


Abstract

The following master thesis is a work package from a larger project for the design of a novel
and commercialize more sustainable process for energy generation. This process is a new hybrid
natural gas combined cycle power plant with integrated high temperature CO> capture with
solid sorbents by carbonate looping. The novelty resides in the design of the carbonator and
calciner, reactors where the sorption/desorption of CO> occurs, and the optimization of the heat
generated by catalytic combustion in the plant. This design achieves a total energy efficiency
of 56% of the power plant, while reducing the size, cost and energy consumption of the CO>

capture process.

This master thesis is focused on the heat required for the CO. capture which, based on the
process design, is provided by the catalytic combustion of natural gas. For this purpose, it was
studied the reaction of catalytic combustion of methane over cobalt-based catalysts over
alumina pellets promoted by cerium oxide as a suitable catalyst for the process. The work in
this master thesis includes the catalyst synthesis, characterization, and activity testing as well
as a kinetic study. Different catalysts, varying the load of cobalt and cerium, were prepared by
different synthesis methods to compare the differences in the surface properties and activity,
including: Pechini method and incipient wetness impregnation. Both methods proved to be
efficient and reproducible techniques to prepare the catalysts. The textural properties of the
catalyst were characterized by the analysis of the N» adsorption-desorption, X-ray fluorescence

spectroscopy and X-ray diffraction.

Finally, the different catalysts were tested for the combustion of methane in a fixed bed reactor.
The reaction products were analysed by gas chromatography and the methane conversion was
calculated by integration of peaks of the chromatogram by using nitrogen as internal standard
and by the mass balance of the components. The results showed that the cobalt catalyst and the
promoted support are active with a minimum ignition temperature of 560°C at the operation
conditions. The results of the ignition curves of Co/Al,O3 showed that the total cobalt loading
does not influence the activity. However, when the cobalt is impregnated on the cerium
promoted support, an enhanced performance in the catalysis of the methane combustion.
Furthermore, the catalytic system of cobalt cerium and alumina proved to be stable without
activity loss for 24 hours at the operation conditions with minor changes in their atomic

structure.
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1.  Introduction and Objectives

The increasing development of the global industry implies an intensification on the energy
demand. The main source of energy are the fossil fuels and their use has been increasing every
year. In 2016, more than 80% of primary energy in the world was provided by fossil fuels. The
COz emissions resulting from combustion for power generation accounts for around 40% of the
total anthropogenic CO> emission (1). Moreover, most likely the global electricity demand will
increase up to 40,000 TWh in 2030 from 24,000 TWh in 2015 (2). One attractive feedstock for
electricity production is the natural gas due to its relative low cost. Natural gas is composed
mainly by methane and it has several advantages including the low content on S, N2, impurities
and it has the highest H/C ratio between the hydrocarbons. According to the IEA report (3), it
is expected that 23% of the total electricity production will still rely on natural gas combined
cycle plants (NGCC) by 2040. However, the necessity of sustainable activities has resulted, in
the last years in a development of new measures and technologies to decrease the impact of the
energy extraction from fossil fuels.

One of the most studied technologies to reduce CO. emissions from the conversion of natural
gas is post-combustion CO> capture (PCCC), a method for carbon capture and storage (CCS).
Currently, the amine scrubbing is the most stablished technology at commercial scale. However,
the reduction on total efficiency due to the extraction of steam in the solvent regeneration, make
necessary to find more economical alternatives for capture process and therefore facilitate its
commercialization (4). The carbonate-looping process (Ca-L) has been considered as an
interesting alternative due to its potential to achieve a lower energy penalty and reduce the cost
by using widely available and inexpensive sorbents. Several studies are focused on integrating
the NGCC plants with the Ca-L (5) (6) (7) (8). In 2013, 1.7MWs4 fluidized bed Ca-L pilot plant
was developed in Spain. The Ca-L consists in two different steps: the capture of CO2 from the
fuel gas in the carbonator and the regeneration of the sorbent at high temperature in the calciner
(9). The regeneration is an endothermic reaction; thus, heat needs to be supplied. For that
purpose, the natural gas internal combustion with oxygen is the most practical approach.
However, the conventional combustion comprises difficulties and limitations. The high
temperature of the conventional combustion leads to CO and NOx formation, unburned fuels,

and inability of working outside the flammability limits.

The aim for a more efficient and less polluting combustion has resulted in the development of
the catalytic combustion. The catalytic combustion provides an alternative method for energy
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production. The advantages of this process are the large range of concentration of hydrocarbons
able to be oxidized over different catalysts and the possibility of operating outside the
flammability limits (fuel to air ratio) of the fuel, being able to operate with leaner conditions
(10). Besides, the catalytic combustion proceeds at lower temperature than the conventional

combustion decreasing the emission levels of NOx (11).

The performance on catalytic oxidation of methane depends on several factors including the
temperature, oxygen to methane ratio, the nature of the active material and the support, the

loading of the metal on the support or the catalyst pre-treatment and preparation (10).

The following report is part of a work package from the ongoing project develop by FJELL
Technology in collaboration with NTNU and SINTEF. The objective of the project is to develop
a feasible commercial alternative for post-combustion CO; capture for a natural gas combined
cycle plant by means of the carbonate looping. The project is divided into 8 work packages.
The chosen for this project is focused on solid to tube heat production and transfer for the

calcination step.

Several catalysts have been tested for the catalytic combustion, including noble metals such as
Pd, Pt or Au. However, due to the poor thermal stability and the high cost of these metals. Other
alternatives have been researched. Within these alternatives, the metal oxide-based catalysts
have proved as a promising option due to higher thermal stability and lower cost. After
reviewing the different catalysts alternatives, it was carefully chosen for the study a cobalt-

based catalyst impregnated on alumina promoted by different loadings cerium oxide.

In this context, the main objective of this master thesis was to find an appropriate heterogeneous
catalyst for the catalytic combustion of methane for the MBCL process. Considering that, based
on the process design, the heat provided into the calciner for regenerating the solid sorbent is

generated by the catalytic combustion of part of the natural gas.

In order to arrive to the main objective some specific tasks were raised, including: the
preparation of several Co-Ce/Al-based catalysts by means of two techniques including,
incipient wetness impregnation and Pechini method. Testing of the different catalysts in the
methane combustion of methane, both in dynamic mode through the ignition curve and stability
tests. Characterization of the materials including the techniques of N2 adsorption-desorption,
X-Ray Fluorescence, and pre- and post- reaction X-Ray diffraction, in order to understand the
catalyst behaviour. And finally, analyse the reaction kinetics, by the differential method, of one
of the most promising catalyst in order to obtain expressions which described the reaction rate
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in the presence of the selected catalyst and allow to simulate the reactor and reaction conditions

for process design of the MBCL.



2.  Catalytic Combustion

2.1  Natural gas combined cycle (NGCC) with CO:2 capture integrated

Based on the future perspectives, the global demand of electricity will increase in the next years.
Thus, finding alternatives for develop sustainable ways for producing the electricity is crucial.
Natural gas provides 20% of the total electricity produced. The general process scheme of the
natural gas combined cycle (NGCC) plant is depicted in the Figure 2-1. The typical operation
in these plants begins with the combustion of natural gas with compressed air. The combustion
gases circulate through a gas turbine and produce electricity by the generator. After the first
cycle, the waste heat of the combustion gas is used for heating steam. The steam produced is

routed to other turbine generating extra electricity.

Fuel in STEAM CYCLE
e L 3 BURNER .

—]
Airin BOILER GENERATOR

Cool flue

GENERATOR gas to stack

TURBINE
COMPRESSOR FUEL LINE

FLUE GAS LINE

Figure 2-1 General Scheme of a Natural Gas Combined Cycle plant

However, the objective of more efficient processes and environmental-friendly have led to new

designs of the NGCC, combining the process with CO; capture.

There are numerous technologies for reducing the CO2 emissions: pre- and post-combustion
capture, oxy-fuel combustion, chemical looping combustion, etc. Within these technologies, the
post-combustion CO- capture is the most promising method of large-scale carbon capture and
storage (CCS) from the combustion of fossil fuels. For the moment, only the amine processes
are available commercially for industrial CO2 capture, being the Boundary Dam Power Station
in Canada the first coal-fired power plant with these technology (12). However, the efficiency
loss due to the use of steam for regenerating the solvents, the amine loss due to volatilization
and its high investment and cost lead to the development of more economical alternative

technologies is crucial.



One potential alternative is the carbon capture by carbonate looping. Several researchers have
found lower energy penalty than in the amine processes (13; 14; 15). Besides, the construction
of a pilot plant-scale in Spain (16) shows the large state of development of this potential

technology (17).

The carbonate looping carbon capture is based on the reversible reaction between the CaO and
COo, described in the following equation. The forward reaction or carbonation is exothermic
while the backward reaction or calcination is exothermic, and it requires a considerable amount

of energy.
Ca0 + CO, & CaCOs AH,og = —178 kJ /mol

The basic process diagram of the carbonate looping is depicted in the Figure 2-2. The containing
CO: flue gas circulates into the first reactor or carbonator. In the carbonator the forward reaction
occurs and the CaO reacts with CO2 producing CaCOs. The reacted sorbent is transported into
the calciner for the regeneration and consequent production of pure CO.. Finally, the
regenerated solvent is returned into the carbonator to complete the cycle. The carbonation
operates between 850k and 950K while the calcination operates between 1150K and 1120K
(18).

CaO
— CO2

Cooling Heating
fluid fluid

CaCOs

h 4

Fuel gas —»

Carbonator Calciner

Figure 2-2 Basic process diagram of CO2 capture carbonate looping (18)

With the aim of developing a novel hybrid natural gas combined cycle plant with post-
combustion CO> capture, a new process has been designed by NTNU/SINTEF/FTG since 2017.

The process flow diagram is depicted below in Figure 2-3.
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Figure 2-3 Process flow diagram for the NGCC with PCCC through Ca-L

The design of the carbonate looping system consists on a moving bed reactor for the carbonation
and a moving bed reactor with a fixed bed catalytic combustion for the calcination. The
combustion gases leave the turbine and circulates through the moving bed carbonator with
counter current flow. In the carbonator, the CaO-based sorbent reacts with the CO2 to CaCOsa.
The solids circulate into the moving bed calciner, where the CaO is regenerated and a pure CO>
stream is produced. The regenerated CaO is sent into the carbonator by means of a gas riser.
The heat required in the calcination is provided by the burning of fuel in a fixed bed catalytic
combustor placed outside of the moving bed calciner and therefore avoiding the direct gas/solid
contact. The solids and pure COz circulate co-currently to the end of the calciner where both
are separated. The exhaust gases from the catalytic combustor are mixed with the exhaust gases

from the turbine to be sent into the carbonator.

The main advantages of this process design are the use of the catalytic combustor for reducing
the total energy consumption for O, production to produce the heat for the calcination, the use
of moving bed reactors and the heat recovery system to increase the total efficiency of the

process and minimize the energy penalty in the CO; capture.

Catalytic combustion, generally defined as complete oxidation, has been studied intensively
during the last decade due to power generation and pollution abatement. In the last years, the
studies about the problems related to air pollution has resulted in an increased interest on

increasing the combustion efficiency of the fuels and reducing the pollutant emissions.

In conventional or thermal combustion, gas-phase radicals are originated thermally, after which

the oxidation of the fuel occurs fast rising the temperature to 1500-2000 °C, at which the



formation of NOx is favoured. Nitrogen oxides are considered as the most common and
dangerous pollutants produced by the combustion. The oxides are mainly formed from two
different sources. On the one hand, thermal NOx is produced by the oxidation of the nitrogen
present in the air. On the other hand, fuel NOXx is produced by oxidation of the nitrogen present
in the fuel. One method to reduce the emissions of this gas comes from the reduction of the
operation temperature by the catalytic combustion (19). Besides, the feed composition must be
selected inside certain parameters. Lean fuel mixtures might lead to unstable flames while high
fuel concentrations might lead to danger of explosion (20).

The catalytic combustion is focused on achieve NOXx level of emission lower than those possible
with conventional flame burner and carry out stable combustion for lean fuel concentration by
using a catalyst (21). The role of the catalyst in the combustion is to perform heterogeneous
oxidation on its surface. With a proper catalyst, the activation energy of the heterogeneous
reaction will be lower than the homogenous and, therefore it is possible to achieve a significant

increase in the combustion rate at lower temperature and leaner fuel concentration (22).

The catalytic combustion can be classified in three different groups according to the temperature
in the combustion system: low (<300 °C), intermediate (300 °C-800 °C) and high temperature
catalytic combustion (>800 °C). The low temperature catalytic combustion operates to remove
traces of organic compounds, such as VOCs (volatile organic chemicals), in tail-gases streams
with a great efficiency. This type of combustion is used for processing the exhaust gases from
industries of organic chemical manufacture and for the catalytic converter for natural gas
vehicles (19). The catalytic combustion at intermediate temperatures has been used for the
cleaning of the exhaust of automobiles, energy recovery systems catalytic heaters, etc. The

common high temperature catalytic combustion applications are in gas turbines and boilers.

The reaction rate of the catalytic oxidation follows a well-established overall pattern, depicted
in Figure 2-4 (20).



Reaction rate ——————

Temperature =

Figure 2-4 Typical Curve in Catalytic Combustion. A: Ignition, B: Light-off, C: Mass transfer limitation, D:

Homogeneous reaction (20)

The catalytic combustion required an increase in the temperature until the start of the reaction.
The first region (region A) of the typical curve of the catalytic combustion, is characterized by
being “kinetically controlled” due to the lower temperature. The rate of the process in this region
is controlled by the surface kinetics. Thus, the starting temperature depends on the activity of
the catalyst and the fuel to burn.

As the rate increases, the accumulation of heat results in catalyst light-off (Region B). The
temperature at which the mass transfer becomes controlling is called light-off temperature.
With increased temperature, the rate growths exponentially until the heat supplied is much
lower than the heat generated in the combustion. At this point (region C), the surface rate is so
high that the mass transfer is the rate-determining step, the reaction is no longer sensitive to
changes in temperature and it is impossible to differentiate between catalysts (23). After the
light-off temperature, the most important parameters are the mass and heat transfer, hence the

shape of the catalyst and support are determinant in this region.

As the energy released by exothermic reaction, the temperature increases significantly more
and, at some point, the homogeneous reaction (gas-phase) takes place at the same time with the
catalytic reaction until the depletion of one/both reactants (region D). The thermal stability of
the catalyst and support is in this region is one of the limiting factors for the correct performance
of the process. It is easy to conclude that the active catalyst is the critical parameter at lower
temperatures, while at high temperatures the support is more decisive. The combination
between the homogeneous and heterogeneous reaction with mass and heat transfer limitations

cause the reaction mechanism to be complex.



In summary, the chemical reactivity of the catalyst and the fuel, mass and heat transfer and

maximum temperature must be considered in order to select the catalyst and the support.

In non-catalytic combustion at lean fuel concentration, the flames may turn out to be unstable
and get extinguish. While with a catalytic substrate, the heterogeneous reaction is initiated in
the catalyst surface and the high thermal inertia of the catalyst bed produce a stable, efficient
and complete combustion with a large equivalence ratio range, ratio between the actual fuel/air
and stoichiometric ratio and with no production of soot.

2.2 Complete Oxidation of Methane

The combustion of methane has been studied widely and the energy produced in the reaction is
well established. The following reaction is a simplification of the actual mechanism which

involves many radical chain reactions (10).
Combustion of Methane:
CH4_ + 202 d COZ + 2H20 AH298 == _8027 k]/m()l

Besides, depending on the air to methane ratio, the combustion of methane can produce non
desired reactions, including partial oxidation, methane steam reforming, water gas shift and

reverse methanation can be present in different extent:

Partial oxidation:
1
CHy + 50, > CO + 2H, AH,95 = —23.1kJ/mol

Methane steam reforming:

CH, + H,0 - CO + 3H, AH,og = 206 kj /mol
Water Gas-Shift:

CO + H,0 - CO + 3H, AH,o5 = —41kJ/mol
Reverse methanation:

CH, + 2H,0 — CO, + 4H, AH,o5 = 164 kJ /mol

The catalytic combustion, as mentioned before, is an alternative method for energy production.
To avoid the production of nitrogen oxides and the thermal sintering of the catalyst, the reaction
temperature must be controlled and maintained below 1600°C. Besides, under this temperature,

the reaction conditions can be controlled more precisely. However, the catalytic combustion of
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methane is more difficult to control the temperature due to the requirement of high temperature

for initiating the oxidation and the large heat produced after the beginning of the reaction.

The reaction is thermodynamically favoured but due to the high stability of the C-H bond is
kinetically hindered. The kinetics of the catalytic oxidation of methane have been studied
widely due to their influence on the first stages of the reaction. As it was said before, the kinetics
are the rate determining step for the initial stage of the reaction, where the temperature is lower
than the light-off. Comprehend the mass and heat transfer theory is required in order to design
a catalytic combustor. It is well known that the rate cannot be higher than the transport rate of
the reactants from the bulk stream to the catalyst surface. So, after the initial stage, where the
rate is “kinetically controlled”, the mass and heat transfer become more important. At this point,
the rate of the reaction cannot be improved by increasing the activity of the catalyst, but it can
be improved by increasing the catalyst surface area. The heat generated by the combustion of
methane must be transported from the catalytic surface to the bulk stream. After the first stage
of the combustion, the temperature of the catalyst increases and exceeds the light-off. At this

point, the temperature of the catalyst surface can be much higher than the bulk stream.

The mechanism of the oxidation of methane is still unclear for most of the catalysts due to the
high temperature conditions and fast oxidation reactions. The mechanism varies in different
catalysts (24; 25; 26; 27). However, the mechanism and the Kinetics of the system must be

studied due to economics and safety concerns.

2.3  Catalyst characterization

The textural properties of the different catalysts were characterized by X-ray fluorescence

spectroscopy (XRF), N2 adsorption-desorption and X-ray diffraction (XRD).
2.3.1 X-Ray Fluorescence Spectroscopy (XRF)

The X-Ray Fluorescence spectroscopy is a characterization technique based on the
characteristic radiation emitted by an X-ray (0.01-10 nm) irradiated sample. The energy radiated
is characteristic for each element and therefore is possible to determine the components of the

sample and its loading by measuring the energy of the radiation and its intensity.

When an atom is irradiated with X-rays with enough energy, electrons can be expelled from it
producing a hole in the electronic shell. This phenomenon causes an unstable excited state with
higher energy. To restore the stability of the atom, a higher energetic electron from an outer

shell is transferred to the hole. The difference on energy, characteristic for each atom, between
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the two shells will be emitted as X-rays. In addition, different holes can be produced and
therefore emit more than one single energy. All these different energies will provide a spectrum
characteristic for each element (66).

2.3.2 N2 Adsorption-Desorption

The textural parameters of the catalyst of specific surface area (m?/g), specific total pore volume
(cm®/g) and average pore distribution (nm) were determined by the analysis of the adsorption-
desorption isotherm of N2 at 77K. The adsorption isotherms were obtained by the relation of
adsorbed gas at constant temperature and the equilibrium pressure of the gas. The isotherms are
classified in six different types depicted in. Microporous solids with relatively small surface
give type I. Non-porous or macroporous materials give type Il. Type Ill and V are not common
and are characterized by having weak interactions between adsorbent and adsorbate. Type VI
is characteristic of a uniform non-porous material. Type IV is characterized by the hysteresis
loop associated with capillary condensation in the mesopore structure. Type H1 is related of a
narrow pore size distribution. Undefined pore size and shape gives type H2. Type H3 is given

by plate-like aggregates with no limiting adsorption at high relative pressure while the type H4
is associated with slit-like pores (67).
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Figure 2-5 Types of physisorption isotherms and hysteresis loop (68)

The BET method (69) was used to determine the specific surface area (BETarea) Of the materials.
The technique is based on the isotherm adsorption of gasses on the catalysts surface is arranged
in layers. The BET method obtains the surface area by the amount of gas required to fill a
monolayer on the catalyst surface. However, this method only can be used with rigours results
for the type Il and IV isotherms. On the other hand, capillary condensation is responsible of

the filling of mesopores and macropores. The BJH theory is based on assuming the radius of
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the pore to be equal to the sum of the multilayer thickness (from the BET theory) and the radius

normally calculated from the Kelvin equation (68) assuming cylindrical shape.
2.3.3 X-Ray Diffraction (XRD)

X-ray diffraction is a non-destructive technique widely used in the study and analysis of
catalysts, since relevant information can be obtained about the nature, crystalline or amorphous,
of a certain material, and about the atoms structuring and spacing of the crystalline materials
present in a sample. The XRD is based on the elastic scattering of the X-rays photons by atoms
in a periodic lattice. The diffraction patterns identify the crystallographic phases that are present
in the catalysts by using the Bragg relation:

nA=2-d-sinf;n=1,2,.. Eq. (1)

Where n is the order of reflection, A is the wavelength of the X-ray, d is the distance between
two lattice planes and @ is the angle between the X-ray and the normal to the reflecting lattice
plane (70). By measuring the angles, 26 (angle at which the X-rays leave the crystal) the Bragg
relation gives the equivalent lattice distance. The width of diffraction lines in the diffraction
pattern depends on the shape of the particle. Perfect crystals diffraction lines are narrower than
smaller crystal size due to interferences in scattering directions. The Scherrer formula relates

the crystal size with the diffraction line width:

g =—2 Eq. (2)

" bcos8

Where ¢ is the dimension of the particle in the perpendicular direction to the reflecting plane, 1
is the wavelength of the X-ray, b is the additional broadening (peak width) and 8 is the Bragg

angle.
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3. Experimental Procedure

3.1 The Catalyst

The catalyst system in general consists in two different components: the active material
(catalyst) and the support (substrate and washcoat). The efficiency of the overall catalytic
combustion depends on the election of both components. To achieve an efficient combustion,

the catalytic system should include these properties:

I. The active material should be able to initiate the reaction at the lowest temperature
possible. The light-off temperature should be the lowest possible.

ii. The activity of the catalyst should be high enough to perform complete combustion with
the lowest fuel/air ratio and it should be maintained after continued use at high
temperature.

iii. The catalyst should have good thermal stability, low pressure drop and resistance to
poisoning and carbon deposition.

iv. The catalyst should have high surface area and should be able to maintain it under high
temperature conditions.

The different high temperature active materials studied for the combustion of methane, depicted
in Figure 2-5, are comprised of noble metals, single-metal oxides or a combination between

them, such as Perovskite, Spinel or Hexaaluminate (28).
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Figure 3-1 Scheme of the different catalysts for methane combustion (29)

2.1.1 Nobel Metal-Based Catalysts

Metals and metal oxides have been used as catalyst for oxidation processes. However, the noble
metals show several advantages over the others, including higher resistance to low temperature
activity loss, more resistance to deactivation by sulphur below 500 °C and higher activity for
the combustion of several fuels. For the catalytic oxidation of methane, supported noble metals
(Pt, Pd, Ag, Au) are active at lower temperatures than metal oxides being CO2 the main product.
Several studies showed the good performance with Pd-based catalysts (30; 31; 32; 33) and Pt-
based catalysts (34) (35) in the complete oxidation of methane.

However, those catalysts are prone to deactivation due to poisoning (36; 37) and sintering.
Furthermore, its high cost has pointed out the need of research on other alternative materials.
With this purpose, the transition metal oxide-based catalysts are interesting and potential

candidates for the total oxidation of methane.
2.1.2 Metal Oxide-Based Catalysts

Several research groups have studied the catalytic activity of metal oxides for the oxidation of
hydrocarbons (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (29) (50).

The metal oxides, mainly transition metals, are able to catalyse oxidations reactions due to the

ability of the metal ions to assume more than one valence states and to form easily a redox-
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cycle between low and high oxidation state while the oxygen in the lattice can be released and
restored. The research on the oxides of the fourth period showed that the catalytic activity varies
intensely being the more active those with 3, 6, and 8 d-electrons. Consequently, the catalytic
activity depends on the d-shell electron configuration of the metal due to alterations in the
catalytic crystalline structure (38). The metal oxides have precursors and raw materials more

abundant than the noble metals and therefore, there are cheaper.

As mentioned before, for combustion application, those catalysts that are able to maintain their
activity at high temperatures are potential alternatives. An appropriate election of active
material and support may result in highly active and stable catalyst. Although the operation
conditions may result in a recrystallization of the metal, which decrease the catalytic activity,
the rate of the overall reaction will not be reduced because the surface reaction is the limiting

step.

These features can be improved by the combination between different oxides, providing more
stability and activity than single oxides due to the interaction between the support material and

the active phase.

One of the most active metal oxides for the oxidation of methane is CuO (39) (40) (41). This
catalyst has been studied over different supports such as Al.O3, ZrO; or SiO2. The activity of
CuO/ZrO, catalyst was relatively higher than the others due to the capacity of Zr to stabilize
highly disperse Cu species.

Manganese oxide has excellent catalytic performance in the oxidation of methane (42) (43).
The redox properties, which permits Mn to varies its oxidation state and storage oxygen in its
crystalline structure, allows Mn to catalyse the oxidation of methane. Besides, the catalytic
activity of MnOx can be enhanced by the addition of other metals as promoters.

McCarthy et al. investigated several (51) metal oxide catalysts in the combustion of methane

and they observed the following activity sequence C0z04>CuO>NiO>Mn;03>Cr,03.
Cobalt Oxide-Based Catalysts

Within the metal oxide-based catalysts, those formed by cobalt species have proven to be an
interesting alternative to noble metals and other metal-oxide catalysts due to its high activity
and lower cost, and it has been researched accordingly (44) (45) (46) (47) (48) (49) (29) (50).

Cobalt oxides performance in the complete oxidation of methane is based on the ability to

exhibit oxidation state of +2 and +3 and the presence of them generally depends on the
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temperature and partial pressure of the oxidant (51). Based on the literature, the cobalt oxide
systems which are active for oxidation reactions have a spinel structure. Between the cobalt
oxide, Co304 (Co?** C02%"04), a mixed valence compound with spinel structure, is the most active
specie. However, its activity depends strongly on textural and reduction properties. The
octahedral coordination structure of the Co-spinel is the reason behind its higher activity (52).
On the other hand, ions with tetrahedral structure are inactive due to lower valence cations,

stronger metal-oxygen bonds and difficulty access to tetrahedral surface site (53).

One of the main disadvantages of the Coz04 catalysts is the deactivation at high temperatures.
However, it can be reduced by controlling the crystallite sizes and the oxygen concentration in
the reaction mixture (44). This can be avoided adding supports and promoters that can stabilize
the Co ions. The use of CeO- to increase the catalytic activity and the thermal stability was
studied by Li et al (47) with interesting results, showing the best performance the catalyst with
a Co/Ce ratio of 3/1. Liotta et all reached a significant improvement of the activity with
composite oxide based on Co/Ce. (44; 54).

Cerium Oxide-Based Catalysts

Cerium oxide, CeOo, is a rare earth metal oxide active for the oxidation of methane (55) (56).
The catalytic activity on CeO: is related to its ability to release and absorb oxygen during redox
cycles, and therefore act as an oxygen buffer. The cerium oxide is widely used in the 3-way
catalysts on the car exhaust gas clean-up for the reduction of NO and the oxidation of CO and
HC. The use of ceria as a promoter or co-catalysts have been studied extensively to enhance the
activity or thermal stability of the catalysts (33; 34; 57; 41; 44; 40; 48; 42; 47). Besides, the use

of ceria can effectively disperse the active phase and prevent the sintering.

Regarding cobalt-based catalysts and as it has been mentioned before, Coz04 has proven to be
an active catalyst. However, at high temperatures (>550°C), the material suffers from sintering
decreasing its activity. This can be avoided using supports that can stabilize the Co ions. The
use of CeO- to increase the catalytic activity and the thermal stability was studied by Li et al
(47) resulting on a light-off temperature decrease, being the most active and stable the catalyst

synthesized with cobalt to ceria ratio of 3/1.
2.1.3 Catalyst Support

The active catalytic material is often dispersed on a support. The supports are materials that
may be catalytically inert, but it may enhance the overall activity. The support provides a matrix
where the active material is dispersed which increase the total surface area. In addition, the

17



supports may decrease the sintering of the catalyst and improve the thermal shock stability.

Generally, the supports involve two different components: the substrate and the washcoat.

The substrate provides structural integrity to the support and catalyst. Ceramics are the most
used materials for the fabrication of substrates, but metal alloys are potential substrates too.
Different ceramics are available for catalytic processes. In the following table the main ceramics
families and their characteristics are depicted. There are different geometric ways to make the
substrate, such as honeycombs monoliths, pellets, foams, etc and the election of them depends

on factors as the pressure drop or mass capacity requirements.

Table 3-1 Ceramic families and their thermal properties

Ceramic Properties

) Thermal
) ) Material Thermal Thermal
Ceramic family shock o Other
Cost ) strength conductivity
resistance
Alumina Low Fair Good Low Most used

18



Beryllia High Great Good High Toxic
_ ] Moderate-
Zirconia _ Good Good Low >2200°C
High
Sulphur
Spodumene Moderate Good Good Good .
sensitive
o Corrosion
Cordierite Moderate Good Good Low )
resistant
) ] Corrosion
Mullite Moderate Fair Good Low )
resistant
N ) ) No self-
Silicon carbide | Low-High Great Great Low bond
on

Alumina, Al20s3, is the most used substrate for high temperature (up 1480°C) operation due to
its low cost, reasonable high thermal and mechanical stability and non-reducible properties. The
most important transition alumina, and the one with more applications, is y-Al2O3 due to its
combination of textural (surface area between 50-300 m?/g, pore volume of 0.6 cm®/g), which
allows to form mechanically stable pellets, and acid/base properties (58; 59). However, at high
temperatures y-Al203 undergoes a series of polymorphic transformations until reach the stable

a-Al>03 with reduced pore volume and surface area.

Besides the ceramic materials, metal alloy substrates are being developed to increase the
thermal shock and material integrity resistance. The main problem with the metal substrates is

the difficulty to obtain a stable catalyst washcoat.
2.1.4 Catalyst synthesis

According to actual estimations, 85% of total industrial processes are enhanced by using
catalysts. In addition, all the literature highlighted that the catalytic performance, activity,
selectivity, and stability, is strongly dependent on the preparation method. Therefore, the
catalyst synthesis must be considered as one of the most important steps. However, not all
preparation methods are available for industrial purpose. Only those with limited number of

unit operations are considered, besides evaluating the economic and ecological factors, and
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achieving the catalyst synthesis with total deposition for the active material. Consequently, most
of the industrial catalysts are prepared by impregnation, precipitation, or ion-exchange
techniques. In the following Figure 2-6, the general procedure for catalyst impregnation is
depicted (60).

Chemical processes in the solution and/or
in the solid liquid interface

( — Equilibration Solid-liquid )
(imprgnaion) | Fuibaton | [ Sodlianid | (i)

- S Gas-solid{ir = J

and solid-solid reactions
[Activation] o [ .-\ir-calcinalinn]
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Merallic  Sulphided Oxidic
catalysts catalysts catalysts

Figure 3-2 General Procedure for catalysts synthesis (60)

The impregnation method is one of the most used synthesis techniques. The preparation method
aims for achieve an evenly distributed dispersion with total deposition of the active metal with
minimum number of steps. With the impregnation, the precursors are dissolved in a liquid and
the solution diffuses into the porous of the support achieving the dispersion of the active
material. This step is called impregnation. Subsequently, the solid-liquid mixture must undergo
another step called drying in which the liquid is eliminated and the active material is deposited

in the support.

Depending on the volume of solution used to dissolve the precursors, impregnation can be
classified in “dry or incipient impregnation”, when the volume of solution does not exceed the
pore space, or “wet impregnation”, when the support is immersed in the precursor solution.
Incipient wetness impregnation requires the determination of the pore volume of the support
before the synthesis for matching the value with an accurate volume of the precursor solution
for ensuring a more uniform distribution. Generally, water is used as solvent for filling the pores
of the pellet with the active compound (61). After impregnation, it is necessary to eliminate the
solvent. The common approach is to gradually heat up in an oven to reach the boiling point for
slow drying of the sample. The removal of solvent increases the concentration of precursors
until saturation and crystallization. In addition to the drying step, the calcination of the sample

is required to prepare the active catalyst. The calcination is a high temperature reaction step for
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eliminating the anions and additives by decomposing or burning them. This step can be used as

well for reducing the catalysts by calcination in a reducing atmosphere such as Hz (62).

Sol-gel techniques are one of the most important and versatile methods for catalyst preparation
characterized by achieving high level of chemical homogeneity. The steps in sol-gel methods
are the formation of a colloidal solution by condensation of dissolved molecular precursors and
the integration of the colloidal particles into polymeric chains by chemical bonds (60). M. P.
Pechini developed a sol-gel method, depicted in Figure 2-7, in which gel is created by the
esterification of chelates with polyalcohol. The chelate is formed between cations, dissolved as
salt in water, with hydroxycarboxylic acid, being citric acid the common alternative (63; 64).
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Figure 3-3 General scheme of the reactions in Pechini method (65)

In order to obtain the dry active material, it is necessary to eliminate the solvent, generally by
evaporation and subsequent calcination equally as in the impregnation method.

3.2  Catalyst Synthesis

A total of 10 different catalysts were prepared throughout the master thesis, which have been
divided into two groups. First, Co/Al>O3 based catalysts will be described, followed by those
based on Co-CeO2/Al;0:s.

Furthermore, two different synthesis techniques were employed in the preparation: Pechini
method and incipient impregnation (IWI) as it has been described previously, with the purpose
of studying the textural properties of the catalysts and its catalytic performance in CHs
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combustion. The cobalt and cerium precursors used for the synthesis were Co(NO3).-6H20
(Sigma-Aldrich, >98%) and Ce(NO3z)2-6H20 (Sigma-Aldrich, >98%) respectively. The support
used for all catalysts were y-alumina 1.0/160 from Sasol shaped to spheres pellets of 1 mm of

diameter.
3.2.1 Co/Al20s3 catalysts

The first catalysts group were synthetized by means of incipient wetness impregnation of
Co(NOz3)2:6H-0 on the alumina spheres. In order to study the influence of the loading of cobalt
in the catalysts, 5, 10 and 12.5% wt. Co/Al>O3 were synthetized. Prior to the synthesis, the pore
volume of the alumina was calculated by adding drops of distilled water stepwise until the
support was completely wet. The value of pore volume was also confirmed by the BJH method
obtained from the N adsorption/desorption. For each synthesis, the desired amount of
Co(NO3)2-6H20 was dissolved in the required volume of water to ensure the cobalt load in the
catalyst. The mixture was stirred for 30 minutes until the precursor was completely dissolved
in the water. Subsequently, the solution was added drop by drop to the alumina pellets (typically
5 g) while it was magnetically stirred. The stirring was maintained for 4 h to achieve the best
dispersion possible. The solid was dried in an oven at 60 °C (1 °C/min) for 10h and at 110 °C
(1 °C/min) for 14h. Finally, the sample was calcined at 800 °C for 5 hours, following a
temperature ramp of 3 °C/min. In the appendix A is described both the calculation done, as well

as the amount of precursor employed for each preparation.
3.2.2 Synthesis Co-CeO2/Al203

The cobalt catalysts promoted by cerium oxide were prepared by two different methods. On the
one hand, four supports of CeO2/Al,O3 were prepared by Pechini method (71) with different
loadings of cerium oxide (5,10,15 and 20% wt.). For the catalyst preparation, certain amount of
Ce(NOs)2:6 H20, citric acid (CA, chelation agent) and polyethylene glycol (PEG,
polymerization agent) was dissolved in the required distilled water calculated for the
impregnation of the Al.O3. The mixture was stirred for 30 min at room temperature until
homogeneous solution was reached. Subsequently, the mixture was added to the alumina pellets
drop by drop under continuous stirring. For the solvent drying, the mixture was heated in an
oven for 10 h up to 60 °C (1 °C/min) and for 14 h up to 110 °C (1 °C/min). Finally, the dry solid
was calcined for 5 hours at temperatures from 700 °C to 1000 °C with a temperature ramp of 3
°C/min obtaining 4 different materials (CeO2/Al>03 700, CeO2/Al>03 800, CeO,/Al>03900 and
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Ce02/Al,03 1000). The calculations and amount of required precursors and reactive are

described in appendix A

As mention before, in order to compare the synthesis method, the modified support of 10% wit.
CeO2/Al>03 was prepared by incipient wetness impregnation using the same drying and

calcination conditions as for the one synthetized by Pechini method.

The cerium promoted supports were finally impregnated with cobalt following the 1WI
technique. Same procedure described above was followed to find the pore volume for the IWI
impregnation. The metal precursor solution was finally added to the modified supports
(CeO2/Al>03) drop by drop under continuous stirring. The mixture was stirred for 4 hours and
subsequently dried and calcined in the same conditions as described previously for the Co/Al203
catalysts (dried in an oven at 60 °C for 10h and at 110 °C for 14h at 1 °C/min, followed by the
calcination at 800 °C for 5 hours with 3 °C/min).

With the aim of increasing the efficiency of the catalyst synthesis, one-step impregnation of the
most promising catalyst was done (10Co-10CeO/Al203). In this synthesis, both promoter
(CeO.) and active phase (Co0304) were added in the same step avoiding intermediate

calcinations and hence, time and cost of the catalyst.

10Co0-10Ce0./Al>03 catalyst was prepared by Pechini method in one step impregnation, thus,
adding cerium and cobalt precursors and the corresponding CA and PEG solution. The
impregnation was done following the same procedure as described above as well as the
corresponding drying and calcination (dried in an oven at 60 °C for 10h and at 110 °C for 14h
at 1 °C/min, followed by the calcination at 800 °C for 5 hours with 3 °C/min). The exact amount

of components are described in Appendix A.

Table 3-2 Summary of the synthesized catalyst

Ceria Cobalt

Catalyst name

impregnation

impregnation

Ceria loading

Cobalt loading

(0) 0]
method method (%) (%)
5Co/Al;03 - IWI 0 5
10Co/Al,03 - IWI 0 10
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12.5Co/Al;03 - IWI 0 12,5

10Co0-5Ce02/Al,03 Pechini IWI 5 10
10Co0-10Ce02/Al03 Pechini IWI 10 10
10Co0-10Ce02/Al203- .

Pechini 10 10

OneStep
10Co0-15Ce02/Al03-P Pechini IWI 15 10
10C0-15Ce02/Al03-1 IWI IWI 15 10
10C0-20Ce02/Al03 Pechini IWI 20 10

3.3 Catalyst Characterization

X-Ray Fluorescence Spectroscopy

The composition and loading of the catalyst were obtained by XRF techniques with a Rigaku
SuperMini200 spectrometer. The preparation consisted in preparing a pellet with 200 mg of the

crushed sample mixed with 2 g of H3BOz (Boric acid) acting as a binder. MAS
N, Adsorption-Desorption

The textural properties of the catalysts were determined by means of adsorption-desorption
measurements of N2 at 77 K. As it was described the technique allows determining the specific
surface area (m?/g), the total specific pore volume (cm®/g), size distribution of pore and average

pore diameter (nm).

The adsorption-desorption isotherms of N2 were determined at the normal boiling temperature
of liquid nitrogen, -196 °C (77 K), using a static method on a Micrometrics TriStar 3020
automatic volumetric analyser. Before the analysis, the samples were degassed at 200 °C and
vacuum overnight. The surface areas were calculated using the BET equation with 5 values of
N2 adsorbed at relative pressures between 0.05 and 0.2. On the other hand, the specific pore
volume was estimated from the volume of nitrogen adsorbed at a pressure relative of 0.99,
assuming that the density of the condensed nitrogen in the pores is equal to that of the liquid
nitrogen at -196 °C (0.8 g / cm3). Finally, the pore diameter was calculated from the pore size
distribution obtained using the Barrett, Joyner and Halenda method (BJH).

24




X-Ray Diffraction

An X-ray D8 Advanced DaVinci diffractometer was used to perform the measurements.
Diffractograms were recorded at a 20 angle range of 5—75 °, with a step of 0.02 ° and a signal
accumulation period of 1 s per step. The peak identification and the calculation of the crystallite
size was carried out with the software DIFFRA.EVA V5.1 and the Crystallography Open
Database (REV212673 2018.12.20). To calculate the crystallite size of the cobalt oxide the
Scherrer equation (Eq. 2) was applied. The used value of the full width at half maximum was

the average of the peaks at 26 position around 32°, 38° and 60°.

3.4  Activity Analysis
3.4.1 Description of the installation

The catalytic tests on the methane combustion were carried out in a cylindrical quartz reactor
with an internal diameter of 5 mm operating at atmospheric pressure. A schematic drawing of

the set-up is depicted in the Figure 3-1.
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Figure 3-4 Schematic drawing of the Catalytic Combustion Installation

The flow of the gasses in the installation were controlled by means of 3 mass flow controllers
(MFC) previously calibrated. The effluent gas from the reactor was cooled down in a steam
condenser. Finally, the exiting dried gas composition were analysed in an Agilent 3000 dual
channel micro-chromatograph (GC), equipped with a Molsieve and a Plot column. The
calculations were done employing N2 as internal standard. Before the experiments, both the
MFC and the GC were calibrated to guarantee the precision of the measurements. MFC and GC

calibration are showed in Appendix C.

The furnace temperature was controlled by a movable K-type thermocouple placed in the outer
wall of the quartz reactor at the same height as the catalyst bed. For measuring the reaction
temperature, other movable K-type thermocouple was placed inside the quartz reactor in contact
with the end of the catalyst bed. Before each experiment, a leak test was made in order to ensure

the isolation of the installation.

The concentration of components was calculated based on the integrated peak areas and the
response factor of each component following the next equation:

Ci = Areai . RFL Eq (3)

The conversion of methane was calculated by two different methods to ensure the accuracy of
the values. On one hand, the conversion was calculated based on the concentration of the

products of the combustion and the methane, using the following equation:
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Cco*+Cco
XCH = 2 Eq (4)
4 CcotCco,+CcH,

The second way to obtain the conversion was based on the steadiness of the concentration of
nitrogen in the reactor. Using the initial area of methane and the area of nitrogen as internal
standard is possible to obtain the conversion of methane with the following relation:

AreaNZO AreaN2
-,

Areacy, —~ Areacy
— 0 4
XCH4 - AreaNZO Eqg. (5)

AreaCH40

3.4.2 Ignition curves

Combustion reactions are characterized by a very strong dependence on the temperature
because its high activation energy. This means that while at a temperature of 300 °C the reaction
does not take place, at 400 °C the conversion can be complete. This fact together with the
exothermic nature of this type of reaction makes that the conversion of CHas increases
dramatically in a very small temperature range, which is called ignition process. Therefore, a
common test to evaluate the activity of a catalyst is to record the conversion of CHs4 (XcHa),0r
yield to final product (Ycoz2) while increasing or decreasing the temperature of the catalytic
reactor, which is known as ignition test. The ignition curves obtained from these tests allow to
compare the activity and stability of the different catalysts under study in a qualitative waylIn
this work the ignition tests of all the synthetized material was done in temperature ascending

mode.

To obtain the ignition curves for all catalysts, 0.1 g of catalyst pellets were introduced into the
reactor, diluted with 2 g of a-Al>Oz in order to avoid hotspots along the catalyst bed. Nitrogen
was used as inert gas while a mixture 1:1 in volume of oxygen/argon was used as oxidant.
Oxidant and fuel were diluted with the inert mix downstream the reactor and were introduced
by different pipes in the set-up and mixed at the top of the reactor. The relation between the fuel
and air was selected to be below the flammability limit of methane, <5% (72). The

compositions of the gases employed in the different experiments are described in the table 3-4.

Table 3-3 Gas Flows used for the ignition curves
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QcHa Qo2 One2 Qrotal CHu4/Air
_ Pcha (Pa) ) ) .
(cm3/min) (cm3/min) (cm3/min) (cm3/min) (%)
7 3500 17.5 158 200 3.5

The temperature was increased from room temperature to 850 °C with a ramp of 3.5 °C/min,
maintaining isotherm conditions at specific temperatures until the methane conversion was
stable. Once the conversion was stable, the value was gathered for represent the ignition curves.

The composition of the outflow was analysed by gas-chromatography as it was explained above.
3.4.3 Stability test

The requirement of the catalyst to be operating continuously leaded to check its time on stream
stability . The stability tests were performed for the catalyst with more promising results in the
ignition curves. The stability test consisted of study the ability to maintain the catalytic activity
throughout 24 hours at relatively low conversion. It was selected 40% of methane conversion
for the study, corresponding to nearly 700 °C. After the stability study, XRD analysis were

performed in order to report changes in the catalyst phases.

The stability test was performed with the same gas flows as the ignition curves. The actual
values are depicted in table 3-5.

Table 3-4 Gas Flows used for the stability test

QCH4 QOxidant QNz QTotaI CHu4/Air
_ Pcha (Pa) ] . )
(cm3/min) (cm3/min) (cm3/min) (cm3/min) (%)
7 3500 35 158 158 3.5

3.4.4 Kinetic analysis

After the ignition and stability test of the catalyst, the kinetic study was accomplished. The
study was performed at steady state conversions of methane of 15% or less at constant
temperature. The aim of the study was to measure the reaction rate achieved at steady state

depending on the methane concentration and temperature.

Based on the design equation for a plug flow reactor (PFR):
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w dXCH4 XCH4>O'15 W XCH4_ £ (6)
= > = q
FOCH4 d(_rCH4) FOCH4 (_rCH4)
Obtaining the reaction rate in differential regime:
_ XcHyFchy
(—recu,) = —w Eq. (7)

Where (—rcy,) is the reaction rate (mol/s-gcat), Xy, is the conversion of methane, FOCH4is the

initial molar flow rate of methane (mol/s) and W is the catalyst weight (g). Varying the
FOCH4/XCH4 ratio it is possible to obtain different reaction rate values. The procedure was to
measure the outlet CO> concentration by the G-C at stable temperature. After varying the
temperature from 435 °C to 530 °C and the inlet molar flow rate of methane from 2100 Pa to
3100 Pa, it was obtained a collection of reaction rates that could fit in a kinetic model. In the

table 3-6, it is depicted the different flow rates and conditions of the kinetic analysis.

Table 3-5 Gas flows rate, methane partial pressure and methane mol rate used in the kinetic study.

QcHa Qair Qo2
] ] ] %CHg4 Pcha(Pa) | FocHa (mol/s)
(cm3/min) (cm3/min) (cm3/min)
5 1775 17.5 2.1 2100 0.73-107
6 176.5 17.5 2.5 2500 1.04-107
7 175.5 17.5 2.9 2900 1.41-107
8 174.5 17.5 3.32 3300 1.84-107

The final objective of this analysis is to obtain the kinetic expression derived from the
experimental data. It is possible to fit the experimental data to different kinetic models. The
kinetic models may be based on the reaction mechanism, like Mars Van Krevelen (MVK) and
Langmuir-Hinsheldwood-Hougen-Watson (LHHW), or more simple models such as the power-
law model. The power-law model is an empiric kinetic model that describes the reaction rate as

a function of the concentration of one reactant:

(—reu,) = k' Pcy, Eq. (8)
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This model is one of the simplest models but is useful for a preliminary analysis and for a quick
comparison between kinetic performance between catalysts. In this study, the experimental data

was fitted to this model.
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4. Results and discussion: Catalytic Combustion of
Methane

In the following section the results of both characterization and catalytic activity obtained with
the different catalysts will be described. In addition, the discussion of the attained results is
going to be carried out trying to explain these results by relating the characterization data
obtained with the catalytic test, as well as basing them on the existing literature.

4.1 Catalyst Characterization
4.1.1 X-Ray Fluorescence Spectroscopy

All final catalysts were analysed by X-Ray Fluorescence Spectroscopy (XRF) to verify the
desired metal loading. Tables 4-1, 4-2 and 4-3 shows the results of cobalt, cerium oxide and
alumina content (% wt.) obtained by XRF for Co/Al.O3, CeO2/Al>03 and Co-CeO2/Al>03 and

compared with the theoretical values.

One of the objectives of this project was to synthetize the catalyst with a method providing a
total deposition of the active material. The obtained results are in concordance with the
theoretical values calculated for the catalyst synthesis demonstrating the validity of the
preparation method for accurately deposit nearly all the metal precursors in the alumina support.
In addition, all preparation methods (Incipient Wetness Impregnation, Pechini) have proven to

be effective synthesis techniques and therefore prepare the catalysts with limited steps.
Table 4-1 Metal loadings (wt.) of the Co/Al,O; catalyst analysed by XRF and compared with the theorical values

Co calculated Co by XRF Al203
Sample
(% wt.) (% wt.) (% wt.)
5Co/Al>03 5 55 94.2
10Co/Al03 10 10.3 89.4
12.5Co/Al03 12.5 12.2 87.6

31



Table 4-2 Metal loadings (wt.) of the CeO,/Al,O3 modified supports analysed by XRF and compared with the

theorical values

Sample CeOz calculated | CeO:2 by XRF Al20s

(% wt.) (% wt.) (% wt.)
5Ce02/Al203 5 5.2 84.1
10Ce02/Al20s 10 10.3 89.3
15Ce02/Al;03-P 15 15.1 83.7
15Ce02/Al203-1 15 14.7 84.6
20Ce02/Al>03 20 19.8 80.1

Table 4-3 Metal loadings (wt.) of the Co-CeO2/Al,O3 catalyst analysed by XRF and compared with the theorical

values
Promoted
Co calculated Co by XRF
Sample Support
(% wt.) (% wt.)
(% wt.)

10Co0-5Ce02/Al,03 10 10.3 84.7
10C0-10Ce0>/Al;03 10 10.1 79.3
10Co0-15Ce0,/Al,03-P 10 10.7 73.7
10Co0-15Ce0,/Al03-1 10 10.4 74.6
10C0-20Ce0,/Al;03 10 9.8 70.1

4.1.2 N2 Adsorption-Desorption

The analysis of N2 Adsorption-Desorption was done for the Co/Al.Oz catalysts, the CeO2/Al,03
modified support and for the final Co-CeO./Al20s catalysts. The surface area was obtained by
the BET method, while the information of the pore volume was calculated by the BJH method

as describe in the section 2.3.2.
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Firstly, in the Table 4-4, the textural properties obtained for the Co/Al.O3 catalyst by the
analysis of the N2 adsorption-desorption and the BET/BJH method are represented. As it was
expected, a slightly decrease of both BET surface and pore volume was seen in the final catalyst
comparing with the support (from 162 to 126 m?/g in the Sger and from 0.48 to 0.44 cm®/g in

the Vpore) due to deposition of cobalt.

The reduction in the surface area is more prominent when the loading of Co is higher than 10%,
with a decrease in surface area of ~20 m?/g for the 5% and 10% cobalt loading catalysts, and of
~40 m?/g when the Co loading is increase from 10% to 12.5%. Due to this low difference in the
reduction of surface area between the 5% and 10% of cobalt, it was decided to continue the

study of the catalyst for those loadings.

Table 4-4 Surface area, pore volume and average pore width of the Co/Al,Os catalysts obtained by N
Adsorption-Desorption at 77K and compared with the uncalcined Al;Os

BET Surface Pore Volume Pore Width
Catalyst
area (m?/g) (cm3/g) (nm)
Al,O3 Uncalcined 162 0.48 8.3
5Co/Al;O3 144 0.44 8.3
10Co/Al,03 139 0.39 8.2
12.5Co/Al;03 126 0.37 8.2

The next step was to study the influence of the calcination temperature on the CeO2/Al;0O3
supports. In the following Table 4-5, the effect of the calcination temperature in the textural
properties is depicted. As it was expected, the surface area of the supports decrease when the
calcination temperature increases from 147 m?/g for the support calcined at 700 °C to 97 m?/g
for the one calcined at 1000 °C. This decline is particularly pronounced at values higher than

900 °C, indicating that at this temperature sintering could start happening (74). The same
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tendency was observed with the pore volume, where an abrupt decrease in the pore volume is
observed in the modified support calcined at 1000 °C (from 0.41 cm®g to 0.32 cm®/g),
indicating, again, a possible sintering of the pellets. This tendency is translated in a slight
increase in the average pore width from 8 to 10 nm.

Table 4-5 Surface area, pore volume and average pore width of the CeO,/Al,Oz modified supports obtained by N

Adsorption-Desorption at 77K

o BET Surface Pore Volume Pore Width
Calcination Temperature (°C)
area (m?/q) (cm?/g) (nm)
10Ce02/Al203 700 147 0.41 8
10Ce02/Al>03 800 138 0.41 8
10Ce02/Al>03 900 128 0.4 9
10Ce02/Al>03 1000 97 0.32 10

Considering the textural properties obtained and the maximum temperature in the catalyst test,
it was decided to impregnate the support calcined at 800 °C (10CeO2/Al>0O3 800) with the active

phase of cobalt.

After selecting the support calcination temperature (800 °C) and the cobalt loading (10 % wt.),
5 different Co-CeO2/Al>0O3 based catalyst were prepared. The textural properties based on the
N2 Adsorption-Desorption for those catalysts are presented in Table 4-6. The results show a
slight decrease in the surface area and pore volume compared with the CeO2/Al>O3 supports
when the cobalt loading was done by the incipient wetness impregnation. This reduction is more
pronounced for the catalyst 10Co-20CeO./Al>O3 with the highest metal loading , which presents
the lowest value of BET surface and pore volume (107 m?/g and 0.32 cm®/g). It should be
noticed that the cobalt catalyst prepared by Pechini method presents similar textural properties
(Seer=146 m?/g and Vpore=0.41 cm®/g) comparing with the original support (Seer=147 m?/g
and Vpore=0.41 cm?/g). This can be explained by the uniform atomic distribution of the cations
in the support. This uniform deposition is caused by the breakdown of the polymer structure
formed by reaction between the cerium nitrate and the citric acid and subsequent

polyesterification with the polyethylene glycol (63) .
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Table 4-6 Surface area, pore volume and average pore width of the Co-CeO,/Al,O3 Catalyst obtained by N»

Adsorption-Desorption at 77K

BET Surface area Pore VVolume Pore Width
Catalyst
(m?/g) (cm3/g) (nm)
10Co0-5Ce0,/Al>03 128 0.37 8.4
10C0-10Ce0,/Al,03 121 0.33 8.2
10C0-15Ce0,/Al,03-P 146 0.41 8.1
10C0-15Ce02/Al03-1 121 0.36 8.5
10C0-20Ce0,/Al,03 107 0.32 9.0

In the Figure 4-1, the isotherm BET and BJH plot of the 10Co/Al>O3 and 10C0-10Ce02/Al,03

are depicted. As it is shown in the graphs, the adsorption isotherms of the catalysts can be

classified as type 1V, characteristic of mesoporous materials (2-50 nm). Therefore, the BET and

BJH method can be used to obtain the textural parameters. The adsorption isotherms of the

other catalysts are presented in the Appendix B.
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Figure 4-1 N, Adsorption isotherm of 10Co/Al,;O3 (a) and 10Co-10CeO,/Al,O3 (b) catalysts respectively
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4.1.3 X-Ray Diffraction

All the synthetized catalysts were analysed by XRD in a D8 Advanced DaVinci diffractometer.
The metal phases identification and the CosO4 crystallite size were obtained with DIFFRA.EVA
vo.1

The diffraction patterns for the Co/Al2O3 catalysts are presented in Figure 4-2. The different
phases corresponding to the peaks were identified with the Crystallography Open Database
(REV212673 2018.12.20).

It was observed that the phases corresponding to the Co and Al spinel (CoAl204 and Co2AlO4)
and/or to Coz04 coexist, being indistinguishable through this technique. In addition to observing
crystalline phases, the characteristic signals corresponding to the crystalline phase of the
support, y-Al>O3z, are observed. These signals, as expected, were more pronounced when the Co

content was lower.

The phases detected generally have low crystallinity, which could probably indicate that the

species deposited on the support surface are mainly amorphous.

e @A

Signal (a. u.)

20 30 40 50 60 70
— 5Co/ALO, 20 ® C0:0:-CoAl03-C02A1204
—— 10Co/Al,04 A AbOs

12.5C0/Al,04

Figure 4-2 XRD pattern of the 5Co/Al,O3 10Co/Al,0s and 12.5Co/Al;O3 in the 26 range from 15° to 75°.

Table 4-7 shows the cobalt crystallite size obtained by Eq. (2). The full width at half maximum
value used was the average of the peaks at 20 position around 32°, 38° and 60°. It was assumed

that the peaks are attributed to the C0304 and thus they could be used in the calculation of the
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crystallite size. It can be clearly seen that the particle size of all the samples is the same, 13 nm,

indicating that the crystallite size is independent of the cobalt loading.

Table 4-7 Crystallite size of C0304 of 5Co/Al203, 10Co/Al203 and 12.5Co/Al.03 obtained by the full width at half maximum
equation (Eq. (2)).

Catalyst Cobalt Crystallite size (nm)
5Co/Al>03 13
10Co/Al03 13
12.5Co/Al03 15

Figure 4-3 illustrates the XRD patterns of the Co-CeO,/Al,O3 catalysts. Equally to the previous
XRD patters, peaks corresponding to the Co and Al spinel appeared simultaneously with the
Co304 peaks, blocking the identification. In these patterns, the CeO2 peaks appeared and its

signal intensity increase with the cerium loading.

The identified phases showed low crystallinity as the previous XRD patterns.

o>
(24

Signal (a. u.)

20 30 40 50 60 70

—— 10C0-5Ce0,,Al,0, 26 @ C0304-CoAlL03-Co2Al04
—— 10C0-10Ce0,Al,0, A AbOs
10C0-15Ce0,Al,0,-P @ Ce0
10C0-20Ce0,,/Al,0,

Figure 4-3 XRD pattern of the 10C0-5CeO,/Al,03 10C0-10Ce0,/Al;,03 10Co-15Ce0,/Al,03-P and 10Co-
20Ce0,/Al;,0zin the 26 range from 15° to 75°

The results of crystallite size calculated by Scherrer equation (eq(2)) and corresponding to Co-

Ce02/Al>0O3 catalysts are shown in Table 4-8. As in the case of Co/Al>Os catalyst similar
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crystallite size between the different loading of Cerium is shown, as well as comparing with the

ones obtained for the Co/Al,O3 catalysts.

Table 4-8 Crystallite size of Co3040f 10C0-5Ce0,/Al;03 10C0-10Ce0,/Al,03, 10C0-15Ce02/Al;03-P and 10Co-
20Ce0,/Al;,03 obtained by the full width at half maximum equation (Eg. (2)).

Catalyst Cobalt Crystallite size (nm)
10Co0-5Ce02/Al>03 17
10C0-10Ce02/Al;03 16
10Co0-15Ce0,/Al;03-P 16
10C0-20Ce02/Al203 17

To compare the different synthesis methods and study the effect on the textural properties, the
10C0-15Ce0./Al;03 catalysts, prepared by Pechini and IWI, were analysed by XRD. The
Figure 4-4 shows the XRD patterns for the 10Co-15Ce0O./Al>03-P and 10C0-50CeO2/Al>03-I

catalysts.

Table 4-9 shows the crystallite size obtained by the Scherrer equation. The difference in the
catalysts does not seem significant (16 nm and 17 nm) and therefore, the synthesis method does

not have considerable influence in the metal particle size particle.

Table 4-9 Crystallite size of Co304 of 10C0-15Ce02/Al203-P and 10Co0-15CeO,/Al203-1 obtained by the full

width at half maximum equation (Eq. (2)).

Catalyst Cobalt Crystallite size (nm)
10Co-15Ce0,/Al,0s3-P 16.0
10Co0-15Ce02/AlL03-1 17.0

Figure 4-4 depicts the XRD pattern of the 10C0-15CeQO2/Al203-P, 10C0-50Ce0,/Al>0s-1. The
same overlapping appeared in the peaks of the cobalt phases. However, when comparing the
patterns of the two methods, it is possible to see differences between them, even though there
are not disparities in the crystallite size. The 10Co-15CeQO2/Al>03-1 XRD showed more sharp

peaks which could be caused by more crystallinity due to worse metal dispersion.
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Figure 4-4 XRD pattern of the 10Co0-15CeQ2/Al>03-P and 10Co0-15CeQ2/Al>Os-1in the 26 range from 15° to 75°

4.2  Activity Analysis

To examine the catalytic activity of the catalyst, the first experiments performed were the
ignition tests, where the effect of the reaction temperature on the CH4 conversion was obtained.
All the ignition curves were executed at least 2 times to prove the accuracy of the results and
its repeatability. The values showed in the following section are an average of these

experiments.
4.2.1 Ignition Curves
Ignition curves of Co/Al;O3s: Effect of the cobalt loading.

With the purpose of studying the effect of the loading of cobalt in the alumina, the complete
oxidation of methane was tested for the different Co/Al>O3 catalysts and compared with the

Al>O3 support.

In the Table 4-10, the temperatures to reach a conversion of 10%, 50% and 90% of methane for
the Al>O3, 5Co/Al>03, 10Co/Al,0z and 12.5Co/Al>O3 catalysts are presented.
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Table 4-10 Temperature to reach 10%, 50% and 90% conversion of methane of the Al,O3 5Co/Al,O3,
10Co/Al;03 and 12.5Co/Al;Os.

Catalyst T (°C) Tso (°C) Too (°C)
Al203 760 810 860
5Co/Al;03 645 735 750
10Co/Al;0O3 645 735 760
12.5Co/Al20O3 645 745 770

In the Figure 4-5, the ignition curves (temperature vs. methane conversion) for Al,O3z and
Co/Al>O3 catalysts are represented. It is noticeable the high dependency of the conversion with
the temperature and the hence, absence of the mass transfer limitations, based on the typical
catalytic combustion curve (20), being the heat transfer the rate determining step. In the ignition
curve of the Al2O3 a slight activity in the combustion reaction is observed, showing an ignition
temperature of 760 °C. As it was expected, the cobalt-based catalysts have an ignition
temperature lower, being in all the cases 645 °C approximately. The ignition curves of the
cobalt-based catalyst are almost identical, having the total conversion at 750, 760 and 770 °C
for the 5Co/Al>O3, 10Co/Al,0zand 12.5Co/Al>O3 respectively. The total conversion with Al2O3
was reached at 860 °C, a large difference compared to those catalysts impregnated with cobalt.
It is interesting to notice that the ignition temperature does not depend on the cobalt loading and

high loadings of cobalt could be detrimental for the reaction.

In the study of Tian-cun Xiao et al (73), was reported that the activity of the Coz04 does not
increase with the cobalt content, which is in agreement with the results obtained in this thesis.
In addition, the smaller surface area and higher crystallite size may be involved in the slight
decrease in activity of the 12.5Co/Al,O3.

Furthermore, the selectivity towards CO, was total and therefore, the production of CO

inexistent at all temperatures and in all the experiments.
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Figure 4-5 Ignition curves from 300 °C to 850 °C of the Al,Os, 5Co/Al>03, 10Co/Al;03 and 12.5Co/Al20s. Qcha=
7 ml/min, Qair= 158 ml/min, Qozar= 35ml/min, Qo= 200 ml/min. Catalyst weight=10.1 g.

Ignition curves of CeQ,/Al;03: Effect of the calcination temperature.

Before studying the effect of cobalt loading, the effect of the cerium promoted support

calcination temperature was examined.

In the following table (Table 4-11), the temperatures to reach a conversion of 10%, 50% and
90% of methane for the CeO./Al>Oz at different calcination temperatures (from 700 °C to 1000

°C) are described.
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Table 4-11 Temperature to reach 10%, 50% and 90% methane conversion of the CeO,/Al,O3 modified suupport
calcined at different temperatures (700-1000 °C).

Calcination Temperature
T (°C) Tso (°C) Too (°C)
(°C)
Ce02/Al,03 700 600 720 840
Ce02/Al;03 800 600 720 840
Ce02/Al;03 900 620 740 840
Ce0,/Al>03 1000 650 770 840

In addition, the Figure 4-6 shows the ignition curves of the CeO./Al>O3 promoted supports
calcined at 700, 800, 900 and 1000 °C. The ignition temperature fluctuates from 600 °C for the
ones calcined at 700 and 800 °C, to 620 and 650 °C for those calcined at 900 and 1000 °C. As
shown in the graph, an increase in the support calcination temperature gives a decrease in the
catalytic activity obtaining the most active solid when the supports were calcined at 700 and
800 °C. The reduction in the activity of the promoted calcined supports at temperature higher
than 900 °C may be caused by the sintering and resulting in a lower surface area, as it was seen

before.

It is noticeable that the reduction of the ignition temperature is more pronounces in the
Ce02/Al>03 supports (from 645 °C to 600 °C) compared to Co/Al>Oz catalysts. However, the
total conversion for the cerium promoted alumina is achieved at higher temperature (840 °C)
compared with the Co/Al>O3 catalyst (750 °C). In these catalysts can be assess less temperature

dependency on the conversion and it could indicate limitations on the mass transfer.

As in the previous case, for the Co/Al>O3 catalysts the selectivity towards CO was insignificant
and therefore the production of CO inexistent at most temperatures.
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Figure 4-6 Ignition curves from 300 °C to 850 °C of the CeO./Al,O3 calcined at different temperatures (700-
1000 °C). Qcra= 7 ml/min, Q4= 158 ml/min, Qozar= 35ml/min. Catalyst weight=0.1 g.

Due to the similarity of the catalytic activity obtained for the support calcined at 700 and 800 °C,
the solid calcined at 800 “C was selected for the cobalt impregnation. Even though the support
calcined at 800 °C maintains lower surface area, the operation conditions resembles more to
that temperature, and in consequence, modifications, mainly sintering or phase changes during

reaction could be avoided.
Ignition Curves of Co-CeO/Al;03: Effect of the combination of Co-CeO; and CeO; loading.

After selecting the desired calcination temperature for the CeO2/Al.Os modified support, the
impregnation of cobalt in the modified support was done in order to analyse if the effect of Co-
Ce interaction has any impact in the catalytic performance. Consequently, 10% wt. of cobalt
was impregnated in the CeO2/Al>Oz and tested in the reaction. Furthermore, the impact of the
cerium loading in the activity was examined. For that purpose, a screening of cerium loading

from 5% wt. to 20% wt. was done with a 10 % of Co loading in the final catalyst.

The temperatures to reach a conversion of 10%, 50% and 90% of methane obtained by the
ignition curves for the catalysts 10Co-5CeO./Al.03 10Co0-10CeO2/Al203, 10Co-
15Ce0,/Al203-P and 10C0-20CeO2/Al>03 are presented in Table 4-12.
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Table 4-12 Temperature to reach 10%, 50% and 90% conversion of methane for the10Co-5Ce0O,/Al,03, 10Co-
10Ce0,/Al;03, 10C0-15Ce0,/Al;03-P and 10C0-20Ce0,/Al,03 obtained from the ignition curves.

Catalyst T (°C) Tso (°C) Too (°C)
10Co/Al203 645 735 760
10Ce02/Al203 600 720 840
10Co0-5Ce02/Al203 580 710 840
10Co0-10Ce02/Alz03 565 680 820
10Co0-15Ce02/Al203-P 570 720 840
10C0-20Ce02/Alz03 585 720 840

Following the same strategy as with previous catalysts, the ignition curves for the Co-
CeO/Al>0O3 catalyst are represented in the Figure 4-7.

The results reveal that a deposition of cobalt in the CeO2/Al>Ozleads to a decrease in the ignition

temperature in all the catalysts compared with the non-promoted catalysts (Co/Al203).

The ignition temperature was reduced to 580 °C, 570 °C, 570 °C and 585 °C for 10Co-
5Ce02/Al,03, 10C0-10Ce02/Al03, 10C0-15Ce02/Al203-P  and  10C0-20Ce04/Al20s3,
respectively. The activity at temperatures lower than 700 °C is higher for these catalysts. This
activity increase could be due to the formation of a physical barrier due to the deposited CeO>
which will hinder the reaction between the cobalt and alumina. Based on the literature, the
active phase is Co304, and the content of this phase may be decreased by the formation of
CoAl203 formation. The existence of this barrier will inhibit the reaction and therefore, increase
the activity (50). Furthermore, the introduction of cerium oxide in the cobalt structure may

enhance the activity due to an increase of the crystal defects and oxygen vacancies (29).

Nevertheless, this activity increase is less prominent when the temperature increases until the
point where the temperature to reach total conversion is higher compared to 10Co/Al>Os. The
different cerium oxide loadings does not affect to the temperature where total conversion starts.
For most catalysts, 840 °C is the temperature required to reach 90% of methane conversion.

Similarly, for the CeO./Al>03, mass transfer limitations could be the cause of this reduction in
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the catalytic activity. However, the catalyst 10Co0-10CeO2/Al>Oz only required 820 °C to reach

90% of methane conversion, being this catalyst the most active of the batch.

Equally to the previous experiments, the selectivity towards CO, was 100 % and the production
of CO negligible.

—.— 5Co-lOCeOZ/A|ZO3

—e— 10C0-5Ce0 /A0,

—@— 10C0-10Ce0,/Al,0,

—v— 1OCO-15CeOZ/AI203—P
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Figure 4-7 Ignition curves from 300 °C to 850 °C of the 10Co0-5Ce0O,/Al;03; 10Co0-10Ce0/Al,0s, 10Co-
15Ce02/Al,03-P and 10C0-20Ce02/Al>03. Qcra= 7 mi/min, Qair= 158 ml/min, Qozar= 35ml/min. Catalyst weight=
0.1g.

Effect of the preparation method: Pechini — IWI — OneStep Impregnation

As mentioned before, the promoted support CeO2/Al>O3 was prepared by the Pechini method
while the deposition of cobalt followed the IWI method. To study the effect of the preparation
method in the activity and textural properties of the catalyst, two different tests were planned.
On the one hand, the Pechini method was compared with the incipient wetness impregnation
by preparing the 10Co-15CeQO,/Al,0s catalyst by these two techniques, 10Co-15CeO2/Al;03-P
(by Pechini) and 10Co-15CeQ,/Al20s-1 (by IWI).

On the other hand, it was tested the possibility of preparing the catalyst in one step by the
Pechini method. For this experiment, a new catalyst of 10Co-10CeO./Al03 (10Co-
10Ce02/Al203-OneStep) was prepared as mentioned in the section 3.2.1, and it was compared
with the catalyst 10Co-10CeO,/Al>03 prepared by sequence impregnation (Pechini + IWI)
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In the Table 4-13, the T1o Tso and Too, Obtained by the ignition curves, for the catalysts 10Co-
15Ce02/Al203-P, 10C0-50Ce02/Al203-1, 10C0-10Ce02/Al>0s-IWI and 10C0-10Ce02/Al>Oz-
OneStep are described.

Table 4-13 Temperature to reach 10%, 50% and 90% conversion of methane of the 10Co-15Ce0,/Al,0s-P, 10Co-
50Ce0y/Al,03-1, . Qcra= 7 ml/min, Qair= 158 ml/min, Qoxar= 35ml/min. Catalyst weight=0.1 g

Catalyst T (°C) Tso (°C) T100 (°C)
10Co-15Ce02/Al;03-P 570 720 840
10Co-15Ce02/Al;0s-1 600 740 840

10Co0-10Ce02/Al20s-1WI 565 680 820
10C0-10Ce0,/Al,03-OneStep 570 690 825

On the one hand, the results of the comparison between the Pechini and IWI method showed
that the catalyst prepared by the first technique had a better performance at low temperature,
igniting the methane at 570 °C, while the catalyst prepared by IWI, has an ignition temperature
of 600 °C. This difference may be caused by the better metal dispersion caused by the uniform
atomic distribution. However, the Tgo remained uniform at 840 °C, pointing out a possible mass
transfer limitation. The XRD study demonstrated that the CozO4 crystallite size remains almost
equal independently of the preparation method, with a difference of 1nm in the 10Co-
15Ce0,/Al203-P and 10C0-50Ce02/Al>03-1, 16 nm, and 17 nm respectively.

On the other hand, the comparison between the IWI method and the OneStep impregnation did
not revealed mayor differences. The ignition was accomplished at 565 °C and 570 °C and Tgo
at 820 °C and 825 °C for the 10C0-10Ce0O2/Al.03-IWI and 10Co-10CeO2/Al>03-OneStep,
respectively. The consistency in the results opens the possibility to prepare the catalysts with
less intermediate steps and therefore, increase the efficiency of the synthesis and decrease the

cost, having less intermediate step, specially, of calcination

In addition, similarly to the previous study, the CozO4 crystallite size stood nearly unchanged,
with 15 nm in 10C0-10Ce02/Al>03 and 15.5 nm in 10C0-10CeO2/Al,03-OneStep.

In the following Figure 4-8, the ignition curves of the catalyst studied are represented. As it was
mentioned before, the ignition curves for the 10Co-15Ce0O2/Al>03-P shows a higher activity at
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conversions lower than 80% than for the 10C0-50CeQO2/Al>Os-I. On the other hand, the ignition
curves for 10Co-10Ce0./Al;03-1WI and 10Co-10Ce0,/Al,03-OneStep follow the same trend
and the differences between them are negligible.
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Figure 4-8 Ignition curves from 300 °C to 850 °C of the 10Co-15CeO,/Al,03-P and 10C0-15CeO»/Al;03-1. Qcha=
7 ml/min, Qair= 158 ml/min, Qoxar= 35 ml/min. Catalyst weight=0.1 g

The 4-9 shows the XRD patterns for the catalysts of 10Co-10CeO2/AlOz-IWI and
10Co0-10Ce0./Al>03-OneStep.
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Figure 4-9 XRD pattern of the, 10Co-10Ce0O,/Al;03-1WI and 10Co0-10Ce0,/Al,03-OneStep in the 26 range from
15°to 75°

Effect of the pre-reduction of the catalyst 10% wt. Co-10% wt. CeO/Al;03

According to the literature, the active phase of cobalt in methane combustion is Coz04 as it was
mentioned above. Therefore, the experiments carried out so far were performed without prior
reduction of the catalyst. However, taking into account the ceria property, since it is able to
release and absorb oxygen during redox cycles, and therefore acts as an oxygen buffer, it was
thought that it could be interesting to study whether the prereduction of the catalyst turns out to
have any effect on the reaction. For this purpose, a catalyst ignition test was carried out for the
10Co0-10Ce0./Al;03 catalyst, doing an in-situ prereduction of the catalyst at 600 °C in an
atmosphere of 50% H2/N. for 5 hours. After pre-reduction, the reaction temperature was
reduced to the room temperature on N2 atmosphere and the reactive mixture was introduced and

the same ignition curve as for the non-pre-reduced catalyst was carried out.

In Figure 4-10 the catalytic activity in terms of methane conversion is compared through the
ignition curves, with and without pre-duction of the catalyst. The observed curves are similar
which would indicate that the reduction in these conditions has no effect on the activity. This is

explained by the fact that when the catalyst is in contacts with the oxidizing reaction atmosphere
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and furthermore, at low temperature, thermodynamics would result in the reoxidation of

reduced cobalt, giving rise to obtaining the same solid as without prior reduction.

—e— 10%Co0-10%CeO0,/Al,O, Unreduced
100 1 —@— 10%Co0-10%CeO,/Al,O; Reduced

Methane Conversion (%)

300 400 500 600 700 800

Temperature (°C)

Figure 4-10 Ignition curves from 300 °C to 850 °C of the 10C0-10Ce0O2/Al,O3 and pre-reduced 10Co-
10Ce02/Al03 . Qcra= 7 ml/min, Q= 158 ml/min, Qoxa= 35 ml/min. Catalyst weight=0.1 g.

Table 4-15 shown the Temperature to reach 10%, 50% and 90% methane conversion of the both
unreduced 10Co0-10CeO2/Al0s and pre-reduced 10Co0-10CeO./Al.03, seeing the high
similarity of T10, T50 and T100.

Table 4-14 Temperature to reach 10%, 50% and 90% conversion of methane of the 10Co-10CeO/Al;Oz and pre-
reduced 10C0-10Ce0,/Al;03. Qcha= 7 mI/min, Qair= 158 ml/min, Qozar= 35ml/min. Catalyst weight=0.1 g

Catalyst T10 (°C) Tso (°C) T100 (°C)
10C0-10Ce02/Al>03 Unreduced 570 680 820
10C0-10Ce0,/Al,03 Reduced 555 700 830

Reproducibility and repeatability analysis

The reproducibility and repeatability analysis were done for the 10Co0-10CeQO>/Al,Oz catalyst.
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For the repeatability, it was repeated four times the ignition curves for the 10Co-10CeO./Al>03
catalyst. On the other hand, the reproducibility was performed by synthesizing other batch of
the 10C0-10Ce0O2/Al,O3 following the same procedure and using exactly the same amount of
precursors. In Figure 4-11 the ignition curves of the different experiments performed with the
10C0-10Ce0,/Al>0z is depicted.

—e— 10C0-10Ce0,/Al,0, 1% experiment @
100 1 _@— 10Co0-10Ce0,/Al,0, 2" experiment
—v— 10C0-10Ce0,/Al,0, 3" experiment
—A— 10C0-10Ce0,/Al,0, 4" experiment
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Figure 4-11 Repeatability (a) and Reproducibility (b) analysis of the ignition curves from 300 °C to 850 °C of the
different experiments with 10C0-10CeQO»/Al;03. Qcha= 7 ml/min, Qair= 158 ml/min, Qoz/ar= 35ml/min. Catalyst
weight= 0.1 g.
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The repeatability of the ignition curves of the 10Co0-10CeO2/Al>O3 can be confirmed based on
the Figure 4-11. The major difference on the ignition temperature between the different
experiments was of 10 °C, form 560 °C to 570 °C and on the required temperature to reach 90%
of conversion of 15 °C, from 815 °C to 830 °C. Even though, there are differences in the
temperatures, the trend of the ignition curves is almost equal, and therefore the difference may

be caused by errors at logging the temperature.

In addition, the results of the second batch of 10Co-10CeO2/Al,Os demonstrates the
reproducibility of the synthesis method. In this experiment, the deviation on the ignition
temperature was of 5 °C, from 565 °C and 560 °C for the first and second batch, respectively.
The difference at Too was also 5 °C, 820 °C for the first batch and 820 °C for the second one.
The differences in the ignition curves are not significant, and the tendency of the methane

conversion is practically identical.

4.2.2 Stability Test

As it was mentioned before, the process requires that the catalyst needs to work during long
periods of time. Thus, in order to check preliminarily the stability of the most promising
catalysts, a stability test was performed for a period of 24 hours at 700 °C. In the Figure 4-12,
the conversion of methane with the time for both 10C0-10CeO2/Al,O3-1WI and 10Co-
10Ce0,/Al203-OneStep catalysts is represented. In the graph, it is visible the high stability of

both catalysts during 24 hours in the studied conditions.
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Figure 4-12 Conversion of methane at 700 °C for 24h on stream of the 10C0-10CeO2/Al;Os-IWI and 10Co-
10Ce04/Al;03-0OneStep. Qcra= 7 mI/min, Qair= 158 ml/min, Qoza= 35 ml/min. Catalyst weight= 0.1 g.

In order to assess the effect of the operation time on the textural properties, XRD analysis was
performed to the catalyst before and after the stability test. In the Figure 4-13, the patterns of
10Co-10Ce02/Al>03-OneStep before and after the stability test are depicted. There are certain
differences in the patters, being the most visible the presence of a-Al203 in the XRD after the
stability. For the experiments, the catalyst is diluted with a-Al>O3 to avoid hotspots in the bed.
Before the analysis, the catalyst was sieved but some a-Al20z may have remain in the solid,
producing the diffraction peaks. However, the Co304, CeO2 and y-Al>O3 phases are present in
both diffraction patterns with minor changes.
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Figure 4-13 XRD pattern of the 10Co-10CeO./Al,O3 before and after 24h at 700 °C on stream in the 26 range
from 15° to 75°

In the Table 4-16, the values of the CosO4 crystallite sizes are described. The catalyst prior the
experiment revealed a crystallite size of 15.5 nm. After the experiment, the crystallite size
remained almost constant, with a value of 16.5. These results point that the catalyst is stable at
700 °C and the deactivation due to sintering is unimportant.

Table 4-15 Crystallite size of Co3040f 10C0-10CeO2/Al-0s, before and after the stability test obtained by the full

width at half maximum equation

Catalyst Cobalt Crystallite size (nm)
10Co0-10Ce0,/Al>03 before the experiment 15.5
10Co-10Ce02/Al20z after 24h on stream 16.5

4.3 Kinetics Analysis (differential method)

In the following section the analysis of the Kinetic study of the 10Co-10CeQO2/Al,O3 catalyst is
going to be presented. In order to obtain the experimental data, the conversion of methane at
different temperatures, in the range of 435 °C to 515 °C, was gathered at different partial

pressures of CH4 (from 2100 to 3300 Pa). The oxygen gas flow, in excess, was maintained
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constant in all the different methane partial pressures and the methane flow was increased in
each temperature. The nitrogen gas flow changed for all methane partial pressures in order to
maintain the same total flow of 200 cm®/min. The data were collected when the CHa arrived the

stationary state.

In the following Table 4-17 the inlet gas conditions used are described, including, gas flows

rate of CHs, N2 and O, methane partial pressure and methane mol rate.

Table 4-16 Gas flows rate, methane partial pressure and methane mol rate used in the kinetic study.

QcHa OQn2 Qo2
] ] ) %CHz4 Pchsa (Pa) | Focha (Mol/s)
(cm3/min) (cm3/min) (cm3/min)
5 177 17 2.1 2100 0.73-107
6 176 17 2.5 2500 1.04-107
7 175 17 2.9 2900 1.41-107
8 174 17 3.32 33009 1.84-107

After gathering all the conversion, the reaction rate at each temperature and partial pressure was
calculated following equation 14 derived from the design equation for a plug flow reactor.

W XcH,

Focu,  (-TcHy)

> (—ry,) =~ Eq. (14)

In the Figure 4-14, the reaction rate as a function of the methane partial pressure is represented.
It can be seen that the reaction rate increases with the temperature and conversely, it decreases
when the methane partial pressure increases. It is noticeable the fact that the increase in reaction

rate is more prominent when the temperature is higher.
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Figure 4-14 Reaction rate as function of methane partial pressure for the 10Co-10Ce0O-/Al,Os at different

temperatures, Qo2=17 cm3/min, Qrota=200 cm3/min

After obtaining the values of the reaction rate at different temperatures, the data was fitted to
the power-law model in order to obtain the kinetic parameters. The Figure 4-15 shows the

linearization of the reaction rate as function of the logarithm of the partial pressure.
(=ren,) = k' Pcy, Eq. (15)

Ln(—rcy,) = Ln(k") + o - Ln(Pcy,) Eqg. (16)
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Figure 4-15 Linearization of reaction rate as function of methane partial pressure for the 10Co-10Ce0O,/Al,Os at

different temperatures, Qoz=17 cm3/min, Qrow=200 cm3/min

The values of the apparent reaction order were obtained by the linearization of the reaction

equation. In the Table 4-18 it can be seen, the apparent reaction obtained at the different

temperatures employed.
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Table 4-17 Methane reaction orders as a function of the temperature for the 10Co-10Ce0O/Al;03

Temperature (°C) Apparent reaction order
435 1.01
450 1.11
475 1.24
485 1.22
500 1.22
515 1.27
530 1.31

The reaction orders were obtained by fitting the reaction rate to a linear equation, being the

slope the apparent reaction order. These apparent reaction orders show that the it dependents

on the temperature. From the mechanistic point of view, the reaction order in the methane

combustion is 1. This unity order reveals that the catalysts active sites are completely covered

by oxygen (74).

To obtain the apparent activation energy values for the reaction, the reaction rate logarithm was
represented as a function of the inverse of the temperature following the equation below, being

the activation energy is the slope of the linear fit:

! —-E
(—Ten,) = k' P&y, = (=ren,) = A-exp (=) - Py,

Ln(—rcy,) = Ln(A . PgH4 ) + —

—Ea 1
R T

Eq. (17)

Eq. (18)
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Figure 4-16 Linearization of reaction rate as function of the inverse of the temperature for the 10Co-

10Ce0,/Al,03 at different temperatures, Qoz=17 cm3/min, Qro=200 cm3/min

The values of the apparent activation energy for the combustion of methane are summarized in
Table 4-19. The activation energy for the different methane partial pressures is almost constant

and therefore, it does not depend on the amount of methane. The activation energy results show
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an average value of 47.4 kJ/mol. In the study of Naoufal (74), the same value was obtained for

the methane combustion with a cobalt-based catalyst.

Table 4-18 Methane combustion activation energy as a function of the temperature for the 10C0-10CeQ4/Al,03

Pcns Ea (kJ/mol)
2100 493
2500 48.2
2900 47.0
3300 452

However, the difference in the apparent reaction order (Table 4-18) may indicate that a
restructuration of the active sites of the cobalt spinel could happen, when the temperature
increases. As it has been mentioned before, the cerium oxide may act as an oxygen buffer and
therefore modify the oxidation state of cobalt during the reaction (Co®*", Co?*), and in

consequence, the mechanism of the reaction could change depending on the temperature.

Based on the Kinetic results obtained, the power-law model may not be an appropriate Kinetic
model to represent the catalyst performance and thus, and more complex kinetic models may
have to be taken into consideration, being the models based on the mechanism the most

interesting approach.

4.4 Recommendations for further work

Due to the Norwegian situation, and NTNU situation in particular, due to Covid19, several
planned characterization techniques were not available. It is necessary a deeper study of the
textural properties of the synthesized materials to understand more profoundly the catalytic
behaviour. Techniques such as hydrogen temperature programmed reduction (H2-TPR) may
give light regarding the reducibility of the catalysts and therefore the nature of the metal oxide
phases. To compare the differences between the synthesis methods, H.-Chemisorption can be
used to study the metal dispersion and the metal particle size. Scanning electron microscopy
could be used to understand more the catalytic surface before and after the experiments. In
addition, techniques such as diffuse reflectance spectroscopy (UV-vis) could provide
information about the evolution of the cobalt and cerium states during the redox reaction.
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Regarding the catalytic activity, different cobalt/cerium ratios could be tested to optimize the
catalytic activity as well as different promoters. Besides, a deeper kinetic study should be done,

based on the mechanism of the reaction instead of based on the experimental data.
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5. Conclusions

In this project, several cobalt-based catalysts supported on alumina have been synthetized,

characterized, and tested for the combustion of methane in a fixed bed reactor.

The catalysts were prepared by incipient wetness impregnation and by Pechini method. Both
methods proved to be efficient and reproducible techniques to prepare the catalysts. However,
the materials prepared by Pechini method shows better catalytic performance and higher surface
area caused by enhanced metal dispersion. The textural properties of all catalysts were
characterized by N2 adsorption-desorption, X-Ray Fluorescence spectroscopy and X-ray

Diffraction.

The study of the influence of cobalt loading on the combustion of methane was carried out by
testing the activity of catalysts with cobalt weight percentage from 5 to 12.5%. The ignition
curves showed that the activity did not depend on the cobalt loading, presenting an ignition

temperature around 645 °C.

To enhance the activity of the cobalt catalyst, it was studied the impact of promoting the support
by cerium oxide. Before synthetizing the catalytic system formed by cobalt-cerium-alumina, it
was studied the influence of the calcination temperature of the cerium promoted support on the
activity and textural properties. The results showed a reduction on the surface area as the
calcination temperature increases, being 800 °C the most adequate calcination temperature with

the ignition occurring at 600 °C.

The effect of the cerium oxide on the activity was studied by synthesizing catalysts based on
Co-CeO2/Al;,03 with different cerium oxide loadings. All Co-CeO2/Al>O3 catalysts proved to
be more active than the catalysts formed by single metal oxide, being 10Co-10CeO2/Al,O3 the
most active with a minimum ignition temperature of 560 °C. The XRD patterns revealed similar

crystallite size for all catalysts, with values around 16nm.

The stability of the 10C0-10CeO2/Al,O3 was tested by running the reaction for 24 hours at
relatively low conversion (40%). The catalyst reveal that the activity was maintained for all the

time period with minimal changes in its structure.

The kinetic study demonstrates the difficulty of represent the catalytic combustion by
experimental-based models and thus, more complex models based on the reaction mechanism

are required.
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1. Appendix A

Catalyst Synthesis

Co/Al203 synthesis calculation

Mco-Mcoz0
mC0304 = % = 1.362 - mco Eq (9)
Co
__ Msupport-%co
Mco = Ty 1362 Eq. (10)
__ McoMcoN03),6H20
M(o(NO3),6H,0 = M Eqg. (11)
Table A-1 Co/Al20s synthesis calculation and components
Al2O3 Votal Co(NOs3)2-6H20
Pu(cm¥g) | 2| oo (NO:) g
) (cm®) @)
0.125 3.71 0.87
5 0.45 2.25 0.10 2.85 1.19
0.05 1.32 1.76
CeO2/Al203 synthesis calculation
Mee'M
Meeo, = — > = 1.228 - M, Eq. (12)
Ce
_ Msupport Yceo,
Mce = 1-%ce0,1.228 Eg. (13)
__ Mce0, Mce(NO3)36H20
Mce(NO3)36H,0 — 2 MCe023 2 Eq. (14)
Table A-2 CeO2/Al20s3 synthesis calculation and componets
Al>O3 P, VTotal %CeO Ce(NO3)2:6H20 | vy | Citric acid PEG
3 0 2 3
@ | Cm7a) | (cm)® 9) CUDR () ©)
0.05 1.33 3.66 1.17 0.32
0.1 2.80 2.29 2.48 0.20
10 0.45 0.77
0.15 4.45 1.75 3.93 0.12
0.2 5.70 0.75 5.04 0.06




Co-Ce02/Al203 and One-step synthesis calculation

Table A-3 Co-CeO2/Al03 synthesis calculation and components

CeO02/Al;03 P, (cm¥/g) VTot3a| %Co Co(NOg)2-6H20 VH239

(9) (cm?) (cm)

0.45 2.25 0.10 2.85 1.19

Table A-4 Co-CeO2/Al203 One-step synthesis calculation and components
Al2O3 Ce(NO3)3-6H20 | Co(NO3)2:6H20 | VHo | PEG | CA
%Co | %CeO> (CmB)
(9 9 9 @ | (@
10 0.1 0.1 2.85 5.7 1.63 0.14




2. Appendix B

Catalyst Characterization

2.1.1 N2 Adsorption-Desorption isotherms

Quantity Adsorbed (cm®/g STP)
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Figure B-1 Adsorption isotherm of 5Co/Al203
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Figure B-2 Adsorption isotherm of 10Co/ Al203
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Figure B-3 Adsorption isotherm of 12.5Co/ Al2O3
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Figure B-4 Adsorption isotherm of 10Co-5CeO2/Al203
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Figure B-5 Adsorption isotherm of 10C0-10Ce0O2/Al203
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Figure B-6 Adsorption isotherm of 10Co-15Ce0O2/Al203-1
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Figure B-7 Adsorption isotherm of 10Co-15CeQO2/Al203-P
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Figure B-8 Adsorption isotherm of 10C0-20CeO2/Al203
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3. Appendix C

Activity testing

Mass flow controllers calibration

Table C-1 MFC Methane Calibration

MFC Component Valve Opening Flow (ml/min)
. 7.22
o 7.05
. . 6.75
; 6.3
10 :
Methane MFC calibration
7,5
e @’ )
Y Yy
T e
PP ....
6 e y =0,3038x + 2,9758
: R?=0,9943
5
a5
4
8 9 10 " . . 14 15

Figure C-3-1 MFC Methane Calibration
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Table C-2 MFC Oxygen Calibration

MFC Component Valve Opening Flow (ml/min)
16 37.15
15 34.9
O 14 32.45
13 30.2
0 0

Oxygen MFC calibration

y= 2,3: .
RZ .
2
2

10

0 2 4 6 8 10 12 14 16

Figure C-3-2 MFC Oxygen Calibration
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Table C-3 MFC Nitrogen Calibration 1

MFC Component Valve Opening Flow (ml/min)
58 80.4
57 79
N2 55 75.5
53 72.9
50 69.3
Nitrogen MFC1 calibration
80 ..0®
00 o ®®
L —
50 e
0 | e y =1,3814x
0 | e R?=0,9999
20 e
10 | e
0 &
0 10 20 30 40 50 60 70

Figure C-3-3 MFC Nitrogen Calibration 1




Table C-4 MFC Nitrogen Calibration 2

Component Valve Opening —
50 -
52 g
N2 54 0
56 80.3
| 0
Nitrogen MFC2 calibration
81 |
@
) .-...
T
A
a1 e o
........... )
nl e
m e
11 ----------------
1 . ........
9 0 10 20 30 40 : 60

Figure C-4 MFC Nitrogen Calibration 2




Table C-5 MFC Carbon Dioxide Calibration

Figure C-5 MFC Carbon Dioxide Calibration

Component Valve Opening Flow (ml/min)
14 7.45
13 6.95
CO; 12 6.3
11 5.9
10 5.4
CO, MFC calibration
8
@
Tl o
6 Y T
S50 e ¢
a | e y =0,5331x
........ R? =0,9996
3 ........
2| e
1 e
0 @
0 2 4 6 8 10 12 14 16
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Gas chromatograph calibration

Calibration Bottle

Table C-6 GC Calibration Component by calibration bottle

Component H2 N2 CHa CO COz
Area C 35756.4 2434022 22381.9 13710.1 57782.4
Concentration
5 92 1 0.5 1.5
%
Flow (ml/min) 2.85 52.44 0.57 0.28 0.85
Mmol/ml 0.12 2.34 0.02 0.012 0.038
Nitrogen GC Area Clibration
3000000
2500000
2000000
:T:) 1500000
(@]
O
1000000
500000

0
0 0,005 0,01 0,015 0,02 0,025 0,03 0,035 0,04 0,045

Concentration (mmol/min)

Figure C-6 GC Nitrogen calibration
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CO GC Area Clibration
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Figure C-7 GC Calibration Component
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Table C-7 GC Methane Calibration

Component Valve Concentration Flow ml/min
P Opening (%)
N, (MFC1) 70.0 %6 mmol/min Average
90-97
N, (MFC2) 67.0 96
14.0 3.82 7.6 0.34 74165
13.5 3.68 7.3 0.33 71064
10.0 2.76 54 0.24 54664
7.0 1.94 3.8 0.17 39612
CHq4
5.0 1.40 2.7 0.12 29289
3.0 0.84 1.6 0.07 18749
2.0 0.56 1.0 0.05 13611
0.0 0.00 0.00 0.00 0
Methane GC Area Calibration
80000
.9
70000 | e ]
60000 | e
50000 | e y =211757x + 2526,1
. R2=0,9978
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Figure C-8 GC Methane Calibration
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Table C-8 GC Oxygen Calibration

Comp Valve Opening Conce(;t)ratlon Flow ml/min
()
N, (MFC].) 70.0 96 mmoI/min Average
90-97
N, (MFC2) 67.0 96
3.73 7.46 0.33 0.33 63783
3.60 7.20 0.32 0.32 61459
2.70 5.33 0.24 0.24 47178
1.90 3.73 0.17 0.17 34395
0>
1.37 2.67 0.12 0.12 25709
0.82 1.60 0.07 0.07 16838
0.55 1.07 0.05 0.05 12250
0 0 0 0 0
Methane GC Area Clibration
70000
)
60000 | e °
50000 | e
e y = 185546x + 2618,5
g 40000 o R? = 0,997
% 30000 P
20000 | et
10000 | e ®
0e
0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35

Figure C-9 GC Oxygen Calibration
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B Detailed Risk Report

Synthesis of Co-Ce02/AI203

-Chemicals

-Citric Acid

-Polyethylene glycol

-Cerium (III) nitrate hexahydrate (precursor)
-Cobalt(II) nitrate hexahydrate (precursor)

-Alumina Sasol Puralox SCCa (Particle size=60-150um)

-Instruments:
‘Furnace

-Method

-Preparation of solution

-Stirring

-Evaporating-drying (85-120°C)

-Calcination (700-1000°C)

Ce(NO3)2:-6 H20, Citric acid and polyethylene glycol dissolved in distilled water and stirred for 2h at room temperature. Addition of
Alumina powder while stirring for 18h at room temperature. Mixture evaporated at 358K for 2 days. Solid dried at 373K overnight.
Calcination (900-1000°C) of the solid for 5h (3K/min)

Cobalt impregnation with water. Co(NO3)2-6 H20 dissolved in distilled water and stirred for 2h at room temperature. Addition of
Support powder while stirring for 18h at room temperature. Mixture evaporated at 358K for 2 days. Solid dried at 373K overnight.
Calcination (500-800°C) of the solid for 5h (3K/min)

Combustion of methane
-Chemicals

-Methane

-02/Ar

-N2/Ar

-H2

-Instrument
-Glass reactor.
-Oven (Temperature <900°C)

Plant MBCL

Study of the flow dynamics of the absorbant.
-Chemicals

‘Helium

Air

-y-Alumina Sasol Puralox SCCa (Particle size=70-50um)

-Conditions
-Ambient pressure and temperature

Characterization Techniques
‘N2 adsorption-desorption
‘XRF

‘XRD

-Chemisorption

Description and limitations
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B Detailed Risk Report

Personal protective equipment.
Read SDS.

Proper training.

Safety measures.

Particles circulation.

April-Mai 2020 - preventive measures towards Covid-situation:

1.1)Switch off procedure for Hall D rig 2.12 set up:

Turn off the heating oven by pressing both arrows at the same time on the eurotherm thermocouple.
‘Turn off the micro-GC in the left computer or switch off the GC manually.
‘Turn off the gas flow in the set up in the right computer.

-Close the valves in the panel.

‘Red bottom in the front of the rig will stop the electricity on the rig.
1.2)Switch off procedure for BET set up:

-Stop the analysis in the computer.

-Remove the tube sample from the unit.

-Insert the metal rod in the unit.

1.3)Switch off procedure for chemisorption set up:

-Close all valves in the software.

-Open valve 9, C6, CS, 7 and 5 to flow He into the system.

‘When the pressure is around 700mmHg close all valves.

‘Open de reactor and remove the tube sample.

2) Risk related to shortage of personnel in the labs:

Plan everything in advantage and communicate the plan to the engineers.
‘Take extra care in the leak test before running any reaction.

‘Not running reactions after 4PM.

3)Safety measures related to spread of covid19 infection:

-Avoid touching the face

-Disinfection before and after with ethanol on all surfaces you are in contact with.
‘Keep 2m distance from colleagues

-Use nitrile gloves when touching shared lab set-ups and equipment
-Wash hands as often as possible

Prerequesites, assumptions and simplifications
[Ingen registreringer]

Attachments

SDS Polyethylene glycol.pdf

SDS Citric Acid.pdf

SDS Ce(N0O3)2:6H20.pdf

SDS Methane.pdf

Alumina SDS.pdf
100GR-Cobalt-II--nitrate-hexahydrate--Certified-AR-for-analysis-pdf
Apparatus Card 2.12.pdf

References
[Ingen registreringer]
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B Detailed Risk Report

Summary, result and final evaluation

The summary presents an overview of hazards and incidents, in addtition to risk result for each consequence area.

Hazard: Handling chemicals [Ce(NO3)2:6H20, Co(NO3)2:6H20, citric acid, PEG, AL203]

Incident: Spilling citric acid, contact with skin.

Consequence area: Helse Risk before Risiko after M
measures: measures:
Incident: Spilling Cerium (III) nitrate hexahydrate, contact with skin.
Consequence area: Helse Risk before Risiko after :)
measures: measures:
Incident: Spilling Cerium (III) nitrate hexahydrate, cleaning security.
Consequence area: Ytre miljg Risk before Risiko after :j
measures: measures:
Materielle verdier Risk before Risiko after ]
measures: measures:
Incident: Spilling Cobalt(II) nitrate hexahydrate, contact with skin or inhalation.
Consequence area: Helse Risk before Risiko after ::I
measures: measures:
Ytre miljg Risk before Risiko after )
measures: measures:
Materielle verdier Risk before Risiko after :j
measures: measures:
Hazard: Heating/evaporating mixture
Incident: Inhale vapors
Consequence area: Helse Risk before Risiko after ::I
measures: measures:
Incident: Burning injuries
Consequence area: Helse Risk before Risiko after ::I
measures: measures:
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B Detailed Risk Report

Hazard: Calcination in high temperature furnace
Incident: Burning injuries
Consequence area: Helse Risk before {@) Risiko after ]
measures: measures:
Hazard: Assembling/use of flammable gases: CH4, 02
Incident: Leakage
Consequence area: Helse Risk before @) Risiko after |
measures: measures:
Ytre miljg Risk before {J) Risiko after )
measures: measures:
Incident: Fire
Consequence area: Helse Risk before {) Risiko after ]
measures: measures:
Ytre miljg Risk before ) Risiko after )
measures: measures:
Materielle verdier Risk before i) Risiko after )
measures: measures:
Hazard: Assembling/use of non-toxic and inert gases: N2, Ar
Incident: Leakage
Consequence area: Ytre miljg Risk before i) Risiko after )
measures: measures:
Hazard: Heating in reactor furnace.
Incident: Temperature runaway
Consequence area: Helse Risk before ) Risiko after )
measures: measures:
Materielle verdier Risk before i) Risiko after )
measures: measures:
Incident: Burning injuries
Consequence area: Helse Risk before @) Risiko after )
measures: measures:
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Detailed Risk Report

Hazard:

Experiments on MBCL

Incident:

Noise of fans and engines

Consequence area: Helse Risk before Risiko after ::I
measures: measures:
Incident: Contact the fans and the engines
Consequence area: Helse Risk before Risiko after M
measures: measures:
Materielle verdier Risk before Risiko after ::I
measures: measures:
Incident: Working at certain height
Consequence area: Helse Risk before Risiko after ]
measures: measures:
Incident: Falling objects, tools
Consequence area: Helse Risk before Risiko after ]
measures: measures:
Materielle verdier Risk before Risiko after ::I
measures: measures:
Hazard: XRF
Incident: handling boric acid
Consequence area: Helse Risk before Risiko after ::I
measures: measures:
Hazard: N2-adsorption/desoprtion
Incident: Handling Liquid nitrogen
Consequence area: Helse Risk before Risiko after :]
measures: measures:
Materielle verdier Risk before Risiko after ::I
measures: measures:
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Hazard: Covid19
Incident: Contagion of Covid19
Consequence area: Helse Risk before {_) Risiko after ]
measures: measures:

Final evaluation
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B Detailed Risk Report

Organizational units and people involved

A risk assessment may apply to one or more organizational units, and involve several people. These are Isited below.

Organizational units which this risk assessment applies to

- Institutt for kjemisk prosessteknologi

Participants

Estelle Marie M. Vanhaecke
De Chen

Shirley Elisabeth Liland
Jens-Petter Andreassen
Ketil Torset Helland

Anne Hoff

Ainara Moral Larrasoana
Yuanwei Zhang

Readers
Vilde Vinnes Jacobsen

Karin Wiggen Dragsten

Others involved/stakeholders

[Ingen registreringer]

The following accept criteria have been decided for the risk area Risikovurdering:
Helse, miljo og sikkerhet (HMS):

Helse Materielle verdier Omdgmme Ytre miljg
HEEE HEEE EEEE L[] |
]| | | HER L] ] | L] | |
| | A EE A BEE
(1] | | | | | am |
] ] | | ]
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B Detailed Risk Report

Overview of existing relevant measures which have been taken into account

The table below presents existing measures which have been take into account when assessing the likelihood and consequence of
relevant incidents.

Hazard Incident Measures taken into account
Handling chemicals [Ce(NO3)2:6H20, Co  Spilling citric acid, contact with skin. Wearing protective equipment
(NO3)2:-6H20, citric acid, PEG, AL203]

Spilling citric acid, contact with skin. Instrument/Method training

Spilling citric acid, contact with skin. Security data sheet

Spilling citric acid, contact with skin. Safety equipment

Spilling Cerium (III) nitrate hexahydrate, Instrument/Method training
contact with skin.

Spilling Cerium (III) nitrate hexahydrate, Security data sheet
contact with skin.

Spilling Cerium (III) nitrate hexahydrate, Safety equipment
contact with skin.

Spilling Cerium (III) nitrate hexahydrate, Local exhaust
cleaning security.

Spilling Cerium (III) nitrate hexahydrate, Instrument/Method training
cleaning security.

Spilling Cerium (III) nitrate hexahydrate, Safety equipment
cleaning security.

Spilling Cobalt(II) nitrate hexahydrate, Local exhaust
contact with skin or inhalation.

Spilling Cobalt(II) nitrate hexahydrate, Security data sheet
contact with skin or inhalation.

Spilling Cobalt(II) nitrate hexahydrate, Safety equipment
contact with skin or inhalation.

Heating/evaporating mixture Inhale vapors Local exhaust
Inhale vapors Instrument/Method training
Inhale vapors Safety equipment
Burning injuries Local exhaust
Burning injuries Instrument/Method training
Burning injuries Safety equipment
Calcination in high temperature furnace Burning injuries Instrument/Method training
Burning injuries Safety equipment
Assembling/use of flammable gases: CH4, Leakage Local exhaust
02
Leakage Gas detector
Leakage Instrument/Method training
Leakage Safety equipment
Leakage Leakage test
Fire Local exhaust
Fire Gas detector
Fire Instrument/Method training
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Detailed Risk Report

Assembling/use of flammable gases: CH4,

02

Assembling/use of non-toxic and inert
gases: N2, Ar

Heating in reactor furnace.

Experiments on MBCL

XRF

N2-adsorption/desoprtion

Covid19

Fire

Fire
Fire

Leakage

Leakage

Leakage

Temperature runaway
Temperature runaway
Temperature runaway
Burning injuries

Burning injuries

Noise of fans and engines
Contact the fans and the engines
Working at certain height
Working at certain height
Working at certain height
Falling objects, tools
handling boric acid
handling boric acid
Handling Liquid nitrogen
Handling Liquid nitrogen
Contagion of Covid19
Contagion of Covid19

Contagion of Covid19
Contagion of Covid19
Contagion of Covid19

Contagion of Covid19

Existing relevant measures with descriptions:

Local exhaust

Verify that the local exhaust is working properly before experiments.

Gas detector

Verify that the gas detector is working before experiments.
Understand the different alarms and how to act with each one.

Instrument/Method training

Understand the procedure of techniques and equipment in the training.

Ask about any possible troubles and risks and doubts about the procedure.

Read and familiarize with the procedure before experiments.

Security data sheet

Safety equipment
Leakage test

Local exhaust

Instrument/Method training
Leakage test
Instrument/Method training
Apparatus card

Safety equipment
Instrument/Method training
Safety equipment

Safety equipment

Safety equipment
Instrument/Method training
Apparatus card

Safety equipment

Safety equipment

Local exhaust

Safety equipment
Instrument/Method training
Safety equipment

Cleaning rules due to Covid19

Use of protective equipment due to
Covid19

General requirements due to Covid19

General requirements due to Covid19

Use of protective equipment due to
Covid19

Cleaning rules due to Covid19
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B Detailed Risk Report

Apparatus card

Learn and understand the risks associated with the installation, the gasses used, the operation temperature and how to
act in case of emergency.

Security data sheet
Read and familiarize with the precautions and actions required with the risks associated with the chemicals.

Safety equipment

Safety goggles mandatory in all laboratories

Lab coat

Gloves (read sds in order to choose the correct gloves)
Gas mask(read sds in order to choose the correct filters)
Filter mask (read sds in order to choose the correct type)
Noise protector (headphones)

Protection helmet

Leakage test
Verify the isolation of the installation before running experiments.

General requirements due to Covid19
The number of people who work in laboratories must be reduced to an absolute minimum, while avoiding solitary work.

Existing measures for laboratories, such as requirements for using personal protective equipment and fume cupboards,
must be followed.

Thorough hand washing, or hand disinfection if necessary, must be completed before waste bags or bins are handled.
Instruments and equipment must be cleaned before they are taken out of the laboratory.

Use of protective equipment due to Covid19

Personal protective equipment must only used by 1 person.

Protective equipment that will be used several times must as far as possible be cleaned/disinfected after use and stored in
an airtight box/bag when it is not in use.

If protective equipment must be used by several people, it must always be thoroughly cleaned/disinfected before and after
use.

If personal protective equipment is not available: A risk assessment must be done to identify which tasks can still be
performed.

Cleaning rules due to Covid19

Regular cleaning must be done in accordance with the agreement between the unit and Campus Services Division.

The user must ensure cleaning and, where applicable, disinfection of equipment (Keyboard, mouse, desk, door knob and
card reader), especially equipment that is used by more than one person, surfaces, and touch points, immediately after
completing the work.

The general rule is that cleaning agents and water must be applied with a cloth, preferably a disposable cloth .
Disinfectants can then be applied as needed.

Remove unnecessary papers, books and other items from worktops and tables.
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B Detailed Risk Report

Risk analysis with evaluation of likelihood and consequence

This part of the report presents detailed documentation of hazards, incidents and causes which have been evaluated. A summary of
hazards and associated incidents is listed at the beginning.

The following hazards and incidents has been evaluated in this risk assessment:

* Handling chemicals [Ce(NO3)2:6H20, Co(N0O3)2:6H20, citric acid, PEG, AL203]
*  Spilling citric acid, contact with skin.
*  Spilling Cerium (III) nitrate hexahydrate, contact with skin.
e  Spilling Cerium (III) nitrate hexahydrate, cleaning security.
* Spilling Cobalt(II) nitrate hexahydrate, contact with skin or inhalation.
* Heating/evaporating mixture
¢ Inhale vapors
e Burning injuries
* Calcination in high temperature furnace
e Burning injuries
* Assembling/use of flammable gases: CH4, 02
* Leakage
* Fire
* Assembling/use of non-toxic and inert gases: N2, Ar
* Leakage
* Heating in reactor furnace.
¢ Temperature runaway
e Burning injuries
* Experiments on MBCL
* Noise of fans and engines
. Contact the fans and the engines
*  Working at certain height
* Falling objects, tools
* XRF
* handling boric acid
* N2-adsorption/desoprtion
¢ Handling Liquid nitrogen
* Covid19
¢ Contagion of Covid19
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Detailed view of hazards and incidents:

Hazard: Handling chemicals [Ce(NO3)2:6H20, Co(NO3)2:6H20, citric acid, PEG, AL203]

Incident: Spilling citric acid, contact with skin.

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Use of safety equipment.

P280 Wear protective gloves/protective clothing/eye protection/face protection.
P264 Wash contaminated skin thoroughly after handling.

Consequence area: Helse Risk:
Assessed consequence: Medium (2) nNEEnE
Comment: H319 Causes serious eye irritation. | | | |
P337+313 If eye irritation persists: Get medical advice/attention. [ ] | | |
P305+351+338 IF IN EYES: Rinse cautiously with water for several = | = |
minutes. Remove contact .u
lenses, if present and easy to do. Continue rinsing.
Incident: Spilling Cerium (III) nitrate hexahydrate, contact with skin.
Likelihood of the incident (common to all consequence areas): Less likely (2)
Kommentar:
Use of safety equipment.
P220 Keep away from clothing as well as other incompatible materials.
P273 Avoid release to the environment.
P280 Wear protective gloves/eye protection/face protection.
Consequence area: Helse Risk:
Assessed consequence: Large (3) ENEN
Comment: H272- May intensify fire; oxidizer l inn
H318- Causes serious eye damage [ ] [ | |
P305+P351+P338 IF IN EYES: Rinse cautiously with water for several et
minutes. Remove contact Bl
lenses, if present and easy to do. Continue rinsing.
P310 Immediately call a POISON CENTER/doctor
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Incident: Spilling Cerium (III) nitrate hexahydrate, cleaning security.

Likelihood of the incident (common to all consequence areas): Unlikely (1)

Kommentar:

Disposal in the corresponding residue bottle.

P220 Keep away from clothing as well as other incompatible materials.
P273 Avoid release to the environment.

P280 Wear protective gloves/eye protection/face protection.

Consequence area: Ytre miljg Risk:
Assessed consequence: Very large (4) BENE
Comment: H410 Very toxic to aquatic life with long lasting effects -I in
P273 Avoid release to the environment. | I i
| BRI
—-—
—a |

Consequence area: Materielle verdier
Assessed consequence: Medium (2)

Comment: May lead to the oxidation of materials.

Incident: Spilling Cobalt(II) nitrate hexahydrate, contact with skin or inhalation.

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

P280 - Wear protective gloves/ protective clothing/ eye protection/ face protection

P210 - Keep away from heat/sparks/open flames/hot surfaces. - No smoking

P302 + P352 - IF ON SKIN: Wash with plenty of soap and water

P305 + P351 + P338 - IF IN EYES: Rinse cautiously with water for several minutes. Remove contact lenses, if
present and

easy to do. Continue rinsing

P310 - Immediately call a POISON CENTER or doctor/ physician

Consequence area: Helse Risk:
Assessed consequence: Very large (4) HEENE
Comment: H302 - Harmful if swallowed -I in
H332 - Harmful if inhaled a 1ln
H317 - May cause an allergic skin reaction e W
H318 - Causes serious eye damage 1
H334 - May cause allergy or asthma symptoms or breathing difficulties if
inhaled

H341 - Suspected of causing genetic defects
H350i - May cause cancer by inhalation
H360F - May damage fertility
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Consequence area: Ytre miljg
Assessed consequence: Very large (4)

Comment: H410 - Very toxic to aquatic life with long lasting effects

Consequence area: Materielle verdier
Assessed consequence: Medium (2)

Comment: H272 - May intensify fire; oxidizer
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Hazard: Heating/evaporating mixture

Mixture heated to 85°C (relatively low temperature)

Incident: Inhale vapors

Likelihood of the incident (common to all consequence areas): Unlikely (1)

Kommentar:

Work in fume hood or under local exhaust.
P280 Wear protective gloves/eye protection/face protection.

Consequence area: Helse Risk:
Assessed consequence: Medium (2) n--.
Comment: [Ingen registreringer]
.
mil

Incident: Burning injuries

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Use safety equipment.
Wait for cooling down to move the mixture.

Consequence area: Helse Risk:
Assessed consequence: Small (1) a ...-
Comment: [Ingen registreringer] ---
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Hazard: Calcination in high temperature furnace

Incident: Burning injuries

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Use protective equipment.
Wait for cool down to remove the sample.
Use thermal gloves

Consequence area: Helse Risk:
Assessed consequence: Small (1) [ [ | |
Comment: Small burning injury. HER
il | |

-_—
n= 2

]
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Hazard: Assembling/use of flammable gases: CH4, 02

Incident: Leakage

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Leakage test before experiments, work under local exhaust.

P210 - Keep away from heat/sparks/open flames/hot surfaces. - No smoking
P377 - Leaking gas fire: Do not extinguish, unless leak can be stopped safely
P381 - Eliminate all ignition sources if safe to do so

P403 - Store in a well-ventilated place

P410+P403 - Protect from sunlight. Store in a well-ventilated place

Consequence area: Helse Risk:
Assessed consequence: Medium (2) nNEER
Comment: H220 - Extremely flammable gas | ]
H280 - Contains gas under pressure, may explode if heated [ ] [ | |

Ex 3
_ 1]

Consequence area: Ytre miljg Risk:
Assessed consequence: Small (1)

Comment: H220 - Extremely flammable gas
H280 - Contains gas under pressure, may explode if heated
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Incident: Fire

Likelihood of the incident (common to all consequence areas): Unlikely (1)

Kommentar:

Work under local exhaust, leakage test before experiments, understand how to manipulate gas bottles. Keep
away from heat sources.

P210 - Keep away from heat/sparks/open flames/hot surfaces. - No smoking

P377 - Leaking gas fire: Do not extinguish, unless leak can be stopped safely

P381 - Eliminate all ignition sources if safe to do so

P403 - Store in a well-ventilated place

P410+P403 - Protect from sunlight. Store in a well-ventilated place

Consequence area: Helse Risk:
Assessed consequence: Large (3) .n.-
Comment: H220 - Extremely flammable gas I I--
H280 - Contains gas under pressure, may explode if heated [ ] --
| |

-_—

p—

Consequence area: Ytre miljo Risk:
Assessed consequence: Medium (2) n..-
Comment: H220 - Extremely flammable gas ---

H280 - Contains gas under pressure, may explode if heated

Consequence area: Materielle verdier Risk:
Assessed consequence: Medium (2) n---
Comment: H220 - Extremely flammable gas --.

H280 - Contains gas under pressure, may explode if heated
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Hazard: Assembling/use of non-toxic and inert gases: N2, Ar

Incident: Leakage

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:
Use of leakage test before experiments.

Consequence area: Ytre miljo Risk:
Assessed consequence: Small (1) [ [ | |
Comment: The flows in the installations are low. Before the experiments, leakage test aHEN
will be performed. II | | |
P

e
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Hazard: Heating in reactor furnace.

Incident: Temperature runaway

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Set the temperature program before experiments.

Consequence area: Helse Risk:
Assessed consequence: Medium (2) n..-
Comment: May lead to burning injuries. ---

Consequence area: Materielle verdier Risk:
Assessed consequence: Medium (2) n---
Comment: If the temperature is high enough may lead to reactor breaks. --.

Incident: Burning injuries

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Work with safety equipment.

Consequence area: Helse Risk:
Assessed consequence: Small (1) o .---
Comment: Small burning injuries by touching the reactor. ---
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Hazard: Experiments on MBCL

Incident: Noise of fans and engines

Noise produced by the fans and the engines could be disturbing and lead to headaches and ear problems.

Likelihood of the incident (common to all consequence areas): Likely (3)

Kommentar:

Depending on the time exposed to the noise.

Consequence area: Helse
Assessed consequence: Small (1)

Comment: Use ear protection

Incident: Contact the fans and the engines

Engine and fans not isolated for the moment, things can go inside the helix.

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Not any reason to stay close to the engines.

Consequence area: Helse
Assessed consequence: Large (3)

Comment: Cloths , hair could get inside the fan resulting on an physical accident.

Consequence area: Materielle verdier
Assessed consequence: Medium (2)

Comment: Metal particles could go inside breaking the internal helix of the fans and
engines.

Risk:

Ex 3
V]
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Incident: Working at certain height

Installation in different stories. Even with fences, accidents can happen.

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Fences and working in team

Consequence area: Helse
Assessed consequence: Catastrophical (5)

Comment: Falling from more than 2m.

Incident: Falling objects, tools

Plant with stories where objects, tools could fall from above

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Use of protection helmet

Consequence area: Helse
Assessed consequence: Large (3)

Comment: Severe physical injury if got hit by falling objects.

Consequence area: Materielle verdier
Assessed consequence: Medium (2)

Comment: Falling objects could break some parts of the intallation.

Risk:
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B Detailed Risk Report

Hazard: XRF

Incident: handling boric acid

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Use of safety equipment
work under fume hood

Consequence area: Helse Risk:
Assessed consequence: Large (3) ENER
Comment: H360 - May damage fertility or the unborn child I inn
- | |
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B Detailed Risk Report

Hazard: N2-adsorption/desoprtion

Incident: Handling Liquid nitrogen

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Use of safety equipment

Consequence area: Helse Risk:
Assessed consequence: Large (3) .n.-
Comment: Liquid nitrogen at 77K will burn the skin on contact I I--
2 En

-_—
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Consequence area: Materielle verdier Risk:
Assessed consequence: Small (1) a ----
Comment: [Ingen registreringer] --.

= =
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@ Detailed Risk Report

Hazard: Covid19

Incident: Contagion of Covid19

Likelihood of the incident (common to all consequence areas): Less likely (2)

Kommentar:

Following the temporary guidelines for necessary work in laboratories due to corona. Including the general
requirements, use of protective equipment, cleaning and waste management.

Consequence area: Helse Risk:
Assessed consequence: Very large (4) [ [g] |
Comment: Covid19 synthoms. -I iR
u L]] |
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Detailed Risk Report

Overview of risk mitiating measures which have been decided:

Below is an overview of risk mitigating measures, which are intended to contribute towards minimizing the likelihood and/or
consequence of incidents:

Overview of risk mitigating measures which have been decided, with description:
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B Detailed Risk Report

Detailed view of assessed risk for each hazard/incident before and after mitigating
measures
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