu-ZSM-5, and Cu-BEA
samples was evaluated by H,-TPR analysis to achieve an insight
regarding the existence of various types of Cu species over the
zeolites. The results, which are discussed in Paper II, demonstrates
the presence of different Cu species; Cu?*, Cu*, [Cu(OH)[]*, and
CuO. It is worth noting that the SSZ-13 sample possesses relatively
higher amount of Cu?* compared to the other two counterparts.
These results are in agreement with in situ DRIFTS observations
during the NO oxidation step in Figures 4.3 and 4.4, which show
a higher peak intensity for NO* (vibration of NO adsorbed on
Cu?*) for the small-pore zeolite sample compared to the other
two zeolites. The distribution of the main copper species obtained
from H,-TPR measurements are presented in Figure 4.9. It shows
that the Cu-SSZ-13 zeolite has the highest Cu?* populations while
the higher amount of [Cu(OH)]* species appears for the Cu-BEA
zeolite. Besides the H,-TPR measurements, further investigation
of the Cu species in connection to the zeolite framework structure,
the perturbation of T-O-T vibrations of the zeolite framework by
NHj3 has been evaluated and the data are presented in Figure
2, Paper II. The investigation of structural vibrations of T-O-T
bonds (Si-O-Si and Si-O-Al) is a way of quantifying the obtained
Cu species from Hy-TPR. The antisymmetric T-O-T vibration of
the framework oxygen (O ) is susceptible to the interaction with
Cu cations. So, the binding of NHj to the Cu cations results in
further modification in the interaction between cation and Oy,
As a consequence, IR band displacement from the unperturbed
position (1020-1100 cm™) occurs due to the existence of Cu cations.
[88, 98, 99] IR features at 901 and 948 cm™ for Cu-SSZ-13, are
assigned to asymmetric T-O-T vibrations perturbed by Cu ions in
the form of Cu?* and [Cu(OH)]*, respectively. [88]

While both IR bands were detected for all samples, their corres-
ponding intensities varied for the different samples suggesting
diverse populations of Cu** and [Cu(OH)]* within these catalysts.
It has been found that the Cu?* species located inside large pores
of the zeolite can become hydrated to some extent by residual
H>O formed during the cooling of the DRIFTS cell. The totally
dehydrated Cu?* species inside the large cages of CHA were re-
ported to give rise to a peak at 901 cm™ with a band shift of 119
cm’! owing to the interaction with water. [99, 100] In the case of
Cu-BEA and Cu-ZSM-5, the position of the peak corresponding to
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Cu?* species is around 924 and 914 cm™ with a band shift of 96
and 106 cm™, respectively. Also, the intensity of the peak attributed
to the Cu®* species is seen to be higher for the Cu-SSZ-13 sample
compared to the other Cu-ZSM-5 and Cu-BEA, which supports
the presence of Cu?* species in small-pore zeolite rather than in
medium- and large-pore zeolites. So, the ammonia storage capacity
and reducibility of the zeolite have a crucial effect in proceeding
the SCR process. It leads us to take a closer look at the acidity of
the zeolites and to investigate how it changes by altering the pore
size of the zeolite which is discussed in section 4.1.4.

4.1.4 Ammonia storage capacity in the zeolites with
different frameworks

For obtaining information regarding the interaction of ammonia
and zeolites and determining the concentration of acid sites and
acid strength in each zeolite sample, NH3-TPD experiments were
carried out for the washcoated monolith samples. The illustrated
results in Figure 4.10 shows the emergence of two distinct peaks for
the H-type zeolites. The peak at lower temperature is attributed to
weakly bonded NHj3 and the one at higher temperature is related
to strongly bonded NHj3 on the Brensted acid sites. Among the
three different zeolites, H-SSZ-13 contains higher number of strong
Brensted acid sites, shown as a peak at 390 °C, followed by H-ZSM-
5 and H-BEA with peaks at 310 °C and 270 °C, respectively.

Upon the addition of copper, an extra peak develops at intermediate
temperature for the Cu-SSZ-13 sample, while the intermediate
temperature peak cannot be seen for the Cu-ZSM-5 or Cu-BEA
samples. The reason for this can be due to the higher strength
of the Bronsted acid sites compared to that of the Lewis acid
sites in the Cu-SSZ-13 sample. For the Cu-BEA and Cu-ZSM-5
samples, the medium temperature peak cannot be observed but
might be embeded in the other two peaks due to the overlap of
the ammonia desorption peak from Lewis acid sites with the one
from Brensted acid sites. In addition, the NH;3-TPD results show
a clear ammonia storage capacity for the Cu-BEA and Cu-ZSM-5
samples, specifically for Cu-ZSM-5 with a remarkable amount
of ammonia desorption compared to similar conditions for the
H-ZSM-5 sample.

4.2 The effect of Si/Al molar ratio and copper
content in ammonia SCR

Typically, the nature and location of Cu species are affected by
two features: the Si/Al molar ratio and the synthesis method.
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[58, 101-103] The Si/ Al molar ratio has also been found to play
a role in determining the number of acid sites in zeolites, which
further remarkably affects the deNOy performance. [58, 102, 103]
However, in recent years many metal-promoted zeolites have
shown acceptable NH3-SCR activity. It has been reported that Cu-
based zeolites with SSZ-13 framework exhibit a superior catalytic
activity and higher hydrothermal stability compared to other
zeolites especially with a lower Al content. In addition to the active
Cu species, the general framework acidity of the zeolites has been
proposed as a decisive factor for NH3-SCR activity. However, the
role of different types of acid sites in NH;3-SCR is still not fully
understood.

Hence, this section mainly focuses on the effect of Si/ Al molar ratio
and copper content in the SSZ-13 zeolite on the ammonia storage
behavior and also the formation of different species and correlate
them to the deNOy performance in the NH3-SCR over the zeolites.
Paper III investigates the surface acidity over samples with differ-
ent Si/Al and Cu/Al molar ratio to obtain a helpful information
regarding the type and strength of acid sites and correlate them to
the behavior of the catalysts. The same samples have been applied
in Paper IV to study the NOy conversion and N,O formation in
the flow reactor and correlate with the spectroscopic findings. In
Paper V, the samples with Si/Al= 12 is in focus to evaluate the
role of pretreatment on the zeolites SCR performance.

4.2.1 Ammonia storage over zeolite-based catalysts

In section 4.1.4, the effect of framework structure of the zeolite on
the ammonia storage capacity of the zeolite has been investigated
and the results showed that ammonia storage has a dependency
on the type of zeolite framework and plays a crucial role in NOx
abatement. These observations brought us to the point to evaluate
the role of ammonia storage capacity in the NH3-SCR system, with
regard to the NOy conversion efficiency. For this purpose, small-
pore size zeolite (S5Z-13) with higher hydrothermal stability has
been used and the ammonia storage capacity has been investigated
on this zeolite with varying Si/ Al and Cu/Al molar ratio.

Temperature-programmed desorption of ammonia

The concern in zeolite acidity is motivated by the significance of
zeolites as solid acid catalysts. Typically, the interaction between the
acid sites of the zeolite and basic probe molecules helps to recognize
Lewis and Bronsted-type acid sites and also distinguish the amount
together with the acidic strength. Temperature-programmed de-
sorption (TPD) with NHj3 is one of the most widely used methods
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for characterization of acid sites in catalysts. The method is un-
complicated and relies on measuring the desorption profile of
pre-adsorbed NHj3 during a controlled temperature ramp. It has
been extensively accepted that the Si/Al molar ratio has a pro-
nounced effect on the acidity of zeolites, and thus influences the
NH3-SCR performance. [58, 101]

In order to examine the effect of different Si/ Al molar ratio on the
acidity of the SSZ-13 zeolite, NH3-TPD experiments were carried
out for SSZ-13 samples with three Si/ Al molar ratio and Cu/Al
molar ratio of 0, 0.1, and 0.4. The results are displayed in Figure 4.11.
Moreover, the pretreatment of the samples is crucial and should
be considered. The pretreatment was done in two steps: first in the
presence of Ar and 10% O, at 550 °C for 1 h, followed by exposing
the samples to a mixture of 400 ppm NO, 400 ppm NHj3 in Ar, at
three different temperatures (250, 200, and 150 °C, for 30 min each).
Based on the pretreatment, different types of Cu species can be
formed, like Cu*, [Cu-(NH3)2]*, and [Cu-NH3]* complexes, which
are decomposed at high temperature and form framework-bond
Cu™ species. This is discussed in detail in Section 3.2 in Paper III.
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In the TPD profiles it can be seen that the NH3 desorption peak
can be fitted to three NH3 desorption peaks. A low-temperature
(LT) desorption peak at around 180 °C ascribed to the weakly

Figure 4.11: Deconvoluted peaks
from the NH3-TPD experiments
carried out for the SSZ-13
samples with three Si/ Al molar
ratio and Cu/Al molar ratio of
0,0.1, and 0.4.
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Figure 4.12: Peak intensities ob-
tained from in situ DRIFT spec-
tra during NHj3 adsorption for
SSZ-13 catalysts with Si/ Al (6,12,
and 24) and Cu/Al (0-0.4) molar
ratio after 15 min at 70 °C.

adsorbed NHj3 on the weak Lewis acid sites or the physisorbed
NH3 on the surface or zeolite framework, a medium-temperature
(MT) desorption peak owing to the NH3 adsorbed on the strong
Lewis acid sites developed by the isolated Cu?* ions at around
250-350 °C and a high-temperature (HT) desorption peak above
350 °C assigned to the NH3 desorption from the Bronsted acid
sites. [58, 104]

As anticipated, the total amount of acid sites in the sample with
Si/Al= 6 molar ratio is remarkably larger than that of the samples
with Si/Al= 12, and Si/Al= 24 molar ratio, rendering that the
increase in Si/ Al molar ratio, results in a decline in the acidity.
Particularly, for the weak Lewis acid sites, which are connected to
extra-framework Al, the sample with Si/Al= 6 molar ratio favors
the adsorption of NH3 on the Lewis acid sites. [58] In addition, the
disparity of Brensted acidity between the catalysts with the lowest
and highest Si/ Al molar ratio is remarkable, which is owing to the
less content of Brensted acidity and framework Al in the sample
with Si/Al= 24. In addition, the total acid quantity of the samples
with higher Cu content was obviously larger than that of lower Cu
(or no) content, which can be attributed to the noticeable increase
in the number of isolated Cu?* ions with an increase in the Cu/Al
molar ratio. [104]

Nature of acidic sites in Cu-SSZ-13 followed by in situ DRIFTS

In situ DRIFT-NH3 adsorption experiments were carried out to
investigate the NH3 adsorption properties of the zeolites. As
mentioned earlier, the zeolites acidity and the acid sites could be
estimated applying NHj3 as a probe molecule. NH3 can adsorb on
both Lewis and Brensted acid sites in the zeolites. The intensity
of the band at 3606 cm™ together with the bands at 3348, 1624
and 1491 cm™ vs Cu/Al molar ratios are depicted in Figure 4.12,
and the corresponding DRIFTS-NHj3 adsorption spectra of the
zeolite samples are depicted in Figure 4.13. The NHj3 adsorption
spectra over the SSZ-13-zeolites show some negative bands around
3606, and 3656 cm™ which are generally assigned to the NHj
adsorption on these OH bands resulting in the blockage of OH
sites. The results reveal a decreasing trend for the band at 3606
cm! by elevating Cu loading, with the highest decrease for the
sample with low Si/Al molar ratio. Generally, it is considered
that upon copper exchange in the zeolite framework through ion
exchange, the positive charge of Cu?* ions should be neutralized
by two negative charges, probably two aluminum atoms in the
nearby proximity.

Based on the applied pretreatment in Paper III, the Cu®* species
have less possibility to exist in the zeolite. The results simply display
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the presence of a constant concentration of non-exchanged Brensted
sites, even at copper contents close to the stoichiometric exchange
level. This indicates that via Cu ion exchange, Cu®* appears in the
form of [Cu-OH]*, and result in the partial exchange of Brensted
acid sites with this complex. This is confirmed with observations of
an intense negative band around 960 cm™ in Figure 4.14, attributed
to the T-O-T stretching vibrations of NH3 adsorption on the copper
sites, and reveals the dominant populations of [Cu-OH]" species
in the zeolites, as well.

The bands associated with NH3 adsorption at 3500 to 3000 cm™ are
ascribed to the N-H stretching vibrations of ammonia. In addition,
the small band around 1624 cm™ are related to the NH; adsorption
on the Lewis acid sites, while the band at 1449 cm™ occurs from
the bending vibration of NH4* ions on the Bronsted acid sites.

Adsorption step followed by NH3-TPD experiments measured by
in situ DRIFTS for targeting the effect of different Si/ Al molar ratio
for the acidity of SS5Z-13 zeolites. The desorption peak intensities
around 3601, 1620, and 1450 cm™ for the steady state at 200 °C
are shown in Figure 4.15. The peak intensity of the desorption
peak at 3601 cm™ presents a very slight change in the intensity by
increasing the temperature, and has almost the same intensity as
the adsorption step. This observation can be due to the required

Figure 4.13: In situ DRIFT spec-
tra for NH3 adsorbed on differ-
ent acid sites of the Cu-S5Z7-13
catalysts with different Si/Al (6,
12, and 24) and Cu/Al (0-0.4)
molar ratios at 70 °C. (NHz= 400
ppm in Ar).

T T
1000 950 900

Wavenumber (cm™)

Figure 4.14: DRIFTS spectra of T-
O-Tvibrational region perturbed
by NH3 adsorption at 70 °C for
Cu-S5Z-13 samples with Si/Al=
6, 12, and 24 and Cu/Al= 04
molar ratio.
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Figure 4.15: Peak intensities ob-
tained from in situ DRIFT spec-
tra during NH3 desoprtion after
15 min under Ar flow for SSZ-
13 catalysts with different Si/ Al
(6,12, and 24) and Cu/Al (0-0.4)
molar ratio at 200 °C.

desoprtion temperature of NH3 from the Brensted acid sites which
is higher than the applied temperature in our study, exhibiting an
intensity decline by elevating temperature to around almost 50%
in the band at 1624 cm™ compared to the one at 1450 cm™ which
shows a slight decrease. This infers that at 200 °C weakly bonded
ammonia on Lewis acid sites (the band at 1624 cm™) can easily be
desorbed compared to the ones strongly adsorbed on Brensted
acid sites (the band at 1450 cm™).

Thus, the NH3 desorption from the weak Lewis acid sites proceeds
faster. A decrease in the intensity of the complicated signal at the
1550-1300 cm™! region at 200 °C indicates less thermal stability of
the ammonium species.

For more clarification, the bands at the 1550-1300 cm™ region were
deconvoluted for the Cu-S5Z-13 sample with SAR= 24 and the res-
ults are presented in Figure 4.16. At a lower Si/ Al molar ratio with
higher Al content, disordered peaks appear upon deconvolution
due to the Al distribution which result in many configurations of
NH3 species. Considering the spectra at 130 °C, the signal intensity
attributed to the NH4" species on Bronsted acid sites decreases
during the desorption process for all the samples.

Elevating the temperature to 200 °C, results in a slight red shift
of the component at 1475 cm™ for the sample with Si/Al= 24 to
around 1470 cm™, with a further decrease for the peak intensity
at 1470 cm™ accompanied by an increase of the peak intensity at
1447 cmL. This behavior simply shows that during the desorption
procedure, the species are connected to the band at 1470 cm™ are
transformed into species related to the 1447 cm™ band. The shifts
in the vibration modes of NH4" ions are most probably owing to
the NHj3 coordinated to NH4*. The band around 1470 cm™ could
also originate from the NH4*.nNHj3 associations. It is notable that
a higher temperature could restrict the amount of solvated NHj
molecules. Therefore, at different desorption temperatures the
band at 1437 cm™ is composed of two main components at 1410
and 1447 cm™, and these bands could be plainly assigned to the
antisymmetric and symmetric bending vibrations of not-solvated
NH4+.

Additionally, at higher Cu content, less decrease in the peak in-
tensity is observed compared to the samples with lower Cu/Al
molar ratio, which renders higher desorption possibility at lower
Cu loadings. However, it is worth noting that the NH3 adsorption
is lower at higher Cu loading for the peak at 1491 cm™ and there is
not a drastic change in the desorption peak at 130 °C.

To further clarify the changes of the species during the NHj3
adsorption and NH3-TPD process over different SSZ-13 catalysts,
DEFT calculations were performed. This also provides a guide for
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Figure 4.16: The deconvoluted 6(NH) spectra of NHy* ions at 130 and 200 °C desorption temperature during NH3-TPD.

identification of the various IR bands. The structures and relevant
vibrations of the potential species are illustrated in Figure 4.17

Comparing the measured DRIFT spectra with the simulated in-
frared spectra for different species, presents an acceptable match
between the simulated infrared spectra of [Cu(NHj3):]*, and
NH,4*.NH;3 and the experiments.

These findings indicate that for the unpromoted SSZ-13 catalysts,
NH4".NHj; species predominately appear after NH3 adsorption
at 70 °C, with contribution to the band at 3348 cm™ that loses
intensity for increasing Si/ Al molar ratio. At lower Si/ Al molar
ratio, [Cu(NH3)4]** species appear, which result in the emergence
of multiple peaks, with the low wavenumber at 3185 cm™ in Figure
10, Paper III. At elevated Si/Al molar ratio, however, copper
exists essentially as Cu*, hence [Cu(NH3)2]" appears which gives
relatively simple spectra (corresponding to the orange curve in
Figure 10, Paper III) and sustains the peaks around 3185 cm™.

It is obvious from Figure 4.13 that the band at 3176 cm! correlates
positively with the Cu content, and negatively with the Si/ Al molar
ratio, with a slight shift to a higher wavenumber with increasing
Si/ Al molar ratio. This observation is consistent with the results
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Figure 4.17: Calculated vibra-
tions for O-H stretching and N-H
bending of potential species.

of DFT calculations, supporting that the amount of [Cu(NH3z),]*
rises with increasing Si/ Al molar ratio.

4.2.2 Catalytic performance and surface species during
NHj3-SCR over SSZ-13 catalysts

It is commonly assumed that NHj3 is activated on the Brensted acid
sites of the zeolite in the form of ammonium (NH4*) ions, which
later react with NOy species to form N, and H,O. However, it has
also been proposed that Brensted acid sites may not be needed for
NH3 adsorption or activation, and the support mainly works as an
NHj3; reservoir, for facile migration of NHj3 to the active site.

In general, NHj3 storage capacity plays a crucial role in the NH3-
SCR reaction, in which NOy conversion efficiency, especially at
low temperatures, to a large extent is determined by the amount
of stored NH3. Hence, zeolites present an exceptional NH3 storage
capacity and an optimal performance of the NH3-SCR system
can merely be achieved by adopting and controlling NHj storage
capacity of zeolites.

NH;3-TPD experiments followed by standard and fast SCR reactions,
which were carried out for the SSZ-13 samples studied in Paper III.
The obtained results for the NOx conversion and corresponding
N,O yields for the samples with Si/Al= 6, 12, and 24 are exhibited
for one low and one high Cu content in Table 4.3 and Figure 4.18,
respectively. An elevated NOy conversion during both standard
and fast SCR reaction conditions is seen by increasing Cu content
which overlaps for the samples with higher Cu/Al molar ratio than
0.2. This infers that the selectivity in the NH3-SCR reaction for
these samples reaching almost 90%. The activity develops from 130
°C to 250 and 230 °C during standard and fast SCR, respectively.
Hence, not only the Cu content but also the reaction temperature
plays a role for the SCR activity changes. It is worth noting that the
presence of NO» in fast SCR promotes NOy conversion and N,O
formation.

Furthermore, at temperatures below 300 °C, N,O forms to higher
extent at elevated Cu content. In this study, the main focus is the
N,O formation at temperatures below 350 °C. From Figure 4.18,
it is obvious that N,O formation is promoted for the highest Cu
containing samples. The lowest amount of N,O is formed over the
Cu/Al= 0 catalyst via standard SCR conditions (data for all Cu
loadings are shown in Paper III). This is possibly related to the lack
of [Cu(OH)]* species. As discussed earlier regarding the different
N,O formation pathways, at lower temperatures N,O originates
from the formation of H,N>,O and HONO intermediates over
copper peroxo complexes and their subsequent decomposition on
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Brensted acid sites. [105] Hence, it is debatable that Cu can play a
crucial role in the N>O formation under standard SCR conditions.
Also, the content of Cu?* species at low temperatures, can be the
reason for a change in the N, O formation trend at lower Cu contents,
which needs further investigation. Moreover, N,O formation occurs
to a high extent over samples with Cu/Al= 0 and Cu/Al= 0.1 molar
ratio under fast SCR conditions. It infers that N,O formation over
unpromoted (or lower Cu content) samples can happen through
NH4NOj3 formation and its subsequent decomposition without
activating Cu sites.

NOjy conversion above 90% during standard SCR could be obtained
for all samples with Cu/Al= 0.4 molar ratio at 250 °C, and is
observed to be promoted with increasing Cu loading. However,
the sample with Si/Al= 24 and Cu/Al= 0.4 presents a lower NOy
conversion in the same temperature range. In order to understand
the reason, the nature of Cu catalytic centers in SSZ-13 zeolites and
the effect of Si/ Al molar ratio needs to be evaluated.

Overall, the interplay between Cu ion content, its mobility and
reaction temperature make a complicated NH3-SCR system. Doubt-
lessly, SCR catalysis is further influenced by the Si/ Al molar ratio
of the SSZ-13 zeolite, and it affects both the Cu ion locations and
considerably also altering Brensted acidity and, NHj3 storage of the
zeolites. One of the beneficial aspects of lower Si/ Al molar ratio
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of zeolite-based SCR catalysts, is providing more NH4" species
owing to the existence of more Bronsted acid sites. [58] However,
a few recent studies on SSZ-13 catalysts exhibit less reactivity of
NH4* species towards NOy conversion compared to the molecular
NHj3 adsorbed on Lewis acid sites. [58, 78] Brensted acidity is
expected to affect the SCR reaction by affecting Cu ion distribution
and NHj storage capacity of the zeolites rather than the formation
of reactive NH4* species.

Numerous studies have been reported on the nature of Cu catalytic
centers in Cu-S57-13, [47, 88, 106] and it has been suggested that
Cu predominately appears as isolated Cu?* ions in SSZ-13; and
preferably reside near the windows of 6MR and bind with 2 Al

Table 4.3: Steady-state NOy conver-
sions for Cu-SSZ-13 with Si/Al= 6,
12, and 24 and Cu/Al= 0.1, and 0.4
molar ratio under standard and fast
SCR conditions at 150 and 250 °C.

Si/Al Standard Fast
150°C

Cu/Al= 0.1

6 28.9% 33.2%
12 16.2% 35.8%
24 25.3% 31.9%
Cu/Al= 0.4

6 32.6% 42.6%
12 58.7% 56.3%
24 35.4% 39.9%
250°C

Cu/Al= 0.1

6 40% 82.8%
12 73.7% 83.2%
24 57.2% 73.6%
Cu/Al= 0.4

6 98.7% 97.8%
12 98.8% 97.9%
24 96.8% 92.9%

Figure 4.18: Steady-state N,O
formation as a function of tem-
perature for Cu-SSZ-13 with
Si/Al=6,12,and 24 and Cu/Al=
0.1, and 0.4 molar ratio under
standard and fast SCR condi-

tions
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Figure 4.19: The signal intens-
ity obtained from in situ DRIFT
spectra at 1622 and 1456 em™ as
a function of Cu/Al molar ratio
for the Cu-S5Z-13 samples with
with different Si/ Al (6, 12, and
24) and Cu/ Al (0-0.4) molar ra-
tio for steady-state during stand-
ard SCR at 130 °C.

T-sites under dry conditions. [46, 107] On the contrary, at relatively
high Si/ Al molar ratio with less possibility of finding 2 Al sites in
a 6MR, isolated Cu ions charge balance only one Al sites further
apart for example in a 8MR. For this case, [Cu(OH)]* and Cu*
species are required in order to properly balance the negative
framework charge. [108]

DRIFTS Studies

The evolution of different species during standard SCR (400 ppm
NO, 400 ppm NH3, 10% Oy) over zeolite samples with different
Si/Al and Cu/Al molar ratio was followed by in situ FTIR. The
outlined results for the 1000-2200 cm™ wavenumber region in
Figure 4.19, shows an increasing trend for the band at around 1622
cm™ while a decline is seen in the intensity of the band at 1456 cm™
by elevating Cu loading. A decrease in the intensity of the band
at 1456 cm™, attributed to NHs adsorbed on Bronsted acid sites,
originates from a drop in Brensted acid sites, which can be owing
to the coordination of Cu with Al at higher Cu loadings. [109]

Furthermore, the reaction of NHy* species is almost complete for
the samples with Si/Al= 12 and 24 with Cu/Al= 0.4 molar ratio
after 15 min at 200 °C, while for the Cu/Al= 0.1 the reaction needs
longer time to be completed, demonstrating the important role of
the Cu®* ions in the SCR reaction. [83]

The results obtained for the Cu-SSZ-13 zeolite with different Si/ Al
molar ratio show different reactivities for NH3 species under
SCR conditions; the spectrum recorded after 15 min shows the
disappearance of the NHj3 species adsorbed over Lewis acid sites
(Al or Cu®* ions) to be almost complete, whereas the disappearance
of NH4* species formed over the Bronsted acid sites is much
slower.

These results indicate the established view that the NH4" ions
on the Bronsted acid sites hardly contribute to the SCR process
and may not be essential for the NH3-SCR reaction. However,
they function predominantly as NHj storage sites, as previously
inferred within NH3-TPD experiments. [96, 110]

N,O formation was also investigated during standard and fast NH3-
SCR for all the samples at different temperatures. The obtained
spectra during standard and fast SCR for the sample with Si/Al=
12 containing Cu/Al= 0.1, and 0.4 at 130 and 200 °C are shown
in Figure 4.20. The evolution of two bands around 2230 and 2123
cm, corresponding to N,O and NO* adsorbed on Lewis acid sites,
are clearly seen. The elevated peak intensity for N>O by increasing
Cu loading can be attributed to the higher content of [Cu(OH)]*
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species, which consequently elevate the oxidative ability of the
catalysts. [109]

Accordingly, the higher Cu content improves the formation of
NO3" species and enhances the oxidative ability of the catalyst in
oxidizing nitrite to nitrate species. This in line with our findings in
Figure 4.19, in which an increase in the Cu content results in a rise
in the band intensity around 1622 cm’!, ascribable to ammonia and
nitrate species adsorbed on Lewis acid sites. Moreover, oxidation
of NO to NO; is probable in the catalysts with high Cu loading,
which leads to the formation of nitrate and nitrite species by NO,
disproportionation on the acid site [73, 111] which can develop the
formation of nitrous oxide.
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Figure 4.20: DRIFT spectra for the 5th min of the standard SCR over the sample with Si/Al=12 and Cu/Al= 0.1, and 0.4

molar ratio at 130 °C.

4.3 The role of catalyst pretreatment in
NH;3-SCR

A series of NH3-SCR experiments were carried out for the samples
with Si/Al=12 pretreated at three different conditions as follow:
(i) Ar and 10% O for 1 h exposure at 550 °C, (ii) Ar and 10% O,
for 1 h exposure at 550 °C, followed by Ar flush for 2 h and 400
ppm NH3, 400 ppm NO, 10% O, exposure in Ar balance at 250,
200, and 150 °C for 30 min for each temperature, and (iii) Ar and
10% O, for 1 h exposure at 550 °C, followed by Ar flush for 2 h and
400 ppm NH3, 400 ppm NO, exposure in Ar balance at 250, 200,
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Figure 4.21: Steady-state NOy con-
versions and the corresponding N>O
formation levels as a function of tem-
perature for Cu-SSZ-13 with Si/Al=
12 and Cu/Al= 0.3, and 0.4 molar
ratio under standard and fast SCR
conditions.

The samples were pretreated in 400
ppm NO, 400 ppm NH3, and 10% O
(dashed line) and 400 ppm NO, 400
ppm NH3, (solid line).

and 150 °C for 30 min for each temperature. In all cases, the total

flow is 200 mL.min%.

The activation and dissociation of O is a crucial step in NH3-SCR.
[89, 92, 112] The comprehension of this step is associated with
the understanding of the active sites under reaction conditions.
Recently, it has been indicated that Cu* species is solvated by NHj
at temperatures below 250 °C and form [Cu(NHj3)2]" complex
which is dominant over a wide range of NHj3 partial pressures. [89,
113, 114] The mobility and weakly bonding nature of this complex
to the zeolite framework, [115] results in NH3 desorption and direct
Cu coordination to the zeolite framework at higher temperatures,
which cause a loss in the mobility of this complex. [92, 113]
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The steady-state NOy conversions and the corresponding N,O
formation is shown in Figure 4.21 as a function of temperature for
Cu-55Z7-13 with the sample with Si/Al=12 and Cu/Al= 0.3, and
0.4 molar ratio under standard and fast SCR reaction conditions,
for pretreatment (ii) and (iii).

The results show the effect of O, absence in the feed stream during
pretreatment on catalytic performance over the Cu-S5Z-13 sample,
in which during standard SCR, NOy conversion of Cu/Al= 0.3 and
0.4 samples peaked at 180 °C which is a considerable difference
compared to the results for the pretreatment in the presence of
O;,. By elevating temperature, the achieved NOy conversion for
all the samples show almost the same values with a negligible
difference for both pretreatment conditions. This interestingly
infers the dependence of the catalytic performance on the oxygen
existence in the pretreatment procedure, and the NOx conversion
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has similar selectivity for these samples.

During fast SCR conditions, increasing the temperature from 230 to
300 °C follows by a continuous decrease to almost 3%. In addition
to standard SCR, fast SCR illustrates promoted NOy conversion
by the presence of NO,, indicating the crucial role and higher
reactivity of NO, compared to NO in the reduction of NOy.

Comparing N>O formation during standard and fast SCR con-
ditions reveals a higher N,O concentration via fast SCR with
both pretreatments. However, pretreatment in the absence of O,
presents higher values compared to the one with O,. The samples
with Cu/Al= 0.4 molar ratio show N,O formation specifically at
temperatures lower than 230 °C and 250 °C during standard and
fast SCR conditions, respectively. This can be due to the abundance
of [Cu(OH)]* species at elevated Cu contents.

It is well known that N,O formation partially originated from the
formation and decomposition of NH4NO3 at temperatures ranging
from 230-280 °C. For the temperatures lower than 230, the N,O
formation originates from the formation of copper peroxo com-
plexes. [105] Therefore, it can be inferred that Cu may play a crucial
role in the N> O formation under standard SCR conditions. Further-
more, as with standard SCR condition, N,O formation likewise
increases with elevating Cu loading under fast SCR conditions.

A recent study by Lomachenko et al., [113] revealed that the mobile
Cu(Il) and Cu(l) sites solvated by NHj3 as the primary Cu sites
at 150 °C. They reported that the most probable Cu-containing
moiety is a linear [Cu(NH3)2]* species which transport between
unit cells with reasonable energy barriers. It is also proposed that
the oxidation half-cycle of standard NH;3-SCR at low temperat-
ure only takes place with the participation of two [Cu(NHj3),]*
centers, resulting in the formation of a transient [Cu(NH3)2]*-O»-
[Cu(NHs3)2]* intermediate which play a role as the rate-limiting
step at low Cu content. On the other hand, as Cu loading increases
to intermediate and high exchange levels the formation of the
[Cu(NH3)2]*-O,-[Cu(NHj3),]* intermediate is not the rate-limiting
step.

Hence, the NOx conversion profile displayed in Figure 4.21 explains
that as reaction temperature rises above almost 300 °C, stable Cu-
NHj3 complexes at lower temperatures start to dissociate at elevated
temperatures. In this state, Cu ions will migrate to the zeolite
framework ion-exchange sites and will stabilize by coordinating
with the lattice O;. In other words, the oxidation half-cycle at
low temperature is no longer possible through the formation of
intermediates that contain two isolated Cu ions. However, the
oxidation half-cycle will have to be carried out by single isolated
Cuions. [91]

49



50 4 Results and Discussion

Figure 4.22: In situ DRIFT spectra cor-
responding to N2O wavenumber re-
gion for Cu-SSZ-13 with Si/Al= 12
and Cu/Al= 0.3 molar ratio under
standard and fast SCR conditions, at
130 and 200 °C.

Pretreated in: (a) Arand 10% O» for 1h
exposure at 550 °C, (b) Ar and 10% Oy
for 1 h exposure at 550 °C, followed
by Ar flush for 2 h and 400 ppm NH3,
400 ppm NO, 10% O exposure in Ar
balance at 250, 200, and 150 °C for 30
min for each temperature, and, (c) Ar
and 10% O for 1h exposure at 550 °C,
followed by Ar flush for 2 h and 400
ppm NHj3, 400 ppm NO, exposure in
Ar balance at 250, 200, and 150 °C for
30 min for each temperature.
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The pretreatments of the samples with Ar and 10% O, or with NO,
NH3, and 10% O,, provide the continuous Cu reduction-oxidation
cycle which ensures the presence of both Cu*, and Cu?* species.
This results in the formation of Cu*, Cu?*, and [Cu(OH)]* species
in the pretreatment with Ar and O,, while in the one with NO,
NH; and O, different species such as [Cu(OH)]*, [Cu(NHs)2]",
[Cu(NH3)4]%*, [Cu(NH3)3(OH)]* can form. The decomposition
and formation of these species occur at high temperature and
during the NH3 adsorption step, respectively, with a subsequent
decomposition at high temperature of NH3-TPD experiments, to
form framework-bonded Cu* species before the SCR initiation.

On the contrary, the samples pretreatment under NO and NHjz
with no O, are lacking a Cu reduction-oxidation cycle, and the
Cu*, Cu*-NHj3;, and the existence of merely Cu* species results
in the formation of [Cu(NH3)2]* complex. The decomposition of
[Cu(NHj3)2]" complex starts from 200 °C, corresponding to the
highest studied temperature during our NH3-TPD experiments.
Therefore, the standard SCR initiates with this complex which
provides a facile oxygen activation at lower temperature. The
oxygen activation is well studied over the [Cu(NHj3),]* complex
and framework bonded Cu* by Wang et al. [116] and the results
revealed the easier and faster activation of O, at low temperatures
over [Cu(NH3)>]" complexes compared to framework-bonded Cu*
due to the lower barrier for O, activation.

However, O, activation occurs at both low and high temperatures
for the samples pretreated with or without oxygen, which results
in a Cu reduction-oxidation cycle, the pace of O, activation and
subsequently the amount of produced various species such as
[Cu(OH)I*, [Cu(NH3)2]*, [Cu(NH3)4]**, [Cu(NHz)3(OH)]*, and
Cu*-NHj is different at the studied temperature range.
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Figure 4.23: In situ DRIFT spectra in NH bending vibration region for Cu-SSZ-13 with Si/ Al= 12 and Cu/Al= 0.3 molar ratio under
standard SCR condition, at 130 and 200 °C, with the corresponding peak intensities at 1622 and 1452 cm’!.

The DRIFT spectra for both standard and fast SCR procedure
were compared for three pretreatments at 130 and 200 °C and the
data are shown for the corresponding N,O wavenumber region
in Figure 4.22. It is interestingly seen that the sample pretreated
under the environment without oxygen, provides higher N>O peak
intensity, which is well in agreement with the findings from flow
reactor experiments. For investigating the reason, the spectra at
1000-2000 cm ! are evaluated in detail for the samples under three
different pretreatments with the corresponding spectra illustrated
in Figure 4.23.

DRIFT spectra for the 1000-2000 wavenumber region clearly show
the existence of the bands at 1620 cm™ that corresponds to asymmet-
ric bending vibrations of [Cu(NH3)4]% together with the weakly
adsorbed NHj; on Lewis acid sites. Another band ascribed to the
symmetric bending vibrations of [Cu(NH3)4]%* arose at 1262 cm™,
accompanied with a shoulder at 1322 cm™ attributed to strongly
adsorbed NHj3 on extra framework Al (EFAI), [83] representing
almost the same peak intensity at 130 °C. The intensities of these
bands are higher for the samples pretreated under oxygen-poor
environment at lower temperature, which can be related to the
higher number of different species which forms due to the easier
activation. Elevating the temperature to 200 °C resulted in a de-
crease in the band intensity at 1262 cm™ with an increase in the
1322 cm™ band, but with almost similar intensity for all the samples
regardless of pretreatment conditions. These data are well agreed
with finding from flow reactor experiments and support the af-
fect of the [Cu(NH3)2]* complex on the activation of O, during
standard SCR.






Conclusions

The final chapter is dedicated to the summary of what my studies
have shown and conclude the proposed hypotheses. To deal with
the abatement of NOy and decreasing the N>O formation one
should figure out the role of different factors contributing in the
N> O formation.

The objective of this study was to understand the N, O formation
as a byproduct during NH;3-SCR over zeolite-based catalysts, by
investigating the effect of different parameters, such as zeolite
framework structure, ammonia storage capacity of the zeolites,
Si/ Al molar ratio, copper loading, temperature, gas composition,
and pretreatment conditions.

N>O formation can occur through different pathways depending
on the catalyst properties and/or reaction conditions. Considering
the effect of pore-size of the zeolites, the highest N,O formation
is shown for the Cu-BEA sample, which is a large-pore zeolite,
followed by the Cu-ZSM-5, and Cu-S5Z-13 zeolites with medium-
and small-pores, respectively. The DRIFTS spectra obtained during
NO oxidation over the samples show the highest peak intensity for
nitrate/nitrite species for the Cu-BEA zeolite at lower temperature.
This is likely related to the presence of multinuclear Cu clusters
that efficiently activates NO, forming surface nitrate species. The
higher number of [Cu(OH)]* species observed for the Cu-BEA
zeolite during H,-TPR measurements show, together with DRIFTS
results, that Cu species contributes in the N>,O formation by cata-
lyzing the reaction between nitrate species and ammonia, forming
ammonium nitrate that subsequently decompose to N>O at high
temperatures. The Cu-SSZ-13 zeolite showed the highest popula-
tions of monometallic Cu-NHjz complexes, compared to the other
samples, that can form over isolated Cu sites under the standard
SCR reaction conditions. These complexes can diffuse in the micro-
pores of the zeolite, form transient [Cu(NH3)2]"-O;-[Cu(NH3),]*
dimers and consequently activate O, via the re-oxidation of Cu*
ions to Cu?*.

The results from flow reactor and DRIFTS studies over the Cu-SSZ-
13 samples with different Si/ Al and Cu/Al molar ratios showed
that the N, O formation is influenced by the zeolite acidity and the
Cu loading, especially at lower temperatures. Further, the results
show the highest NH3 storage capacity for the samples with lower
Si/ Al molar ratio and higher Cu content, corresponding to the
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highest Al content and higher number of Lewis acid sites in the
zeolite.

Additionally, deconvolution of a feature in the wavenumber region
corresponding to the NHj3 adsorbed on the Brensted acid sites
(1390-1520 cm™), illustrate the existence of three main peaks, which
could be attributed to the antisymmetric and symmetric bending
vibrations of non-solvated NH4™. It is also found that elevating the
temperature during ammonia desorption, results in a shift in the
peak positions along with an intensity change, which may indicate
the transformation of one type of species at higher wavenumbers
to another at lower wavenumbers. It can be concluded that these
peaks are related to different types of NHj3 species with varying
acidic strength. The band at higher wavenumber can be attributed
the N-H bending vibrations of weakly bonded NH3 in NH4*.nNH3
associations, while the band at lower wavenumber is ascribable
to the N-H bending vibrations of NH4*. Hence, an increased
temperature could limit the amount of solvated NH3 molecules.

The flow reactor data during standard SCR over the samples
pretreated in NH3z and NO, revealed the highest N>O formation for
the samples with Si/ Al= 6 molar ratio followed by the samples with
Si/Al=12, and 24 molar ratio, which agrees with the DRIFTS results
showing the highest peak intensity corresponding to N,O for the
samples with Si/Al= 6 molar ratio. Comparing the differently
pretreated samples showed that, at low temperature, the samples
pretreated with NH3 and NO and in the absence of O, show higher
NOy conversion and N>O formation compared to the samples
pretreated in the presence of NHz, NO and O, and O,, which
seems to be relevant to the O; activation at lower temperature. The
pretreatment in the O,-poor environment results in the formation
of [Cu(NH3)2]* complexes, which leads to a facile activation of O,
at lower temperature, while the pretreatment of the samples in
Os-rich environment results in the formation of framework-bonded
Cu™ species with higher barrier for O; activation. Hence, with an
easier activation of O, the SCR reaction proceeds much faster at
low temperatures and results in higher NO conversion and N,O
formation. However, at high temperatures the differently pretreated
zeolites show similar NO, conversion and N»O formation as the
O, activation barrier is overcome.

In conclusion, it seems that not only the pore size of the zeolite has
a considerable effect on the N>O formation, due to the higher NH3
storage capacity and higher formation of nitrate species, also the
acidity of the small-pore zeolite plays a significant role for the NH3
storage capacity of the SCR activity. Further, the amount of Cu and
the type of Cu species, have a crucial effect on the activation of O,
and hence the activity and selectivity of the SCR reaction.
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