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ABSTRACT

World plastic production has increased rapidly since the 1950s due to its excellent
properties. Unfortunately, only a small fraction of this plastic is recycled, leading
to massive amounts of plastic waste polluting our oceans and nature. This has re-
sulted in harmful effects on the environment. Mechanical recycling is currently the
most common method for plastic recycling. Unfortunately, mechanical recycling
has its limitations due to difficulties in the removal of contaminations and produces
lower-quality plastics. Pyrolysis has recently gained a lot of attention for plastic
recycling because it more effectively manages the contaminations. However, PVC
contains a high amount of chlorine, which can lead to the formation of chlorogenic
compounds and cause problems for the steam crackers. Dechlorination has been
suggested as a potential upgrading technology to remove the chlorine content from
plastic waste.

This project is part of a collaboration with Quantafuel and focuses on reduc-
ing the chlorine content in the oil. The levels of chlorine in the oil are higher than
the allowed limit of 10 ppm for the steam cracker. To lower the chlorine content, a
model system of dechlorination of chlorobenzene, with a Fe-based sorbent, such as
red mud. Chlorobenzene is chosen due to its known complexity of dechlorination.

The preparation of red mud involved drying and calcination at 550°C. The red
mud was subjected to reduction temperatures of 350° and 500°, and washed with
HCI. The regeneration effect was also investigated with a regeneration tempera-
ture of 350°C and 500°C. A reference sorbent with Fe/SiO, was prepared as well.
The different characterization techniques used for this study were Ny adsorption-
desorption analysis, XRF, XRD, TGA and TPR. Washing the red mud with HCI
caused the BET surface area to increase to 41.9 m2/ g, while also reducing the
sodium content by 97% and the calcium content by 54%. It was discovered that it
is possible that other elements in red mud might be active. In addition to inhomo-
geneity, this could cause the observed challenges with reproducibility in red mud.
Although washing with HCl was attempted, it did not seem to have any impact
on the activity or regeneration. It is possible that this lack of effect is due to the
other elements in red mud forming nonreducible species under the experimental
conditions. Nevertheless, red mud had the ability to regenerate more efficiently
compared to Fe/SiO,, indicating that other elements in red mud could cause this.
Reactivity was also observed after the regeneration of red mud. This indicates
that red mud is an interesting candidate for further investigation as a sorbent, in
addition to its high concentration of ferric oxide and low cost as a by-product.
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SAMMENDRAG

Verdens produksjon av plast har gkt raskt siden 1950-tallet pa grunn av dens
utmerkede egenskaper. Dessverre blir bare en liten fraksjon av denne plasten re-
sirkulert, noe som fgrer til massive mengder plastavfall som forurenser hav og
natur. Dette har medfgrt skadelige effekter pa miljget. Mekanisk resirkulering
er den mest vanlige metoden for plastresirkulering i dag, men dessverre har den
sine begrensninger pa grunn av vanskeligheter for a fjerne forurensninger og pro-
duserer plast av lavere kvalitet. Pyrolyse har nylig fatt mye oppmerksomhet for
plastgjenvinning, pa grunn av at den handterer forurensninger bedre. Men PVC
inneholder en hgy mengde klor, som kan fgre til dannelse av klorogene forbindelser
og forarsake problemer for dampkrakkerne. Avkloriering har blitt foreslatt som en
potensiell oppgraderingsteknologi for a fjerne klorinnholdet fra plastavfall.

Dette prosjektet er en del av et samarbeid med Quantafuel og fokuserer pa a re-
dusere klorinnholdet i oljen til den tillatte grensen pa 10 ppm for dampkrakkeren.
For a senke klorinnholdet, vil det bli brukt et modellsystem for avklorering av klor-
bensen, med en Fe-basert sorbent, som rgdslam. Klorbensen er valgt pa grunn av
dens kjente kompleksitet i avklorering.

Preparasjon av rgdslam involverte tgrking og kalsinering ved 550°C. Rgdslam
ble utsatt for reduksjonstemperature pa 350°C og 500°C, og vasket med HCI.
Regenereringseffekten for rgdslam ble ogsa undersgkt med en regenereringstem-
peratur pa 350°C og 500°C. Fe/SiO, ble prepart for & bruke som en referanse.
De forskjellige karakteriseringsmetodene som ble brukt i denne studien var N,
adsorpsjon-desorpsjon analyse, XRF, XRD, TGA og TPR. Vasking av rgdslam
med HCI forte til at BET-overflatearealet gkte til 41.9 cm? /g, samtidig som natri-
uminnholdet ble redusert med 97% og kalsiuminnholdet med 54%. Ved aktivitet-
stesting, ble det oppdaget at andre elementer i rgdslam muligens kan veere aktive.
I tillegg til inhomogenitet kan dette fore til utfordringer med reproduksjonsevne
i rgdslam. Selv om vasking med HCI ble forsgkt, syntes det ikke & ha noen in-
nvirkning pa aktiviteten eller regenereringen. Det er mulig at dette skyldes de
andre elementene i rgdslam som danner faser som ikke kan bli redusert under
disse eksperimentelle forholdene. Likevel hadde rgdslam evnen til & regenerere
mer effektivt sammenlignet med Fe/SiO,, noe som indikerer at andre elementer
i rodslam forarsake dette. Reaktivitet ble ogsa observert etter regenereringen av
rgdslam. Dette indikerer at rgdslam er en interessant kandidat for videre under-
sokelser som en sorbent, i tillegg til sin hgye konsentrasjon av jernoksid og lave
kostnader som et biprodukt.
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PREFACE

This master’s thesis is written in collaboration with the Department of Chemical
Engineering at NTNU. This thesis explores the potential of plastic pyrolysis as
a solution to the growing problem of plastic waste, with a focus on eliminating
contaminations like chlorine with a model system of dechlorination. The results
of this research could have significant implications for the future of waste manage-
ment in our society. I hope you find this thesis informative and thought-provoking.

For this thesis, I would like to express my gratitude and appreciation towards
the many individuals in the catalysis group at the Department of Chemical Engi-
neering at NTNU, who have made the research on gas dechlorination with a model
system possible. In particular, I have to express thanks to Professor De Chen and
Doctor Ainara Moral Larrasoana, whose experience, guidance and support have
been invaluable throughout the entire research process.
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CHAPTER
ONE

INTRODUCTION

Plastic is one of the most common basic materials in the world owing to its ex-
cellent durability, lightweight, low cost, and high machinability [1|. The different
sectors of plastic are packaging, building and construction, automotive and elec-
tronics, with packaging being the largest among them. The exceptional properties
of plastic have resulted in exponential growth in production, and as of 2015, 63000
million metric tons of plastic have been generated. Despite the numerous benefits
of plastic, one significant issue associated with it is the huge amount of plastic end-
ing up in landfills. As of 2015, 79% of the plastic ended up in landfills, 12% was
incinerated and only 9% was recycled. The cumulative generation and disposal of
plastic waste are depicted in figure 1.0.1. The solid lines illustrate historical data
from 1950 to 2015 and the dashed lines illustrate projections of historical trends
up to 2050 [2].

Cumulative plastic waste generation and disposal

1
/- 25,000
l”
—Primary waste generated ’,'
—All waste discarded ’
: 7 20,000
All waste incinerated /
—All waste recycled 1" @
II B
,,’ 15,000 2
/ @
ol E
s . s
2 . -
/. 10,000 S

/ﬂ ”’,' 5000
= 0

1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

Figure 1.0.1: The cumulative plastic waste generation and disposal. The solid
lines illustrate historical data from 1950 to 2015. The dashed lines illustrate
projections of historical trends to 2050]2].
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Based on the historical projections depicted in figure 1.0.1, it is expected that
there will be a significant increase in the amount of waste generated and incin-
erated. While there will be an increase in recycled plastic, the growth will be at
a lower rate. The majority of plastic currently follows a linear economy and is
not recycled. A schematic illustration of plastic production, use, and disposal is
illustrated in figure 1.0.2. The green path in figure 1.0.2 outlines the pathway of
the circular economy, where plastic is collected for recycling.

PIOCESS composting

|I,Il.'\-\.:,"\-\.

|l|‘-."|'.-||'l|l_:1 collected for

n recycling
«r .

(1)
‘,..-;',;’,.// production

recycling

closed-loop

recycling

LTI

.lllllllll

o= 0
incineration and/or

CICTEY TOCOVETY

fossil fuel
SOUTCes

reuse

landfill

bio-sources

lost to

environment

Figure 1.0.2: A schematic illustration of plastic production and use. Taken from
Buchnall D [3].

Single-use plastic is a major plastic leakage into the environment and counts for
30% of all plastics [4]. The considerable amount of plastic ending up in landfills
and the natural environment is harmful and poses a significant threat to the envi-
ronment. Plastic has a remarkably long lifespan and can take up to 1000 years to
decompose naturally and pose problems for wildlife and their habitats. Addition-
ally, plastic contains toxic dyes and additives [5] that can harm the environment.
A more recent problem is microplastics, which are derived from larger pieces of
plastic. These microplastics can enter the food chain and potentially harm humans
and animals [6]. As much as 99% of all plastic is derived from a fossil feedstock,
such as crude oil, hence plastic production could contribute to greenhouse gas
emissions. In 2019, 1.8 billion tonnes of greenhouse gasses, with 90% of those
emissions resulting from the conversion of fossil fuels into plastic|7].While plastic
pollution is an issue that is on the rise, a complete ban on plastic is not a solution.
The excellent properties of plastic contribute to a more sustainable society and a
prohibition would cause greater harm to the environment. Because of the light
weight of plastic, other materials such as metals and glass will double the energy
consumption [1] during for example transportation and manufacturing. Plastic is
incredibly useful in protecting food and reducing waste, as well as insulating elec-



CHAPTER 1. INTRODUCTION 3

trical cables for maximum efficiency[8]. The proposed solution to plastic pollution
is to shift from a linear economy to a circular economy by increasing recycling
efforts. This approach prevents plastic from ending up in the environment and
decreases our dependency on fossil fuels. Recycling plastic also reduces CO, emis-

sions by 30-80% [9].

In recent years, plastic policies have gained more attention to address the en-
vironmental problems with plastic waste. About 25.8 million tonnes of plastic
waste is generated in Europe every year [10]. In response, the European Com-
mission published the plastic strategy in 2018 [11], which aims to shift from a
linear economy and improve plastic circularity. This strategy led to the banning
of single-use plastic in the EU in July 2021. To implement the plastic strategy,
the European Commission established a set of EU measures in 2018 [10]. The EU
measure includes improving the economy and quality of plastic recycling, curbing
plastic waste and littering and driving innovation and investments towards circu-
lar solutions.

In order to enhance the economics and quality of plastic recycling, the EU aims
to increase the recycling of plastic packaging to 55% by 2025, and by 2030, all
plastic packaging in the market should be easily recyclable and reusable. Addi-
tionally, the EU plans to establish quality standards for sorted plastic waste and
recycled plastics to increase demand for recycled plastics. Furthermore, issuing
new guidance for better and more harmonized separate collection and sorting can
also improve the process. By 2025, the EU aims to transform 10 million tonnes
of recycled plastics into new products for their market. EU aims to reduce the
impact of plastic waste on our environment by implementing laws that restrict the
production and usage of single-use plastics. Clear regulations with biodegradable
properties are being established, along with lifecycle assessments to determine the
conditions under which the use of biodegradable or compostable plastic is ben-
eficial. Lastly, intentionally added microplastic will be restricted. The EU will
promote circular solutions through innovation and investment. This involves en-
hancing sorting technologies, improving polymer design and exploring chemical
recycling. Furthermore, the EU aims to produce materials that are completely
biodegradable in both seawater and freshwater while remaining harmless to the
environment and ecosystems. To minimize the environmental impact of plastic
manufacturing, it is necessary to develop alternative feedstocks and internalize
the environmental costs of landfilling and incineration by implementing high or
gradually rising fees or taxes. Lastly, the EU will promote worldwide collabo-
ration in waste management by supporting international initiatives, promoting
best practices and utilizing external funding resources. The EU is dedicated to
developing an innovative circular plastic industry globally, as well as encouraging
international standards that increase industry confidence in the quality of recycled
or recyclable plastics[10].

A global agreement on plastic waste was determined in March 2022 at the UN
environment assembly in Nairobi. The goal is to complete a global legally binding
agreement by the end of 2024 [12]|. After the assembly, the Organization for Eco-
nomic Co-operation and Development (OECD) projected global plastic scenarios
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to 2060. A scenario without any policies, a baseline scenario, a regional action
policy scenario, and a global ambition policy scenario were projected. Figure 1.0.3
show the scenario of plastic flow without policies.

Plastic recycling

Secondary Plastics Plastic scrap
29 & 143 M [x5] 33 > 176 M [x5]

2019 & 2060 [growth from 2018 to 2060]

Process losses
4> 33M[x3]
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22 > 126 Mt [x6] Collected for

o
Plastics use
460 > 1231 Mt [x3] Plastic waste Aquatic
353 & 1014 Mt [=3] leakage
§ Mismanay ged

2 BMi[3]

Fossil-based Primary
plastics Plastics
428 » 1081 Mt[x3] 431 > 1087 Mt [x3] &b 12MRpE
79 153 Mt [=2]
Bt Terrastial
|
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Size in 2019 -l
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sites burning
- 34eGTMI[x2] 26 % 48 M [2)
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o pustseodueion Pissic wasto C Pusiesmmeonionmen

Figure 1.0.3: Plastic flow without policies [13]

Based on OECD’s prediction in figure 1.0.3, the plastic lifecycle will only be 14%
circular, and plastic waste will nearly triple, with half of it ending up in landfills
by 2060. The amount of recycled plastic will only increase to 17%. Additionally,
the greenhouse gas emissions are projected to increase from 1.8 Gt CO, in 2019
to 4.3 Gt COae [13].

The Regional Action policy scenario aims to enhance plastic circularity and min-
imize its environmental impact. The Global Ambition policy share the same goal
with Regional Action but sets a more challenging objective of achieving almost
zero plastic leakage by 2060. According to the OECD, the Regional Action sce-
nario predicts a 20% reduction in plastic waste compared to the baseline scenario,
while the Global Ambition scenario predicts a 33% decrease [13]. These predic-
tions are based on actions outline in table 1.0.1 and are compared to the baseline
scenario.
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Table 1.0.1: The actions in The Regional Action policy scenario and The global
Ambition policy scenario [13]

Action

The Regional Action

policy scenario

The Global Ambition

policy scenario

Taxes on plastic

Increasing the tax to USD
750/tonne by 2060 and in-
crease the taxes on packag-
ing by one-third

Increasing taxes to USD
750/tonne by 2060 and to
USD 1500/tonne by 2060
and increase the taxes on
packaging by one-third

Global recycling
rate

Increase to 40%

Increase to 60%

Secondary plas-
tic surge

Increase from 12% to 29%

Increase to 41%

Mismanaged
waste

Decline by more than 60%

Decline to net zero

Leakage to the
environment

Falling to 85%

Reduce
emissions

CO,

By 2.1 Gt

Plastic is mainly produced from fossil fuels. Distillation of crude oil yields a
gas fraction, liquid fraction and residues. The different distillation fractions from
crude oil are shown in figure 1.0.4.

Figure 1.0.4: Distillation fraction and commercial use from crude oil [14].
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As seen in figure 1.0.4, plastic monomers are produced from the liquid fraction
naphtha (Cg-Ciy) and the gas fraction. Plastic monomers are created through
steam cracking of both naphtha and olefins by breaking down the hydrocarbons
into smaller units. These monomers are then polymerized to produce various
types of plastics [15]. 75% of the plastic is thermoplastic which can be melted
and recycled, which does not soften when exposed to heat due to its strength and
shape. This makes thermoset plastic unsuitable for single-use plastic and ideal
for long-term use. The different types of thermoplastic polymers are polystyrene
(PS), polyethylene (PE), polyvinyl chloride (PVC), and polyethylene (PE) which
is divided into low and high density (HDPE & LDPE), polypropylene (PP) and
polyethylene tetraphalate (PET). The majority of plastic is a combination of var-
ious polymers, with PE, PP and PET being the major polymers. Single-use plas-
tic is made of PET, PE, and polyamide, and is lightweight, inexpensive, melt-
processable, and processable. The major of the plastic is not recycled due to that
recycling processes are expensive, resource-intensive and produces lower quality
plastics [4].

It is four types of recycling processes, primary, secondary, tertiary, and quaternary
recycling [16]. Figure 1.2.3 show the current plastic conversion technologies.

Plastic Waste
recycling

|
| i | | i
Reuse Reextrusion Physical Chemical :ngrg?y
(Zero-order) (Primary) (Seconday) (Terciary) (Cuaternary)

| |
| | |
Pyrolysis Hydrocracking Chemolysis

Figure 1.0.5: Current plastic conversion technologies. Taken from Ainara Moral
Larrasoana.

Mechanical recycling is the most common recycling method today, which can
be categorized into primary and secondary recycling. Primary recycling involves
the mechanical recycling of virgin plastic, while secondary recycling involves the
mechanical recycling of previously recycled plastic. Mechanical recycling involves
different steps, such as separating and sorting, compacting/baling, washing, grind-
ing, and compounding & pelletizing as seen in figure 1.0.6.

117].
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Figure 1.0.6: Different steps in mechanical recycling. Taken from Ragaert et al.
2017 [17]

Mechanical recycling produces lower-quality plastic and each cycle of secondary
recycling will further decrease the quality [16]. Additionally, mechanical recycling
is also laboring intensely due to the separating and sorting process which is nec-
essary because the post-consumer plastic waste is mixed plastic. Furthermore,
contaminations such as halogens, metals and additives pose a challenge to me-
chanical recycling[18]. Mechanical recycling is insufficient to handle the amount
of recycled plastic due to these challenges. Therefore, upgrading recycling tech-
nologies is imperative for the creation of a more circular economy.

A promising solution to future plastic waste problems is chemical recycling, a
tertiary recycling technology that can convert polymers into feedstock oil and po-
tentially recycle plastic an infinite number of times. Chemical recycling has gained
more attention in recent years and is a promising technology to handle future
plastic waste problems. As seen in figure 1.2.3, chemical recycling is divided into
thermolysis and chemolysis. Chemolysis breaks down polymers into monomers
for plastic production through polymer chain scission, while thermolysis breaks
polymer down with heat[19]. Chemical recycling includes technology such as py-
rolysis, gasification, and depolymerization, and is more tolerant to complex waste
streams and contaminations compared to mechanical recycling [20]. Quaternary
recycling is energy recovery and can be used when the plastic waste is unsuitable
for any other types of recycling [16]. Energy recovery is incineration and involves
the release of CO,, which necessitates the use of technologies to capture it which
also requires a lot of energy. Therefore, this is not an ideal option for recycling.

Another promising technology to separate waste mixed plastics is the secondary
mechanical recycling technology, solvent extraction [6]. Solvent extraction has the
potential to be profitable and environmentally friendly, depending on the type of
solvent used. Additionally, compared to mechanical recycling, solvent extraction
can tolerate a higher level of contamination and complex waste streams [20]. The
technology includes the dissolution/precipitation method and supercritical fluid
extraction. During solvent extraction, the polymer is dissolved in the solvent, and
the polymer is selectively crystallized and recovered.
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Although chemical recycling has been considered a viable option, it still poses
some challenges such as variations in waste composition, feedstock contamination,
and the need for upgrading to ensure economic viability. Upgrading technologies
are essential in optimizing the liquid yield and hydrocarbon production, especially
naphthenes, which are used to create plastic. Furthermore, the process of chemi-
cal recycling, particularly pyrolysis, tends to be costlier as it requires a significant
amount of energy and may have adverse effects on the environment. Compared to
mechanical recycling, pyrolysis has a 7% higher impact on climate change, while it
has a 50% lower impact when compared to energy recovery [21]. A desirable global
plastic-waste generation scenario is simulated by McKinsley&Company [22]. The
target is to increase the recycled plastic to 50% by 2030, by expansion of mechan-
ical recycling and launching of two new technologies such as monomer recycling
and pyrolysis. The model predicts that the amount of recycled plastic with pyrol-
ysis increases from 0% to 13% as shown in figure 1.0.7.

r , millions of metric tons per annum, 2016’
Global polymer flows, millions of metric tons per annum, 2016 Global waste polymer flows 2030, millons of metric tons per annum

Pyrolysis/liquid feedstock 13%

110 260  Collected for
(=100%) recycling 16%

Incinerated 26%

440
(= 100%) Gollected
for recycling
50%

Landfills 40%

Nondurable'
150

o Incinerated 31%
@ Landfills 18%
ur aged dumg
r leakage <1

Unmanaged dumps
or leaks 19%

Virgin + Polymer — Applications —» Waste
2

feedstock production creation Liquid + Polymer -+ Applications —s Waste
McKinsey&Company feedstock  production creation’

Figure 1.0.7: Global polymer flow per 2016 and a simulated model per 2030 by
McKinsley&Company [22]

Even the model in figure 1.0.7 predicts an increase in recycling from 16% to 50%,
this scenario will not be an option without technology to capture CO, from the
incineration.

A recommended solution for recycling plastic waste is to combine the benefits
of both chemical and mechanical recycling, as depicted in figure 1.0.8. The re-
jected plastic waste from mechanical recycling can be recycled through pyrolysis.
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Figure 1.0.8: A combination with mechanical recycling and pyrolsis[23]

Lase et al [20] developed six potential scenarios for plastic waste treatment
which include mechanical recycling, chemical recycling and solvent-based recy-
cling (SBR). They have measured a set of circularity indicators to evaluate the
effectiveness of each scenario. The best scenario based on these indicators, was
a combination of mechanical recycling and chemical recycling, in addition to ac-
counting for the "missing plastic". With this scenario, the end-of-life recycling
can be improved from 18% to 80% and the plastic-to-plastic rate will be improved
to 61%.

1.1 Pyrolysis

Pyrolysis is a type of thermolysis that has recently gained a lot of attention for
its ability to recycle plastic. The pyrolysis process involves heating organic mate-
rials without oxygen, causing them to decompose [23|. As a result, the long-chain
polymers break down into monomers, hence the plastic is converted to its original
feedstock oil. Pyrolysis can be carried out with or without a catalyst, resulting in
either thermal pyrolysis or catalytic pyrolysis. There are three different types of
pyrolysis such as conventional /slow pyrolysis, fast pyrolysis, and ultra-fast/flash
pyrolysis. Conventional /slow pyrolysis involves heating the material to a tempera-
ture of 400-500°C. The primary product in pyrolysis is the same as the distillation
fractions in figure 1.0.4. when plastic is subjected to pyrolysis, it produces differ-
ent fractions such as liquid oil, gases and char. The liquid oil fraction typically
ranges from 31-39 %, while gases and char make up 2-47% and 0-16% respectively.
The distillation fractions from pyrolysis vary from light oil (C;-Cy) to heavy oil
(Cy9-Crp). The yield of liquid oil from plastic pyrolysis is influenced by factors
such as volatile matter and ash content. The high volatile matter content in plas-
tic makes it ideal for pyrolysis, as it favors the production of liquid oil. Conversely,
the high ash content in plastic decreases the liquid oil yield. The main gas compo-
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nents during pyrolysis are hydrogen, methane, ethane, ethene, propane, propene,
butane and butene [19].

Since pyrolysis decomposes the plastic waste into feedstock oil, it is possible to
produce plastic with the same value as virgin plastic. This also entails a higher
tolerance for contaminations and the labor-intense sorting step is not necessary.
Pyrolysis is a very flexible process that can be manipulated to obtain desired
product distribution and yield adjusting temperature, residence time, pressure,
different catalyst usage, and type of fluidizing gas. It is desirable to maximize the
liquid fraction during the pyrolysis of plastic waste, in order to obtain a naphtha
fraction for plastic production. The chemical properties of the plastic compounds,
such as moisture content, fixed carbon, volatile matter, and ash content, are mea-
sured to ensure quality [19].

It is important to note that the various types of plastic produce varying mass
balances, which can affect their suitability for pyrolysis. Figure 1.1.1 illustrates
the mass balance that results from the pyrolysis of pure virgin plastic in a fixed-
bed batch reactor at 700°C.

%

. \ 85 %
\\ 86 % Liquid
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Figure 1.1.1: Mass balances from pyrolysis of pure virgin plastic in a fixed-bed
batch reactor at 700°C [24].

As seen in figure 1.1.1, it can be observed that PET and PVC yield far less liquid
through pyrolysis as compared to other plastics. While PVC results in around
50% HCI, PS yields a high amount of char and PET yields 37% gas. Therefore,
the composition of the liquid depends on the amount of PVC, PET and PS present
in the feedstock. As the aim is to maximize the liquid fraction, PVC, PET and
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PS are less suitable for pyrolysis without any upgrading technologies.

The hydrocarbon composition is also dependent on the types of plastic in the
feedstock, as illustrated in figure 1.1.2. The composition in figure 1.1.2 is an av-
erage of plastic waste pyrolysis conducted under various conditions.
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Figure 1.1.2: Hydrocarbon composition of different types of plastic [24].

As observed in figure 1.1.2, PS, PET and PVC produce high quantites of aromat-
ics, while PP and PE produce more olefins. Additionally, PE, PP and PS are the
top performers in terms of naphthenes production.

1.1.1 Factors affecting pyrolysis product distribution and
yield

1.1.1.1 Catalysts

Catalysts speed up the chemical reaction and remain unchanged throughout the
process. The operating temperatures can be lowered with the use of a catalyst,
thus saving energy. Additionally, catalysts can improve the quality and selectivity
of the reaction and remove contaminations [18]. There are two types of cata-
lysts, homogeneous which is only one phase, and heterogenous which is more than
one phase. A heterogeneous catalyst is preferred due to cost. Transition metals
(Fe, Co, Ni and Cu) are generally good catalysts as they consist of two or more
ion compounds. Typical heterogeneous catalysts used for plastic pyrolysis is acid
based catalysts such as amorphous and mesoporous SiO, and SiO,/Al,O5 catalyst,
zeolites and FCC [19].

The amorphous and Mesoporous SiO, and SiO,/Al,O5 is an acid catalyst with
Bronsted acid sites and Lewis acid sites. A high ratio of SiO5/Al,O3 of the cata-
lyst, indicates a high strength of acidity. The advantage with SiO, and SiO,/Al,O4
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is that they tend to increase the liquid and gas yield. In addition, it favors a low
degradation temperature and is coke-resistant. Zeolites are crystalline and micro-
porous and the different ratios of SiO,/Al,O5 indicate the acidity. In the opposite
of SiO, and SiO,/Al,O3, a low ratio indicates high acidity. The advantages of
zeolites are that they are highly active due to their high specific surface area, the
acidic sites improve the cracking reactions and they are stabilized in the catalytic
cracking of crude oil. The disadvantages of zeolites are high cost and deactiva-
tion. FCC catalysts are zeolite crystals and a non-zeolite acid matrix known as
silica-alumina with a binder. The main component is zeolite-Y. The advantages of
FCC catalyst is that they are active, selective and accessible, attrition resistant,
hydrothermally stable, high tolerance to metals, coke selectivity and fluid stability
[19].

1.1.1.2 Temperature

The temperature is one important operating parameter and plays a crucial role
in the polymer chain cracking reaction. It impacts the quantity and quality of
the pyrolysis products, with higher temperatures resulting in shorter carbon cains
and lower temperatures resulting in longer ones [25]. Moreover, increased tem-
perature leads to higher char formation, while slow heating at lower temperatures
leads to longer residence time and maximizes the char formation. The yield of
gas is maximized at high temperatures and long residence times. Temperature
also drives secondary reactions that can cause the formation of aromatic com-
pounds. Different types of plastic exhibit different thermal behavior due to their
varying structures, resulting in different decomposition temperatures during py-
rolysis [19].The decomposition temperature range for the different types of plastic
is summarized in table 1.1.1.

Table 1.1.1: Decomposition temperature range for different types of plastics.
Summarized by Sharuddin et al [19].

Plastic types Decomposition temperature
range [°C]

PVC 220-520

PS 350-500

PET 350-520

PP 400-500

PE 400-500
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A pyrolysis temperature at 300-500 °C is recommended in order to achieve the
highest liquid yield with a feedstock of mixed plastic. With the usage of a catalyst,
the temperature can be lowered. Temperatures above 500 °C was recommended
if gaseous and char was to be preferred [19].

1.1.1.3 Pressure and residence time

The temperature has an impact on both pressure and residence time. Residence
time is the average amount of time that the particle spends in the reactor, and a
longer residence time results in a more stable product. When the temperature is
high, a greater pressure leads to higher yield of gaseous products. At low pressure,
the residence time is shorter which leads to less cracking of the polymer chain [19].
Residence time is also an important driver for secondary reactions, which causes
aromatics [24].

1.1.1.4 Reactor

In plastic pyrolysis, batch, semi-batch, and continuous-flow reactors are commonly
used, including fluidized bed, fixed-bed, and conical spouted bed reactors [19].

1.2 Contaminations

Although pyrolysis has the ability to handle more contamination than mechanical
recycling, it still poses a challenge. To produce suitable pyrolysis oil from plas-
tic waste, the oil must be compatible with industrial steam cracking units. This
requires measuring physical properties such as molecular composition and poten-
tial contamination limits. Post-consumer waste consists of unknown compositions
and various contaminants. These contaminants can come from additives, organic
materials (such as food remains), and inorganic materials (like inks) [24].

The most common heteroatom contaminants in plastic waste are nitrogen, oxygen,
chlorine, iron, sodium and calcium. Figure 1.2.1 displays the concentration level of
some of these contaminants in the light, medium and heavy distillation fractions
resulting from the pyrolysis. The red values in figure 1.2.1 indicate the contami-
nation limit threshold for industrial steam crackers, as established by Kusenberg
et al[24].



14 CHAPTER 1. INTRODUCTION

2000 = Light Medium = Hea — Industrial threshold
2000 i ’ =
1651
1500 1457
g
2 1209 1250
E 1100
-
© 1000
5
c
)
7]
c
=]
Q
500 500
i 224 230 215
33 5?
0 100
N Cl (no Oxygenates

{pretreatment) pretreatment)

Figure 1.2.1: Overview of the heteroatom content in the light, medium and
heavy fractions compared with tha reshold value for the industrial steam crackers.
The values are taken from Kusenberg et al [24].

As seen in figure 1.2.1, the contaminations are exceeding these limits in the
industrial steam cracker units. To ensure compatibility with physical properties
such as viscosity, boiling point, molecule composition, and potential contaminant
limits, it is necessary to upgrade and/or pretreat the fractions from pyrolysis in
the liquid feedstock. Kusenberg et al [24| have identified the most problematic
contaminants and their limits, which are summarized in table 1.2.1.

Table 1.2.1: Specific contaminant limits for steam cracking. Values taken from
Kusenberg et al [24]

Compound Limit [ppm]
N 100

O 100

Cl 3

Fe 0.001

Ca 0.5

Na 0.125

Excessive levels of various contaminants can lead to multiple issues. Nitrogen
content, in particular, can render the catalyst ineffective. Additionally, thermal
decomposition may result in the production of NOy, leading to air pollution and
acid rain. The decomposition of nitrogen-based compounds creates ammonia and
nitriles, which can be detrimental to downstream catalysts. A viable solution
to eliminate nitrogen content is hydrodenitrogenation. When oxygen reacts with
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certain compounds, such as butadiene, it can lead to the formation of unwanted
byproducts like methanol, formaldehyde, CO, and corrosive acids. This can de-
crease the value of steam cracking feedstock and cause problems with process
fouling and corrosion. Additionally, the decomposition products of oxygen can be
harmful to catalysts downstream of steam crackers. To prevent these issues, it
is recommended to remove oxygen through hydrooxygenation. A commonly used
additive for improving performance is CaCQOs3, which contributes to the calcium
content in the feedstock. However, calcium can lead to issues such as fouling and
corrosion. To address this, a calcium removal agent can be used in an aqueous
solution to eliminate the calcium content. Iron contamination can have negative
effects on furnace performance, including the formation of coke and reduced run
length, as well as corrosion and catalyst poisoning. Additionally, the formation
of iron oxide can lead to plugging issues. To mitigate these problems, hydromet-
allization, solvent extraction, or membrane filtration techniques can be employed
to remove iron. Excessive presence of sodium can lead to corrosion and also act
as a potent catalyst poison and coke promoter. One possible solution to meet the
prescribed sodium limits in the feedstock oil is to blend it with 15 wt% naph-
thas. Chlorine content can result in the creation of both organic and inorganic
chlorides. Among these, HCI is the main organic chloride and can bring about
severe corrosion in downstream facilities, as well as the formation of ammonium
chloride with nitrogen, causing blockages. When in contact with a catalyst, HCI
can also deactivate it. Furthermore, chlorine contamination can lead to environ-
mental concerns. As seen in figure 1.1.1, PVC plastic yields about 50% of HCI.
Due to the low limit of chlorine contamination, as indicated in Table 1.2.1, hardly
any PVC is allowed in plastic waste fractions. Removing the chlorine from the
feedstock with a good dechlorination method is therefore important in order to
make PVC plastic more suitable for pyrolysis. It is more difficult to detect and
separate the organic chlorides [24].

Besides heteroatom pollutants, the liquid feedstock can also be tainted with aro-
matics and olefins. When their concentration is too high, they can trigger coke
buildup and fouling. Olefins can even lead to blockages in the reactor tubes by
starting polymerization reactions. To avoid these issues, it is recommended to
eliminate plastics with high levels of aromatics before steam cracking [24]. Figure
1.1.2 displays the hydrocarbon composition of various plastic types.

In order to eliminate heteroatom contaminations, aromatics, and olefins, it is
crucial to upgrade technology and pre-treatment methods. Pyrolysis is more in-
fluenced by PS, PET and PVC due to the formation of HCI1, aromatics and olefins.
Different methods and technologies are suitable for different types of plastics. To
find the method which optimizes the desired product such as naphtha in terms of
cost is necessary. For many of the heteroatom contaminants, hydrotreatment is a
popular technology [24].
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1.2.1 Dechlorination

One method of removing chlorine is through dechlorination. The use of PVC plas-
tic material is increasing due to its low cost and high performance, making it one
of the most commonly used plastics [26]. As a thermoplastic, it can be melted
using heat, making it a potential candidate for chemical recycling via pyrolysis.
However, due to its high chlorine content, an efficient dechlorination step is re-
quired for it to be suitable. PVC plastic contains over 50% of chlorine, which
results in the formation of HCI and chloroorganic compounds during pyrolysis
[19]. These compounds are formed in two steps, with most of the chlorine being
eliminated during the first step. However, even a small amount of 1% can create
chloroorganic compounds. Given the high usage of PVC plastic and the fact that
even 1% of chlorine can lead to the formation of these compounds, overcoming the
limitation of chlorine content in the oil is crucial [27].

The first step of thermal decomposition of PVC takes place at temperatures below
360°C, resulting in the realase of HCI gas. The second step occurs above 360°C
[28] and leads to the fromation of chloroorganic compounds [24]. The thermal
decomposition of PVC are shown in figure 1.2.2.
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Figure 1.2.2: Thermal decomposition mechanism of PVC [24]

Difference from dehydrochlorination, dechlorination is the process of eliminat-
ing chlorine without the presence of hydrogen [27]. There are three methods for
dechlorination, which include stepwise dechlorination, sorbent in-situ, and the use
of sorbent, catalyst, and/or Hy in ex-situ. In-situ dechlorination occurs within
the reactor, whereas ex-situ dechlorination takes place outside the reactor. Step-
wise pyrolysis involves a pre-dechlorination step before the pyrolysis step, which
removes HCI from the oil at a lower temperature. This minimizes the HCI in the
second step, where the temperature is increased, and reduces the formation of
chloroorganic compounds. Using sorbents in-situ or ex-situ can capture chloroor-
ganic compounds and/or HCI. Different combinations of these possibilities could
be a solution. Combining stepwise pyrolysis with a sorbent can separate the HCI
gas from the sorbent, and decrease the formation of chloroorganic compounds.
Various combinations of these methods can be used as a solution to the problem.
[29].
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1.2.2 Sorbents for dechlorination

Sorbents is a material which is used for absorbtion or adsorption. Typical sor-
bents for dechlorination is Fe-based, Na-based and Ca-based sorbents. Iron is a
well known catalyst/sorbent and has various valences such as 0, +2 and +3. Iron
can exist as Fe’, FeO, Fe,04 and Fe;0,4 [30].

1.2.2.1 Red mud

Among iron-based materials, red mud can be a good candidate in the dechlorina-
tion process. Red mud has a high content of Fe,Os, specifically 30-60%. Red mud
is a bauxite residue from aluminum production and is a very fine-grained material.
As red mud is a residue of alumina production, it is also very cheap. In addition
to FeyOs, red mud contains multiple other components. The composition of red
mud can vary depending on the source of bauxite, the processing method and the
processing conditions. However, there are certain common components present in
all types of red mud. The major elements and minerals in red mud are shown in
table 1.2.2.

Table 1.2.2: The major elements and minerals in red mud [31]

Major elements Major minerals
Composition composition || Minerals Chemical for- | Composition
[%] mula [%]
FeyO4 30-60 Sodalite 3Nay,03A1,056- 4-40
Si0,NaySO,
Al,O4 10-20 Cancrinite Na3zCaAl3SizOqo- 0-20
2C0;4
SiO, 3-50 Aluminous- o- (FeAl)OOH 10-30
goethite
Na,O 2-10 Hermatite Fe;04 10-30
CaO 2-8 Silica SiO4 5-20
TiO, - Tatium dioxide | TiO, 0-10
Perovskite CaTiOg 0-15

Iron oxides present in red mud give it a red color. Every year, about 150 million
tonnes of red mud are produced globally. However, disposing of this waste is a
major challenge due to its high pH value, which ranges between 10 and 13, pri-
marily due to high concentrations of NaOH. Currently, the most common method
of dumping red mud is dry stacking, which results in environmental pollution due
to the dry and dusty nature of the mud. Moreover, red mud contains soluble
compounds like sodium carbonate, sodium hydroxide, and sodium bicarbonate
that dissolve with rainwater and pollute land and rivers. Therefore, it is vital to
explore more suitable applications for red mud [31].

Each year, it is estimated that around 20 million tons of iron from red mud go to
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waste. The fact that red mud is a waste, makes it an attractive option due to low
cost. However, the surface area of red mud is relatively low, ranging from 10-30
m?/g. To enhance the catalytic efficiency of red mud, it may require activation or
pre-treatment depending on its application. This could involve heat treatments
to remove impurities such as FeOOH and Al(OH); and reduce the iron phases to
increase activity. It may also be necessary to remove Na and Ca, as sodium pro-
motes sintering, which reduces the specific surface area at high temperatures|31].

Figure 1.2.3: Red mud in Greece. Taken by Casper Van der Ejik [32]

1.3 Objectives

The objective of this thesis has been to achieve a reduction of the chlorine content
of the real light oil fraction obtained from Quantafuel, from 55 ppm to 10 ppm,
with gas dechlorination. Specifically, the thesis has focused on investigating the
Fe-based residue, red mud, in the dechlorination of a model compound, chloroben-
zene. Chlorobenzene was selected as the model compound due to its well-known
complexity of dechlorination, particularly when compared to linear aromatics. The
effect of washing red mud with HCI has been investigated in order to determine
the influence of other components in red mud, such as na-based and ca-based,
on the dechlorination reaction. Further, the investigation has been carried out
with different experimental conditions. The effect of regeneration on the different
experiments has also been investigated.
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1.4 Litterature review

1.4.1 Pyrolysis

As previously discussed, the real world plastic waste contains of a variety of plastic
types, resulting in a complex composition that is further complicated by contam-
inants. Pyrolysis is a viable solution as it has the ability to effectively manage
contaminants. However, due to the low liquid yield for PVC and PET plastic,
in addition to the high yield of HCl from PVC, seen in figure 1.1.1, PVC and
PET plastic is less suitable for pyrolysis without any upgrading technologies or
pre-treatments.

From numerous authors, it is seen that the dechlorination step occurs at low tem-
peratures, such as 250-320°C [33][34][19][29]. At this temperature, HCI is formed
and leads to complications in the steam crackers due to the subsequent formation
of chloroorganic compounds. Thermal degradation for some plastics requires a
higher temperature, as seen in table 1.1.1 than the dechlorination temperature,
making lower temperature ineffective in these circumstances. Miranda et al [33]
investigated the thermal decomposition of PVC in vacuum pyrolysis with a tem-
perature range from 225-520°C. The investigation illustrates that the liquid yield
is relatively low across the temperature range. At 360°C, the liquid yield was
3.9%, and at 520°C, the liquid yield was increased to 12.79%. The main yield
from pyrolysis of PVC plastic is HCI, which ranges from 44.35% to 58.20% across
the temperature range. At 520°C, the tar formation is relatively high with 19.60%.

The purpose of conducting investigations utilizing catalytic pyrolysis is to optimize
liquid oil production and its properties, as well as reduce operating temperatures.
A range of catalysts has been utilized in plastic waste pyrolysis, including red
mud, fluid catalytic cracking (FCC), ZSM-5, HZSM-5, Y-zeolite, Fe,O3, AlyOs,
Ca(OH), and natural zeolite. However, Lopez et al [35] and Lopez et al [29] show
that the thermal decomposition of plastic yields a higher liquid yield, compared
to thermal decomposition with a catalyst.

Lopez et al [29] investigated a combination of catalytic and stepwise pyrolysis
with PE, PP, PS, PET and PVC as feedstock and ZSM-5 as catalyst. A conven-
tional catalytic process was also performed at 440°C for comparism. Two different
combinations of catalytic and stepwise pyrolysis were carried out. In one of the
combinations, the catalyst was mixed with the plastic in both steps, whereas in
the other combination, the catalyst was only added in the second step. The first
step in the stepwise pyrolysis was carried out under 300°C and the second step
was carried out under 440°C. It was observed that the addition of catalyst in both
steps resulted in comparatively lower reduction in the liquid yield, when compared
to the addition of the catalyst in both steps. A suggested conclusion from Lopez
et al [29] was that the hazardous HCI gas causes a decrease in liquid yield due
to deactivation. This suggests that the addition of a catalyst in the second step
alone can be more efficient. However, for the light fraction (Cs-Cy), the yield was
slightly increased (from 81.5% to 82%) for the addition of catalyst in the second
step. This implies that the catalyst actually works. Lopez et al [35] investigated
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pyrolysis of a mixture of plastic containing PE, PP, PS, PET and PVC with ZSM-
5 and red mud as a catalyst. The investigation shows that the highest liquid yield
was achieved with thermal pyrolysis. The addition of catalysts increases the gas
fraction and lowers the liquid fraction. Red mud yields a higher liquid fraction,
compared to ZSM-5. However, the Red mud needs a higher temperature, due to
negotiable activity under 500°C.

In addition to the lower liquid yield, it is seen that aromatic substances are in-
creased with the usage of ZSM-5 as catalyst|29][35]. Lopez et al [35] concluded
that the strong aromatization is due to the strong acidity of the HZSM-5. Strong
acid sites contribute to coke-formation reactions and further to fast deactivation.
However, Lopez et al [29] concluded that the ZSM-5 catalyst is a good option for
plastic pyrolysis because it is shown that it is a catalytic effect as long as deactiva-
tion from HCI can be avoided. In addition, an argument was that a pure aromatic
liquid fraction is more valuable than a mixture of aromatics and olefins. Compared
to ZSM-5, red mud contain both weak and strong acid sites due to Al;O5 and SiO,
which should be taken into account due to need for higher temperature for red
mud. In addition, it is seen by Ermakova et al [36], that some Na,O components
can act as poison and diminish the catalytic activity. This effect can influence the
activity of red mud, due to the na-content in red mud.

Despite the decrease in liquid yield observed in the investications from Lopez
et al[29] and Lopez et al[35], it has been determined that the catalyst employed
in pyrolysis is working. However, a noticeable problem that may be contributing
to this decrease is the deactivation of the catalyst by HCl. Furthermore, it has
been seen by Miranda et al [33] that the effect of catalysts in stepwise pyrolysis
lower the required operating temperature, hence lower consumption of energy is
required.

1.4.2 Dechlorination

It is crucial to discover an economical and highly effective dechlorination technique
to remove chlorine contamination and improve the liquid yield from PVC plastic.
Numerous dechlorination techniques have been studied to remove chlorine from
plastic waste and increase the liquid yield in pyrolysis oil.

To comprehend the dechlorination mechanism, the utilization of a model mix-
ture can prove to be beneficial. Jiang et al [37| investigated the thermal ef-
fect on dechlorination of chlorinated hydrocarbons with a model mixture con-
sisting of iso-octane doped with aliphatic substances, specifically 2-chlorobutane,
2-chloroethylbenzene, as well as the aromatic substance, chlorobenzene. This
study aimed to examine the influence of thermal treatment in the presence and
absence of a sorbent. The sorbent employed in the investigation were Na,CO5 and
CaCOg3/Al The proposed mechanism by Jiang et al is presented in equation 1.1
- 1.3.

C,HyCl— C,Hg + HCI (1.1)

CeHoCl— CgHg + HCI (1.2)
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CH;Cl— CgHg + HCl (1.3)

From the study on the thermal effect with the absence of a sorbent, the results
show that 2-chlorobutane has a maximum conversion to 2-butene at 350°C. For
2-chloroethylbenzene, the conversion is 30% of the inlet concentration at 400°C.
Chlorobenzene is not decomposed until the temperature reaches 500°C. Clearly, a
thermal decomposition of chlorobenzene is more difficult. The higher temperature
for decomposition of chlorobenzene is supported by other authors as well[38][39].

As earlier mentioned, the removal of chlorine through thermal treatment is pri-
marily in the form of HCI, as represented by equation 1.1 to 1.3. Jiang et al[37|
observed that the dechlorination temperature is significantly reduced with the
presence of sorbents. The dechlorination temperature for 2-chlorobutane and 2-
chloroethylbenzene was decreased to 180°C. For chlorobenzene, it was observed
that the dechlorination temperature was decreased to 450°C. It was also seen that
the breaktrough time for chlorobenzene is shorter, compared to 2-chlorobutane
and 2-chloroethylbenzene. A suggested conclusion was that the adsoprtion of
chlororbenzene proceeds mainly on the surface of NayCos and the dechlorination
chlororbenzene takes place with direct interaction with Na,CO3 because of the
larger molecular size, compared to HCI.

From the investigation done by Jiang et al‘[37] it is seen that the dechlorination
is improved with the absence of a sorbent/catalyst. Several investigations have
also mentioned that various sorbents, including CaCO,, Ca(OH),, CaO, Nay,COs,
Fe;0, and Fe have been efficient during dechlorination. Investigations have been
done with different combinations of the three possibilities for dechlorination. In-
vestigations done by Jan Hubacek et al [28] and A. Lopez et al [40] with sorbents
in-situ were seen to increase the chlorine content in the liquid yield. The ex-
planation for the increase of the chlorine content in the liquid yield was that Cl
probably was adsorbed by the sorbent initially, but as the pyrolysis temperature
exceeded 400°C, part of Cl was desorbed and reacted with hydrocarbons to form
chloroorganic compounds. Keeping the pyrolysis temperature below 400°C could
be insufficient for some plastics. In addition to the investigation carried out with
in-situ sorbent, Jan Hubécek et al carried out investigations done with stepwise
pyrolysis and sorbents in ex-situ, such as Ca(OH)y-extrudate, Fe3Oy in silica and
Fe30, in silica reduced at 600°C. The feedstock was a model mixture of 5 types
of plastics (5P), which included 10% PVC. The main components after the reduc-
tion were seen to be Fe’ and Fe,SiO,. For the stepwise pyrolysis, the first step
was carried out under 350°C and the second step was carried out under 500°C.
In conclusion, it was predicted that Fe’, Fe;0, and Ca(OH), were efficient for
dehalogenation at 300°C. However, the best result was obtained with Fe;O,—Si,
which decreased the Cl content in the liquid yield to 3-23 ppm, which corresponds
to 98.9% efficiency. The limit for the steam cracker for the research was 10 ppm.
The reduced FesO,4 sorbent in silica did not improve the dechlorination efficiency
further. Jan Hubacek et al explained this by the sintering effect and significant
decrease in sorbent surface area after reduction.

However, the real plastic waste is more complex than the model mixture. Jan
Snow et al [41], investigated catalytic dechlorination with MPW (municipal plas-
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tic waset) and detected that the dechlorination efficiency with sorbents decreased,
compared to pyrolysis of a model plastic mixture. It was seen that the chlorine
content was relatively low in the MPW. After pyrolysis with MPW, the liquid
averaged 294 ppm chlorine. In addition to the complex mixture, these findings
could not be definitively determined. Jan Snow et al investigated the stepwise
pyrolysis in combination with ex-situ sorbents such as Ca(OH)y-extrudate, Fe;O,
in silica, Fe-Si, hydrotalcite (MgO) and [-zeolite. The first step was carried out
under 350°C and the second step was carried under 500°C. The best yield was
achieved with hydrotalcite and -zeolite, which was 95% efficient. The efficiency
of Ca(OH)y-extrusion was the lowest, followed by Fe;O, in silica and Fe-Si. Com-
pared to dechlorination with the model mixture as feedstock, the efficiency de-
creased respectively 48%, 31% and 14% for the sorbents. It was also seen that the
duration time for the step had an impact on the chlorine content. The efficiency
was increased from 38% to 68% with an increase from 1 to 2 hours in the first step
with MPW as feedstock. However, with an 1 hour long step with the 5P mixture,
the efficiency was 99%. Based on the results, it was also suggested that PET acts
negatively as chlorine-binding agent during stepwise pyrolysis of PVC-containing
feedstock.

As earlier mentioned, the HCI gas can deactivate the catalysts. Lingaiah et al
[42] have investigated the effect of iron oxide-carbon composite catalyst on the
dechlorination and found that by continuously flowing He, the adsorbed HCI would
be removed and the deactivation of the catalyst was overcome. It has been sug-
gested that the process begins with iron oxide acting as a catalyst to generate
HCl. The HCI is then absorbed by the iron oxide, which deactivates the cat-
alyst. This absorption process results in the formation of iron chloride, which
once again serves as a catalyst for the dechlorination of chloroorganic compounds.
The different catalysts for the investigation were y-Fe,Os, o-Fe,Os, TR97305 and
TR99300. TRI7305 and TR99300 are Fe;0, catalysts, but prepared by different
methods. The feedstock was a model mixture of plastic, containing 1%PVC. The
dechlorination was carried out under 350°C. The TR97305 catalyst shows an initial
conversion of 100%, followed by a gradual decrease to 60%. Following regenera-
tion, the conversion for the catalyst is initially 80% for the two subsequent cycles.
This rate drops to approximately 40%. Lingaiah et al found that the removal of
chlorine compounds is very high with lower space velocities. From XRD analysis
after the investigations, it was observed that the XRD patterns were not changed.

1.4.2.1 Red mud as sorbent

Red mud has been studied as a potential sorbent for dechlorination, due to the
high content of Fe;,O3 and low cost. However, there are some problems associated
with its use. One issue is that the effectiveness of red mud as a sorbent can be
limited by its low surface area and poor porosity. Another problem is that red mud
may contain impurities that can interfere with the dechlorination process or even
cause further contamination. Additionally, red mud may require pretreatment or
modification to optimize its performance as a sorbent. Despite these challenges,
research is ongoing to explore the potential of red mud as a sorbent.
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Wang et al [43] investigated the calcination temperature from 400-900°C and the
XRD profile for the different calcination temperatures are seen in figure 1.4.1
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Figure 1.4.1: XRD profiles for red mud at different calcination temperatures.
Taken from Wang et al [43]

Based on the XRD profile in figure 1.4.1, it can be seen that a calcination tempera-
ture above 500°C removes components such as FeO(OH), AI(OH); and CazAl,Og.
These components were decomposed to Fe;O3 and Al,O3 due to oxidation. They
suggest that an optimal calcination temperature is 400-600°C. At the specified
temperature range, the specific surface area increased. From N, adsorption-
desorption isotherms, it was determined that the pore size of red mud fell within
the mesoporous range. In the same study, Wang et al [43| investigated the calci-
nation temperature for Ni-supported red mud. They observed that temperatures
above 700°C could trigger the sintering of metal oxides and cause a collapse of
pore structure, which further leads to a decrease in the surface area.

As seen in table 1.2.2, iron in raw red mud do mainly exist as Fe,O3. By reducing
Fe;Os, a higher yield of electrons can be attained, resulting in greater efficiency
in promoting chemical reactions. The various oxidation states have been investi-
gated, with the aim of increasing the activity. Ordonez et al [44]| have investigated
the reduction of red mud with TPR studies. Figure 1.4.2 displays the TPR profile.
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Figure 1.4.2: TPR profiles for: (a) red mud and (b) a — Fe O3 [44]

The reduction of Fe,O5 to Fe takes place via Fe,03 — Fe;04 — FeO — Fe’.
The TPR profile of Fe,O5 in figure 1.4.2 (b) shows three distinctive peaks. Similar
peaks have been observed in the TPR profile of red mud in figure 1.4.2 (a). These
observations have led to the conclusion by Ordofiez et al [44] that these peaks
correspond to the three steps involved in the reduction of Fe,O5; and that it is
unlikely that other elements in red mud are reduced. The first peak is around
400°C and corresponds to the reduction from Fe,Oj;. The second and the third
peak is around 450°C to 850°C and correspond to the reduction to FeO and Fe.

Multiple authors claim that acid treatment could also contribute to an increase
in activity. Investigations state that treatment of acid increases the surface area.
The treatment of acid decreases the content of sodium and calcium. A dissolu-
tion /precipitation process with HCl and ammonia carried out by Kerry et al [45]
show that the specific surface area was increased from 64 m”/g to 155 m*/g. Pa-
rades et al [46] dissolved red mud in a mixture of HCl and H3PO,, which lead to
an increase from 28.3 m® to 111.7 mz/ g in the specific surface area. Altundogan
et al [47] increased the adsorption capacity of red mud by treating it with HCL.
The treatment lead to the removal of sodalites. Altundogan et al suggested that
the increased adsorption capacity is likely due to the removal of these sodalite
compounds, which may have previously blocked active sites on the sorbent. In
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addition, Sushil et al [48] does also suggest that sodium and calcium contribute
to poor activity, because they promote sintering and hence decrease the surface
area. They studied the catalytic combustion of methane with red mud and saw
that red mud treated with HCl had an increase in activity. The best activity was
obtained with Fe,O5 as a catalyst, which was calcined at 600°C. In addition, the
surface area was increased from 28.3 m*/g to 131.1 m®/g.

Even though it is seen that treatment with acid increases the activity, deacti-
vation in the catalysts has been observed. The investigation with red mud by
combustion of methane by Parades et al [46] shows a deactivation in the catalyst
even treated with HCI, although the activity is better than the untreated sample.
The sample treated with HCI shows a similar result as the pure hematite on a
Fe content basis. Parades et al suggest that the deactivation is mainly due to a
decrease in the surface area due to sintering and transformation of hematite into
less active phases. However, it has been observed that some sorbents, such as
Fe,O3 adsorbs the HCI which causes deactivation for the catalyst.
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This part explains the theoretical aspects of reaction chemistry, as well as the
preparation steps and characterization of sorbents. This information is crucial for
the upcoming experiments.

2.1 Reaction chemistry

2.1.1 Dechlorination reaction

Compared to linear aromatic, chlorobenzene is known for its complexity of dechlo-
rination. The dechlorination reaction chemistry of chlorobenzene with a Fe-based
material is shown in figure 2.1.1.

Cl

Fe

> + FeCly

Figure 2.1.1: Dechlorination of chlorobenzene with iron.

Chlorine is adsorbed by iron and converted to chlorobenzene and iron chloride
(FeCly). The state of iron chloride is dependent on the experimental conditions,
as well as the Fe-based material provided in the reaction.

2.1.2 Reduction chemistry

Reduction is the loss of electrons and iron oxides can be reduced by flowing hydro-
gen. The reaction scheme of the reduction from Fe,O3 to Fe” is seen in equation
2.1 to equation 2.4.

3F6203 + Hy — 2F€304+H20 (21)

F€304+H2 —>3F€O—|—HQO (22)
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FeO + Hy — Fe+ HyO (2.3)
F6203 + 3H2 — 2Fe + 3H20 (24)

2.1.3 Regeneration reaction

Iron can be reused, by regenerating it back to its original form. This can occur
by reacting FeCl, with air as described in equation 2.5.

FeClx + 02 — F6203 + Clw (25)

2.2 Preparation of sorbent

2.2.1 Incipient wetness method

Impregnation is one of the most commonly used techniques for the synthesis of
heterogenous sorbents. The sorbent is dissolved in an aqueous or organic solution.
When the sorbent is fully dissolved, it is added to the catalyst support drop by
drop. Due to capillary forces, the solution is drawn into the pores. On the opposite
of wet impregnation, the incipient wetness method limits the solution amount to
just fill the pores to saturation. The wetness method leaves excess liquid and the
solution needs to be filtrated. The solution is drawn into the pores due to capillary
forces. Further, the sorbent is dried and calcined to produce impregnated pellets
and remove volatile components [49].

2.2.2 Calcination

Calcination is heating of solid material with a controlled temperature. This process
removes impurities and volatile substances and is essential to yield the desired
qualities. Calcination can prevent the impurities to poison the catalyst, and helps
controlling the surface area, locking the pore structure, securing the crystallization
phase and activaties the wetting and spreding [50].

2.2.2.1 Passivation

Passivation is a chemical treatment which create a layer outisde of the material to
make the surface less reactive. This layer is created when the sample is exposed
to air and prevents further oxidation and corrosion in room-temperature [51].

2.3 Characterization techniques

2.3.1 Temperature programmed reduction (TPR)

TPR is a technique for the characterization of solid materials, particularly in the
context of determining their reduction temperature. The process involves placing
a solid material in a specialized reactor and heating it while flowing hydrogen gas
over it. The hydrogen consumption is recorded and displayed as a function of
the temperature [52]. The data can be used to determine the reduction tempera-
ture. A general reduction reaction between a metal and hydrogen is represented
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in equation 2.6.

MO(s) + Hy(g)— M(s) + HyO(g) (2.6)

2.3.2 X-ray powder diffraction

X-ray powder diffraction (XRD) is a structural analysis and a bulk measurement
technique. This technique is used to identify phases in crystalline materials. A
crystalline material contains of atoms with well-defined distances, d. By exposing
the sample to X-ray energy, the electrons will adsorb the energy and release the
energy in the form of a new X-ray called diffracted X-ray. The incident x-ray and
the diffracted x-ray create a specific angle as seen in figure 2.3.1.

Incident X-rays Diffracted X-rays

/Zd sin®
Constructive interference when

Q
. nA=2d sin®
B - ) _ e __ Bragg'slaw
O 0\ O o O
d sin®

Figure 2.3.1: Schematic illustration of the Bragg equation [53]

‘]

X-ray is high energy light with a repeating period called wavelength, . This
diffraction pattern is produced when the sample is exposed to X-ray as seen in
figure 2.3.1, and can be used to determine the phases in the bulk.

The relationship between the angle and the wavelength is described in Bragg’s
law, which is shown in equation 2.7.

nl = 2dsing (2.7)

The phases in the sample can be analyzed from a graphical presentation of the
intensity versus 2-0. A detector in the XRD will record the number of x-rays
observed at each angle 20, where the intensity is recorded as "counts" or "counts
per second". In addition to determining the crystal phases in the bulk, the XRD
peaks can provide detailed information about the crystal structure and proper-
ties of a material. The peak position corresponds to the spacing between atomic
planes in the crystal lattice, while the peak intensity is proportional to the num-
ber of atoms in the crystal structure. The peak width provides information about
the size and quality of the crystalline domains in the sample. Each peak in an
XRD pattern corresponds to a particular crystal structure and orientation. A sin-
gle crystal would produce one peak in the diffraction pattern. A polycrystalline
would produce peak for every set of planes [53].
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2.3.3 X-ray Fluorescence

X-ray Fluorescence (XRF) is used to determine the elemental composition of ma-
terials and the quantity of the element in the bulk. By striking the inner shell
electron, such as the K shell, with a primary x-ray, the electron will be released
as a photoelectron. X-ray is a form of high-energy electromagnetic radiation and
needs to be higher than the binding energy in order to release the electron. The
atom will be unstable when an electron from the inner shell is released. To sta-
bilize the atom, an electron from an outer shell will be pulled to the vacant spot
created when the electron irradiated with x-ray was released. When an electron is
moving from an outer shell to the vacant spot, a new x-ray will be emitted as an
x-ray fluorescence radiation. This x-ray is unique for each atom. The elemental
composition and its quantity can be analyzed from a graphical presentation of
x-ray intensity peaks versus wavelength. The peak height /intensity indicates its
concentration [54|. Figure 2.3.2 show an illustration of the electron and the x-ray
fluorescence radiation being released when striking the electron in the inner shell
with x-ray.

K
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it T et S radiation
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Figure 2.3.2: Atmoic model for the X-ray Fluorescence analysis method [55]

2.3.4 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a temperature-programmed technique. The
sample is continually being weighed while passing an inert gas over it at atmo-
spheric pressure. Thermogravimetric analysis can be done in three different ways,
such as continually increasing in temperature, keeping the temperature constant
or heating the sample in multiple temperature intervals. Data from the ther-
mogravimetric analysis can be interpreted from a graphical presentation of the
sample mass change vesrus the temperature or time. Genereic thermograms have
multiple sections. Below 150°C, physisorbed water, low molecular weight volatile
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compounds, solvents and trapped gases evolve. When the temperature reaches
250°C, the compound begins to decompose. The remaining material after TGA is
non-volatile inorganic ashes and materials [56].

2.3.5 Adsorption-desorption isotherms

Adsorption-desorption isotherms is a plot of the relative pressure versus the amount
of a sorbent that has been adsorbed to the surface of the sorbate. Typical sor-
bents are Hy and Ny. The sorbent can bond to the sorbate in two different ways,
chemical adsorption or physical adsorption. Chemical adsorption bonds by chem-
ical bonding to the surface and form a monolayer. Physical adsorption bonds by
forces such as Van der Waals, and can form a multilayer. Langmuir isotherms is
an adsorption isotherm that assumes chemical bonding and monolayer [57].

BET method can be applied to physical adsorption isotherms to calculate surface
area and pore size. The BET method is an extension of the Langmuir isotherm,
where each layer is based on langmuir theory. The BET adsorption isotherm

equation is
cp

(1 —=p\po)/(po + p(c—1))

where ¢ is the BET C-constant, pg is the vapor pressure of the adsorptive bulk
liquid phase and ¥is the surface coverage, defined as

0 —

(2.8)

0 = ngas/Mm (2.9)

where n,4. is the amount which is adsorbed and n,, is the entire amount which
could be adsorbed. The specific surface area is calculated by rearranging equation
2.8 and plotting m Versus p%. The specific surface area, Sggr is calculated
from following equation,
Um * IN - Ay
Sprr = — v (2.10)

where N is Avogadro number, V the molar volume of the adsorbate gas and A, is
the cross-sectional area [57].

The BJH method can be applied to adsorption desorption isotherms to estimate
pore volume and size. The pore size can be measured with analysis such as t-
plot or capillary condensation analysis with the Kelving equation. The Kelvin
equation,

P 20V;
In(—) =
PO TKRT
is a relation between the pore critical radius and relative pressure (P/Py) at cap-
illary condensation. wu is the surface tension of the liquid condensate, V; is the
molar volume of the liquid condensate and ry is the kelvin radius. By applying
the Kelvin equation, the vapor pressure of the gas can be related to the Kelvin
radius and a plot between the differential pore volume and pore diameter can be

obtained. This plot can be used to determine the porosity [58].

(2.11)
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METHODS

This part explains the methods utilized for the preparation, characterization and
activity testing of Fe/SiO, and red mud. The samples were prepared and char-
acterized to investigate the impact of washing with water and HCI on catalyst
deactivation due to the presence of sodium and calcium, as well as the effect of
regeneration.

3.1 Preparation of sorbents

The sorbents used for this thesis are Fe/SiO, and red mud. Fe/SiO, was prepared
to use as a reference state and compared with red mud. In addition, FeCls/SiO,
was prepared to determine experimental conditions for the regeneration.

3.1.1 Fe/SiO,

The preparation of Fe/SiO, was done with the incipient wetness method, with
impregnation of iron nitrate, Fe(NO,)s-(Hy0), (98%), and silica as support.

In Appendix A, the calculations for the Fe and Fe,O3 content in Fe/SiO, were
carried out, leading to 8.7% Fe and 12.45% Fe,O3. To prepare the sorbent, 19.82
g of silica was dried in an oven to remove any water content. Next, 8.16 g of
iron nitrate was dissolved in distilled water in a 10 ml glass flask. While stirring
regularly, droplets of the solution were added to the silica. The resulting sorbent
was dried overnight in the oven and then calcined for 5 hours at 550 °C with a
ramp of 3°C/min and flowing air at 75 ml/min.

Sio, Impregnation with Fe/SiO
support Fe(NO,); *(H;0), -

Figure 3.1.1: Block diagram for the preparation steps for Fe/SiO,

33



34 CHAPTER 3. METHODS

3.1.2 Red mud

Due to the high water content in red mud, the red mud was dried for 12 hours in
the oven prior to the preparation. Further, the red mud was crushed and sieved
to 63-100 pm. Figure 3.1.2a shows red mud before it was synthesized and figure
3.1.2b shows the red mud after drying and sieving.

(a) Raw red mud (b) Red mud after drying and sieving to par-
ticle size 63-100 pm.

Figure 3.1.2: Red mud before and after drying and sieving.
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Further, red mud was calcined for 5 hours at 550°C before samples with differ-
ent treatments were prepared. A sample of red mud was pre-reduced at 500°C and
passivated for 2 hours by flowing 100 ml/min of 1% oxygen in argon at ambient
temperature. Figure 3.1.3 show the red mud after the reduction and passivation.

Figure 3.1.3: Red mud after calcination, reduction at 500°C and passivation

In addition, samples washed with water and HCI were also prepared. The washing
with water was done two times in a buchner funnel. The water was pre-heated
to 60°C and 80°C. The pH of the wash water was measured until it reached 7,
indicating the removal of alkaline substances, such as sodium. The buchner funnel
with red mud was dried in the oven at 100 °C overnight. The washing with HCI
was carried out by mixing 5 g of red mud with diluted HCI. A 100 mL solution
of 1 mol/L HCI1 was prepared. The solution was stirred for 2 hours before being
washed with water to remove the acid. The pH of the wash water was measured
until it reached 7, indicating the removal of alkaline substances. The batch was
kept in the oven at 120°C overnight. Figure 3.1.5 show the preparation steps of
red mud in a block diagram.

Rre-reduced with Passivated for 2 Washed with
/ H, at 500 °C hours wather

RM dried for 2 Sieved to Calcined at .
hours at 100 °C 63-100 pm 550°C for 5h Washed with HCI

Figure 3.1.4: Block diagram for the preparation steps for red mud



36 CHAPTER 3. METHODS

Table 3.1.1 lists samples of red mud that have undergone various treatments
and will be used further for experiments.

Table 3.1.1: Samples of red mud with various treatments, which have been used
for the experiments.

] Sorbent \ Treatment \
RMC Calcined at 550°C
RMCyater Calcined at 550°C and washed wit water.
RMCyq Calcined at 550°C and washed with HCI.
RMCgaso Calcined at 550° and reduced in-situ at 350°C.
RMCgs00 Calcined at 550°C, pre-reduced at 550°C and passivated.

3.1.3 FeCI3/Si02

In Appendix A, the calculations for the FeCls content in FeCly/SiO, were car-
ried out, leading to 12% FeCls. FeCls/SiO, prepared with the incipient wetness
method. Silica was dried in the oven overnight to remove the water content. 1.63
g of iron chloride (97%) from Sigma Aldrich was dissolved in distilled water until
10 ml in a glass flask. Droplets of the solution were added to 11.11 g of silica
while stirring regularly. The sorbent was dried at ambient temperature for 2 days.
Further, the sorbent was dried in the oven at 60 °C for 3 days. Figure 3.1.5 show
a block diagram of the preparation steps of FeCls/SiO,.

Drying 100° pregnatio

Figure 3.1.5: Block diagram for the preparation steps for FeClz/SiO,.

3.2 Characterization of sorbent

3.2.1 TPR

Different samples of red mud Fe/SiO, were characterized with TPR to provide
information on reduction states and hydrogen consumption.

The TPR experiment was carried out in the Altamira BenchCat TPX Analyzer,
with approximately 0.1 g sorbent. The sorbent was heated to 900°C, with a ramp
of 10°C/min, while flowing 7% Hj in argon.
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3.2.2 XRD

To identify the crystal phases of fresh and spent samples of Fe/SiO, and red mud,
analysis with XRD was carried out.

Fresh and spent samples were analyzed in D8 A25 DaVinci X-ray Diffractometer.
The sorbent was placed in a si-cavity 10mm holder and analyzed for 30 minutes
at 10-80 ° with the step size 0.2 °/step.

3.2.3 XRF

To identify the elemental composition of fresh and spent samples of red mud and
FeCl;/Si0O,, analysis with XRF was performed.

The XRF analysis was carried out in the X-ray fluorescence spectrometer su-
permini200. During the analysis, the temperature was kept at 25 °C, the pressure
was atmosphere vacuum and 10% methane in argon was provided with a flow rate
of 24.8 mL /min.

3.2.4 N, adsorption-desorption analysis

The sorbent was evacuated for 1 hour before it was degassed with VacPrep 061 de-
gasser overnight at 200°C. The pressure was 100mTorr. Further, the sorbent was
placed in the Micrometrics Tri Start 3020 surface area and porosity analyzer to
adsorb Ny. The obtained adsorption isotherm was analyzed with the BET method.

3.3 Chlorobenzene dechlorination experiments

The experiments with the different samples of Fe/SiO, were carried out in the
gas dechlorination rig as seen in figure 3.3.1. The setup consists of 4 flowmeters,
which enable the feeding of four gasses, including hydrogen, nitrogen, air, and
chlorobenzene. The 4 gases are mixed before being introduced to the glass reactor
from the top and travel to the bottom. subsequently, all the gases are directed to
the GC, where nitrogen is measured in the TCD detector, and chlorobenzene is
measured in the FID detector. Prior to the experiments, a leak test was executed.
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Combined Dechlorination rig 2.12.
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Figure 3.3.1: A schematic illustration of the dechlorination set up

The dechlorination of chlorobenzene was performed in a fixed-bed reactor (in-
ner diameter, 12 mm) at atmospheric pressure. The sorbent was loaded in the
reactor between two quartz wool plugs. The total flow in the dechlorination rig
was maintained at 110 mL/min at all time. Prior to the dechlorination reaction,
certain sorbents were reduced in-situ. The reduction in-situ was done by flowing
50/50 Hy and N,. During the dechlorination reaction, the flow was 1l mL/min of
chlorobenzene (0.005%) in nitrogen and 99 mL/min N,. Certain sorbents were re-
generated after the dechlorination reaction. The regeneration was done by flowing
100% air for 1 hour. The benzene content was measured using gas chromatogra-
phy. Figure 3.3.2 show a schematic illustration of the experiments carried out in
the gas dechlorination with chlorobenzene.

500°C : 1h ; 2h
hegeneration Reduction
100% air | 50%
! H,/0,
/ and N,
350°C 2h | | | o ith . 2h
Reduction ' Reaction Flush " Regeneration ' Reduction Flush 100% N
50% H,/O, CBand N, 100% N, 100% air 50% H,/0;
and N, and N;

Figure 3.3.2: Schematic illustration of the experiments in the gas dechlorination
with chlorobenzene.
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Experiments were carried out with varying reduction temperature, regenera-
tion temperature and space velocity. The following conditions were not changed
for any experiments,

e Reduction time for 2 hours
e Reaction temperature at 350°C
e Regeneration time for 1 hour

The varied experimental conditions for the different sorbents are listed in table
3.3.1.

Table 3.3.1: Experimental conditions for the varied sorbents in the gas dechlo-
rination of chlorobenzene

Sorbent Space velocity | Reduction Regeneration
[L/(g h)] tempera- tempera-
ture [°C] ture [°C]
Fe/Si0O, 30 350 350-450
RMCgrs00 22-30 500 350-500
RMC 30 350 350-500
RMCyq 30 350 350
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CHAPTER
FOUR

RESULTS AND DISCUSSION

This part discusses the results from the investigations with the Fe-based mate-
rial, red mud, in two parts. The first part discusses the effect of washing, where
samples were washed with HCI and water to eliminate sodium and calcium due to
the known sintering effect. The second part discusses the effect of regeneration.
In addition, various experimental conditions for the different samples have been
investigated. Experiments with Fe/SiO, were carried out for comparison.

4.1 The effect of washing

For the first part, the effect of washing was investigated. A sample of red mud
was washed with water and a sample was washed with HCl. The samples were
characterized with XRD, TPR, XRF and N, adsorption-desorption isotherms. The
activity was determined under gas dechlorination of chlorobenzene with varied
experimental conditions.

41
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4.1.1 XRD

The different phases in red mud after the various treatements were determined via
XRD analysis. Figure 4.1.1 displays raw RM, RMC, RMCy.;er and RMCycy. The
calcination temperature was 550°C.

RM calcined at 500° C
—— RM calcined at 500° C and washed with water
—— RM calcined at 500° C and washed with HCI
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Figure 4.1.1: XRD profiles of raw RM, RMC, RMC,te; and RMCpy; (Calcined
at 550°C)

The results from XRD analysis in figure 4.1.1 reveal that the raw RM comprises
cancrinite, hematite (Fe,O3), goethite (FeOOH), silica (SiOy), titanium dioxide
(TiOy), and perovskite (CaTiO3), as expected and outlined in table 1.2.2. In
the investigation by Wang et al. [43], it has been observed that calcination tem-
peratures above 500°C have the ability to remove components such as FeOOH,
Al(OH)3, and SiOy. FeOOH and Al(OH);3 are decomposed into Fe,O3 and Al,O4
through oxidation, which enhances the activity of red mud in relation to iron ox-
ide. Based on the XRD profile displayed in figure 4.1.1, it can be inferred that a
temperature of 550°C removed these components.

Furthermore, it is observed in figure 4.1.1 that RMC,r did not exhibit any
significant changes in their mineral composition. Conversely, RMCy; displayed a
discernible change in composition, specifically the removal of cancrinite.

To investigate the phases in red mud after various reduction temperatures, XRD
analyses were carried out for RMCgrss9, RMCgsg9, and Fe/SiO, for comparison,
and is displayed in figure 4.1.2.
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Figure 4.1.2: XRD profile of RMCgr359, RMCrsp and Fe/SiO, (calcined at 550°C
and reduced at 350-500°C).

Figure 4.1.2 reveal that the reduction carried out at 350°C leads to the formation
of a mixture of Fe;0, and Fe” in both RMCgrsso and Fe /Si0,. The mixture is also
detected in RMCgsg9, where the reduction temperature is increased to 500°C. It
is also observed that the Fe" peak for RMCrsoo exhibits a greater sharpness com-
pared to RMCgssg, indicating an increase in the crystalline structure. This could
be attributed to sintering, caused by the higher temperature. However, RMCgss
was not passivated after the reduction and may have been oxidized when exposed
to air, causing a change in the crystal size.

4.1.2 XRF

The elemental composition of RMC, RMCgss9, RMCgrs00, RMyater and RMCyy¢y is
obtained from XRF and displayed in table 4.1.1. The samples are an average of
multiple analyses.

Table 4.1.1: Elemental composition of RMC,RMCgs59, RMCRgrs00, RMCyater and
RMCyq from XRF analysis

Treatment of RM Composition [%)]

Na,O AlLO, Si0, CaO TiO, Fe,O4
RMC 7.3 19.1 10.0 6.1 8.7 47.6
RMCrss0 5.4 132 313 4.7 6.9 37.0
RMCprsoo 72 181 97 61 89 482
RMCyater 7.3 191  10.0 6.1 8.7 47.6
RMCRasoncr 02 92 200 34 116 722

In addition to the composition displayed in table 4.1.1, traces of P,O5, SOs,
K;,0,V,05,Cry04,Cl, MnO, ZrO5,NbyO5, Ag,O, MgO,Co,05, SOz, CuO was also
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detected.

The elemental composition depicted in table 4.1.1, is consistent with the elements
depicted in table 1.2.2. The XRF analysis does not display a significant change in
the elemental composition between RMC and RMC,,e,- In addition to the none
significant difference revealed from the XRD analysis, this indicates that washing
with water has a negligible impact. The sample washed with HCI had a remark-
able effect. The elemental composition of RMCyq, including Na,O, Al,O3, SiO,
and CaO was decreased compared to RMC. This results in a higher fraction of
Fe,03 and TiO, for RMCyey, from 47.6% to 72.2% and 8.7% to 11.6% respectively.
The removal of sodium is consistent with the findings by Altundogan et al [47].

4.1.3 N, adsorption-desorption isotherms

The BET surface area of Fe/SiO,, raw RM, RMC, RMCgsqy and RMy¢; are ob-
tained from N, adsorption-desorption isotherms and listed in table 4.1.2.

Table 4.1.2: BET surface area of FeSiO,, raw RM, RMC, RMCgs9 and RMgq
from adsorption-desorption isotherms.

| Sample | BET surface area [m?/g] |

Fe/SiO, 451.2
RM raw 24.3
RMC 31.1
RMCgs00 31.0
RMCyq 41.9

In figure 4.1.2, it is observed that the BET surface area has increased after
calcination at 550°C. This is consistent with the findings from Wang et al [43].
The increase in surface area is due to the removal of the impurities, which results
in a higher degree of an active surface that is available for chemical reactions and
further could increase the activity of the sorbent. For RMCyy, the surface area is
seen to increase as well, with 24%. This is consistent with the findings by Kerry
et al [45] and Paradese et al [46]. However, the increase in surface area found
by Kerry et al and Paradese et al is higher. The increase in surface area may be
attributed to the removal of some components including sodium, aluminium, silica
and calcium, as seen from the XRF analysis presented in table 4.1.1.

In addition to the BET surface area, the BJH pore volume and area of raw RM,
RMC, RMCgs9 and RMyc; were also determined from N, adsorption-desorption
isotherms. Figure 4.1.3, 4.1.4, 4.1.5 and 4.1.6 displays the cumulative and dv/dw
pore volume and area of red mud obtained from the BJH method.
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Figure 4.1.6: Cumulative and dv/dw pore volume and area of RMCyy; (calcined
at 550°C and washed with HCI).

The pore volume and area obtained from the BJH method in figure 4.1.3, 4.1.4,
4.1.5 and 4.1.6 is in the mesoporous range (2-50 nm). For all the samples, it is
seen that most of the area is derived from the smaller mesopores. Figure 4.1.4b
shows that calcination increases the surface area by removing compounds and in-
creasing the proportion of smaller mesopores, which enhances the overall surface
area. For RMCgsgo in figure 4.1.5a it is observed that the distribution changes
to larger mesopores. This results in an additional peak observed in figure 4.1.5b,
showing that more of the area is generated from bigger mesopores after reduction.
However, the change in distribution before and after reduction is not particularly
significant. In figure 4.1.6a it is observed that the distribution of RMCy¢; com-
pared to the calcined sample in figure 4.1.6a has not changed significantly. It has
been a rise in the quantity of both smaller and larger mesopores, resulting in an
increase in the surface area as displayed in figure 4.1.6b and from BET, displayed
in table 4.1.2.
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4.1.4 TPR

Furthermore, TPR analysis was done in order to determine the reduction tem-
perature and corresponding phases, in addition to the hydrogen consumption for
Fe/Si0O, and red mud.

Table 4.1.3 displays the theoretical values and actual values of hydrogen con-
sumption of Fe/SiO,. The calculations of the theoretical values of hydrogen con-
sumption are shown in appendix 6. The actual values are determined from TPR.

Table 4.1.3: Theoretical and actual values for hydrogen consumption of Fe/SiO,.

Sample | Reduction Theoretical value Actual value
[nmol H,/g [nmol H,/g
sorbent| sorbent|

FeSiOy | FeyO3 — FesO, 258 255

Fe;0O, — FeO 518 514
FeO — Fe 1553 315
Total 2333 1085

Figure 4.1.7 displays the TPR profile of Fe/SiO, calcined at 550°C. The graded
area corresponds to the different reduction states based on the theoretical value
for hydrogen consumption seen in table 4.1.3. The darkest area corresponds to
the reduction from Fe,O; — Fe;Oy, the lighter area to the reduction from Fe;Oy
— FeO and the lightest area to the reduction from FeO — Fe.

200

- 800

- 700

F 600

- 500

- 400

Bed temperature [* C]

300

200

- 100

0 1000 2000 3000 4000 5000 6000 7000
Time [sec]

Figure 4.1.7: TPR profile of Fe/SiO, (calcined at 550°C).

In table 4.1.3 it is observed that the actual value of the total hydrogen consumption
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differs from the theoretical value by 43%. The TPR profile of Fe/SiO, in figure
4.1.7 displays two noticeable peaks. The first peak indicates the reduction of iron-
oxide, while the second peak indicates the reduction of iron-silica. Although table
4.1.3 implies that the sample is not fully reduced due to a higher theoretical value,
figure 4.1.7 contradicts this and suggests that the excess consumption of hydrogen
is caused by the formation of iron-silica phases, which also consume hydrogen.
Hence, the difference between the total actual value and theoretical value in table
4.1.3, might be due to the formation of compounds of iron silica which is not
reducible at these temperatures. The graded area based on the theoretical hydro-
gen consumption in figure 4.1.7 displays that the reduction from Fe,O3 to Fe3O,
in Fe/SiO, reaches a maximum uptake at 400°C. The reduction to Fe” reaches a
maximum uptake at 450°C. From the XRD profile of Fe/SiO, in figure 4.1.2, it
is observed that reduction at 350°C leads to a mixture of Fe;O, and Fe’, which
is consistent with the observations in figure 4.1.7. In addition, it is observed that
FeO is not detected from XRD in figure 4.1.2, which might be because of the insta-
bility of FeO, which quickly reduces to Fe’. This implies that the reduction to FeO
from Fe,05 is comparatively more challenging than the reduction to Fe” from FeO.

Further, TPR of RMC, RMCgrs59, RMCRgs00 and RMCyc; were also analysed to as-
sess the extent of the different reduction temperatures, 350°C and 500°C, and the
washing with HCI. The theoretical and actual values of the hydrogen consumption
are displayed in table 4.1.4. The theoretical values of RMC and RMCy; are cal-
culated from the Fe;O5 content in table 4.1.1, based on the assumption that iron
is the only reducible element in red mud. The calculations for the theoretical hy-

drogen consumption are shown in Appendix A. The actual values are determined
from TPR.

Table 4.1.4: Theoretical and actual values for hydrogen consumption of RMC,
RMCHC], RMCR35O and RMCR5OO

Sample Reduction Theoretical Actual Reduction
value value degree
[hmol Hy/g  [nmol Hy/g | [%]
sorbent| sorbent|
RMC Fe;,O3 — FesOy 993
Fe;04 — FeO 1987
FeO — Fe 5970
Total 8950 12314
RMCyq Fe;O3 — FesO, 1506
Fe;04 — FeO 3010
FeO — Fe 9030
Total 13546 8138 34
RMCRg350 Total 6969 5558 55
RMCrs00 Total 9052 9182 26

In the opposite of the hydrogen consumption for Fe/SiO, in table 4.1.3, RMC
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in table 4.1.4 shows a higher actual value. In addition, these observed differences
between theoretical values and actual values in table 4.1.3 and 4.1.4 can be due to
the limitations of XRF as a semi-quantitative technique which may result in less
precise measurements. To identify the error in XRF, the elemental composition of
Fe;0O3 has been calculated based on the hydrogen uptake from TPR in table 4.1.4
and displayed in table 4.1.5. The calculation is based on the assumption that iron
is the only reducible element in red mud.

Table 4.1.5: Elemental composition of RMC,RMCgs59, RMCspp and RMCyqy,
based on the hydrogen consumption from TPR.

| Sample | Fe,05 [%] |
RMC 66
RMCiraso 30
RMCgs00 49
RMCyq 43

From figure 4.1.5 it is evident that the elemental composition of Fe,O3 from
XRF is subjected to certain levels of error.

The TPR profile of RMC is displayed in figure 4.1.8. The graded area corre-
sponds to the different reduction states based on the theoretical values for the
hydrogen consumption in table 4.1.4, given that iron is the only reducible element
in red mud. The darkest area corresponds to the reduction from Fe,O3 — Fe3Oy,
the lighter from Fe;0, — FeO and the lightest area from FeO — Fe’.
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Figure 4.1.8: TPR profile of RMC (calcined at 550°C).
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The TPR profile in figure 4.1.8 reveals two distinct peaks. In comparison, the TPR
profile of red mud in figure 1.4.2 obtained from Ordonez et al [44], reveals three
clearly defined peaks. It is possible that this difference is due to the instability of
FeO. Figure 4.1.8 displays that the maximum hydrogen consumption for the first
peak is at approximately 400°C and the maximum hydrogen consumption for the
second and third peaks is both around 650°C. The alignment of these peaks with
those represented in 1.4.2 suggests that the reduction of FesO, to Fe;,O5 occurs at
temperatures below 400°C, and the reduction of Fe,O3 to FeO and Fe occurs at
temperatures below 650°C. This is also consistent with the findings from the XRD
profiles in figure 4.1.2 of RMCRgs59 and RMCgsqg, which contain of a mixture of
Fe;0, and Fe’. However, it is noticed in table 4.1.4 and in figure 4.1.8 that the
actual value is higher than the theoretical value. This indicates that iron is not
the only reducible element in red mud.

Figure 4.1.9 displays the TPR profile of RMCgss(4.1.9a), RMCgsg0(4.1.9b)and
RMCHC1(419C)
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Figure 4.1.9: TPR profile of RMCgssg, RMCrs09 and RMCy (Calcined at
550°C, reduced at 350-500°C and treated with HCI).

From table 4.1.4, it is observed that RMCg3so has a higher reduction degree com-
pared to RMCgrsg9. The TPR of RMCgsg took place 1-2 months after the XRD
analysis. This time lapse could have resulted in the oxidation of the sample, de-
spite its passivation, leading to a lower reduction degree. Upon comparing RMC
with RMCsop and RMCssg in figure 4.1.9, it is evident that RMCsgg has undergone
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a higher level of oxidation, although it is likely that RMCs5 has oxidized as well.
This can be attributed to the more comparable profiles of RMCsy, and RMC. Due
to the higher degree of Fe” in RMCrsqo observed from XRD analysis in figure 4.1.2,
this indicates that Fe” is more easily to oxidize.

RMCyq in figure 4.1.9¢ displays a similar profile as with RMC in figure 4.1.8.
However, in table 4.1.4 it can be observed that the hydrogen consumption for
RMCy demonstrates an opposite trend to RMC’s theoretical and actual val-
ues. In addition, it is noteworthy that in table 4.1.5 the elemental composition
of Fe,O3, which is based on the hydrogen consumption from TPR, is significantly
lower compared to the composition from XRF in table 4.1.1. This can indicate that
the washing with HCI formates species that are not reducible under these condi-
tions and a higher temperature could be required. It is known that when titanium
is in contact with metals, titanium develops a strong interaction and covers its sur-
face, which makes it more difficult to reduce and requires higher temperatures [59].

4.1.5 Gas dechlorination

To test the activity with the effect of washing and different reduction tempera-
tures, experiments with gas dechlorination were carried out for RMC, RMCgsoo
and RMCyc under the same conditions. For comparison, an experiment with
Fe/SiO, was carried out.

Figure 4.1.10 displays the conversion (4.1.10a) and the capacity (4.1.10b) of chloroben-
zene with time and RMC, RMCj5q9, RMCycy and Fe/SiO, as sorbents. The sor-
bents were calcined at 550°C and reduced in-situ at 350°C for 2 hours or pre-
reduced at 500°C. The reaction temperature was 350°C. The space velocity was
30 L/(g h). RMCjq was reduced in-situ at 350°C to remove the passivation layer.
Two identical experiments with Fe/SiO, are carried out to validate the repro-
ducibility.
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Figure 4.1.10: Conversion and capacity of chlorobenzene with time and RMC,
RMCRgs00, RMCpq and Fe/SiO, as sorbent (calcined at 550°C, reduced at 350-
500°C for 2 hours, reaction temperature at 350°C and space velocity of 30 L/(g
h).

In figure 4.1.10a it is observed that the conversion for Fe/SiO, is 100% for the
first 40 minutes on the stream before the breakthrough curve is reached. Further,
the conversion decreases to 60% before it reaches greater stability. Figure 4.1.10b
indicates that the total capacity for Fe/SiO, is approximately 5 mg Cl/g sorbent.

Compared to Fe/SiO,, it is observed in figure 4.1.10a that the conversion of RMC
is lower. However, figure 4.1.10b displays that Fe/SiOy and RMC reach the same
capacity. This indicates that the reaction in RMC is slower. Furthermore, this
supports the idea that iron is not the only active element present in red mud. If
iron were the only active element, the conversion rate would be closer to that of
Fe/Si0O,, or potentially even higher, due to the higher iron content in red mud.

From figure 4.1.10 it can be observed that the various reduction temperatures
do not have a significant impact on the activity. As previously stated from TPR
analyses, RMCRgsg9 had a higher degree of oxidation due to time. However, this
experiment was carried out closer to the passivation, hence it is expected that
the degree of oxidation for RMCgs is lower for the sample carried out in 4.1.10,
compared to TPR. Due to the higher degree of Fe’ in RMCRrsgo and that Fe” might
be easier to oxidize, this indicates that RMC and RMCgsoo had a more similar re-
duction state in prior to the experiments. Since both the samples were reduced at
350°C prior to the reaction, this can explain the negotiable low difference between
RMC and RMCgxq in figure 4.1.10. Furthermore, this can also indicate that red
mud is not as sensitive to the reduction of iron and that other elements in red
mud contribute to the dechlorination reaction.

From figure 4.1.10a, it is also observed that RMCyq; did not exhibit a significant
difference in activity either. This finding contrast with several studies [48][46],
which suggests that washing with HCI can enhance the activity because sodium
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and calcium contribute to sintering. However, the calcium content is only reduced
by approximately 50%, which means that there is still some calcium present in
the sample that could contribute to sintering. In addition, it has been observed
that the surface area in the related findings has undergone a more significant in-
crease compared to the reported surface area in table 4.1.2. A greater surface
area can contribute to greater active sites available for the adsorption of chlorine.
Due to the near-complete removal of sodium, as seen in table 4.1.1, figure 4.1.10
indicates that the removal of sodium was inefficient. The negotiable difference be-
tween RMC and RMCg; can be due to the formation of nonreducible species, as
already mentioned. Even though the iron content as seen in table 4.1.1 is 72.2%,
not all the iron is active due to nonreducible species under these conditions, lead-
ing to an activity level similar to RMC.

4.2 The effect of regenaration

For the second part, the effect of regeneration was investigated for the non-washed
and washed samples of red mud. The activity was determined under gas dechlo-

rination with varied experimental conditions. In order to determine regeneration
conditions, analysis of FeCl;/SiOy with XRF and TGA was done.

4.2.1 XRF

Analyses with XRF were done to validate the elemental composition of FeCl;/SiO,.
The results are displayed in table 4.2.1.

Table 4.2.1: Results from XRF of FeCl;/SiO,

Sample SiO, Cl Fe,O4 Trace of
KQO,C&O,CYQOg,RhQOg

Table 4.2.1 validates the chlorine content in the sample preparation, and it is
observed that it is 3.2%. It can also be observed that the Fe,O5 content is 8.0%.

4.2.2 TGA

TGA has been employed to ascertain the conditions for regeneration in relation
to the mass variation caused by the reduction in chlorine content resulting from
the addition of air as seen in equation 2.5.

Figure 4.2.1 displays the TGA profile of FeCl3/SiO,. The red graph corresponds
to the temperature, the blue graph to the mass loss and the green graph to the
DSC signal.
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Figure 4.2.1: TGA profile of FeCl;/SiO,

Figure 4.2.1 displays that the most significant drop in the mass occurs at temper-
atures up to approximately 350°C. The reduction in mass continues to decrease
until the temperature reaches 700°C, and the mass becomes relatively stable. It
takes around 2 hours to reach this point. Additionally, the mass for the first 20
minutes until reaches 100°C is due to the presence of water.

From an industrial perspective, it is advantageous to regenerate at the same tem-
perature as the reaction temperature to minimize energy demand and expenses,
which is around 350°C. In addition, as previously stated, there is no significant
difference between RMCs5, and RMCsg, thereby favoring 350°C as the reduction
temperature as well. Furthermore, temperatures exceeding 700°C can potentially
cause sintering, as suggested by Wang et al. [43].

4.2.3 Gas dechlorination

Due to the TGA analysis and an industrial point of view, the activity in terms
of the effect of regeneration was investigated with regeneration temperatures of
350°C. In addition, experiments with regeneration at 500°C were carried out as a
reference.

Experiments with Fe/SiO, were carried out to compare with red mud. Figure
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4.2.2 show the conversion (4.2.2a) and capacity (4.2.2b) of chlorobenzene with
time with and Fe/SiO, as sorbent. The sorbent is calcined at 550°C, reduced
in-situ at 350°C for 2 hours. The reaction temperature was 350°C and the regen-
eration temperature was 350-450°C. The space velocity was 30 L/(g h).
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Figure 4.2.2: Conversion of chlorobenzene with time and Fe/SiO, as sorbent
(calcined at 550°C, reduced at 350°C for 2 hours, reaction at 350°C, regeneration
at 350-450°C and the space velocity was 30 L/(g h)).

For all the cycles regenerated in figure 4.2.2a, it is observed that the initial con-
version is 100%. However, the first cycle after regeneration at 350° in figure 4.2.2a
illustrates a substantial reduction and drops 64% in conversion. Further, the ac-
tivity in cycles 2 to 4 shows a greater conversion, due to an increase in regeneration
temperature. The regeneration yields greater stability when the temperature is
increased from 400°C to 450°C. This implies that higher regeneration tempera-
ture for Fe/SiO, promotes recovery of a greater amount of sorbent upon airflow.
In comparison with the investigation by Lingaiah et al[42], the regenerated cy-
cles in figure 4.2.2a illustrate an initial higher conversion. In figure 4.2.2a, the
conversion reaches 100% after regeneration, whereas Lingaiah et al’s experiments
resulted in only an 80% conversion. The investigation carried out by Lingaiah et
al was performed with flowing He during regeneration. Although the experiment
is not exactly the same, this could indicate that red mud regenerates better when
exposed to air. In figure 4.2.2b it can be observed that the capacity reaches 2
mg chlorine/g sorbent when the temperature is raised above 400°C. The capacity
curve for the first cycle exhibits a faster increase due to the higher conversion,
resulting in earlier attainment of full capacity. However, when the regeneration
temperature is increased to 400°, the conversion in figure 4.2.2a is relatively low
indicating that regeneration of Fe/SiO, under these conditions is not efficient.

Furthermore, experiments to evaluate the impact of regeneration using red mud
as a sorbent was carried out. Figure 4.2.3 displays the conversion (4.2.3) and ca-
pacity (4.2.3b) of chlorobenzene with time and RMC as sorbent. The sorbent was
calcined at 550°C and reduced in-situ at 350°C for 2 hours. The reaction tem-
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perature was 350°C and the regeneration temperature was 350-500°C. The space
velocity was 30 L/(g h).
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Figure 4.2.3: Conversion and capacity of chlorobenzene with time and RMC as a
sorbent (calcined at 550°C, reduced at 350°C for 2 hours, regeneration temperature
from 350-500°C and the space velocity was 30 L/(g h)).

From figure 4.2.3b it can be observed that the activity after regenerating at 350°C
and 500°C does not yield any significant difference. In addition, both cycles after
regneration, regenerate most of their activity. The capacity in figure 4.2.3b illus-
trates that the capacity reaches 1 mg chlorine/g sorbent.

However, by comparing the conversion in the first cycle in figure 4.2.3 with the
conversion carried out under the same conditions in figure 4.1.10, it is evident
that the conversion in figure 4.2.3 is significantly lower. This indicates that red
mud is not reproducible under these circumstances. As seen in table 1.2.2, red
mud contains of a complex composition of different elements. As already sug-
gested, it is possible that other elements contribute to the dechlorination reac-
tion, such as sodium, calcium and titanium. As suggested [48][46], sodium and
calcium-based materials in red mud can contribute to poor activity due to sin-
tering. Moreover, other investigations suggest that sodium and calcium-based
materials are effective sorbent materials during dechlorination|40](28][37]. From
the XRD profile in figure 4.1.1, it is observed that calcined red mud contains can-
crinite (NagCas|(CO3)9|AlgSigO24)-sH20) and perovskite (CaTiO,) as sodium and
calcium based material. Furthermore, in figure 4.1.10, it was seen that the removal
of sodium and partly calcium was inefficient towards the conversion. However,
there is still a presence of calcium in the sample, which could potentially impact
the reaction. Detection through XRD is only possible with crystalline phases, re-
sulting in a possibility that other calcium-based materials which are not detected
can exist in red mud as well. The operating temperature is a crucial factor to be
taken into account as well and can have a significant effect on the activity of the
various materials in red mud.

In addition, red mud is not completely homogenous and uniform resulting in an
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uneven dispersion through the entire material. The combinations of different ele-
ments which can contribute to and inhibit the dechlorination reaction with uneven
dispersion, may lead to the non-reproducibility observed in red mud from figure
4.1.10 and 4.2.3. The degree of dispersion for red mud can also influence the ac-
tivity, a high dispersion facilitates a greater proportion of the catalyst surface area
to come into contact with reactants. Furthermore, the nonhomogenous character
of red mud can result in different interactions between metals, leading to different
reduction states and levels of activity.

Despite the challenges with red mud in activity, further investigations with re-
generation temperature at 350°C were carried out due to the significantly low
difference between 350°C and 500°C observed in figure 4.2.3. Figure 4.2.4 displays
the conversion (4.2.4a) and capacity (4.2.4b) of chlorobenzene with time and RMC
as sorbent. The sorbent was calcined at 550°C and reduced in-situ at 350°C for
2 hours. The reaction temperature and the regeneration temperature was 350°C.
The space velocity was 30 L/(g h).
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Figure 4.2.4: Conversion and capacity of chlorobenzene with time and RMC as
sorbent (calcined at 550°C, reduced at 350°C for 2 hours, reaction temperature
at 350°C and regeneration temperature at 350°C. The space velocity was 30 L/(g

h)).

In figure 4.2.4a it can be observed that the activity of the initial three cycles regen-
erated most of its activity in each subsequent cycle. After the fourth cycle, there is
a noticeable decrease in activity which subsequently increases after the fifth cycle.
This implies that it is some reactivation. A mechanism suggested by Lingaiah et
al [42] in addition to other elements in red mud, such as titanium, can clarify the
behavior of red mud in the observed activity seen in figure 4.2.4a. Lingaiah et al
suggest that iron oxide initially acts as a catalyst and produces HCl. Further, the
HCl is adsorbed by the iron oxide, which is evidenced by the gradual decrease in
conversion with time and the gradual increase in capacity. The adsorption process
results in the formation of iron chloride, which once again serves as a catalyst and
this is evidenced by the stabilization of conversion observed in figure 4.2.4a. When
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titanium, carbon, and HCI are in contact, the formation of TiCl; or TiCl, could
occur. The compounds TiCly and TiCl, are highly unstable and susceptible to
vaporization. This can cause sudden loss of chlorine and causes the reactivation
observed in figure 4.2.4a[59]. It is possible that the various activities observed in
regenerated RMC are a result of its nonhomogeneous character, leading to varying
reduction states and levels of activity.

In addition, the TGA profile depicted in figure 4.2.1, illustrates that the elimi-
nation of chlorine is not fully completed until after around 2 hours. This indicates
that one hour for regeneration is insufficient for complete regeneration. After 1
hour on the stream, the capacity varies between 1 and 2 mg chlorine/g sorbent
for the cycles in figure 4.2.4.

In comparison with Fe/SiO, in figure 4.2.2a, it is evident that Fe/SiO, achieves a
40% conversion after 40 minutes in the first cycle of regeneration. However, RMC
requires five regeneration cycles to reach the same conversion, as shown in figure
4.2.4a. This suggests that red mud has a greater regeneration capability compared
to Fe/SiO, and that the various components within RMC aid in the process of
regeneration.

To enhance the discovery of sodium and calcium-based materials within the re-
generation effect, investigations with the regeneration of RMCy have been car-
ried out. Figure 4.2.5 displays the conversion (4.2.5a) and capacity (4.2.5b) of
chlorobenzene with time and RMCyq, as sorbent. The sorbent is calcined at
550°C, reduced in-situ at 350°C for 2 hours. The reaction and regeneration tem-
perature was 350°C. The space velocity was 30 L/(g h).
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Figure 4.2.5: Conversion and capacity of chlorobenzene with time and RMCy
as sorbent (calcined at 550°C, reduction temperature at 350°C for 2 hours, reaction

temperature at 350°C and regeneration temperature at 350°C. The space velocity
was 30 L/(g h)).

In figure 4.2.5a, it can be observed that the initial two subsequent cycles have re-
generated most of its activity. Following the third cycle of regeneration, there is a
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noticeable decrease in activity before it reactivates again. After the reactivity, the
activity in the subsequent cycles is further reduced. Compared to the reactivity
observed in the 6th cycle in figure 4.2.4a, the reactivity in figure 4.2.5a is observed
at an earlier point, specifically after the 4th cycle. The observed reactivity and
behaviour in figure 4.2.5a can be explained with the same mechanism suggested
by Lingaiah et al [42] and the presence of titanium. As observed in table 4.1.1,
the washing with HCl1 did not remove titanium. In addition, other elements could
contribute to the detchlorination reaction, as already suggested. Furthermore,
by comparing the observations in figure 4.2.4a and in figure 4.2.5a, a significant
difference is not revealed, leading to the indication that removal of sodium and
partly calcium was not efficient for regeneration under the given conditions. Al-
though the reactivity is observed at an earlier point in figure 4.2.5a, this can be a
coincidence related to the challenges with the reproducibility of red mud.

It is observed that the capacity for RMCyq in figure 4.2.5b ranges between 1
and 2 mg chlorin/g sorbent after 1 hour on the stream, similar to the observations
made for RMC in figure 4.2.4b.

Although it was not observed a significant difference in the activity for the differ-
ent regenerations temperatures, 350°C and 500°C in figure 4.2.3, an experiment
with RMCgso9 was carried out to study the effect of reduction through regener-
ation. Figure 4.2.6 display the conversion (4.2.6a) and the capacity (4.2.6b) for
chlorobenzene with time and RMCggy as sorbent. The sorbent is calcined at
550°C and pre-reduced at 500°C for 2 hours. The reaction temperature is 350°C
and the regeneration temperature was 350-500°C. The space velocity was 22 L/(g
h). RMCgsqp is reduced in-situ at 350°C in prior to the first cycle to remove the
passivation layer.
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Figure 4.2.6: Conversion and capacity of chlorobenzene with time and RMCgs
as sorbent (calcined at 550°C, reduced at 500°C for 2 hours, regeneration temper-
ature at 350-500°C. The space velocity was 22 L /(g h)).

In figure 4.2.6a it is observed that the activity has decreased significantly com-
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pared to the sample in figure 4.1.10a, carried out under the same conditions. As
already mentioned, this could be due to the non-reproducibility of red mud. It is
worth noting that the experiment in figure 4.2.6 was conducted at a later time,
suggesting that the decrease in activity may be due to oxidation over time despite
the sample being passivated as previously discussed. The activity in figure 4.2.6 is
similar to the activity observed in figure 4.2.3, although the reduction temperature
is different. This can be due to the oxidation, despite passivation, and the initial
reduction in-situ at 350°C or that red mud is not as sensitive to the reduction of
iron, and other elements could contribute to the dechlorination reaction, as earlier
discussed.

It is worth noticing that the activity for the subsequent cycles in figure 4.2.6a has
a lower decrease compared to the experiments in figure 4.2.4a and 4.2.5a which
have an initial higher conversion. It seems that higher levels of chlorine adsorption
result in poorer regeneration, based on the assumption that the different reduction
temperature is not significant. For the capacity in figure 4.2.6b it appears that the
capacity is about 0.6 mg chlorine/g sorbent after 1 hour. On the other hand, the
capacity in figure 4.2.4b shows a slightly higher capacity after one hour. This is
expected due to the higher space velocity, and the total capacity will be equivalent
if the reaction was carried out for a longer time.

4.2.4 XRF

To determine the chlorine composition after the dechlorination reaction for the
different samples, XRF analysis was employed. The results from XRF for RMC
and RMCy¢ are displayed in table 4.2.2. The spent samples were reduced at
350°C. The reaction temperature was 350°C and the regeneration temperature
was 350°C for 6 cycles. The space velocity was 30 L/(g h).

Table 4.2.2: The chlorine composition of RMC and RMCy¢ before and after the
dechlorination reaction, obtained from XRF analysis (Calcined at 550°C, reduc-
tion, reaction and regeneration temperature was 350°C. The space velocity was 30

L/(g h)).

Sample Cl %]
RMC 0.1
RMC spent 0.7
RMCryqy -
RMCyyq spent 0.3

In addition to the composition displayed in table 4.2.2, traces of P505,503,Cl,
K5,0,V505,Cry05,MnO,Zr05,NbyO5,Ag,0,Mg0O,C0,03,505,Cu0 was also detected
from XRF of red mud.

It can be observed in table 4.2.2 that the content of chlorine has increased af-
ter the reaction, which is expected due to the adsorption. From figure 4.2.3b and
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figure 4.2.5b it can be observed that the capacity reaches 2 mg/g sorbent for both
RMC and RMCp¢;. This corresponds to 0.2%, which is lower compared to the
chlorine content obtained from XRF in table 4.1.1. This indicates that the chlo-
rine has been adsorbed to its maximum capacity. The higher value observed from
XRF could be due to accumulation because of regeneration.

4.2.4.1 XRD

The samples was analysed with XRD after the reactions to determine the compo-
sition and calculate the crystal size.

Table 4.2.3 displays the calculated crystal sizes for RMC, RMCyc and RMCy
from XRD before and after the reaction. The sorbent was calcined at 550°C, re-
duced at 350-500°C, regenerated at 350-500° and reaction temperature at 350°C.
The space velocity was 30 L/(g h). RMCgsoy was reduced in-situ at 350°C prior
to the first cycle to remove the passivation layer. However, the calculations for
crystal size in XRD can be restricted due to overlaps between phases.

Table 4.2.3: The calculated crystal sizes for RMCgrssg, RMC, RMCgsoo and
RMCyq from XRD before and after the reaction (calcined at 550°C, reduced at
350-500°C, regenerated at 350-500° and reaction temperature at 350°C. The space
velocity was 30 L/(g h)).

Sample Fe;0, Fe’[nm]
[nm]

RMC, spent 20 35

RMCyy, spent 20 35

RMCrsoo 21 27

RMCgs00, spent 18 26

Figure 4.2.7 displays the XRD of RMC and RMCy; after reaction with regenera-
tion and compared to RMCgrss9. The sorbent was calcined at 550°C and reduced
at 350°C for 2 hours. The reaction temperature was 350°C and the regeneration
temperature was 350°C. The space velocity was 30 L/(g h).
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Figure 4.2.7: XRD profile of RMC and RMCy after reaction with regeneration
and compared to RMCgss (Calcined at 550°C, reduced at 350°C for 2 hours,
reaction temperature at 350°C, regeneration temperature at 350°C and the space
velocity was 30 L/(g h)).

Figure 4.2.7 displays that the composition after the reaction remains a mix-
ture of Fe;0, and Fe’. However, RMCRgaso was not passivated after the reduction,
leading to a possible higher oxidation state in the XRD. An XRD analysis with
RMCygc was not carried out, but assuming it is similar to the XRD analysis of
RMC, without the presence of cancrinite. It can be observed that the Fe’ peak
exhibits a greater sharpness after the reaction for RMC and RMCy¢. This could
be attributed to sintering during the reaction.

From table 4.2.3 it is observed that the crystal size of Fe’ has decreased for
RMCRrsso and RMCyqy after the reaction. The decrease in crystal size of Fe’
could be the result of FeCls covering the Fe particles and causing them to melt
into smaller particles due to the low melting point for FeCl;. However, it is unclear
if the dechlorination reaction produces FeCl, of FeCl;. Furthermore, this may re-
sult in partial regeneration, which could partially explain why the sample depicted
in figure 4.2.4a has not fully regenerated. However, the decrease in crystal size
is quite minimal. There is no significant difference in the size of Fe;0, between
RMCs50 and RMCy; after the reaction. This is in consistent with the similar
activity displayed in figure 4.2.4a and figure 4.2.5a.

Figure 4.2.8 displays RMCgsqg before and after reaction with regeneration. The
sorbent was calcined at 550°C and pre-reduced at 500°C for 2 hours and re-
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duced in-situ at 500° after regeneration. The reaction temperature was 350°C
and the regeneration temperature was 350-500°C. The space velocity was 22 L/(g
h). RMCjg was reduced in-situ at 350°C prior to the first cycle to remove the
passivation layer.
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Figure 4.2.8: XRD profile of RMCgj5q (Calcined at 550°C, reduced at 500°C for
2 hours, reaction temperature at 350°C, regeneration temperature at 350-500°C
and space velocity was 22 L/(g h)).

Similar to the XRD profiles in figure 4.2.7, the composition after the reaction for
RMCrsop in figure 4.2.8 is a mixture of Fe;04 and Fe” as well and the composition
before and after the reaction is quite similar. From table 4.2.3 it can be observed
that the crystal sizes of Fe,O5 and Fe” are quite similar before and after the reac-
tion as well.

4.2.5 N adsorption-desorption isotherms

The BET surface area of RMCgso was measured with N, adsorption-desorption
isotherms before and after the reaction, and is displayed in table 4.2.4. The sorbent
was calcined at 550°C and pre-reduced at 500°C for 2 hours and reduced in-situ at
500° after regeneration. The reaction temperature was 350°C and the regeneration
temperature was 350-500°C. The space velocity was 22 L/(g h). RMC;y, was
reduced in-situ at 350°C prior to the first cycle to remove the passivation layer.
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Table 4.2.4: BET surface area for RMCgsoy obtained from N, adsorption-
desorption isotherms (Calcined at 550°C, reduced at 500°C for 2 hours, reaction
temperature at 350°C, regeneration temperature at 350-500°C and space velocity
was 22 L/(g h)).

Sample BET surface
area [m?/g]
RMCR500, spent 24

In table 4.2.4 it is observed that the BET surface area of RMCgso has de-
creased after the reaction. This is expected due to the adsorption reaction.



CHAPTER
FIVE

CONCLUSIONS

For this thesis, the Fe-based sorbent, red mud, has been synthesized, characterized
and tested for gas dechlorination of a model system with chlorobenzene. The effect
of washing and regeneration has been studied. Specifically, the effect of washing
was studied by washing red mud with water and HCl. Red mud was characterized
with XRD, XRF, TPR and N, adsorption-desorption isotherms. Finally, the activ-
ity for the various treatments of red mud was evaluated under the dechlorination
reaction with different experimental conditions. Preparation of FeCl;/SiO, was
done to determine the experimental conditions for regeneration through charac-
terization using XRF and TGA. Characterization and experiments with Fe/SiO,
were also carried out to use as a reference.

Calcination of red mud at 550°C, increased the surface area to 24.3 m*/g, while
simultaneously eliminating components such as FeOOH, AI(OH)3, and SiO,. In
comparison to Fe/SiO, which has a surface area of 451 m?/g, the surface area of
red mud remains relatively low. From the XRD and XRF analysis, it was observed
that water did not have any significant impact on the composition and phases as
they remained consistent after the treatment. After washing with HCI, cancrinite
was completely removed and there was a significant improvement in the reduction
of various components. The sodium content decreased by 97%, aluminum by 52%,
silica by 80%, and calcium by 44%. In addition, the surface area was increased
to 42 m2/ g. TPR analysis of RMC indicates that other elements in red mud are
reducible as well. RMC shows a peak at about 400°C and 650°, indicating maxi-
mum hydrogen consumption.

It appears from the XRD results that RMCgrssy and RMCsq contain a mixture of
Fe;0, and Fe'. The TPR results show that RMCpgaso achieve a higher reduction
degree. This can be explained due to oxidation with time despite passivation, and
a higher degree of Fe” in RMCpgrsoo, which easier oxidizes. The oxidation with time
can also explain the low difference in activity observed between RMC and RMCs,
when reduced in-situ at 350°C prior to the reduction. In addition to that, red mud
might not be sensitive to the reduction of iron and it could be other elements that
contribute to the dechlorination reaction. The TPR results for RMCpyc; indicate
that there are species that are not reducible below 900°C, and explain the nego-
tiable difference in activity between RMC and RMCyq.
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Due to the TGA analysis of FeCl;/SiO, and an industrial point of view, a regener-
ation temperature at 350°C was chosen. Experiments with 500°C were carried out
as a reference. Regeneration of Fe/SiO, at a temperature range of 350-450°C was
found to be ineffective under the circumstances. For RMC, it was observed a ne-
gotiable difference in activity after regenerating at 350°C and 500°C. Furthermore,
regenerating with RMC and RMCy¢; at 350°C also shows a negotiable difference
in activity, indicating that washing with HCI was inefficient for regeneration un-
der these circumstances. During the regeneration of RMC and RMCyq, it was
observed that the activity shows varied behavior in activity. This behavior could
be due to other elements in red mud contributing to the dechlorination reaction
and the nonhomogenous character in addition to a mechanism that suggests that
Fe,O5 initially acts as a catalyst and produces HCl. Contact between carbon,
titanium and HCI can lead to the observed reactivity. In addition, a regeneration
time of 1 hour could be inefficient according to TGA analysis.

It was discovered from the experiments that it was a challenge with the repro-
ducibility of red mud. This could be due to the complex composition of red mud
and the nonhomogenous character. Despite the challenges of reproducibility with
red mud, it has been observed that red mud has a greater regeneration capability
compared to Fe/SiO,. This can be due to other elements in red mud contributing
to the dechlorination reaction. From XRF after the reduction, it is observed that
the chlorine has been adsorbed to its maximum capacity and XRD analysis dis-
plays that it is not a significant change in composition after the reaction.

To ensure reproducibility and the influence of reduction, it’s important to ex-
amine the homogeneity of red mud due to its complex elemental composition that
may pose these issues. Although there are challenges with reproducibility, it is
worth investigating the regeneration ability due to the observed reactivity and
relatively high activity compared to Fe/SiO,. Furthermore, taking a closer look at
red mud is worthwhile due to its high concentration of ferric oxide and low cost as a
by-product, making it a potential candidate for dechlorination in plastic pyrolysis.



CHAPTER
SIX

FUTURE WORK

In order to explore the dechlorination with red mud it is important to discover
the challenges with reproducibility. It could be interesting to utilize UV-vis and
chemisorption to gain a deeper understanding of the dispersion of red mud. In
addition, it is important to determine the possible active phases of other elements
in red mud and the sensitivity for reduction. Specifically, the role of titanium,
which was not studied in this thesis and could potentially aid in the dechlorina-
tion process due to its strong interaction with chlorine and metal. The sensitivity
for reduction can be discovered with further characterization and experiments of
other elements in red mud.

In addition, it is important to explore the dechlorination reaction and its mecha-
nism. Currently, it is unclear whether FeCl, or FeCl; is formed during the process,
making it important to determine the exact phase of iron chloride to understand
the dechlorination mechanism for this model system. The use of spectroscopy,
specifically IR, can be helpful in identifying the specific phases of iron chloride
present.

It appears that red mud has decent regenerative abilities, but more research is
needed to address the observed possible deactivation issue. Moreover, the TGA
results suggest that the regeneration process may require additional time, and
further investigation is needed to determine the exact duration and detect if this
will lead to full chlorine regeneration. The potential observed reactivity could be
linked to the formation of HCI gas. Detecting the presence of HCI and analyzing
its mechanisms towards the sorbent might be necessary.
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A - CALCULATIONS

.1 Sorbent calculations

.1.1 Data

Table .1.1 displays the data utilized for the calculation for preparation of Fe/SiO,
and FeCl3/SiOs,.

Table .1.1: Data utilized for preparation of FeSiO, and FeClz/SiO,

Variable/constant Value Unit
Solubility of iron nitrate 825 g/l
Vipore Of Si0q 0.9 mL/g
Total volume 10 mL
Purity of iron nitrate 98 %
Molecular weight of Fe,O5  159.7 g/mol
Molecular weight of iron ni- 404 g/mol
trate nonahydrate

Molecular weight of iron 55.8 g/mol

.1.2 Sorbent preparation

For the preparation of Fe/SiO,, the quantity of SiOy needs to be calculated. The
calculation of the SiOy quantity is conducted as follows:

10 mL

——— =11.11 g SiO 1
0.9 mL/g & D1 (1)
Assuming that the solubility of iron nitrate is 0.8 g/mL. The amount of iron nitrate
required is calculated as follows:

0.8 g iron nitrate 1

10 mL
0'm 1 mL 0.98

= 8.16 g iron nitrate (2)

Further, the amount of iron can be determined as follows:

1 mol Fe 55.8 g Fe
404 g iron nitrate 1 mol Fe

8.16 g iron nitrate = 1.105 g Fe (3)
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To calculate the percentage of Fe present in FeSiO,, it is necessary to calculate
the amount of Fe;O5. This calculation is as follows:

1.105 g Fe 1 mol Fey,05159.69 g FeyO4

= 1.58 g Fe,O 4
55.8 g Fe/mol 2 mol Fe 1 mol Fe,O3 g Fe,Og (4)

The percentage of iron in FeSiO, is calcualted as follows:

M, B 1.105 g
Mpeoos + Mgioy 158 g + 11.11 g

% Fe = 100 = 8.7% (5)

The percentage of Fe,O3 in FeSiO, is calculated as follow:

MFEe203 _ 1.58 g
Mpep03 + Mgio2 108 g + 11.11 g

Furthermore, the amount of FeCl; was calculated as follows:
0.1245 - (mFeClz + mSiOy = 0.1245 - (mFeCl; + 1.383 = mFeCl; (7)

Which further gives:
1.383¢g

1—0.1245
Due to 97% purity, this gives a mass of 1.63 g of FeCls.

= 1.58¢ (8)

.1.3 Hydrogen uptake

The theoretical value for hydrogen consumption for Fe/SiO, can be determined
from stoichiometry from 2.1, 2.2 and 2.4. The theoretical values are calculated
per gram sorbent. As already calculated, the content of Fe,O5 is 12.45%. The
amount of moles hydrogen required to reduce Fe,Oj is calculated as follows:

1 mol Fe;O3 1 mol H,

0.124 g FeyO - -
& FV8 1597 @ Fey05 3 mol FeyOs

10° = 258pmol H,/g sorbent  (9)

The amount of moles of hydrogen required to reduce Fe;0, is calculated based on
stoichiometry in equation 2.2, as follows:

1 mol Fe;O3 2 mol Fe;O4 1 mol Hy

0.124 g Fe,0 .
& HOM8150.7 @ FeyOy 3 mol Fe,0y 1 mol FezO,

10° = 518umol H,/g sorbent
(10)

The amount of moles hydrogen required to reduce FeO is calculated based on
stoichiometry in equation 2.3, as follows:

1 mol Fe;O3 2 mol Fe;O, 3 mol FeO 1 mol H,

0.124 g Fe,0 .
& TM3150.7 ¢ FeyOy 3 mol Fe,Oy 1 mol FesOy 1 mol FeO

10% = 1553pmol H,/g sorbent

(11)
The theoretical values of hydrogen consumption of red mud were calculated from
the same stoichiometry. The amount of Fe,O3 was based on the values from XRF

analysis.

7



.2 Conversion and capacity of sorbents

.2.1 Data

Table .2.1 displays the data utilized for the calculation of chlorobenzene conver-
sion and capacity for the dechlorination reaction.

Table .2.1: Data utilized for the calculation of chlorobenzene conversion and
capacity for the dechlorination reaction.

Variable/constant Value Unit

Total flow 110 mL/min

CB in flow 0.005 %

Pressure 1 atm

Gas constant 0.082 L atm/K mol
Temperature 273 K

Molecular weight of CB 112.56 g/mol
Molecular weight of Cl 35.43 g/mol

.2.2 Calculations

The conversion, x, of chlorobenzene, is calculated from the ratio of nitrogen to
chlorobenzene areas, obtained from the GC. The calculation is as follows:
Feed CB area CB area

Feed N, area N, area

Feed CB area
Feed N, area

100 = z (12)

Furthermore, the capacity could be calculated. By multiplying the total flow rate
of 110 mL/min with 0.000005, the amount of CB in the flow can be determined
to be 0.0055 mL/min. The quantity of chlorobenzene in the outlet is calculated
as follows:

0.0055 mL/min - (0.0055 mL/min - x) = CB mL/min in the outlet (13)

To determine the amount of chlorobenzene reacted per gram of catalyst, one can
analyze the summary of the area under the curve of mL of chlorobenzene per
minute reacted versus time. The mmol chlorobenzene reacted /g catalyst are cal-
culated by multiplying with the ideal gas law, as follows:

mL CB react - p  mL CB react
nRT - g sorbent  22.4 - g sorbent

= mmol CB/g sorbent (14)

The capacity, calculated from the chlorobenzene reacted, can be determined as
follows:

mmol CB/g sorbent - 112.56 g CB/mol = mg CB react/g sorbent (15)
The capacity, calculated from the chlorine adsorbed, can be determined with sto-

ichiometry as follows:

mg CB mol CB 1 mol CB35.43g C1
g sorbent 112.56 g CB 1 mol Cl 1 mol C1

mg Cl adsorbed/g sorbent  (16)
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