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Effect of hydrocarbons on the ammonia selective catalytic reduction of nitrogen
oxides under typical diesel engine exhausts conditions over copper-based zeolites

by Andrés Camilo ALVAREZ MONTOYA

The use of diesel engines is growing due to their advantages over the gasoline en-
gines, but they increase nitrogen oxides (NOx) emissions. The ammonia selective cat-
alytic reduction (NH3-SCR) with Cu-based zeolites is the most promising and studied
technique for the abatement of NOx. However, research under more realistic condi-
tions, such as including hydrocarbons on the simulated gas, needs to be studied deeply.
We selected Cu-ZSM-5, Cu-S5Z7-13, and Cu-SAPO-34 (three of the most successful and
investigated catalysts in the NH3-SCR of NOx) to perform a series of experiments re-
garding the effect of propylene and dodecane (two hydrocarbons that can be present in
diesel exhausts) on the NH3-SCR of NO and adsorption of NH3;. We synthesized the
catalysts by ion exchange and confirmed their structure by X-ray diffraction. We found
that both propylene and dodecane reduced the amount NH3 adsorbed on the catalysts.
Also, we determined that experiments of temperature-programmed desorption of NH3
of Cu-ZSM-5 and Cu-SAPO-34 saturated with propylene changed the parameters of the
desorption kinetic of the catalysts, and mainly affected the acid sites that not concern
copper. We confirmed that dodecane (a long-chain hydrocarbon) affected the perfor-
mance of Cu-S5Z-13 (a small-pore zeolite) on the NH3-SCR and NHj3 oxidation. Finally,
we found that the hydrocarbons decreased the activation energy and changed the pa-
rameters of a power-law kinetic of Cu-ZSM-5 and Cu-S5Z-13 in the NH3-SCR of NO.
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Efecto de hidrocarburos sobre la reduccidon catalitica de 6xidos de nitrégeno bajo
condiciones tipicas de exostos de motores diésel sobre catalizadores zeoliticos
basados en cobre

por Andrés Camilo ALVAREZ MONTOYA

El uso de motores diésel estd creciendo debido a sus ventajas sobre los motores a
gasolina, pero aumentan las emisiones de 6xidos de nitrégeno (NOx). La reduccién
catalitica selectiva con amoniaco (NH3-RCS) utilizando zeolitas basadas en cobre es la
técnica més prometedora y estudiada para la reduccién de NOx. Sin embargo, su inves-
tigacion bajo condiciones mds reales, como la inclusién de hidrocarburos en el gas simu-
lado, necesitan ser estudiadas profundamente. Se seleccionaron Cu-ZSM-5, Cu-SSZ-13
y Cu-SAPO-34 (tres de los catalizadores mds exitosos e investigados en la NH3-RCS de
NOx) para desarrollar una serie de experimentos concernientes al efecto del propileno
y el dodecano (dos hidrocarburos que pueden estar presentes en exhostos de motores
diésel) en procesos relacionados con la NH3-RCS de NOx. Los catalizadores se sinte-
tizaron por intercambio i6nico y su estructura fue corroborada por difraccién de rayos
X. Se encontré que tanto el propileno como el dodecano redujeron la cantidad de amo-
niaco desorbida en los catalizadores, la cual es una etapa muy importante para que la
reaccion de NH3-RCS ocurra. Ademads, se determiné que experimentos de desorcién
a temperatura programada de amoniaco de Cu-ZSM-5 y Cu-SAPO-34 saturados con
propileno cambia los parametros de la cinética de desorcién de ambos catalizadores y
principalmente afecta los sitios dcidos no relacionados con cobre. Se encontré que el
dodecano (un hidrocarburo de cadena larga) afecta el desempefio la Cu-SSZ-13 (una ze-
olita de poro pequefio) en la NH3-RCS de NO y en la oxidacién de NHj3. Finalmente,
se encontrd que los hidrocarburos disminuyeron la energia de activacion y cambiaron
los pardmetros de una cinética de ley de potencias de la Cu-ZSM-5 y la Cu-SSZ-13 en la
reacciéon de NH3-RCS de NO.
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Chapter 1

Background

This chapter aims to give the basic concepts and definitions for the understanding of the
main topics of this thesis. It begins defining diesel engines, diesel fuel, and emissions,
emphasizing on nitrogen oxides. It lists the main categories for NOx abatement and
explains the NH3-SCR of NOy, which was the technique for reducing NOx studied in
this work. It gives a general review of the catalysts used in this process and emphasizes
zeolites. It explains the principles of adsorption in materials like zeolites and depicts
the equations needed for simulating the kinetics of the adsorption/desorption process.
It gives a thorough state of the art in the effect of hydrocarbons on catalysts based on
zeolites used in the NH3-SCR of NOx that let us propose some of the objectives dealt in
this thesis. It finally gives an overview and explains some of the decisions made for the

topics of each chapter.
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1.1 General concepts

1.1.1 Diesel engine

A diesel engine is an internal combustion engine, in which compressed air ignites the
diesel fuel to convert its chemical energy into mechanical force [1]. It has a higher com-
pression ratio, hence more efficient than a gasoline engine. However, it is more expen-
sive due to the materials that need to resist the high pressures and temperatures inside
the engine [2].

1.1.2 Diesel fuel

A report from the United Nations Environment Programme, the International Labour
Organisation, and the World Health Organization (WHO) defines the diesel fuel as a
mixture of normal, branched, and cyclic alkanes (60 to 90% v/v), with hydrocarbon
chains length between Cy and Cszp; aromatic compounds, especially alkylbenzenes (5
to 40% v/v); and small amounts of alkanes (0 to 10% v/v) obtained from the middle-
distillate, gas-oil fraction during petroleum separation [3]. Benzene, toluene, ethylben-
zene, xylenes, and polycyclic aromatic hydrocarbons (PAHs), may be present at levels
of parts per million [3].

Diesel fuel can also derive from animals or plants—biodiesel. It is obtained sub-
jecting the animal fat or vegetable 0il to a chemical reaction called transesterification

[4].

1.1.3 Emissions

The major combustion products in a diesel engine exhaust are nitrogen (~67%), car-
bon dioxide (~12%), water vapor (~11%), oxygen (~9%), nitrogen oxides (~0.5%), and
~0.5% composed of pollutants such as particulate matter, carbon monoxide, hydrocar-
bons, and some sulfur dioxide depending on the fuel source [5]. Among all the pollu-
tants emitted, NOx has the highest proportion of diesel pollutant emissions with a rate
of more than 50%. Diesel engines are responsible for about 85% of all the NOx emis-
sions from mobile sources, primarily in the form of NO [5]. Benzene and toluene are
present in the lower weight percent range in the gaseous part of the hydrocarbon frac-
tion. Other components are low-relative-molecular-mass polycyclic aromatic hydrocar-
bons (PAHs) [3]. According to Liang et al. [6], the composition of gases from a diesel
engine exhaust suggests that they may originate from unburned diesel fuel, engine oil
evaporation or combustion generated products. Compared with diesel fuel, the exhaust
contains fewer fractions of alkanes and more PAH compounds. Liang et al. [6] reported
that the gases of a diesel engine exhaust might contain 8339 ug/g n-alkanes, 7592 ug/g
of branched alkanes, 242 ng/g saturated cycloalkanes, 246 ug/g of polycyclic aromatic
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hydrocarbons (PAHs), 10997 ug/g of alkylated PAHs, 71.1 ug/g of alkylbenzenes, and
7012 ug/g of alkanoic acids.

1.1.4 Nitrogen oxides

Nitrogen oxides (NOx) are a gaseous mixture of nitric oxide (NO) and nitrogen dioxide
(NOy). Naturally, they are present in the atmosphere due to bacterial decomposition,
forest fires, volcanic activity, trees, and yeast. Anthropogenically, they are produced
from fossil fuel combustion such as coal, petroleum, and natural gas in solid waste
incinerators, refineries, glass and cement industries, and power plants. According to
the type of NOx formation, they are classified as:

e prompt NOx, formed in the reaction of hydrocarbon fragments with atmospheric
nitrogen to produce HCN or H,CN that can oxidize to NO and NO, or N,O;

* fuel NOy, produced from the combustion of nitrogen present in fuels like coal and
heavy oils; and

¢ thermal NOx, formed from the reaction of nitrogen from the air with oxygen
at high temperature (~1000 °C) according to the Zeldovich mechanism (Reac-
tions 1.1-1.3)

N; + Oy +— 2NO (1.1)
N +0O: ¢<— NO+N- (1.2)
N-+0,+—NO+O- (1.3)

1.1.5 Nitrogen oxides abatement
The Three main categories to reduce NOx [7] are:
a) treating the fuel, which consists of reducing any nitrogen bounded to the fuel;

b) minimizing the formation of NOx at the source, which consists of modifying com-
bustion parameters to reduce the amount of oxygen [8], eg., staged air addition,
steam and water injection, reburning, exhaust gas recirculation (EGR), and design
modifications in the burner, furnace or boiler [7]; and

c) removing NOx before expelling them into the atmosphere, which consists of re-
ducing the NOx by a technique such as selective catalytic reduction (SCR), selec-
tive non-catalytic reduction (SNCR), NOx storage reduction (NSR), and scrubbing
methods.
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From techniques described previously, SCR with NHj is the most promising for the
reduction of NOx.

1.1.6 NH;3-SCR of NO from diesel engines

NH;3-SCR of NOx consists of injecting NH3, which reacts with NOy, into the gaseous
stream to produce molecular nitrogen and water (Reaction 1.4). Commercial SCR sys-
tems reduce NOx between 70 and 95% at the temperature range 250-400 °C. The work-
ing temperatures depend on the catalyst used; for titanium and vanadium oxide cata-
lysts is about 340—400 °C; for zeolite catalyst, it is about 200-300 °C.

NOx in diesel exhaust is usually composed of 90% NO. Therefore, the main reaction
of SCR is Reaction 1.4, which is called standard SCR. With equimolar amounts of NO
and NO; (Reaction 1.5), it is called fast SCR; and with only NO, (Reaction 1.6), it is
called slow SCR.

4NH; 4+ 4NO + 05 — 4N, + 6 H,0 (1.4)
4NH3 +2NO +2NO, — 4N, + 6 H,O (1.5)
8NHj3; + 6 NO, —— 7N» + 12H,O (1.6)

Another important reaction is the oxidation of NO (Reaction 1.7)

2NO + Oy — 2NO;, (1.7)

Others reaction that can occur in the process are the following:

4NH; + 50, —3 4NO + 6 H,O (1.8)
4ANH; +30; — 2N, 4+ 6 H,O (1.9)
2NH; + 20, — N,O + 3H,0 (1.10)

Reaction 1.8, Reaction 1.9, and Reaction 1.10 represent the oxidation of NH3 to NO,
N and N;O, respectively.

The Gibbs free energy for Reaction 1.4 (AGg98 = —1651kJ mol 1) is lower with re-
spect to the one of Reaction 1.7 (AGg98 = —70kJ mol 1) [9]. Since Reaction 1.5 is limited
by Reaction 1.7, it is concluded that Reaction 1.4 dominates the reduction of NO as
Zhang et al. [9] point out.
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Figure 1.1 shows a typical diesel after-treatment system, which consists of a diesel
oxidation catalyst (DOC), a diesel particulate filter (DPF), and the selective catalytic
reduction (SCR) system itself. The DOC oxidizes hydrocarbons and CO to CO,, and
NO to NOy; the DPF traps the particulate matter from the exhaust gas; then a diesel
exhaust fluid (DEF, generally a urea solution) is added in the SCR unit to reduce the
nitrogen oxides to N, and H,O. Because of the complex composition of the exhaust
gases and diesel engine operational conditions, the diesel after-treatment system could
have some problems. For example, DOC might oxidize neither HC nor the CO, if it is
saturated after a long-time use or in the long idling or cold start of the engine, in which
the DOC does not reach its operating temperature.

DEF

o 6 — = O —
@5 HC - -

H,O
Co - - -
NC)>< NOX NOX -
PM PM - -
Figure 1.1: Schematic of a diesel after-treatment system. The figure of the diesel engine was taken

from [10].

1.1.7 Catalysts for NH3-SCR of NOx

Generally, SCR of NOx emitted from stationary sources uses catalysts consisting of
vanadium pentoxide (V,05) and tungsten trioxide (WO3) supported by high-surface-
area anatase-form titania (TiO,) [11]. Those catalysts have high activity for NOx reduc-
tion at the medium temperature range 350—450 °C and resistance to sulfur poisoning
[12]. However, they lack thermal stability under harsh environments due to the phase
change of TiO; from anatase to rutile above 550 °C [13]. Also, vanadium, which is toxic,
could evaporate from the surface at 550 °C [13]. On the other hand, the automobile in-
dustry, which uses gasoline as a fuel, uses the TWC (Three-Way Catalysts), which can
deal with hydrocarbons, CO, and NOx at the same time.

However, in diesel engines, using the TWC and the V,05/WO3/TiO; is not possible
because they operate at lean conditions (i.e., excess of air). They have a narrow working
temperature window, are unstable, and deactivates easily caused by the anatase-rutile
transition in V2O05-WO3/TiO; catalysts [14]. For that reason, the automobile indus-
try that works with diesel engines prefers the metal-exchange zeolite-based catalysts
because they operate on a broader temperature window (200450 °C), increase stabil-
ity, and reduced deactivation problems [14]. ZSM-5 and beta zeolite frameworks with

medium and large pores, promoted by transition metals like Cu and Fe, have high NOx
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reduction over a wide range of conditions [15-19], but the presence of water can cause
dealumination of these catalysts at high temperatures [20]. Zeolites having the CHA
framework, which possesses small pores, are an alternative due to their high thermal
stability [21-24].

1.1.8 Zeolites

According to Collela [25], "a zeolite is a crystalline substance with a structure character-
ized by a framework of linked tetrahedra, each consisting of four O atoms surrounding a
cation. This framework contains open cavities in the form of channels and cages. These
are usually occupied by H,O molecules and extra-framework cations that are commonly
exchangeable. The channels are large enough to allow the passage of guest species. In
the hydrated phases, dehydration occurs at temperatures mostly below about 400 °C
and is largely reversible. The framework may be interrupted by (OH, F) groups; these
occupy a tetrahedron apex that is not shared with adjacent tetrahedra".

The Structure Commission of the International Zeolite Association (IZA-SC) is the
organization that promotes and encourages the development of all aspects of zeolite
science and technology [26]. Until 2016, it has registered 232 frameworks of zeolites,
including the MFI (Figure 1.2a) and CHA (Figure 1.2b) frameworks that were subject of
study in this thesis. ZSM-5 corresponds to the framework type MFI, while SAPO-34 ( a
silicoaluminophosphate) and SSZ-13 (an aluminosilicate) correspond to the framework
type CHA.

MFI framework is composed of several pentasil units linked together by oxygen
bridges to form pentasil chains, and mirror images that form corrugated sheets with
10-ring holes [27]. Each sheet is linked by oxygen bridges to the next to form the 3-
dimensional structure. Adjacent sheets are related to one another by an inversion center
producing straight 10-ring channels perpendicular to the sheets (along x). The follow-
ing channels link the straight channels to one another to form a 3-dimensional 10-ring
channel system [27].

CHA framework has an ABC stacking of double 6-rings arrays (or and AAB-BCC
stacking of single 6-ring arrays. This stacking produces an elongated cavity with six
8-ring pores and a 3-dimensional channel system [27]. The pore size of the CHA and
MEFI framework are 3.8 and 5.4-5.6 A[28].

1.1.9 Adsorption in zeolites

Adsorption is the enrichment of a solid surface by an interface of a fluid [29]. The fluid
available for adsorption, which can be either a gas or liquid, is the adsorbate; the solid,
on which the adsorption takes place, is called the adsorbent [29]. Zeolites can adsorb

molecules, without changing their structure, due to their high specific surface area
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U

(@ MFI framework viewed along (b) MFI framework viewed to normal
[010] [001]
Figure 1.2: Frameworks of the catalyst worked in this thesis.
Frameworks of the catalyst worked in this thesis. Adapted from [28].

(40-800 m?/ g), some hydrophobic-hydrophilic surface effects and their structure itself
[30].

One of the main steps in the NH3-SCR of NOx is the adsorption of ammonia on
the catalyst surface. Since several gaseous compounds are present in the diesel engines
exhausts, they could avoid the successful adsorption of ammonia due to adsorption

competition or blockage of the active sites.

1.1.9.1 Kinetic modeling of adsorption/desorption of NHj3

Arrhenius expressions (Equations 1.11 and 1.12) [31] describe the kinetic of the adsorp-
tion/desorption process, where 7,45 and 7,4, are the rate of adsorption and desorption,
respectively; A,s; and Ay, are the pre-exponential factor of the adsorption and desorp-
tion, respectively; E 45 and Eg,; are the activation energy of adsorption and desorption,
respectively; cNp, is the concentration of NHjz in the gas phase; R is the universal gas
constant; and T is the temperature. For the complete model, it is assumed that the adsor-
bate does not adsorb onto the walls of the reactor and that not re-adsorb (nonactivated
adsorption, i.e., Eads = 0) onto the sample. The activation energy of the desorption de-
pends on the coverage—Temkin type desorption—according to Equation 1.13, in which
« is the coverage dependence of the activation energy, 0Ny, is the surface coverage of
NHj3, and Ej is the activation energy at zero coverage.

E
s = Angsxp | oot | e, (1 O (1)
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deﬂ ONH, (1.12)

Tdes = Ades exp |: RT

Eges = E(0) (1 — & - Onmy,) (1.13)

1.1.10 Kinetic diameter

The kinetic diameter gives an idea of the molecule as a target. It is applied to atoms
and molecules to measure the probability that a gas molecule will collide with another
molecule [32]. Table 1.1 shows the kinetic diameters found in the literature of NHj
C3Hg, and n-CjoHyg, the more critical compounds in this thesis. Those values can be
compared with the pore size of the zeolites to indicate how likely the molecule could
enter the pores of the zeolites.

Table 1.1: Kinetic diameter taken from [33-35] of the more representative compounds in this
thesis.

Molecule Kinetic diameter / A

NH; 26
C3Hs 45
n—C12H26 49
CcO 3.8
CO, 3.3

1.2 State of the art in the effect of HCs on the NH3-SCR of NOx

Since the first report about the abatement of NOx using zeolite materials [19], several
studies have been reported changing the type of catalyst [36-38], the reaction conditions
[39], and pollutants such as SO, [40-42]. In addition to SO,, the effect of hydrocar-
bons is one of the topics studied. This section lists the main works related to the study
of the effect of hydrocarbons on the NH3-SCR of NOx and describes their main findings.

Montreuil et al. [43] investigated at the Ford Company, the effect of hydrocarbons
(1100 ppm ethylene, 700 ppm propylene, 130 ppm benzene, and 110 ppm decane) on
two different catalyst formulations (first and second generation catalysts). They used
a base gas concentration of 15% oxygen, 350 ppm NO, 350 ppm NHs, 5% CO;, and
4.6% water. They found that hydrocarbons affected the NOx conversion in the first
generation catalyst but little or nothing in the second generation catalyst at 200 °C. It
was the first report about the effect of hydrocarbons in the NH3-SCR of NOx. However,
the authors do not reveal information on the catalysts.
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In another work, Sultana et al. [44] added decane to a simulated gas from a diesel
engine to study its effect on the NH3-SCR of NOx with Cu/HZSM-5 and Cu/NaZSM-
5 catalysts. They study the NH3-SCR of NO with 200 ppm NO, 200 ppm NHj3, 10%
Oy, 6% HyO, 1 ppm SO, and 10 ppm CyoHy at a temperature range 160-400 °C. They
reported that Cu/NaZSM-5 behaved better than Cu/HZSM-5 with and without C1oHap
due to a promoting effect of the Na* cations in the formation of Cu*, nitrite, and nitrate
intermediates species and retardation of coke formation. They confirmed their results
by FT-IR of adsorbed NO but did not study the adsorption of NH3.

Later, He et al. [45] reported that propylene deactivates Fe/Beta and Fe/ZSM-
5 catalysts (synthesized by incipient wetness impregnation), however cutting off the
propylene restores the conversion. They used a reactant composition of 1000 ppm NH3,
1000 ppm NO, 2% O,, and He for balance and with 1000 ppm C3Hg when used. They
found by FT-IR analysis that deposits of carbon species on Fe/Beta formed N,O, and
by XPS that C3Hg partially reduced Fe*, confirming that both could reduce NO con-
version. These results were significant at that time, but synthesizing the catalysts by
incipient wetness impregnation lacks good dispersion of the active sites in the catalysts.

Li et al. [13] reported that in the NH3-SCR of NOx (1000 ppm NO or NO,, 1000 ppm
NH3, 1000 ppm C3Hg when used, 5% O,, and He as balance in the temperature range
150-550 °C) with Fe-ZSM-5 (prepared by ion exchange), the NO conversion decreased
in the presence of propylene by 24, 55, 51, and 25% at 200, 300, 400, and 500 °C, re-
spectively; however, the effect was insignificant when they replaced NO by NO; in the
feed. They proposed that propylene residues may deactivate the catalyst by blocking
the Fe3* active site, on which NO oxidized to NO,. The zeolite crystal structure did
not change either before nor after propylene poisoning, and no graphitic phase formed
over propylene-poisoned catalyst. The surface area and pore volume of the catalysts
decreased due to carbonaceous deposition. The activity for NO oxidation to NO, was
significantly inhibited in a propylene poisoned catalyst below 400 °C. The adsorption of
NH; on the Breonsted acid sites to form NHZ was not hindered even on the propylene
poisoned catalyst, and the amount of absorbed NH3 was still abundant and enough to
react with NO, to generate Ny. They also reported hydrocarbon oxygenates such as
formate, acetate, and containing nitrogenated organic compounds on the catalyst’s sur-
face. This work was significant because they proposed a mechanism for the activation
in Fe-ZSM-5; however, they did not deal with Cu-based zeolites, which are more active
at low temperatures.

Heo et al. [46] studied the effect of hydrocarbon slip on NO removal activity of
CuZSMS5, FeZSM5, and V,05/TiO; catalyst by NHj at the conditions of 500 ppm NO,
500 ppm NHj3, 5% O,, 10% H,O, N, balance, and 500 or 2000 ppm of C3Hg when used
in the temperature range 150-550 °C. Their results show that propylene decreased the
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activity in the NH3-SCR of NO of CuZSM5 and FeZSM5 due to the competitive adsorp-
tion of NH3z and C3Hg and due to the consumption of NH3 by side reactions as NHj3
oxidation and ammoxidation. In the high-temperature region, the HC-SCR reaction by
CsHgcontributes to restoring the CuZSMS5 activity, while the recovery was not possible
in FeZSM5.

Malpartida et al. [47] used a gas composition of 14% O,, 4% CO,, 1% H,0O, 300 ppm
CO, 150 ppm NO, 150 ppm NH3, and 85 ppm of HC’s (43 ppm CyoHj, 25 ppm toluene,
and 17 ppm C3Hp) diluted in Ar to study the unburnt HC effect on the activity of com-
mercial automotive catalyst for the NH3-SCR. They studied the reaction in the temper-
ature range 438-673 k and found that propylene, decane, and toluene blocks the pores
of a commercial zeolite by forming carbonaceous material on the surface of the catalyst.
That reduces its activity in the NH3-SCR of NOx and oxidation properties but depends
on the kind of hydrocarbon. This report proved that HCs could adsorb on the catalyst
but not reveal the kind of catalyst they tested.

Luo etal. [48] studied the effect of C3Hg and Cq2Hy on the NH3-SCR performance of
Cu/Beta and Cu/SPZ catalysts. The feed gas composition was 600 ppm NHj3, 600 ppm
NOx, 8% O, 5% H,0 in the temperature range 150-500 °C. Cu/SPZ had less hydrocar-
bon inhibition and less N,O formation than Cu/Beta. C1,Hy¢ did not affect the Cu/SPZ
at temperatures lower than 300 °C and had little effect at 400 °C; propylene slightly
inhibited the activity (less than 5% conversion reduction). They did not detect coke
formation in the Cu/SPZ catalyst, C3H¢ affected Cu/beta due to the partial oxidation
intermediates on the catalyst surface, and dodecane inhibited the NO conversion over
the whole temperature range. At 150 °C, NOx conversion decreased due to the strong
adsorption of CjoHys blocking sites either directly or indirectly by blocking pores. At
300 °C, due to both partial oxidation intermediates and strong hydrocarbon adsorption.
The authors highlight that the differences of resistance to hydrocarbon poisonings, such
as hydrocarbon adsorption and coke formation, are related to the pore structure of the
zeolite. They concluded that the small pores in the Cu/SPZ catalyst do not allow the
diffusion of large hydrocarbon molecules into the pores, hindering adsorption onto ac-
tive sites, as well as the formation of coke-related molecules in the pores, and thus the
active sites are preserved. This work was significant because it gave insights about the
possible mechanism of HC poisoning on Cu based zeolite.

In related work, Luo et al. [49] studied the hydrocarbon poisoning of Cu-Zeolite SCR
catalysts. They used a gas feed composition of 600 ppm NHj3, 600 ppm NOx, 200 ppm
C3Hg, 8% Oy, 5% CO,, and 2.5% HyO from 150-500 °C. They concluded that C3Hjg af-
fects the Cu/Beta performance in the standard and fast SCR reactions by formation of
intermediate surface species—acrolein-like and coke species—formed during C3zHg ox-
idation, and by reduction of NO, to NO, respectively. However, it had a positive effect
on the slow SCR reaction. This work focused more on the mechanism, but Cu/Beta
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zeolite is not the most suitable catalyst for the SCR reaction.

Ma et al. [50] tested a series of Fe-zeolite catalysts (Fe-MOR, Fe-ZSM-5, and Fe-BEA)
prepared by ion exchange. They studied the reactions at the conditions of 500 ppm C3Hg
(when used), 500 ppm NO, 500 ppm NHj3, and 5% Osin the temperature range 150-
500 °C. Fe-zeolites were active without propylene from 150—300 °C; however, C3Hg
suppressed the catalytic activity. Fe-MOR was the most resistant because it has a one-
dimensional structure that facilitates diffusion, lower acidity, and is not susceptible to
deactivation compared to Fe-ZSM-5 and Fe-BEA. They observed nitrogenated-organic
compounds (e.g., isocyanate) on the Fe-zeolite catalyst surface. The site blockage was
mainly on Fe3* sites, on which NO was activated and oxidized. In a Fe-BEA monolith
catalyst coating modified with MOR, the deactivation due to propylene poisoning was
less, and the NOx conversion was higher than the catalyst in powder form.

Ye et al. [20] studied the effect of propylene on copper, iron, and mixed copper/iron
exchanged zeolites containing ZSM-5 and chabazite-like zeolites (55Z-13, SAPO-18, and
SAPO-34) for the NH3-SCR of NO. They used the standard reactant composition as fol-
lows: 400 ppm NO, 400 ppm NH3, 700 ppm C3Hg (when used), 14% O;, 2% H,0, and a
balance of He. The temperature studied was in the range of 150-550 °C. All the catalysts
exhibited high NO conversions without propylene. Cu/S5Z-13, Cu/SAPO-18, and Cu-
SAPO-34 were the most stable in the presence of propylene; coke formed on Cu/ZSM-
5. C3Hg reduced the surface area, the Cu*/Cu?* ratio, and the copper contained in
Cu/ZSM-5, but they slightly change in SSZ-13, SAPO-18, and SAPO-34. Cu/ZSM-5
showed a more significant decline in NO conversion with time and higher propylene
adsorption than Cu/S5Z-13, Cu/SAPO-18, and Cu/SAPO-34. They concluded that the
resistance to hydrocarbon poisoning depended on the pore geometry of the zeolites. For
example, for medium-pore size zeolites like Cu/ZSM-5, hydrocarbon blocked the active
sites and decreased the active intermediates needed for NO conversion. On the other
hand, small-pore zeolites like Cu/S5Z-13, Cu/SAPO-18, and Cu/SAPO-34 showed a
more considerable hydrocarbon poison resistance since they have small cage diameter
and do not possess one-dimensional channel structures. This work was meaningful be-
cause it regarded the pore size of the catalyst, but the analysis was vague, and more
characterization was needed.

Kumar et al. [51] investigated the hydrocarbon storage on small-pore Cu-zeolite
SCR catalysts supported in a 300 cpsi cordierite substrate. They used a base feed of 10%
O3, 8% H,0 in N, with a HC storage concenctraion ofn-Ci2H6(~1000 ppm C;) or C3Hg
(~1000-5000 ppm C;) at temperatures from 100—450 °C.They found that even small-
pore zeolite catalysts can store substantial quantities of n-dodecane on the external sur-
face, although the reactive transformation drives this process instead of adsorption.

Ma et al. [52] used, at steady state, a gas N, mixture containing 350 ppm NO,
350 ppm NHj3, 14% O, 500 ppm C3Hg (when used), and 2% H,O in the temperature
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range 150-550 °C to propose a mechanism of propene poisoning on Cu-S5Z-13 cata-
lysts for SCR of NOx by NH3. The found that C3Hg inhibits the NOx adsorption and
activation on the catalyst surface of commercial Cu-SSZ-13, especially at temperatures
around 350 °C. Below 250 °C, NOx and C3Hg competes for adsorption; around 350 °C,
coke depositions deactivates the Cu-SSZ-13. They report that submitting the poisoned
catalysts to oxygen at temperatures above 450 °C could remove the coke and regenerate
the catalysts.

Zheng et al. [53] investigate the effect of C3Hg on NH3-SCR, NH3 adsorption and ox-
idation, and N,O production on a commercial Cu-SS5Z-13 monolithic catalyst. The gas
composition for the baseline NH3-SCR reactions comprised 500 ppm NH3 and 500 ppm
NO for standard SCR (NO/NOx = 1), 250 ppm NO and NO; for fast SCR (NO/NOx
= 0.5), and 500 ppm NO, for slow SCR (NO/NOx = 0), in 0% and 5% O»in a carrier
gs of 2.5% Hy0O, 2% CO; and balance Ar. When C3Hg was used, the concentration was
500 ppm. They found that C3Hg promotes NO; reduction to NO by the formation of
organic intermediates and that it competes with NHj for adsorbed NO,, which gener-
ates NO and thus increases the NO/NOx ratio. They showed that organic intermediates
play an essential role in blocking active sites as they confirmed by in situ DRIFTS (dif-
fuse reflectance infrared Fourier transform spectroscopy).

Selleri et al [54] modeled the inhibition effects of short-chain hydrocarbons (C,Ho,
C3Hg, and C3Hg) on a small-pore Cu-zeolite NH3-SCR catalyst. They carried out the
steady-state experiments in the temperature range 150-550 °C with molar feed fractions
of 180 ppm NOx, 234 ppm NH3, 0 or 180 ppm HC, 10% H>O, and 10% O,. They stated
that they can rule out that the negative effect of HCs on DeNOx performance is due
to HC competing with NHj for adsorption on the same catalyst site. They pointed
out that is likely instead that HCs are partially oxidizez by O, (and NO,y), leading to
intermediate adspecies which block the active sites.

In another report, Selleri et al. [55] studied the impact of light and heavy hydro-
carbons on the NH3-SCR activity of commercial Cu- and Fe-zeolite catalysts. The
steady-state NOx conversion experiments were carried out in the temperature range
150-550 °C; molar feeds were: NOx = 500 ppm, NH3 = 550 ppm, HCs = 1500 ppm
(on C; basis), HyO = 10%, O, = 10%, and balance Ny. They found that both C3Hg and
CioHy, affected a commercial Fe-zeolite, but not a commercial Cu-zeolite in the SCR

reaction.

All the previous works focused on the effect of HCs on the catalytic activity of the
catalysts tested. However, some of them lack thoroughly, and the conditions such as
GHSV need to be studied. Parallel reactions, such as NO and NHj oxidation in the
presence of HC, have not been studied intensely. Those works did not study the effect
hydrocarbons on the kinetics of the adsorption or the SCR reaction.
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1.2.1 Justification for materials and conditions

Considering the literature review about in the effect of HCs on the NH3-SCR of NOy,
we selected the following materials for this work:

Cu-ZSM-5 because is the most studied catalyst in the NH3-SCR of NOx and we want
to have a reference for compare our results; Cu-SSZ-13, because is the most promising
catalysts for the NH3-SCR of NOx, and we want to evaluate more deeply its behavior
under conditions with HCs; and Cu-SAPO-34 because is a catalyst with the same struc-
ture of the Cu-S5Z-13 with similar properties but still needs to be studied for how it
behaves under several conditions. For the case of the HCs we chose propylene because
it is the most used surrogate for diesel in the studies related to the effect of HC on the
NH3-SCR of NOx; and n-dodecane because we wanted to use a more suitable surrogate
for diesel and because it little reported in the literature. The conditions were chosen
according to the standard concentrations used to study the effect of NH3-SCR of NOx
over Cu-zeolite catalysts, that mean: 400 ppm NO, 500 ppm NHj3, 8% O,, and 5% HO.
In the temperature range 150-550 °C, which is usually used to determine the catalytic
activity of Cu-zeolite catalysts.

1.2.2 Significance of the research

According to the literature, diesel vehicles are going to increase their worldwide use,
because they are more thermodynamically efficient than spark-ignition engines, have
better fuel economy and greater power density compared to conventional gasoline en-
gines [56]. However, they produce higher NOx and particulate matter emissions in
comparison with spark-ignition engines. NOx can cause a lot of environmental issues
like acid rain, tropospheric ozone, and photochemical smog; in addition, they cause
problems in people in breathing and visibility [57].

This research aimed to study the effect of hydrocarbons on the activity of Cu-based
zeolite catalysts. The results of this project would help to understand how hydrocarbons
affect the catalyst used for the NH3-SCR at diesel engine conditions. In this project, we
found by FTIR characterization how hydrocarbons can affect the acid sites in the studied
catalysts. We used a kinetic model and fitted NH3-TPD data using MATLAB® to un-
derstand a little how hydrocarbons can affect the kinetic of the adsorption/desorption
of NHj3 in Cu-ZSM-5 related catalysts and Cu-SAPO-34. Another significant result was
the study of the effect of HCs on the kinetics of Cu-ZSM-5 and Cu-S5Z-13—the most
used catalysts in the NH3-SCR. The results from this project would also help to analyze
better the design of complete after-treatment gas system in diesel engines because we
demonstrated that hydrocarbons can change the kinetics of the NH3-SCR of NO reac-
tion.
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1.3 Obijectives

Taking into account state of the art in the effect of HCs in the SCR and the need to
understand the effect of hydrocarbons more deeply, we propose to give more depth to
these studies. We proposed the following objectives:

1.3.1 General objective

To study the effect of propylene, dodecane on the ammonia selective catalytic reduction
of nitrogen oxides (NH3-SCR of NO).

1.3.2 Specific objectives
* To synthesize and characterize Cu-ZSM-5, Cu-S5Z-13, and Cu-SAPO-34.

* To evaluate the effect of hydrocarbons on the catalytic activity and stability of a
selected catalyst under typical diesel engine exhaust conditions (400 ppm NO, 8%
O3, 5% H,0).

¢ To study the effect of a hydrocarbon on the kinetics of the adsorption/desorption
of NHj3 over Cu-based catalysts.

* To determine the effect of hydrocarbons on the kinetic of the NH3-SCR of NO over
Cu-based catalysts.

1.4 Thesis overview

Studying the effect of hydrocarbons on the catalytic activity and kinetic of Cu-based
zeolites in the NH3-SCR of NO is the main objective of this work. We chose propylene
and n-dodecane as an unsaturated and long-chain hydrocarbons surrogates for diesel
fuel. We chose the most reported and promising catalysts for the NH3-SCR of NOx
such as Cu-ZSM-5, Cu-S5Z-13, and Cu-SAPO-34. Our purpose was to see an effect on
the pore size of the catalysts.

Chapter 1 is a background that describes the basic concepts regarding the topics of
this thesis. It gives state of the art in the effect hydrocarbons in the NH3-SCR of NO.
We wrote the primary studies of this thesis as three independents articles with their
introduction, experimental section, the results, and discussion and conclusion.

In Chapter 2, we used C3Hg and Cu-based ZSM-5 catalysts to study the effect of
pre-adsorbing C3Hg on the catalysts and compare to Cu-SAPO-34, which has smaller
pore size to study the differences in the adsorption of C3Hg. Adsorbing first the C3Hg
is the worst scenario for studying how C3Hj affects the adsorption of NHj3, but it is the
beginning to perform more realistic experiments adsorbing C3Hg and NHj at the same
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time and study how they compete for the adsorption. We synthesized the Cu-based
ZSM-5 catalysts by ion exchange and impregnation to study if the method of synthesis
influences the adsorption. We used Matlab to obtain the parameters for the simulation
of the kinetics of the adsorption/desorption and found that pre-adsorbing propylene
on the catalysts, reduces the amount of ammonia adsorbed on the surface and changes
the parameters in all the catalysts.

Chapter 3 compares the CjoHyg resistance of Cu-ZSM-5 and Cu-S5Z-13. We found
that C1oHyg affected more Cu-ZSM-5 than Cu-SSZ-13. We chose Cu-S5Z7-13 because it
was the most resistant to HC for making a deeper study on several reactions such as NO
oxidation and NHj3 oxidation. We impregnated a monolith with Cu-ZSM-5 catalyst and
studied the NH3-SCR of NO, the result was unexpected, and we did not perform more
reactions. We found that Cq,Hyg affects in several ways the activity of the Cu-S5Z-13 in
the NH3-SCR of NO, NH3 oxidation, and NO oxidation.

We followed the studies with C3Hg in Chapter 4. In this case, we investigated the
effect of propylene and Ci2Hys on the kinetics of the NH3-SCR reaction with Cu-ZSM-
5 and Cu-55Z-13 to see any correlation between the hydrocarbon length and type of
zeolite framework. We found that both propylene and dodecane affects in different
extents the orders of the reaction and the apparent activation energies for both Cu-ZSM-
5 and Cu-55Z-13.

Chapter 5 concludes the whole thesis, describes all the limitations for the work done
and states the recommendations for future work.

1.5 Scientific contributions

One of the main activities was the adequacy of the facilities for the determination of the
catalytic activity of the materials. It consisted of designing the tubing system, choosing
the feed gas system, and calibration of mass flow controllers (Appendix A.1) and FT-IR
(Appendix A.2). In that sense, during this project we also collaborated with researchers
from the Universidad Nacional for the evaluation of the catalytic activity of a natural
zeolite and published the article "Activity of an iron Colombian natural zeolite as a
potential geo-catalyst for NH3-SCR of NOx". Despite it was related with the reduction
of NOy, it was not related with the effect of hydrocarbons, and for that reason, its results
were not included in this thesis.

Regarding the effect of hydrocarbons on the Cu-based zeolite catalysts, we publish
or presented in the following works:

1.5.1 Journal articles

¢ John-Freddy Gelves, Ludovic Dorkis, Marco-A. Mérquez, Andrés-Camilo Al-
varez, Lina-Maria Gonzélez, Aida-Luz Villa. Catalysis Today 320 (2019) 112-122.
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doi = 10.1016/j.cattod.2018.01.025

1.5.2 National conference

e Andrés Alvarez, Juan Gonzalez, Lina Gonzalez y Aida Villa. Efecto del dodecano
sobre la reduccién catalitica selectiva de NOx con amoniaco con el catalizador Cu-
S5Z7-13. XI Simposio Colombiano de Catalisis. Popayén. 23/09/2019.

1.5.3 International conference

e Andrés Camilo Alvarez Montoya. Efecto del dodecano sobre la oxidacién de NO
y NH3 en Cu-S5Z-13. II Simposio Internacional de Catalisis Ambiental y Energias
Renovables. Medellin. 28/10/2019.

1.5.4 Manuscripts to submit

e Effect of propylene on the NH3-TPD over Cu-based ZSM-5 catalysts to be submit-
ted to Catalysis Letters journal.

e Effect of hydrocarbons on the kinetic of NH3-SCR over Cu-based zeolites to be
submitted to Applied Catalysis B: Environmental journal.
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Chapter 2

Effect of C3Hg on the
adsorption/desorption of NHj3

NH;3-SCR—the leading technique for abating NOx from diesel engines—still presents
problems such us catalytic poisoning due to the presence of hydrocarbons in the gas
exhaust. To understand how hydrocarbons poison SCR catalysts, this study aimed to
evaluate Cu-containing catalysts (Cu-ZSM-5 and Cu-SAPO-34) in the NH3-SCR, and the
kinetics of the adsorption/desorption of NHj in the presence of C3Hg (a surrogate hy-
drocarbon that might be present in diesel exhausts). Cu-based ZSM-5 catalysts, synthe-
sized by ion exchange and incipient wetness impregnation and characterized by XRD,
UV-Vis, OH-DRIFTS, NH;3-TPD, and NH;3-DRIFTS were tested for the effect of C3Hg
in the NH3-SCR of NO, in the NH3-TPD, and in the adsorption/desorption kinetics of
NHj3 in an elementary mean field model considering two sites (Z-OH and S). Adsorbing
C3Hg on the catalysts decreased the amount of NHj3 desorbed from all the studied cata-
lysts in the NH3-TPD. NH3-DRIFTS showed that C3Hg affected to a significant extent the
acid sites not related to copper (i.e., Bronsted acid sites). Concerning the kinetic mod-
eling of the adsorption/desorption of NH3, C3H changed the coverage dependence of
the activation energy of the H-ZSM-5 in both acid sites maintaining the remaining con-
stant. Still, it affected all the parameters in the Cu-containing samples suggesting that
C3Hp modify the adsorption/desorption kinetics of NHj3 in the studied catalysts.
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2.1 Introduction

Pursuing fewer pollutant emissions into the environment and improving costs in trans-
portation have promoted alternatives in the vehicle market. Using diesel engines is
increasing worldwide [5, 58] as they have have better thermodynamic efficiency, higher
fuel economy, greater power density, and less of the greenhouse gas CO, emissions com-
pared to the gasoline ones [59]. However, they release more nitrogen oxides (NOx) into
the atmosphere. NOx contribute to global warming, acid rain, photochemical smog,
tropospheric ozone, and breath and heart diseases in people. Techniques such as NOx
storage and reduction (NSR), selective NOx recirculation (SNR), Selective non-catalytic
reduction of NOx (SNCR) are used to reduce NOx [60]; though, selective catalytic re-
duction (SCR) of NOx by ammonia (NHj3) is the most promising to abate NOx from
diesel engines. In the NH3-SCR of NO, the gases from a diesel engine exhaust react
with NHj in a catalyts to produce nitrogen and water according to Reaction 1.4.

A complete after treatment gas process in a vehicle, in addition to the NH3-SCR system,
can have two additional units: a diesel oxidation catalyst (DOC) unit to oxidize CO, NO,
and hydrocarbons; and a diesel particulate filter (DPF) unit to retain particulate matter
[46].

Vanadia/tungsten/titania (V2,05/WO3/TiO,) SCR catalysts have been the most
used materials in stationary sources. However, they can have problems with the sta-
bility and toxicity of the vanadium, limiting their use in diesel vehicles. Recently, cop-
per and iron-containing zeolites for the application in the vehicle industry are the focus
of research groups [37, 61-67]; copper catalysts has better activity at lower tempera-
ture and less sensitive to NO/NO, changes than iron catalysts [21, 36, 61, 62, 68, 69].
Cu-zeolite catalysts can reduce NOx emissions up to 1000% in the temperature range
of 200400 °C, but they can lack stability or can be poisoned by compounds in diesel
exhaust such as unburned hydrocarbons CO, and SO,. Hydrocarbons can poison the
catalyst in the cold start period of a diesel engine, at which the catalyst has not reached
its operating temperature [48], or when the diesel oxidation catalyst is aged, at which it
is not able to oxidize hydrocarbons before entering the SCR unit [48].

Studies about the effect of hydrocarbons on Cu-based catalysts in the NH3-SCR of
NO focus on the catalytic activity[20, 46-48, 53], mechanism [52, 53], and adsorption
[51, 70]. Heo et al. point out that C3Hg decreases the catalytic activity of Cu-ZSM5,
and Fe-ZSM-5 [46]; Malpartida et al. conclude that the presence of HCs drops the con-
version of a commercial catalyst for the NH3-SCR [47], Luo et al. report that C3Hg
negatively affect both Cu/beta and state of the art Cu-zeolite [48]; Ye et al. describe that
propene degraded Cu/ZSM-5 catalytic activity, however, Cu/S5Z-13, Cu-SAPO-18, and
Cu-SAPO-34 had better hydrocarbon coking resistance [20]; Zheng et al. state that C3Hg
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affects to some extent the NH3-SCR activity of a commercial monolith made of Cu-SSZ-
13 [53]; Ma et al. conclude that C3Hg could deactivate Cu-SSZ-13 in the NH3-SCR of
NOx [52]. Regarding the adsorption of NH3, Kim et al. report a strong temperature
dependence of C3Hg on Cu-SSZ-13 [70], and Kumar et al. report that a state of the art
small-pore Cu-zeolite can store C3Hg [51]. Regarding coke deposition, Ye et al. report
that Cu/S52-13, Cu-SAPO-18, and Cu-SAPO-34 had better hydrocarbon coking resis-
tance than Cu/ZSM-5 [20]. Although those studies have dealt with the effect of C3Hg
on the mechanism, catalytic activity, and coke deposition on Cu-based catalysts, stud-
ies related to the kinetics of the adsorption/desorption of NH3 over NH3-SCR catalysts
are still missing. The adsorption of NHj is a crucial step in the mechanism of the NHj3-
SCR, is essential for simulating transient experiments and for describing detailed kinetic
models [71].

This chapter aimed to study the effect of propylene-saturated ZSM-5-related and
Cu-SAPO-34 catalysts on both the NH3-TPD profile and NH3 adsorption/desorption

kinetics described by an elementary mean-field model.

2.2 Experimental

2.21 Catalyst synthesis
2211 Cu-based ZSM-5

Cu-ZSM-5 (synthesized by ion exchange [38, 72]) and Cu/ZSM-5 (synthesized by in-
cipient wetness impregnation) were prepared starting from a commercial NH4-ZSM-5
purchased from Zeolyst International. It was calcined at 560 °C for 5 h, at a heating rate
of 5 °C/min, to obtain the H-ZSM-5 form, which was either ion-exchanged or impreg-
nated.

For ion exchange, the method according to [38, 72] was applied. For this, the sample
was refluxed with a 160 ppm of Cu(CH3COO); in a ratio of 125 mL of solution per gram
of catalyst at 65 °C for 24 h, filtered with distilled water, dried at 100 °C for 24 h, and
calcined in 500 mL/min of synthetic air at 560 °C for 5 h at a heating rate of 5 Kmin'.
From now, the ion-exchange ZSM-5 is name as 1.2Cu-ZSM-5.

For incipient wetness impregnation, H-ZSM-5 was impregnated with an aqueous
Cu(NO3)23-H,O solution with a nominal loading of 1.2% and 2% of copper. It was dried
at 100 °C for 12 h and calcined in synthetic air at 560 °C, heating rate 5 Kmin™, for 5 h.
From now, the impregnated samples are named as 1.2Cu/ZSM-5, and 2.0Cu/ZSM-5,

respectively.
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2.2.1.2 Cu-SAPO-34

H-SAPO-34 was synthesized according to the hydrothermal method, followed by Na-
jafi et al. [73]. The sources of aluminum, phosphorous, and silicon were aluminum
isopropoxide, orthophosphoric acid (H3POy), and tetraethyl orthosilicate (TEOS), re-
spectively. Morpholine was the structure-directing agent and water the solvent. The
molar ratio of Al,O3:P>05:5i0,:SDA:H,0 was 1:1:0.6:4:70. Aluminum isopropoxide and
morpholine were added to the water and stirred for 15 min. The TEOS was added to
the solution under stirring for another 15 min. Finally, the H3PO4 was added dropwise
and stirred for 1 h. The solution was transferred to TEFLON liners in stainless steel
autoclaves for crystallization at 200 °C for 14 h. The final gel was centrifuged, dried at
120 °C overnight, and calcined at 560 °C for 12 h. Copper incorporation was made by
the ion exchange method, according to the procedure by Leistner et al. [74]. SAPO-34
was submitted to ion exchange with a solution of NH4NO;3 5.4 M in a ratio of 7 mL of
solution per gram of catalyst at 80 °C for 1 h while maintaining the pH between 3.0-3.5.
The solid was dried at 100 °C overnight, and the process was repeated once. Finally, the
solid was calcined at 560 °C for 12 h, and the H-SAPO-34 form was obtained. H-SAPO-
34 was ion-exchanged with CuNO3-2.5H,0 0.4 M in a ratio of 4 mL of solution per g of
catalyst at 70 °C for 1 h. The final solution was centrifuged and washed several times
with deionized water until the filtrate reached the pH of the water. The solid was dried
at 100 °C overnight and calcined at 560 °C, heating rate of 5 Kmin™, for 12 h.

We named the bare SAPO-34 samples as H-SAPO-34 and the Cu-based SAPO-34
samples as 2.6Cu-SAPO-34.

2.2.2 Catalysts characterization

XRD patterns were measured on a Bruker AXS D8-ADVANCE diffractometer with a Co
Ka (A = 1.788 nm) radiation. The measuring range was 1-60° with a step of 0.01° at
0.6°/min. Copper content was obtained by XRF spectroscopy. BET surface area was
determined in a Micromeritics ASAP 2020. The sample was pretreated at 350 °C for
2 h, and the isotherm was recorded at —196 °C. Diffuse reflectance UV-Vis spectra were
obtained in a Lamba 850 Perkin Elmer spectrometer equipped with a Praying Mantis
reflectance optics (Harrick Scientific). Measurements were performed under ambient
conditions between 200-800 nm with a resolution of 0.9 nm. SEM-EDS were performed
in a FEI Quanta FEG 250 scanning electron microscope. In situ FTIR experiments were
performed in a Tensor 27 FTIR spectrometer (Bruker®) equipped with a liquid-nitrogen-
cooled MCT detector and a Praying Mantis reflectance optics (Harrick Scientific) heat-
able stainless steel infrared cell with ZnSe windows connected to a gas-handling system.
The sample was loaded into the cup of the cell and pretreated at 450 °C in 500 mL/min
N> for 30 min. For OH-DRIFTS, spectra of a diluted sample in KBr in a mass ratio of 1:2
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were taken at 50 °C, and the spectra of pure KBr were used as background. The spectra
were normalized to the maximum intensity of the lattice vibration characteristic of the
bare catalysts: for H-SZM-5 in the range 1200-400 cm™ [75], and for SAPO-34 in the
range 2000-650 cm™! [76].

2.2.3 NHj; adsorption/desorption experiments
2.2.3.1 Description of the bench for NH3-TPD

Figure 2.1 shows the facilities for the study of the NH3-TPD of the catalysts. The labo-
ratory building supplied the N, and O; gases, while NH3 and C3Hg were storage in gas
bottles of 1000 ppm and 5% in N», respectively. The gases flowed by stainless steel tubes
and were controlled by Bronkhorst mass flow controllers (MFC). All the MFCs were cal-
ibrated considering the heat capacity of the gas supplied. The reactor was a quartz tube
id.: 9 mm, length: 0.8 m, and o.d.: 10 mm placed in a horizontal electric furnace, in
which OMEGA temperature controllers controlled the temperatures and heating rates.
Temperatures were measured in front of and behind the bed by NiCrNi thermocouple
at about 1 cm from the bed. NHj content was measured via non-dispersive infrared
(NDIR) spectrometer X-STREAM Rosemount Analytical and C3Hg via Fourier Trans-
formed Infrared (FTIR) spectrometer Multigas Analyzer 2000 from MKS Instruments.
The temperatures, flows, and concentrations were visualized and recorded on a com-
puter by a LabVIEW® software.

Computer

N2 )
supply i
s Ga Furnace
supply ) r—l l

Reactor

FTIR

Temperature controller

Figure 2.1: Diagram of the NH3-TPD bench reactor used for the NH; adsorption/desorption
experiments in this chapter.

2.2.3.2 NH;3-TPD experiments

The catalysts were first granulated by pressing the powder to about 10 kN for 5 min,
then crushed and sieved to a particle size of 125-250 ym to avoid discharges; granu-
lating the sample to bigger sizes does not change the BET surface area [77, 78]. For the
NH;3-TPD experiments, we packed 200 mg of catalyst between two pieces of quartz wool
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to fix it into a quartz reactor (i.d. 8 mm). Bronkhorst mass flow controllers were used to
control the flows. The sample was pretreated in 500 mL/min (STP) of synthetic air (20%
O,, 80% Ny) at 450 °C for 30 min. It was cooled down to the adsorption temperature
(50, 100, 150, or 200 °C) in 500 mL/min (STP) of N.

When propylene was used, the sample was pre-saturated with 5000 ppm C3Hg /N>
in a flow of 500 mL/min (STP) until complete saturation and then flushed in
500 mL/min (STP) of N flow. NHj3 adsorption phase was performed with 1000 ppm
NH;3 /N> until complete saturation at a flow of 500 mL/min (STP) and flushed with
500 mL/min N, to remove physisorbed NH; and weakly adsorbed NH3. The des-
orption was carried out at a heating rate of 10 Kmin™ from adsorption temperature
to 700 °C. NH3 content was measured via non-dispersive infrared (NDIR) spectrome-
ter X-STREAM Rosemount Analytical and C3Hg via Fourier Transform Infrared (FTIR)
spectrometer MKS 2000.

The amount of NH;3 desorbed from the catalyst was calculated with Equation 2.1, in
which npes is the mol of NH3 desorbed from the surface, VN2 is the flow of nitrogen, V},
is the molar volume at standard conditions, 8 is the heating rate, Ty is the temperature
of adsorption, Tgyg is the final temperature, cf"“ is the NHj3 content in the gas, T is the
temperature.

VN2 6 1 /'Tend it
Mbes = —2.1076. = . it g1 2.1
Des Vm ‘B T, i ( )

2.2.3.3 NH;3-FTIR experiments

For NH3-FTIR experiments we used the same FTIR equipment described in the cata-
lyst characterization for the OH-DRIFTS. The sample was pre-treated with 500 mL/min
(STP) of Ny at 450 °C for 30 min and cooled down to 200, 150, 100, and 50 °C for taking
background spectra. When C3Hg was used, it was saturated with 5000 ppm C3Hg /N>
at 50 °C for 30 min and flushed with N, for 40 min. The sample was saturated with
200 mL/min (STO) of 1000 ppm NH3 /N, for 30 min and flushed with N; for 40 min.
DRIFTS Spectra were taken from 50 °C to 200 °C, collected in the range of 4000650 cm™
by accumulating 600 scans at 4 cm™! resolution and subtracting the background spectra
taken in the previous step.

2.2.34 Py-DRIFTS

Approximately 80 mg of sample were calcined at 550 °C for 5 h at a heating rate of
5 Kmin. The sample was divided into two parts: one directly for Py-DRIFTS and the
other one for C3Hg saturation in 100 mL/min (STP) of 1% CsHg in helium at 30 °C for
30 min and flushed with 100 mL/min (STP) of Ar for 1 h. The Py-DRIFTS was per-
formed in a Perkin Elmer FTIR equipped with an MCT detector and a DIFFUSIRTM
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in-situ DRIFT cell from PIKI Technologies. The sample was heated up to 400 °C at a
heating rate of 10 Kmin™! in helium and let it to cool to 30 °C to take blank spectra.
The pyridine was adsorbed at 30 °C for 30 min and flush with helium for 30 min. The
desorption was carried out up to 400 °C at a heating rate of 10 Kmin™, taking spectra
each 50 °C, which was subtracted to the blank spectra. For the CsHg-saturated sample,
the blank spectra from the fresh catalyst were used, and the adsorption and desorp-
tion phases were the same as for the fresh sample. The software Spectrum 10 STD®
transformed the spectra with the Kubelka-Munk function.

2.24 SCR experiments

SCR experiments were performed with a total flow of 1 L/min (STP) with 500 ppm
NOx, 500 ppm NH3s, 5% 02, 10% H;O with 200 and 500 ppm C3zHg when used and
balance nitrogen. A sample of 200 mg of granulated (125-250 pm) catalyst was heated
at 500 °C, and then the temperature was decreased to 150 °C in steps of 50 K. The traces
of the components were measured by an MKS 2000 FTIR spectrometer. Conversions of
NO and NHj; were calculated by Equation 2.2, where X; is the conversion of component

1, Vinitial 1S the gas phase trace yr is the gas phase trace at the measured temperature.

X; = Jinitial ZYT 4000, 2.2)

Yinitial
2.2.5 Modeling and simulation

We used an elementary mean-field approach, which considers all respective sites equiv-
alent, to model the NHj adsorption/desorption kinetics [78]. It assumes that NHj
adsorbs onto two sites—(Bronsted (Z-OH) and Lewis (S) acid sites) according to Re-
actions 2.3 and 2.4. Arrhenius type expressions can describe the reaction rates of the
adsorption/desorption steps (Equations 2.5-2.8), where A; is the pre-exponential fac-
tor, E; is the activation energy, ; is the coverage dependence of the activation energy,
which considers that the activation energy changes depending on the amount of NHj
on the surface due to repulsive interactions of the adsorbates [78-80], ¢; is the surface
coverage of site i, R is the universal gas constant, T is the temperature, and cnp, is the
concentration of NHj.

NHs(g) +Z—OH == NH; " +2-0" 2.3)
NH;(g) +S :j H3N-S (2.4)

E
r1 = Ajexp <_RlT> et (1 — 0z -on) (2.5)
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E2 0) —uw +-0 +
- ( (0) B ) . 2.6)
E;
r3 = A3 exp *ﬁ CNH3(1 — 95) (27)
E4(0) — anm, - Onpr:
ry = Agexp (— o7 SHRELL B R (2.8)

The mass balance of a continuous stirred tank reactor (Equation 2.9) is useful to
obtain the concentration of NHj3 in the gas phase [78, 79, 81, 82], in which Fy, is the
nitrogen flow, S, is the active surface area. Equation 2.10 and Equation 2.11 represent
the coverage (fyy; and 6nw,) change with respect to temperature, in which T'z_op and
I's are the adsorption capacities of the Brensted and Lewis acid sites, respectively, and 8
is the heating rate. Summarizing, the adsorption/desorption kinetic model involves ten
parameters: Ay, Ay, Eq E, AN/ A3z, Ay, E3, E4, anp,. However, to reduce the number
of parameters, pre-exponential factors of the desorption A; and Az were taken from the
literature as 0.87 m/s [78] and the chemisorption of NH3 was considered nonactivated
(i.e. Ey = E3 = 0) [31, 79, 82-88]. It simplified the model to six parameters. MATLAB®
functions Isqcurvefit and odel5s were used to adjust the parameters that fit the experi-
mental data and to solve the differential and algebraic equations system, respectively.

0 = FN, (CNH,, in — CNH,, out) — Sact (1 — 72+ 173 — 14) (2.9)
dGNH+
rzfoH . ﬁ . dT 4 — r —r (210)
do
Ts-fr > =13—13 .11

2.2.5.1 Procedure for determining the parameters of the kinetic modeling

The raw data obtained from the experiments at a temperature of adsorption of 50 °C ex-
plained in Subsection 2.2.3, were organized to calculate the heating rate with the slope
of a line from the data of T vs. time. We calculated the amount of NH;3; desorbed from
the TPD profile considering the peaks obtained by deconvolution with a Gaussian func-
tion (Equation 2.12), where y is the function to model (NH3 content with respect to
temperature), yo is the baseline, A; is the area of the peak i of the experimental data, w;
represents the standard deviation of the peak i (geometrically is the width at half of the
height of the peak), T ; is the temperature in the peak at which dy/dT = 0 (statistically
is the expected value), and T is the temperature values to be fitted in the curve. The ratio
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of areas under the curve and the BET surface area were used to calculate the adsorption
capacity of each peak. Then the initial coverages were assumed: for the peaks at low
temperature, it was assumed near to 1.0, for the other peaks less than the previous one.
For the fitting, the data of the temperature needed to be in ascending order for solv-
ing the differential equation required for the numerical method. We used the function
interp1d [89] from scipy.interpolate in Python to interpolate the data to have the temper-
atures always increasing and evenly spaced. The fitting program, written in MATLAB®,
was provided by Christoph Hahn, who obtained it from previous studies on his group
and modified it for better organization of the script. The initial values were based on
the literature to start the fitting [78]. The solver runs with a second-generation core i5
on Windows 10 for about 6 to 12 h. Then, the initial coverages were calculated with
the adsorption part using the parameters obtained in the fitting of the TPD experiment
and run again until obtaining similar values. Finally, with the parameters obtained, we
simulated the TPD profiles at temperatures of adsorption of 100, 150, and 200 °C. We
usually repeated between three to five times the iteration until having the less x> and
R? near to 1.0. For validating, we simulated the remaining NH3-TPD profiles with the
parameters obtained in the fitting.

LA —2(T —T.;)*
Y=Y+ Z exp [()] (2.12)
0

wi\/? wi
2.3 Results and discussion

2.3.1 Catalyst characterization
2.3.1.1 XRD

XRD patterns Figure 2.2 revealed that the catalysts retained their structures after either
ion exchange or impregnation with copper. Figure 2.2a and Figure 2.2b do not show
any peaks related to CuO, which generally appears at diffraction angles around 35.5°
and 38.7° [72, 90]. The absence of CuO is also related to a low concentration of copper
solution in the synthesis and to a low copper loading in the catalyst [22, 91]. Nanba et
al. [91] synthesized a series of Cu-ZSM-5 catalysts and just detect CuO in the XRD in
catalysts with copper loading greater than 3.3%. Nakhostin et al. suggest that the no
detection of copper species in the XRD (Cu, CuyO, and CuO) implies that copper exists
either as isolated ions at the exchange sites or due to high dispersion of the copper
oxides it could be below the detection limit [92]. However, despite the XRD did not
show peaks of CuO, it might be present in the impregnated samples at high copper
loading [38].
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(a) ZSM-5 based catalysts. (b) SAPO-34 based catalysts.
Figure 2.2: XRD patterns of the catalysts.

2.3.1.2 UV-Vis

UV-VIS spectra (Figure 2.3) shows characteristic bands of zeolites with copper; the
band around 200 nm referred to a charge transfer from lattice oxygen (O) to Cu*/Cu?*
and the band around 750 nm to d-d transitions of isolated Cu?* [93]. Both bands were
present in the samples synthesized by ion exchange [90] and incipient wetness impreg-
nation [94]. The relative intensity refers to the Cu species content in the sample, for the
band around 750 nm, the ion exchange sample introduced more isolated Cu®* species
than the impregnated ones. Those results might suggest that the Cu incorporated into

the ion exchange samples manly as Cu?".
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Figure 2.3: UV-Vis spectra of the catalysts. The spectra were taken with their corresponding bare
zeolite as the blank.
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2.3.1.3 BET surface area

Table 2.1 shows that incorporating copper by either ion exchange or by incipient wet-
ness impregnation slightly reduced the surface area, being the reduction more notorious
in the impregnated samples with 2% copper (6% surface area reduction). Reduction in
BET surface area might be because of the Cu species dispersed in the external and in-
ternal surface of ZSM-5 that interferes with N adsorption during BET measurement
[92, 95], or due to the partial blockage of pores by copper species [96] and/or to the de-
struction of micropores during copper loading due to aluminum leaching by acid attack
[38].

Regarding the SAPO-34 catalysts, the BET surface area decreased by about 50% after
the ion exchange with copper. Woo et al. [97] points out that it is generally accepted
that the BET surface of Cu/SAPO-34 catalysts decreases during ion-exchange [98, 99]
or impregnation [97] due to their irreversible hydrolysis. Gao et al. [98] found that
BET area of H-SAPO-34 decreased from 549 m?/g to 236 m?/g in Cu-SAPO-34 and
Frache et al. [99] reported a Cu-SAPO-34 with 21 m?/ g of BET area. The high decrease
in surface could be occasioned because ion exchanging H-SAPO-34 with metal is a
difficult process that need to be improved, for that reason, authors are looking for new
procedures to maintain the surface area, stability, and to reduce synthesis costs in the
preparation of Cu-SAPO-34. One of these methods is the one-pot method [100], which
allows to synthesize the SAPO-34 and ion exchange with copper in a single vessel.

Table 2.1: BET area of catalysts.
Catalyst BET area /m?/ g
H-ZSM-5 386
1.2Cu-ZSM-5 374
1.2Cu/ZSM-5 370
2.0Cu-ZSM-5 363
H-SAPO-34 550
Cu-SAPO34 291

2.3.14 SEM

SEM micrographs of Cu-based ZSM-5 catalysts (Figures 2.4a—2.4c) reveal that they are
formed of agglomerates of small crystallites [101]. The agglomerates in the impregnated
samples are more significant than in the ion-exchanged sample. However, they did
not show any appreciable difference in the size of the agglomerate in the impregnated
samples with different copper loading. This result agrees with the decrease in the BET
area because larger agglomerates would decrease surface area.
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Respect to 2.6Cu-SAPO-34, Figure 2.4d shows that cubic crystals with smooth sur-
face and small particles between the cubes or on the surface compose the 2.6Cu-SAPO-
34, as reported by Zhao et al. [102].

Figures B.1-B.4 show that the elements were evenly distributed and confirm the
presence of Cu in all the catalysts. Table B.1 shows the results for copper from the EDS.
Those results agree with the expected amount of copper in the catalysts.
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(c) 2.0Cu/ZSM-5. (d) 2.6Cu-SAPO-34.
Figure 2.4: SEM micrographs of the catalysts.

2.3.1.5 OH-DRIFTS

Figures 2.5a-2.5c show three characteristic bands: at 3610 cm™! for OH stretching vi-
bration of acidic Si(OH)AI bridging hydroxyl groups, at 3745 cm™! for isolated terminal
or extra-zeolitic Si-OH, and a shoulder at 3661 cm™! for the OH stretching vibration
of AI-OH or [Cu?"(O)]* groups [103]. All the bands decreased respect to the bare
zeolite, suggesting that Cu?* exchanged the protons in Brensted acid sites [92, 104].
This decrease was more pronounce in the ion-exchange sample than that of the im-
pregnated ones. Comparing the samples synthesized by incipient wetness impregna-
tion (1.2Cu/ZSM-5 and 2.0Cu/ZSM-5), the band’s area of the one with 1.2% copper



Chapter 2. Effect of C3Hg on the adsorption/desorption of NHj3 29

decreased less than that of the one with 2% copper. It entails that impregnated samples
also ion-exchange the H-ZSM-5, and agrees with UV-VIS, which showed that the band
regarding d-d transitions of Cu?* was higher for the ion exchange sample, decreased for
the 1.2% impregnated and increased for the 2% copper Cu/ZSM-5.

Regarding the SAPO-34 based catalysts (Figure 2.5d), the band around 3625 cm™
regards to the stretching mode of bridge OH groups Al-(OH)-S5i, the bands at 3674 and
3745 cm™! to P-OH and Si~OH species located on the external surface of the sample
particles, respectively [76]. Again, the intensity of the Cu-containing sample of SAPO-
34 decreased concerning the bare catalyst, which might indicate the ion exchange in the

sample.
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Figure 2.5: Comparison of OH-DRIFT spectra at 50 °C of Cu-based zeolites with their corre-
sponding bare zeolites.

2.3.2 SCR experiments

The bare zeolites did not show conversions higher than 5% in the whole temperature
range (data not show here). Figure 2.6 shows that without C3Hg, 1.2Cu-ZSM-5 reached
maximum conversion for both NO and NHj at 400 °C and then decreased for NO, but
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remained the same for NH;. With 500 ppm C3;Hg, the NO conversion decreased about
50% in the whole temperature range, while the NH3 conversion decreased up to 30%
below 400 °C and remained the same above 400 °C. Figure 2.7 shows the C3Hg reduced
the catalytic activity of 1.2Cu/ZSM-5 in the NH3-SCR reaction. However, it did not de-
pend on the concentration of C3Hg. The NO conversion decreased by 25% in the range
350-500 °C, while the NHj3 conversion decreased a little in the between 150-350 °C, and
remained almost the same above 350 °C. Figure 2.8 shows that the catalytic activity of
2.0Cu/ZSM-5 decreased and increased depending on the amount of C3Hg and the tem-
perature of the reaction. Without C3Hg, the NO conversion increased in the whole tem-
perature range until reaching 100% conversion at 450 °C and then decreased a little at
500 °C due to NHj3 oxidation. With 200 ppm C3Hg, the NO conversion was higher than
the reaction without C3Hg from 250-400 °C, but at 500 °C and 550 °C the conversion was
lower. With 500 ppm of C3Hg, the NO conversion was lower in the whole temperature
range concerning the reaction without C3Hg and with 200 ppm of C3Hg. The presence of
C3Hg increased the NH3 conversion because of a possible ammoxidation (Reaction 2.13)
between NH3 and C3Hg as Heo et al. reported [46]. However, the increase was more no-
torious, with 200 ppm of C3Hg at temperatures below 350 °C. These results agree with
[20, 48, 52, 75], in which propylene also reduced the NO conversion in Cu-beta, Cu-SPZ,
Cu-S5Z7-13, and Cu-ZSM-5.

3
CH;=CHCH;3; + NHj3 + > 0O, — CH;=CHCN + 3H,0O (2.13)
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Figure 2.6: NO and NHj conversions in the SCR reaction with 1.2Cu-ZSM-5. Reaction condi-
tions: 500 ppm NOx, 500 ppm NHs, 5% Oy, 10% H,O, balance argon; total flow 1 L/min.; 200 mg
of catalyst; GHSV = 150000 h~!.

Figure 2.9 shows a different behavior in the effect of C3Hg on the NH3-SCR of NO
over 2.6Cu-SAPO-34. Without C3Hg, the maximum NO conversion of 80% was reached

at 350 °C and started decreased at 400 °C, while the NHj3 conversion increased in the
whole temperature range until reaching its maximum of 90%. With 200 ppm C3Hg, the
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Figure 2.7: NO and NHj conversions in the SCR reaction with 1.2Cu/ZSM-5. Reaction con-
ditions: 500 ppm NOx, 500 ppm NHj3, 5% O,, 10% H,O, balance argon; total flow 1 L/min.;
200 mg of catalyst; GHSV = 150000 h*.

801 —® 0ppm CsHs /'\. 10091 —e— 0 ppm C3Hs
200 ppm C3Hg 200 ppm CsHg
701 —A— 500 ppm C3Hg —A— 500 ppm C3Hg
g g 80
< 601 ~
- c
S 50 2 60
[0} -
] [}
940 z
£ 8
830 o 40
=] T
Z 20+ z
20
104
150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500
Temperature / °C Temperature / °C
(a) NO conversion. (b) NHj3 conversion.

Figure 2.8: NO and NHj conversions in the SCR reaction with 2.0Cu/ZSM-5. Reaction con-
ditions: 500 ppm NOx, 500 ppm NHj3, 5% O,, 10% H,O, balance argon; total flow 1 L/min.;
200 mg of catalyst; GHSV = 150000 h~!.

NO conversion increased about 10% in the whole temperature range and remained the
same with 500 ppm C3Hg. The same behavior was obtained for the NH3 conversion.
This result might indicate that low concentrations (around 200 ppm) of CsHg improves
the catalytic activity of 2.6Cu-SAPO-34 in the NH;3-SCR of NO, but bigger concentra-
tions (about 500 ppm) might cause a detrimental effect on the catalytic activity. On
the other hand, despite the maximum conversion of 2.6Cu-SAPO-34 was lower than the
Cu-ZSM-5 catalyst, it present higher resistant to C3Hg than the Cu-ZSM-5 catalysts. This
different in C3Hjy effect could be attributed to the pore size of the zeolites (2.6Cu-SAPO-
34 has a CHA framework, its pore size is about 3.8 A and the pore size of the ZSM-5
is about 5.5 A). This result agrees with the obtained by Ye et al [20] who state that the
medium-pore size and cages in the Cu-ZSM-5 led to hydrocarbon deposits [20].
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Figure 2.9: NO and NHj conversions in the SCR reaction with 2.0Cu/ZSM-5. Reaction con-
ditions: 500 ppm NOx, 500 ppm NHj3, 5% O,, 10% H,O, balance argon; total flow 1 L/min.;
200 mg of catalyst; GHSV = 150000 h*.

2.3.3 NHj; adsorption/desorption
2.3.3.1 NH;-TPD profiles of ZSM-5 based catalysts

Figure 2.10a shows that, at a temperature of adsorption of 50 °C, H-ZSM-5 desorbed
NHj; at two peaks around 170 °C and 375 °C. The low-temperature peak regards weakly
bound NHj [105], including Lewis acid sites (e.g. extra-framework Al) [106] or NHj3
molecules solvating NH; ions [107, 108], and the high-temperature peak regards to
strongly bound NHj3 on Brensted acid sites [109, 110], probably on NHI[106].
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Figure 2.10: Comparison NH;3-TPD profiles of the catalysts at a temperature of adsorption of

50 °C.

Incorporating copper into H-ZSM-5 by either incipient wetness impregnation or
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by ion exchange reduced the peak around 375 °C because copper ions replace pro-
tons on Brensted acid sites [106] as FTIR in the OH region showed. A new peak ap-
peared around 250 °C, which might correspond to Lewis acid sites introduced by cop-
per species [106], probably on Cu?* sites as Lezcano-Gonzalez et al. suggest [107]. The
new peak around 550 °C is difficult to assign but Lezcano-Gonzalez et al. propose that
this peak is due to a higher acid strength of the remaining Brensted acid sites [107].
Comparing the impregnated samples, the higher the copper loading, the higher the re-
duction of the peak around 360 °C. The peak around 250 °C increased as the copper
loading was increased. Comparing the samples with the same copper loading but dif-
ferent synthesis method, the peak at 550 °C did not depend on the synthesis method but
the peak at 350 °C did.

Table 2.2 shows that the total amount of NH3 desorbed increased after copper in-
corporation respect to the bare zeolites. The catalyst 1.2Cu-ZSM-5 increased the total
amount of NH3 desorbed by 10%, while 1.2Cu/ZSM-5 and 2.0Cu/ZSM-5 increased by
5% and 9%, respectively. Figure 2.11 shows that the number of peaks of NH3 desorption
depends on the temperature at which NH3 was adsorbed. Thus, H-ZSM-5, at a temper-
ature of adsorption of 50 °C, desorbed NHj3 at two peaks; however, at a temperature of
adsorption of 200 °C, H-ZSM-5 only desorbed NHj at one peak. The Cu-based ZSM-5
presented the same behavior with two and three peaks. This result suggests that the
weakly bound NHj3 did not adsorb at temperatures above 150 °C.

Table 2.2: Amount of NHj3 desorbed in ymol / g at several temperatures of adsorption (T,q4s)
from the NH;3-TPD on fresh catalysts.

Tacls / °C
Catalyst 50 100 150 200
H-ZSM-5 1188 774 664 561

1.2Cu-Z5M-5 1311 930 772 613
1.2Cu/ZSM-5 1246 863 679 559
2.0Cu/ZSM-5 1300 926 764 583
H-SAPO-34 1070 - - 485
2.6Cu-SAPO-34 954 720 533 387

2.3.3.2 NH;-TPD profiles of SAPO-34 based catalysts

Figure 2.10b shows that H-SAPO-34 desorbed NHj3 at two peaks at around 130 °C and
350 °C, the first assigned to weak acid sites from surface hydroxyl groups (5i-OH and
P-OH) and the second to moderate and strong structural Brensted acid sites of SAPO-34
[97]. The 2.6Cu-SAPO-34 had an additional peak around 220 °C, attributed to Lewis acid
sites generated by copper Cu?* [97, 111]. The 2.6Cu-SAPO-34 desorbed 10% less NHj
than the bare SAPO-34 (Table 2.2) differing from the ZSM-5 based catalysts, in which
the NH3 desorbed increased as copper loading increased. This reduction of acidity of
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Figure 2.11: NH;3-TPD profiles of ZSM-5 based catalyst at several temperatures of adsorption.

the bare zeolite might be because Cu?* species substitute the proton (Si-OH-Al) of H-
SAPO-34 supports [111] as N»-DRIFTS also showed or maybe because of the irreversible
hydrolysis of the SAPO-34 after the synthesis that also caused the loss of surface area
and destroyed Brensted acid sites.

As in the case of the ZSM-5 based catalysts, performing the NH3-TPD at several tem-
peratures of adsorption, changed the number of desorption peaks in the TPD profiles.
Adsorbing NH3 in H-SAPO-34 showed two peaks, while it showed one peak adsorbing
at 200 °C; 2.6Cu-SAPO-34 behaved similarly. It was an expected result since the capacity
of adsorption of the materials decrease with the temperature of adsorption.

2.3.3.3 IR spectra of ZSM-5 based catalysts with adsorbed NHj3

IR spectra of H-ZSM-5 after NH3 adsorption at 50 °C (Figure 2.13) shows characteristics
bands of NHj3 interacting with their acid sites, even after increasing the temperature to
200 °C. In the OH stretching region, the negative bands arose from the consumption of
OH bands referring to surface silanol (Si-OH) at 3750 cm™ [112], to extra-framework
aluminum (A1-OH) at 3665 cm™ [113]; and to structural hydroxyl groups (Si-OH-Al)
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Figure 2.12: NH3-TPD profiles of SAPO-34 based catalyst at several temperatures of adsorption.

at 3609 cm™! [113]. In the N-H stretching region, the bands at 3370 and 3280 cm™! corre-
spond to ammonium ions bonded to Brensted acid sites [113]. In the N-H deformation
region, the bands at 1480 and 1335 cm™ correspond to the bending vibration of NH; on
the Bronsted acid sites [113, 114].

New bands appeared in the IR spectra of Cu-containing ZSM-5 after NH;3 adsorption
(Figures 2.14, B.5, and B.6). The band around 1617 cm™, which regards to bending
vibration of the N-H bonds in the NHj3 coordinate to Lewis acid sites [76, 114], and the
band around 3186 cm™, which regards to NH3-Cu* species on the exchange sites [76].

In all the IR spectra, the negative bands start increasing at 50 °C, indicating that
NHj is desorbing from the surface. The band at 1617 cm™! remained almost constant
until 150 °C and just increased at 200 °C; this might suggest that Lewis acid sites from
copper sties start desorbing at 200 °C.
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Figure 2.13: NH3-DRIFT spectra of H-ZSM-5 in absorbance mode.
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Figure 2.14: NH3-DRIFT spectra of 1.2Cu-ZSM-5 in absorbance mode.

2.3.3.4 IR spectra of SAPO-34 based catalysts with adsorbed NHj;

FTIR spectra of H-SAPO-34 with adsorbed NHj3 (Figure 2.15) shows negative bands in
the OH stretching region at 3745, 3676, 3625 cm™! because NHj occupied Si-OH, P-OH,
and Si-OH-AI [112]. In the N-H stretching region, the band at 3285 cm™ is assigned to
NH, groups [112]. In the N-H deformation region, the bands at 1465 and 1365 cm™ are
assigned to NH, species [112]. As the temperature increased, the bands in the stretching
region increased, showing that NH3 desorbed from the catalysts. In the N-H stretching
region, the bands decreased up to 150 °C, which could mean that all the NH3 desorbed
at 200 °C. In the N-H deformation region, the band at 1465 cm™! could be assigned to
strong acid sites because the intensity changes little with temperature, but the remain-
ing sites desorbed NH3 from 50 to 200 °C. The FTIR spectra of 2.6Cu-SAPO-34 with
adsorbed NHj(Figure 2.16) shows in the OH stretching region, similar behavior to H-
SAPO-34; in the N-H stretching region, bands at 3370 cm™! and 3280 cm™ regarding
to NH; molecules and NH; groups [112]. Regarding the change with respect to tem-
perature, the bands behaved similarly to H-SAPO-34 except for the band at 1620 cm™!,
which shows that this band decreased above 50 °C, but it remains the same at 100, 150,
and 200 °C. The first desorption at 50 °C could be related with weakly bound NH3, but
above 200 °C, there could exist stronger Lewis acid sites, which might desorb at a higher

temperature.
2.3.4 Effect of pre-adsorbing C3Hs on the NH3 adsorption/desorption
2.3.4.1 NH;-TPD profiles of CsHg-saturated catalysts

ZSM-5 based catalysts

All the catalysts tested adsorbed less NHz when performing the NH3-TPD experiments
when saturated with C3Hg (Table 2.3, Figures 2.17, 2.18, B.7, and B.8). The TPD profiles
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Figure 2.15: NH3-DRIFT spectra of H-SAPO-34 in absorbance mode.
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Figure 2.16: NH3-DRIFT spectra of 2.6Cu-SAPO-34 in absorbance mode.

show that C3Hg might be adsorbed on the same acid sites of the NHj in all the evaluated
catalysts, decreasing their capacity to adsorb NHs.

By deconvolution of the TPD profiles to corresponding peaks and finding the
amount of NHj desorbed from each peak, it indicates that adsorbing at 50 °C, the
weakly bound NHj3 decreased by about 85% in H-ZSM-5 (Figure 2.17a), 60% in 1.2Cu-
ZSM-5 (Figure 2.18a), 75% in 1.2Cu/ZSM-5 (Figure B.7a), and 50% in 2.0Cu/ZSM-5 (Fig-
ure B.8a); the strongly bound NHj decreased by about 35% in H-ZSM-5 (Figure 2.17a),
84% in 1.2Cu-ZSM-5 (Figure 2.18a), 89% in 1.2Cu/ZSM-5 (Figure B.7a), and 72% in
2.0Cu/ZSM-5 (Figure B.8a). At the adsorption temperature of 200 °C, the strongly
bound NHj3 decreased by about 33% in H-ZSM-5 (Figure 2.17b), and by about 36% in all
the Cu-based ZSM-5 (Figures 2.18, B.7, B.8). The peak around 250 °C was affected de-
pending on the method of synthesis and copper content. The amount of NH3 decreased
less in the ion-exchanged sample than the impregnated ones, and the higher the content
of copper, the smaller the decrease in NHj3 desorbed. The peak around 550 °C, which
was only present in the Cu-containing ZSM-5, was not affected by the C3Hg at an ad-
sorption temperature of 50 °C and was slightly decreased at an adsorption temperature
of 200 °C. These results suggest that C3Hg adsorb more on weakly or moderate acid sites
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than strongly acid sites and more in the bare H-ZSM-5 than the Cu-containing ZSM-5.

Table 2.3: C3Hg desorbed in ymol / g from the NH3-TPD with pre-adsorbed CsHg. The adsorp-
tion temperatures were 50 and 200 °C.

Tads / °C
Catalysts 50 200
H-ZSM-5 408 332

1.2Cu-ZSM-5 398 78
1.2Cu/ZSM-5 532 342
2.0Cu/ZSM-5 655 364
H-SAPO-34 24 -
2.6Cu-SAPO-34 878 383
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Figure 2.17: Effect of pre-adsorbed C3Hg on the NH3-TPD over H-ZSM-5.
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Figure 2.18: Effect of pre-adsorbed C3Hg on the NH3-TPD over 1.2Cu-ZSM-5.
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SAPO-34 based catalysts

Figure 2.19 shows that after adsorbing C3Hg on the 2.6Cu-SAPO-34, at 50 °C, the amount
of NH3 desorbed was less; while at 200 °C it was almost the same. Comparing Table 2.2
and Table 2.3 we found that adsorbing C3Hg at 50 °C reduced the adsorption of NHj
by 8% mainly due to the decreased of the peak at 150 °C, which corresponds to weakly

bound NHs.
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Figure 2.19: Effect of pre-adsorbed C3Hg on the NH3-TPD over 2.6Cu-SAPO-34.

2.3.4.2 IR spectra of C3Hg-saturated catalysts

ZSM-5 based catalysts

Figure 2.20 shows that H-ZSM-5 adsorbed C3;Hg at 3745, 3662, and 3611 cm™! in the
OH stretching vibration region; at 1469, 1305, and 1188 cm™? in the N-H deformation
region, which correspond to bending vibration of NH, on the Bronsted acid sites [113,
114]. H-ZSM-5 did not adsorb C3Hg on the sites in the N-H stretching vibration region
but presented bands at 2936 and 2861 cm™! (not present in the IR spectra of samples
adsorbed with NH3), which correspond to asymmetric vibration of -CH,— and to sym-
metric vibration of -CHj3—, respectively [115]. After saturating with NHj, the bands in
the OH vibration region increased a little, evidencing that propylene strongly adsorbed
on H-ZSM-5 but NH3 can adsorb on the same acid sites. In the N-H stretching vibration
region, the band at 3315 cm™! appeared. This band was different from the one in the IR
spectra of catalysts saturated with NH; and may suggest that C3Hg forms compounds
that affect the sites in which NHj is adsorbed [49]. Krishna and Makkee reported that
C3Hp can form condensed aromatic rings (coke) [116]. Regarding the Cu-containing
ZSM-5 samples, Figures 2.21, B.9, and B.10 show that the CzHg-saturated catalysts did
not exhibit bands in the N-H stretching vibration region. Still, a band around 1548 cm™t,
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which corresponds to C-C stretching vibration of adsorbed hydrocarbons [52]. How-
ever, after adding NHj3, the bands at 3350, 3279, and 3184 cm™! arose, which as said in
the NH3-saturated IR of fresh samples, correspond to ammonium ions bonded to Bron-
sted acid sites. The band at 1610 cm™! appeared, evidencing that C3Hg did not adsorb on
the Lewis acid sites regarding Cu in the Cu-based ZSM-5 catalysts, which can correlate
the peak in the NH3-TPD profile at 550 °C.
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Figure 2.20: NH;3-DRIFT spectra in absorbance mode of C3Hg-saturated H-ZSM-5 at 50 °C.
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Figure 2.21: NH;3-DRIFT spectra in absorbance mode of C3Hg-saturated 1.2Cu-ZSM-5 at 50 °C.

SAPO-34 based catalyst

Figure 2.22 shows that the bands of C3Hg-saturated 2.6Cu-SAPO-34 are weak. The band
at 3665 cm ™ correspond to C3Hg adsorbed on the OH bands, and the bands at 2960 cm™!
and 2861 cm™ corresponds to asymmetric vibration of -CH,~ and to symmetric vibra-
tion of -CH3—, respectively [115]. The bands in the N-H deformation region correspond
to C3Hp adsorbed on Brensted acid sites [117]. After introducing NH3, the bands highly
increased, evidencing again that C3Hg hardly adsorbed on the 2.6Cu-SAPO-34 catalyst.
The bands in the OH bands switch to negatives indicating that NHz might replace the
C3Hg previously adsorbed [112]. The bands in both the N-H stretching vibration and
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the N-H deformation regions appeared, indicating the less capacity of 2.6Cu-SAPO-34
to adsorb C3Hg. Also, the band at 1625 cm™ appeared, indicating that C3Hg did not

adsorb on the Lewis acid sites.
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Figure 2.22: NHj3-DRIFT spectra in absorbance mode of C3Hg-saturated 2.6Cu-SAPO-34 at
50 °C.

2.3.4.3 Py-DRIFTS

Figure 2.23 shows that C3Hg affects the adsorption of pyridine on H-ZSM-5 drastically.
At temperatures below 250 °C, the bands at 1599 cm ! and 1449 cm™! might appear due
to hydrogen-bonded pyridine and could distort the results; the inset plots show the
DRIFT spectra to temperatures above 250 °C to avoid distorted results [118]. The bands
at 1545 cm™ and 1647 cm™ correspond to Brensted acid sites [119, 120] and the band
at 1449 cm™ to Lewis acid sites regarding unsaturated AI** [119]. When increasing the
temperature (see inset Figure 2.23), both bands, at 1545 cm ™! and 1449 cm™! remained up
to 350 °C because these two bands are associated with strong acid sites. In the spectra
of the C3Hg-saturated H-ZSM-5, the bands at 1545 cm™ and 1449 cm™! did not appear
(even in the inset), it confirms that in H-ZSM-5 catalyst, C3Hg affects both Brensted and
Lewis acid sites drastically.

For the Cu-containing catalysts (Figures 2.24-2.26), the bound around 1449 cm™
shifted to lower bands around 1420 cm™ attributed to the weaker interaction of the Cu?*
cation with pyridine [119]. The band in the Cu-containing samples around 1447 cm™
corresponds to Lewis acid sites.

For the case of 1.2Cu-ZSM-5 (Figure 2.24), the Lewis acid sites remained in a ma-
jor proportion than the Brensted in the C3Hg-saturated catalysts. It might indicate that
C3Hp affected more Bronsted acid sites, confirming NH3-DRIFTS results. Generally, for
the copper-containing ZSM-5 catalysts, C3Hg decreased the intensity of the bands re-
garding both Brensted and Lewis acid sites. For the case of 1.2Cu/ZSM-5 (Figure 2.25),
the C3Hg-saturated samples had similar intensity in the bands regarding Brensted and
Lewis acid sites (inset Figure 2.25), probably because this catalyst was synthesized by
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impregnation, so it has a significant availability of Brensted acid sites that are partially
affected by C3Hg. For the case of 2.0Cu/ZSM-5, since it had a lower number of Bren-
sted acid sites, as OH-DRIFTS (Figure 2.5) and NH3-TPD (Figure 2.10a) show, they com-

pletely disappeared in the spectra of the C3Hg-saturated sample (Figure 2.26).
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Figure 2.24: Py-DRIFT spectra of 1.2Cu-ZSM-5.

2.3.5 Modeling and simulation

2.3.5.1 NHj; adsorption/desorption kinetic of fresh samples

The calculated adsorption capacities Equations 2.10 and 2.11 for the fitting were in the
same order of magnitude for all the catalysts (Table 2.4). The adsorption capacities of
the Z-OH site were smaller than the ones of the S site except for H-ZSM-5 because
samples with Cu have less Brensted acid sites, as NH3-TPD and NH3-DRIFTS showed.
The initial coverage (f) of the NH site was lower than the NHj site for all the catalysts,
indicating that, for this model, the acid sites represented by Brensted acid sites desorbed
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Figure 2.26: Py-DRIFT spectra of 2.0Cu/ZSM-5.

faster from the surface. Figure 2.27 shows that, for HZSM-5, the model fits well the TPD
profile as demonstrated for the R? value near to 1.0 and small X2. Figure B.13 validates
the kinetic model at other adsorption temperatures (100, 150, and 200 °C) showing
R? values near to 1.0 and small X?. Regarding the Cu-containing samples, the kinetic
reasonably simulate the TPD profiles for 1.2Cu-ZSM-5 and 1.2Cu/ZSM-5 (Figure 2.28,
Figure B.11); and acceptably fits for 2.0Cu/ZSM-5 (Figure B.12). In general, the models
sub-estimates the NH3-TPD profiles for the Cu-containing samples as Figures B.14-B.16
probably because more than two sites could be involved, and the model needs to
be expanded to a minimum of three sites. The same applied for the 2.6Cu-SAPO-34
sample Figures 2.29 and B.17.

The parameters obtained in the fitting of the desorption of NHj3 on the catalysts (Ta-
ble 2.5) agree with the reported in the literature for Fe/BEA [78]. The pre-exponential
factors of the low-temperature peak (which corresponds to site Z-OH in the kinetic
model) are higher than the high-temperature peak (which corresponds to site S in the
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Table 2.4: NH3 adsorption capacity (T') in umol/m? at 50 °C and initial coverages (6) fitted for
the kinetic of the desorption of fresh and C3Hg-saturated catalysts.

I'z_on I's Onm; ONH,
Catalyst w/o. w/ w/o. w/ w/o. w/ w/o. w/
H-Z5M-5 1.6 01 14 09 0.9 0.7 1.0 1.0
1.2Cu-ZSM-5 1.2 09 23 0.7 0.8 08 1.0 1.0
1.2Cu/ZSM-5 1.3 06 21 08 0.7 09 1.0 1.0
2.0Cu/ZSM-5 1.1 1.2 25 06 0.8 09 09 1.0
2.6Cu-SAPO-34 0.7 0.7 25 23 0.8 06 1.0 1.0
&R o  Experimental 1.0 — 6
500 S %) Fitted 0,
c()) o 0.8 1
4001 0 o RZ = 0.9762
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Figure 2.27: Fitting of the NH3-TPD profiles of H-ZSM-5 at an adsorption temperature of 50 °C.
Fitting of the NH3-TPD profiles of H-ZSM-5 at an adsorption temperature of 50 °C. 6
and 6, corresponds to O+ and Onp;.

kinetic model). At the same time, the activation energies and the coverage dependence
of the activation energy are smaller than the S site. Analyzing the presence of copper,
samples with copper had less activation energy and coverage dependence of the activa-
tion energy the site Z-OH than the sample without copper. The pre-exponential factors
of the site Z-OH tended to decrease with the incorporation of copper but did not de-
pend on the incorporation method of copper. The pre-exponential factors of site S had
different behavior. It was lower in 1.2Cu-ZSM-5 than the bare zeolite, but it was sim-
ilar for the 1.2Cu/ZSM-5 and increased in the 2.0Cu/ZSM-5. These results agree with
the NH;3-TPD, in which we concluded that the high-temperature peak was the most af-
fected, and the fitting parameters of the high-temperature peaks changed more than the
low-temperature peaks. Increasing the copper content did not change the site Z-OH
peak (Table 2.5), as NH3-TPD showed that the peak at 120 °C remained unchanged.
However, it changed the peak of the site S drastically as both, the activation energy and
coverage dependence decreased and increased, respectively.
The 2.6Cu-SAPO-34 sample values in the same order of magnitude than the ZSM-5
samples. However, the activation energy of site S are lower than the Cu-based ZSM-5.
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We did not fit the parameters of the H-SAPO-34 because it was unstable, and we con-
sidered the simulation would depend on the time we performed the NH3-TPD. For this
catalyst, the difference in the activation energy and coverage dependence of the activa-
tion of both sites was not so notorious as in the case of the ZSM-5 based samples. This
is probably because in the NH3-TPD profiles, the maximum concentration of the two
peaks of desorption is similar, while in the ZSM-5 based catalysts the maximum con-

centration of NHj of the low-temperature peak doubles the one of the high-temperature

peak.

Table 2.5: Parameters of the kinetic of adsorption/desorption of the fresh catalysts obtained
from the fitting in Matlab® at a desorption temperature of 50 °C.

Catalyst
1.2Cu/ZSM-5 2.0Cu/ZSM-5 2.6Cu-SAPO-34

Parameter H-ZSM-5 1.2Cu-ZSM-5
Ay /mol/m?/s (2.0 £0.9)-10° (1.6+0.8)-10° (1.7 £1.8)-10° (2.6 £2.0)-10° (1.3 £ 1.4)-10"
E, / kJ/mol 1004 +1.7 88.4+39 87.3+33 893+ 1.0 89.3 £3.2
AN / kJ/mol 9.0+ 04 59409 7.6 £0.8 6.8 +24 58 +£6.7
Ay /mol/m?/s (654 15)-10° (2.34£0.9)-10° (5.6 =3.4)-10° (7.5+£9.8)-108 (9.0 +4.1)-10°
E4 / kJ/mol 1132+ 1.3 1240+ 04 121.0 £ 0.3 1140 £ 7.0 989 £0.2
ant, / kJ/mol 123 £0.3 55.7 £ 0.2 50.8 £0.2 59.1+04 326 £0.1
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o Experimental — 6
500 5%37 Fitted 62
9% 0.8
400 Jd 3 R2 = 0.9566
E q x? = 911.2 vppm 0.6
2300 g I
~ q ~
Y @ |
£ 200 5 04
0
1004 § 0.2
O
o}
of & . 0.0
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature / °C

Temperature / °C

(a) NHj3 content. (b) Surface coverages.

Figure 2.28: Fitting of the NH;3-TPD profiles of 1.2Cu-ZSM-5 at an adsorption temperature of
50 °C.

2.3.5.2 NHj; adsorption/desorption kinetic with three sites

To evaluate the kinetic model with another site, we expanded the model to three sites
and obtained the results of Figure 2.30. We obtained that the model to three acid sites
fitted better than the model with two acid sites. However, the computation time was
so high, and for now we continued the kinetic with two acid sites to see the effect of
the hydrocarbons in the NH3-SCR of NOx. We tried to perform the fitting of the CzHs-

saturated catalysts, but the model has not converged so far.
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Figure 2.29: Fitting of the NH3-TPD profiles of 2.6Cu-SAPO-34 at an adsorption temperature of
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Figure 2.30: Fitting of the NH3-TPD profiles of 1.2Cu-ZSM-5 at an adsorption temperature of
50 °C with a kinetic model concerning three sites.

2.3.5.3 NHj; adsorption/desorption kinetic of C3Hg-saturated samples

We used the same procedure for fitting the NH;3-TPD profiles of C3Hg-saturated sam-
ples, but in this case, only the data of the temperature of adsorption of 200 °C were used
to validate the results. The simulation seed values of the parameters were obtained in
the NH3-TPD profiles of fresh samples. Figure B.18 shows the fitting of H-ZSM-5 at the
adsorption temperature of 50 °C and its simulation at a temperature of adsorption of
200 °C. It shows that the fitting was proper and that these parameters can simulate the
TPD profile at a temperature of adsorption of 200 °C. For the Cu-containing samples
(Figures B.19, B.20, and B.21) despite the proper values of R?> and X2, the simulation
was not so well, probably because the kinetic modeling needs to be expanded to three
sites as reported in some Cu-based zeolites [64].
The adsorption capacities of the samples saturated with C3Hg were lower than that
of the fresh samples (Table 2.4). However, the decreased was more pronounce in the
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Table 2.6: Parameters of the kinetic of adsorption/desorption of the C3Hg-saturated catalysts
obtained from the fitting in Matlab® at a desorption temperature of 50 °C.

Catalyst
Parameter H-ZSM-5 1.2Cu-ZSM-5 12Cu/ZSM-5 2.0Cu/ZSM-5 2.6Cu-SAPO-34
Ay /mol/m?/s (1.1£05)-100 (1.2 +1.8)-10" (1.9 £4.8)-107 (3.9 £4.8)-10° (8.3 % 11)-10™
E; / kJ/mol 99.4 +1.2 93.1+5.3 94.0+73 118.0 + 4.4 96.2 +3.8
anpy / kJ/mol 128 +£0.2 241420 20.7 + 3.0 39.6 + 2.0 6.4+ 09
Ay /mol/m?/s (1.8 +£1.1)-107 (8.9 +12)-107 (3.9 £10)-107 (3.8 +£4.6)-107 (1.8 +1.0)-107
E; / KJ/mol 121.1+ 3.6 146.0 + 8.2 1410+ 121  158.6+7.3 1134+ 3.0
ang, / kJ/mol 33 +1.0 169 +2.5 17.6 + 3.6 162419 341+1.2

I's value. The surface coverages of both sites decreased to a minor extent for the fresh
samples. The kinetic parameters of the fresh samples were unsatisfactory in simulating
the NH3-TPD profiles of the CzHg-saturated samples (figures not shown here). It could
indicate that adsorbing C3Hg changes the kinetic the adsorption/desorption of NHj3.
To prove that, Table 2.6 shows new parameters fitted using the data of the NH3-TPD
profiles of the C3Hg-saturated samples. In general, the new parameters presented the
same tendency for the case of the fresh samples. However, the parameters from fresh
and C3Hg-saturated samples have noteworthy differences.

For the Z-OH site, the pre-exponential factor, and the activation energy in H-ZSM-5
remained the same. However, for the Cu-containing catalysts, the pre-exponential fac-
tor decreased by two orders of magnitude, while the activation energies increased by
6%. For the case of the coverage dependence of the activation energy of the site Z-OH,
it increased by 40% in the H-ZSM-5, four times for the 1.2Cu-ZSM-5 sample, and three
times for 1.2Cu/ZSM-5 and 2.0Cu/ZSM-5. As the NH;3-TPD shows, in the H-ZSM-5
sample, the C3Hy affected more the low-temperature peak, which corresponds to the
Z-OH site. Those results might indicate that in the H-ZSM-5 catalyst, the C3Hs changes
the kinetics of the NH3 adsorption by changing the dependence of the activation en-
ergy. It means that the change in activation energy with temperature depends more on
the surface coverage. For the Cu-containing samples, the C3Hg affected all the param-
eters of the Z-OH site indicating that C3Hg affected more drastically the kinetics of the
adsorption/desorption of NH3 than in the case of H-ZSM-5.

For the site S, the pre-exponential factor increased by one order of magnitude in H-
ZSM-5 and 1.2Cu-ZSM-5, but it remained almost the same in the 1.2Cu/ZSM-5 and
2.0Cu/ZSM-5 catalysts; the activation energy increased about 7% in H-ZSM-5, 18%
in 1.2Cu-ZSM-5 16% in 2.0Cu/ZSM-5, and 23% in 2.0Cu/ZSM-5; the coverage de-
pendence of the activation energy decreased around 70% in all the catalysts. Since
CsHg affected the parameters of the S site, it shows that the kinetics of the adsorp-
tion/desorption of NHj is also affected. Although the NH3-TPD profiles indicated that
the amount of NHj is less affected in this site, the kinetic changed utterly. Summariz-
ing, C3Hy affects the kinetics of the adsorption/desorption of NHj in Cu-based ZSM-5
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catalysts drastically, in addition to the SCR activity. It is a remarkable result because
when proposing detailed kinetic models of the NH3-SCR of ZSM-5 based catalysts, it
must consider the adsorption of NH3, which should have parameters that include the

effect of possible hydrocarbons in the gas exhaust.

2.4 Partial conclusions

Three Cu-based ZSM-5 catalysts were synthesized, one by ion exchange and two by in-
cipient wetness impregnation. XRD revealed that the MFI framework was retained after
the synthesis, UV-Vis showed characteristic bands of zeolites with Cu referred to charge
transfer from O to Cu*/Cu?* and d-d transitions of isolated Cu®*. BET surface area
decreased after the synthesis, and SEM micrographs showed agglomeration of the cat-
alysts as the copper content increased. OH-DRIFTS showed a reduction in the bands in
the OH region, due to the ion exchange that reduced the amount of Brensted acid sites.
NH;3-TPD showed two peaks corresponding to the weakly bound NH3 and NHj ad-
sorbed on Brensted acid sites. The Cu-containing catalysts were active in the NH3-SCR
reaction, but adsorbing C3Hg before the reaction decreased both the NO and NHj3 con-
versions. NH;3-TPD results showed that pre-adsorbing C3Hg on the samples decreased
the amount of NHj3 adsorbed. IR spectra of samples after adsorption with NH3; showed
that C3Hg affected to a major extent the Bronsted acid sites, while the Lewis acid sites
corresponding to Cu were less affected. The elementary mean-field model fitted the
NH;3-TPD profiles. When the catalysts were pre-adsorbed with C3Hg, it changed the
parameters of the model. It suggests that when simulating the NH3-SCR of NO over
Cu-containing ZSM-5 catalysts, the parameters of the NH3 adsorption should take the
effect of hydrocarbons into account. Computing the ratios of effective reaction rates
of desorption and SCR reactions, suggested that the C3Hg could affect more the SCR
reaction in the ion-exchanged samples and the adsorption of NHj3 in the impregnated

samples.
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Chapter 3

Effect of dodecane on the NH3-SCR
over Cu-S57-13

This chapter studies the effect of dodecane, which can be a surrogate for diesel due
to its high molecular weight, but few reports exist about how it affects the NH3-SCR
of NOx. We synthesized by ion exchange Cu-ZSM-5 starting from a commercial NHjy-
ZSM-5, and Cu-S5Z-13 starting from a synthesized H-SSZ-13. We adapted a reaction
system with gas washing bottles to introduce water and Ci,Hy into the gas stream to
evaluate the effect of C1,Hjg on the NH3-SCR of NO, NH;3 oxidation, and NO oxidation
at three different GHSV. We found that CipHys reduced the catalytic activity of both
Cu-ZSM-5 and Cu-SSZ-13 catalysts, but affected more the Cu-ZSM-5. Also, we found
that the higher the GHSV, the higher the decrease in NO conversion in the NH3-SCR
and NHj3 oxidation over Cu-S5Z-13. We also synthesized a monolith catalyst by coating
a cordierite honeycomb-type material with a slurry of Cu-ZSM-5. However, despite
their excellent thermal and mechanical resistance, its activity in the NH3-SCR of NO
reaction was low. We concluded that despite C;2Hyg being a long-chain hydrocarbon, it
might affect a small-pore zeolite, and for that reason, these kinds of studies should be
considered when designing NH3-SCR systems.
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3.1 Introduction

Using diesel engines—which are more efficient and consume less fuel than the gasoline
ones [121]—is an alternative for reducing cost in transportation, but they produce more
CO; and NOx. NH3-SCR of NO is the most efficient technique for NOx abatement from
diesel engines, however, diesel fuel is a blend of several hydrocarbons (HCs) that, if
unburned, can affect the catalyst performance.

Focus on real driving conditions increases studies about the effect of HCs in the
NH;3-SCR of NO. For example, propylene (C3Hg), a short-chain hydrocarbon, affected
zeolites with medium to large pore such as Fe/MOR [50], Fe/Beta [45, 50], Cu/Beta
[48, 49], Fe/ZSM-5 [13, 20, 46, 50], and Cu/ZSM-5 [20, 46]. In the same way, decane
(C10H22), a long-chain hydrocarbon affected Cu/MOR [122] and Cu/ZSM-5 [122]. Re-
garding small-pore zeolites—the most promising catalyst for SCR—, C3Hp also affected
them [48, 51, 53, 55], but the effect of long-chain hydrocarbons is not clear. Kumar et
al. [51] report that even small-pore zeolite catalysts can store quantities of long-chain
hydrocarbons such as n-dodecane (Ci2Hys) and Selleri et al. [55] report that Ci2Hoe
does not affect the activity of a small-pore zeolite in the NH3-SCR of NO. Also, in the
literature, we did not find reports concerning durability tests (reactions for long times)
on zeolites subject to hydrocarbons—a vital parameter for the use of catalysts on diesel
engines—, since they can run for several hours.

This work aims to elucidate the effect of C1,Hy¢ on Cu-SSZ-13 in the NH;3-SCR of
NO; and NO and NHj3 oxidation at several conditions and analyze the production of
NO,, N2O, CO, and CO;. Also, to perform durability tests on the catalysts by submitting

them to a reaction with and without C1,Hyg.

3.2 Experimental

3.2.1 Catalysts synthesis and characterization

Cu-based zeolites were synthesized by ion exchange starting from NHy-ZSM-5 (Si:Al = 15)
and H-S5Z-13 (Si:Al = 25). NH4-ZSM-5 was purchased from Zeolyst International (CBV
3024E), and H-S5Z-13 was donated by Juan Miguel Gonzélez Martinez, who synthe-
sized it at Purdue University, as a task of a cooperative project. NH4-ZSM-5 was cal-
cined at 550 °C for 5 h to obtain the H-ZSM-5 form. Then, 12 g of catalyst were refluxed
with 1.5 L of copper acetate solution with 160 ppm of Cu at 65 °C for 24 h. The final
solution was filtrated, washed several times with deionized water, dried in air at 100 °C
overnight and calcined at 550 °C for 4 h with a heating rate of 5 °C/min. H-S5Z-13 was
ion-exchanged with 100 mL of Cu(NO3),) 0.6 M solution per gram of catalyst at 80 °C
for 8 h. The final solution was washed with deionized water, separated by centrifuga-
tion, dried at 120 °C overnight and calcined at 560 °C for 12 h with a 2 Kmin™.



Chapter 3. Effect of dodecane on the NH3-SCR over Cu-552-13 51

XRD patterns were recorded in a PANalytical Empyrean diffractometer in the range of
5-60° with CuKa wavelength 0.179 nm, in 0.032° /min steps. Copper content was ob-
tained by atomic absorption.

3.2.2 Monolith preparation and testing

Cordjerite 6x6x12 mm monolith blocks were pretreated in nitric acid solution 30% v /v
for 5 hours, washed with deionized water until reaching neutral pH, immersed in ace-
tone for 2 h, dried at 100 °C for 3 h, and calcined at 600 °C for 2 h with a heating rate
of 2.5 °C/min. The slurry consisted of 30% catalyst (Cu-ZSM-5 sieved to < 80 mesh
size), 8% binder (boehmite Catapal), 62% solvent (water), and 12 mL of acetic acid for
adjusting the pH to 3.5. It was stirred and then milled at 200 rpm for 16 h in a planetary
mill Retsch PM 100. Water was added to the slurry for obtaining 35% of solids, and the
resulting mixture was dispersed in a mechanical homogenizer Ultraturrax at 3000 rpm
for 10 min. Each monolith side was immersed into the slurry for 1 min; the excess of
the coating was removed by blowing compressed air. They were dried at 120 °C for 1 h,
and the process was repeated until obtaining 15% mass increase. Finally, they were cal-
cined at 500 °C for 5 h with a heating rate of 0.4 °C/min to avoid cracks. The monoliths
were tested by registering the mass change when submitting them to several conditions.
For the mechanical test, they were submitted to ultrasonic bath in deionized water for
30 min; and for thermal resistance, they were submitted to 10 temperatures changes for
10 min at 500 °C and at room temperature. Loss of mass was calculated with Equa-
tion 3.1 and Equation 3.2, in which MML represents the percentage of monolith loss
of mass; M;, and My are the initial and final mass of the monolith; CML represents
the percentage of coating loss of mass; C;, and C £ are the initial and final mass of the
coating.

M, — My
MML = [ —— 1) 1100% (3.1)
M;

Ci—Cs
CML = ( - ) -100% (3.2)

i
3.2.3 Reaction facilities

The bench reactor (Figure 3.1) consisted of gas bottles (NO, Linde Gas, 4850 ppm: in he-
lium; NH3, Cryogas, 3000 ppm in helium; O, Oxigenos de Colombia, grade 2.7, 99.7%;
Argon, Cryogas, 99.999%). Flows were controlled via BROOKS 5850E and OMEGA
mass flow controllers. Water and Ci,Hys were entered into the feed by passing argon
through gas washing bottles at 48 °C to obtain the required concentrations. NO, O,, wa-
ter, C1oHos when used, and argon as balance were mixed with NHj3 at the entrance of the
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reactor for avoiding homogeneous reactions. The reactor was a borosilicate glass tube
(10 mm O.D.) heated by an electric furnace controlled by a PID ANAFAZE 8LS tempera-
ture controller. The catalyst was held on a quartz frit, between two pieces of glass wool,
and with some quartz wool above the bed to pre-mix the gases. Tubing from the exit
of the reactor to the inlet of the FI-IR spectrometer was heated to 150 °C to avoid wa-
ter condensation. Concentrations were analyzed by an Antaris IGS FI-IR spectrometer
with 200 mL, 2 m cell at 150 °C with the methods explained in Appendix A.
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Figure 3.1: Bench reactor for the study of NH3-SCR of NO.

3.2.4 Catalytic activity

Reactions were performed in a fixed-bed glass reactor at atmospheric pressure (Fig-
ure 3.1). The reaction conditions were 400 ppm NO, 400 ppm NHs, 8% O,, 5% H,O,
300 ppm Ci2Hys when used, and balance argon. Temperature range was 150-550 °C at
50 °C intervals. Typically, 100 mg of catalyst (sieved 30-40 mesh) were loaded to the re-
actor. The catalyst was treated in 100 mL/min oxygen at 400 °C for 6 h and then letting
to cool to room temperature by convection. Initial concentrations of the reactants were
measured after stabilizing the flow for 3 h when NH3 was in the stream or 2 h without
NHj;. The gas flow was directed to the catalyst and left to stabilize for 3 h when having
NH; or 2 h without it. At each reaction temperature, the gas flow was let to stabilize
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for 2 or 1 h if having NHj3 or not. Conversion of NO and NHj was calculated accord-
ing to Equation 3.3, in which, X is the conversion, cj, is the inlet concentration at room
temperature and coy is the outlet concentrations at the reaction temperature. The Gas
Hourly Space Velocity (GHSV) was calculated by Equation 3.4, where F is the gas flow
through the catalyst, p is the apparent density (assumed to be 500 kg/m?), and M is the
catalyst mass. N concentration and selectivity were calculated using Equation 3.5, and
Equation 3.6, respectively [123].

The GHSV was varied by changing the gas flow while maintaining the catalyst mass
constant. The stability tests were performed at the same reaction condition at a fixed

temperature for 30 h with and without C;2Hg.

X = <Cm - C“‘“) -100% (3.3)
F-p

HSV = —— 4
GHS i (3.4)

NH;3lin — [INH3|out + INOx|in — INOxlout — 2| N2O|ou
[NaJous = IV Hslin = [N Hsloue + | ;‘] INOxJour = 2{N2O]out (3.5)

.. 2[N2]out )

N> selectivity = -100% 3.6
? Y <2[Nz]out+2{NzO]out+ [NOsJout (3.6)

3.3 Results and discussion

3.3.1 Catalyst characterization

Figure 3.2 shows that the XRD patterns of the Cu-SSZ-13 and Cu-ZSM-5 agreed with
their corresponding bare catalyst [110], indicating that the framework of the starting
material remained after the ion exchange. We did not see any appreciable peaks corre-
sponding to copper oxides that appeared around 35.5° and 38.7° [72, 90]. Copper load-
ing of Cu-S5Z-13 and Cu-ZSM-5 obtained by atomic absorption were 1.4% and 1.2%,

respectively.

3.3.2 Effect of temperature on the NH3-SCR of NO over Cu-based zeolite
catalysts

Figure 3.3 shows the catalytic activity of 1.2Cu-ZSM-5 with and without hydrocarbons.
1.2Cu-ZSM-5 attained maximum conversion NO and NHj at 250 °C without hydrocar-
bons. The NO conversion started decreasing at 450 °C due to the non-selective oxidation
of NHj3, while the NH; conversion remained the same up to 550 °C. With Ci,Hye, the
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(a) SSZ-13 based catalysts, Si:Al = 25. (b) ZSM-5 based catalysts, Si:Al = 15.
Figure 3.2: XRD patterns of Cu-based zeolite catalysts.

maximum NO and NHj conversions were also attained at 250 °C, but the NO conver-
sion decreased little from 300 °C and 500 °C, while the NHj3 conversion just decreased
a little at temperatures above 500 °C. With C3Hg, the NO conversion had an s-shaped
behavior and was decreased about 50% at the temperature with maximum conversion,
which could be related to the competitive adsorption on the catalyst in the surface as
Heo et al. [46] pointed out. This competitive adsorption might reduce NO conversion
at temperatures below 350 °C, but at higher temperatures the NO conversion started
to increase due to C3Hg-SCR reaction [53]. In fact, Fig. 3.3 shows that the C3Hg-SCR
reaction starts at 300 °C to a maximum conversion at 400 °C.

For the case of the 1.4Cu-55Z-13, Figure 3.4 shows a similar behavior than the 1.2Cu-
ZSM-5 catalyst. C3Hg affect the NO conversion in a s-shaped manner and reduce it
about 10% at 350 °C, and CqoH»4 decreased the NO conversion. C3Hg and C1oHpe de-
creased the NHj3 conversion at low temperature but the effect is minor at temperatures
above 450 °C.

These results demonstrated that C1,Hyg affected both 1.4Cu-S5Z7-13 and 1.2Cu-ZSM-
5. From now, we selected the 1.4Cu-S5Z-13 catalyst to perform a series of experiments.
1.4Cu-55Z-13 is the most promising catalyst for the NH3-SCR of NOx and its resistance
to hydrocarbons needs to be studied deeply.

3.3.3 GHSYV effect on the catalytic activity of Cu-SSZ-13 in the NH;3-SCR of
NO

Increasing the GHSV from 60000 to 150000 h™! reduced both NO and NHj conversions
(Figures 3.5 and 3.6). Without Ci2Hy and below 250 °C, NO and NHj conversions
decreased as the GHSV increased because the residence time is higher, inducing more
contact time between the catalyst and the gas. Above 250 °C, reduction in conversion
was less notable for all GHSV, probably because the consumption rate is faster than the
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Figure 3.3: Effect of hydrocarbons on the catalytic activity of 1.2Cu-ZSM-5. Reaction conditions:
400 ppm NO, 400 ppm NH3, 8% O3, 5% H;0, 300 ppm C1,Hp when used, balance argon. GHSV
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Figure 3.4: Effect of hydrocarbons on the catalytic activity of 1.4Cu-SSZ-13. Reaction conditions:
400 ppm NO, 400 ppm NH3, 8% O3, 5% H;O, 300 ppm C;,Hp when used, balance argon. GHSV
=90000 h™.

residence time. At 90000 and 150000 h!, C1,Hyg reduced NO conversion in the whole
temperature range (Figure 3.5a and Figure 3.5b). At 60000 h7!, the C15Hyg reduced the
NO conversion at temperatures below 250 °C. C1pHys decreased the NHj3 conversion
in the whole temperature range at all GHSV studied. However, it was more notable
at 150000 h!. C1pHy induced the production of carbon monoxide (CO) (Figure C.1a).
CO is a product of the partial oxidation of Ci,Hy that could affect NH3-SCR of NO by
the reduction of nitrates to nitrites that then react with N,O releasing NO [53]. We saw
that after the reaction with Ci,Hye, the catalysts turned gray, evidencing some carbona-
ceous deposits. Those results agree with Kumar et al. [51], who pointed out that both
short- or long-chain hydrocarbons can be stored on small-pore zeolites. Also, Zheng et
al. [53] report that Cu-55Z-13 can store significant amounts of carbonaceous deposits

via an oxygen-dependent, thermally-activated storage process, which reduces NO and
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NH; conversions in the NH3-SCR of NO. Without Ci2Hye, nitrogen selectivity was al-
most 100% at temperatures above 150 °C for all the GHSV tested (Figure C.3). Ci2Hyg
reduced N selectivity at 200 °C about 10% and about 25% at 150 °C at 150000 h™" (Fig-
ure C.3). The concentration of NO, without Ci2Hys decreased as the temperature in-
creased (Figure C.2b) and the higher the GHSV, the higher the concentration of NO,.
For the case of the reaction with C12Hy the NO, concentration was higher for GHSV of
150000 h™!. This result agrees with the reduction in N selectivity, which decreased with
the inclusion of Cj2Hye to produce nitrogen oxides compounds. The concentration of
N>O behaved similarly to the concentration of NO,. The major production of N,O was
obtained in the presence of C1oHys at a GHSV of 150000 h7!. It shows that C1,Hyg could
affect both NO conversion and Nj selectivity in NH3-SCR of NO.
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Figure 3.5: Effect of GHSV on the NO conversion in the NH3-SCR of NO over Cu-SSZ-13. Re-
action conditions: 400 ppm NO, 400 ppm NHj, 8% Oy, 5% H,0, 300 ppm Ci2Hjys when used,
balance argon.
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Figure 3.6: Effect of GHSV on the NH3 conversion in the NH3-SCR of NO over Cu-SSZ-13.
Reaction conditions: 400 ppm NO, 400 ppm NH3, 8% Oy, 5% H,O, 300 ppm C1,Hye when used,
balance argon.
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3.3.4 GHSYV effect on the catalytic activity of Cu-SSZ-13 in the oxidation of
ammonia

NH; oxidation experiments (Figure 3.7) showed better conversions at low GHSV. C12Hjg
reduced NHj3 conversion below 500 °C and increased it at 500 °C and 550 °C and pro-
duced CO; (Figure C.1b) and CO (Figure C.1a) at temperatures above 350 °C. Again,
the catalyst turned gray after the reaction with C1pHys. This confirms that CipHyg can
form carbonaceous in the total or partial compounds combustion that may interfere in
the NH3-SCR of NO as Kumar et al. reports [51] at temperature below 450 °C or it may
react with CyoHyg as Heo et al. [46] reports.

Regarding the production of NO, and N,O (Figure C.2a and Figure C.2b), and the N,
selectivity; the C1oHye did not have any effect of them. This may suggests that despite
it reduces the conversion of NHj3, it may formed other compounds from reaction like
ammoxidation (Equation 3.7) [46] (this need to be confirmed by FT-IR)

3
CH,=CHCH3; + NH3 + E O, — CH>=CHCN + 3H,O (3.7)
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Figure 3.7: Effect of the GHSV on the oxidation of NH3 over Cu-S5Z-13. Reaction conditions:
400 ppm NHs, 8% O,, 5% H,O, 300 ppm C;,Hy4 when used, balance argon.

3.3.5 GHSYV effect on the catalytic activity of Cu-SSZ-13 in the oxidation of
NO

Figure 3.8 shows that NO conversion was below 6% in the whole temperature range and
that the presence of C1oHj unaffected the NO conversion. Leistner et al. [37] obtained
NO conversions in the NO oxidation over Cu/SSZ-13 up to 6%, which agree with our

results. Figure C.7a shows that the presence of C1,Hy6 produced CO; and CO, probably
due to complete or partial of CioHpg.
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The concentration of CO was higher in the NO oxidation than in the NHj3 oxida-
tion (Figure C.4a and Figure C.7a). It also suggests that C;oHjs may react with NHj at
high temperatures; however, in the NO oxidation reaction, Ci,Hys may suffer partial
oxidation instead of reacting with NO.
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Figure 3.8: Effect of the GHSV on the NO oxidation over Cu-S5Z-13. Reaction conditions: 400
ppm NO, 8% O3, 5% Hy0O, 300 ppm C1,Hy¢ when used, balance argon.

3.3.6 Stability tests

Stability tests (Figure 3.9 and Figure 3.10) shows that at 500 °C, C12Hjs neither affect NO
nor NHj3 conversion, however, at 250 °C, NH;3 conversion started decreased after 20 h
of reaction. Since the SCR systems tends to operate at low temperatures, hydrocarbons
might affect more the catalysts at low temperatures.
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Figure 3.9: Effect of C1pHjg on the NO conversion in the stability test over Cu-S5Z-13. Reaction
conditions: 400 ppm NO, 400 ppm NHs, 8% O, 5% H,O, 300 ppm CjoHps when used, and
balance argon. Total flow: 300 mL/min. GHSV = 90000 ht.
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Figure 3.10: Effect of C1oHys on the NHj3 conversion in the stability test over Cu-55Z-13. Reac-
tion conditions: 400 ppm NO, 400 ppm NHs, 8% O,, 5% H,0O, 300 ppm C1,Hys when used, and
balance argon. Total flow: 300 mL/min. GHSV = 90000 h1.

3.3.7 Monolith testing

Table 3.1 shows that the monoliths had low mechanical resistance, because, the ultra-
sound test removed 26.3% of the coating; they resisted temperature changes since the
coating mass loss was less than 3%. The monolith we synthesized can resist the changes
in temperature that occur in a diesel engine (e.g., when turning on the engine), however,
if the engine suffers abrupt movements, it can cause detaching the coating from the sur-
face. Regarding the catalytic activity, Figure 3.11 shows that the monolith hadlittle ac-
tivity in the NH3-SCR of NO reaction, probably because of the low amount of coating,
which represents a low availability of active sites for the reaction. So far, we did not per-
form any other experiments to improve the synthesis of the monolith and focused on
working with powder studying other conditions to understand better the effect of HC
on the catalysts. For improving the catalytic activity of the monolith, more tests such as
changing the binder, the amount of catalyst, the amount of coating in the monolith or
the copper loading in the catalyst should be performed to find the best conditions that
represent in a better catalytic activity of the monolith.

Table 3.1: Monolith mass loss in the mechanical and thermal test.

Test Mass loss respect to coating / % Mass loss respect to monolith / %
Mechanical 26.3 52
Thermal 2.2 0.3




Chapter 3. Effect of dodecane on the NH3-SCR over Cu-S52-13 60

25

—o— NO
NH3

= N
(6,1 o
L L

Conversion / %
=
o

150 200 250 300 350 400 450 500 550
Temperature
Figure 3.11: Conversion of NO and NHj in the NH3-SCR of NO of the 1.2Cu-ZSM-5 monolith.
Reaction conditions: 400 ppm NO, 400 ppm NHj3, 8% Oy, 5% H,O, balance argon. GHSV =
60000 h!.

3.4 Partial conclusions

We synthesized Cu-ZSM-5 and Cu-S5Z-13 catalysts and found that CjoHjyg reduced the
conversion of both NO and NHj in both catalysts. Since Cu-S5Z-13 is the most promis-
ing catalyst for using in the NH3-SCR of NOx we performed a series of experiments for
understanding the effect of C12Hyg on several reactions. We concluded that C1pHyg af-
fects the catalytic activity of Cu-SSZ-13 in the NH;3-SCR of NO and the NHj3 oxidation.
Our results suggested that NH3 and Cq,Hys may react at high temperature and reduce
NHj3 to selectively reacts with NO. We also observed that the effect is more notable at
the highest GHSV studied (150000 h™!).



61

Chapter 4

Effect of HCs on the kinetic of
NHj3-SCR over Cu-based zeolites

In this chapter, we studied the effect of a short- and long-chain hydrocarbon (C3Hg
and CjoHye) on the catalytic activity, NH3 adsorption, stability, and kinetics in a small-
and a medium-por zeolites (Cu-ZSM-5 and Cu-SSZ-13). Performing temperature pro-
grammed desorption experiments of NHj together with hydrocarbons, C3Hg reduced
more the amount of NHj3 desorbed in the TPD compared with the NH3-TPD alone.
Also, C3Hg reduced more the catalytic activity of the catalysts around 350 °C. Finally,
the kinetics experiments showed that both hydrocarbons, Ci,Hys, and C3Hg, affected
the parameters of a power-law reaction rate meanly that HCs can affect the mechanism
in the NH3-SCR of NO on Cu-ZSM-5 and Cu-S5Z-13.
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4.1 Introduction

Diesel engines have a wide usage in transportation [58] but emit more nitrogen oxides
than their gasoline counterparts [59]. As environmental concerns about the diesel en-
gine emissions are increasing, studying them under more realistic conditions is vital to
accomplish the more stringent legislation [124]. Despite the NH3-SCR of NOx [19] being
the leading technique for the abatement of NOy, it needs to overcome some problems
to work properly.

Including hydrocarbons into the probe exhaust gas makes the process more realistic
[54]. Hydrocarbons can be present in the exhaust of a diesel engine if they are unburnt
in the cold start or long idling states of the engine [55]. The presence of hydrocarbons
in the NH3-SCR of NOx system could affect catalyst performance [43]. Reports in the
literature that study the effect of hydrocarbons on the catalysts used in the NH3-SCR of
NOx focused on how they reduced the catalytic activity by measuring conversions [13,
20, 43, 4650, 53-55, 122] and how they reduced the adsorption of NH3 by performing
temperature-programmed desorption experiments [13, 20, 46, 48, 51, 52, 54, 55, 70].
Studies about the effect of hydrocarbons on the NH3-SCR of NO kinetics and catalyst
durability are still missing. Studies that deal with the NH3-SCR of NO kinetics over Cu-
based zeolites have reported both polynomic [125-128], Langmuir-Hinshelwood [85,
129-132], and Eley-Rideal [133, 134] approaches. However, as mentioned before, those
studies do not include hydrocarbons in their analysis.

This chapter aimed to study two catalysts—Cu-ZSM-5 and Cu-SSZ-13—under the
presence of hydrocarbons—CzHg and CipHps—in the NH3-SCR of NO by evaluating
their adsorption of NH3 in TPD experiments, their catalytic activity, orders of reaction
of a polynomial kinetics, and stability tests.

4.2 Materials and methods

4.2.1 Catalyst synthesis and characterization

The Cu-ZSM-5 catalysts was synthesized by the ion-exchange as in Subsection 2.2.1.1
and the Cu-S5Z-13 as in Subsection 3.2.1.

XRD patterns were recorded in a PANalytical Empyrean diffractometer in the range
of 5-60° with CuKa wavelength 0.179 nm, in 0.032° /min steps. Copper content was
obtained by atomic absorption.
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4.2.2 Bench reactor

Subsection 3.2.3 depicts the bench reactor used for determining the kinetic parameters
of the catalysts in the NH3-SCR of NO with and without C3Hg and Cj2Hye, adsorp-
tion/desorption and durability experiments.

4.2.3 Adsorption/desorption experiments

The sample (previously pelletized, grinded, and granulated to sieve 80-120) was pre-
treated at 450 °C for 1.5 h in 500 mL/min 20% O,/Argon. It was cooled to 50 °C to
saturate it with either 1000 ppm NHj3, 1000 ppm C3Hg, or 1000 ppm NH3 + 1000 ppm
C3Hg for 3 hours. When using CjoHjg, the catalyst was first saturated with 150 ppm
CioHyg for 4 h, and then with 1000 ppm NHj; for 3 h. After saturating the catalyst, it was
flushed with 200 mL/min Ar for 4 h to perform the TPD at a heating rate of 10 °C/min
to 700 °C. The amount of the compounds desorbed from the surface was calculated
using Equation 2.1, but the flow of argon replaces the flow of nitrogen.

4.2.4 Catalytic activity

The catalysts were pelletized at 15000 lb for 15 min, crushed in a ceramic mortar with
a pestle, and sieved to mesh size 3040 (420-595 um). Typically, 100 mg of catalyst was
pretreated at 450 °C in 500 mL/min of synthetic air (20% O,/Ny) for 1 h with a heating
rate of 10 °C/min. It was cooled down to room temperature to start the reaction. The
gases mixture flow was 200 mL/min (400 ppm NO, 400 ppm, 8% O,, 5% H,O, 300 ppm
C3Hg or 200 ppm Ci2Hpe (When used), and balance argon). The gas flow stabilized for
4 h, and the temperature was increased in steps of 50 °C from room temperature to
550 °C with a stabilization time of 2 h at each temperature. The concentrations were
measured by FTIR spectroscopy in an Antaris IGS with a 200 mL and 2 m cell at 150 °C,
and a cooled MCT detector. Conversions were calculated by Equation 3.3.

4.2.5 Stability experiments

Chapter 3 presents the NH3-SCR of NO in the catalysts up to 30 h when subjected to
C12Hyg and show that it reduced the NO conversion of Cu-ZSM-5, but it unaffected that
of the Cu-SSZ-13. The stability results section report the stability of the catalysts in the
NH3-SCR of NO reaction when subjected to C3Hg up to 35 h and compare to the stability
results obtained in Chapter 3.

4.2.5.1 Mass transfer limitations

We studied the external mass transfer limitations by measuring the reaction rate, main-

taining the flow to the mass of catalyst ratio constant, and the internal mass transfer
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limitations by measuring the reaction rate at several particle sizes. We diluted the cat-
alyst with SiC (silicon carbide)—an inert material previously tested in our laboratory
with no activity in the SCR reaction— to dispersed the sample over the reactor to avoid
axial gradients of concentration and temperature spots. We also assured differential
conditions, working at conversions less than 15%. The regime without changes in re-
action rate with respect to the GHSV and the particle size assures working at free mass
transfer limitations. Equations 4.1-4.14 are the set of equations to calculate the reaction
rates at each condition. ML is the metal loading, MC is the metal composition, and
m is the catalyst mass, TMS is the total metal surface, Nyoy is the nitrogen lost from
NOx, NnH; is the nitrogen lost from NH3, NOc is the NO converted, NHj3, ¢ is the NH3
converted, NO,, ¢ is the NO; converted, Ny, no is the nitrogen from NO, N, Ng, is the
nitrogen from NH3, Xy is the NO conversion, Xy, is the NH3 conversion, Sy, o is the
NO selectivity, Fy, ,, is the flow of nitrogen at the inlet, rj is the rate measured, and

TOR is the turnover rate.

MC -m

ML = 100 (4.1)

TMS = m (4.2)

Nyox = [NOJin + [NO2Jin — [NOJout — [NO2]out (4.3)
Nyw, = [NH3lin — [NH3]out (4.4)

NO¢ = [NOJin — [NOJout (4.5)

NH3, ¢ = [NH3in — [NHs]out (4.6)

NO;, ¢ = [NOzJin — [NO2]out (4.7)

N, no = NOc — NO;, ¢ (4.8)

No, ng, = NHz c —2-NO», ¢ (4.9)

_ NOc 4409, (4.10)

Xnn —
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4.2.6 kinetic studies

The TOR (turnover rates) method helps to find the kinetic parameters. Equation 4.15
defines how to calculate the TOR: it considers all the active sites identical and allows
data comparison with different catalysts in different laboratories [135]. Equation 4.16

calculates the TOR from the reaction measured ( rp) and total metal surface values
(TMS).

(Number of molecules reacted)

TOR = (Number of sites) - (time)

(4.15)

TOR = (4.16)

4.2.6.1 Apparent activation energy

We obtained the apparent activation energy by measuring the TOR at the reaction con-
ditions (avoiding mass transfer limitations) of 400 ppm NO, 400 ppm NHj3, 8% O,
5% H,0, argon as balance, and 300 ppm Cj2Hjg or 300 ppm C3Hg. The temperatures
ranged around 250 °C for Cu-S5Z-13 and 400 °C for Cu-ZSM-5, and the slope of the plot
of In(TOR) vs. T~! gives the apparent activation energy according to Equation 4.17.

E, = —slope- R (4.17)

4.2.6.2 Kinetic equation

The reaction rate of the NH3-SCR of NO used in this thesis was a power-law model
according to Equation 4.18, where Rgcr is the reaction rate of NO; [NO], [NH3], and
[O,] are the concentrations of NO, NHj3, and Oy, respectively; «, B, and -y are the power-
dependency of NO, NH3, and O, respectively; and E, is the apparent activation energy.
This power-law rate equation has been studied in other works [125, 133, 136] as a way
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to determine a global dependency of the reaction rate with the concentration of the
reactants without taking into account the mechanism, which could include hundreds or

even thousands of reactions.

~Rscr = Aoexp (;5) . [NOJ*[NH;]P[0,]" (4.18)

We calculated the orders of the reaction by changing the initial concentrations of
the compound of interest, maintaining the others constant. The concentration of NHj
and NO were varied from 200-600 ppm and the concentrations for O, were varied from
2-20%. The slope of the plot of In(TOR) vs. In(concentration) gives the order of the
reaction. We performed the reaction at 400 °C and 250 °C for Cu-ZSM-5 and Cu-55Z-13,
respectively, which yields conversions less than 20%.

4.3 Results and discussion

4.3.1 Catalyst characterization

Subsection 3.3.1 shows the results of the XRD patterns and the Cu content for the Cu-
S57-13 and Subsection 2.2.1.1 the one of the Cu-ZSM-5.

4.3.2 Adsorption/desorption experiments

The TPD profiles of the Cu-ZSM-5 (Figure 4.1) show that the NH3 alone adsorbed onto
three acid sites: at around 200 °C, which regards to weak acid sites, including Lewis
acid sites [106], at around 270 °C, which corresponds to Lewis acid sites from Cu [106],
and around 390 °C, which regards to strongly bound NHj; probably on Brensted acid
sites [109, 110]. When performing the adsorption with HCs, the peak around 200 °C de-
creased by the presence of both C3Hg and Cq2Hjg, however the peak around 390 °C was
only affected by C3Hg. When performing the TPD with a mixture of NH3; and C3Hg,
the peak at 270 °C was narrower, probably due to a competitive adsorption between
NHj3; and C3Hg. Table 4.1 shows that C3Hg and CioHyg reduced the amount of NHj;
desorbed from Cu-ZSM-5 by 23 and 9%, respectively, suggesting that a short-chain hy-
drocarbon affects more the adsorption of NHj than a long-chain hydrocarbon. Heo et al
[46] obtained a decreased in the desorption of NHj in the presence of C3Hg, those values
differs probably because the copper content, Heo et al. used a 3.2% Cu and this work
used 1.4% Cu in the Cu-ZSM-5 catalyst. Figure 4.1b shows that in the TPD with HC,
the Cu-ZSZM-5 catalyst desorbed more Cq,Hyg than C3Hg probably because Cq2Hyg can
adsorb on the surface of the catalyst on a different site with respect to NH3 and C3Hs.
Another possibility is that C;oHye which is a liquid at ambient conditions, could con-
densate if it enters the pores of the Cu-ZSM-5 catalyst at the temperature of adsorption
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of 50 °C in a major amount that the C3Hg, which is a gas. The boiling point of C12Hye
is 216.2 °C; C12Hp6-TPD profiles (Figure 4.1b), which could be attributed to the evapo-
ration of C1pHye from the surface of the catalyst. This result agrees with that of Luo et
al. [48] who point out that Cij2Hys could condensate on the surface of a Cu/Beta cata-
lyst. Table 4.1 shows that Cu-ZSM-5 desorbed about 7% more than C3Hg, but the NH3
reduced the amount of C3Hg at the half, while almost nothing to the Cj2Hog.
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Figure 4.1: TPD profiles obtained for Cu-ZSM-5.

Table 4.1: Amount desorbed of each compounds from TPD experiments in ymol/g

NH;-TPD C3He-TPD C12Hy6-TPD
Catalyst w/oHC w/CsHg w/ w/oNH; w/NH; | w/oNH; w/ NHj;
Cu-ZSM-5 | 909 696 825 | 988 449 1059 1003
Cu-S5Z-13 | 1145 993 1087 | 942 384 248 218

Regarding the Cu-SSZ-13, Figure 4.2a shows that NHj3 alone desorbed from the cat-
alyst at three peaks: around 190 °C, which corresponds to physically adsorbed NHjz [52]
or weakly bound NHj3 on Lewis acid sites [76], around 320 °C, to medium bound NHj
probably on Lewis and Brensted acid sites [52], and around 450 °C, to strongly bound
NH; probably on Brensted acid sites [52]. Figure 4.2a shows that C1,Hye hardly affected
the NH;3-TPD profile and C3Hg only affected the weakly bound NHj3. Table 4.1 shows
that C3Hg and C12Hjpg reduced the amount desorbed of NH3 by 13 and 5%. Those values
were lower than the obtained with Cu-ZSM-5 and suggest that the HC affect in major
extent the medium-pore size zeolite than the small-pore zeolite. Figure 4.2b shows that
C3Hg desorbed at three temperatures: around 160 °C, which corresponds to weakly
bound C3Hg probably on Lewis acid sites [70]: around 280 °C and 350 °C, which could
regard to the desorption of C3Hg from Cu sites [70]. When NHj3 was on the TPD experi-
ments, the profile of C3Hg was affected while the C1,Hyg remained the same. It suggests
that C3Hg and NH3 might compete for the same acid sites. Table 4.1 shows that NH3
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reduced the amount of C3Hg desorbed from Cu-SSZ-13 by about 60%, while it reduced
the amount of Ci,Hye by about 12%.
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Figure 4.2: TPD profiles obtained for Cu-SSZ-13.

4.3.3 Catalytic activity

Both Cu-ZSM-5 and Cu-SSZ-13 had similar behavior in the NH3-SCR of NO without
C3Hg (Figure 4.3). Both catalysts reached largest NO conversion at 250 °C despite at
200 °C, Cu-SSZ-13 already doubled the NO conversion of Cu-ZSM-5. With Cu-ZSM-5,
the NO conversion started decreasing at 500 °C, while Cu-SSZ-13 conversion remained
at 100% even at 550 °C. In the C3Hg-SCR (Figure 4.3), both catalysts behaved similarly:
they attained a maximum NO conversion of 40% from 400-450 °C, but at a higher tem-
perature, the conversion decreased more in the Cu-ZSM-5 than in the Cu-557-13. Those
results confirmed that both catalysts are effective in reducing NOx, being Cu-S57-13
more active at 200 °C up to 550 °C. Studies in the literature report that the structure of
the zeolite is fundamental [110, 137] in the activity for the NH3-SCR.

Both catalysts presented an s-shaped figure when performing the NH3-SCR of NO
in the presence of C3Hg, which is related to the competitive adsorption on the catalyst
surface as Heo et al. reported [46] and was obtained in the TPD of this work. This
competitive adsorption might reduce NO conversion at temperatures below 350 °C, but
at higher temperatures the NO conversion started increasing due to C3Hg-SCR reaction
[53]. Figure 4.3 shows that the C3Hg-SCR reaction starts at 300 °C to a maximum con-
version at 400 °C and that C1oHy¢ reduced the NO conversion in minor extent than the
C3Hg. This result indicates that long-chain hydrocarbons affect less the NO conversion
than a small-chain hydrocarbon and that it affected more a medium-pore zeolite than
a large-pore zeolite; the reduction in NO conversion in Cu-SSZ-13 was about 5% and

should not be neglected.
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Ci1oHy unaffected the NHj conversion of both Cu-ZSM-5 and Cu-SSZ-13 in the
NH;3-SCR of NO (Figure 4.4). NH3 could also react with oxygen to produce NO or
nitrogen, or react with Cj2Hjpe to produce ammoxidation products [46]. However, C3Hg
affects little the NHj3 probably because it can take part in the C3Hg-SCR, which avoid of
NH3; reacting with NO at temperatures around 250 °C.
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Figure 4.3: Effect of CsHg on the NO conversion of Cu-based zeolites in the NH3-SCR of NO.
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Figure 4.4: Effect of C3Hg on the NHj3 conversion of Cu-based zeolites in the NH3-SCR of NO.

4.3.4 Stability in the presence of C3Hg and C12Hpe

Figure 4.5a shows that the NO and NHj conversions of Cu-ZSM-5 in the NH3-SCR
of NO in the presence of C3Hs decreased by 60 and 75%, respectively and continue
decreasing with time. In the presence of C1,Hj the NO and NHj; conversions decreased
by 30 and 50% and continue decreasing with time. Figure 4.5b shows the NO and NHj3
conversions of Cu-SSZ-13 decreased by 3 and 5% and stayed stable up to 30 h. This
result demonstrates that Cu-S5Z-13 is more resistant to HC than Cu-ZSM-5 even for
long periods, but in the presence of hydrocarbons for an extended period, it might suffer
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deactivation. This problem could occur in a diesel vehicle with an old diesel oxidation
catalyst or long idling periods or cold start, in which unburnt hydrocarbons can be
present in the catalyst. If the engine runs for extended periods, the catalyst in the NH;-
SCR of NO system could lose activity and release NOx and NHj3 into the atmosphere.
Most of the studies about the effect of HCs do not report stability experiments, which
could be a vital parameter since an engine could be run for hours and be subject to
hydrocarbon poisoning.
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Figure 4.5: Effect of CsHg on the catalytic activity of Cu-ZSM-5 in a reaction up to 35 h. Reaction
conditions: 400 ppm NO, 400 ppm NHs, 8% O, 5% H,0, 300 ppm C3Hg, and balance argon

4.3.5 Mass transfer limitations

According to Figure 4.6a, for gas flows higher than 450 mL/min let to decreased the
external mass transfer limitations since no appreciable changes are observed in the NO
reaction rate. Similarly, Figure 4.6b shows that for particle sizes above 194 ym, the
reaction rate is almost equal. So, for finding the kinetic parameters, we decided to work
under the conditions that Table 4.2 shows, which corresponds to a regime under free
mass transfer limitations. These values correspond to GHSV of 9000000 and 4500000 h™!.
The higher mass in Cu-SSZ-13 was because it is less dense than Cu-ZSM-5, so we needed
to weight more mass to have a good dispersion in the diluent. Table 4.2 also shows the
Weisz-Prater number calculated with the equations in Appendix D. The Weisz-Prater

numbers below 0.3 confirms that our system is free of internal mass transfer limitation
[138].

Table 4.2: Conditions used for each catalyst for determining the kinetic parameters that ensure

reactions without mass transfer limitations.
T

Catalyst Flow / mLmin™ Mass/mg T/ °C Particlesize / ym Weisz-Prater number
Cu-ZSM-5 450 15 400 151 0.04
Cu-SSZ-13 450 3.0 250 151 0.01
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Figure 4.6: Plots for the study of mass transfer limitations on Cu-based zeolites.

4.3.6 Apparent activation energies

Table 4.3 shows that hydrocarbons changed the apparent activation energies of the cat-
alysts when present in the NH3-SCR of NO reaction. The higher value of Cu-ZSM-5
is because we measured at a higher temperature than the measured in the Cu-S5Z-13.
Ci2Hy6 reduced the apparent activation energy of Cu-ZSM-5 and Cu-SSZ-13 by 19 and
45%, respectively, while the C3Hg reduced the apparent activation energy by 78 and 2%.
Interestingly, dodecane reduced more the apparent activation energy in Cu-SSZ-13 than
in Cu-ZSM-5, but it influenced little on the adsorption, so it suggest that C1oHjs might
change the mechanism of the NH3-SCR of NO in both, Cu-ZSM-5 and Cu-S5Z-13 at the
studied temperatures. For the case of C3Hg, at the temperature of 250 °C, the reaction
mechanism of the NH3-SCR of NO could remain the same in Cu-SSZ-13 due to that the
apparent activation energy remains unchanged and as Figure 4.3b shows no change in
NO conversion at 250 °C with the presence of C3Hg. C3Hg reduced more the apparent
activation energy of Cu-ZSM-5 than C;oHj¢ due to probable reactions of C3Hg with NH3
at 400 °C, as C3Hg reduced more the catalytic activity.

Table 4.3: Apparent activation energy in k] mol~! of the catalysts.
Catalyst Parameter Without HC With C1,Hye With C3Hg

E, 72.9 58.9 16.1
« 0.5 0.4 0.3
Cu-ZSMS5 - g 0.0 0.3 0.1
v 0.5 0.6 0.5

E, 023 22.9 413
« 0.5 0.7 0.4
CuS52-13 g ~0.1 ~0.1 0.0
vy 0.2 0.2 0.3
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Figure 4.7: Arrhenius plots of the effect of HCs on the apparent activation energy of Cu-based
zeolites.

4.3.7 Orders of reaction

The orders of reaction of the Cu-ZSM-5 and Cu-55Z7-13 in the NH3-SCR of NO reaction
showed several behaviors (Figures 4.8-4.10). The orders or reaction with respect to
NO were from 0.3-0.7, reports in the literature for Cu-based zeolites range from 0.7-
1.0 [125, 133, 136]. The low values obtained could be due to the high GHSVs or an
imperfect contact between the reactants and the catalyst. According to Table 4.3, C12Hyg
decreased the order of reaction of NO in Cu-ZSM-5, but the change considering the
Ci2Hpe was not significant and could stay in the experimental error; C3Hg, reduced
the order of NO, which confirms that more C3Hg might cause more reactions in the
mechanism and for that reason decreased the NO order of reaction. Regarding the Cu-
SS5Z7-13, the C1oHyg increased the NO order of reaction, and C3Hg decreased it. It means
that C12Hye increased the rate of the reaction quickly in the NH3-SCR of NO and C1,Hye
can influence a reaction that favor the production of Ny.

The orders of reaction concerning NH3 ranged from slightly negative to zero, as re-
ported in the literature [125, 133, 136]. We obtained comparable results for the catalysts
in the NH3-SCR of NO, but they changed in the presence of hydrocarbons. For the case
of the ZSM-5, C1,H¢ increased the NHj3 order of reaction due to an increase of NHjz cov-
erage as Delahay [133] reported. It could confirm a reaction of NH3 that may produce
N> and increase the reaction rate. Regarding the Cu-SSZ-13, the orders of reaction for
NH; remained unchanged, which confirms that CzHg did not affect the catalytic activity
of the Cu-S5Z-13 in the NH3-SCR of NO reaction at 250 °C.

Other kinetics of SCR reaction, such as the reported by Stevenson et al. [129] (4.19)
and Delahay et al. [133] (Eq. 4.20), fit acceptably to data of the Cu-ZSM-5.

__ kscrINOJ[02] | koxKa[NH]
N 1+ KJ[NH3] ' 1+ K,[NH3]

+ ko[NO] (4.19)
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r = ky0,Pno =

4.4 Partial conclusions

We synthesized two Cu-base zeolites—CuZSM-5 and Cu-55Z-13—to study the effect of
a short-chain hydrocarbon (C3Hg) and a long-chain hydrocarbon (Ci2Hyg) by perform-
ing experiments of catalytic activity, temperature-programmed desorption of NH3 and
determination of the parameters of a power-law kinetics. We concluded that the de-
creased in catalytic activity in the catalysts could be occasioned by the competitive ad-
sorption of the HC with NHj3, since the C3Hg reduced more both, the catalytic activity in
the NH3-SCR of NO reaction and the amount of NH3 desorbed in the NH3-TPD. From
the kinetics, we concluded that both C3Hg and CjoHye probably change the mechanism
of the NH3-SCR of NO reaction of Cu-ZSM-5 and Cu-S5Z-13, since the activation energy
changed when performing the reaction with the HCs. We propose that NHj could react
with C3Hg or even CioHyg at 250 °C and 400 °C for Cu-S5Z-13 and Cu-ZSM-5 because
we measured changes in the order of reaction.
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Chapter 5

General conclusions, limitations and

recommendations

5.1 General conclusions

We studied hydrocarbons (CzHg and CipHyg), catalysts (Cu-ZSM-5, Cu-SSZ-13, Cu-
SAPO-34) that have been used successfully in the NH3-SCR of NOy, in various kind of
experiments: in Chapter 2 we studied the Cu-based ZSM-5 and Cu-SAPO-34 catalysts
to determine how much C3Hp affects the adsorption of NH;3 on the catalysts; in Chap-
ter 3 we studied the most promising catalyst—Cu-SSZ-13— to several reactions in the
presence of CjoHyg, and finally, in Chapter 4 we studied the kinetic of both, Cu-ZSM-5
and Cu-SSZ-13 in the presence of C3Hg and Cy2Hys. We found that all the hydrocarbons
tested affected in different extents the catalysts we studied. Saturating the Cu-based
ZSM-5 and Cu-SAPO-34 catalysts with C3Hg reduced the amount of NH3 adsorbed and
changes the parameters of the kinetic of the desorption. We also proved that despite
of C1oHye being a long-chain hydrocarbon and Cu-S5Z-13 a small-pore zeolite, C1oHog
reduced the catalytic activity and of Cu-SSZ-13 in NH3 oxidation and NH3-SCR of NO
reactions at high temperature but it has a decent resistance to Ci,Hys at the tempera-
ture with the best NO conversion. Finally, we determine the parameters of a power-law
kinetic in the presence of C3Hg and CqpHyg to Cu-ZSM-5 and Cu-SS5Z-13 catalysts and
found that both can change the apparent activation energy and the orders of reaction
with respect to NO and NHj. From those results, we finally conclude that for design-
ing NH3-SCR of NOx systems it is vital to take into account the changes in the kinetic of
both the adsorption and reaction of the catalysts. That means, it changes the mechanism
of the reaction and for detail kinetics, to take into account the adsorption and desorption
kinetic has to evaluate the parameters that affect the final design of reactor.
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5.2 Limitations

To develop this thesis, we had several problems that avoid studying more profoundly
and in a better way the topics treated. In Chapter 2, we intended to have an idea of
how propylene affect the kinetic of the adsorption of Cu-based catalysts with different
pore size (ZSM-5 and SAPO-34), however, the SAPO-34 was not stable. We detect a
tremendous change in surface area after the ion exchange with copper. We also per-
formed ammonia temperature programmed desorption of ammonia experiments and
found changes in one month span of measurements, so for improving the analysis is
better idea to study the synthesis of SAPO-34 to obtain a more stable catalyst. Also,
we started from a kinetic of desorption that consider ammonia adsorb in two acid sites.
Despite we obtained a decent fitting with two sites, we extend the kinetic to three sites
and obtained better fit. However, the computation time last about one and a half week
for the first fitting in a i5 second generation Windows 10 computer. One of the major
contributions of this thesis was to study the effect of n-dodecane but we intended to
study an aromatic hydrocarbon (toluene) and longer-chain hydrocarbons (C15—Cig) as
more realistic surrogate for diesel. We tried to make the experimental setup, but due
low or high volatility, it was difficult to carried out the experiments. One of the first
objectives, was to work with a monolithic catalyst, however despite the mechanical and
thermal tests, had decent results, the catalytic activity was poor. We did not have time

to try improving the synthesis or the money to buy a commercial monolith.

5.3 Recommendations

This thesis is a first approach to study the effect of hydrocarbons in the NH3-SCR of
NO, however, we recommend the following to have a better understanding of the whole

process:

* Characterizes more the catalysts. For example, Nuclear magnetic resonance will
be helpful to determine if treatment with hydrocarbons can change the structure
of the Cu zeolites. X-ray absorption spectroscopy to determine how hydrocarbons

change the surroundings of the active sites;

* to perform more studies in situ and in operando to, for example, infrared to have
an idea of the functional groups on the surface that would let to better proposed a
mechanism of the NH3-SCR of NO reaction in the presence of hydrocarbons;

* extend the kinetic of the desorption of NH3 on the catalyst to three sites and take
the necessary time for the fitting and simulations;

¢ improve monolith preparation by preparing a better slurry or increase the copper
content in the catalyst;
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* to determine the effect of HC by more studies, such as, XPS to verify changes in
the oxidation state of the catalysts, pyridine FI-IR to verify if hydrocarbons affect
more the Lewis of Brensted acid sites, chemisorption to determine the dispersion
of the catalysts and if it has an effect on the way hydrocarbons affect the catalysts,
for example, to answer the question if HCs affect more catalysts with better dis-
persion, this would help to look for alternatives in the synthesis to improve the
resulting catalysts;

* test an aromatic surrogate like toluene for performing the experiment delt in this

thesis and the proposed in this section;

* to study the Si:Al ratio in the catalysts, since it gives an idea of the acidity of the
catalysts, hydrocarbons may affect in different ways catalysts with different Si:Al

ratio due to their capacities to adsorb NHj;

* toinclude water in the adsorption studies, as it is reported to have an effect on the
adsorption of NHj on the catalyst [54], it would have an effect on the adsorption
of HCs;

* nowadays, with the increasing of data science, it would interesting to formulate
an experimental design to evaluate how factors such as Si:Al ratio, Cu content,
catalyst synthesis, type of catalyst on the response that would be the amount of
NHj3; and HC adsorbed;

* since it is reported that the catalysts can adsorb carbonaceous materials, we rec-
ommend to study the adsorption of HC under oxidizing conditions.
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Appendix A

Calibration of equipment

A.1 Mass flow controllers calibration

We calibrated the mass flow controllers (MFCs) by registering the flow at several set-
points. We measured the flow by taking the time a soap bubble ascends through a
defined volume of a burette with Equation A.1; where F is the flow in mL/min, V is
the volume of the burette in mL, and ¢ is the time in seconds. Figure A.1 shows that
the flow of the MFC depends linearly on the setpoint as expected. We combined all the
functions of the MFCs with the concentrations of the gas cylinders, and temperature of
the gas wash bottles for obtaining the flow for ensuring the desired concentrations.
_60-V

F=2 (A.1)

A.2 FT-IR calibration

The FT-IR used was an Antaris IGS FI-IR spectrometer from Thermo Fischer Scientific
equipped with a nitrogen cooled MCT detector, a cell with 200 mL of volume and 2 m
of pathlength. We calibrated it by taking several spectra of standards via either OM-
NIC® or Result® software. Each spectrum, which consists of 32 scans, were taken with
a 0.5 cm™ resolution. We used the software TQ Analyst® for creating a quantitative
method with the spectra taken previously. For methods including compounds without
overlapping bands, we used the simple beer’s law; for methods including compounds
with overlapping bands, we used the PLS (partial least square) analysis type. We en-
sure performance index of the methods higher than 90%. In some cases, we could not
create a methods with all the compounds to measure in the reaction. We created meth-
ods of specific compounds and measure the concentrations in the reactions. We save all
the spectra of the reaction and reprocess the data with a new method to obtained the
concentrations of new compounds. Water was a problem because its spectrum compre-
hends most of the spectrum range, so we included water in all calibrations to overcome
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Figure A.1: Calibration of the mass flow controllers used in the SCR experiments.



Appendix A. Calibration of equipment

80

600+

5001

Calibrated

200

100 1

400+

3001

O Calibration
Validation

100 200

300 400 500
Actual

(a) NO

600

Calibrated

600

w
o
o

N
IS
s

w
o
o

N
o
o

[ury
o
o

O Calibration
Validation

Actual

(b) NH;

o~
/////
Y
o
100 200 300 400 500 600
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the overlapping of bands with another compounds. If two compounds different from

water have an overlapping band, we choose another band to reduce the uncertainties.
Figure A.2 shows the good fitting of the NO and NHj to the calibration method. For
the calibration we used the spectrum range, which is the sum of the intensities of the

spectrum in the range selected for each compound in the calibration.
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Additional figures for Chapter 2

B.1 Energy Dispersive Spectroscopy (EDS) results
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Figure B.1: EDS spectra of 1.2Cu-ZSM-5 catalyst.
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Figure B.2: EDS spectra of 1.2Cu/ZSM-5 catalyst.
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Figure B.3: EDS spectra of 2.0Cu/ZSM-5 catalyst.

300

250

200

150

100

50

ol
0.0

13 26 39

5.2 6.5

78 9.1

104

117

13.0

Lsec: 256.6 0 Cnts 0.000 keV Det: Octane Plus Det

Figure B.4: EDS spectra of 2.6Cu-SAPO-34 catalyst.

Table B.1: Cu content in the catalysts form EDS results.

Catalysts Cu weight/ % Cu atom ratio / %
12Cu-ZSM-5 1.29 0.36
1.2Cu/ZSM-5 1.17 0.29
2.0Cu-ZSM-5 1.66 0.40
Cu-SAPO34  2.36 2.36
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B.2 FTIR spectra of catalyst with adsorbed NHj;
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Figure B.5: FTIR spectra of 1.2Cu/ZSM-5 with adsorbed NHj.
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Figure B.6: FTIR spectra of 2.0Cu/ZSM-5 with adsorbed NHj3.
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B.3 C;He/NH;3-TPD profiles
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Figure B.7: Effect of adsorbed CsHg on the NH3-TPD over 1.2Cu/ZSM-5.
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Figure B.8: Effect of adsorbed C3Hg on the NH3-TPD over 2.0Cu/ZSM-5.
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B.4 NH;-DRIFT spectra of C;Hg-saturated catalysts
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Figure B.9: FTIR spectra of C3Hg-saturated and with adsorbed NH3 of 1.2Cu/ZSM-5 at 50 °C.
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Figure B.10: FTIR spectra of CsHg-saturated and adsorbed NHj of 2.0Cu/ZSM-5 at 50 °C.



86

Appendix B. Additional figures for Chapter 2

Fitting results
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Figure B.11:

(a) NHj3 content.
Fitting of the NH3-TPD profiles of 1.2Cu/ZSM-5 at an adsorption temperature of
50 °C.
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Figure B.12: Fitting of the NH3-TPD profiles of 2.0Cu/ZSM-5 at an adsorption temperature of
50 °C.



Appendix B. Additional figures for Chapter 2

B.6 Validation results
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Figure B.13: Validation of the kinetic model for HZSM-5 at several temperatures of adsorption.
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Figure B.14: Validation of the kinetic model for 1.2Cu-ZSM-5 at several temperatures of adsorp-
tion.
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Figure B.15: Validation of the kinetic model for 1.2Cu/ZSM-5 at several temperatures of adsorp-
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Figure B.16: Validation of the kinetic model for 2.0Cu/ZSM-5 at several temperatures of adsorp-
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Figure B.18: Fitting of the NH3-TPD profiles of HZSM-5 at adsorption temperatures of 50 °C
and 200 °C.
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Figure B.19: Fitting of the NH3-TPD profiles of 1.2Cu-ZSM-5 at adsorption temperatures of
50 °C and 200 °C.
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Figure B.20: Fitting of the NH3-TPD profiles of 1.2Cu/ZSM-5 at adsorption temperatures of
50 °C and 200 °C.
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Figure B.21: Fitting of the NH3-TPD profiles of 2.0Cu/ZSM-5 at adsorption temperatures of
50 °C and 200 °C.
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Figure B.22: Fitting of the NH3-TPD profiles of 2.6Cu-SAPO-34 at adsorption temperatures of

50 °C and 200 °C.
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Additional graphs for Chapter 3
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Figure C.1: Effect of GHSV on CO and CO, concentration in the NH3-SCR of NO over Cu-S5Z-
13. Reaction conditions: 400 ppm NH3, 8% Oy, 5% H,O, balance argon.
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Figure C.2: Effect of GHSV on NO, and N,O concentration in the NH3-SCR of NO over Cu-
S5Z-13. Reaction conditions: 400 ppm NHj, 8% O, 5% H;O, balance argon.
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Figure C.3: Effect of GHSV on the N selectivity in the NH3-SCR of NO over Cu-S5Z-13. Re-
action conditions: 400 ppm NO, 400 ppm NHj3, 8% Oy, 5% H,0, 300 ppm Ci2Hjys when used,
balance argon.
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Figure C.4: Effect of GHSV on CO and CO; concentration in the NHj3 oxidation over Cu-S5Z-13.
Reaction conditions: 400 ppm NHj, 8% O, 5% H;O, balance argon.
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Figure C.5: Effect of GHSV on NO, and N,O concentration in the NH3 oxidation over Cu-SSZ-
13. Reaction conditions: 400 ppm NH3, 8% Oy, 5% H,O, balance argon.
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Figure C.6: Effect of GHSV on the N selectivity in the NH3 oxidation over Cu-55Z-13. Reaction
conditions: 400 ppm NO, 400 ppm NHj3, 8% O, 5% H,0O, 300 ppm Ci,Hys when used, balance
argon.



Appendix C. Additional graphs for Chapter 3

101

C.3 NO oxidation

1751 60000 h™!, w/o CyzHaze 250 60000 h™!, w/0 Ci2Hz6
60000 h~t, w/ Ci5Hzs 60000 h1, w/ Cy2Haze
—E— 90000 h1, w/o CizHae £ —E— 90000 h™!, w/o CyoHae
1501 —m 90000 h-1, w/ CizHze 2200 —#- 90000 h*, w/ CioHas
—A— 150000 h=*, w/o CioHae g —A— 150000 h~1, w/o Cy5Hae
1251 —&— 150000 h~!, w/ CyzHae c —&— 150000 h~!, w/ Cy5Ha6
—¥— 90000 h~, w/o Cy2Hae ° 150 —¥ 90000 h™1, w/o Ci;Hae
100 ¥ 90000 h%, w/ CizHa E —¥— 90000 h~!, w/ Cy2Has
-
3
75 g 100+
]
501 b
S 501
25+
0

0Ll= - " " " = = = =
150 200 250 300 350 400 450 500 550

Temperature / °C

(a) CO concentration.

150

200 250 300 350 400 450 500 550
Temperature / °C

(b) CO, concentration.

Figure C.7: Effect of GHSV on CO and CO, concentration in the NO oxidation over Cu-SSZ-13.
Reaction conditions: 400 ppm NHs, 8% O, 5% H;O, balance argon.
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Figure C.8: Effect of GHSV on NO, and N, O concentration in the NO oxidation over Cu-S5Z-13.
Reaction conditions: 400 ppm NHs, 8% O, 5% H;O, balance argon.
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Figure C.9: Effect of GHSV on the N selectivity in the NO oxidation over Cu-SSZ-13. Reaction
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argon.
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Appendix D

Weisz-Prater criterion

The Weisz-Prater criterion [139] estimates the influence of the interparticle and intracrys-
talline diffusions on a catalytic system. If the Weisz-Prater number (Equation D.1)
Ny-p < 0.3 [140], the observed reaction rates should have negligible internal mass
transfer limitations. Where ., is the calculated reaction rate in mole-kg_;-s~1, R, is
the radius of the catalyst particle in m, p. is the apparent density of the catalyst bed in

kg-m*3, D,sy is the effective diffusivity in m2-s71, C, is the gas concentration of NO at
the external surface of the catalysts in mole-m>.
Yeal PCR%
Nzufp — (D.].)
CsDefs

The effective diffusivity can be calculated by Equation D.2, in which v is the aver-
age velocity of the NO molecules in m-s~!, which can be calculated with Equation D.3,
where kg is the Boltzmann constant, T is the temperature, m is the mass of a molecule;
and d, is the crystallite grain size of the catalyst, which can be calculated by the Scherrer
equation (Equation D.4), where Dy, is the crystallite size in the direction perpendicu-
lar to the lattice planes, hkl are the Miller indices of the planes being analyzed, K is a
dimensionless crystallite-shape factor, A is the X-ray wavenumber, B is the width (full
width at half-maximum) of the X-ray diffraction peak in radians, and 0 is the Bragg

angle.
Dey = - 'f” (D.2)
yo kel (D.3)
7T
KA (D.4)
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