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Abstract

Cerium, zirconium and tungsten based catalysts with addition of 3% copper were pre-
pared through the hydrothermal method and incipient wetness impregnation method. The
three catalysts produced were named CZW (hydrothermal method), CZW-Cu (hydrother-
mal method) and CZW-Culmpr (3% Cu impregnated on CZW-support).

The pore structure, thermal stability, surface properties and compositions of the cata-
lysts were characterized by XRD, XRF, BET, TGA, TPR, SEM and EDS. Activity test of
the catalysts were performed in quartz capillary glass reactor connected to a mass spec-
trometer. The NO conversion for the catalysts were tested in the temperature range of
150-250 °C and correlated with a NO calibration of the mass spectrometer.

The catalyst synthesized through the hydrothermal method with the addition of 3% Cu
was found to exhibit the highest NO conversion of 79.3% at 200 °C, but also indicated
activity over the entire temperature range. The higher catalytic activity was attributed to
the addition of small amount of Cu, which enhanced the SCR reaction. The hydrothermal
synthesis method was concluded to be the better synthesis method for catalytic activity.




Sammendrag

Cerium-, zirkonium- og wolfram-baserte katalysatorer med tilsetning av 3% kobber ble
preparert gjennom den hydrotermiske syntesen og impregnering. De tre katalysatorene
ble kalt CZW (hydrotermisk metode), CZW-Cu (hydrotermal metode) og CZW-Culmpr
(3% Cu impregnert pa CZW-support).

Porestrukturen, termisk stabilitet, overflateegenskaper og sammensetningen av ble karak-

terisert ved hjelp av XRD, XRF, BET, TGA, TPR, SEM og EDS. Aktivitetstest av kataly-

satorene ble utfgrt i kapilleerglassreaktor koblet til et massespektrometer. NO-konvertering
for katalysatorene ble testet i temperaturomra det 150-250C og korrelert med NO-kali-

breringen av massespektrometeret.

Katalysatoren syntetisert gjennom den hydrotermiske metoden med tilsetning av 3% Cu
var funnet til & ha den hgyeste NO-konvertering pa 79,3% ved 200 °C, men indikerte ogsa
tilsvarende aktivitet over hele temperaturomradet. Den hgyere katalytiske aktiviteten til
CZW-Culmpr var grunnet tilsetningen av den lille mengden Cu, som forbedret SCR-
reaksjonen. Den hydrotermiske syntesemetoden ble konkludert med & vere den bedre
syntesemetoden for selektiv katalytisk reduksjons aktivitet.
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Chapter

Introduction

The marine transportation sector has traditionally used heavy fuel oil as its primary en-
ergy source. However, due to increased emission regulations adopted by the International
Maritime Organization (IMO) [1] the search for an alternative low sulphur content fuel
was pursued. The motivation behind the more stringent regulation was linked to the
harmful effects on the environment and human health, such as acid rain and respiratory
diseases [2]. Which in turn is related to the emission of sulphur dioxide (SO,) and par-
ticulate matter released by heavy fuel oil.

With the increased availability and production of natural gas in North-America [3], lique-
fied natural gas (LNG) has been considered as a reasonable alternative to heavy fuel oil.
Advantages such as lower pollution of sulphur, nitrogen oxides (NO, ) and more efficient
engines makes LNG a promising substitution. Increased engine efficiency through en-
ergy efficiency (less heat loss) leads to a lower exhaust temperature. State-of-the-art NO,
removal from heavy duty engine exhaust includes Selective Catalytic Reduction (SCR)
where NO, is reduced by a reducing agent such as ammonia (NH;). Nowadays, the most
known NH3-SCR catalyst is V,05—WO;/TiO,, but due to the narrow working temper-
ature window (300 —400 °C)[4], the toxicity of vanadium species and the formation of
N,O at higher temperature it is expected to have reduced efficiency in the modern en-
gines. Consequently, efforts have been made to create an environmentally-friendly and
highly efficient SCR catalyst at a lower and wider temperature range.

The goal of this project is to develop CeO,—ZrO,—WO; based catalysts suited for the
low-temperature NH;-SCR, based on a synthesis procedure reported by Song et al. [5, 6].
Different characterization techniques are used to determine catalyst properties, such as
thermal stability, pore size, chemical composition, crystallinity and surface area. The cat-
alysts are also tested in a capillary reactor connected to a mass spectrometer to determine
their activity.
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1.1 Background

Nitrogen oxides emitted from transportation is considered as a serious threat to both the
environment and human health [7]. The effects of NO, includes acid rain, formation of
surface ozone and direct effects on the human health. Where the effects on human health
includes decreased lung function, increased risk of respiratory conditions and increased
response to allergens. NO, also contributes to the formation of fine particles and ground
level ozone, which are associated with serious health issues.

NO, is formed in several ways, but most commonly during combustion in flame. Where
the main source of NO, stems from thermal NO,, which occurs at temperature above
1300°C [8]. Other sources are fuel NO, which comes from N-containing species in
coal, biomass and oil. While prompt NO, occurs at temperature below the limit of ther-
mal NO,. Some NO, are also formed by the reaction between N, and O, in air at higher
temperatures. Based on the impact on environment, human health and increasingly strin-
gent emission regulations, it is imperative to reduce NO, emissions.

The most widely used technology in reducing emissions of NO, is the SCR [9, 10], where
NO, is reduced to N, by using NH; as the reductant. Due to the fact that NO, in diesel
exhaust mainly consists of NO (> 90%), the main reaction behind the NH;-SCR is:

4NO + 4NH; + Oy — 4N, + 6 H,0 (1.1)

The reaction consuming no oxygen is much slower and therefore not as relevant in lean
exhaust:

ANH; + 6 NO — 5N, + 6 H,O (1.2)

On the contrary, the reaction rate with equimolar amounts of NO and NO, is much faster
compared to Equation 1.1 [11]:

4ANH; + 2NO + 2NO, —» 4N, + 6 H,0 (1.3)

Any excess of NO, after Equation 1.3 can react in the following reaction:

6 NOy +8NH; — 7N, + 12H,0 (1.4)
Therefore, the conversion of NO to NO, in the oxidation reactor should not exceed 50%,
as this will reduce the performance of the SCR catalyst [11].

The classic catalyst used in SCR is the vanadium oxide supported on titania (V,05/TiO,)
catalyst, due to its high conversion of NO, and the resistance towards sulphur poisoning,
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1.1 Background

as sulphur can deactivate the catalyst. Other alternative catalysts have been proposed as
a possible substitution, such as Fe,0;—Cr,0;—Cu/alumina, noble metals and zeolites as
structural promoter.
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Chapter

Theory and literature

This section covers the theoretical background for the experimental method and analysis
techniques used in this project. Section 2.1 explains the choice of catalyst material while
section 2.2 contains the principles for the catalyst preparation via hydrothermal method
and impregnation. Section 2.3 focuses on the fundamental theoretical principles for all
characterization methods used.
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2.1 Catalyst material

The commercial SCR catalyst are mainly V,05/TiO, promoted by either MoO5; or WO,
[12, 13, 14], but some unavoidable problems still remain, such as the environmental tox-
icity of vanadium species, the narrow reaction temperature window (300-400 °C) and the
formation of N,O at high temperature [15]. Consequently, many kinds of non-vanadium
catalysts with high catalytic activity have been tested for NH;-SCR reaction. Noble
metal-based catalysts are usually known for their excellent stability and activity, but
their high cost and narrow temperature window impede their industrial application [16].
Zeolite-based Fe and Cu catalysts also showed promising property such as high NO,
removal efficiency, but despite this the susceptibility of sulfur poisoning and the poor
hydrothermal stability are still the main obstacle [17, 18, 19].

Recently, cerium-based oxides with excellent redox property and high oxygen storage
capacity have been widely used for NH;-SCR reaction [20, 12]. However, pure CeO,
faces problems due to inferior thermal stability and that the pore structure collapses at
high temperatures, but by introducing ZrO, the thermal and structure stability of CeO,
is noticeably promoted [21]. The CeZrO, solid solution is also considered as a promis-
ing materials for NOx removal [22]. WO; is a key component in the commercial SCR
catalyst as catalyst promoter. Research on W-based catalyst has shown high activity to-
wards NH;-SCR reaction due to the improvement of surface acidity by promoting the
adsorption NH; capacity [23]. Li et al.[24] reported that a WO,/CeO,—Z2rO, catalyst
showed a high catalytic activity at 300-500 °C prepared by impregnation method. How-
ever, due to increasingly stringent emission standards of diesel exhaust, these catalysts are
also struggling to meet the standards, which spurred more research towards CeO,-ZrO,-
WO;-based catalysts. Ning et al. [4] prepared several CeO,-ZrO,-WO; catalysts by
different methods. The most promising catalyst was prepared by hydrothermal method,
where they reported a NO conversion of more than 90% obtained between 195-450 °C,
indicating a promising catalyst to pursuit and develop.

Cu is widely used as active species in different catalytic processes, while also considered
to be a possible substitution of noble metal catalysts in many cases [25]. Several stud-
ies reports that catalysts like ZrO, and CeO,, when loaded with small amounts of Cu,
enhances the selective catalytic reduction of NH; [26, 27, 25].

Based on the above-mentioned discussion this project focuses on synthesizing CeO,-
Zr0,-WOj catalysts through the hydrothermal method. The same catalyst modified with
Cu is also explored.

6
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2.2 Hydrothermal synthesis

Various definitions of hydrothermal synthesis have been proposed by scientists in litera-
ture. In 1913, Morey and Niggli defined hydrothermal synthesis as .. in the hydrother-
mal method the components are subjected to the action of water, at temperatures gener-
ally near though often considerably above the critical temperature of water ( 370 °C) in
closed bombs, and therefore, under the corresponding high pressures developed by such
solutions” [28]. Rabenau in 1985 defined it as "Heterogeneous reaction in aqueous media
above 100 °C and 1 bar are usually referred to as a "hydrothermal synthesis” [29].

The principle behind hydrothermal synthesis is that an insoluble material at ambient tem-
peratures can be made soluble using higher pressures and temperatures. The synthesis is
a complex process consisting of three basic steps: The achievement of nucleation, super-
saturation and crystal growth. The formation of crystalline entity from a solution begins
with the nucleation process. By definition, nucleation is a series of atomic or molecular
processes by which the molecules or atoms of a reactant phase rearrange into a cluster
large enough to have the ability to grow irreversibly larger. Supersaturation is the driv-
ing force needed for the nucleation and is defined as the difference in chemical potential
between a molecule in solution and that in the bulk of a crystal phase [30].

In general, the synthesis is carried out at 85 —180 °C under atmospheric or autogenous
water pressure (0.5 - 1 MPa) with residence times of 1-6 days, where an autoclave is
typically used as synthesis vessel. After synthesis, the product is separated either by
centrifugation or filtration, washed, dried, and calcined [31].

2.2.1 Impregnation and drying

Impregnation is a common method used in catalyst preparation, where the purpose is to
achieve stabilization of high/optimal dispersion of active component(s) against sintering,
reduce cost and utilization of important mechanical and morphological properties of the
support.

The method involves three steps, where the first step is contacting the support with the
impregnating solution for a period of time. The second step is to remove the imbibed
liquid through drying, and the third step is activating the catalyst through calcination,
reduction or other treatments appropriate. Impregnation can be classified in two cate-
gories, based on the volume of solution added. These two are namely “incipient wetness
impregnation (dry impregnation)” and “wet impregnation”.

The simplest method to carry out impregnation is by contacting a previously dried support
with a known pore volume, with a volume of solution equal to the known pore volume
containing the precursor of the active phase. The solution is then drawn into the pores
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by capillary suction, as illustrated in Figure 2.1. Proper wetting is when no excess of
solution remains outside the pore space. This procedure is also called incipient wetness
or dry impregnation. Another method of impregnation can be carried out in diffusional
conditions, by immersing a water filled support in the precursor solution, also called wet
impregnation. This method should be avoided when the interaction between the support
and precursor is too weak to guarantee deposition of the precursor [32, 33].

(a) (b)
b ©
© Q_T adsorption © QJ adsorption
© © @
diffusion i © dissolution:
] : ) diffusion
o © o capillary flow
© :
©

© solute D solvent - support

Figure 2.1: Illustration of wet impregnation (a) and dry impregnation (b) where the solute mi-
grates into the pore from left to right [33].

The following step after impregnation is drying, which involves the elimination of the
solvent from the pores, leading to an increase of precursor concentration up to saturation
and crystallization. This step is also important if dispersion of the active material is
favored. However, hydrated salt such as nitrate melts at moderate temperature, which
can cause coalescence of the initially dispersed particles, or in worse case exclusion from
pores. Normally the drying process is done by heating the sample up to the boiling point
of the solvent, under a flow of gas or under static conditions.

2.3 Characterization methods

Theory behind the characterization techniques used in this project to determine catalyst
properties is described in this section.




2.3 Characterization methods

2.3.1 X-ray Diffraction (XRD)

X-ray Diffraction is one of the oldest and most frequently used technique for catalyst
characterization. It is used to obtain an indication of particle size and identify crystalline
phases inside the catalyst [34].

Solid matters are normally described as either amorphous, where atoms are arranged in
random ways similar to the disorder found in a liquid. Glass is an example of an amor-
phous material. Or crystalline, where atoms are arranged in a highly ordered microscopic
structure, forming a crystal lattice. About 95% of all solids can be described as crystalline
[35].

The X-ray diffracted on a crystal plane allows one to derive the lattice spacing d by using
Bragg relation:

n\ = 2dsing; n=1,2, ... 2.1)

Where n is an integer called the order of the reflection, A is the wavelength of the incident
X-ray beam and 6 is the angle between the incoming X-rays and the reflecting lattice
plane. Figure 2.2 illustrates the reflection of waves that hits a periodic lattice structure
and forms interference patterns.

Figure 2.2: Demonstration of Bragg’s law [36]

The first step in the evaluation of a XRD pattern is a qualitative analysis of the crystalline
phases present in the sample. Different crystalline surfaces have characteristic diffraction
peaks and by comparing the known reference compound to the Bragg diffraction peak one
can determine the the crystalline phases. If the reference compound is not sufficient to
explain the experimental pattern, there is a possible phase mixture present [37].
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2.3.2 X-Ray Fluorescence (XRF)

X-ray fluorescence is an analytic technique used to determine the chemical composition
of materials. The materials can be in powder, liquid, solid or other form. The method is
non-destructive, fast and accurate, and requires only a minimum of sample preparation.
XRF can be divided into two main groups: Wavelength Dispersive Systems (WDXRF)
and Energy Dispersive Systems (EDXRF). The elements that can be analyzed and their
detection levels depend on the system used. EDXRF has typical an elemental range from
sodium to uranium, whereas WDXRF has a wider range, covering from beryllium to
uranium. Elements with higher atomic numbers have better detection limits than lighter
elements [36].

X-ray is generated when a sample is hit by an electron beam, and when the X-ray strikes
an atom with sufficient energy, an electron is dislodged from the atom’s inner shell. An
electron from the atom’s higher energy orbital shells drops to the inner shell and releases
a photon. The energy is equal to the specific difference in energy between two quantum
states of the electron. By measuring the intensities of the emitted energies it is possible to
determine how much of each element is present in the sample. Figure 2.3 illustrates the
electron dislodged by the X-ray photon, creating a characteristic fluorescent radiation.

o Characteristic photon

Incoming photon

Expelled electron

Figure 2.3: Illustration of a characteristic fluorescent radiation [36]

After a sample is measured, it is analyzed. First a qualitative analysis is done followed by
a quantitative analysis. The qualitative analysis determines which elements are present
and the measured spectra determines their net intensities. The net intensities are then
used in the quantitative analysis to calculate the concentration of the elements. EDXRF
uses the area of a peak to determine the intensity, while in WDXREF the height of the peak
determines the intensity.
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2.3.3 N, Physisorption

Physisorption is a term used to describe a weak interaction (van der Waal) between ad-
sorbate and surface. Characterized by the lack of a chemical bond between the two, i.e.
no electrons are shared. Gas molecules can physisorb on to a surface, and by knowing
the specific area occupied by the molecule one can calculate the surface area of a sam-
ple. An adsorption isotherm curve can be obtained by plotting the amount of adsorbed
gas volume against pressure, assuming that the surface is homogeneous, i.e no local dif-
ference in the adsorption enthalphy, the gas will first adsorb in a monolayer, completely
covering the surface, before filling a new layer [38]. Nitrogen is an inert gas commonly
used for this purpose, due to the well characterized adsorptive properties. By determining
how many molecules are needed to fill the monolayer, and how much area the nitrogen
molecule occupies, the total surface area can be calculated. Although simple, in prac-
tice, the molecules may adsorb beyond the monolayer to form multilayers, not limited to
only the monolayer. The molecules can also condense in small pores, i.e. capillary pore
condensation [39].

The type of isotherms produced may differ depending on the material. Figure 2.4 shows a
schematic presentation of a type II isotherm, which is an idealized form of the adsorption
isotherm for physisorption on a macroporous or nonporous solid. Where point "B” is
often taken to indicate the stage at which monolayer coverage is complete, and multilayer
adsorption about to start [40].

Adsorption hysteresis appears in the multilayer range of physisorption isotherm. Fig-
ure 2.5 illustrates the characteristic features of a Type IV isotherm with its hysteresis
loop. This is associated with capillary condensation in mesopore structures, and the
limiting uptake over a range of high P/Py. This type of isotherm is given by several
mesoporous adsorbents, such as silica and alumina supports.

Hysteresis loops may exhibit different shape. Two extreme types are H1 and H4 shown
in Figure 2.6. H1 has a vertical and nearly parallel branches over an appreciable range of
gas uptake. Whereas H4 remain nearly horizontal and parallel over a wide range of P/P.
Type H2 and H3 are considered the intermediate between these two extremes [40].

The shapes of the hysteresis loops are often identifiable with specific pore structures.
Type H1 are often associated with porous materials known to consist of agglomerates or
compact uniform spheres. Type H4, with similarities to H3 does not exhibit any limiting
adsorption at high P/Py. Typically observed with aggregates of plate-like particles giving
rise to slit-shaped pores.

The Brunauer, Emmett and Teller (BET) is a widely used application to determine the
surface area through its isotherms. BET isotherm is valid under certain assumptions
[39]:

11
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multilayer

v ",

monolayer

“Point B” Fooe It
DN isother

submonolayer m

P/Py

Figure 2.4: Schematic presentation of a Type II BET isotherm, observed with nonporous powders

[40].

The rate of adsorption and desorption in any layer are equal.
Adsorbate-adsorbate interactions are ignored.
Molecules adsorb on equivalent adsorption sites in the first layer.

Molecules in the first layer constitute the adsorption sites for molecules in the
second layers and higher.

The adsorption-desorption conditions are the same for all layers but the first.

The adsorption energy for molecules in the 2nd and higher layer equals the con-
densation energy

The multilayer grows to infinite thickness at saturation pressure (P=P)

On the basis of these assumptions mentioned above, the BET isotherm (Equation 2.2)
may be derived [39].

here

P 1 x—1P P
— =n+a— 2.2)
B -F) o e B TR (
(x—1) 1
_ _ b 23)
xVo " xVo
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Figure 2.5: Schematic presentation of Type IV BET isotherm, typically observed for alumina
and silica supports.

Py is the equilibrium pressure of the condensed gas, P the adsorption pressure, x =
ka/ky is the ratio of desorption rate constant for the first and second monolayer, V,, the
total adsorbed gas volume and V} is the volume adsorbed in the first monolayer.

Plotting % against 1.% gives a linear plot with slope o = ’i—‘_/ol and a y-axis intercept

n = ﬁ A simple rearrangement of these terms yields the volume of gas adsorbed in
the first monolayer Vy = a%—n The ideal gas law can then be applied to approximate
the amount of molecules, Ny = ,fB—V%, adsorbed in the first monolayer. The total surface
area can then be found: A = NyAy, where Ay is the area that each molecule occupies
(typically N3), and Ny is the number of molecules adsorbed in Vj.

Due to the effects of capillary condensation, adsorbed gas may not necessarily desorb at
the same pressure as adsorption. Therefore the effects of the capillary force has to be
beaten in order for the adsorbed gas to desorb. This phenomenon is described by the
Kelvin equation: (Equation 2.4)[41]

P 20V cosh
In(=)=-2"2"" 2.4
8 <P0> 'RT @4

where o is the surface tension of the adsorbate (liquid nitrogen), 6 is the contact angle
between liquid and surface, V' is the molar volume of liquid nitrogen, r the pore radius,
R is the universal gas constant and 7 is the temperature.

The Barret, Joyner and Halenda method uses nitrogen physisorption to calculate the pore
size and the pore volume of a porous substance. By relating BET multilayer adsorp-
tion to capillary condensation phenomena [42]. The desorption pressure is dependant
on the pore radius due to capillary condensation. The adsorbed multilayer has a spe-
cific thickness at a given pressure P/ Py, which can be determined empirically. The pore
size distribution may be determined by relating the desorbed volume of gas at a pressure

13



Chapter 2. Theory and literature

Amount adsorbed —
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Figure 2.6: Types of hysteresis loops as defined by IUPAC [40]

P/ P, to the adsorbant thickness and to capillary condensation. The method assumes that
the adsorbate in the pores are only affected by forces of physical adsorption on the pore
wall, capillary condensation in the pore volume and that the pores are cylindrical [42]

2.3.4 Thermogravimetric analysis (TGA)

In TGA, a sample is heated, or cooled according to a given temperature profile in a
controlled atmosphere parallel to the weight changes of the sample being recorded.

Thermogravimetric analysis is the analysis of the mass of a sample versus temperature
or time in a controlled atmosphere, usually coupled with a temperature program. It is a
very useful technique implemented for any reactions related to a mass gain (oxidation,
adsorption, wetting etc.) or a mass loss (drying, reduction, desorption etc.). TGA is
normally coupled with other techniques to reveal mass conservative phenomena, such
as phase transition. Differential scanning calorimetry (DSC) is one of the techniques
normally coupled with TGA. When two or more techniques are applied to a single sample
at the same time it is called a simultaneous thermal analysis (STA), such as TGA-DSC.

A TGA curve can then be obtained by plotting the weight change as a function of time
and/or temperature, which can be used to establish information about thermally activated
reactions expressed as weight change.
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DSC uses heat to map physical or chemical processes that occurs over a range of temper-
atures [43]. It measures the change in the heat flow rate to a sample and to a reference
sample, by both being subject to an identical temperature program, thus endothermic and
exothermic reactions can be located. This STA makes it possible to obtain information
regarding heat of transition, heat capacity and kinetic data on the sample.

2.3.5 Temperature Programmed Techniques

Temperature-programmed reaction methods are techniques in which a chemical reac-
tion is monitored while the temperature increases linearly in time. Some of these meth-
ods include: temperature-programmed reduction (TPR), oxidation (TPO) and desorption
(TPD).

The instruments involved in a temperature-programmed analysis is relatively simple. The
reactor is charged with catalyst, which is controlled by a processor that heats the reactor
at a linear rate of normally 0.1 to 20 °C min~'. The composition of the outlet gas can be
measured with a thermal conductivity detector or, preferably, a mass spectrometer.

In the TPR technique an oxidated catalyst undergoes a programmed temperature rise,
while a reducing gas mixture is added (most commonly H, diluted in inert gas). TPR
also provides information on the temperatures that is required for complete reduction of
a catalyst.

The chemical reaction taking place during a temperature-programmed reaction
(TPD/TPO) is represented by this general equation:

Mxoy(solid) + H2 — M(solid) + HQO (2.5)

The equation shows the reaction between a metal oxide and hydrogen, resulting in the
production of the pure metal M and water.

2.3.6 Electron Microscopy

Electron microscopy is a straightforward technique used to determine the shape and size
of supported particles [39]. Figure 2.7 illustrates what happens when a primary electron
beam of energy around 100 to 400 keV hits a sample:

e Electrons can collide with atoms in the sample and be scattered back. This is
called backscattering and becomes more effective as the atom mass increases. For
instance, if a area of the sample contains heavier atoms than the surrounding area,
it can be seen due to a higher yield of backscattering.
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e Crystallographic information can be obtained when electrons are
diffracted by particles favorably oriented towards the beam.

e Most transmitted electrons lose energy during interactions with the sample, this
loss of energy can be analyzed by electron energy loss spectrometry. It provides
information such as the elemental identity, chemical bonding, interacting atoms
and surface properties.

e As a result, the interaction between the primary beam and the sample provides
a lot of information on morphology, chemical composition and crystallography.
Therefore making a projection of the sample density by using transmission electron
microscopy is a routine way to study particle sizes in catalysts.

primary
electron
beam

X—rays
backscattered
electrons

secondary
electrons

photons v Auger

electrons

AN\
\ }
\ )
diffracted loss

electrons electrons

transmitted electrons

Figure 2.7: Illustration of the possible reactions when a primary electron beam of energy hits a
sample [39]

Figure 2.8 shows how scanning and transmission electron microscopy (SEM and TEM)
work. The TEM instrument is similar to an optical microscope, but with the optical lense
replaced with an electromagnetic lense. A primary electron beam with high energy and
high intensity passes through a condenser generating parallel rays that hits the sample. A
bright field image is created from the magnification of a two-dimensional projection of
the sample mass transmitted by the electrons. The dark field image is obtained from the
diffracted electron beams. These beams are slightly off-angle from the transmitted beam.

Scanning electron microscopy (SEM) involves rastering a narrow electron beam over the
surface of a sample and detecting the yield of either backscattered or secondary elec-
trons as a function of the position of the primary beam. The contrast is caused by the
orientation, where parts of the surface facing the detector is brighter than the parts point-
ing away from the detector. Secondary electrons have mostly low energies, around 5-50
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eV, and originate from the surface of a sample. Backscattered electrons generally origi-
nate deeper and carry information about the composition of the sample, due to the more
efficient scattering properties of heavy elements they appear brighter in the image.

electron gun k electron gun
condensor condensor
lenses lenses
— sample X scan coils
= == aperture X

objective lens @ g objective lens

X
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electron
_ sample detector
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Figure 2.8: Illustration of how TEM works and how SEM/EDX works [39]

The resolution of a dedicated SEM instrument is about 5 nm, but can vary for instruments.
The main difference between TEM and SEM is that SEM uses the topology and compo-
sition of a surface to determine contrast, while the electron beam in TEM projects all
information on the mass it encounters as a two-dimensional image, but of subnanometer
resolution [39].

2.3.7 Energy Dispersive X-Ray Spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) is a powerful technique that is ideal for
determining what elements and chemical compounds are present in a specimen. Similar
to the XRF technique, EDS utilizes the photoelectric effect. The basic principle behind
EDS consists of detecting the characteristic X-rays produced by each element. This is
achieved by subjecting a sample with high energy electrons in an electron microscope.
By utilizing a process known as X-ray mapping, information on elemental composition
of a sample can then be overlaid on top of a magnified image of the specimen [44].

Another useful function of EDS is that the amount of X-rays emitted by each element
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in a sample has a direct relationship with the concentration of that element (both atomic
and mass fraction). This makes it possible to convert the X-ray measurements into a final
X-ray spectrum and determine the concentrations of the various elements present.

Figure 2.9 illustrates a typical EDS system consisting of several key units. These include
a main amplifier that provides amplification and a fast pulse inspection function to avoid
pile-up events, and a semiconductor detector housed with a field-effect transistor (FET)
preamplifier that is cooled to a sub-ambient temperature. This can be fully controlled
with a computer assisted system, such as a computer-assisted X-ray analyzer (CXA), or
a multichannel analyzer (MCA), allowing for automated and unattended operation [44].

Electron Beam
Detector

Ethernet Computer

Display

Figure 2.9: Illustration of a typical EDS system [44]

When a sample is hit by the electron beam, an X-ray will be generated. The X-ray
escapes the sample and strikes the detector and creates a charge pulse. This current is
then converted into a voltage pulse with a specific amplitude reflecting the energy of
the X-ray detected. Lastly, the voltage pulse is converted into a digital signal and one
more count is added to the corresponding energy spectrum. When the measurement is
complete, the sum of all counts produce a typical X-ray spectrum with the major peaks
shown on a background, as shown in Figure 2.10.

2.3.8 Mass Spectrometry

Mass spectrometry is an analysis method that ionizes chemical species and separates the
ions according to their mass-to-charge ratio (m/z), and the intensity of each ions are then
measured.

Three essential functions of a mass spectrometer are required to accomplish this. The ion
source (1) in which the ionization of the molecules takes place. The most common and es-
tablished method for ionization is electron impact. The molecules exited are bombarded
by electron beam which removes an electron from the molecule, resulting in a charged
ion. Electron impact normally produces single charged molecular ions and fragment ions,
which are smaller parts of the original molecule. These ions are then accelerated into the
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Figure 2.10: Illustration of a random EDS spectrum

mass analyzer (2) which sort and separates the ions according to their mass and charge
values with the help of a magnetic field. At last, the detector (3) where the relative inten-
sities (abundances) of the separated ions are determined and results displayed on a chart
[45]. Figure 2.11 illustrates a typical mass spectrometer.

accelerating slits

repellor
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unfocused heavy ions magnetic field
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107 torr  unfocused light ions <

focused ion beam

Figure 2.11: Illustration of the critical components in a typical mass spectrometer [45]

The instrument is operated at low pressure (high vacuum) by a system of oil diffusion or
turbomolecular pumps. The low pressure permits the ions to travel from the ion source to
the detector unimpeded with minimal interaction with other gas molecules. This prevents
other gas molecules to scatter or fragment the ions and cause a reduction in sensitivity.

Calibration of the mass spectrometer is essential in retaining accurate measurements. A
simple way to do this is a step-wise calibration. Where initially no gas (except for an
inert) is fed to the MS and when a steady state is obtained, a known concentration of an
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element or compound is fed to the MS and recorded over some time. The difference in
signal (current) can then be calculated and correlated back to concentrations.

2.4 Activity test

Based on the background mentioned earlier, we know that the main reaction of NH;-SCR
is:

ANO + 4NH; + Oy — 4N, + 6 H,0 (2.6)

The known elements and compounds present in the SCR reaction is summarized in Ta-
ble 2.1. Where the mass spectrum is the mass to charge ratio detected by the mass spec-
trometer.

Table 2.1: Shows the elements and compounds found in a ammonia SCR reaction, with their
respective mass to charge ratio.

Element/compound Mass spectrum [m/z]
(Fragment spectrum)

Hydrogen (H,) 2

Ammonia (NH;) 17 (16)

Water (H,0) 18 (17)

Nitrogen (N,) 28 (14)

Nitric oxide (NO) 30

Nitrogen dioxide (NO,) 30 (46)

Oxygen (O,) 32 (16)

Argon (Ar) 40

Combined with a calibration of the mass spectrometer the activity can be calculated for
the catalyst tested.

The NO, conversion is calculated as follows:

[NOX]”m — [NOX]

out
1 2.7
NO_, * 100% 2.7)

NO,-conversion =
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Chapter

Experimental

This section covers the procedures, equipment, operating conditions and other parameters
for experimental work performed for this project. Section 3.1 describes the experimental
procedure for the preparation of the catalysts, while Section 3.2 covers the procedure of
the various instruments used to characterize the catalysts. The amount of catalyst used in
the characterization methods can be found in Appendix A.
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3.1 Catalyst preparation

3.1.1 Ce0,—Zr0O,—WO,

The first catalyst was prepared by hydrothermal synthesis, based on a procedure by Ning
et al. (2014) [4]. All chemicals were of analytic grade. 1.16 g Zirconium(I'V) oxynitrate
hydrate (0.005 mol, Sigma-Aldrich), 2.17 g Cerium(III) nitrate hexahydrate (0.005 mol,
Sigma-Aldrich) and 0.32 g Ammonium tungstate (Sigma-Aldrich) were dissolved in 1.5
mL acrylic acid (0.015 mol) and 0.05 molar glucose solution. Next, 12.5 mL of ammonia
solution was added with vigorous stirring. The atomic ratio of Ce, Zr and W was 1:1:0.25
respectively.

The mixture was first aged for 5 hours at room temperature during continuous stirring,
the resulting mixture was then transferred to a stainless autoclave and maintained a tem-
perature of 160 °C for 72 hours in an oven.

The autoclave was then cooled down to room temperature before the final solid product
was filtered, washed three times with distilled water and dried at 80 °C over night.

Finally calcined at 550 °C for 5 hours in air with a temperature ramp rate of 1°C min~!.

This catalyst was denoted as CZW and will be referred to as this throughout the report.

3.12 Ce0,—Zr0,—WO,—Cu

As several studies reported that catalyst like CeO, and ZrO,, when loaded with small
amounts of Cu enhances the SCR reduction of NH;, it was desired to produce a similar
catalyst with the addition of Cu. Therefore a second catalyst was prepared with the
same procedure as CZW but with the addition of Copper nitrate. 0.698 g of Copper
(IT) nitrate hemi(pentahydrate), 0.323 g of Ammonium tungstate, 1.16 g Zirconium(I'V)
oxynitrate hexahydrate and 2.18 g of Cerium(III) nitrate hexahydrate were dissolved in
1.5 mL acrylic acid (0.015 mol) and 0.05 molar glucose solution. Followed by 12.5 mL
of ammonia solution added during vigorous stirring. The desired ratio was still 1:1:0.25
with respect to Ce, Zr and W, and addition of 3 weight percent copper was desired.

The mixture was aged for 5 hours at room temperature and transferred to an autoclave
and maintained a temperature of 160 °C for 72 hours in a oven.

The solid product was then filtered, washed with distilled water and dried over right at
80 °C over night, before calcined at 550 °C for 5 hours in air with a temperature ramp
rate of 1 °C min~!. This catalyst was denoted as CZW-Cu.
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3.1.3 Ce0O,—Zr0,—WO; with impregnated Cu

A third catalyst was produced through the same procedure as CZW. This catalyst was
used as a support for the addition of 3% Cu through incipient wetness impregnation.

A sample of 0.4346 grams of the pre-calcined CZW sample was saturated with approxi-
mately 0.2 mL of a 50% methanol/water solution. This determined the volume required
per gram of support to reach saturation to be approximately 0.46 mL/g.

0.0986 grams of copper nitrate was dissolved in 0.411 mL of the methanol/water solution.
A pipette was used to apply the mixed copper nitrate solution drop-wise on 0.8942 grams
of support. The mixture was then put in an oven and dried at 110 °C with a ramp rate of
10°C min~" for 10 hours.

The resulting solid was calcined at 550 °C for 5 hours in air. This catalyst was denoted
CZW-Culmpr.

3.2 Characterization

The catalysts were characterized by XRD, XRF, N, physisorption (BET), TGA, TPR,
S(T)EM and EDS. Procedures, parameters and analysis conditions are presented in their
respective subsections.

3.2.1 X-Ray Diffraction

XRD was used to determine crystallinity and the potential crystalline phase of the CZW,
CZW-Cu and CZW-Culmpr catalyst. A powder sample was prepared and analyzed by a
Bruker D8 Advance DaVinci instrument. With a Copper-anode, 0.1° divergence slit at
26 between 20° and 80°, and wavelength \ = 1.54 A for 2 hours.

Diffrac.Eva analysis suite was then used to process and analyze the obtained data.

3.2.2 X-Ray Fluorescence

XRF was performed for elemental analysis of the all three catalysts. Roughly 0.2 g
catalyst and 3.0 g of a binder material (Boric acid, H;BO;) was mixed, grinded and
pressed into a circular pellet for all the samples. A polypropylene film (6 pm) was used to
cover the pressed pellet in the sample holder, which was then analyzed using a WDXRF
Supermini 200 XRF apparatus for approximately 20 minutes.
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3.2.3 N, Physisorption

A Micromeritics TriStar II instrument was used to perform BET physisorption. Approx-
imately 0.2 g of catalyst sample was set under vacuum at 200 °C overnight to desorb any
adsorbed species in the sample. The sample was then installed in the instrument, where
N, was used as the analysis gas. The sample was then evacuated and the analysis was
performed in liquid nitrogen at temperature of —195 °C.

3.2.4 Thermogravimetric analysis

Thermogravimetric analysis and differential scanning calorimetry was carried out on a
Netzsch STA 449 C Jupiter instrument. 16 mg of the sample was placed in a sample
holder and placed on a microbalance. The sample was heated in argon from room tem-
perature with a rate of 5°C min~' to 800 °C, while TGA and DSC data were measured
simultaneously along the increasing temperature. The software Netzsch-TA45 (Proteus)
was used for the analysis of the DSC and TGA results. This procedure was performed
for all three catalysts.

3.2.5 Temperature Programmed Reduction

A TPX Altamira BenchCAT Hybrid was used to perform TPR, with 7% H, in argon and
a temperature ramp rate of 10°C min~! to 900°C. Approximately 100 mg of sample
was weighed and prepared in a quartz u tube reactor before inserted into the apparatus.
The same program was ran for all three catalysts.

3.2.6 S(T)EM and EDX

A Hitachi S-5500 S(T)EM was used to obtain details about the structure of the catalysts.
Different acceleration voltages ranging from 15-30 kV and beam currents ranging from
5-20 uA were utilized to obtain images with high resolutions.

A Bruker EDX system is utilized along with the S(T)EM to allow for the elemental
mapping of the different catalysts. The images are taken by selecting an area of interest
from the sample and mapping the elemental species.

3.3 Activity test

Before performing activity test on the catalysts a calibration of the MS was performed.
The purpose of this calibration was to ensure correct measurements during the activity
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tests, while also being able to correlate the signals with concentrations. This way the
conversion of the catalyst tested could be determined. MS is not a typical equipment
used for the activity tests, and therefore the correlation from ion current to concentration
might not be as accurate. Since the MS signals might vary from day-to-day, a perfectly
accurate MS calibration might still differ slightly for the day the catalysts were tested.
Therefore it is assumed that the calibration is valid for all the tests. The calibration plot
is shown in Figure 3.1, where only few selected masses are represented. These are; NO,
O,, Ar and NH;. These were the input gases used in the activity tests and therefore the
most relevant to observe since they were control variables. An empty quartz capillary
reactor was installed during the calibration.

The procedure for the calibration:

e (0-60 min: Start-up with no gases fed to the system, waiting for the signals to
stabilize.

60-120 min: Argon was introduced to the system and kept constant for an hour.

120-190 min: Argon was closed off and 10% O, was added to the system.

190-250 min: The O, stream was closed and 600 ppm NO was added to the system.

250-330 min: NO was shut off while 600 ppm of NH; was introduced to the sys-
tem.

—— Mass 30 (NO)

Mass 32 (02)
—— Mass 40 (Ar)
10710 —— Mass 17 (NH3)

-
o

lon Current [A]

,_.
2

0 50 100 150 200 250 300
Time [min]

Figure 3.1: MS calibration graph with the 4 different gases, NO, O,, Ar and NH; tested during
calibration of MS.

From the calibration graph, the initial 60 minutes where no gas was fed reaches a steady-
state signal. The average of the last 30 minutes of steady signal is then used as point zero
for argon. After argon is fed (shown as the green line) the last 30 minutes during the
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steady-state signal is then taken and averaged. The difference in the signal can then be
used to correlate the signal with the known concentration of argon added.

The challenge with using a mass spectrometer to determine the concentration of the re-
actants/products are due to the overlapping mass spectrum. For instance, NH; has both
mass 16 and 17 with relative high intensity, which is overlapping with H,O that has a
mass spectrum of mass 17 and 18 [46]. Thus making it hard to determine the exact con-
tribution of ion current related to each element. The only element that has a distinctive
mass is NO with mass 30. Therefore making it the easiest and most relevant element to
base the calibration on. NO, was disregarded due to the low ion current signal observed
during the SCR reactions.

Figure 3.2 shows the calibration plot for NO concentration, which will be used to de-
termine the activity of the catalysts. The zero-value point is taken from the average 20
minutes from 150-170 minutes in Figure 3.1, and the first value point is the average 20
minutes between 230-250 minutes. The two points are assumed to have a linear correla-
tion and will be used to determine the concentration of NO after the SCR reaction for all
the catalysts. The linear equation obtained from the calibration was found to be:

y=3%x10"Pz+2%10713 (3.1)
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Figure 3.2: Calibration plot for NO. Assuming a linear correlation based on a zero-value point
(0 ppm signal) and first-value point (600 ppm signal).
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Catalytic activity for SCR of NO was carried out in a capillary reactor made of quartz
glass (1.5 mm outer diameter, 0.01 mm wall thickness). Figure 3.3 shows the set-up
of the reaction system, where a Pfeiffer Vacuum MS-instrument was ran with Quadera
to measure the change in ion current for the various components. The mass flow con-
trollers (MFC) were connected to a computer to ensure good flow control and the MS
was connected to a separate computer to record the change in signals over time.

Central Gas - Ar MFC:
System N 30 mL/min
am . am - -
woozmr |—Plg—t ZVE PG [eer]]
4000 ppm QP NO MFC: P
NOJAF > 15 mL/min ’N—'C —
Capillary
reactor
5000 ppm - NH3 MFC: -
NH3/Ar >« 5 mL/min -

'
'
'
'
'
'
'
'
'
N oo

Figure 3.3: Process flow diagram of the reaction system.

The catalysts were prepared into the capillary quartz glass reactor with glass wool on
both sides of the tube, keeping the catalyst in place. The glass reactor was then thread
through a holder, sealed with glue and mounted on the set-up. A picture of the glass
reactor mounted on the holder is seen in Figure 3.4.

Figure 3.4: Picture of the quartz glass reactor threaded in a holder

Calibration of the mass spectrometer was performer in order to determine the concentra-
tions of products and reactants after the SCR reaction. An empty capillary reactor was
placed on the set-up and zero gas was fed to the system initially.
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3.3.1 CZW Procedure

The procedure for the CZW catalyst activity was performed by flushing the reactor with
argon while raising the temperature to 350 °C. After the temperature reached 350 °C, it
was lowered to 250 °C while 600 ppm NO and 10% O, were added to the system. This
was maintained for roughly an hour, followed by the addition of 600 ppm NHj;.

After another hour and the signals had stabilized, the NH; was turned off, and tem-
perature was lowered to 200 °C. When the signals stabilized and the temperature was
reached, 600 ppm ammonia was introduced again. The same procedure was done for
150 °C. Argon was adjusted throughout the run to maintain a total flow of 30 mL.

3.3.2 CZW-Cu Procedure

The catalytic activity for NO reduction was carried out by flushing the catalyst with argon
at room temperature to ensure that only inert gas was present before any other gas was
fed to the system. The temperature was then raised to 350 °C with a ramp rate of 10 °C
min~! to activate the catalyst.

After the activation the temperature was reduced to 250 °C followed by an addition of
10% O, and 600 ppm NO. After a while, 600 ppm of NH; was added to monitor the
SCR reaction. Argon was adjusted throughout the run to maintain a total flow of 30 mL.

The same procedure was done at 200 °C and 150 °C.

3.3.3 CZW-Culmpr Procedure

The same procedure was carried out on the CZW-Culmpr catalyst as the CZW catalyst.
Where argon was used as an inert gas to maintain a total flow of 30 mL and used to flush
the sample at the beginning.

The temperature was raised to 350 °C to activate the catalyst with only argon. Reduced
the temperature to 250 °C and introduced 600 ppm NO and 10% O,, maintained for
an hour before 600 ppm NH; was introduced. After another hour and the signals had
stabilized, the NH; was turned off, and temperature was lowered to 200 °C. When the
signals stabilized and the temperature was reached, 600 ppm ammonia was introduced
again. The same procedure was done for 150 °C.
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Results and discussion

Results from the characterization and other analysis of the CZW, CZW-Cu and CZW-
Culmpr samples are presented in this section. The results and discussions are separated

into their respective sections based on the method.
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4.1 X-Ray Diffraction

XRD was used to determine the crystallinity and structure of the samples. The diffrac-
togram from the XRD analysis is shown in Figure 4.1. XRD also served the purpose of
determining which chemical bonds were formed in the samples by looking at diffraction
patterns.

—CZW —CZW-Cu CZW-Culmpr.

*: CezrO, *: CeO, u: Cu0

Intensity (a.u.)

Figure 4.1: XRD diffractogram of the catalysts. The diamond shape indicates the CeZrO, peaks,
while the star shape indicate CeO, peak and the square indicates the CuO peaks. Each sample has
an arbitrary unit, but were analyzed with the same parameters and therefore directly comparable.

All the samples show typical diffraction peaks for the cubic fluorite structure of CeZrO,
and CeO, (Appendix B).The position of the peaks are slightly shifted to the left com-
pared to the reference file. No obvious peaks attributed to the crystalline phase of WO,
was observed in any of the CZW-based catalysts. Indicating that WO; exists as a highly
dispersed species. The diffraction peaks of CeZrO, also gradually decrease for all sam-
ples.

The diffraction peaks are rather broad. For CZW, this indicates that the Ce, Zr and W
species show characteristics of poor crystallization and well distributed. A correlation
between the WO; content and the intensity of CeO, peaks was reported by Song et al.
[9], where a concentration of more than 20% WO, decreased the intensity of CeO, peaks
and favoured the formation of CeO,—ZrO, solid solution. Where the amorphous WO,
would cover the catalyst surface and consequently decrease the intensity of CeO, peaks.

The same property is further enhanced for the Cu containing samples, where the intensity
of the peaks are further decreased. As the concentration of Cu was roughly 3%, it further
dispersed on the surface of the catalyst, resulting in decreased intensity of CeO,. A
characteristic peak for CuO was found in the CZW-Culmpr sample, indicating a different
surface characteristic compared to the CZW-Cu sample.
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4.2 X-Ray Fluorescence

XRF was used to determine the elemental composition of the samples. The results are
presented in Table 4.1. A sample of the support used in the CZW-Culmpr catalyst was
also tested to compare the composition before and after the addition of Cu.

Table 4.1: Results of XRF analysis of CZW, CZW-Cu and CZW-Culmpr. The elemental com-
positions are presented as the presumed oxide, as the XRF instrument is not able to determine
oxides. The mass percentage also does not add up to 100, since minor compounds are ignored.

Sample Compound Mass Percentage [%]
CeO, 51.9
CZW Zr0, 31.1
WO, 14.6
CeO, 46.7
CZW-Cu Zr0, 323
WO, 16.6
CuO 4.4
CeO, 41.0
CZW-Culmpr 7Zr0O, 35.6
WO, 19.1
CuO 4.2
CeO, 41.4
Culmpr-Support 7r0, 39.2
WO, 19.4

Since XRF assumes the composition of the sample to only contain its respective metal
oxides, a recalculation was necessary. The purpose of the calculation was to check the
desired molar ratio of Ce, Zr and W being 1:1:0.25 respectively. For the Cu samples, a
3 mass percentage Cu was the desired amount. Table 4.2 shows the resulting amount of
the elemental metals, where values from Table 4.1 are used in the calculation.
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Table 4.2: The amount of the elemental metals in the sample based on 1 gram sample. The
calculations were done by choosing 1 gram as the basis for the calculation. Resulting in 0.519
gram CeO, for CZW, which was then divided by the molar mass of the metal. The same method
was used to calculate the other compounds.

Sample Comp. Mol. mass of metal Mol calc. Ratio (Relative to Zr)

CeO, 140.0 [g/mol] 0.0037 0.91

CZW 7r0, 91.2 [g/mol] 0.0034 1
WO, 183.8 [g/mol] 0.00079 0.23
CeO, 140.0 [g/mol] 0.0033 0.94

CZW-Cu 7O, 91.2 [g/mol] 0.0035 1
WO, 183.8 [g/mol] 0.00090 0.26
CuO 63.55 [g/mol] 0.00069 0.19
CeO, 140.0 [g/mol] 0.0029 0.74

CZW-Culmpr ZrO, 91.2 [g/mol] 0.0039 1
WO, 183.8 [g/mol] 0.0010 0.26
CuO 63.55 [g/mol] 0.00066 0.17
CeO, 140.0 [g/mol] 0.003 0.70

Culmpr-Support | ZrO, 91.2 [g/mol] 0.0043 1
WO, 183.8 [g/mol] 0.0011 0.26

The molar concentration of Zr was used as basis to calculate the ratio. All the ratios
are very close to the aim of 1:1:0.25 ratio, with the only exception found in the CWZ-
Culmpr sample, where the concentration of Ce seems a bit lower than what is desired.
The XRD of CZW-Culmpr also showed that less CeO, signal was observed. This result
might indicate that the support synthesized in the CZW-Culmpr is different than the CZW
sample. This was confirmed by the XRF analysis of the Culmpr-Support, which had a
ratio of 0.7:1:0.26 for Ce, Zr and W respectively. This resulted in a undesired atomic
ratio between the metal species and have direct consequence on the morphology of the
CZW-Culmpr catalyst. As the most dominant structure is based on the chemical structure
of CeZrO,, the unbalanced concentration of Ce and Zr might limit the formation of the
desired structure.

For the Cu samples, the desired mass percentage was 3 for both samples. Definition of
mass percentage:

Mass of metal

M t 4.1
Mass of compound ¥ VIass pefcentage “.D

For CZW-Cu: gg:gg * 4.4 = 3.52, and CZW-Culmpr: gg:gg * 4.2 = 3.36. Both samples

were marginally above the desired percentage, but not significant.

Based on these XRF results, the goal of synthesizing catalyst with the desired ratio be-
tween Ce, Zr and W was achieved for the CZW and CZW-Cu sample. The slightly lower
Ce content on the CZW-Culmpr catalyst might have affected the morphology of the cat-
alyst and changed the performance of the catalyst.
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4.3 N, physisorption

The BET surface area, BJH pore size and pore volume obtained from N, adsorption/ des-
orption analyses are shown in Table 4.3. All the results presented in the table regarding
surface area, pore size and pore volume are based on data from Appendix C. Calculations
are based on the assumptions given earlier in subsection 2.3.3.

Table 4.3: Results from N,-physisorption, where BJH desorption volume and pore size are used.

Sample BET surface area [m?/g] Pore volume [cm?/g] Pore size [nm]
CZW 62 0.098 6.4
CZW-Cu 76 0.075 3.6
CZW-Culmpr 42 0.081 6.2

—CZW Adsorption
—e—CZW Desorption
——CZW-Cu Adsorption
—a—CZW-Cu Desorption

—CZW-Culmpr Adsorption

—a—CZW-Culmpr Desorption

Quantity adsorbed (mmol/g)

05

Relative Pressure (P/P,)

Figure 4.2: Comparison of the three isotherms and their quantity adsorbed. The relative pressure
on the x-axis goes from O to 1 for all the catalysts.

The BET isotherm is shown in Figure 4.2 and Figure 4.3, while the BJH desorption plot
is presented in Figure 4.4.
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Figure 4.3: BET plot of the three catalyst, showing the obtained isotherms for adsorption and
desorption.
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Figure 4.4: BJH desorption analysis for the three catalysts. The x-values are plotted on a loga-
rithmic scale, showing the distribution of pore volume for a range of pore size.
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4.4 Thermogravimetric Analysis

From the BET plot we can see that the isotherm and hysteresis is quite similar for the
CZW and CZW-Culmpr catalysts. They are both quite narrow, but covers a large range of
P/P,, indicating that there is a wide range of pore size and that adsorption and desorption
occurs over a large pressure range. The isotherm indicates a type II isotherm previously
illustrated in Figure 2.4, showing no adsorption limitation at high relative pressure. This
also indicates that the adsorbent do not possess well-defined mesoporous structure.

For the CZW-Cu sample a very different isotherm emerges. At lower pressures the ad-
sorption isotherm behaves similar to the two other catalysts, where the monolayer is filled
first followed by multilayer adsorption. But as the monolayer is filled and the multilayer
is starting to fill, the CZW-Cu catalyst seem to be unable to fill multilayer, resulting in a
hysteresis similar to H4 as shown in Figure 2.6. The isotherm indicates a type I isotherm,
indicative of mesoporosity and microporosity as defined by IUPAC [40].

From the BJH plot, we can see that the similarity from the isotherms of CZW and CZW-
Culmpr is further reflected on the pore size distribution and pore volume. The CZW
catalyst seem to have a wide range of pore sizes, ranging from around 2 nm to 32 nm.
The CZW-Culmpr catalyst also possess a wide range of pore sizes, ranging from 2 nm to
16 nm. These resulting in average pore size of 6.4 nm and 6.2 nm for CZW and CZW-
Culmpr respectively. The lower surface area of CZW and CZW-Culmpr also indicate
less porosity in the catalysts.

For the CZW-Cu sample, a well defined BJH curve where the pore size ranged from
around 2 nm to 8 nm was observed. Where the majority of the pore volume and size
were distributed around the 4 nm pores. This average pore size obtained was 3.6 nm,
while the BET surface area was found to be 76 m? g~'. For comparison, the CZW and
CZW-Culmpr samples had a surface area of 62 and 42 m? g~! respectively. Indicating
that the CZW-Cu sample is more porous than the two, giving rise to a larger surface area.

4.4 Thermogravimetric Analysis

Results from the TGA analysis of all the three catalysts are shown underneath. Figure 4.5

shows the mass loss of the samples over a temperature profile up to 800 °C with a ramp

rate of 10°C min~!.
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Figure 4.5: Mass loss versus temperature for CZW, CZW-Cu and CZW-Culmpr

From the graph, we can see that all three catalysts have a similar mass loss curve, with
CZW sample having the highest mass loss of approximately 3.9 %, and CZW-Culmpr the
lowest with roughly 3.5 %. This loss of mass in all the samples early can be contributed to
vaporization of water. Apart from that, all the catalysts shows stable thermogravimetric
curve. The catalysts are stable up to a temperature around 550 °C, where this was the
calcination temperature of the catalysts. The mass loss above the calcination temperature
will be irrelevant for the catalyst activity, and therefore not discussed further.

Figure 4.6 shows the DSC changes over the same temperature profile for all samples.
From the DSC curve we can see that the amount of heat required to heat the temperature
of the sample is stable for all the samples to 500 °C. After this temperature the CZW
sample indicates an exothermic phase transition reaction, where less heat is required to
increase the temperature to around 650 °C. For the two copper containing samples, they
have a similar curve, with CZW-Culmpr, having a slightly lower heat requirement. The
exothermic phase transition registered on the CZW and later for CZW-Culmpr can be
speculated to have something to do with the phase transition of the mixed oxides [47].
Despite this, the temperature where the catalyst will be operating (150-250 °C), indicates
thermally stable catalysts.
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Figure 4.6: DSC signals versus temperature for CZW, CZW-Cu and CZW-Culmpr. Showsing
the thermal stability of the samples, where CZW requires more energy to raise its temperature
compared to CZW-Culmpr.

4.5 Temperature Programmed Reduction

Temperature programmed reduction was performed on the catalysts and the results are
presented in Figure 4.7.

No observable reduction peak is observed for the CZW sample, indicating no redox re-
actions for the catalyst.

For the Cu containing catalysts on the other hand, a peak was observed for both of the
catalysts around the temperature of 200-300 °C. These are also temperatures reported
to be normal for the reduction of Cu [48, 49]. The most distinct peak is the one from
the CZW-Cu sample, where the temperature range of the reduction and oxidation occurs
between roughly 200-250 °C. Indicating a faster reduction and oxidation reaction for the
catalyst at a narrow temperature range. The reduction peak at 200 °C is reported to be the
reduction of isolated Cu”* to Cu'*, and reduction of CuO clusters [49]. The broader and
lower peak for the CZW-Culmpr sample indicates a slower reaction and less reducible
Cu, where the reduction peak around 280 °C is reported to be the reduction of Cu'* to
metallic Cu [50].

For CZW-Cu sample, this could have a positive effect on the activity, as Cu is said to
enhance the SCR of NH;, and by showing that the sample has an active redox reaction at
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Figure 4.7: TPR analysis of the catalysts ran on the same parameters and temperature profile.

the relevant temperature makes this promising.

The same thing can be said for the CZW-Culmpr catalyst, but the effect on the SCR ac-
tivity has to be tested in order to confirm the more effective catalyst. It can be speculated
that the CZW-Culmpr sample will have lower impact on the Cu effect, due to the smaller
and broader peak which is also at a higher temperature range.

4.6 S(T)EM and EDS

S(T)EM was used to obtain more detail about the structure of the catalysts. While EDS
gave further insight on the surface species and distribution, which can further confirm
results given from the other characterization techniques used.

4.6.1 CZW

A sample of the CZW catalyst was used to obtain SEM images shown in Figure 4.8.
Figure 4.8(a), shows catalyst particle with uneven size and morphology. It also shows
broken spherical particles, which also were observed elsewhere on the sample.

Figure 4.8(b) is the surface of one of the spheres observed, where we can see numerous
’rifts” formed on the surface with different shapes and diameters. It was speculated that
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these rifts were related to the results given from BET, where the pore diameters ranged
from 2 nm to 32 nm. Because the BET data indicated a wide range of pore diameters
similar to rifts observed, it could be one of the explanations behind the BET data obtained,
but this could not be confirmed due to limitations on the SEM.

T
30.0kV x800 SE 4.00um

(a) (b)

Figure 4.8: SEM images of CZW sample, where (a) is a selected area on the sample,
and (b) is a close-up image of a selected spherical particle not shown in (a). Similar
surfaces was observed throughout the sample.

EDS was used on the same sample to give insight on elemental composition on the sur-
face. The images obtained by the EDS is shown in Figure 4.9, where an area of interest
(surface of a spherical particle) was used to analyze the distribution of elements. The
image to the left (a) is the selected area of interest, which is just the surface of one of the
spherical particles containing the rifts, while the image to the right (b) is the elemental
mapping done by the EDS. It can be seen that the distribution is rather homogeneous
which is a desired characteristic for the catalyst.

Map data 1451
MAG: 7000x_HV: 30kV

(a)

Figure 4.9: EDS image of CZW, where (a) is the surface of a randomly selected spher-
ical particle. (b) is the elemental mapping of the selected image (a).
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4.6.2 CZW-Cu

SEM images from the CZW-Cu sample is shown in Figure 4.10. On the image to the left
(a), spherical particles with similar sizes were found throughout the sample. Smaller and
different shapes of particles were also seen, and seems to be particles originating from
the spherical particles. These spherical particles contributes to a larger specific surface
area from the BET due to their larger sizes as shown in Figure 4.10(a). Since BET takes
the average surface area based on all the particles, these spherical particles will contribute
more than the smaller particles.

Image (b) to the right is a close-up picture of one spherical particle (circled red in (a)).
Similar to the CZW sample this one also has numerous rifts on the surface, but in a denser
formation. Given the same catalyst synthesis method this might explain the similarity.
The diameter of the spheres were estimated to be around 35 pm.

LI B B B e B

s
-
40.0um 30.0kV x35.0k SE

(a) (b)

Figure 4.10: SEM of CZW-Cu sample, where (a) shows spherical particles observed
and (b) shows the surface of the circled spherical particle.

EDS image of this sample was also performed and shown in Figure 4.11. An arbitrary
surface of a spherical particle (image (a) to the left) was used to do an elemental mapping
(b). From this image, we can see that certain areas of the surface has stronger signals
of specific elements than others. Although the signals in general were homogeneously
distributed, as shown in Figure 4.12.
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SEM

Map data 1507
SEM MAG: 9660x HV: 30kV

(a) SEM picture with area of interest (b) Elemental mapping of (a)

Figure 4.11: EDS image of CZW-Cu sample. (a) is the surface of a arbitrary spherical particle
and (b) is the elemental mapping with 4 additional filters overlapping the original image. The 4
different filters are the elemental mapping obtained by EDS for the elements Ce, Zr, W and Cu.

ISEM

Map data 1507 £ ! Map data 1507
SEM MAG: 9660x HV: 30kV I SEM MAG: 9660x HV: 30kV

ISEMAW

Map data 1507
SEM MAG: 9660x HV: 30kV

Figure 4.12: The 4 separate signals from the different elements from the same image (a) in
Figure 4.11. Where each element is represented by their own color.
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4.6.3 CZW-Culmpr

Figure 4.13 shows the SEM images taken from the CZW-Culmpr sample. Most of the
particles observed were in different shapes and sizes. No spherical particles were ob-
served in this catalyst contrary to the other two catalysts. The image to the right (b)
shows a close-up of an arbitrary particle and shows some distribution of smaller particles
on the surface.

T T
30.0kV x2.50k SE 20.0um 30.0kV x8.00k SE 5.00um

(a) randomly selected area (b) surface of an arbitrary particle

Figure 4.13: SEM image of CZW-Culmpr sample

EDS was also performed on this sample to determine the surface species and distribution.
The images in Figure 4.14 shows a randomly selected surface where tiny particles are
clearly visible on the surface. To further determine the specific species, an elemental
mapping of the selected area was performed and shown in (b). From this image we can
clearly see that some of the visible particles on the surface indicate copper, while the
distribution of other elements are rather homogeneous. Figure 4.15 shows the separate
signal for Cu, where the white particles previously shown in the SEM image now clearly
indicates Cu. This confirms the speculation of dispersed Cu, resulting in reduced intensity
in the XRD diffractogram.

. P
[SEMNEENZ ]

Map data
SEMLMAG: 8350x HV: 30kV.

(a) Selected surface for EDS (b) Elemental mapping of selected area

Figure 4.14: EDS image of CZW-Culmpr sample
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SEM [ef¥]

Map data
SEM MAG: 8350x HV: 30kV

Figure 4.15: Cu signal for the selected area, indicating clearly Cu particles on the surface of the
chosen particle.
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4.7 Activity test

The catalytic activity plot of CZW is shown in Figure 4.16. Three different temperatures
were used to test for the catalytic performance, and these temperatures were 150, 200
and 250 °C. Only NO and NH; is shown in the plot for clearer comparison, but a more
comprehensive plot can be found in Appendix D. The important area to note is the
changes occurring around 170, 260 and 410 minutes. These were the times where NH,
was fed to the system, resulting in the SCR reduction of NO.

—— Mass 30 (NO)
—— Mass 17 (NH3)

1012

lon Current [A]

10-13

0 100 200 300 400 500
Time [min]

Figure 4.16: The SCR activity measurement of the CZW catalyst. Where the change after the
170 (250 °C), 260 (200 °C) and 410 (150 °C) minute mark is of interest, where all the reactants
are present and SCR occurs (where the blue line decreases and red line increases). 10% O, was
fed simultaneously with NO and therefore not shown in the plot.

Figure 4.17 shows the catalytic activity test for the CZW-Cu catalyst. The same three
temperatures were utilized for this test; 150, 200 and 250 °C. A more comprehensive
plot can be found in Appendix D. The important time aspects to note in this test is
occurring around the 150 (250 °C SCR reaction), 250 (200 °C SCR reaction) and 400
(150 °C SCR reaction) minute mark.

The catalytic activity of the CZW-Culmpr catalyst i shown in Figure 4.18. This catalyst
was tested with the similar parameter as the previously mentioned catalysts. A more
comprehensive plot can be found in Appendix D For this catalyst, the SCR reactions
occurred around 180, 280 and 350 minute mark. The SCR reactions for the catalyst were
tested with a reaction temperature of 250, 200 and 150 °C respectively.
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Figure 4.17: The first SCR reaction occurred around the 150 minute mark, with a reaction temper-
ature of 250 °C. Followed by 200 and 150 °C occurring at 250 and 400 minute mark respectively.
10% O, was fed simultaneously with NO and therefore not shown in the plot.
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Figure 4.18: SCR reactions for the catalyst were tested for temperatures of 250, 200 and 150 °C

occurring around 180, 280 and 350 minute mark. 10% O, was fed simultaneously with NO and
therefore not shown in the plot.

The NO conversion and NO concentration at steady-state SCR reaction for the three
reaction temperatures for all catalysts are presented in Table 4.4. The numbers are based
on the average values taken from last 20 minutes where the steady-state is established.

The catalyst with the highest NO conversion was found to be the CZW-Cu catalyst, for
all the temperatures tested. Between CZW and CZW-Culmpr, the latter catalyst showed a

higher catalytic activity at lower temperature, but at the higher temperatures (200-250 °C)
they exhibited close to equal conversions.
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Figure 4.19 shows the NO conversion for all the catalysts for the three reaction temper-
atures. It can be seen that the CZW-Cu catalyst shows higher activity over the different
temperatures, whereas the two others are less active at the lower temperature.

Table 4.4: Concentration of NO at SCR steady-state and conversion of NO at the three temper-
atures tested for all samples. The concentration was calculated by correlating the ion current at
steady-state SCR of NO with the linear correlation obtained from the calibration of NO.

Sample Temperature Concentration at steady-state NO conversion
°C (ppm) (%)
150 150 75.0
CZW-Cu 200 124 79.3
250 124 79.3
150 199 66.8
CZW-Culmpr 200 143 76.2
250 145 75.8
150 229 61.8
CZW 200 143 76.2
250 167 72.2
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Figure 4.19: Comparison of the NO conversion for the three catalysts at the different reaction
temperatures.
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4.8 Short summary of results and discussion

The CZW catalyst had the lowest activity of all the catalyst at a reaction temperature of
150 °C, which is unexpected because of the higher surface area compared to the CZW-
Culmpr catalyst. The two catalysts had similar pore size (6.4 and 6.2 nm respectively),
while the BET surface was 62 and 42 m? g~! for CZW and CZW-Culmpr respectively.
One would expect the CZW to have a higher catalytic activity due to higher surface
area, leading to the possibility of more active sites. One possible explanation of lower
activity on CZW compared to CZW-Culmpr could be the Cu on CZW-Culmpr, since the
addition of Cu seems to be the one factor that separated the two catalysts distinctively.
The addition of small amounts of Cu was reported to increase the SCR activity, but does
not explain why the activity of both catalysts were almost identical at the higher reaction
temperatures. When one would expect the CZW-Culmpr to have better activity at the
higher reaction temperatures as well. Another explanation could be that the activity of the
CZW-Culmpr catalyst should have been higher, but due to the undesired ratio (0.7:1:0.25
for Ce, Zr and W) have changed the morphology and surface properties of the catalyst,
which can be confirmed by the XRD, SEM and EDS images captured. Where it was
clear that spherical particles were observed in the CZW and CZW-Cu sample, but not
in the CZW-Culmpr sample. Cu particles were also observed on the catalyst surface of
CZW-Culmpr, which could have occupied active sites or sealed pores, resulting in the
similar activity to CZW at higher temperature.

Since the highest NO conversion was found in the CZW-Cu sample, it can be speculated
that the addition of Cu improved the SCR activity. Even though both CZW and CZW-
Culmpr had similar conversion it was clear that a SCR temperature above 150 °C was
more favorable for these two catalysts, while the CZW-Cu catalyst exhibited more stable
SCR activity over the entire temperature range. When comparing CZW to CZW-Cu,
the only distinguishable difference is the addition of Cu, because both catalysts were
synthesized by the hydrothermal method. The addition of Cu also gave a greater surface
area, better thermal stability and better catalytic activity across the reaction temperatures.
From SEM and EDS it was hard to differentiate the two catalysts, as both catalysts had
similar surface rifts and spherical particles. The addition of Cu also indicated active
redox reactions at the active SCR temperatures, which can be one of the reasons why the
activity of CZW-Cu was greater.

Comparing the CZW-Cu and CZW-Culmpr catalysts, both had the addition of roughly
3% Cu, but were synthesized through two different methods. The hydrothermal method
and the impregnation of Cu on a CZW-support resulted in different morphology and
surface characteristics for the two catalyst as seen in SEM/EDS and TPR. The undesired
atomic ratio can have resulted in a decreased performance for the SCR reaction for the
CZW-Culmpr catalyst, but needs further testing to confirm.
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Conclusion

Three catalyst based on Ce, Zr and W was successfully synthesized by the hydrother-
mal and dry impregnation method. The aim of synthesizing catalyst with the atomic
ratio of 1:1:0.25 for Ce, Zr and W respectively was achieved by the CZW and CZW-Cu
catalyst. The CZW-Culmpr catalyst achieved a ratio of 0.75:1:0.25 due to the support,
which also contained the similar atomic ratio. Both Cu containing catalysts achieved a 3
mass percent Cu loading, which was confirmed by XRF, XRD and S(T)EM. All catalysts
showed thermal stability over a wide temperature range up to the calcination temperature
at 550 °C.

BET analysis found the surface area of the catalysts to be 62, 76 and 42 m? g~ for CZW,
CZW-Cu and CZW-Culmpr respectively. The average pore size was also found to be 6.4,
3.6 and 6.2 nm respectively. The pore volume was highest for the CZW catalyst, with
0.098 cm? g~!, while lowest for the CZW-Cu sample with only 0.075 cm3 g1

Based on the finding and discussions, the CZW-Cu catalyst was the most promising cat-
alyst for low-temperature SCR reaction, with its stable catalytic activity over a wider
range of temperature. The addition of Cu also seemed to promote the SCR reaction and
thermal stability of the catalyst. The hydrothermal synthesis method was also better for
the catalyst structure and surface properties, which led to a higher surface area.
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Further work

For future work on this project a good starting point would be to reproduce the CZW-
Culmpr catalyst with the desired atomic ratio on Ce, Zr and W, then have the addition of
Cu. This could quickly determine if the hydrothermal method is inferior to the impreg-
nation method or opposite.

Another aspect worth pursuing is the ratio of Ce and Zr in the catalyst. By synthesizing
different catalysts with varying ratio between Ce/Zr to determine the optimal ratio be-
tween these metals. As it seem to have an impact on the SCR activity it can be worth
investigating.

Further variation of the amount of Cu added to the catalyst can also be explored to see
whether a higher loading of Cu has a better effect on SCR activity than the current one.

A more comprehensive TPR study could also be performed to determine the effects of
the redox reaction on the SCR activity.

More sophisticated catalytic activity can be done, in order to obtain more accurate mea-
surements that is easier to distinguish.
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Appendix

Sample weight used 1n
characterization

Catalyst used [mg]

Characterization method CZW CZW-Cu CZW-Culmpr
XRD Not measured Not measured Not measured
XRF 200 200 180
BET 110 453 257
TGA 16 20 21
TPR 100 100 100
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Chapter A. Sample weight used in characterization
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o B

Appendix

XRD diffractogram

B.1 CZW-Cu

(Coupled TwoTheta/Theta)

6000

5000

4000

Counts

3000

2000

1000

| PDF 00-054-0017 Ce Zr O4 k-Ce Zr O4 | Cerium Zirconium Oxide
| PDF 00-001-0800 Ce O2 Cerium Oxide
| _PDF 04-011-8930 Cu0.05 Ce0.95 O1.9 Copper Cerium Oxide

1
60 70

2Theta (Coupled TwoTheta/Theta) WL=1,54060
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Chapter B. XRD diffractogram

B.2 CZW-Culmpr

(Coupled TwoTheta/Theta)

1 PDF 00-048-1548 Cu O Tenorite, syn
6000-] 1 PDF 00-001-0800 Ce O2 Cerium Oxide
|_PDF 00-067-0077 Ce0.95 Zr0.05 02-z cerium zirconium oxide, nano | Cerium Zirconium Oxide

5000

4000

Counts

3000

2000

1000

2Theta (Coupled TwoTheta/Theta) WL=1,54060
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Appendix C

BET Data

Cl CZW
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Full Report Set

TriStar I 3020 3.02 TriStar 11 3020 V1.04 Page 1
Serial # 731 Unit 1 Port 1
Sample: Zr,Cr,W

Operator: KIN

Submitter:
File: C:\Users\labuser\Desktop\BET data from ...\000-030.SMP

Started: 12.11.2017 15:44:13 Analysis Adsorptive: N2
Completed: 12.11.2017 21:29:37 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:43:50 Thermal Correction: No
Sample Mass: 0,1105 g Warm Free Space: 11,4373 cm?® Measured

Cold Free Space:
Low Pressure Dose:
Automatic Degas:

33,8073 cm?
None
No

Equilibration Interval:
Sample Density:

Summary Report

Surface Area

Single point surface area at p/p° = 0,300013699: 61,7504 m?/g

BET Surface Area: 65,2321 m?g

Pore Volume

Single point adsorption total pore volume of pores
less than 3 695,374 A width at p/p® = 0,994757172: 0,109718 cm®g

BJH Adsorption cumulative volume of pores
between 17,000 A and 3 000,000 A width: 0,105507 cm®/g

BJH Desorption cumulative volume of pores
between 17,000 A and 3 000,000 A width: 0,108586 cm/g

Pore Size

Adsorption average pore diameter (4V/A by BET): 67,2784 A

BJH Adsorption average pore width (4V/A): 82,126 A

BJH Desorption average pore width (4V/A): 76,145 A

5s
1,000 g/cm?



Full Report Set

TriStar I 3020 3.02 TriStar 11 3020 V1.04 Page 2
Serial # 731 Unit 1 Port 1

Sample: Zr,Cr,W
Operator: KIN
Submitter:
File: C:\Users\labuser\Desktop\BET data from ...\000-030.SMP

Started: 12.11.2017 15:44:13 Analysis Adsorptive: N2
Completed: 12.11.2017 21:29:37 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:43:50 Thermal Correction: No
Sample Mass: 0,1105 g Warm Free Space: 11,4373 cm?® Measured
Cold Free Space: 33,8073 cm*® Equilibration Interval: 5s
Low Pressure Dose: None Sample Density: 1,000 g/cm?

Automatic Degas: No

Isotherm Tabular Report

Relative Absolute Quantity Elapsed Time Saturation

Pressure (p/p°) Pressure Adsorbed (h:min) Pressure

(mmHg) (mmol/g) (mmHg)
00:39 745.495544
0.010101428 7.546011 0.50707 00:44 747.024170
0.030560820 22.838507 0.57920 00:46 747.313293
0.065115481 48.667412 0.64775 00:48 747.401550
0.079275443 59.258911 0.66956 00:50 747.506531
0.099657988 74.493355 0.69779 00:52 747.490051
0.119804989 89.547882 0.72304 00:55 747.447021
0.140131208 104.738251 0.74697 00:57 747.429871
0.160360505 119.856255 0.76954 00:59 747.417542
0.180558480 134.938568 0.79083 01:01 747.339966
0.200469451 149.803146 0.81127 01:02 747.261719
0.249137140 186.151031 0.85763 01:04 747.182983
0.300013699 224.164032 0.90424 01:06 747.179321
0.350012083 261.497009 0.94894 01:08 747.108521
0.398690626 297.836182 0.99189 01:09 747.035828
0.448364567 334.936432 1.03779 01:11 747.018066
0.498328066 372.232086 1.08601 01:13 746.961914
0.548070547 409.352600 1.13785 01:15 746.897644
0.597783783 446.464691 1.19526 01:17 746.866516
0.647525014 483.597046 1.26082 01:18 746.839172
0.697227187 520.674744 1.33796 01:20 746.779175
0.746829491 557.646240 1.43234 01:23 746.684814
0.795927271 594.157959 1.55837 01:26 746.497803
0.818844997 611.273438 1.63239 01:28 746.506897
0.847300269 632.431458 1.74661 01:31 746.407715
0.872302100 650.902893 1.87304 01:34 746.189758
0.896556367 668.920410 2.03562 01:38 746.099670
0.922050700 687.707947 2.24010 01:41 745.846130
0.944996524 704.526978 2.49859 01:47 745.533936
0.971037377 723.617065 2.82737 01:52 745.200012
0.979726255 729.902100 2.93924 01:55 745.006165
0.988203806 735.990479 3.06839 01:59 744.776001
0.994757172 740.707581 3.16462 02:01 744.611450
0.975317620 726.124207 3.09891 02:03 744.500244
0.961483305 715.672974 3.01198 02:06 744.342590
0.941050567 700.263733 2.86456 02:09 744.129761
0.926650955 689.388550 2.75433 02:12 743.957092
0.903341682 671.824097 2.56927 02:16 743.709839
0.879012561 653.445190 2.36323 02:20 743.385498
0.852623376 633.628540 2.15727 02:24 743.151733
0.828556534 615.497803 1.98869 02:28 742.855530
0.802954897 596.325500 1.83639 02:31 742.663757

0.754389419 560.088928 1.61669 02:35 742.440063



Full Report Set

TriStar I 3020 3.02 TriStar 11 3020 V1.04 Page 3
Serial # 731 Unit 1 Port 1

Sample: Zr,Cr,W
Operator: KIN
Submitter:
File: C:\Users\labuser\Desktop\BET data from ...\000-030.SMP

Started: 12.11.2017 15:44:13 Analysis Adsorptive: N2
Completed: 12.11.2017 21:29:37 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:43:50 Thermal Correction: No
Sample Mass: 0,1105 g Warm Free Space: 11,4373 cm?® Measured
Cold Free Space: 33,8073 cm*® Equilibration Interval: 5s
Low Pressure Dose: None Sample Density: 1,000 g/cm?

Automatic Degas: No

Isotherm Tabular Report

Relative Absolute Quantity Elapsed Time Saturation

Pressure (p/p°) Pressure Adsorbed (h:min) Pressure

(mmHg) (mmol/g) (mmHg)
0.704157285 522.666504 1.45914 02:39 742.258179
0.654518557 485.679535 1.34811 02:41 742.040894
0.603843812 447.944305 1.26142 02:43 741.821472
0.552985710 410.158081 1.19004 02:45 741.715515
0.502372735 372.564606 1.12989 02:47 741.609924
0.453407565 336.189423 1.05784 02:49 741.472900
0.400812562 297.121124 0.98999 02:51 741.296936
0.351190010 260.292694 0.94103 02:53 741.173401
0.301781467 223.633163 0.89655 02:55 741.043396
0.251323939 186.215500 0.85058 02:56 740.938171
0.201080302 148.942551 0.80195 02:58 740.711792

0.140971256 104.406372 0.73876 03:00 740.621704



TriStar I 3020 3.02 TriStar 11 3020 V1.04 Page 4
Serial # 731 Unit 1 Port 1
Sample: Zr,Cr,W
Operator: KIN
Submitter:
File: C:\Users\labuser\Desktop\BET data from ...\000-030.SMP
Started: 12.11.2017 15:44:13 Analysis Adsorptive: N2
Completed: 12.11.2017 21:29:37 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:43:50 Thermal Correction: No
Sample Mass: 0,1105 g Warm Free Space: 11,4373 cm?® Measured
Cold Free Space: 33,8073 cm*® Equilibration Interval: 5s
Low Pressure Dose: None Sample Density: 1,000 g/cm?
Automatic Degas: No
Isotherm Linear Plot
—— Zr,Cr,W - Adsorption —6— Zr,Cr,W - Desorption
Vi
25
2.0 f A
A

Quantity Adsorbed (mmol/g)

Full Report Set

3

0.0

0.2 0.3

0.4

T
0.5 0.6

Relative Pressure (p/p°)




Full Report Set

TriStar I 3020 3.02 TriStar 11 3020 V1.04 Page 5
Serial # 731 Unit 1 Port 1
Sample: Zr,Cr,W

Operator: KIN

Submitter:
File: C:\Users\labuser\Desktop\BET data from ...\000-030.SMP

Started: 12.11.2017 15:44:13 Analysis Adsorptive: N2
Completed: 12.11.2017 21:29:37 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:43:50 Thermal Correction: No
Sample Mass: 0,1105 g Warm Free Space: 11,4373 cm?® Measured

Cold Free Space:
Low Pressure Dose:
Automatic Degas:

33,8073 cm?
None
No

BET Surface Area:

Y-Intercept:

Correlation Coefficient:
Molecular Cross-Sectional Area

Relative
Pressure
(p/p%)

0.065115481
0.079275443
0.099657988
0.119804989
0.140131208
0.160360505
0.180558480
0.200469451

Equilibration Interval:

Sample Density:

BET Report

65.2321 + 0.1645 m?/g

5s
1,000 g/cm?

Slope: 1.484985 + 0.003735 g/mmol

C: 141.295106
Qm: 0,66864 mmol/g

0.9999810
: 0.1620 nm?

Quantity 1/[Q(p°/p - 1)]

Adsorbed

(mmol/g)
0.64775 0.10753
0.66956 0.12859
0.69779 0.15863
0.72304 0.18825
0.74697 0.21817
0.76954 0.24818
0.79083 0.27862
0.81127 0.30906

0.010585 + 0.000516 g/mmol



1[Q(p°/p - 1)]

Full Report Set

TriStar I 3020 3.02 TriStar 11 3020 V1.04 Page 6
Serial # 731 Unit 1 Port 1
Sample: Zr,Cr,W
Operator: KIN
Submitter:
File: C:\Users\labuser\Desktop\BET data from ...\000-030.SMP
Started: 12.11.2017 15:44:13 Analysis Adsorptive: N2
Completed: 12.11.2017 21:29:37 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:43:50 Thermal Correction: No
Sample Mass: 0,1105 g Warm Free Space: 11,4373 cm?® Measured
Cold Free Space: 33,8073 cm*® Equilibration Interval: 5s
Low Pressure Dose: None Sample Density: 1,000 g/cm?
Automatic Degas: No
BET Surface Area Plot
O ZrCr,W + Not Fitted
0.30 /
0.25
0.20
0.15
0.10
0.05
0.00 T T T T T T T T T T T T T T T T T
0.00 0.02 0.04 0.06 .08 0.10 0.12 0.14 0.16 0.18 0.20
Relative Pressure (p/p°®)




dV/dw Pore Volume (cm?¥g-A)

Full Report Set

TriStar I 3020 3.02 TriStar 11 3020 V1.04 Page 20
Serial # 731 Unit 1 Port 1
Sample: Zr,Cr,W
Operator: KIN
Submitter:
File: C:\Users\labuser\Desktop\BET data from ...\000-030.SMP
Started: 12.11.2017 15:44:13 Analysis Adsorptive: N2
Completed: 12.11.2017 21:29:37 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:43:50 Thermal Correction: No
Sample Mass: 0,1105 g Warm Free Space: 11,4373 cm?® Measured
Cold Free Space: 33,8073 cm*® Equilibration Interval: 5s
Low Pressure Dose: None Sample Density: 1,000 g/cm?
Automatic Degas: No
BJH Desorption dV/dw Pore Volume
Halsey : Faas Correction
—— Zr,Cr, W
0.0010-]
0.0009-] =t
0.0008-]
0.0007] \J[
0.0006]
00005 ; \T\’/F/’N
0.0004-] \\
0.0003-]
0.0002-]
o : \\
i I
0.0000 T T T Tt
50 100 500

Pore Width (A)



C.2 CZW-Cu

C.2 CZW-Cu
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TriStar I 3020 3.02

Sample

Full Report Set

TriStar 11 3020 Version 3.02 Page 1
Serial # 731 Unit 1 Port 3

Operator: Kin
Submitter: Kin

Started:

Completed:

Report Time:
Sample Mass:

Cold Free Space:
Low Pressure Dose:
Automatic Degas:

File

07.06.2018 14:30:30
07.06.2018 18:10:07
12.06.2018 11:43:27
0,4530 g

31,7370 cm?

None

No

: template_180607

: C:\TriStar 11 3020\d...\template_180607 - Cu_Port3.SMP

Analysis Adsorptive: N2
Analysis Bath Temp.: -195,800 °C
Thermal Correction: No
Warm Free Space: 11,0346 cm® Measured
Equilibration Interval: 5s
Sample Density: 1,000 g/cm?®

Summary Report

Surface Area

Single point surface area at p/p° = 0,298906275: 76,4342 m?/g

BET Surface Area: 77,8017 m?g

Pore Volume

Single point adsorption total pore volume of pores
less than 11,415 A width at p/p® = 0,010000000: 0,021173 cm3/g

BJH Adsorption cumulative volume of pores
between 17,000 A and 3 000,000 A width: 0,065987 cm®/g

BJH Desorption cumulative volume of pores
between 17,000 A and 3 000,000 A width: 0,075134 cm/g

Pore Size

Adsorption average pore diameter (4V/A by BET): 10,8854 A

BJH Adsorption average pore width (4V/A): 33,845 A

BJH Desorption average pore width (4V/A): 36,102 A

Freundlich
Qm-C: 0,01017 £ 0.0092 mmol/g

m: 3.1455 £ 0.1635

Temkin

g-alpha/Qm: 1.655151 + 0.126837 kJ/mol-(mmol/g)

A: 0.1503 + 0.0686 mmHg



Full Report Set

TriStar |1 3020 3.02 TriStar 11 3020 Version 3.02 Page 2
Serial # 731 Unit 1 Port 3

Sample: template_180607
Operator: Kin
Submitter: Kin
File: C:\TriStar Il 3020\d...\template_180607 - Cu_Port3.SMP

Started: 07.06.2018 14:30:30 Analysis Adsorptive: N2
Completed: 07.06.2018 18:10:07 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:43:27 Thermal Correction: No
Sample Mass: 0,4530 g Warm Free Space: 11,0346 cm® Measured
Cold Free Space: 31,7370 cm*® Equilibration Interval: 5s
Low Pressure Dose: None Sample Density: 1,000 g/cm?

Automatic Degas: No

Isotherm Tabular Report

Relative Absolute Quantity Elapsed Time Saturation
Pressure (p/p°) Pressure Adsorbed (h:min) Pressure
(mmHg) (mmol/g) (mmHg)
740.000000
0.009840659 7.282088 0.60869 00:37
0.031868074 23.582375 0.69254 00:42
0.064043994 47.392555 0.76433 00:47
0.077098120 57.052608 0.78826 00:50
0.098807020 73.117195 0.82479 00:53
0.118885783 87.975479 0.85626 00:57
0.138857960 102.754890 0.88621 01:00
0.158889430 117.578178 0.91534 01:04
0.178911116 132.394226 0.94415 01:07
0.199007189 147.265320 0.97278 01:10
0.250058684 185.043427 1.04585 01:16
0.298906275 221.190643 1.11749 01:20
0.350216221 259.160004 1.19622 01:25
0.397175639 293.909973 1.27143 01:30
0.447071921 330.833221 1.35320 01:34
0.496897352 367.704041 1.43563 01:39
0.547118440 404.867645 1.51733 01:44
0.597488733 442.141663 1.59452 01:48
0.647803064 479.374268 1.66378 01:52
0.698041431 516.550659 1.72347 01:56
0.748081187 553.580078 1.77444 01:59
0.797792919 590.366760 1.82034 02:02
0.818826871 605.931885 1.83897 02:03
0.848614832 627.974976 1.86572 02:05
0.875057901 647.542847 1.88991 02:07
0.899278878 665.466370 1.91284 02:09
0.924016509 683.772217 1.93783 02:11
0.948661103 702.009216 1.96619 02:14
0.973284417 720.230469 2.00033 02:16
0.980735325 725.744141 2.01322 02:18
0.989776281 732.434448 2.02941 02:19
0.994624122 736.021851 2.04188 02:21
0.974671895 721.257202 2.02274 02:23
0.940446596 695.930481 1.98324 02:25
0.912081002 674.939941 1.95520 02:27
0.901059785 666.784241 1.94491 02:29
0.875588742 647.935669 1.92385 02:31
0.850974088 629.720825 1.90479 02:32
0.825716916 611.030518 1.88643 02:34
0.801172040 592.867310 1.86964 02:35
0.752124353 556.572021 1.83800 02:38

0.701433914 519.061096 1.80573 02:40



Full Report Set

TriStar |1 3020 3.02 TriStar 11 3020 Version 3.02 Page 3
Serial # 731 Unit 1 Port 3

Sample: template_180607
Operator: Kin
Submitter: Kin
File: C:\TriStar Il 3020\d...\template_180607 - Cu_Port3.SMP

Started: 07.06.2018 14:30:30 Analysis Adsorptive: N2
Completed: 07.06.2018 18:10:07 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:43:27 Thermal Correction: No
Sample Mass: 0,4530 g Warm Free Space: 11,0346 cm® Measured
Cold Free Space: 31,7370 cm*® Equilibration Interval: 5s
Low Pressure Dose: None Sample Density: 1,000 g/cm?

Automatic Degas: No

Isotherm Tabular Report

Relative Absolute Quantity Elapsed Time Saturation

Pressure (p/p°) Pressure Adsorbed (h:min) Pressure

(mmHg) (mmol/g) (mmHg)
0.651539199 482.139008 1.77260 02:42
0.601008606 444.746368 1.73889 02:45
0.551930979 408.428925 1.70327 02:48
0.505650041 374.181030 1.65072 02:53
0.451777443 334.315308 1.42233 03:06
0.404210271 299.115601 1.29208 03:13
0.338776047 250.694275 1.18131 03:20
0.296885124 219.694992 1.11617 03:24
0.252854940 187.112656 1.05047 03:29
0.202514834 149.860977 0.97729 03:33

0.141622925 104.800964 0.88854 03:38



Full Report Set

TriStar |1 3020 3.02 TriStar 11 3020 Version 3.02 Page 4
Serial # 731 Unit 1 Port 3
Sample: template_180607

Operator: Kin
Submitter: Kin

File: C:\TriStar Il 3020\d...\template_180607 - Cu_Port3.SMP

Started: 07.06.2018 14:30:30 Analysis Adsorptive: N2

Completed: 07.06.2018 18:10:07 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:43:27 Thermal Correction: No
Sample Mass: 0,4530 g Warm Free Space: 11,0346 cm® Measured

Quantity Adsorbed (mmol/g)

Cold Free Space:
Low Pressure Dose:
Automatic Degas:

31,7370 cm?
None
No

—+— template_180607 - Adsorption

Equilibration Interval:
Sample Density:

Isotherm Linear Plot

5s
1,000 g/cm?

—6— template_180607 - Desorption
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Full Report Set

TriStar |1 3020 3.02 TriStar 11 3020 Version 3.02 Page 5
Serial # 731 Unit 1 Port 3

Sample: template_180607
Operator: Kin
Submitter: Kin
File: C:\TriStar Il 3020\d...\template_180607 - Cu_Port3.SMP

Started: 07.06.2018 14:30:30 Analysis Adsorptive: N2
Completed: 07.06.2018 18:10:07 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:43:27 Thermal Correction: No
Sample Mass: 0,4530 g Warm Free Space: 11,0346 cm® Measured
Cold Free Space: 31,7370 cm*® Equilibration Interval: 5s
Low Pressure Dose: None Sample Density: 1,000 g/cm?

Automatic Degas: No

BET Report
BET Surface Area: 77.8017 + 0.4051 m?/g
Slope: 1.245731 + 0.006388 g/mmol
Y-Intercept: 0.008215 + 0.001350 g/mmol
C: 152.632023
Qm: 0,79748 mmol/g
Correlation Coefficient: 0.9999474
Molecular Cross-Sectional Area: 0.1620 nm?

Relative Quantity 1Q(p°/p - 1)]
Pressure Adsorbed
(p/p°) (mmol/g)
0.138857960 0.88621 0.18195
0.158889430 0.91534 0.20638
0.178911116 0.94415 0.23079
0.199007189 0.97278 0.25540
0.250058684 1.04585 0.31882

0.298906275 1.11749 0.38152



Full Report Set

TriStar |1 3020 3.02 TriStar 11 3020 Version 3.02 Page 6
Serial # 731 Unit 1 Port 3

Sample: template_180607
Operator: Kin
Submitter: Kin
File: C:\TriStar Il 3020\d...\template_180607 - Cu_Port3.SMP

Started: 07.06.2018 14:30:30 Analysis Adsorptive: N2
Completed: 07.06.2018 18:10:07 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:43:27 Thermal Correction: No
Sample Mass: 0,4530 g Warm Free Space: 11,0346 cm® Measured
Cold Free Space: 31,7370 cm*® Equilibration Interval: 5s
Low Pressure Dose: None Sample Density: 1,000 g/cm?

Automatic Degas: No

BET Surface Area Plot
O template_180607 + Not Fitted

1[Q(p°/p - 1)]

0.00 T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25
Relative Pressure (p/p°®)




TriStar I 3020 3.02

dV/dw Pore Volume (cm?¥g-A)

Full Report Set

TriStar 11 3020 Version 3.02
Serial # 731 Unit 1 Port 3

Sample: template_180607
Operator: Kin
Submitter: Kin

Started:

Completed:

Report Time:
Sample Mass:

Cold Free Space:
Low Pressure Dose:
Automatic Degas:

File

07.06.2018 14:30:30
07.06.2018 18:10:07
12.06.2018 11:43:27
0,4530 g

31,7370 cm?

None

No

Analysis Adsorptive:
Analysis Bath Temp.:
Thermal Correction:
Warm Free Space:
Equilibration Interval:
Sample Density:

Page 17

: C:\TriStar 11 3020\d...\template_180607 - Cu_Port3.SMP

N2
-195,800 °C
N

[o]
11,0346 cm® Measured
5s
1,000 g/cm?

BJH Desorption dV/dw Pore Volume

—+— template_180607

Halsey : Faas Correction

0.0040
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C.3 CZW-Culmpr

C.3 CZW-Culmpr
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TriStar I 3020 3.02

Sample

Submitter: Kin

Started:
Completed:
Report Time:

Full Report Set

TriStar 11 3020 Version 3.02 Page 1
Serial # 731 Unit 1 Port 1
: template_180607
Operator: Kin

File: C:\TriStar Il 3020\...\template_180607 - Cul_Port1.SMP

07.06.2018 14:30:30 Analysis Adsorptive: N2

07.06.2018 18:10:07 Analysis Bath Temp.: -195,800 °C

12.06.2018 11:42:51 Thermal Correction: No

0,2570 g Warm Free Space: 11,5634 cm® Measured

Sample Mass:

Cold Free Space:
Low Pressure Dose:
Automatic Degas:

33,6949 cm?
None
No

Equilibration Interval:
Sample Density:

Summary Report

Surface Area

Single point surface area at p/p° = 0,300126380: 40,6358 m?/g

BET Surface Area: 41,7296 m?/g

Pore Volume

Single point adsorption total pore volume of pores
less than 11,415 A width at p/p® = 0,010000000: 0,010966 cm®/g

BJH Adsorption cumulative volume of pores
between 17,000 A and 3 000,000 A width: 0,067174 cm3/g

BJH Desorption cumulative volume of pores
between 17,000 A and 3 000,000 A width: 0,080512 cm/g

Pore Size

Adsorption average pore diameter (4V/A by BET): 10,5114 A

BJH Adsorption average pore width (4V/A): 59,273 A

BJH Desorption average pore width (4V/A): 62,411 A

Freundlich

5s
1,000 g/cm?

Qm-C: 0,00227 + 0.0068 mmol/g

m: 1.9156 + 0.2003

Temkin

A: 0.0367 + 0.0405 mmHg

q-alpha/Qm: 1.239879 + 0.209166 kJ/mol-(mmol/g)



Full Report Set

TriStar |1 3020 3.02 TriStar 11 3020 Version 3.02 Page 2
Serial # 731 Unit 1 Port 1

Sample: template_180607
Operator: Kin
Submitter: Kin
File: C:\TriStar Il 3020\...\template_180607 - Cul_Port1.SMP

Started: 07.06.2018 14:30:30 Analysis Adsorptive: N2
Completed: 07.06.2018 18:10:07 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:42:51 Thermal Correction: No
Sample Mass: 0,2570 g Warm Free Space: 11,5634 cm® Measured
Cold Free Space: 33,6949 cm*® Equilibration Interval: 5s
Low Pressure Dose: None Sample Density: 1,000 g/cm?

Automatic Degas: No

Isotherm Tabular Report

Relative Absolute Quantity Elapsed Time Saturation
Pressure (p/p°) Pressure Adsorbed (h:min) Pressure
(mmHg) (mmol/g) (mmHg)
740.000000
0.009617492 7.116944 0.31467 00:29
0.029347177 21.716911 0.35601 00:31
0.063727064 47.158028 0.39739 00:33
0.078917524 58.398968 0.41221 00:35
0.099600395 73.704292 0.43110 00:37
0.120218143 88.961426 0.44886 00:38
0.140128955 103.695427 0.46559 00:40
0.160059326 118.443901 0.48192 00:41
0.180522836 133.586899 0.49831 00:43
0.200147618 148.109238 0.51410 00:44
0.248114302 183.604584 0.55267 00:46
0.300126380 222.093521 0.59514 00:48
0.350127885 259.094635 0.63814 00:49
0.399324613 295.500214 0.68266 00:51
0.449034778 332.285736 0.73135 00:53
0.498973826 369.240631 0.78508 00:55
0.548713272 406.047821 0.84499 00:57
0.598313409 442.751923 0.91416 01:00
0.647937754 479.473938 0.99630 01:02
0.697387860 516.067017 1.09548 01:05
0.746271742 552.241089 1.21980 01:09
0.794972435 588.279602 1.38291 01:13
0.819243972 606.240540 1.48342 01:16
0.846497572 626.408203 1.62254 01:21
0.871979667 645.264954 1.77390 01:25
0.895937451 662.993713 1.94369 01:30
0.921225141 681.706604 2.14868 01:36
0.946028756 700.061279 2.37190 01:42
0.971435794 718.862488 2.61020 01:47
0.978856762 724.354004 2.68418 01:51
0.989038416 731.888428 2.77913 01:55
0.993494477 735.185913 2.82518 01:58
0.976070095 722.291870 2.78020 02:00
0.962525816 712.269104 2.72720 02:02
0.943088098 697.885193 2.63914 02:05
0.926768205 685.808472 2.55634 02:08
0.903898084 668.884583 2.42928 02:12
0.878583753 650.151978 2.27303 02:17
0.853043840 631.252441 2.10619 02:22
0.827873766 612.626587 1.94089 02:27
0.803231482 594.391296 1.78072 02:32

0.748019409 553.534363 1.47851 02:40



Full Report Set

TriStar |1 3020 3.02 TriStar 11 3020 Version 3.02 Page 3
Serial # 731 Unit 1 Port 1

Sample: template_180607
Operator: Kin
Submitter: Kin
File: C:\TriStar Il 3020\...\template_180607 - Cul_Port1.SMP

Started: 07.06.2018 14:30:30 Analysis Adsorptive: N2
Completed: 07.06.2018 18:10:07 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:42:51 Thermal Correction: No
Sample Mass: 0,2570 g Warm Free Space: 11,5634 cm® Measured
Cold Free Space: 33,6949 cm*® Equilibration Interval: 5s
Low Pressure Dose: None Sample Density: 1,000 g/cm?

Automatic Degas: No

Isotherm Tabular Report

Relative Absolute Quantity Elapsed Time Saturation

Pressure (p/p°) Pressure Adsorbed (h:min) Pressure

(mmHg) (mmol/g) (mmHg)
0.704524190 521.347900 1.28999 02:46
0.654447566 484.291199 1.12395 02:50
0.603805377 446.815979 0.99798 02:54
0.553257174 409.410309 0.90208 02:57
0.502674082 371.978821 0.82473 02:59
0.454504271 336.333160 0.74310 03:02
0.401150966 296.851715 0.68237 03:04
0.352646286 260.958252 0.63713 03:06
0.301324917 222.980438 0.59274 03:08
0.250740732 185.548141 0.55074 03:10
0.200483209 148.357574 0.51002 03:12

0.140872564 104.245697 0.46142 03:14



Full Report Set

TriStar |1 3020 3.02 TriStar 11 3020 Version 3.02 Page 4
Serial # 731 Unit 1 Port 1

Sample: template_180607
Operator: Kin
Submitter: Kin
File: C:\TriStar Il 3020\...\template_180607 - Cul_Port1.SMP

Started: 07.06.2018 14:30:30 Analysis Adsorptive: N2
Completed: 07.06.2018 18:10:07 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:42:51 Thermal Correction: No
Sample Mass: 0,2570 g Warm Free Space: 11,5634 cm® Measured
Cold Free Space: 33,6949 cm*® Equilibration Interval: 5s
Low Pressure Dose: None Sample Density: 1,000 g/cm?

Automatic Degas: No

Isotherm Linear Plot
—+— template_180607 - Adsorption —6— template_180607 - Desorption

N
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Full Report Set

TriStar |1 3020 3.02 TriStar 11 3020 Version 3.02 Page 5
Serial # 731 Unit 1 Port 1
Sample: template_180607
Operator: Kin
Submitter: Kin
File: C:\TriStar Il 3020\...\template_180607 - Cul_Port1.SMP
Started: 07.06.2018 14:30:30 Analysis Adsorptive: N2
Completed: 07.06.2018 18:10:07 Analysis Bath Temp.: -195,800 °C
Report Time: 12.06.2018 11:42:51 Thermal Correction: No
Sample Mass: 0,2570 g Warm Free Space: 11,5634 cm® Measured
Cold Free Space: 33,6949 cm*® Equilibration Interval: 5s
Low Pressure Dose: None Sample Density: 1,000 g/cm?
Automatic Degas: No

BET Surface Area

Y-Intercept:

Correlation Coefficient
Molecular Cross-Sectional Area

Relative
Pressure
(p/p%)

0.140128955
0.160059326
0.180522836
0.200147618
0.248114302
0.300126380

BET Report
1 41.7296 + 0.1869 m3/g

Slope: 2.313073 + 0.010242 g/mmol

C: 94.222936
Qm: 0,42774 mmol/g

: 0.9999608
: 0.1620 nm?
Quantity 1/[Q(p°/p - 1)]
Adsorbed
(mmol/g)
0.46559 0.35002
0.48192 0.39542
0.49831 0.44208
0.51410 0.48673
0.55267 0.59708
0.59514 0.72055

: 0.024812 £ 0.002171 g/mmol



TriStar I 3020 3.02

1[Q(p°/p - 1)]

Full Report Set

TriStar 11 3020 Version 3.02
Serial # 731 Unit 1 Port 1

Sample: template_180607
Operator: Kin
Submitter: Kin

Started:

Completed:

Report Time:
Sample Mass:

Cold Free Space:
Low Pressure Dose:
Automatic Degas:

O template_180607 + Not Fitted

File

07.06.2018 14:30:30
07.06.2018 18:10:07
12.06.2018 11:42:51
0,2570 g

33,6949 cm?

None

No

Analysis Adsorptive:
Analysis Bath Temp.:
Thermal Correction:
Warm Free Space:
Equilibration Interval:
Sample Density:

BET Surface Area Plot

Page 6

: C:\TriStar 11 3020\...\template_180607 - Cul_Port1.SMP

N2
-195,800 °C
No

11,5634 cm® Measured

5s
1,000 g/cm?
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0.10

T
0.15
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TriStar I 3020 3.02

dV/dw Pore Volume (cm?¥g-A)

Full Report Set

TriStar 11 3020 Version 3.02
Serial # 731 Unit 1 Port 1

Sample: template_180607
Operator: Kin
Submitter: Kin

Started:

Completed:

Report Time:
Sample Mass:

Cold Free Space:
Low Pressure Dose:
Automatic Degas:

File

07.06.2018 14:30:30
07.06.2018 18:10:07
12.06.2018 11:42:51
0,2570 g

33,6949 cm?

None

No

Analysis Adsorptive:
Analysis Bath Temp.:
Thermal Correction:
Warm Free Space:
Equilibration Interval:
Sample Density:

Page 17

: C:\TriStar 11 3020\...\template_180607 - Cul_Port1.SMP

N2
-195,800 °C
N

[o]
11,5634 cm® Measured
5s
1,000 g/cm?

BJH Desorption dV/dw Pore Volume

—+— template_180607

Halsey : Faas Correction

0.0009

N

0.0008-

P

0.0007-

0.0006

0.0005

0.0004-

N

0.0003-

0.0002:

0.0001

0.0000

20

40

60
Pore Width (A)

80

100

200



Appendix

Activity plot

D.1 CZW
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Chapter D. Activity plot

D.2 CZW-Cu
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Appendix E

Risk analysis

&9



Detaljert Risikorapport

ID 27118
Risikoomréade Risikovurdering: Helse, miljg og sikkerhet (HMS)
Opprettet av Kin Hui

Ansvarlig Kin Hui

Risikovurdering:

CAT, Master student, 2017, Chun Kin Hui

Status
Opprettet
Vurdering startet
Tiltak besluttet
Avsluttet

Dato
09.02.2018
09.02.2018

Gyldig i perioden:
2/9/2018 - 7/1/2018

Sted:
Trondheim

Mal / hensikt

Synthesize a new catalyst to reduce NOx formation in marine propulsion systems.

Test the catalyst in a capillary reactor in rigg 2.8

Bakgrunn

Making a new low temperature selective catalytic reduction catalyst, as a part of my master project.

Beskrivelse og avgrensninger

By using Zirconium, Cerium and Tungsten oxide by hydrothermal method. Stirring in glycerol bath at medium temperatures. Stored in
an autoclave for 3 days, dried and calcined. run through several characterization equipments to determine the catalyst properties.

Sample preparation for the activity measurements.

Forutsetninger, ant og for
[Ingen registreringer]

Vedlegg
[Ingen registreringer]

Referanser
[Ingen registreringer]

Norges t isk-naturvit I i Utskriftsdato:
universitet (NTNU)
Unntatt offentlighet jf. Offentlighetsloven § 14 17.06.2018

Utskrift foretatt av:

Kin Hui

Side:

1/11



B Detaljert Risikorapport

Oppsummering, resultat og endelig vurdering

I oppsummeringen presenteres en oversikt over farer og ugnskede hendelser, samt resultat for det enkelte konsekvensomradet.

Farekilde: Use of furnace

Ugnsket hendelse: Burn

Konsekvensomrdde: Helse Risiko for tiltak: @} Risiko etter tiltak: ()

Farekilde: spilling of chemicals (Acid)

Ugnsket hendelse: acid burn

Konsekvensomrade: Helse Risiko for tiltak: @} Risiko etter tiltak: D
Materielle verdier Risiko for tiltak: @} Risiko etter tiltak: ()

Farekilde: Catalyst preparation

Ugnsket hendelse: Formation of harmful chemicals/gases

Konsekvensomrade: Helse Risiko for tiltak: @} Risiko etter tiltak: ()
Ytre miljg Risiko for tiltak: {§ Risiko etter tiltak: ()

Farekilde: Gas leakage

L hendel Exp e to NO, NO2

Konsekvensomrdde: Helse Risiko for tiltak: {7} Risiko etter tiltak: ()

Endelig vurdering

General lab with no special chemicals is involved, should be perfectly fine doing this alone even outside of office hours.
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B Detaljert Risikorapport

Involverte enheter og personer

En risikovurdering kan gjelde for en, eller flere enheter i organisasjonen. Denne oversikten presenterer involverte
enheter og personell for gjeldende risikovurdering.

Enhet /-er risikovurderingen omfatter

- NTNU

Deltakere
[Ingen registreringer]

Lesere

Magnus Rgnning

Ole Havik Bjgrkedal
Karin Wiggen Dragsten
Edd Anders Blekkan

Andre involverte/interessenter

[Ingen registreringer]

Folgende akseptkriterier er besluttet for risikoomrddet Risikovurdering: Helse, miljg
og sikkerhet (HMS):

Helse Materielle verdier Omdgmme Ytre miljo

Norges t isk-naturvit I lig: Utskriftsdato: Utskrift foretatt av: Side:
universitet (NTNU)

Unntatt offentlighet jf. Offentlighetsloven § 14 17.06.2018 Kin Hui 3/11




B Detaljert Risikorapport

Oversikt over eksisterende, relevante tiltak som er hensyntatt i risikovurderingen

I tabellen under presenteres eksisterende tiltak som er hensyntatt ved vurdering av sannsynlighet og konsekvens for aktuelle
ugnskede hendelser.

Farekilde Ugnsket hendelse Tiltak hensyntatt ved vurdering
Use of furnace Burn

spilling of chemicals (Acid) acid burn Personal safety equipments
Catalyst preparation Formation of harmful chemicals/gases Fume hood

Gas leakage Exposure to NO, NO2 Gas detector

Eksisterende og relevante tiltak med beskrivelse:

Personal safety equipments
Goggles, lab coat

Fume hood
[Ingen registreringer]

Gas detector
[Ingen registreringer]
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Detaljert Risikorapport

Risikoanalyse med vurdering av sannsynlighet og konsekvens
I denne delen av rapporten presenteres detaljer dokumentasjon av de farer, ugnskede hendelser og 8rsaker som er vurdert.
Innledningsvis oppsummeres farer med tilhgrende ugnskede hendelser som er tatt med i vurderingen.
Folgende farer og ugnskede hendelser er vurdert i denne risikovurderingen:
¢ Use of furnace
e Burn
* spilling of chemicals (Acid)
e acid burn
¢ Catalyst preparation
¢ Formation of harmful chemicals/gases
* Gas leakage

*  Exposure to NO, NO2
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Detaljert Risikorapport

Detaljert oversikt over farekilder og ugnskede hendelser:

Farekilde: Use of furnace

use of furnace for calcination or just drying of sample and equipments

Ugnsket hendelse: Burn

Sannsynlighet for hendelsen (felles for alle konsekvensomréder): Sannsynlig (3)

Kommentar:
Accidents can happen

Konsekvensomrdade: Helse Risiko:
Vurdert konsekvens: Liten (1) ..
Kommentar: [Ingen registreringer] . . =
iim B
ums
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Detaljert Risikorapport

Farekilde: spilling of chemicals (Acid)

Ugnsket hendelse: acid burn

Arsak: accident

Sannsynlighet for hendelsen (felles for alle konsekvensomréder): Lite sannsynlig (2)

Kommentar:

[Ingen registreringer]

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Middels (2) ".
Kommentar: [Ingen registreringer] .
| R
E®’ 23
Emu
Risiko:

Konsekvensomrade: Materielle verdier
Vurdert konsekvens: Middels (2)

Kommentar: [Ingen registreringer]
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Detaljert Risikorapport

Farekilde: Catalyst preparation

Synthesizing of new catalyst

Ugnsket hendelse: Formation of harmful chemicals/gases

Sannsynlighet for hendelsen (felles for alle konsekvensomr8der):

Kommentar:
[Ingen registreringer]

Konsekvensomrdade: Helse
Vurdert konsekvens: Middels (2)

Kommentar: [Ingen registreringer]

Konsekvensomrade: Ytre miljg
Vurdert konsekvens: Middels (2)

Kommentar: [Ingen registreringer]

Lite sannsynlig (2)

Risiko:

Risiko:
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B Detaljert Risikorapport

Farekilde: Gas leakage

Ugnsket hendelse: Exposure to NO, NO2

Sannsynlighet for hendelsen (felles for alle konsekvensomr8der): Svaert lite sannsynlig (1)

Kommentar:

[Ingen registreringer]

Konsekvensomrdade: Helse Risiko:
Vurdert konsekvens: Stor (3)

Kommentar: [Ingen registreringer]
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Detaljert Risikorapport

Oversikt over besluttede risikoreduserende tiltak:

Under presenteres en oversikt over risikoreduserende tiltak som skal bidra til & reduseres sannsynlighet og/eller konsekvens
for ugnskede hendelser.

Detaljert oversikt over besluttede risikoreduserende tiltak med beskrivelse:
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@ Detaljert Risikorapport

Detaljert oversikt over vurdert risiko for hver farekilde/ugnsket hendelse fgr og etter
besluttede tiltak
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