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Abstract

Converting biomass to fuel with gasification and Fischer-Tropsch hydrocarbon synthesis
is a prominent and sustainable alternative to fuel production from fossil sources. However,
the generation of tars during the gasification process poses a significant challenge. Gas
conditioning techniques are employed to convert tars into syngas components suitable for
Fischer-Tropsch synthesis. This thesis aims to enhance the gas conditioning process by
synthesizing a series of noble metal-promoted Ni-Co catalysts derived from hydrotalcite-
like materials, mainly focusing on steam reforming. The base catalyst composed of 20-20
wt% Ni-Co on hydrotalcite-like support was synthesized through co-precipitation, while
noble metal promotions (1.0 wt% Pt, Pd, and Rh) were achieved via incipient wetness
impregnation. The physicochemical properties of the catalysts were evaluated using tech-
niques such as Ny physisorption, Hs chemisorption, temperature programmed reduction,
X-ray diffraction, and inductively coupled plasma mass spectrometry. Subsequently, steam
reforming experiments were conducted on the noble metal promoted catalysts, both with
and without a tar model consisting of 75% toluene and 25% 1-methylnaphthalene, and
compared with the unpromoted catalyst. The catalysts’ surfaces were analyzed after steam
reforming to identify deactivation mechanisms using scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDS).

Characterization results revealed increased surface area and dispersion with noble metal
promotion, accompanied by a shift towards lower temperatures in reduction profiles. The
steam reforming experiments in the absence of the tar model exhibited minor deactiva-
tion, while the 1.0 wt% rhodium promoted catalyst exhibited high activity. The platinum
and palladium-promoted catalysts displayed slight improvements in catalytic activity com-
pared to the unpromoted catalyst. The introduction of the tar model during steam reform-
ing experiments substantially impacted the catalysts’ activity, selectivity, and stability. The
presence of the tar model led to reduced activity and catalyst deactivation due to tar ad-
sorption on active sites and coke formation. The main observed deactivation mechanism
was attributed to the encapsulating carbon, as evidenced by the absence of sintered par-
ticles and the diameter of carbon filaments observed in the scanning electron microscopy
and energy-dispersive X-ray spectroscopy analysis.

Furthermore, a SEM and EDS analysis was conducted on unpromoted 20-20 wt% Ni-
Co catalysts derived from hydrotalcite-like precursors operated under different conditions
during steam reforming experiments with toluene as the tar model. The objective of the
analysis was to provide information on the deactivation mechanisms present, determine
Ni-Co particle size, and estimate carbon filament diameters.

Continued investigations are needed to confirm which deactivation mechanisms are present
in the catalysts precisely. The 1.0 wt% Rh 20-20 wt% Ni-Co catalyst exhibited high initial
activity but rapid deactivation in the presence of the tar model, making it suitable for steam
reforming with in situ regeneration.
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Sammendrag

Konvertering av biomasse til drivstoff ved hjelp av gassifisering og Fischer-Tropsch hy-
drokarbonsyntese er et fremtredende og barekraftig alternativ til drivstoffproduksjon fra
fossile kilder. Imidlertid utgjgr dannelse av tjeere under gassifiseringsprosessen en be-
tydelig utfordring. Gasskondisjoneringsteknikker benyttes for a omdanne tjere til syn-
gaskomponenter som egner seg for Fischer-Tropsch syntese. Denne avhandlingen har
som mal a forbedre gasskondisjoneringsprosessen ved a syntetisere en serie edelmetall-
promoterte Ni-Co-katalysatorer derivert fra hydrotalkittlignende materialer, med spesiell
vekt pa dampreformering. Basiskatalysatoren bestdende av 20-20 vekt% Ni-Co pa en
hydrotalkittlignende stgtte ble syntetisert ved samutfelling, mens edelmetallpromoterin-
gene (1.0 vekt% Pt, Pd, og Rh) ble oppnadd ved «insipient wettness impregiation». De
fysikalske og kjemiske egenskapene til katalysatorene ble evaluert ved bruk av teknikker
som No-fysisorpsjon, Hs-kjemisorpsjon, temperaturprogrammert reduksjon, rgntgendiffrak-
sjon og induktivt koblet plasma massespektrometri. Deretter ble dampreformeringseksper-
imenter utfgrt pa de edelmetall-promoterte katalysatorene, bade med og uten en tjeeremod-
ell bestaende av 75% toluen og 25% 1-metyl-naftalen, og sammenlignet med den upro-
moterte katalysatoren. Overflatene til katalysatorene ble analysert etter dampreformering
for & identifisere deaktiveringsmekanismer ved hjelp av skannende elektronmikroskopi
(SEM) og energidispersiv rgntgenspektroskopi (EDS).

Karakteriseringsresultatene viste gkning i overflateareal og spredning med edelmetall-
promotering, i tillegg til en forskyvning mot lavere temperaturer i reduksjonsprofilene.
Dampreformeringseksperimentene uten tjeremodellen viste mindre deaktivering, mens
den 1.0 vekt% rhodiumpromoterte katalysatoren viste hgy aktivitet. Platina- og palla-
diumpromoterte katalysatorer viste en svak forbedring i katalytisk aktivitet sammenlignet
med den upromoterte katalysatoren. Innfgringen av tjeeremodellen under dampreformer-
ingseksperimentene hadde en betydelig innvirkning pa katalysatorenes aktivitet, selek-
tivitet og stabilitet. Tilstedevarelsen av tjeremodellen fgrte til redusert aktivitet og deak-
tivering av katalysatoren pa grunn av tjeereabsorpsjon pa aktive omrader og dannelse av
koks. Den viktigste observerte deaktiveringsmekanismen ble tildelt innkapsulerende kar-
bon, som ble pavist gjennom fraveer av sinterpartikler og diameteren pa karbon filamentene
som ble observert i analysen ved skannende elektronmikroskopi og energidispersiv rgnt-
genspektroskopi.

Videre ble det utfgrt en SEM- og EDS-analyse pa de upromoterte 20-20 vekt% Ni-Co-
katalysatorene derivert fra hydrotalkittlignende forlgpere, som ble testet under ulike forhold
i dampreformerings-eksperimenter med toluen som tjeremodell. Malet med analysen
var & finne informasjon om deaktiveringsmekanismer som er til stede i katalysatorene,
bestemme Ni-Co-partikkelstgrrelse og estimere diameteren pa karbon filamentene.

Det er behov for ytterligere undersgkelser for a bekrefte hvilke deaktiveringsmekanismer
som er til stede i katalysatorene. Den 1.0 vekt% Rh 20-20 vekt% Ni-Co-katalysatoren viste
hgy innledende aktivitet, men rask deaktivering nar tjzeremodellen ble brukt, noe som gjgr
den egnet for dampreformering med in situ-regenerering.
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Introduction

The increasing energy demand and greenhouse gas emissions have resulted in a pressing
need for sustainable energy sources to mitigate climate challenges. To address this, several
international agreements and treaties have been established, including the UN Framework
Convention on Climate Change (UNFCCC) in 1992, which was the first agreement explic-
itly (specifically aimed at) addressing climate change [30]. The Kyoto Protocol, adopted
in 1997, obligated developed countries to reduce their greenhouse gas emissions, while the
Paris Agreement, signed in 2015, aims to limit global warming to well below 2 °C above
pre-industrial levels by reducing greenhouse gas emissions and fostering climate-resilient
development. These agreements and treaties have played a crucial role in setting interna-
tional climate goals and promoting sustainable energy development. To meet these treaties,
sustainable energy sources such as solar, wind, hydroelectric, and geothermal energy have
been developed rapidly to meet the growing populations’ energy demands. However, the
energy demand still surpasses the advancements in sustainable energy sources.

Solar, wind, hydroelectric and geothermal energy are primary sources of renewable energy
that can be converted into electric energy. These sources have several advantages over fos-
sil fuels, including their abundance and renewability. They also have the added benefit of
producing little to no greenhouse gas emissions during energy production, reducing their
environmental impact. However, one challenge with using electric energy for transporta-
tion is the lower energy density of electricity compared to liquid fuels such as gasoline
and diesel. Electric vehicles require larger and heavier batteries to achieve similar ranges
than vehicles fueled by liquid fuels, which can limit their practicality for long-distance
transport, shipping, and aviation.

The transportation sector is a major contributor to global carbon dioxide emissions, ac-
counting for 37% of end-use sector emissions in 2021 [63]. The transportation industry’s
use of high energy-density fossil fuels, such as gasoline and diesel, significantly con-
tributes to these emissions. To mitigate the impact of transportation emissions on the
environment, there is a growing need to transition towards alternative and renewable fuels.




1 Introduction

Biofuels produced from biomass have emerged as a promising alternative, offering several
advantages over traditional fossil fuels.

Biofuels are renewable and sustainable energy sources that can be produced from a wide
range of feedstocks, including crops, waste materials, and algae. They are considered
carbon-neutral, as the C'O5 emitted during their combustion is offset by the C'O5 absorbed
by the crops during their growth. They have a higher energy density than electricity, mak-
ing them a more practical option for long-distance transport, shipping, and aviation. Fur-
thermore, biofuels can be used in existing machinery without significant modification to be
easily integrated into the existing transportation infrastructure. The urgent need to address
climate change and reduce greenhouse gas emissions has led to a new era of renewable
energy sources, and biofuels play an increasingly important role in this transition.

Biofuels, also known as synthetic fuels, are an attractive alternative to traditional fossil fu-
els, as they offer a renewable and sustainable energy source. These fuels can be produced
through various methods, including natural gas reforming, coal gasification, or the more
environmentally friendly biomass option. The latter involves the thermochemical gasifi-
cation of biomass, which can then be combined with Fischer-Tropsch (FT) hydrocarbon
synthesis to produce biofuels. This process, known as biomass to Ligiud (BtL), has the
potential to significantly reduce greenhouse gas emissions and mitigate the negative im-
pacts of climate change caused by the burning of fossil fuels. However, there are some
challenges associated with the BtL process. For instance, tar production is a well-known
bi-product gas conditioning that must be addressed during the gasification step. One solu-
tion is the use of catalytic steam reforming to reform the tars and undesired hydrocarbons
down to their gaseous products. This increases the downstream yield of synthetic fuel and
adjusts the Hy/CO-ratio in the synthesis gas, which is important for the quality of the
final product.

Unfortunately, catalysts containing nickel, commonly used in steam reforming, are known
to undergo deactivation over time. As a result, researchers have sought to increase the
stability of these catalysts by developing alloys of nickel and other metals. One of the key
challenges in this area is finding support material suitable for the catalysts. Ideally, the
support should have a high surface area, basic properties, and thermal stability.

In attempts to increase the stability of the catalyst, promoters are often added to the cata-
lyst system. Promoters are secondary metals or metal oxides that can improve the catalytic
performance, activity, and selectivity of the catalyst. The choice of promoter and its con-
centration in the catalyst system is crucial in determining the catalyst performance.




1 Introduction 1.1 Problem Description

1.1 Problem Description

This master thesis aims to further develop catalyst promoter technology aiding sustainable
biofuel production. The research is a continuation of the specialization project TKP4580
and builds on the results obtained in this course. The research is a part of the Norwe-
gian Centre for Sustainable Bio-based Fuels and Energy (Bio4Fuels) under the Centre for
Environment-Friendly Energy Research.

The primary objective of this research is to produce a catalyst favorable for catalytic steam
reforming of hydrocarbon impurities produced in biomass gasification. Bimetallic nickel-
cobalt catalysts promoted with 1 wt% of platinum, palladium, and rhodium are synthe-
sized and tested to analyze their effects on experimental steam reforming of methane.
The research aims to determine the catalyst’s activity, stability, and selectivity in varying
conditions. The project will utilize various characterization techniques to determine the
catalysts’ structural, chemical, and elemental properties. The research was conducted in
cooperation with Ask Lysne, the co-supervisor of this thesis, who performed some of the
analyses, the results of which are included in this report.

1.2 Related Works

The scientific literature encompasses a broad range of articles dedicated to the study of
nickel catalysts supported on hydrotalcite for applications in steam reforming and dry
reforming processes. These investigations have explored various parameters, including
nickel-metal ratios, total loading, and alloy compositions. The experimental parameters
employed in this thesis are based on the findings and methodologies described in several
of these articles. For instance, in a study conducted in 2009 by He et al. [28], Co-Ni cat-
alysts derived from hydrotalcite-like materials were synthesized for hydrogen production
through ethanol steam reforming. The catalyst employed a fixed total metal loading of 40
wt% and examined the impact of varying the nickel-cobalt ratio. The results indicated that
the 30Co-10Ni catalyst exhibited the highest activity and stability over 44 hours of con-
tinuous operation. Another investigation was conducted in 2016 by Yousaf. [70] explored
Ni-Co catalysts supported on a hydrotalcite-like structure for steam reforming of methane.
In this particular study, the total metal loading ranged from 10 to 40 wt% while maintain-
ing a fixed nickel-cobalt ratio of 3:7. The research findings concluded that catalysts with
40 wt% and 30 wt% metal loadings exhibited the highest reaction rates and selectivity for
the desired transformation.

This research project was conducted in collaboration with Ph.D. student Ask Lysne, who
played a role in planning the experimental aspects. While Lysne’s Ph.D. thesis encompass-
ing the previous experiments performed on Ni-Co catalysts is currently unpublished as of
May 2023, a related study titled "Effects of Ni-Co Ratio on Deactivation and Coke For-
mation in Steam Reforming of Hydrocarbon Impurities from Biomass Gasification with
Ni-Co/Mg(Al)O Catalysts" has been published [40]. Additionally, a former master’s stu-
dent at NTNU collaborated with Lysne as a co-supervisor for the thesis [41].




1 Introduction 1.2 Related Works

The experimental focus of the thesis by @xnevad Madsen revolves around nickel cobalt
catalysts supported on a hydrotalcite-like structure, with a fixed total metal loading of 40
wt% and varying nickel cobalt ratios. Specifically, the catalysts investigated included 40-0,
30-10, 20-20, 10-30, and 40-00 wt% Ni-Co compositions. Based on the findings reported
[41], it was observed that the catalysts with higher nickel loadings exhibited superior ac-
tivity and stability in steam reforming. However, when toluene was introduced into the
system as an impurity, the 10-30 and 20-20 wt% Ni-Co catalysts demonstrated enhanced
performance.

The thesis by @xnevad Madsen explored the influence of varying temperatures and steam-
to-carbon ratios on the reforming process. Specifically, temperatures of 675, 700, and 725
°C were investigated. Consistent with the existing literature, it was observed that higher
temperatures led to increased methane conversion and reduced deactivation. In addition to
temperature, the steam-to-carbon ratio was examined as a parameter affecting the reform-
ing process. The study determined that a higher steam-to-carbon ratio resulted in a higher
initial conversion. However, when tar was introduced into the system, this increase in
conversion was only temporary. Specifically, steam-to-carbon ratios of 3 and 4 exhibited
the same conversion, which was higher than that observed with a ratio of 2. Notably, the
system with a steam-to-carbon ratio of 3 demonstrated the lowest deactivation, suggesting
its favorable performance in terms of stability.

Drawing upon the insights gained from the aforementioned literature, the experimental
design of this thesis incorporates a fixed total metal loading of 40 wt% with a nickel-to-
cobalt ratio of 1. A 700°C temperature is selected to ensure optimal reaction kinetics and
promote the efficient conversion of the reactants. Additionally, a steam-to-carbon ratio
of 3 was employed to maintain an appropriate balance between steam availability and the
carbon content of the feedstock.




Theory and Literature Review

This study represents a follow-up investigation to the specialization project conducted in
2022 with the title Catalysts for Syngas Conditioning for Advanced Biofuels [53]. Ac-
cordingly, the literature review relies upon research conducted during that period and is a
repetition of this previous work with slight modifications.

2.1 Biomass to Liquid Technology

The utilization of biomass for biofuel production has gained popularity as a viable and
sought-after alternative to conventional fossil fuels, driven by the growing demand for re-
newable energy sources and concerns surrounding global warming. Various conversion
methods and feedstocks are available for biofuel production from biomass, encompass-
ing chemical, biochemical, and thermochemical pathways [2]. Among these methods,
biomass-to-liquid (BtL) technology stands out as a promising approach for the sustainable
and efficient production of synthetic hydrocarbon fuels. BtL technology employs gasi-
fication and Fischer-Tropsch synthesis as key process steps. It has garnered significant
attention due to its capability to convert lignocellulosic materials, classified as second-
generation biomass feedstock, into biofuels using chemical, biochemical, and less com-
mercially explored physiochemical routes [16]. Nonetheless, the thermochemical route
for biofuel production remains an extensively researched field, with pyrolysis, gasification,
liquefaction, and combustion being commonly utilized processes [2]. Notably, gasification
has emerged as a promising and effective thermochemical route for biomass biofuel pro-
duction, involving converting solid biomass into synthetic gas. The resulting syngas can be
further processed to generate biofuels, including synthetic hydrocarbon fuels, methanol,
and hydrogen. Gasification plays a pivotal role in the BtL process, and its extensive inves-
tigation has revealed significant potential for efficient and sustainable biofuel production.
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2 Theory and Literature Review 2.1.1 Biomass Gasification

2.1.1 Biomass Gasification

Gasification is a pivotal process that converts carbonaceous feedstocks into syngas. It in-
volves two main categories of feedstocks: biomass and fossil fuel-based sources. While
fossil fuels have historically dominated large-scale gasification plants, there is a growing
interest in utilizing renewable biomass as a viable alternative or supplement to traditional
fuels. Thermochemical gasification, also known as biomass gasification, serves as the ini-
tial stage in the production of liquid fuels from biomass. This process entails controlled
reactions between biomass, a specific amount of oxygen and/or steam, and high tempera-
tures. Biomass exhibits higher reactivity compared to fossil fuel feedstocks, allowing for
gasification at lower temperatures than coal gasification. Lignocellulosic biomass neces-
sitates a minimum operating temperature range of 800-900 °C [32]. Biomass gasification
can utilize air at atmospheric pressure as the gasifying agent, unlike coal gasification,
which requires pure oxygen under pressure.

The resulting gas, called producer gas or syngas, primarily consists of hydrogen, carbon
monoxide, carbon dioxide, methane, and water. However, the gas composition during gasi-
fication varies significantly due to factors such as feedstock quality and type, gasification
reactor technology, and operating conditions [45]. Trace amounts of NO,, SO, higher
hydrocarbons, tar, char, and particulate matter may also be present in the producer gas,
depending on these factors. Various reactor technologies have been developed to address
the challenges associated with gasification, including moving-bed gasifiers, fluidized-bed
gasifiers, and entrained-flow gasifiers [10]. These reactors exhibit different levels of ef-
ficiency and tar yield, directly influencing the quality and value of the end product. A
generalization of the tar production would place downdraft at 1 g/Nm3, fluid beds at 10
g/Nm?3, and updraft at 100 g/Nm? [43]. Challenges in gasification include the removal
of hydrocarbons referred to as tars, which can accumulate and cause blockages and corro-
sion [31]. Furthermore, impurities such as ash, nitrogen, sulfur, and chlorine-containing
compounds, in the feedstock can cause the formation of undesirable NO, and SO, emis-
sions and can deactivate catalysts, leading to decreased efficiency and productivity [65].
Therefore, conditioning processes are necessary to overcome these issues and enhance the
efficiency and productivity of gasification systems.

2.1.2 Syngas Conditioning

Gas conditioning aims to eliminate undesired impurities from synthesis gas. Three main
categories of techniques are employed: wet scrubbing, dry or dry-wet scrubbing, and hot
gas conditioning [8]. Among these, hot gas conditioning is preferred due to its avoidance
of tar disposal and higher conversion rates by converting tars into producer gas.

High-temperature catalyst conditioning is an efficient method to enhance gasification ef-
ficiency. This approach employs catalysts to convert unwanted tars in synthesis gas into
carbon monoxide and hydrogen, either in situ, or downstream [31]. Catalysts also enable
adjustment of the hydrogen-to-carbon ratio in the synthesis gas, which is crucial for down-
stream processing and product purity. Compared to traditional gas conditioning methods,
high-temperature catalyst conversion offers advantages such as improved tar removal effi-
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ciency and reduced capital and operating costs [31]. Gas conditioning plays a critical role
in ensuring the production of high-quality synthesis gas for biofuel production.

2.2 Catalytic Steam Reforming

Catalytic steam reforming is a highly effective method for hot gas conditioning of synthesis
gas, aiming to remove hydrocarbons from the gas stream. This process employs a catalyst
to convert hydrocarbons into syngas through a series of reactions. The catalytic steam
reforming method is commercially used to reform natural gas into syngas, offering sev-
eral advantages over non-catalytic reforming. Notably, it operates at lower temperatures
ranging from 600-900 °C, facilitating the reforming of hydrocarbons [31]. Moreover, the
use of a catalyst can enhance the selectivity of the reforming process toward the produc-
tion of syngas, leading to higher yields and reduced energy consumption. Catalytic steam
reforming can adjust the hydrogen-to-carbon ratio in the synthesis gas, which is essential
for downstream processing and product purity [51], [31].

2.2.1 Main Reactions

The steam-reforming reaction of hydrocarbons is a crucial step in the catalytic steam re-
forming process for hot gas conditioning of synthesis gas. This reaction involves the
decomposition of hydrocarbons, typically methane, in the presence of steam to produce
synthesis gas consisting of carbon monoxide and hydrogen [9]. The reactions are en-
dothermic and can be represented by the following general chemical equation (2.1) or the
methane-specific equation (2.2).

CpHpy, +nH0 <=nCO + (n+ m/2)H, AH3ge >0 o
"Steam-Reforming" ’
CH, + H,O <—CO + 3H, AH§98 = 206[kJ/m0l] 2.2)

"Steam-Methane-Reforming"

According to Le Chatelier’s Principle, endothermic steam reforming reaction favors high
temperature and low pressure. Le Chatelier’s Principle also applies to the water-gas-shift
reaction (2.3), often used with steam reforming. The water-gas-shift reaction is typically
used to adjust the hydrogen-to-carbon monoxide ratio of the synthesis gas, which is es-
sential for downstream processing and product purity [9]. Carbon monoxide reacts with
excess steam to produce carbon dioxide and hydrogen gas in this reaction. However, the
water-gas-shift reaction is exothermic, meaning it is favored at lower temperatures. This
means that a balance must be struck between the two reactions to optimize the overall
efficiency of the process.

CO + HyO <—=CO5 + H> AH§98 = —41[k‘J/m0l]

) . (2.3)
"Water Gas Shift reaction”
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In the temperature range of 600-900 °C, commonly utilized for reforming processes, steam
reforming reactions tend to shift towards the right [31]. However, it is important to note
that these reactions are reversible. Consequently, the reversed reactions lead to the for-
mation of hydrocarbons, and the left-shifted reaction (2.2) is commonly referred to as the
methanation reaction.

The water gas shift process may lead to the formation of carbon dioxide, which can react
with hydrocarbons instead of steam, resulting in an alternative reaction pathway known as
dry reforming. The dry reforming process involves the conversion of carbon dioxide and
methane into syngas through a series of chemical reactions. The chemical equations for
the general and methane-specific reactions involved in dry reforming are represented by
(2.4) and (2.5) [32].

CnH,y +nCOy <—=2nCO + (m/2)H, AHgys >0
. 2.4)

"Dry-Reforming"
CHy+ COy <=2C0 +2Hy, AHjyg = 247[kJ/mol] 2.5

"Dry-Reforming"

The amount of carbon dioxide produced decreases at higher temperatures, while there is an
increase in the production of hydrogen and carbon monoxide as a result of the endothermic
dry reforming and steam reforming reactions [9]. It should be noted that the dry reforming
reactions are thermodynamically limited and require high temperatures and pressures to
achieve significant conversion rates. Therefore, the use of catalysts is necessary to improve
the efficiency and effectiveness of the process.

2.2.2 Steam to Carbon Ratio

The steam-to-carbon ratio is a crucial parameter in the production of synthesis gas that sig-
nificantly influences the quality of the final product. This ratio refers to the ratio of steam
to the carbon content of the feed gas, which in steam reforming refers to the methane in
the synthesis gas and higher hydrocarbons, which can be implemented as tar models. A
higher steam-to-carbon ratio facilitates the conversion of hydrocarbons and helps to sup-
press coke formation and thermal cracking [22]. These effects are critical to the overall
efficiency and yield of the gasification process. Therefore, careful control of the steam-to-
carbon ratio is necessary to optimize the production of high-quality synthesis gas for the
production of biofuels [22].

Controlling the steam-to-carbon ratio can be achieved through various methods, includ-
ing adjusting the steam flow rate, controlling the feedstock’s carbon content, or changing
the gasifier’s operating conditions. However, the optimal steam-to-carbon ratio may vary
depending on the type of feedstock and gasification technology employed. Therefore, a
systematic approach is required to determine the optimal steam-to-carbon ratio for each
specific gasification system to maximize the production of high-quality synthesis gas [22].
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2.2.3 Tar

Tars are a class of condensable hydrocarbons known to cause downstream operation prob-
lems by blocking pipes and filters [23]. Tars in the gas stream can lead to reduced process
efficiency and decreased yield. Therefore, it is crucial to identify and classify tars to un-
derstand their impact on the conversion process.

Tars can be categorized into primary, secondary, and tertiary tars based on their appear-
ance, although the boundaries between these classes are not firmly established [27]. Pri-
mary tars consist of lower molecular weight oxygenated hydrocarbons, while secondary
tars include phenolics and olefins. Complex and aromatic compounds are classified as ter-
tiary tars.

Due to the complex nature of tars, tar models are often used to simplify models and ex-
periments. The tars toluene and 1-methylnaphthalene undergo reactions according to the
steam and dry-reforming equations (2.1) and (2.4)

The understanding of tars’ impact on thermochemical conversion processes is essential for
the optimization and development of efficient and cost-effective gasification technologies,
considering catalyst activity and the necessity for regeneration of the catalyst.

2.2.4 Coke Formation

The formation of coke on the catalyst is a highly undesirable carbonaceous side product
that can result from the decomposition of methane equation (2.6), the Boudouard reaction
equation (2.7) [69], or decomposition of long-chained hydrocarbons and other tars during
thermochemical conversion process.[32].

CHy <—C +2H, AHsyg = 75[kJ/mol]
"Methane Decomposition"

200 <=C + COy AHj3yg = —173[kJ/mol]
"Boudouard reaction"

2.6)

Q2.7)

The formation of coke on the catalyst leads to decreased activity, and the degree of activity
reduction depends on the type of carbon deposition. Several carbon formation mecha-
nisms lead to catalyst deactivation, including the blockage of active sites, encapsulation,
pore plugging, and whisker formation [55]. The two primary coke deposition structures
in synthesis gas reforming are whisker and encapsulating carbon [69]. Carbon deposition
on the catalyst’s surface can result in blockage of active sites, limiting reactant accessi-
bility and mass transport efficiency. Encapsulating carbon and whisker carbon can alter
the chemical environment surrounding active sites, potentially affecting catalyst selectiv-
ity and activity and leading to deactivation. Carbon deposition can cause changes in the
catalyst’s morphology, reducing surface area and pore volume and leading to sintering of
particles, further reducing active site availability.
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The steam-to-carbon ratio is a parameter that can partially counteract coke formation. The
ratio is typically between 2.5-4.5 in commercial operations to reduce the partial pressure
of hydrocarbons [32]. However, a higher steam-to-carbon ratio means higher operating
costs, although it reduces catalyst deactivation and hot spots. Thus, a compromise be-
tween production efficiency and economic feasibility must be established.

The minimization of coke is an essential process to maintain the catalyst’s activity, se-
lectivity, and stability, and it can be achieved through several methods. The coke-forming
reactions, such as methane decomposition reaction (2.6) and the Boudouard reaction (2.7),
are reversible. The coke-reforming (2.8) is promoted under the conditions found in syngas
production, thus reversing coke formation.

C + H,0 <=CO + H, AHSoq = 136[k.J/mol] (2.8)

In the coke removal process, the conditions of the reaction, including temperature, con-
centration, and resident time, play a crucial role in controlling the occurrence of carbon
deposition or carbon removal. The rates of the coke-forming and coke-removal reactions
depend on the gas mixture’s temperature, pressure, and composition and the type of cat-
alyst used. Several techniques for coke removal exist, including regenerative and non-
regenerative methods. In regenerative methods, the spent catalyst is removed from the
reactor and regenerated by burning off the coke. Non-regenerative methods involve the
use of catalysts with high coke tolerance, such as metal-supported catalysts [32]. There-
fore, optimal conditions for different reactor setups and catalysts are critical in achieving
efficient coke removal.

2.3 Catalysts for Steam Reforming

Catalysts play a crucial role in enhancing the efficiency of the steam reforming process,
especially in light of the high stability of methane. A typical catalyst comprises a support,
an active material, and promoters, chosen based on their impact on activity, selectivity,
and stability. In steam reforming for synthesis gas production, the desired effects of the
catalyst include the ability to achieve suitable Hy/CO ratios, prevent tar formation, resist
deactivation, such as coke formation and sintering, and the ability to regenerate and high
methane reforming activity [31].

The material used for the catalyst should be inexpensive and readily available, and the
two main types of catalyst used for steam reforming are nonmetallic mixed oxide catalysts
and metal-based catalysts. Nickel is the preferred catalyst for industrial steam reforming
because of its cost, high methane reforming ability, tar decomposition, and partial water
gas shift activity. Noble metals have exhibited significant catalytic activity; however, their
utilization in large-scale industrial applications is restricted due to their relatively high cost
[31]. As such, noble metal catalyst promoters are a promising alternative.
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2.3.1 Nickel

Steam reforming is a widely used process for producing synthesis gas in various industrial
applications. Nickel-based catalysts have been extensively studied and are the standard
for steam reforming reactions due to their high activity, selectivity, stability [29], and abil-
ity to rupture C-C bonds, which is essential for the conversion of tars [1]. Nickel-based
catalysts for gas conditioning of biomass induce high methane activity and tar reforming,
along with water gas shift activity. However, a significant complication with nickel-based
catalysts is their propensity for deactivation, mainly due to coke formation and sintering.

Numerous studies have indicated that nickel catalysts possess exceptional performance
in the steam reforming of methane. This is attributed to their high catalytic activity for
methane reforming, tar decomposition, and some water-gas shift activity. However, nickel
catalysts are prone to deactivation, and therefore, the effect of steam-to-carbon ratio and
temperature on deactivation has been the subject of investigation. The studies have shown
that lower steam-to-carbon ratios can promote coke formation, while higher ratios can lead
to sintering [25], [56]. Thus, the precise control of the steam-to-carbon ratio and tempera-
ture is vital in reducing deactivation and enhancing the catalyst’s lifespan.

The formation of coke on the catalyst surface during the steam reforming process can
lead to the deactivation of the catalyst, which reduces its activity and stability. However,
the ability to regenerate the catalyst is desirable because coke formation is likely to occur.
This also makes in-situ catalyst regeneration an option to optimize syngas production. The
material needed for the catalyst is preferred to be inexpensive and have high availability,
which makes nickel a popular choice for industrial-scale steam reforming [56].

To address the deactivation issue, various strategies have been proposed, such as adding
promoters to the nickel-based catalysts. Metals such as Mg, Ce, Co, or K have shown
promising results in reducing coke formation and improving catalyst stability. However,
the use of alternative catalysts such as noble metals (Pt, Pd, Rh, and Ru) has been lim-
ited due to their high cost, which makes them less applicable for industrial-scale steam
reforming [25], [42], [21].

2.3.2 Cobalt

Cobalt-based catalysts have gathered significant attention for steam reforming due to their
advantageous properties. Several studies have reported that cobalt-based catalysts exhibit
greater stability than nickel-based catalysts, leading to a lower coke formation during the
steam reforming process [19]. Cobalt-based catalysts have been found to have higher con-
version rates, making them a promising alternative to conventional nickel catalysts [66].

In a study comparing the catalytic performance of cobalt and nickel catalysts supported
on M gO in naphthalene reforming, cobalt was found to have the highest catalytic perfor-
mance [24]. The authors attributed this finding to the high dispersion of cobalt particles on
the M gO support, which promotes the active sites’ accessibility, leading to higher activity
and selectivity. Moreover, cobalt particles were found to have a lower tendency to sinter

11



2 Theory and Literature Review 2.3.3 Bi-metallic

and coke formation than nickel particles, leading to better catalyst stability [24].

Despite the advantages of cobalt catalysts, they are not commonly used in industrial steam
reforming. One of the main reasons is the high cost of cobalt compared to nickel [24]. The
properties of the support material and the reaction conditions can significantly affect the
catalyst’s performance, and optimizing these parameters for cobalt catalysts may require
extensive research [19].

2.3.3 Bi-metallic

Bimetallic catalysts are composed of two different metals that work together to catalyze
a chemical reaction. The idea behind using two metals is that each metal can contribute
unique properties to the catalyst, leading to improved catalytic activity, selectivity, and sta-
bility. The improvement can be explained be due to several factors, including synergistic
interactions between the two metals, improved dispersion and accessibility of the active
sites, and changes in the electronic and geometric properties of the catalyst surface [35].

Mono-metallic nickel catalysts are prone to deactivation due to carbon formation, and
cobalt-containing catalysts have shown an ability to reduce coke formation [24]. There-
fore, the formation of nickel-cobalt alloys in bimetallic catalysts has been developed as a
solution to reducing coke formation while increasing catalyst activity and stability. The
resulting Ni-Co bimetallic catalysts have been reported to have higher surface area and
dispersion, superior performance, and lower coke formation rates compared to their mono-
metallic counterparts [41], [28]. Several studies have investigated the effect of different
metal compositions on the performance of Ni-Co bimetallic catalysts [28], [70], [40], [41].
For instance, in the study by @xnevad Madsen [41], the metal loading was kept at 40 wt%
with varying nickel-cobalt ratios. It was reported that the 30-10 wt% Ni-Co and 40 wt%
Ni catalysts had the best activity and stability, while the 10-30 wt% Ni-Co and 20-20 wt%
Ni-Co catalysts showed the best performance with the presence of tar compounds in the
system.

Overall, bimetallic catalysts offer a promising avenue for developing highly efficient and
selective catalysts for various chemical processes. Further research is needed to under-
stand the underlying mechanisms fully and to optimize the design and synthesis of these
materials for specific applications.

2.3.4 Promoters

Catalyst promoters are compounds added to catalysts to enhance their activity, selectivity,
and stability in a particular reaction. Promoters can change the catalyst depending on their
mode of action, including structural, electronic, and chemical changes [62].

Noble metals, such as platinum (Pt), palladium (Pd), and rhodium (Rh), are known to have
high activity and selectivity for many catalytic reactions [67], [48]. In steam reforming,
noble metals have been shown to improve the catalytic performance by promoting the
water gas shift reaction, which can increase the Hs/CO ratio in the product gas [26].
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Noble metals are also known to reduce the reduction temperature needed by facilitating the
hydrogen spillover effect [49]. A downside to the metallic catalysts is that they are prone
to poising sulfur- and arsenic-containing compounds [60]. Overall, the exact mechanism
of noble metal promoters in steam reforming is complex and multifaceted, and further
research is needed to understand and optimize their use in catalysis fully.

2.3.5 Hydrotalcite

Hydrotalcites are a type of anionic and basic clay that is commonly used as support ma-
terial for catalysts in various applications. The support is a layered double hydroxide ma-
terial, with positively charged metal hydroxide of brucite layers and an interlayer region
containing negatively charged anions and water molecules [58]. The standard formula for
hydrotalcite can be seen in the following formula [39]. The interlayer region can be modi-
fied by incorporating different anions, which can alter the physical and chemical properties
of the hydrotalcite [58].

(M2F M3 (OH),) " (A;;ll ~mH20>z_:| (2.9)

Where M2 correspond to a range of metal ions including Mg?*, Ni%t and Mn?*.
M?37 is associated with Al>*, Cr3* and Fe3T, while some examples of A"~ are OH ~,
Cl=,C0O3™, and SO;~.

OH" anion

@ V' or M metal cation

. Interlaminar composition:
[(47) ) - mH,O]

Laminar composition:
[ M”A—MI”y(OH) P L

| Temra P
v

Figure 2.1: Schematic representation of the hydrotalcite structure, obtained from Salomio et al.
[52].

Due to their unique porous structure and high surface area of 44.7 m? /g, hydrotalcite can
serve as excellent catalyst support. The positively charged brucite layer of the hydrotalcite
attracts anionic species, which can be used as active sites for catalysis [58]. The anion
and water layer of the hydrotalcite provides basicity, which can aid in various catalytic
reactions.
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The preparation of hydrotalcite catalyst precursors involves the co-precipitation of metal
nitrates and sodium carbonate. This process leads to the formation of a hydrotalcite struc-
ture that undergoes collapse during subsequent calcination. Initially, the water molecules
occupying the interstitial position are evaporated at low temperatures while preserving the
structure. In the second step, the loss of hydroxyl groups and anions from the structure
occurs as the temperature increases. This loss results in the collapse of the hydrotalcite
and leads to an increase in its porosity [15]. The remaining metals in the hydrotalcite
structure are transformed into metal oxides, further enhancing the catalyst’s surface area
and stability.

In the context of steam reforming, hydrotalcite has been studied as catalyst supports due
to their basicity and high surface area [39]. One approach is to use hydrotalcite as a sup-
port for nickel-based catalysts, which are commonly used in steam reforming. One study
evaluated the effect of various synthesis techniques, as outlined by [50]. The authors con-
cluded that co-precipitation resulted in the most effective catalyst for methane reforming,
thanks to the high specific surface area and dispersion of nickel particles. Another study,
[61], reviewed the effect of nickel supported on hydrotalcite relative to nickel on alumina,
particularly concerning coke deposition in steam reforming. The hydrotalcite support was
found to mitigate coke formation and deposition. In conclusion, based on the studies and
experimental results, it can be inferred that the hydrotalcite-like material is a suitable sup-
port for steam reforming applications. The unique properties of hydrotalcite, such as high
surface area, high basicity, and excellent thermal stability, make it a favorable candidate
for use in catalyst supports.

2.4 Catalyst Synthesis

Catalyst synthesis is a complex process that involves designing and producing catalyst
materials with specific properties to enhance their effectiveness in catalyzing chemical
reactions. The synthesis of catalysts involves the selection of appropriate precursors, syn-
thesis methods, and conditions to achieve the desired physical and chemical properties.
Precursors can be inorganic or organic, and various synthesis methods such as sol-gel,
precipitation, impregnation, and hydrothermal synthesis can be employed to produce cata-
lysts with different structures and morphologies [71]. The conditions such as temperature,
pressure, and pH can also be adjusted to control the catalyst properties. Catalyst synthesis
is a crucial step in the development of new and improved catalysts for various applications,
including steam reforming.

2.4.1 Co-precipitation

Co-precipitation is a widely used method for synthesizing catalysts. The technique in-
volves simultaneously precipitating two or more metal ions from a solution, resulting in
the formation of a mixed metal hydroxide [5]. The process entails precipitation of the
metal hydroxides, followed by the development of small elementary particles and subse-
quent growth or agglomeration of these particles, commonly referred to as nucleation [6].
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Ultimately, this process culminates in the attainment of supersaturation of the liquid. Co-
precipitation offers several advantages, including producing highly homogeneous catalysts
with controlled metal composition and particle size. The method is also relatively simple
and cost-effective, with the potential for scale-up to industrial levels [20]. However, co-
precipitation has some limitations, including careful control of the precipitation conditions
to ensure the reproducibility and consistency of the final catalyst material.

2.4.2 Calcination

Catalyst calcination is a crucial step in the synthesis of supported metal catalysts. Calcina-
tion involves high-temperature treatment of the catalyst in an atmosphere of air or oxygen,
which removes any residual organic material and converts metal precursors to their active
oxide forms [54]. The temperature and duration of the calcination step must be carefully
controlled to prevent the catalyst from deactivating due to excessive sintering or metal ox-
idation. Calcination can also lead to changes in the catalyst’s morphology, surface area,
and chemical composition, which can affect its performance in catalytic reactions [54].
Therefore, optimizing the calcination step is crucial for developing highly efficient and
stable catalysts.

2.4.3 Incipient Wetness Impregnation

Incipient wetness impregnation is a widely used method for synthesizing catalysts due
to its simplicity, reproducibility, and versatility [57]. The impregnation process involves
the addition of a precursor solution onto a solid support until the pores of the support are
filled to the incipient point. The impregnated material is then dried and calcined to re-
move residual solvent and convert the precursor to the desired catalytic species. Incipient
wetness impregnation enables the synthesis of highly dispersed and active catalysts with
controlled metal loading and distribution on various supports. It is a prominent method
used in the process of promoting catalysts.

2.4.4 Activation

Catalyst activation is a critical step in preparing catalysts for use in chemical reactions.
The process involves heating the catalyst to a specific temperature in an oxidizing or re-
ducing atmosphere to remove residual impurities and create the desired active sites on the
catalyst surface [54]. The reduction of metal oxides as an activation method is ordinarily
performed with Hs and changes the catalyst precursor to catalyst.

The temperature and atmosphere used for activation depend on the type of catalyst and
the desired reaction conditions. For example, some catalysts require a reduction step to
create metal particles with the appropriate size and oxidation state. In contrast, others
require an oxidation step to remove surface contaminants [54]. The activation process
can also influence the stability and selectivity of the catalyst by controlling the degree of
metal-support interaction and the dispersion of the active sites.
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2.5 Catalyst Characterisation

Catalyst characterization refers to the process of determining the physical and chemical
properties of a catalyst. This information is crucial for understanding a catalyst’s structure
and function relationship, optimizing the catalyst design and performance, and determin-
ing the effect of promotors. Catalyst characterization techniques can provide information
on various properties, including the catalyst’s chemical composition, surface area, poros-
ity, crystalline structure, and particle size distribution. These characteristics are employed
to gain insight into the activity, selectivity, and stability changes, which ultimately deter-
mine the catalytic performance.

2.5.1 Physisorption

The assessment of a catalyst’s surface area and pore size is crucial to understand its cat-
alytic activity, selectivity, and stability. The procedure commonly employed for this pur-
pose is N» physisorption, which involves the physical adsorption of liquid nitrogen onto
the pore walls and flat surfaces of the catalyst. The surface area is determined by apply-
ing the Brunauer, Emmett, and Tellers’ (BET) model, while the BET plot can be used to
assess the pore size distribution [14]. However, the BET model provides limited informa-
tion about the pore size and other characteristics. The theory presented by Barrett, Joyner,
and Halenda (BJH) can be utilized to obtain a more accurate pore size distribution value.
The BET model is a generalization of Langmuir’s theory of multilayer adsorption, where
the amount of adsorbed nitrogen at monolayer coverage is used to calculate the internal
surface area using the BET equation (2.10).

P __ 1 ,C-1P
V(P —P) VuC ' ViC Py

(2.10)

The BET (Brunauer-Emmett-Teller) equation involves the determination of the surface
area of a solid material by nitrogen adsorption isotherms. Here, P and P, represent the
partial pressure of nitrogen and the saturation pressure, respectively. V is the volume of
nitrogen adsorbed at pressure P, while V,,, is the monolayer coverage and the BET con-
stant, denoted as C'. The resulting graph also provides the slope (S) and intersection (/)
values, which are needed to compute the BET constant and monolayer coverage 2.10.

S 1
C=1+2 2.11) V=<

1

The utilization of the BET constant (C) and monolayer coverage (V;,,) allows for the cal-
culation of the total surface area (Sy,), which is an important parameter in determining
the catalytic activity of a material. This can be achieved through the application of equa-
tion 2.13 [14]. The specific surface area (Spgr) can also be determined by using the
aforementioned total surface area divided by the mass of the sample.
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Stot - v

(2.12)

(2.13) SBET =

(2.14)
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In this context, the symbol N 4 represents Avogadro’s number. The variable s denotes the
cross-sectional area of the adsorbate, which is 16.2 A for nitrogen. Lastly, the symbol m
represents the mass of the sample.

The Brunauer-Emmett-Teller (BET) plot is a valuable tool for characterizing porous ma-
terials, enabling determination of the adsorption isotherm category to which a material
belongs, which in turn provides insights into its pore size distribution and surface interac-
tions [64]. The hysteresis loop, which appears in the multi-layer region of the BET plot
where the adsorption and desorption curves do not overlap, is used to identify four types
of hysteresis loops that were initially classified by the International Union of Pure and
Applied Chemistry (IUPAC) in 1985. The hysteresis loops share a similar pore structure
and adsorption mechanisms, and the identifying shapes of the isotherms are seen in figure
2.2.
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Figure 2.2: Clasification of adsorption isotherms obtained from Sing [59].

To obtain a precise pore size distribution, the BET method is combined with Barrett-
Joyner-Halenda (BJH) theory, which employs the Kelvin equation for capillary conden-
sation in pores, to calculate the adsorbed volume in the inclining or declining section of
the BET plot [7]. The Kelvin equation is shown in equation (2.15).

P 20V cos
In—=—

—_— 2.15
F Tpore 8T (2.15)

P and P, signify the measured pressure and saturation pressure, respectively. The variable
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o represents the system’s surface tension under investigation, while V' represents the molar
volume of liquid nitrogen. The angle of contact between the surface of the sample and the
nitrogen gas is denoted by the symbol 6. The radius of the pores, which plays a crucial role
in the process of adsorption, is expressed as 7pore. The universal gas constant is denoted by
the variable R, and the variable T represents the absolute temperature in units of Kelvin.

2.5.2 Chemisorption

Chemisorption is a widely recognized method used to determine metal dispersion and par-
ticle size in the catalyst’s surface [12]. This method involves titration of probe molecules,
with commonly chosen probe molecules being hydrogen or carbon monoxide. The cre-
ation of chemical bonds between the adsorbent and adsorbate selectively interacts with
metals in the sample, and these bonds can be either associative or dissociative, depending
on the adsorption process. The dissociative adsorption of hydrogen on metals is a typical
example of this process. Using these chemical bonds, the percentage of dispersed metal
particles on the catalyst surface and the particle size can be calculated. In these calcula-
tions, hydrogen-to-metal ratio, particle morphology, and uniform particle size are assumed
[33].

To initiate the chemisorption experiment, the sample volume must be determined before-
hand, and the stoichiometric reactions must be identified. The sample is then pre-treated
and evacuated before dosing a specific amount of adsorbate gas onto the surface. The cata-
lyst surface is repeatedly exposed to dosing to generate the adsorption isotherm, a function
of the equilibrium pressure [12]. The chemisorbed monolayer uptake can be calculated by
extrapolating the isotherm to zero pressure. The extrapolation is determined by a hor-
izontal section of the isotherm fitted to Langmuir’s isotherm to determine the adsorbed
volume.

Vin 1 100 _
Aspecific :mNAnEAmE[ng 1
_ vpn 100m
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The volume of an adsorbed monolayer is denoted by V;,,, while N4 represents Avogadro’s
number. The chemisorption stoichiometry is denoted by n, while m denotes the mass
of the sample. Moreover, A,, represents the surface area occupied by a single metal
atom. The metal loading of the sample is denoted by wt, while the molar volume given in
em3 /mol is equal to 22414. m denotes the atomic mass of the metal.

metal] (2.16)

2.17)

The hydrogen adsorption process on metals is characterized by dissociation, where a sin-
gle hydrogen molecule occupies two metal sites. With the aid of previously calculated
dispersion, it is possible to ascertain the particle size of the system [28]. In the case of
a bimetallic system comprising nickel and cobalt, the average particle size can be deter-
mined using equation (2.18).

d(Ni_coylnm] = [101/D][%Ni/100] + [96/D][%C0/100] (2.18)
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2.5.3 Temperature Programmed Reduction

Temperature programmed reduction (TPR) is a technique for characterizing powder cata-
lysts in a reductive atmosphere. TPR provides the reduction profile of the catalyst through
the observation of the chemical reaction between oxidized metals and hydrogen, repre-
sented in equation (2.19), under linearly increasing temperature [44].

MO,, + nHy = M + nH>0 (2.19)

In this technique, metal oxides are reduced to their reduced metal form using hydrogen as
the reducing gas in an argon atmosphere. The different oxidation states of the metal are
reduced at varying temperatures, which can be used to identify the oxidation states present
in the sample. It has been observed that the incorporation of noble metals into the catalyst
leads to a significant shift in the reduction peaks to lower temperatures [3]. The presence of
noble metals aids in initiating the reduction process. The hydrogen dissociation from the
noble metal sites occurs at lower temperatures, leading to hydrogen spillover onto metal
oxide sites and resulting in reduction. TPR analysis provides valuable information about a
catalyst’s reduction behavior, which can be utilized to optimize the catalyst’s performance
for a particular reaction.

2.5.4 X-Ray Diffraction

X-ray diffraction (XRD) is a widely employed analytical technique in materials science
for characterizing crystalline phases and estimating their crystallite size. This method
involves irradiating a crystalline material with X-rays and measuring the diffracted X-rays
from its different planes [4]. The reflected X-rays form a characteristic pattern for the
material, which can be used to identify its crystal structure. The constructive interference
of the X-rays from parallel lattice planes is explained by Bragg’s law (2.20), where the
order of reflection n, the X-ray wavelength ), and the spacing between the atomic planes
d are related to the diffraction angle 6 [4].

n\ =2dsinf (2.20)

The determination of particle size by X-ray diffraction involves the analysis of peak broad-
ening, which is a consequence of the decrease in crystallite size [4]. The Scherrer equation
(2.21) is employed to estimate the particle size, where D denotes the crystallite size, & is
the Scherrer constant, a dimensionless shape factor, A is the X-ray wavelength, 3 is the full
width at half of the maximum intensity after correcting for the instrumental line broaden-
ing, and @ is the diffraction angle.

KA
" Beosh

2.21)
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2.5.5 Inductively Coupled Plasma - Mass Spectrometry

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is an analytical technique that
identifies and quantifies elements in a wide range of samples. The sample is introduced
to high-temperature argon plasma generated by an inductively coupled coil [11]. The
plasma ionizes the atoms of the sample, producing a stream of positively charged ions.
These ions are then extracted from the plasma and directed into a mass spectrometer,
where they are separated based on their mass-to-charge ratio (m/z) and detected. The
intensity of the ion signal at each m/z corresponds to the abundance of the corresponding
element or isotope in the sample. ICP-MS has several advantages over other analytical
techniques, including high sensitivity, accuracy, and precision, as well as the ability to
simultaneously measure a wide range of elements. The technique has been applied in the
characterization of catalysts, where it provides valuable information about the catalyst’s
elemental composition and can confirm a successful synthesis with the desired values of
active material and promoter percentages.

2.5.6 Scanning Transmission Electron Microscope

Scanning Transmission Electron Microscope (STEM) is a type of electron microscope that
uses a focused electron beam to image the sample’s surface. The STEM instrument can
also detect the electrons that have passed through the sample, providing high-resolution
images of the sample’s internal structure. The possibility of a surface and internal struc-
ture analysis is the result of a combination of a scanning electron microscope (SEM) and
a transmission electron microscope (TEM).

In SEM, a beam of high-energy electrons is focused onto a sample using electromagnetic
lenses. When the electrons in the beam interact with the atoms in the sample, several dif-
ferent types of interactions can occur, including elastic scattering, inelastic scattering, and
ionization [36]. One of the main signals used in SEM is the secondary electrons emitted
from the sample surface due to the inelastic scattering process [38]. When the high-energy
electrons in the primary beam collide with the atoms in the sample, some of them transfer
enough energy to the atoms to knock one or more electrons out of their outer shells. These
ejected electrons are known as secondary electrons. The secondary electrons emitted from
the sample surface can be detected and used to form an image of the sample. This is done
by scanning the beam across the sample surface and collecting the secondary electrons
emitted at each point. The intensity of the secondary electron signal is proportional to the
local topography and composition of the sample, allowing a detailed image of the surface
to be obtained [38].

In addition to secondary electron emission, other signals can also be detected in SEM.
Backscattered electrons are high-energy electrons scattered back toward the detector after
interacting with the sample atoms [38]. These electrons can provide information about the
composition and crystal structure of the sample. Consequently, backscattered electrons
are primarily utilized to identify elemental contrasts within the sample, whereas secondary
electrons are employed to investigate high-resolution morphological features.
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2.5.7 Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-ray Spectroscopy (EDS) is a technique that can be used with electron
microscopes to analyze the chemical composition of a sample. EDS works by detecting the
X-rays that are emitted when the electrons in the sample are excited by the electron beam
[38]. The energy of these X-rays is characteristic of the element that emitted them, and
by measuring their energy, the sample’s elemental composition can be determined. EDS
is often used to identify the presence of specific elements in a sample, to map the distri-
bution of elements across a sample, and to quantify the elemental composition of a sample.

Despite its many advantages, EDS suffers from several notable limitations that can affect
the accuracy and precision of the elemental quantification. One of the main drawbacks of
EDS is its limited sensitivity to light elements such as carbon, nitrogen, and oxygen. This
is because the X-rays emitted by these elements have lower frequencies and are harder to
detect compared to X-rays emitted by heavier elements [38]. Consequently, EDS may not
be able to accurately detect or quantify these light elements in a sample. Spectral overlap
can also be problematic for EDS spectra, where X-rays from one element overlap with
X-rays from another element, leading to inaccurate quantification. Moreover, EDS signals
can be noisy due to background radiation, affecting the accuracy and precision of the ele-
mental quantification [38]. These limitations must be carefully considered and addressed
to ensure accurate and reliable results from EDS analysis.

For EDS, the depth of the interaction volume, also known as scattering depth, can limit
the ability to accurately quantify the elemental composition of a sample, particularly for
layered or composite materials [38]. This is because the X-rays emitted from the deeper
layers of the sample may not reach the detector or be absorbed or scattered by the material
before they reach the detector. As a result, the EDS signal may only reflect the elemental
composition of the topmost layers of the sample, and the elemental quantification may not
represent the whole sample.

2.6 Catalyst Performance

In the assessment of a catalyst and its promoter, key indicators of performance include
activity, selectivity, and stability. To eliminate the influence of mass and heat transport
phenomena, small catalyst particles may be employed and the catalyst bed may be diluted
with inert particles to enable kinetic performance studies. High linear flow velocities and
low conversion levels are critical factors in obtaining accurate kinetic data. By maintaining
these conditions, the kinetic studies can achieve a high level of certainty. The evaluation
of catalyst performance is essential in the development of efficient and cost-effective in-
dustrial processes.

2.6.1 Activity

Conversion is a key measure of catalyst activity and refers to the percentage of reactants
that are transformed into products in a given reaction. It is calculated by comparing the

21



2 Theory and Literature Review 2.6.2 Selectivity

amount of reactants consumed to the amount of products formed, or reactants in the feed
compared to the outlet flow (2.22). High conversion rates are desirable as they indicate
that the catalyst is effectively promoting the desired reaction. However, excessively high
conversion rates may result in undesired side reactions or catalyst deactivation. Thus, a
balance must be struck between conversion and selectivity. Conversion can be affected
by several factors, including the catalyst’s surface area, active site density, and reaction
conditions such as temperature and pressure.

Fo.cr
X =1 2.22
O Hi Fen, + FocH, 222)

Where Fy ¢ g, is the molar methane flow in the feed and Fio g, is the outlet molar flow.

Conversion can be combined with other catalytic activity measures, such as turn over
frequency (TOF), site time yield (STY), reaction rate, and activation energy. TOF is a
measure of the catalyst’s efficiency and is calculated by dividing the number of product
molecules formed per unit of time by the number of active sites on the catalyst surface,
while STY is based on the assumption that each surface atom is an active site. The re-
action rate measures the speed at which the reaction occurs and is typically expressed in
terms of moles of product formed per unit of time. The activation energy is the energy
barrier that must be overcome for the reaction to occur, and a lower activation energy gen-
erally indicates a more active catalyst. Together, these measures provide a comprehensive
assessment of the catalytic activity and effectiveness of a given catalyst in promoting a
particular reaction.

2.6.2 Selectivity

Catalyst selectivity refers to the ability of a catalyst to favor a specific reaction pathway,
leading to the desired product. The CO/C ratio and H/CO ratio indicate selectivity in
catalytic reactions, particularly in syngas processes. The equation used to calculate CO
selectivity is seen in equation (2.23), and is based on the assumption that all carbon is
converted into C'O and C'O,. In the equation, Sco represents the selectivity of CO. Feoo
and Fco, represents the molar flow of CO and C'O out of the reactor respectively.

Feco

___“co (2.23)
Feo + Feo,

Sco

In the water-gas shift reaction, the CO/CO ratio is adjusted to increase selectivity to-
wards hydrogen production. The Hs/CO ratio is also crucial in determining the selec-
tivity of catalysts in syngas processes, and downstream usage of the gas. Equation (2.24)
represents shows the hydrogen to carbon ratio where Fy, and Fco represent the molar
flow of Hs and C'O out of the reactor, respectively.

Fy,

(2.24
Feco )

Hy/CO =
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2.6.3 Stability

Catalyst stability is a critical factor affecting any catalytic process’s economic feasibility
and long-term viability. Deactivation is a major challenge that reduces the catalyst’s stabil-
ity and efficiency over time. Deactivation can occur due to various factors, such as thermal
sintering, poisoning, and fouling [60]. Thermal sintering is the irreversible loss of active
sites due to the coalescence of small particles at high temperatures, and poisoning occurs
when the active sites are covered or blocked by adsorbed impurities, resulting in reduced
catalytic activity. Fouling refers to the deposition of unwanted substances on the catalyst
surface, which can block the active sites and reduce the surface area available for reaction.
One example of this is coke formation.

The assessment of catalyst deactivation can be approximated by quantifying the percent-
age change in methane conversion. The deactivation percentage of an experiment can be
determined by evaluating the average conversion at the start and a specific time, typically
the end, denoted by Xo cp, and X cp,, respectively, as expressed by equation (2.25).
This method enables the quantification of the decrease in catalyst activity due to the devel-
opment of inactive species on the catalyst surface, which leads to a reduction in reactant
conversion.

X - X
Deactivation|[%] = =2 — 2 CHy (2.25)

Xo,cH,

Several characterization methods can be employed to identify the different mechanisms
that lead to the deactivation of a catalyst. These methods include Scanning (Transmission)
Electron Microscopy (S(T)EM), Temperature Programmed Oxidation (TPO) coupled with
Thermogravimetric Analysis (TGA), and Raman spectroscopy. These techniques allow for
the observation of the structural and morphological changes in the catalyst and the detec-
tion of carbonaceous deposits and other contaminants. Moreover, these techniques offer
insights into the nature and distribution of metal particles, particle size, and the degree of
sintering, which can impact the catalytic activity, selectivity, and stability of the catalyst.

To ensure the stability of a catalyst, various strategies are implemented, including the use
of promoters or stabilizers, operating at lower temperatures, and periodic regeneration or
replacement of the catalyst. These strategies can help to minimize the catalyst’s deactiva-
tion and ensure its longevity in a reaction system.

2.7 Gas Chromatography

Gas chromatography (GC) is a technique used for separating and analyzing volatile com-
pounds. The sample is first injected into a column containing a stationary phase that
selectively interacts with the sample components [13]. Then, an inert gas, such as argon,
is used as the mobile phase, which carries the sample components through the column. As
the sample components interact with the stationary phase, they are separated based on their
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unique chemical properties, such as weight, volatility, and polarity. The separated compo-
nents are detected at the end of the column by a detector, such as a Thermal Conductivity
Detection (TCD), which detects changes in thermal conductivity. The detector produces
a signal proportional to the amount of each separated component, which is then used to
create a chromatogram, a plot of signal intensity versus time. The resulting chromatogram
can be used to identify the components in the sample and determine their relative quantities
[13].
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Experimental Methods

This study is a continuation of the research conducted in 2022 as part of the specialization
project titled "Catalysts for Syngas Conditioning for Advanced Biofuels" [53]. Conse-
quently, certain experimental methodologies employed in the present study were also uti-
lized during that time frame, resulting in similarities in the description of the experimental
methods applied.

The experimental methods will describe the experimental work implemented in this re-
port, with risk assessment, catalyst synthesis, and characterization as well as the steam
reforming experiments performed with the catalysts.

3.1 Risk Assessment

The hazards and corresponding safety measures related to the laboratory work and ex-
periments carried out in this project were evaluated in accordance with the NTNU Risk
Assessment protocol. A comprehensive record of the risk assessment can be located in
Appendix E.

3.2 Catalyst Synthesis

The catalyst synthesis was accomplished through a sequence of co-precipitation, drying,
and calcination steps. For the catalyst synthesis, an Excel solver was used in order to
obtain the desired catalyst composition. The desired ratios of the catalyst composition
included a total nickel-cobalt loading of 40 wt% of the oxide forms ((Ni + Co)/(Ni +
Co+ Mg+ Aly03)), a M?T /M3* ratio of 3, and a nickel-cobalt ratio of 1. Appendix A
has a detailed list of the materials and weight added in the co-precipitation synthesis.

The nitrates were blended in a 3-necked round bottom flask comprising 400 mL of deion-
ized water. In a separate round bottom flask, sodium carbonate and sodium hydroxide
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were dissolved in 400 mL of deionized water. With continuous stirring of the round bot-
tom flask containing the hydrate materials, the dissolved sodium carbonate and sodium
hydroxide solution was gradually pumped over a period of 2 hours at 200mL/hour. The
pH of the solution was regulated to fall within the range of 8-9 by adding nitric acid since
the co-precipitation method required a consistent pH for the creation of hydrotalcite pre-
cursors. The solution was then heated to a temperature of 80 °C and allowed to age for
16 hours. The precipitate was subsequently cooled to ambient temperature and filtered.
To ensure the absence of impurities, the precipitate was washed with 3 liters of deionized
water. The remaining precipitate was dried overnight at 80 °C before being ground using
a mortar. To ensure complete dryness, the calcination process was initiated at 80 °C for
2 hours, followed by an increase in temperature to 600 °C, where it was held for 6 hours.
The catalyst was sieved into factions of >150 pum, 75-150 ym and < 75 pm.

The addition of promotors to the nickel-cobalt catalyst was achieved by incipient wetness
impregnation, where three fractions of 1500.0 mg of 75-150 um calcined catalyst were
promoted with Pt, Pd, or Rh to obtain a 1.0 wt% promotion. The specific information on
the materials and weight added can be found in a detailed list in Appendix A. The noble
metals were weighed and separately dissolved in 2 mL of deionized water under constant
stirring. The volume of deionized water corresponded to the pore volume for pre-testing
with pure deionized water found in Appendix A. The concentration of each solution was
calculated with the basis of a calcined sample (NiO —CoO— M gO— Al>O3) to ensure that
the reduced catalyst would contain 1.0wt% of noble metal. The samples dried overnight
at 80 °C and calcinated at 600 °C for 6 hours.

3.3 Characterization

3.3.1 Physisorption

Nitrogen adsorption measurements were conducted using the Micromeritics TriStar II
3020 Surface Area and Porosity Analyzer. Approximately 150 mg of the catalyst samples
were loaded into specific glass reactors and subjected to a degassing process for one hour
at ambient pressure, followed by an overnight degasification at 100 °C. The physisorption
program was then conducted at a temperature of -196 °C, utilizing the BET (Brunauer-
Emmett-Teller) and BJH (Barrett-Joyner-Halenda) theories to calculate surface area and
pore size distribution.

3.3.2 Chemisorption

The Micrometrics ASAP 2020 instrument employed hydrogen as a probe molecule to
determine the dispersion and particle size of the catalyst. A catalyst sample weighing
approximately 100 mg was loaded into a dedicated reactor on a bed of quartz wool and
covered with an additional layer of wool. The sample was evacuated for one hour prior
to commencing the experiment to achieve a pressure below 0.003 mmHg, in addition to
a leak test was conducted to ensure optimal conditions. The experiment was conducted
according to the program detailed in table 3.1.
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Table 3.1: Sequence used for hydrogen chemisorption.

Task Temperature [°C] Rate Time
Evacuation 30 10 60
Automatic Leak Test 35 10 -
Hydrogen flow 670 2 960
Evacuation 670 2 30
Evacuation 35 10 90
Automatic Leak Test 35 10 -
Evacuation 35 10 30
Analysis 35 10 -

3.3.3 Temperature Programmed Reduction

The temperature profiles of the catalyst samples were determined using the Altamira
BenchCat Hybrid 1000HP. Each catalyst sample weighing approximately 40 mg was loaded
into a specially-designed quartz reactor, carefully arranged on a bed of quartz wool, and
covered with an additional layer of the same wool. A gas mixture of 7% H in Ar was
introduced at a constant flow rate of 50 mL/min, and the samples were subjected to a
controlled heating ramp of 10 °C/min, reacting a temperature of 670 °C and maintaining
the same temperature for 5 hours. The heating is continued with a heating ramp of 10
°C/min until reaching a final temperature of 900 °C and held for 30 minutes. The hydro-
gen consumption was measured by the thermal conductivity detector (TCD) as a function
of temperature, enabling the determination of the temperature profiles of the catalysts.

3.3.4 X-Ray Diffraction

In the X-ray diffraction analysis, Co-supervisor Ask Lysne utilized the Bruker D8 A25
DaVinci X-ray Diffractometer with CuK« radiation to obtain the X-ray diffractograms of
the samples before and after calcination. The analysis of hydrotalcite was performed on the
sample holders covered with Kapton film, while the metal oxide samples were transferred
to a zero-diffraction Silicon cavity, placed in the sample holder, and covered with Kapton
film. The background noise in the experiments was distinguished by including blank runs
of the silicon cavity with Kapton film. The diffractograms were obtained using a low
crystallinity program, where the measurement of 26 was conducted from 5° to 80°, with a
fixed angle of 0.1°, and a duration of 120 minutes.

3.3.5 Inductively Coupled Plasma Mass Spectrometry

The elemental analysis was carried out using ICP-MS by a third-party analytical service
provider (SINTEF). The methodology employed involves decomposition with H NOs3 in
a Milestone UltraWAVE and analyzed with an Agilent 8900 Triple Quadropole ICP-MS
(ICP-QQQ) with SPS 4 Autosamplers. The samples were quantified against standards
from Inorganic Ventures ad with 115In as an internal standard.
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3.3.6 Scanning Electron Microscopy and Energy Dispersive X-ray Spec-
troscopy

Prior to conducting surface analysis using S(T)EM and EDS, the samples were subjected
to a preparation procedure involving drop-casting onto silicon wafers. The silicon wafers
were cleaned using oxygen plasma for 30 seconds to eliminate contaminants. The catalyst
samples used in the syngas conditioning experiments with the tar model were dispersed in
96% ethanol and flushed with a pipette during sonication to ensure complete dissolution.
The sample dispersions were then drop-casted onto the silicon wafers and dried on a hot-
plate at 50 °C with three drops of samples added to obtain a sufficient number of particles.
Prior to analysis in the SU9000 and the attached Oxford Ultim Extreme EDX-system, the
samples hovered over with a magnet to avoid any bigger magnetic particles damaging the
equipment. The equipment is located in an electromagnetic field-free room on a vibration-
isolated ground to minimize any disturbances and contamination during analysis.

3.4 Catalyst Testing

To assess the activity, selectivity, and stability of the catalysts, activity tests for steam
methane reforming and water gas shift were conducted. To examine the impact of tar
on the system, a tar model compound was introduced to compare the performance of
the catalysts in the pure syngas system and the syngas plus tar system. The experiments
were performed at a constant temperature of 700 °C and a steam-to-carbon ratio of 3.
The stability tests were carried out for the unpromoted Ni-Co catalyst and the platinum,
palladium, and rhodium-promoted catalysts.

3.4.1 Catalytic Steam Reforming Setup

In the steam reforming experiments, a tubular fixed bed quartz reactor with an inner di-
ameter of 6 mm was employed. A detailed illustration of the reactor used in the tar model
experiments, including measurements, is presented in figure 3.1, obtained from @xnevad
Madsen [41]. The same reactor dimensions were used for the syngas experiments but
without the tar inlet. Movable K-type thermocouples were strategically positioned inside
and along the outside of the reactor in contact with the reactor wall. The gas distribu-
tion was precisely controlled using Bronkhorst Mass-Flow-Controllers (MFC), while the
reactor furnace and evaporator were accurately programmed via Eurotherm temperature
controllers.

In the experimental setup, the syngas used in the tests was provided by Linde from a 50
L gas cylinder, with a composition of 10 mol% C Hy, 25 mol% CO,, 25 mol% CO, 35
mol% Hs, and N as the balance gas. To avoid variations in the steam flow, argon was
used as a carrier gas and injected prior to the evaporator. The syngas was directed into the
reactor along with the argon and water, which emerges from the evaporator. To maintain a
stable temperature of 700°C and avoid steam condensation, the reactor was placed inside
an electric furnace, and the lines connecting the reactor to the evaporator and condenser
were affixed with heating tape and isolated. A schematic illustration of the simplified flow
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sheet of the setup is presented in figure 3.2. and a complete flow sheet illustrated by Ask
Lysne can be found in Appendix C. The product gases were analyzed using an Agilent 490
Micro-GC equipped with a CP-COx column and a TCD. At fixed intervals, samples were
injected with argon as a carrier gas and analyzed for CHy, CO5, CO, Hy, and N, as a
reference gas.
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Figure 3.1: Schematic diagram of the quartz tubular fixed-bed reactor, with measurements given in
[mm] obtained by @xnevad Madsen [41].
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Figure 3.2: Simplified flow sheet of the experimental rig used for steam reforming.
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3.4.2 Experiment Procedure

The reactor bed was loaded with 10 mg catalyst in the size range 75-150 pm diluted with
400 mg a-alumina in the size range 300-700 pm, which was previously determined to be
optimal by co-supervisor Ask Lysne. The addition of c-alumina resulted in an improved
temperature distribution in the reactor bed. The mixture was loaded onto a piece of alu-
mina wool supported on the sinter inside the reactor and topped with another wool piece
to keep the catalyst bed stable. The reactor was sealed with a thermo-pocked and placed
in the reactor center in contact with the top of the bed.

Prior to the experiments, start-up leak tests were performed. Argon was initially used to
obtain a two bar absolute pressure, and the reactor’s valves and fittings were checked for
gas leaks using leak detection spray. If the test indicated no signs of leaks and constant
pressure was maintained, hydrogen was introduced to the system at a flow rate of 132.4
NmL/min, and the valves and fittings were checked with a flammable gas detector. The
experimental parameters were held constant throughout the experiments, and a summary
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of these parameters is provided in the table below.

Table 3.2: Fixed parameters for synthetic gas conversion experminents.

Parameter Value Unit Symbol
Volumetric flow 850 NmL/min Fv iotal
Syngas flow 400 NmL/min Fy syngas
Gas Hourly Space Velocity 85000 NmL/g.,:min GHsV
Mass catalyst 10 mg m
Mass oo — Al303 400 mg m
Height catalyst bed 8 mm h

All mass flow controllers (MFC) utilized in the present experiment underwent calibration
by the co-supervisor, Ask Lysne, prior to the experiments. The calibration curves obtained
from the controllers can be found in Appendix D. The calibration of the Micro GC was
also carried out, and its calibration curves can be found in Appendix D. These calibra-
tion procedures were performed to facilitate the conversion of registered peak areas in the
analysis to molar fractions basis.

Activation

The activation process for each experiment involved in situ reduction of the catalyst with
a mixture of 50 mol% hydrogen in argon. The flow rate of hydrogen and argon was main-
tained at 100 Nml/min each. The reduction process was initiated at ambient temperature
and the temperature was ramped up gradually at a rate of 2 °C/min until it reached a final
temperature of 670 °C, which was maintained for a duration of 16 hours.

Syngas Experiments

The steam reforming experiments were conducted at a constant temperature of 700 °C for a
period of 6 hours, with continuous monitoring of the reactions via the Micro GC connected
to the reactor outlet. The selection of this temperature was based on previous screening
experiments [41] in order to obtain a kinetic regime suitable for studying deactivation. To
maintain a steam-to-carbon ratio of 3, the flows of syngas, argon, and water were set to
400 NmL/min, 330.6 NmL/min, and 0.089 NmL/min, respectively, resulting in a total flow
rate of 850 NmL/min.

Tar Model Experiments

To investigate the impact of tars on the catalyst, a tar model was introduced in the exper-
iment consisting of 75 wt% toluene and 25 wt% methylnaphthalene, with a tar yield of
10 g¢/Nm? of syngas, based on typical fluidized bed values [43]. An electronic syringe
pump was employed to add the tar model to the reactor while maintaining a steam-to-
carbon ratio of 3, similar to the experiments without the tar model. The steam flow was
increased, decreasing the argon flow to maintain a constant Gas Hourly Space Velocity
(GHSV) compared to previous experiments. The syngas, argon, and water flows were set
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at 400 NmL/min, 309.1 NmL/min, and 0.106 NmL/min, respectively, for the tar experi-
ments. The temperature and duration of the tar experiments were kept constant at 700 °C
and 6 hours, respectively.

Following the tar model experiments, the condenser was drained, and the liquid samples
were collected. To identify any unreacted tar, the samples are planned to be analyzed using
gas chromatography with a flame ionization detector (GC-FID) and mass spectrometry
(GC-MS) by Ask Lysne, the co-supervisor at a later date.

Variations in Steam to Carbon Ratio and Temperatures

Co-supervisor Ask Lysne previously performed activity experiments of a 20-20 wt% Ni-
Co catalyst synthesized using a methodology consistent with the one described earlier in
this section. These experiments aimed to assess the catalyst’s performance under vary-
ing steam-to-carbon ratios and temperatures, employing a tar model composed of 100%
toluene. A concise summary of the experimental parameters used in Lysne’s experiments
is provided below to facilitate reproducibility.

In Lysne’s experiments, a fixed amount of g/Nm? of toluene was added, aligning with the
tar model experiments detailed earlier. Two of the aforementioned experiments investi-
gated the impact of steam-to-carbon ratios, specifically ratios of 2 and 5 while maintaining
a constant temperature of 700 °C. The second parameter experimented with the temper-
ature points of 650 °C and 800 °C while maintaining a steam-to-carbon ratio of 3. The
purpose of adding these activity-tested catalysts to the thesis is to analyze the catalyst’s
surface using S(T)EM and EDS.
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Experimental Results and
Discussion

4.1 Characterisation

The characterization techniques employed on the promoted 20-20 wt% Ni-Co catalysts
were performed prior to the steam reforming experiments, with the exception of the S(T)EM
and EDS surface analysis, which were performed after the steam reforming experiments.
All of the reported results were obtained in the spring semester of 2023.

4.1.1 Physisorption

The surface area, pore diameter, and pore volume of the samples were determined by
conducting nitrogen physisorption experiments, and their respective pore size distribution
was also assessed. The obtained results, including the average surface area, pore diameter,
and pore volume, are presented in table 4.1, while the adsorption-desorption isotherms can
be found in Appendix B.

The addition of noble metal promoters to the 20-20 wt% Ni-Co catalyst resulted in a
substantial increase in surface area. In addition, there has been a decrease in pore diameter
and an increase in pore volume, as determined by BJH theory. These properties caused
by the addition of noble metals result in an increase in the number of available active
sites compared to the unpromoted catalyst, thereby enhancing the catalytic activity of the
material.
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Table 4.1: Structural data obtained from N2 physisorption.

Catalyst Surface Area® [m?/g] Pore Diameter® [nm]  Pore Volume® [em?/g]
Unpromoted 166 11.0 0.51
1.0 wt% Pt 197 9.0 0.52
1.0 wt% Pd 201 8.9 0.52
1.0 wt% Rh 197 9.2 0.52

@ The standard deviation for the surface area was determined by the BET method to be 0.0755 using two
parallel experiments of the unpromoted catalyst.

b The standard deviation for the pore diameter was determined by the BJH method to be 0.0128 using two
parallel experiments of the unpromoted catalyst.

¢ The standard deviation for the pore volume was determined by the BJH method to be 0.001317 using two
parallel experiments of the unpromoted catalyst.
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Figure 4.1: Pore size distribution of the three promoted catalysts and the unpromoted 20-20 wt%
Ni-Co catalyst.

As depicted in figure 4.1, all of the pores present in the catalyst exhibit a pore size range
falling within the 2-50 nm range, a characteristic indicative of mesopores [64]. This ob-
servation is further corroborated by the hysteresis loops observed in the isotherm plots for
each catalyst, as provided in Appendix B. These loops correspond to a narrow distribution
of mesopores, which is identified as the H1 hysteresis loop [64]. Although all catalysts
exhibit a monomodal pore size distribution, the promoted catalysts display a peak pore
size at 14 nm, compared to the unpromoted catalyst, which has a peak at 16 nm.
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4.1.2 Chemisorption

The determination of surface metal dispersion and particle size of the catalysts were ob-
tained using hydrogen chemisorption on the catalyst in their reduced form. table 4.2 de-
picts the results from the chemisorption analysis. The dispersion was determined using the
total hydrogen uptake from the adsorption isotherm, and the particle size was calculated
from the dispersion based on the assumptions mentioned in 2.5.2. The adsorption isotherm
and repeated isotherm can be found in Appendix B.

Table 4.2: Structural data from H> Chemisorption.

Catalyst Hydrogen-adsorption [cm? /STP] Dispersion [%] Particle Size [nm]

Unpromoted 6.13 £ 0.0154 8.0 12.5
1.0 wt% Pt 7.50 £ 0.0308 9.9 10.2
1.0 wt% Pd 7.54 £ 0.0181 9.9 10.2
1.0 wt% Rh 6.37 £ 0.0222 8.3 12.1

All of the promoted catalysts show an increased dispersion and a correlating decrease
in particle size. The rhodium-promoted catalyst shows almost negligible effect on the
surface active metal dispersion, while platinum and palladium have similar effects. The
increased hydrogen adsorption for the promoted catalysts results from noble metals’ ability
to increase the dispersion of transition metals. It should be noted that the particle size in
table 4.2 is an average of the particle sizes found in the sample, including elemental Ni
and Co particles, Ni-Co particles, and noble metal particles.

4.1.3 Temperature Programmed Reduction

In the TPR experiment, the temperature was maintained at 670 °C for a duration of 5
hours, approximately recreating the reduction process carried out in the syngas condition-
ing experiment setup. Followed by an increase of temperature to 900 °C for 30 minutes.
The reduction reaches its peak at a bed temperature of 690 °C, which corresponds to the
setpoint of 670 °C, as observed in figure 4.2. A minor reduction curve was observed for
all catalysts at around 800 °C, indicating incomplete reduction at 690 °C. However, as the
peak is in the lower size range, the reduction of the catalysts prior to the activity experi-
ments was deemed sufficient.

All the catalysts exhibited two significant reduction peaks, the larger one at 690 °C, and the
significantly smaller peak at 385 °C, representing nickel, cobalt and noble metal oxides
present in the samples. The TPR profile for supported cobalt exhibited two reduction
peaks, representing the two-stage reduction of cobalt oxide. In contrast, the second peak
represented the reduction of divalent mixed metal oxide phases [34]. The reduction of
spinel C'0o304 to C'oO occurs in the temperature range of 200-400 °C, as well as the
reduction of CoO to Co” [34]. Li and Chen showed that the TPR profile for unsupported
nickel oxide exhibited a single peak at 220 °C [37]. However, adding support material
resulted in the peak shift towards higher temperatures due to decreased reducibility, a
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common effect observed when support structures are introduced. Due to the high shift
towards higher temperature, it is theorized that nickel is present in divalent mixed metal
oxide phases such as M gNiO,, leading to an increased temperature peak [46].
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Figure 4.2: TPR profiles for the catalysts.

For hydrotalcite-derived support, the interaction of Ni and Co with the support explains
the higher temperature peak leading to two separate reduction peaks. The amount of ac-
tive metal substituted into the hydrotalcite lattice structure during the catalyst synthesis
affects the reducibility of nickel and cobalt [28]. The strong interaction forces between
the support and the Ni and Co atoms result in a higher temperature reduction peak, which
entails the extraction of the atoms to the catalyst’s surface. Previous studies on a similar
catalyst have reported that C'o®>* ions are more challenging to substitute into hydrotalcite
structures than Ni2t ions if the cobalt loading is over 10 wt% [28]. This results in more
cobalt particles on the surface of the catalyst, which necessitates lower temperature for
parts of the cobalt reduction, leading to the formation of two reduction peak areas [28].

The TPR profiles of the platinum-, palladium-, and rhodium-promoted catalysts exhibit
a leftward shift compared to the unpromoted catalyst, with all noble metals displaying
a low-temperature shoulder. Notably, Pt and Pd exhibit a more slender peak compared
to Rh. This trend towards lower reduction temperatures can be attributed to the ability
of noble metals to promote active metal reduction through the mechanism of hydrogen
spillover. This phenomenon has been documented in previous studies on noble metal-
promoted catalysts [68], [3]. Furthermore, the increase in reduction can be attributed to the
enhanced surface area and active metal dispersion observed in the noble metal-promoted
catalysts, leading to a greater number of active sites available for reduction.
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4.1.4 X-Ray Diffraction

X-ray diffraction analysis was employed to verify the presence of hydrotalcite structure
in the catalyst synthesis prior to sample calcination, as well as to compare the diffraction
pattern of the calcined 20-20 wt% Ni-Co catalyst with that of the noble metal promoted
catalyst, in order to discern any alterations in the crystal structure.

The X-ray diffractogram depicted in figure 4.3 exhibits the characteristic pattern of hy-
drotalcite, which provides evidence for the formation of the hydrotalcite structure in the
catalyst synthesis. The diffractogram shows intense symmetric peaks marked with a "o"
at 11 and 22, and 35° in the low range of 26, corresponding to the crystal planes (003),
(006), and (009), respectively [28]. Additionally, less intense asymmetric peaks at 39,
46, and 62° in the higher range of 26 represent the crystal planes (012), (015), and (018).
These observed peaks are consistent with previous studies that have analyzed hydrotalcite
structure [28], [46], [19], providing further confirmation for the formation of hydrotalcite
in the sample. The X-ray diffractogram reveals that the primary component present is the
hydrotalcite precursor without significant contamination from other materials.

Ni-Co HT
—— KH background
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Figure 4.3: X-ray diffractogram of hydrotalcite precursor and background.

The x-ray diffractograms of the catalyst and promoted versions are presented in figure 4.4.
The characteristic peaks of hydrotalcite are no longer discernible, indicating the collapse
of the HT structure. The overlap in peaks arising from some of the metal oxides makes
it difficult to identify the peaks. The presence of NiO, M gO, and M gNiO, is detected
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Figure 4.4: X-ray diffractogram of metal oxide catalyst and background.

in all samples, marked with "X" in figure 4.4. For the cobalt present in the samples, the
cobalt oxides CoO and C'o5O3 are not identifiable in the diffractogram. While CoAl3Oy,
Co2AlOy, MgC0204, NiCo0504, and Co30, are identifiable but not distinctly visible
due to the broad nickel and magnesium peaks in the same 26 range. It is challenging to
distinguish them from one another due to the similarity in XRD patterns [28]. The inten-
sity of the peaks varies between different structures and can not be used to identify the
relative intensities of the different materials.

The X-ray diffraction (XRD) pattern of the 1.0wt% Pt, 1.0wt% Pd, and 1.0wt% Rh pro-
moted samples did not reveal any significant differences from the unpromoted Ni-Co cat-
alyst. The noble metal additives did not produce any observable changes in the XRD
patterns. This finding is consistent with the surface area measurements, which indicated
similar values for the noble metal-promoted and unpromoted catalysts.

4.1.5 Inductively Coupled Plasma - Mass Spectrometry

Elemental analysis was conducted on the catalyst samples using inductively coupled plasma
mass spectrometry (ICP-MS) to confirm the successful synthesis of the catalysts and en-
sure that the ratios used in the calculations were accurate. The analysis was carried out
by an external third-party organization, SINTEF, and the results are presented in table 4.3.
The first column shows the expected noble metal promotions in the 20-20 wt% Ni-Co cat-
alysts, while the second column displays the total metal loading of nickel and cobalt in the
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catalyst. The third to fifth rows provide information on the presence of noble metals in the
samples. The last two columns show the nickel-cobalt ratio and the molar ratio of M27 to
M3,

Table 4.3: Elemental composition of the catalysts.

Catalyst Ni-Co [wt%] Pt [wt%] Pd[wt%] Rh[wt%] Ni/Co M?*/M3*

Unpromoted 44.16 - - - 1.11 2.94
1.0 wt% Pt 43.12 0.936 - - 1.08 2.93
1.0 wt% Pd 43.37 - 0.893 - 1.10 2.93
1.0 wt% Rh 43.54 - - 1.033 1.07 2.93

@ The metals loading compositions calculations include the assumption that magnesium and aluminum are
present as M gO and Al20s.
Ni2t+co?t 4 Mgt
A3+

b The molar relationship refers to the relationship in the following equation
Based on the ICP-MS analysis results presented in table 4.3, it was observed that the total
metal loading in all the catalysts exceeded the prepared synthesis amount. By comparing
the metal loading and molar ion ratio it is concluded that there is a slightly deficient of
magnesium. Furthermore, it was observed that all the samples had a higher percentage of
nickel than cobalt, resulting in a Ni/Co ratio slightly greater than 1. Noble metals, plat-
inum, and palladium were marginally below the target of 1.0 wt%, while rhodium was
slightly above. These results suggest that the catalyst synthesis was successful, albeit with
minor deviations from the intended goals.

The co-precipitation and impregnation synthesis methods are highly dependent on various
parameters, such as supersaturation, temperature, and pH, which can significantly affect
the resulting catalyst composition. It is possible that optimal saturation levels were not
achieved during the synthesis, leading to a magnesium deficit in the samples. Sequential
precipitation, where the precipitation of one metal ion occurs before the other, can also
contribute to changes in the catalyst composition, leading to magnesium deficiency.

4.2 Activity Tests

The catalysts’ activity for synthesis gas conditioning screening was conducted under con-
trolled conditions at a temperature of 700 °C and with a steam-to-carbon ratio of 3. Previ-
ous experiments using a similar catalyst demonstrated that the 20-20 wt% Ni-Co catalyst
derived from hydrotalcite-like precursors exhibits a linear temperature-dependency up to
700 °C [41]. This linear relationship confirms that the system operates within the kinetic
regime, where mass or heat transfer limitations do not hinder the reaction rate. To assess
the impact of promoter compositions on the catalyst’s activity, selectivity, and stability, the
obtained experimental outcomes are compared to those of the unpromoted catalyst.

To evaluate the influence of the noble metal promotors on the catalyst’s activity, the
methane conversion is examined as a function of time on steam. The methane conver-
sion is determined using equation (2.22). Additionally, for selectivity measurements, the
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CO selectivity and Hs/CO ratio are plotted as functions of time on steam. These values
are determined by utilizing equations (2.23) and (2.24). Furthermore, the catalysts’ deac-
tivation is assessed using equation (2.25).

A tar model compound composed of 75% toluene and 25% 1-methylnaphthalene is in-
troduced to the steam reforming system in a different set of experiments. This was done
in order to determine the effect of the tar model on the catalyst and to compare them to
the system without tar. A comprehensive numerical summary of the experimental data is
provided in table 4.4 for the syngas experiment and table 4.5 for the tar model experiment.
Each table’s measurement includes an average starting value and an average ending value
based on the first five and last five data points, respectively. Values denoted with a 0 no-
tation correspond to the starting values. X represents the catalyst’s activity by methane
conversion, while S represents their CO selectivity. At the end of the table, D marks the
deactivation observed in each catalyst.

Table 4.4: Summary of activity, selectivity, and stability parameters for the catalysts in the syngas
system without tar model compound.

Catalyst Xow, 0% %] Xcow,"[%] Scoo® Sco® Hz/CO,0° Hy/CO,0°  D°[%]

Unpromoted 37 35 0.49 0.49 1.85 1.86 5.24
1.0 wt% Pt 39 37 0.50 0.49 1.86 1.86 5.45
1.0 wt% Pd 38 37 0.49 0.48 1.87 1.89 4.04
1.0 wt% Rh 45 42 0.51 0.49 1.83 1.90 5.24

@ Average of the five first data point of the measurements
b Average of the five last data point of the measurements
¢ The deactivation calculated from the five first and last data points of the activity measurements

Table 4.5: Summary of activity, selectivity, and stability parameters for the catalysts in the syngas
system with tar model compound.

Catalyst Xemo® %] Xem" %] Scoo® Sco® Hy/CO,0° Hy/CO,0° D€ [%]

Unpromoted 38 29 0.47 0.50 1.96 1.82 24.48
1.0 wt% Pt 40 30 0.47 0.48 1.95 1.85 25.70
1.0 wt% Pd 38 26 0.46 0.48 1.97 1.78 32.40
1.0 wt% Rh 47 30 0.48 0.49 2.04 1.87 35.57

@ Average of the five first data point of the measurements
b Average of the five last data point of the measurments
¢ The deactivation calculated from the five first and last data points of the activity measurements

Figure 4.5 depicts the methane conversion profiles of the catalysts in the syngas system in
the left figure (a), while the right figure (b) demonstrates the impact of the tar model com-
pound, consisting of 75% toluene and 25% 1-methylnaphthalene. To maintain a steam-to-
carbon ratio of 3 during experiments involving the tar model compound, additional steam
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was introduced. Consequently, the presence of less argon in the system was necessary
to uphold a constant gas hourly space velocity (GHSV). However, this adjustment makes
the system more susceptible to unstable flows due to argon serving as the carrier gas for
steam. This makes the system more prone to abrupt spikes or drops in methane conversion
or other measurements. These abrupt spikes or drops still occur without the tar model due
to instabilities in the steam flow.
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Figure 4.5: Activity measurement for steam reforming systems.

Upon analyzing the outcomes presented in figure 4.5 and the summarized data in tables 4.4
and 4.5, a notable influence of the tar model introduction to the system becomes evident.
The notations on the y-axis make it evident that there are no major variations in the activ-
ity, and the graph focuses on the variations seen for the different catalysts. In the absence
of the tar model, all catalysts exhibit relatively low levels of deactivation ranging from 4%
to 5.5%. However, with the incorporation of the tar model, substantial changes are ob-
served in the catalyst performance. The 1.0 wt% rhodium-promoted catalyst demonstrates
significantly higher activity compared to the other catalysts. Palladium and platinum cat-
alysts exhibit slightly higher conversions than the unpromoted 20-20 wt% catalyst while
displaying similar performance in selectivity. Based on methane conversion in the tar free
system, the catalysts can be ranked as follows: Rh > Pt > Pd > unpromoted.

Among the catalysts used in the system containing the tar model, palladium exhibits the
lowest deactivation, with the amount of deactivation ranking as following: Pt > unpro-
moted > Rh > Pd. It should be noted that due to the low deactivation of these catalysts,
the deactivation results are susceptible to instability in flow, leading to occasional spikes
in methane conversion. Consequently, the catalytic deactivation is considered in the same
range for all the catalysts.

The introduction of the tar model system leads to a pronounced catalyst deactivation when
compared to the experiments conducted without the tar model. The presence of higher hy-
drocarbons in the tar model introduces a higher tendency for coke formation, which signif-
icantly contributes to the deactivation phenomenon. Other mechanisms, such as sintering
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may also play a role in the observed deactivation, which can explain the deactivation ob-
served in experiments conducted without the tar model. The unstable methane conversion
observed in the initial phase of the tar model experiments provides further evidence for
coke formation being the primary driver of catalyst deactivation. As the tar model enters
the system, methane conversion experiences a rapid decline. Initially, rhodium exhibits
the highest activity but eventually converges to the same activity level as the platinum
and unpromoted samples. Notably, all three catalysts maintain higher activity levels than
palladium.

Selectivity

The selectivity measurements encompass both CO selectivity and the Hz/CO ratio, which
provide valuable insights into the catalytic system. Figure 4.6 illustrates the comparison
of CO selectivity between the system with and without the tar model compound, while a
similar analysis is conducted for the Ho/CO measurement, as depicted in figure 4.7. Each
figure includes data for all the catalysts under investigation, allowing for an evaluation of
the influence of promoters on the catalytic performance.
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Figure 4.6: CO selectivity measurement for steam reforming systems.

In the system without the tar model, the selectivity measurements show no significant vari-
ations over time for both the CO selectivity and the H>/CO ratio. Conversely, in experi-
ments involving the tar model, an increase in CO selectivity and a decrease in the Hy /CO
ratio are observed throughout the duration of the experiment. This behavior can be at-
tributed to the initial absence of toluene in the system, resulting in a high steam-to-carbon
ratio. However, water is consumed as the tar reforming reaction progresses, shifting the
water-gas shift reaction towards the left. Consequently, the Hs/C'O ratio, which initially
starts at 2, gradually decreases and reaches approximately 1.8. This notable increase from
the inlet ratio of 1.4 indicates that the Ho/CO ratio can be effectively adjusted during gas
conditioning. This allows control over selectivity and yields for specific fuel production.
An example is that a higher H,/CO ratio favors the formation of higher hydrocarbons
making it more desired for Fischer-Tropsch synthesis than methanol synthesis [47].
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Comparative analysis of the noble metal-promoted catalysts and the unpromoted catalyst
reveals no discernible effects of the promoters on the selectivity of the catalyst. The pres-
ence of any promoters does not result in any notable changes in the catalyst selectivity.

H>/CO Hp/CO
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(a) H2/CO ratio in the syngas system (b) H2/CO ratio in the tar system

Figure 4.7: H>/CO Selectivity measurement for steam reforming systems.

Steam to Carbon and Temperature Experiments

The activity results presented in this section were obtained from co-supervisor Ask Lysne.
These experiments were conducted prior to the start of this master’s thesis but are included
in this report to provide relevant context, as the catalysts investigated in this work were
subjected to analysis using scanning (transmission) electron microscopy (S(T)EM) and
energy-dispersive X-ray spectroscopy (EDS) subsequent to the activity experiments. It
is important to note that the tar models utilized in these experiments comprised 100%
toluene, and this aspect should be considered when comparing the activity results with
those of the promoted catalysts, along with the influence of the operating parameters.
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Figure 4.8: Activity measurement for steam reforming systems obtained by Lysne.
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In this thesis, the activity measurements obtained from Lysne are not extensively discussed
as they do not constitute the primary focus. Rather, they serve as a means to gain insights
into the deactivation patterns exhibited by the catalyst under different experimental con-
ditions. The catalyst surfaces were subjected to scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) analysis to elucidate the deactivation mech-
anisms under various operating conditions.

The observed conversions seen in figure 4.8 for different temperatures and steam to car-
bon align with the principles of Le Chatelier. The deactivation observed in the temperature
experiments can be attributed to two primary mechanisms. At high temperatures, the cat-
alyst is susceptible to sintering of the metal particles, resulting in a decrease in active sites
and subsequent deactivation [69]. On the other hand, coke formation tends to occur at
lower temperatures and lower steam-to-carbon ratios, making it the predominant deactiva-
tion mechanism for the two experiments with an S/C ratio of 2 and a temperature of 650
°C. However, no significant deactivation is observed after the initial reaction to the intro-
duction of toluene for the catalyst experiment with the assumed coke deactivation. It is
assumed that the catalyst operated at a steam-to-carbon ratio of 5 and a temperature of 700
°C exhibits minimal coke formation due to the high steam content. Hence, the predom-
inant deactivation mechanism for this catalyst is presumed to be sintering, attributed to
the abundance of steam, which has been reported to enhance particle sintering rates [18].
The catalyst demonstrating the high activity also suffers from significant deactivation, as-
sumed to be the result of sintering. A combined SEM and EDS analysis will be conducted
to ascertain the specific surface deactivation mechanisms with certainty.

4.2.1 Scanning Electron Microscopy and Energy Dispersive X-ray Spec-
troscopy

Post the steam reforming experiments, the catalysts underwent surface characterization
using scanning (transmission) electron microscopy (S(T)EM), accompanied by element
identification through energy-dispersive X-ray spectroscopy (EDS) analysis. To investi-
gate the effects of the promoters and external parameters, such as the steam-to-carbon
ratio, temperature, and tar model compounds, a catalyst solely subjected to activation was
also subjected to analysis. The primary focus of this thesis is on the catalysts promoted
with noble metals, operating under steam reforming conditions of a temperature of 700
°C, a steam-to-carbon ratio of 3, and a tar model compound composed of 75% toluene
and 25% 1-methylnaphthalene. In collaboration with co-supervisor Ask Lysne, surface
analyses of catalysts tested at varying steam-to-carbon ratios and temperatures were also
conducted. It should be noted that the four catalysts synthesized and activity tested by
Lysne employed a tar model consisting of 100% toluene.

Figure 4.9 illustrates the catalyst analyzed after activation, revealing a crumble-like surface
structure caused by the support structure derived from the hydrotalcite-like structure of
the catalyst. This structure comprises multiple layers without any discernible pattern of
structural formation. Furthermore, there are no visible traces of coke on the sample since
it had not been exposed to steam reforming experiments.
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Figure 4.9: Representative picture of the surfaces of the activated catalyst.

In figure 4.10, the surface formations of each catalyst synthesized and activity tested with
the tar model in this thesis are illustrated: the unpromoted catalyst (a), Pt-promoted cat-
alyst (b), Pd-promoted catalyst (c), and Rh-promoted catalyst (d), as observed through
SEM. Notably, all the catalyst surfaces exhibit crumble-like structures similar to the acti-
vated catalyst, albeit with variations in how prominent these crumbles are.

The unpromoted catalyst figure 4.10 (a) displays a less pronounced crumble structure char-
acterized by bumps rather than the ridge-like flakes observed in figure 4.9. The underly-
ing mechanisms responsible for this less prominent crumble structure, such as aggrega-
tion and agglomeration, cannot be definitively confirmed through SEM or EDS analysis
alone. Nevertheless, EDS analysis confirms the presence of carbon but does not provide
insight into the specific carbon mechanism. Encapsulating carbon and carbon filaments,
also known as whiskers, are commonly encountered on catalysts used in steam reforming
processes [69]. Notably, the absence of carbon filaments on the surface of the unpromoted
catalyst in figure 4.10 (a) suggests that the carbon has likely taken the form of encapsu-
lating carbon. Encapsulating carbon, a known issue associated with higher hydrocarbons
such as the tar model used in this experiment [69], typically forms a carbon layer around
larger metal particles. However, in this case, the characteristic structure of the carbon layer
surrounding larger metal particles is not observed. This can be attributed to the absence
of discernible metal particles separated from the catalyst surface, likely due to the small
particle size of the catalyst and lack of sintered particles. Another explanation for the car-
bon is that the carbon detected in the EDS analysis is from carbon contamination, a known
problem in EDS analysis of carbon. There is no way to discern the carbon mechanism.
Therefore, it is suggested to perform another analysis to help identify the type of carbon
present in the catalyst, such as TGA-TPO (Thermo Gravimetric Analysis - Temperature
Programmed Oxidation. If the carbon detected is carbon contamination and not encapsu-
lating carbon, the suggested reason for the catalyst deactivation would be oxidation since
it has not reported any sintering of particles in the SEM analysis.
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The three promoted catalysts exhibit a similar crumbling structure as observed in the ac-
tivated catalyst, but they also display distinct surface characteristics, as depicted in figure
4.10. The platinum-promoted catalyst (b) reveals a higher abundance of filament carbon
on the catalyst surface. However, this feature is observed to varying degrees in all the cata-
lysts during SEM analysis. Similarly, metal particles are visible in the palladium-promoted
catalyst (c); however, they are relatively rare in the sample and may potentially be located
in higher quantities in the other promoted and unpromoted catalyst. While all four cata-
lysts share a common overall surface structure, the formation of assumed encapsulating
carbon is more pronounced in the unpromoted catalyst. This suggests that the presence of
encapsulating carbon is less prevalent in the promoted catalysts.

20.0kV x45.0k SE 04/27/2023

(a) Unpromoted catalyst

20.0kV x60.0k SE 25.0kV x150k SE 300nm

(c) 1.0 wt% Pd promoted catalyst (d) 1.0 wt% Rh promoted catalyst

Figure 4.10: Representative picture of the surfaces of the catalysts.

By utilizing Energy Dispersive X-ray Spectroscopy, the presence of various elements
within the catalyst samples was confirmed. Notably, clusters containing carbon and oxy-
gen were detected separately from other elements throughout the samples. Carbon was
found within all clusters, while the filament structures typically associated with carbon
were not observed in all sample sections. The majority of the particles had a few carbon
filaments when examined carefully but a lack major filament clusters. Again the carbon
detected in the samples is assumed to be low amounts of encapsulating carbon or carbon
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contamination.

Previous research by Chen et al. shed light on the accelerated deactivation of smaller par-
ticles, which can be attributed to a carbon bulk diffusion model. This model suggests the
increased formation of encapsulating carbon, elevated carbon polymerization rates, and
enhanced carbon coverage [17]. These factors contribute to the observed rapid deactiva-
tion of the catalysts. In addition to encapsulating carbon, filament clusters and individual
strands of filament carbon were sporadically observed. Figure 4.11 presents an example
of the filament clusters detected in the samples.

1.00pm 25 500nm

(a) Filament cluster observed in the Pd promoted  (b) A close up of the non fused carbon filaments
catalyt seen in (a)

25.0kV x80.0k SE 500nm 20.0kV x45.0k SE 05/02/2023 1.00um

(c) Fused carbon filament found in the Pd pro-  (d) Carbon filament cluster fused with Pt promoted
moted sample catalyst

Figure 4.11: Types of filament clusters observed throughout the catalyst samples.

The formation of filaments, unlike encapsulating carbon, does not lead to the same level
of deactivation as they grow without obstructing active sites. Notably, the diameter of
the filaments observed in the current sample is smaller compared to previous literature
on similar catalyst types [40]. It is crucial to highlight an important distinction between
the experiments conducted by Lysne et al. and the experiments performed in this thesis,
namely the implementation of the tar model and the duration of the steam reforming oper-
ation. While Lysne et al. employed a tar model consisting of 100% toluene and conducted
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an 8-hour experiment, this thesis utilized a tar model comprising 75% toluene and 25%
I-methylnaphthalene, with a run time of 6 hours. These variations in the tar model com-
position and experimental duration may influence carbon formation and the size of metal
particles observed in the catalysts. As filaments are known to grow from metal parti-
cles, the particle size is reflected in the filament diameter. In the experiments conducted
by Lysne et al., metal particles were discerned within their samples, whereas no distinct
particles are evident in the unpromoted or promoted catalysts of the present study. The
normalized filament diameter distribution is presented in figure 4.12, providing insights
into the filament sizes observed in the samples.
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(c) 1.0 wt% Pd promoted catalyst (d) 1.0 wt% Rh promoted catalyst

Figure 4.12: Filament diameter distributions for each of the catalysts.

Figure 4.11 (a) and (c) illustrate clusters of carbon filaments with a highly diverse range of
filament diameters. While some sections of these clusters may appear as a single filament,
their bulkiness and texture indicate the presence of multiple fused filaments. It is important
to note that these fused filaments are not included in the filament diameter distribution
analysis. Due to the limited occurrence of carbon filaments in the samples, the sample
size used for the diameter distribution analysis is relatively small. The observed filament
diameters range from 1 to 5 nm, seen in figure 4.12. Prominent peaks at 1.5 nm for all
catalysts except the platinum-promoted catalyst, which exhibits a slightly higher filament
diameter peak at 2.5 nm. The presence of these small filament diameters can be attributed
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to the presence of non-measurable metal particles in the samples, likely influenced by the
steam reforming parameters. Notably, there is no significant impact of the noble metal
promoters on the diameter of carbon filaments.

Operating Parameters Surface Analysis

SEM and EDS analysis were conducted on the spent steam reforming catalysts provided
by Ask Lysne, focusing on extreme temperature and steam-to-carbon ratio conditions.
The catalyst synthesized by @xnevad Madsen and Ask Lysne for these experiments is of
the same composition as the unpromoted catalyst examined in this thesis. [41]. Selected
characterization results are summarized in table 4.6 to compare the catalyst surface charac-
teristics to the catalyst analyzed above. It is important to note that the tar model employed
in these experiments solely comprised pure toluene, as mentioned previously.

Table 4.6: Summary of the structural data obtained by @xnevad Madsen [41].

Structural data Obtained results
Surface Area [m?/g] 162
Pore diameter [nm] 11
Dispersion [%] 6.1
Particle size [nm] 16.3

Figure 4.13 provides the operating temperature and steam-to-carbon ratios corresponding
to each catalyst. With the exception of the catalyst operating at 800 °C, all catalysts exhibit
a similar surface structure. Notably, the three catalysts operating at lower temperatures
display a significant presence of carbon filaments. The catalyst particles are observed to
be covered with varying degrees of filaments, fused filaments, and encapsulating carbon.
These distinct carbon structures are depicted in figures (a), (c), and (d), respectively. It
is important to note that all of these carbon structures were observed across all respective
operating conditions. Additionally, extensive filament clusters were observed without any
detected catalyst particles, suggesting that carbon filaments are the predominant carbon
species in these samples.

The SEM analysis of the spent steam reforming catalyst operated at a temperature of
800 °C, as shown in figure 4.13 (b), reveals the presence of circular metal particles with
a lighter tone dispersed throughout the catalyst particles. Through the use of energy-
dispersive X-ray spectroscopy (EDS), as depicted in figure 4.14, it was confirmed that
these particles consist of nickel and cobalt. These metal particles are observed in signifi-
cant quantities throughout the entire sample, suggesting a prevalent mechanism of catalyst
sintering.

Sintered particles were also expected to be present in the sample tested at an S/C ratio
of 5. A speculated explanation of these results involved the preparation of the catalyst
prior to the SEM analysis with a strong magnet to avoid possible damage to the instru-
ment. The magnet may remove the sintered particles, giving the samples the appearance
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L s U
20.0kV x40.0k SE 1.00um 20.0kV x44.9k SE 1.00pum

(a) Operating conditions: S/C =3, T = 650°C (b) Operating conditions: S/C = 3, T =800°C

o L
20.0kV x45.0k SE 1.00um 25.0kV x40.0k SE 1.00pm

(c) Operating conditions: S/C =2, T =700°C (d) Operating conditions: S/C =5, T =700°C

Figure 4.13: Representative picture of the surfaces of the catalyst.
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of no sintered particles. The catalyst tested at 800 °C is assumed to have an abundance of
sintered particles and, therefore, still exhibits these particles. This is however just spec-
ulation based on the deviation mechanisms expected for the catalysts. A proposition of
reproduction of the experiments involves a weaker magnet for the catalyst preparation if
the instrument responsible deems it safe for the instrument.

Ask Lysne conducted an analysis of the catalyst tested at 800 °C of 279 metal particles
and determined the average diameter to be 51 nm with a standard deviation of 19 nm. In
order to ascertain the Ni/Co ratio maintained from catalyst synthesis to particle sintering,
point scans were performed on the metal particles. The scans revealed an average Ni/Co
ratio of 1.2, indicating a slight deviation from the expected ratio of 1. This deviation is
so low that it could be caused by overlapping of the EDS signals. Based on the presence
of these metal particles, the limited detection of carbon filaments in the samples, and the
absence of encapsulating carbon, the active material’s sintering is considered the catalyst’s
primary deactivation mechanism.

(a) Nickel detected using EDS (b) Cobalt detected using EDS

(c) Electron image of the EDS analysed particles

Figure 4.14: EDS results from the catalyst exposed to the operating conditions: S/C =3, T = 800°C
during steam reforming.

Table 4.7 provides a summary of the average carbon filament diameter observed in the
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catalysts analyzed in the operating parameter study. It is noteworthy that the filament
diameters fall within the same range across all the catalysts tested, indicating a consistent
filament size selectivity irrespective of the variations in operating parameters.

Table 4.7: Summary of the average carbon filament diameter found in the samples obtained from
co-supervisor Ask Lysne.

Temperature [°C] S/Cratio Carbon filament diameter + std [nm] ¢

650 3 17+5
800 3 20+4
700 2 23+6
700 5 19+6

@ Carbon filament diameter SEM analysis from the average of 254-299 particles. Standard deviation is
indicated in the table
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Conclusion and Further Work

One route to biofuel production is through the combination of gasification and Fischer-
Tropsch synthesis. An important part of this process is intermediate gas conditioning, also
known as steam reforming. In pursuit of advancing catalyst performance in steam reform-
ing, an investigation was conducted employing a 20-20 wt% Ni-Co catalyst derived from
a hydrotalcite-like precursor promoted with noble metals. Specifically, three catalyst for-
mulations were prepared, featuring promotional loadings of 1.0 wt% platinum, 1.0 wt%
palladium, and 1.0 wt% rhodium.

Prior to commencing the steam reforming experiments, a comprehensive analysis of the
catalyst’s physiochemical properties was conducted to assess the impact of noble metal
promotions on activity, selectivity, and stability. The noble metal promotion of the cat-
alysts resulted in an increase in surface area, with similar outcomes observed for the Pt,
Pd, and Rh-promoted catalysts. Furthermore, the Pt and Pd-promoted catalysts exhib-
ited a slight enhancement in dispersion and a reduction in particle size compared to both
the unpromoted and Rh-promoted catalysts, as confirmed through chemisorption analysis.
Analysis of the reduction behavior revealed the presence of two distinct temperature re-
duction peaks for all catalysts, with a notable shift towards lower temperatures observed in
the noble metal-promoted catalysts. This shift is attributed to the hydrogen spillover phe-
nomenon induced by the noble metals, while the two reduction peaks correspond to the
low-temperature reduction of spinel-phases and the high-temperature reduction of divalent
mixed metal oxides. These mixed metal oxides are also observed after the decomposition
of the hydrotalcite-like structure with XRD, and it was noted that the noble metals did
not instigate any discernible changes in the crystalline structure. Elemental analysis was
performed to validate the successful synthesis of the catalyst, albeit minor deviations from
the intended objectives were observed. Specifically, a slightly higher weight percentage
of active metals was reported alongside a slightly lower M2+ /M3* ratio, indicating a
marginal magnesium deficiency.

In the steam reforming experiments, the rhodium-promoted catalyst displayed the highest

53



5 Conclusion and Further Work

level of methane conversion. In the absence of the tar model, minimal deactivation was
observed for all the catalysts. However, when introducing the tar model, a rapid deac-
tivation phenomenon was observed across all catalysts. Notably, in the presence of tar,
the rhodium-promoted catalyst initially demonstrated the highest activity but experienced
rapid deactivation, ultimately reaching the same activity level as the other catalysts after
a duration of 6 hours on steam. Regarding selectivity measurements, all catalysts exhib-
ited similar levels of CO selectivity and H5/CO ratio in both tar and non-tar systems.
However, the introduction of tar resulted in an increased CO selectivity and a decreased
H,/CO ratio.

The activity experiments conducted by Lysne revealed that elevating the temperature and
increasing the steam-to-carbon ratio had a higher catalytic activity. However, it is worth
noting that these catalysts exhibited a common challenge of rapid deactivation, which oc-
curred after the initial drop in activity upon introducing the tar model.

The SEM and EDS surface analysis conducted after the steam reforming experiments in-
volving the tar model revealed notable similarities among the promoted catalysts. The
samples exhibited a layered crumbled structure accompanied by minor clusters of car-
bon filaments, while sintered Ni-Co particles were extremely rare. Comparatively, the
unpromoted catalyst exhibited a less prominent layered crumble structure but displayed
similarities to the promoted catalysts in other observed aspects. The measured filament
diameters ranged from 1 to 5 nm, assuming that these filaments have minimal impact on
deactivation. The EDS analysis detected the presence of carbon, suspected to be either
encapsulated carbon or carbon contamination. It is important to note that carbon contami-
nation poses a known challenge in EDS analysis. Depending on the specific type of carbon
present, either encapsulated carbon or oxidation is presumed to be the primary deactivation
form. To ascertain the precise carbon mechanisms operating on the catalyst, a TGA-TPO
analysis is recommended.

The catalysts subjected to various steam reforming parameters exhibited comparable sur-
face structures, except for the high-temperature experiment. In the case of the high-
temperature experiment, the sample exhibited a coating of sintered Ni-Co particles, as
determined by EDS analysis, with an average particle diameter of 51 nm. Conversely, the
remaining catalysts were characterized by the presence of carbon filaments, and no sin-
tered particles were observed. These filaments displayed a consistent diameter range of
15-25 nm across all catalyst samples.

The results obtained from this investigation establish that the rhodium-promoted catalyst
exhibited the highest initial activity. However, when exposed to the tar model, a rapid
deactivation process ensued, leading to an activity level equivalent to that of the unpro-
moted catalyst by the end of the experiment. Consequently, in the absence of a catalyst
regeneration system, the promotion conferred no advantage.
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5.1 Further Work

An important consideration in this study is the identification of the specific coke mecha-
nisms responsible for catalyst deactivation, warranting further investigation to determine
these deactivation mechanisms. One approach is to employ Thermogravimetric Analy-
sis (TGA) coupled with Temperature-Programmed Oxidation (TPO) to ascertain weight
changes and types of carbon species present, thus complementing the SEM and EDS anal-
yses. Furthermore, it is advisable to explore the possibility of mitigating potential errors
of removed sintered particles during sample preparation using a powerful magnet.

Regarding the rapid deactivation observed in the tar system, it is plausible that the deacti-
vation process may reach a state of equilibrium over time, wherein a balance between coke
reforming reactions and coke removal reactions is established. Therefore, conducting ex-
tended activity experiments is recommended to investigate whether deactivation stabilizes
after a certain duration or persists due to ongoing coke formation.

Further experimentation is possible, examining the impact of noble metals on in situ re-
forming of the catalyst. The high activity demonstrated by the rhodium-promoted catalyst
might be sustained through in situ catalyst regeneration, potentially yielding even higher
catalytic performance compared to the non-promoted catalysts. If the in situ regeneration
yields discouraging results it is advised to explore promotion via other elements which
potentially could yield higher activity.
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Appendix

A Catalyst Synthesis

Table 5.1: Details on the materials used for the synthesis.

Material Chemical formula Molar mass [g/mol] Purity [%] Producer
Nickel nitrate hexahydrate Ni(NOs)s - 6H20 290.79 99.99 Sigma Aldrich
Cobalt nitrate hexahydrate Co(NO3)s - 6H0 291.03 >98.00  Sigma Aldrich
Magnesium nitrate hexahydrate M g(NOs)s - 6 H50 256.41 99.99 Sigma Aldrich
Aluminum nitrate nonahydrate ~ AIl(NO3)s - 9H20 375.13 >98.00  Sigma Aldrich
Sodium hydroxide NaOH 40.00 >98.00  Sigma Aldrich
Sodium carbonate NaCO;3 105.99 >99.99  Sigma Aldrich

4.3 mL of nitric acid (H NO3) was used for pH adjustment in the synthesis of the 20-20
wt% Ni-Co catalyst.

An Excel solver was used to calculate the amount of reactants needed for the synthesis of
the catalysts. All of the catalysts share the same catalyst basis with different promotions.
The criteria below are used to make the catalyst prior to promotion.

Ni+ Co
— A0[wt
Ni+ Co+ MgO + AlyO5 [t ] (5.1)
24 2 ot
Mg*t + Co*T + Ni _3 (5.2)
Al3+
Ni
| .
o (5.3)
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Table 5.2: Details on the materials used for catalyst co-precipitation.

Component Stoichiometric amount [mol]  Calculated amount [g] Amount added [g]
Ni(NOs3)q - 6H20 0.050 14.6115 14.6119
Co(NO3)s - 6H50 0.050 14.5640 14.5641
Mg(NOs3)s - 6H20 0.125 31.9670 31.9672
Al(NO3)s - 9H0 0.075 28.1300 28.1303

NaOH 0.600 24.0000 24.0001
NaCOs 0.056 5.9600 5.9597

Table 5.3: Details on the component used in catalyst impregnation.

Component Purity?® [%] Producer
Platinum(IV) nitrate solution 15 Thermo Fisher (Kandel) GmbH
Palladium(II) nitrate dihydrate 40 Merck KGaA
Rhodium(III) nitrate hydrate 36 Sigma Aldrich

@ Approximate purity of the noble metals in the material [mg]

To obtain a noble metal promotion of 1.0 wt% for the catalysts, an Excel solver was
used to calculate the reactants needed for the synthesis. In the context of the impregnation
of the catalyst, the pore volume was determined to be 0.5 mL/g. 1.5 grams of 1.0 wt% Pt,
Pd, and Rh promoted catalysts were prepared by dissolving the components in DI-water
in the quantities given in table (5.4).

Table 5.4: Details on the materials used in catalyst impregnation.

Component Calculated amount [mg/g] Concentration® [mg/mL]
Platinum(IV) nitrate solution 60.7310 121.4620
Palladium(II) nitrate dihydrate 22.7741 45.5483
Rhodium(III) nitrate hydrate 25.3046 50.6092

@ Amount of the materials added per mL of DI-water
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B Characterisation

Physisorption

Upromoted 20 — 20wt% Ni — Co
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—— Desorbtion

124

101

Quantity Adsorbed [cm3/gSTP]

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure [P/Py]

Figure 5.1: N, adsorption isotherm obtained from NNo physisorption for the 20-20 wt% Ni-Co
catalyst.

1.0wt% Pt 20 — 20wt% Ni — Co

1449 —— Adsorbtion
—— Desorbtion

124

101

Quantity Adsorbed [cm3/gSTP]

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure [P/Py]

Figure 5.2: N5 adsorption isotherm obtained from NN physisorption for the 1.0wt% Pt/ 20-20 wt%
Ni-Co catalyst.
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1.0wt% Pd 20 — 20wt% Ni — Co

14 1 —— Adsorbtion
—— Desorbtion

12

10 1

Quantity Adsorbed [cm3/gSTP]

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure [P/Py]

Figure 5.3: N> adsorption isotherm obtained from N2 physisorption for the 1.0wt% Pd/ 20-20 wt%
Ni-Co catalyst.

1.0wt% Rh 20 — 20wt% Ni — Co

144 —— Adsorbtion
——— Desorbtion

12 A

10

Quantity Adsorbed [cm3/gSTP]

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure [P/Py]

Figure 5.4: N adsorption isotherm obtained from N> physisorption for the 1.0wt% Rh/20-20 wt%
Ni-Co catalyst.
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Chemisorption

Unpromoted 20 — 20wt% Ni — Co

Quantity Adsorbed [cm3/gSTP]

—— First analysis data point
0- —— Repeated analysis data point

0 50 100 150 200 250 300 350 400
Pressure [mmHg]

Figure 5.5: H> Chemisorption isotherm of the 20-20 wt% Ni-Co catalyst.

1.0wt% Pt 20 — 20wt% Ni — Co

Quantity Adsorbed [cm3/gSTP]
B

1A —— First analysis data point
—— Repeated analysis data point

0 50 100 150 200 250 300 350 400
Pressure [mmHg]

Figure 5.6: H, Chemisorption isotherm of the 1.0wt% Pt/ 20-20 wt% Ni-Co catalyst.
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1.0wt% Pd 20 — 20wt% Ni — Co

Quantity Adsorbed [cm3/gSTP]
(9,

4 -
3 .
2 .
—— First analysis data point
14 —— Repeated analysis data point

50 100 150 200 250 300 350 400
Pressure [mmHg]

o 4

Figure 5.7: H> Chemisorption isotherm of the 1.0wt% Pd/ 20-20 wt% Ni-Co catalyst.

1.0wt% Rh 20 — 20wt% Ni— Co

Quantity Adsorbed [cm3/gSTP]
(9,

4 -
3 B
2 B
—— First analysis data point
1 —— Repeated analysis data point

0 50 100 150 200 250 300 350 400
Pressure [mmHg]

Figure 5.8: H, Chemisorption isotherm of the 1.0wt% Rh/ 20-20 wt% Ni-Co catalyst.
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C Flow Sheet
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Flow sheet of the rig set-up produced by co-supervisor Ask Lysne.

Figure 5.9
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D Activity Experiments

MFC

The mass flow controllers were calibrated by co-supervisor Ask Lysne. The MFC-setpoints
corresponding to desired volume flows were determined using the linear functions for the
corresponding calibration curves found in figure 5.11.

Micro GC
In order to translate the acquired peak areas obtained from the Micro GC integrations to
molar factions the quadratic calibration curves were utilized.

A; = Az? + Bx+C
Tt Do (5.4)

A, is the area for the component from the Micro GC and z; is the unknown molar fraction.
The calibration curves from the Micro GC integration are found in figure 5.10

Ty

_ —b+/b* —da(c— Ay)
B 2a

(5.5)
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CH4 Calibration Curve
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Figure 5.10: Calibration curves of Micro GC integration.
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Normal flow rate (volume) [mL/min]
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Calibration curve Ar mass flow controller (MFC-3)
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Figure 5.11: MFC calibration curves.
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Molar and volumetric flow rates calculations
After the molar fractions are calculated from the calibration curves from the Micro GC
the flowrates can be calculated with the following equation.

F,;= "INy - Fusyngas,o  [NmL/min) (5.6)

No
6.7

Nitrogen is used as a reference gas and the equation is based on the molar nitrogen
fraction from the GC and the molar fraction from the inlet synthesis gas. F, ; denores
the volumertic flow rate out of the reactor and x; is the molar faction from the GC. A °(0’
behind these symbols indicates inlet flows.

Using ideal gas law the molar flow rates can be calculated:

F,;-P

Fni:
’ R-T

[mol /min] (5.8)

Pis 1.013 bar, and T is 293.15 K at standard conditions, and R is the gas constant.
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Calculation Example

A calculation example from the attained areas from the Micro GC analysis to the
methane conversion is illustrated in this section. The calculation included is for the un-
promoted catalyst experiment without the tar model. The methane calculation acquirer the
methane molar flow inlet and outlet. The inlet flow is known from the molar concentration
in the inlet syngas and the molar outlet flow is calculated from the GC area. For the first
analysis point this GC area for methane equals to 29093. The molar faction was obtained
with constants from the methane calibration curve and equation (5.5).

—817204.43144 + \/817204.431442 —4-2036814.05346(1016.69180 — 29093)
2-2036814.05346

mCH4 =
(5.9)

The molar fraction of methane was calculated to be 0.0318. The volumetric flow rate
is determined by equation (5.7), and therefor the outlet molar fraction of N, was also
calculated using equation (5.5) and the nitrogen GC calibration curve to be 0.0252. The
inlet flow of nitrogen is known from the molar consentration of nitrogen in the inlet syngas
and the total inlet flow.

0.0318
Fy,.cn, = ——— - 0.0501 - 399.34 = 25.237 [NmL/min) (5.10)
’ 0.0252
(5.11)
The molar flow rate of methane was then calculated using equation (5.8):
1.1013 - 25.237
Fncn, = =0.00114 [mol/min) (5.12)

83.1446 - 293.15

The inlet methane flow flow was then calculated using the molar methane concentra-
tion in the syngas and the inlet flow rate of syngas.

F,c,0=0.0999 - 399.34 = 39.894 [NmL/min] (5.13)
(5.14)

The inlet molar flow rate of methane was then calculated:

1.1013 - 39.894
83.1446 - 293.15

The information need for the methane conversion in the first analysis point is now
known and can be calculated using equation 2.22.

FncH,0 = = 0.00180 [mol/min] (5.15)

0.00180 — 0.00114
0.00180

The first incjected sample in the stream reforming experiment to the GC gave a methane
conversion of 36.7%, and the other calculated parameters in the activation analysis can be
found the same calculation method.

Tomp, = = 0.367 [mol/min] (5.16)
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B Detaljert Risikorapport

ID 49826 Status Dato
Risikoomrade Risikovurdering: Helse, miljg og sikkerhet (HMS) Opprettet 19.08.2022
Opprettet av Ida Saxrud Vurdering startet  23.08.2022
Ansvarlig Ida Saxrud Tiltak besluttet

Avsluttet

Risikovurdering:

CAT, Student, 2022, Ida Saxrud

Gyldig i perioden:
8/19/2022 - 8/19/2025

Sted:
IKP, K5-317, Kjemihallen D 1.- 2. etasje

Mal / hensikt
Risk assessment for task related to master project fall 2022 and spring 2023.

Bakgrunn

Catalysts for Syngas Conditioning for Advanced Biofuels with supervisors Edd A. Blekkan, Kumar R. Rout and Ask Lysne. The task may
include synthesis of Ni-Co/Mg(Al)O catalysts, promotion with Pt, Pd and Rh, characterization of fresh catalysts, and characterization of
coke formation in spent catalyst samples.

The following materials may be applied:

Co(NO3)2.6H20, Ni(NO3)2.6H20, Mg(N03)2.6H20, AI(NO3)2.9H20, Palladium(II) nitrate dihydrate (40% Pd basis), Rhodium(III)
nitrate hydrate (36% Rh basis), Platinum(IV) nitrate solution (15% Pt basis), NaOH, Na2CO3, HNO3, toluene, 1-methylnaphthalene
and phenol.

Synthesis methods/tools:
Co-precipitation, incipient-wetness-impregnation, drying and calcination.

Characterization techniques:

N2-physisorption, H2-chemisorption and TPR will be applied for fresh catalyst characterization.

XRD, XRF and/or ICP-MS may be applied for fresh catalyst characterization.

MP-AES for element analysis.

STEM/EDS (HSE training in NanoLab), TGA-TPO and/or Raman spectroscopy may be applied for coke characterization.

Catalyst activity and stability tests:

Activity and stability measurements will be performed in rig 2.4 in Chemistry Hall D2 (training will be provided by PhD student Ask
Lysne).

Catalyst performance will be test with and without tar model (toluene, 1-methylnaphthalene and/or phenol) presence.

Key operating conditions are listed below.

Beskrivelse og avgrensninger

Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:
universitet (NTNU)

Unntatt offentlighet jf. Offentlighetsloven § 14 24.05.2023 Ida Saxrud 1/44



B Detaljert Risikorapport

Catalyst synthesis risk parameters:

Chemicals: H350i found in both Co(NO3)2.6H20 and Ni(NO3)2.6H20. Will register in Eco Exposure, as well as take precautions when
handling these materials.

Calcination furnace: High temperature - skin burns

Co-precipitation: Heating - exposed to high temp - skin burns

Characterisation method risk parameters:

XRD/XRF: May be exposed to X-ray radiation.

N2-physisorption: Low temp -196 degrees C. Samples outgassed overnight at 100 degrees C.

TPR: Gas-phase quarts reactor. Use of H2/Ar = 7/93 at flow rate 50mL/min and heating from 10 up to 900 degrees C.
H2-chemisorption: Sample reduced in a 5% H2/He flow at 670 degrees C.

MP-AES: Use of acids (HCI, HNO3) to dissolve the sample. Vaporized acid.

Ris 2.4 experiment risk parameters:

Temperatures: 650-800 degrees C

Pressure: Atmospheric

Gases: Model syngas (CH4, H2, CO, CO2 and N2), He, H2 and Ar
Tar model: Toluene, Phenol and/or 1-Methylnaphthalene

Forutsetninger, antakelser og forenklinger

Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:
universitet (NTNU)

Unntatt offentlighet jf. Offentlighetsloven § 14 24.05.2023 Ida Saxrud 2/44



@ Detaljert Risikorapport

Assume that analysis is approved and risk assessed separate. Same assumption for rig.
No specific risk related to magnesium(II) and aluminum(II) nitrate.

1) Switch off procedure for rig 2.4:

D.1) Experiment shut-down:

1. Stop the micro-GC data acquisition.

2. Stop PC reaction temperature logging.

3. Set MFC-4 (Syngas) to 0%.

4. Set MFC-5 (Water) to 0%.

5. Note the ending time for the experiment.

6. Close SV-6, SV-5 and SV-4 (Syngas) completely.

7. Set TWV-8 to direct the water flow to the bleed.

8. Set MFC-3 (Argon) to 50%.

9. Stop the reactor heating furnace temperature program.

10. Stop the vaporizer heating furnace temperature program.
11. Turn off the heat-tape controller.

12. Purge the system with argon for 10 min.

13. Set TWV-1 and TWV-2 to direct the flow through the reactor bypass.
14. Purge the system with argon for 5 min.

15. Set TWV-1 and TWV-2 to direct the flow through the reactor.
16. Set TWV-3 to direct the flow to ventilation.

17. Purge the system with argon for 10 min.

18. Set MFC-3 (Argon) to 0%.

19. Close SV-3 (Argon) completely.

20. Close SV-7 (Helium) completely.

21. Load the micro-GC resting method.

22. Shut down the heat furnace controllers.

23. Wait for the system to cool down overnight (leave the cooling water-bath running).
24. Set the rig status to no experiment running.

D.2) Post-shut-down measures (day 3):

. Stop the cooling water-bath.

. Close TWV-6 and TWV-7 and release the water tank pressure by opening SV-10.
. Close SV-9 and SV-10 completely.

. Drain the condenser through SV-8.

. Note the amount of water collected.

. Disconnect the reactor inlet and outlet from the system.

. Keep the spent catalyst in a (well labeled) vial.

. Clean the reactor with tap water.

. Rinse the reactor with DI-water and acetone and leave to dry overnight.

OCONOUTRAWN -

E.1)

In case of small leakage, turn of syngas/H2 supply, stop syringe pump, purge system with Argon, shut down heating furnace x2, and
leave cooling-water running.

In case of larger leakage, rig power may be cut by pressing red button.

In case of fire, act according to standard procedures.

Vedlegg

Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:
universitet (NTNU)

Unntatt offentlighet jf. Offentlighetsloven § 14 24.05.2023 Ida Saxrud 3/44



Detaljert Risikorapport
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Detaljert Risikorapport

Oppsummering, resultat og endelig vurdering

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

Farekilde:

Catalyst synthesis

Ugnsket hendelse:

Spill of nickel nitrate hexahydrate when weighting sample

Konsekvensomrade: Helse Risiko fgr tiltak: C) Risiko etter tiltak: :)
Ytre miljo Risiko fer tiltak: b Risiko etter tiltak: {7)
Materielle verdier Risiko for tiltak: . Risiko etter tiltak: 7}

Ugnsket hendelse: Spill of cobalt nitrate hexahydrate when weighting sample

Konsekvensomrade: Helse Risiko for tiltak: {_} Risiko etter tiltak: {7}
Ytre miljo Risiko fgr tiltak: C) Risiko etter tiltak: :)

Ugnsket hendelse: Spill of nitric acid (HNO3)

Konsekvensomréade: Helse Risiko fer tiltak: b Risiko etter tiltak: {7)
Materielle verdier Risiko for tiltak: { Risiko etter tiltak: {7)

Ugnsket hendelse: Spill of sodium hydroxide (NaOH)

Konsekvensomrade: Helse Risiko for tiltak: . Risiko etter tiltak: {7}
Materielle verdier Risiko fer tiltak: {J Risiko etter tiltak: {7}

Ugnsket hendelse: Spill of sodium carbonate (Na2CO3)

Konsekvensomrade: Helse Risiko for tiltak: {JF Risiko etter tiltak: {7}

Ugnsket hendelse: Spill of magnesium nitrate hexahydrate when weighting sample

Konsekvensomréde: Helse Risiko fer tiltak: b Risiko etter tiltak: {7)
Materielle verdier Risiko fer tiltak: {Jb Risiko etter tiltak: {7)

Ugnsket hendelse: Spill of aluminium nitrate nonahydrate when weighting sample

Konsekvensomrade: Helse Risiko fgr tiltak: . Risiko etter tiltak: ::I
Materielle verdier Risiko for tiltak: . Risiko etter tiltak: 7}

Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:

universitet (NTNU)

Unntatt offentlighet jf. Offentlighetsloven § 14 24.05.2023 Ida Saxrud 5/44



Detaljert Risikorapport

Farekilde:

Catalyst synthesis

Ugnsket hendelse:

Spill of palladium(II) nitrate dihydrate when weighting sample

Konsekvensomrdde: Helse Risiko for tiltak: . Risiko etter tiltak: {7}
Ytre miljg Risiko fer tiltak: {J Risiko etter tiltak: {7}
Materielle verdier Risiko fgr tiltak: b Risiko etter tiltak: {7)

Ugnsket hendelse: Spill of rhodium(III) nitrate hydrate when weighting sample

Konsekvensomrdde: Helse Risiko fgr tiltak: . Risiko etter tiltak: ::I
Materielle verdier Risiko fgr tiltak: . Risiko etter tiltak: :)

Ugnsket hendelse: Spill of platinum(IV) nitrate, solution

Konsekvensomrade: Helse Risiko for tiltak: {_} Risiko etter tiltak: {7}
Materielle verdier Risiko for tiltak: {J} Risiko etter tiltak: {_)

Farekilde: Waste handling and cleaning

Ugnsket hendelse: Acetone for cleaning - spillage

Konsekvensomrade: Helse Risiko for tiltak: {J} Risiko etter tiltak: {7)
Ytre miljo Risiko for tiltak: {Jb Risiko etter tiltak: {7}
Materielle verdier Risiko fgr tiltak: . Risiko etter tiltak: :)

Farekilde: Calcination furnace

Ugnsket hendelse: Skin burns

Konsekvensomrade: Helse Risiko for tiltak: {J} Risiko etter tiltak: {7)

Ugnsket hendelse: Electric shock

Konsekvensomrade: Helse Risiko for tiltak: . Risiko etter tiltak: 7}
Ytre miljg Risiko fer tiltak: b Risiko etter tiltak: {7)
Materielle verdier Risiko for tiltak: {Jb Risiko etter tiltak: {7)

Ugnsket hendelse: Uncontrolled heating

Konsekvensomrade: Helse Risiko fgr tiltak: . Risiko etter tiltak: ::I
Ytre miljg Risiko fer tiltak: {J Risiko etter tiltak: {7)

Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:
universitet (NTNU)
Unntatt offentlighet jf. Offentlighetsloven § 14 24.05.2023 Ida Saxrud 6/44



Detaljert Risikorapport

Farekilde:

Calcination furnace

Ugnsket hendelse:

Uncontrolled heating

Materielle verdier Risiko for tiltak: . Risiko etter tiltak: {7}

Ugnsket hendelse: Fire

Konsekvensomrade: Helse Risiko for tiltak: {J} Risiko etter tiltak: {7)
Ytre miljo Risiko for tiltak: {J Risiko etter tiltak: {7)
Materielle verdier Risiko fgr tiltak: . Risiko etter tiltak: ::I

Farekilde: Use of compressed gases (He, Ar)

Ugnsket hendelse: Uncontrolled expansion and depletion of 02

Konsekvensomrade: Helse Risiko for tiltak: {JF Risiko etter tiltak: {7}
Ytre miljo Risiko fgr tiltak: . Risiko etter tiltak: :)
Materielle verdier Risiko fgr tiltak: . Risiko etter tiltak: ::I

Ugnsket hendelse: Gas leakage

Konsekvensomrdde: Helse Risiko for tiltak: {J} Risiko etter tiltak: {7)
Ytre miljo Risiko for tiltak: {_} Risiko etter tiltak: {_)
Materielle verdier Risiko fgr tiltak: . Risiko etter tiltak: :)

Farekilde: Use of flammable gases (CH4, H2, CO)

Ugnsket hendelse: Fire, explotion

Konsekvensomrdde: Helse Risiko for tiltak: ("} Risiko etter tiltak: {7}
Ytre miljo Risiko for tiltak: {J Risiko etter tiltak: ()
Materielle verdier Risiko fgr tiltak: C) Risiko etter tiltak: :)
Omdgmme Risiko fgr tiltak: C) Risiko etter tiltak: {7}

Farekilde: N2 physisorption

Ugnsket hendelse: Liquid N2 spill

Konsekvensomrdde: Helse Risiko fgr tiltak: C) Risiko etter tiltak: :)

Norges teknisk-naturvitenskapelige
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Detaljert Risikorapport

Farekilde:

H2 Chemisorption

Ugnsket hendelse:

Gas leakage

Konsekvensomrdde: Helse Risiko for tiltak: . Risiko etter tiltak: {7}
Materielle verdier Risiko fer tiltak: {J Risiko etter tiltak: {7}

Farekilde: TPR

Ugnsket hendelse: Gas leakage

Konsekvensomrade: Helse Risiko fgr tiltak: . Risiko etter tiltak: ::I

Farekilde: Use of toxic gases (CO)

Ugnsket hendelse: CO leakage

Konsekvensomrdde: Helse Risiko fgr tiltak: C) Risiko etter tiltak: :)

Farekilde: Use of Toluene

Ugnsket hendelse: Spill of liquid toluene

Konsekvensomrade: Helse Risiko for tiltak: {_} Risiko etter tiltak: {7)

Farekilde: Use of Fenol

Ugnsket hendelse: Spill of Fenol

Konsekvensomrade: Helse Risiko fer tiltak: {_} Risiko etter tiltak: {7}

Farekilde: Use of 1-Methylnaphthalene

Ugnsket hendelse: Spill of 1-Methylnaphthalene

Konsekvensomrade: Helse Risiko for tiltak: C} Risiko etter tiltak: 7}
Ytre miljo Risiko fer tiltak: {_} Risiko etter tiltak: {7}

Norges teknisk-naturvitenskapelige

universitet (NTNU)

Unntatt offentlighet jf. Offentlighetsloven § 14
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Detaljert Risikorapport

Farekilde: MP-AES

Ugnsket hendelse: Spill of HNO3

Konsekvensomrade: Helse

Risiko fer tiltak: {_} Risiko etter tiltak: {7}
Materielle verdier Risiko fer tiltak: {J Risiko etter tiltak: {7}
Ugnsket hendelse: Spill of HCI
Konsekvensomrade: Helse Risiko for tiltak: {_} Risiko etter tiltak: {7}
Materielle verdier Risiko fgr tiltak: . Risiko etter tiltak: ::I
Endelig vurdering
Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:
universitet (NTNU)
Unntatt offentlighet jf. Offentlighetsloven § 14 24.05.2023 Ida Saxrud
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@ Detaljert Risikorapport

Involverte enheter og personer

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

Enhet /-er risikovurderingen omfatter

- Institutt for kjemisk prosessteknologi

Deltakere
Edd Anders Blekkan
Ask Lysne
Kumar Ranjan Rout

Lesere

Estelle Marie M. Vanhaecke
Bjorn Frederik Baumgarten
Mikael Hammer

Samuel K. Regli

Andre involverte/interessenter

[Ingen registreringer]

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

Helse Materielle verdier Omdgmme Ytre miljg

Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:
universitet (NTNU)
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Detaljert Risikorapport

Oversikt over eksisterende, relevante tiltak som er hensyntatt i risikovurderingen

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

ugnskede hendelser.

Farekilde

Catalyst synthesis

Ugnsket hendelse
Spill of nickel nitrate hexahydrate when
weighting sample

Spill of nickel nitrate hexahydrate when
weighting sample

Spill of nickel nitrate hexahydrate when
weighting sample

Spill of nickel nitrate hexahydrate when
weighting sample

Spill of nickel nitrate hexahydrate when
weighting sample

Spill of cobalt nitrate hexahydrate when
weighting sample

Spill of cobalt nitrate hexahydrate when
weighting sample

Spill of cobalt nitrate hexahydrate when
weighting sample

Spill of cobalt nitrate hexahydrate when
weighting sample

Spill of nitric acid (HNO3)

Spill of nitric acid (HNO3)

Spill of nitric acid (HNO3)

Spill of sodium hydroxide (NaOH)

Spill of sodium hydroxide (NaOH)

Spill of sodium hydroxide (NaOH)

Spill of sodium carbonate (Na2C0O3)
Spill of sodium carbonate (Na2CO3)
Spill of sodium carbonate (Na2C03)
Spill of magnesium nitrate hexahydrate

when weighting sample

Spill of magnesium nitrate hexahydrate
when weighting sample

Spill of magnesium nitrate hexahydrate
when weighting sample

Spill of aluminium nitrate nonahydrate
when weighting sample

Spill of aluminium nitrate nonahydrate
when weighting sample

Spill of aluminium nitrate nonahydrate
when weighting sample

Spill of palladium(II) nitrate dihydrate
when weighting sample

Spill of palladium(II) nitrate dihydrate
when weighting sample

Tiltak hensyntatt ved vurdering

Personal measures

Fume hood

Sds

Instrument/method training

Register in Eco Exposure

Personal measures

Fume hood

Sds

Register in Eco Exposure

Personal measures
Fume hood

Sds

Personal measures
Fume hood

Sds

Personal measures
Fume hood

Sds

Personal measures

Fume hood

Sds

Personal measures

Fume hood

Sds

Personal measures

Fume hood

Norges teknisk-naturvitenskapelige
universitet (NTNU)

Unntatt offentlighet jf. Offentlighetsloven § 14

Utskriftsdato: Utskrift foretatt av:

24.05.2023 Ida Saxrud

Side:

11/44



Detaljert Risikorapport

Catalyst synthesis

Waste handling and cleaning

Calcination furnace

Use of compressed gases (He, Ar)

Spill of palladium(II) nitrate dihydrate
when weighting sample

Spill of rhodium(III) nitrate hydrate when

weighting sample

Spill of rhodium(III) nitrate hydrate when

weighting sample

Spill of rhodium(III) nitrate hydrate when

weighting sample

Spill of platinum(IV) nitrate, solution
Spill of platinum(IV) nitrate, solution
Spill of platinum(IV) nitrate, solution
Acetone for cleaning - spillage

Skin burns

Electric shock

Electric shock

Electric shock

Electric shock

Electric shock

Uncontrolled heating

Uncontrolled heating

Uncontrolled heating

Uncontrolled heating

Fire

Fire

Uncontrolled expansion and depletion
02

Uncontrolled expansion and depletion
02

Uncontrolled expansion and depletion
02

Uncontrolled expansion and depletion
02

Uncontrolled expansion and depletion
02

Uncontrolled expansion and depletion
02

Uncontrolled expansion and depletion
02

of

of

of

of

of

Sds

Personal measures
Fume hood

Sds

Personal measures
Fume hood

Sds

Personal measures
Personal measures
Procedures
Instrument/method training
Gas detection

Apparatus card

Personal measures
Procedures
Instrument/method training
Apparatus card

Procedures

Apparatus card

Personal measures

Sds

Procedures
Instrument/method training
Gas detection

Apparatus card

Gas leakage test

Gas leakage Personal measures
Gas leakage Fume hood
Gas leakage Sds
Gas leakage Procedures
Gas leakage Instrument/method training
Gas leakage Gas detection
Gas leakage Apparatus card
Gas leakage Gas leakage test
Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:

universitet (NTNU)
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B Detaljert Risikorapport

Use of flammable gases (CH4, H2, CO) Fire, explotion Personal measures
Fire, explotion Fume hood
Fire, explotion Procedures
Fire, explotion Instrument/method training
Fire, explotion Gas detection
Fire, explotion Apparatus card
N2 physisorption Liquid N2 spill Personal measures
Liquid N2 spill Instrument/method training
H2 Chemisorption Gas leakage Personal measures
Gas leakage Fume hood
Gas leakage Procedures
Gas leakage Instrument/method training
Gas leakage Gas detection
Gas leakage Apparatus card
TPR Gas leakage Personal measures
Gas leakage Fume hood
Gas leakage Procedures
Gas leakage Instrument/method training
Gas leakage Gas detection
Gas leakage Apparatus card
Use of toxic gases (CO) CO leakage Personal measures
CO leakage Fume hood
CO leakage Sds
CO leakage Procedures
CO leakage Instrument/method training
CO leakage Gas detection
CO leakage Apparatus card
CO leakage Gas leakage test
Use of Toluene Spill of liquid toluene Personal measures
Spill of liquid toluene Fume hood
Spill of liquid toluene Sds
Use of Fenol Spill of Fenol Personal measures
Spill of Fenol Fume hood
Spill of Fenol Sds
Use of 1-Methylnaphthalene Spill of 1-Methylnaphthalene Personal measures
Spill of 1-Methylnaphthalene Fume hood
Spill of 1-Methylnaphthalene Sds
MP-AES Spill of HNO3 Personal measures
Spill of HNO3 Fume hood
Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:

universitet (NTNU)
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Detaljert Risikorapport

MP-AES Spill of HNO3
Spill of HCI
Spill of HCI
Spill of HCI

Eksisterende og relevante tiltak med beskrivelse:

Personal measures

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)
Fume hood

Work inside fume hood when preparing the catalyst.

Sds
[Ingen registreringer]

Procedures

Operation procedure
Instrument manual
Rig checklist

Local exhaust
[Ingen registreringer]

Instrument/method training
[Ingen registreringer]

Gas detection

Sds
Personal measures
Fume hood

Sds

When working in the rig, there are gas detectors installed, both locally as well as in the ceiling of the hall.
Use work alone gas detector when working alone. Check for gas leaks before starting, first with inert gas.

Previous risk assessment for instruments/methods
[Ingen registreringer]

Apparatus card
[Ingen registreringer]

Gas trolley
[Ingen registreringer]

PPE
[Ingen registreringer]

Ergonomic measures
[Ingen registreringer]

Register in Eco Exposure
Compounds marked with H340, H350 or H350i

Norges teknisk-naturvitenskapelige Utskriftsdato:

universitet (NTNU)
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B Detaljert Risikorapport

Gas leakage test

Pressurizing rig 2.4 with N2 and use gas detection spray to check for leakage. Measuring with a handheld gas detection
while N2/H2 runs through the system.

Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:
universitet (NTNU)
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Detaljert Risikorapport

Risikoanalyse med vurdering av sannsynlighet og konsekvens

I denne delen av rapporten presenteres detaljer dokumentasjon av de farer, ugnskede hendelser og arsaker som er vurdert.

Innledningsvis oppsummeres farer med tilhgrende ugnskede hendelser som er tatt med i vurderingen.

Folgende farer og ugnskede hendelser er vurdert i denne risikovurderingen:

Catalyst synthesis

e Spill of nickel nitrate hexahydrate when weighting sample

e Spill of cobalt nitrate hexahydrate when weighting sample

e  Spill of nitric acid (HNO3)
e Spill of sodium hydroxide (NaOH)
¢ Spill of sodium carbonate (Na2CO3)

*  Spill of magnesium nitrate hexahydrate when weighting sample

*  Spill of aluminium nitrate nonahydrate when weighting sample

*  Spill of palladium(II) nitrate dihydrate when weighting sample

e Spill of rhodium(III) nitrate hydrate when weighting sample

Spill of platinum(IV) nitrate, solution

* Waste handling and cleaning

Acetone for cleaning - spillage

* Calcination furnace

Skin burns
Electric shock
Uncontrolled heating

Fire

* Use of compressed gases (He, Ar)

Uncontrolled expansion and depletion of 02

Gas leakage

* Use of flammable gases (CH4, H2, CO)

Fire, explotion

* N2 physisorption

Liquid N2 spill

¢ H2 Chemisorption

¢« TPR

Gas leakage

Gas leakage

* Use of toxic gases (CO)

CO leakage

* Use of Toluene

Spill of liquid toluene

* Use of Fenol

Spill of Fenol

* Use of 1-Methylnaphthalene

Spill of 1-Methylnaphthalene

Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av:

universitet (NTNU)
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B Detaljert Risikorapport

* MP-AES
* Spill of HNO3
e Spill of HCI
Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:

universitet (NTNU)
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@ Detaljert Risikorapport

Detaljert oversikt over farekilder og ugnskede hendelser:

Farekilde: Catalyst synthesis

Ugnsket hendelse: Spill of nickel nitrate hexahydrate when weighting sample

Arsak: Insufficient ventilation in the fume hood

Arsak: Insufficient ventilation in the fume hood

Sannsynlighet for hendelsen (felles for alle konsekvensomr8der): Lite sannsynlig (2)

Kommentar:

Working inside fume hood with good ventilation, appropriate gloves, goggles and labcoat makes the incident
not very likely to happen.

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Svaert stor (4) BENE
Kommentar: H272 May intensify fire; oxidizing. .l ] |
H302 + H332 Harmful if swallowed or inhaled. | ll.
H315 Irritating to skin. e
H317 May cause an allergic skin reaction. BE

H318 Causes serious eye damage.

H334 May cause allergy or asthma symptoms or breathing difficulties
inhalation.

H341 Suspected of causing genetic damage.

H350 May cause cancer.

H360 May damage fertility or cause birth defects.

H372 Causes damage to organs through prolonged or repeated exposure
by inhalation.

H410 Very toxic, with long-term effects, to aquatic life.H272 May intensify
fire; oxidizing.

H302 + H332 Harmful if swallowed or inhaled.

H315 Irritating to skin.

H317 May cause an allergic skin reaction.

H318 Causes serious eye damage.

H334 May cause allergy or asthma symptoms or breathing difficulties
inhalation.

H341 Suspected of causing genetic damage.

H350 May cause cancer.

H360 May damage fertility or cause birth defects.

H372 Causes damage to organs through prolonged or repeated exposure
by inhalation.

H410 Very toxic, with long-term effects, to aquatic life.

Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:
universitet (NTNU)
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@ Detaljert Risikorapport

Konsekvensomrade: Ytre miljg Risiko:
Vurdert konsekvens: Middels (2) "-.-

Kommentar: Strong oxidizer - may cause fire

| =l
Emx 3
1

Konsekvensomrade: Materielle verdier Risiko:

Vurdert konsekvens: Middels (2) "---

a HEE
Ex 2
1

Kommentar: Oxidizing agent - can amplify fire

Ugnsket hendelse: Spill of cobalt nitrate hexahydrate when weighting sample

Arsak: Insufficient ventilation in fume hood

Arsak: Inappropriate gloves

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

Kommentar:

Working inside fume hood with good ventilation, nitrile gloves, goggles and labcoat makes the incident not very
likely to happen.

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Sveert stor (4) --n-
Kommentar: H272 May intensify fire; oxidiser -l |-

H302 Harmful if swallowed n l l-
H317 May cause an allergic skin reaction —— T |
H318 Causes serious eye damage ..
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

H410 Very toxic to aquatic life with long lasting effects

Konsekvensomrade: Ytre miljg Risiko:
Vurdert konsekvens: Stor (3) -n--
Kommentar: Very harmful for the enviroment. II--
a |EE

—-—

E=s 3

|

Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:
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@ Detaljert Risikorapport

Ugnsket hendelse: Spill of nitric acid (HNO3)

Arsak: Insufficient ventilation in fume hood
Arsak: Inappropriate personal protection

Sannsynlighet for hendelsen (felles for alle konsekvensomr8der): Lite sannsynlig (2)

Kommentar:

Use of personal protection such as goggles, neoprene or viton rubber gloves, lab coat and working under a
fume hood makes the incident unlikely.

Konsekvensomrdde: Helse Risiko:

Vurdert konsekvens: Middels (2) "---

Kommentar: H314 Causes severe burns to skin and eyes.
H290 May be corrosive to metals. n --

Ex 2
1

Konsekvensomrade: Materielle verdier Risiko:

Vurdert konsekvens: Liten (1) o ----

Kommentar: Can be corrosive to metals.

=t =3
il

Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:
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@ Detaljert Risikorapport

Ugnsket hendelse: Spill of sodium hydroxide (NaOH)

Arsak: Inappropriate personal protection

Arsak: Insufficient ventilation

Sannsynlighet for hendelsen (felles for alle konsekvensomr8der): Lite sannsynlig (2)

Kommentar:

Working inside fume hood with good ventilation, nitrile gloves, goggles and labcoat makes the incident not very
likely to happen.

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Middels (2) "---
HEN
A HE
Ex 23
]

Kommentar: H314 Causes severe burns to skin and eyes.

Konsekvensomrade: Materielle verdier Risiko:

Vurdert konsekvens: Liten (1) o ----

Kommentar: Can be corrosive for metals

Ugnsket hendelse: Spill of sodium carbonate (Na2CO3)

Arsak: Not using safety goggles

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

Kommentar:

Will always use necessary safety equipment such as goggles in lab so the incident is not very likely to happen

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Middels (2) "-.-

Kommentar: H319 Causes serious eye irritation

Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:
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@ Detaljert Risikorapport

Ugnsket hendelse: Spill of magnesium nitrate hexahydrate when weighting sample

Sannsynlighet for hendelsen (felles for alle konsekvensomr8der): Lite sannsynlig (2)

Kommentar:

Working inside fume hood with good ventilation, appropriate gloves, goggles and labcoat makes the incident
not very likely to happen

Konsekvensomrade: Helse Risiko:

Vurdert konsekvens: Liten (1) o ----

Kommentar: H272 May intensify fire; oxidizing

(= =
mi

Konsekvensomrade: Materielle verdier Risiko:
Vurdert konsekvens: Middels (2) "---

Kommentar: H272 May intensify fire; oxidizing

Ex 2
miu

Ugnsket hendelse: Spill of aluminium nitrate nonahydrate when weighting sample

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

Kommentar:

Working inside fume hood with good ventilation, appropriate gloves, goggles and labcoat makes the incident
not very likely to happen

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Middels (2) "-.-
Kommentar: H272 May intensify fire; Oxidizing. --
H319 Causes serious eye irritation. . --
H315 Irritating to skin. En =
[
Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:
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@ Detaljert Risikorapport

Konsekvensomrade: Materielle verdier Risiko:
Vurdert konsekvens: Middels (2) "...

Kommentar: [Ingen registreringer]

Ugnsket hendelse: Spill of palladium(II) nitrate dihydrate when weighting sample

Sannsynlighet for hendelsen (felles for alle konsekvensomr8der): Lite sannsynlig (2)

Kommentar:

[Ingen registreringer]

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Middels (2) "...
Kommentar: H272 May intensify fire; oxidizing.
H301 Toxic if swallowed. H EE
H314 Causes severe burns to skin and eyes. s =
H410 Very toxic, with long-term effects, to aquatic life. .u
Konsekvensomrade: Ytre miljo Risiko:
Vurdert konsekvens: Liten (1) n ....

Kommentar: [Ingen registreringer]

" —
_-—
1]
Konsekvensomrade: Materielle verdier Risiko:
Vurdert konsekvens: Middels (2) "...

Kommentar: Fire

Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:
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Detaljert Risikorapport

Ugnsket hendelse: Spill of rhodium(III) nitrate hydrate when weighting sample

Sannsynlighet for hendelsen (felles for alle konsekvensomr8der): Lite sannsynlig (2)

Kommentar:

[Ingen registreringer]

Konsekvensomrade: Helse
Vurdert konsekvens: Middels (2)

Kommentar: H272 May intensify fire; oxidizing.
H314 Causes severe burns to skin and eyes

Konsekvensomrade: Materielle verdier
Vurdert konsekvens: Middels (2)

Kommentar: [Ingen registreringer]

Ugnsket hendelse: Spill of platinum(IV) nitrate, solution

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

Kommentar:

[Ingen registreringer]

Konsekvensomrade: Helse
Vurdert konsekvens: Stor (3)

Kommentar: H290 - May be corrosive to metals

Risiko:
naae

HER
a EHE
Emx 3
11

Risiko:

] 11
HEN

A HE

Ex 2
miu

Risiko:

H314 - Causes severe burns to skin and eyes . --
H332 - Harmful by inhalation =
BE
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@ Detaljert Risikorapport

Konsekvensomrade: Materielle verdier Risiko:
Vurdert konsekvens: Middels (2) NMEER
Kommentar: [Ingen registreringer] | | |
H [ | |
= | -
11
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@ Detaljert Risikorapport

Farekilde: Waste handling and cleaning

Ugnsket hendelse: Acetone for cleaning - spillage

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

Kommentar:

[Ingen registreringer]

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Liten (1) o ----
Kommentar: EUH 066 Repeated exposure may cause dry or cracked skin. !
H225 Highly flammable liquid and vapour. ‘ —
H319 Causes serious eye irritation. 1IN
H336 May cause drowsiness or dizziness u.
Konsekvensomrade: Ytre miljg Risiko:
Vurdert konsekvens: Liten (1) o ----

Kommentar: [Ingen registreringer]

Konsekvensomrade: Materielle verdier Risiko:
Vurdert konsekvens: Liten (1) o ----
Kommentar: [Ingen registreringer] !
—-—
1]
LN
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@ Detaljert Risikorapport

Farekilde: Calcination furnace

Ugnsket hendelse: Skin burns

Arsak: Not using heat protective gloves

Sannsynlighet for hendelsen (felles for alle konsekvensomr8der): Lite sannsynlig (2)

Kommentar:
The use of appropriate gloves makes the incident unlikely to happen. Thermal gloves.

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Liten (1) o ----
Kommentar: [Ingen registreringer] -
il -5

Ugnsket hendelse: Electric shock

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

Kommentar:

[Ingen registreringer]

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Middels (2) "---

Kommentar: [Ingen registreringer]

Konsekvensomrade: Ytre miljg Risiko:

Vurdert konsekvens: Liten (1) o ----
|

Kommentar: [Ingen registreringer]

=t =3
il
[ ] ]
uEE
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@ Detaljert Risikorapport

Konsekvensomrade: Materielle verdier Risiko:
Vurdert konsekvens: Middels (2) "...
Kommentar: [Ingen registreringer]
B EHE

Ugnsket hendelse: Uncontrolled heating

Sannsynlighet for hendelsen (felles for alle konsekvensomr8der): Lite sannsynlig (2)

Kommentar:

[Ingen registreringer]

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Liten (1) a1 ....
Kommentar: [Ingen registreringer]
il EE

-
um

Konsekvensomrade: Ytre miljo Risiko:
Vurdert konsekvens: Liten (1) o ....
Kommentar: [Ingen registreringer] ...
| | |

| =
um

Konsekvensomrade: Materielle verdier Risiko:
Vurdert konsekvens: Liten (1) o ....
Kommentar: [Ingen registreringer]
i HEE
—-—

us

Norges teknisk-naturvitenskapelige Utskriftsdato: Utskrift foretatt av: Side:
universitet (NTNU)
Unntatt offentlighet jf. Offentlighetsloven § 14 24.05.2023 Ida Saxrud 28/44



@ Detaljert Risikorapport

Ugnsket hendelse: Fire

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

Kommentar:

[Ingen registreringer]

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Middels (2) "...
Kommentar: [Ingen registreringer] .
il B
(=5 |
Konsekvensomrdde: Ytre miljg Risiko:
Vurdert konsekvens: Liten (1) a1 ....
Kommentar: [Ingen registreringer]
| |
1]

Konsekvensomrade: Materielle verdier Risiko:
Vurdert konsekvens: Middels (2) "...

Kommentar: [Ingen registreringer]
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@ Detaljert Risikorapport

Farekilde: Use of compressed gases (He, Ar)

Ugnsket hendelse: Uncontrolled expansion and depletion of 02

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

Kommentar:

[Ingen registreringer]

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Middels (2) "-.-
Kommentar: H270 - May cause or intensify fire; oxidizing. --
H280 - Contains gas under pressure; may explode when heated . --

Konsekvensomrade: Ytre miljg Risiko:
Vurdert konsekvens: Liten (1) o ----
Kommentar: [Ingen registreringer] II -=-

Konsekvensomrdde: Materielle verdier Risiko:
Vurdert konsekvens: Middels (2) "---

Kommentar: [Ingen registreringer]
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@ Detaljert Risikorapport

Ugnsket hendelse: Gas leakage

Sannsynlighet for hendelsen (felles for alle konsekvensomr8der): Sannsynlig (3)

Kommentar:

Have good detection measures as well as good ventilation. Gas detector and leak detection spray will provide
info about a possible leak. The ventilation system in the rig ensures low gas concentration if the rig has any

leaks.
Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Liten (1) o --.-
Kommentar: H280 Contains gas under pressure; may explode when heated. -!-
N—
iim N
LN
Konsekvensomrade: Ytre miljo Risiko:
Vurdert konsekvens: Middels (2) "-.-

Kommentar: [Ingen registreringer]

Konsekvensomrade: Materielle verdier
Vurdert konsekvens: Liten (1)

Kommentar: [Ingen registreringer]
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@ Detaljert Risikorapport

Farekilde: Use of flammable gases (CH4, H2, CO)

Ugnsket hendelse: Fire, explotion

Sannsynlighet for hendelsen (felles for alle konsekvensomréder): Sveert lite sannsynlig (1)

Kommentar:

CH4, CO and H2 are all extremely flammable gases. However, there are many gas detection systems and
alarms that makes this scenario unlikely. Doing manual leak tests as well as detectors being placed both locally
at rig and globally in the lab reduces this risk.

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Sveert stor (4) HENE
Kommentar: CHA4: .I N
H220 - Extremely flammable gas. n Il.
H280 - Contains gas under pressure; may explode when heated BE
E= =
H2:

H220: Extremely flammable gas.
H280: Contains gas under pressure; may explode when heated.

CO:

H220 Extremely flammable gas.

H280 Contains gas under pressure; may explode when heated.

H331 Toxic by inhalation.

H360D May harm the unborn child.

H372 Causes damage to organs through prolonged or repeated exposure

Konsekvensomrade: Ytre miljo Risiko:
Vurdert konsekvens: Middels (2) NMEER
Kommentar: [Ingen registreringer] ] [ |
H EE
il B
= |
Konsekvensomrade: Materielle verdier Risiko:
Vurdert konsekvens: Sveert stor (4) HEENE
Kommentar: [Ingen registreringer] .I | |
I | |
EE |
E— =
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Detaljert Risikorapport

Konsekvensomrade: Omdgmme Risiko:
Vurdert konsekvens: Stor (3) -n--
Kommentar: [Ingen registreringer] II--
2 EE
1]
E=n
Utskriftsdato: Utskrift foretatt av: Side:
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@ Detaljert Risikorapport

Farekilde: N2 physisorption

Ugnsket hendelse: Liquid N2 spill

Sannsynlighet for hendelsen (felles for alle konsekvensomréder): Sveert lite sannsynlig (1)

Kommentar:
Not likely because of personal measures.

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Stor (3) ENER
Kommentar: H281 - Contains refrigerated gas; can cause severe frostbite.. ll..
H |HE
]| ||
== ] :
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@ Detaljert Risikorapport

Farekilde: H2 Chemisorption

Ugnsket hendelse: Gas leakage

Sannsynlighet for hendelsen (felles for alle konsekvensomréder): Sveert lite sannsynlig (1)

Kommentar:

[Ingen registreringer]

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Middels (2) NMEER
Kommentar: H220: Extremely flammable gas. ] [
H280: Contains gas under pressure; may explode when heated. . ..
mil |
= |
Konsekvensomrade: Materielle verdier Risiko:
Vurdert konsekvens: Middels (2) nNEEw
Kommentar: [Ingen registreringer] ...
H [ | |
mil |
(=5 |
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@ Detaljert Risikorapport

Farekilde: TPR

Ugnsket hendelse: Gas leakage

Sannsynlighet for hendelsen (felles for alle konsekvensomréder): Sveert lite sannsynlig (1)

Kommentar:
Gas detectors will detect an eventual leak

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Middels (2) NMEER
Kommentar: [Ingen registreringer] | | |
A EE
il |
ExX :
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@ Detaljert Risikorapport

Farekilde: Use of toxic gases (CO)

Ugnsket hendelse: CO leakage

Sannsynlighet for hendelsen (felles for alle konsekvensomréder): Sveert lite sannsynlig (1)

Kommentar:

Gas detectors will detect an eventual leak

Konsekvensomrade: Helse

Risiko:
Vurdert konsekvens: Sveert stor (4) BENE
Kommentar: H220 Extremely flammable gas. .I I.
H280 Contains gas under pressure; may explode when heated. u ll.
H331 Toxic by inhalation. BE | |
H360D May harm the unborn child. E= g
H372 Causes damage to organs through prolonged or repeated exposure
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@ Detaljert Risikorapport

Farekilde: Use of Toluene

Ugnsket hendelse: Spill of liquid toluene

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

Kommentar:

Use of labcoat, goggles, gloves and work inside a fumehood.

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Stor (3) ENER
Kommentar: H225 Highly flammable liquid and moist. ll..
H361d Suspected of causing birth defects. -] | | |
H304 May be fatal if swallowed if inhaled. —_— |
H373 May cause damage to organs through prolonged or repeated TR
exposure.

H315 Irritating to skin.
H336 May cause drowsiness or dizziness.
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Detaljert Risikorapport

Farekilde: Use of Fenol

Ugnsket hendelse: Spill of Fenol

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

Use of labcoat, goggles, gloves and work inside fumehood.

Konsekvensomrade: Helse

Risiko:
Vurdert konsekvens: Sveert stor (4) HEENE

Kommentar: H314 - Causes severe burns to skin and eyes .l in
H341 - Suspected of causing genetic damage -] ll.
H373 - May cause damage to organs through prolonged or repeated e ®a
exposure T
H301 + H311 + H331 - Toxic if swallowed, in contact with skin or if inhaled
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@ Detaljert Risikorapport

Farekilde: Use of 1-Methylnaphthalene

Ugnsket hendelse: Spill of 1-Methylnaphthalene

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

Kommentar:

Use of labcoat, goggles, gloves and work inside a fumehood.

Konsekvensomrade: Helse Risiko:
Vurdert konsekvens: Sveert stor (4) HEENE
Kommentar: H302 Harmful if swallowed. .I in
H304 May be fatal if swallowed if inhaled. ] I In
H411 Toxic, with long-term effects, to aquatic life. e ®a

HE U

Konsekvensomrade: Ytre miljg Risiko:
Vurdert konsekvens: Stor (3) .n..
Kommentar: [Ingen registreringer] II..
H [ | |

—-—

E=%a

|l
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Detaljert Risikorapport

Farekilde: MP-AES

Ugnsket hendelse: Spill of HNO3

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

Kommentar:
Use of labcoat, goggles, gloves and work inside a fumehood.

Konsekvensomrade: Helse
Vurdert konsekvens: Stor (3)

Kommentar: [Ingen registreringer]

Konsekvensomrade: Materielle verdier
Vurdert konsekvens: Middels (2)

Kommentar: [Ingen registreringer]

Ugnsket hendelse: Spill of HCI

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

Kommentar:
Use of labcoat, goggles, gloves and work inside a fumehood.

Konsekvensomrade: Helse
Vurdert konsekvens: Stor (3)

Kommentar: [Ingen registreringer]

Risiko:

=%
i
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@ Detaljert Risikorapport

Konsekvensomrade: Materielle verdier Risiko:
Vurdert konsekvens: Middels (2) NMEER
Kommentar: [Ingen registreringer] | | |
H [ | |
= | -
11
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Oversikt over besluttede risikoreduserende tiltak:

Under presenteres en oversikt over risikoreduserende tiltak som skal bidra til 8 reduseres sannsynlighet og/eller konsekvens
for ugnskede hendelser.

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

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