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Abstract

With an increasing population of the world, our reliance on tires in transportation and
production of goods is following suit. As tires are relying on fossil fuels to produce both
synthetic rubbers and the filler carbon black, recycling the material in end-of-life tires (ELTs)
and closing the carbon loop is of great importance for continuing the production of tires in a
sustainable fashion. Thermochemical conversion using pyrolysis is a viable option and has
been proven to be commercially viable as the company Scandinavian Enviro System has shown
by using the recovered carbon black in new tires, and the oils as feedstock to the petrochemical
industry. To be able to predict the results from pyrolysis of ELTs, understanding the process is
a must. In this work, the behaviour of the solid and volatile products was investigated using
prior experiments, literature review and followed by modelling, done using both an empirical
model as well as a simplified reactor model (SRM) using kinetics based radical reactions. The
empirical model investigated the feasibility of using key species, i.e. species providing
significant information about the process to be used in an implicit fashion to decrease the
complexity of both models and analysis in experiments. The solid behaviour indicates the
significance of how the particle is heated, as this dictates how if the particle is swelling or
shattering as the volatile compounds are leaving the material. The interaction between the solid
and volatile vapours leaving the sample was investigate further in a literature review, where
the influence of heating rate was shown to affect the amount of carbonisation in the solid yield,
where lower heating rates favoured carbonisation. The heating rate was also shown to influence
the secondary reactions as yields of aromatic content increase with heating rate at the expense
of aliphatic content, along with slightly higher gas production. The empirical model took
heating rate into account when predicting the carbon conversion to species in both the oil and
gas using a key specie. The models showed the promise of utilizing key species, while the
species chosen, ethylene and styrene, should be investigated further in future research. By
increasing the complexity in the simplified reactor model, additional insight regarding radical
rearrangement could be gleaned, however, significant focus should be put on the kinetic
parameters of the different reactions to create a more holistic decomposition model.

Keywords: Tire pyrolysis, ELTs, Carbon black, Pyrolysis, Aromatic hydrocarbons,
Empirical modelling






Acknowledgments

As is the case for many things in life, one person’s work is not produced in a vacuum, but is a
collaborative effort. I would like to express my gratitude to my supervisor Renesteban Forero
Franco for supporting me during this endeavour with fruitful insights and discussions.

I would like to thank my examiner Martin Seemann for providing perspective and support,
which has helped me to think differently as a researcher.

While this work was contained in my last semester at Chalmers, experiments done prior to it
laid the groundwork for my understanding of the subject. With this I would like to thank both
Nidia Diaz Perez and Jessica Bohwalli for their help and patience during the experimental
trials.

Finally, I would like to thank my dear friend Eliette Emma Lacaze-Masmonteil, for her
unwavering support, discussions, and critique.

Adam Skold, Gothenburg, June 2024






Contents

LSt OF FI@UIES ..o i1
LSt OF taDIES .. v
List of abbreviation and NOMENCIATUTE ..........cociveiiiiiiiiiii e vi

I TNEEOAUCHION ..ttt b et e e e e sae e s b e e abeeanneen 1
1.1 F N1 OO PT P RUP PR 2
1.2 | 3300V L2 8 ) s TP ORI 2
1.3 Specification Of the ISSUE .......coviiiieiiiiie e 2

2 BACKGIOUNG ... uiiiiiiiiiiicc et 3
2.1 Material COMPOSITION OF tITES ...vvvviivvieiiiiieiiiiie ittt 3
2.1.1 RUDDEIS ...t 3
2.1.2 Carbon black, fillers, and additiVes...........cccooviiiieeiiiiiii e 5
2.13 Metal and fabrics reinfOrCemMEeNts.........c.oovviiiuiiiieiiieiie e 5

2.2 RECYCING OPLIONS ... 6
2.2.1 ENETZY TECOVETY ..oiiiiiiiiiii i 6
2.2.2 MaALETIAL TECOVETY vttt ettt e et sbeeeen 6
223 Landfilling.....ccvoiiieie s 7

23 PYTOLY SIS ittt 7

3 T RCOTY e 8
3.1 PYTOlYSiS Of ELTS ...oueiiiiiiiiiieiiicii et 8
3.2 Primary and secondary re€actiOns ..........ccccuerveireeriieniesie e 10
33 Key specie MOAEIIING......ccoiuviiiiiiiiiie ittt 10
34 SOlid TESIAENCE TIME ...ttt nne e 11
3.5 Feedstock CharacteriStiCs ........uoiuiiiiiiiiiiie et 11
3.6 BIOt NUMDET ..oiiiiiiiiiieic ettt be e rneenne e 13
3.7  Reaction rate - KinetiCs Parameters ..........ccocueieerrireenienieneeseesieere e 13
3.8 Diels AdIEr TRACION ..c.vvveeiiiiee et 14

4 MEthOAOIOZY ...eviiiiiie i 15
4.1 Char yield, thermal size, and heat transfer. ...........ccccvviiiiii 15
4.2 Literature data COIECHION ......c.eeiuiiiiiieiiiiiie e 15
4.2.1 Dry-ash-free Dasis ........cceiiiiiiiiiii 16
422 Carbon conversion (CC) .....uiiiiiiiiiiieiiiieseee s 17

43 Empirical MOAEIIING.......ccoviiiiiiiiiiiei s 17
43.1 Solid, liquid and gas cOTTelations...........cccovverieiiieiie e 17
4.3.2 Specie yield COTTelations .........uviiiiiiiiie i 17

4.4 Simplified reactor model (SRIM) ....cccviiiiiiiiiiiiiiiise s 18



4.4.1 System defINTtION ....coviiiiiiiiie i 18

442 Natural rubber deCOmMPOSILION. .......ccviiviiiiiiiicieee e 19
443 Synthetic rubber deCOMPOSIHION ......c.veiviiiiiiiiiiiieii e 22
4.44 Structure of the reactor model...........ccooiveiiiiiei 24

5 Results and diSCUSSION ......eeivieiiiiiiieiie ettt e e reesnne e 25
5.1 Solid yield and thermal S1Z€..........ccccviiiiiiiiiiiii 25
5.2 Trends from HEEIatUIe ........covieiiiiiieiie e 26
5.2.1 Feedstock CharacteriStiCs ........uuiuiiiiriiiiiie e 26
522 Influence of H/C values on solid and oil yields...........c.cccooviniiiiniiicin 27
523 Influence of heating rate on solid, liquid and gas yields.........c...cccoovvriiinnnnnn 28
524 O1l PhaSE trENAS......vvieiieieiiii et 29
5.2.5 O1l PRASE SPECIES ..uvvieiiiiieiiiie sttt ettt e s nbe e e beeean 32
5.2.6 (Gas Phase SPECIES trENAS .....cuueiuuierieiiiieiie e 34

53 Empirical MOAEIING.......cccviiiiiiiiiiici s 36
53.1 Solid, Liquid and Gas estimation based oh H/C.........ccccoviiiiiiniiiinen, 36
532 Oil carbon content eStMATION .........eeeiiiieiiiieriie e 37
533 (Gas Phase ESTIMATIONS .....ccuviieiiiieiiii et sir e s srreeen 39
534 Ol Phase EStIMALES ....cuvvieiiiiieiiiieiiie et beeeans 44

5.4 Simplified reactor model.........ccooiiiiiiiiiiiiii 48

(O B 11111 T ) o OO PR PP PRI 50
6.1 Solid conversion behaviour and thermal Size ............ccccoiiiiiiiiiiinii 50
6.2 Trends from data in [EETATUTE .......c.eveiiiiiiiiieiiie e 50
6.3 Empirical modelling..........c.oooviiiiiiieii e 51
6.4 Simplified reactor MOAEL..........coiiiiiiiiiiiii 51

7 Conclusion and fUture WOTK..........ccouiiiiiiiiiiiec e 53
8 REIEIEICES ...ttt et nne e 54
Appendix A: Data COIECHION ... 1
Appendix B: Feedstock composition SPread ..........ocvevviieiiiiiiiciiscseee e il
Appendix C: Product yield eStimations €ITOT .........covveirerrieeieesre e v
Appendix D: Correlations for CC to compounds i aS.......ccceerveerrveeiiieesineesnineesnieeenenas vi
Appendix E: Correlations for CC to compounds in Oil........cceeeeiiieiiiiiieiieiec e, vii

i



List of figures

Figure 1. Monomer in natural rubber, polyiSOPIene. .........ccerveiririiiieiieiiseeseee e 4
Figure 2. 1,3-butadiene monomers and polybutadiene rubber .............cccocovviiiiiiiiiiiciiie 4
Figure 3. Styrene-butadiene rubber...........cccocviiiiiiiiiiii 4
Figure 4. Disposal of ELTs in EU according to ETRMA 2019. All green colours indicate
MALETIAL TECOVETY ..vviiirieiiie ettt ettt r e e n e ann e re e s e nme e s e e nneeenne e 6
Figure 5. Pyrolysis step in solid fuel conversion with combustion and material recovery paths
] 101 T TSP UTR PR 8
Figure 6. Internal mass transport of tars during pyrolysis, modified from Yang et al[18]. ....... 9
Figure 7. Decomposition of ELTs in nitrogen filled atmosphere. ............cccoooeviiiiiniiieennn. 10
Figure 8. TGA run to find the proximate analysis of a sample...........cccooviiiiiiiiiiiiiiinns 11
Figure 9. Sections of feedstock, based on Neves et al.[22]. ....cccociiiiiiiiiiiini e 12
Figure 10. Transient consumption of carbon SChematic ..........cccocvvveiiiiniiienniie e 14
Figure 11. Diels Adler reaction of 1,3-butadiene and ethylene .............ccccovviiiiiiiiiiiiniinnnns 14
Figure 12. Dehydrogenation of cyclohexene to produce benzene and hydrogen gas.............. 14
Figure 13. Sample used in TGA and Fixed bed reactor...........cccoovvviiiiiiiiiieiiiie e 15
Figure 14. Simplified reactor SChematiC ..........coeiiiiiiieiiiiiieiic e 19
Figure 15. Primary decomposition pathways for natural rubber, polyisoprene....................... 20
Figure 16. Secondary decomposition of natural rubber, ISOPIENE. .......ccvvvveiriviiiriieeiiiieniieens 20
Figure 17. Radical rearrangement of isoprene with simplified fractions............cc.ccevveriennnn. 21
Figure 18. Primary decomposition of the SBR polymer...........ccccovviiiniiiiiiiiiiccies 22
Figure 19. Primary decomposition of the BR polymer...........ccccoovviiiiiiniiiiie e 22
Figure 20. Butadiene radical reaction paths..........cccooveiiiiiiiiiiiiicicecse e 23
Figure 21. 1,3-butadiene deCOmMPOSItION.........cccviiieriiiiiiieiieie e 23
Figure 22. butadiene radical deCOMPOSITION ......eorvvvivieiiiiiieiic e 23
Figure 23. Samples after runs in different reactors at 550 °C hold temperature. .................... 25
Figure 24. Product yields for all reactors on dry-ash-free basis ..........cccevvvviiiiiiiiiiiiiiniinnnns 26
Figure 25. Solid residue correlation with H/C value of the feedstock at different pyrolysis
temperatures, T>500°C. ...oii i eean 27
Figure 26. Oil yield correlation with H/C value of the feedstock at different pyrolysis
temperatures, T>500°C ......oiiiii s 28
Figure 27. Heating rate influence on solid, liquid and gas yield for particles over 1.5 mm.
Heating rate is Shown by COlOUT........ccoiiiiiiiiiii 28
Figure 28. Elemental conversion to oil on dry-ash-free-basis with regards to temperature and
TT2 1800 F o 1 (P PO TPRUPRRRN 29
Figure 29. H/C in the oil yields on DAF Dasis. .......cccceiiiiiiiiiiiiieiieeee e 30
Figure 30. Aliphatic and aromatic compounds yield with regards to temperature and heating
rate. Heating rate Shown by COLOUT. .......oooiiiiiiiiiiii e 31
Figure 31. Carbon content in the oil on DAF basis from data found in literature. .................. 32
Figure 32. Carbon conversion to styrene with regard to temperature and heating rate for fixed
bed and rotary Kiln TEACTOTS. .....iiviiiiiie ittt anes 33
Figure 33. Carbon conversions to benzene and limonene with regards to styrene................. 33
Figure 34. Carbon conversion to benzene and limonene with reads to temperature and heating
11 PSP 34
Figure 35. Carbon conversion to methane and ethylene as a function of temperature and heating
11T PP PP PPPRPTPPRI 35
Figure 36. Trendlines to showcase the impact of heating rate on CC to methane and ethylene.
.................................................................................................................................................. 36
Figure 37. CC to methane and ethylene with trendline for different heating rates................ 36

1l



Figure 38. Yield of products based on H/C value and their corresponding trendlines. ........... 37

Figure 39.Carbon content of the oil based on pyrolysis temperature. ...........cccocvrvverierieennnn. 37
Figure 40. Absolut error of the carbon content in the oil based on temperature. .................... 38
Figure 41. Carbon conversion to ethylene based on temperature and heating rate. ................ 39
Figure 42. Compounds of interest normalised over ethylene with heating rate indicated. ......40
Figure 43. Data and correlation for oxygen conversion to CO2 and CO. .........cccccevvvvriinennns 41
Figure 44. Product estimations for compounds Up t0 CO..........occeeriiiiiiniiniiiiciiceees 42
Figure 45. Empirical modelling(b) comparison to experimental data(a)...........cc.ceevrvenennnns 43
Figure 46. Carbon balance accounted for in compounds up to C6 using empirical modelling.
.................................................................................................................................................. 43
Figure 47. Data and correlations of CC to styrene with heating rate accounted for. ............... 44
Figure 48. Compounds of interest normalised over styrene with heating rate indicated. ........ 45
Figure 49. Total carbon content accounted for in the oil at different heating rate and
170010 1S 2110 1PN 46
Figure 50. Prediction(b) and experimental data(a) of CC to styrene and benzene for using
heating rate Of 15 CC/MIN ......uiiiiiiiiiie e 47
Figure 51. Decomposition of tire using kinetic modelling ...........c.coovviiiiniiniiiiciiieiees 48
Figure 52. Compounds yield from radical reaction modelling of ELTs at 600 °C.................. 49
Figure 53. Decomposition along the reactor height for synthetic rubber. .............ccccooereennn. 49

v



List of tables

Table 2-1. Common compositions of tires depending on application ............c.cecvriveiiiiveneenne. 3
Table 2-2. Proximate and ultimate analysis of an ELT. ........cccccooiiiiiinie 3
Table 2-3. Ultimate and proximate analysis of natural rubber and SBR.............ccooeviiiinnnn. 5
Table 4-1. Operating conditions for experimental trials...........c.cooiiiiiiieiiiiiiieiees 15
Table 4-2. Key species and compounds of interest used for estimation of yields. ................. 18
Table 4-3. Model INPUL PATAIMELETS. .....vvieiiiiieiiieeiiieesieeesieeesie e e sre e e e e ssae s nseessseee e 19
Table 4-4. Kinetic parameters for primary decomposition of natural rubber. .............cccceeuis 20
Table 4-5.Kinetic parameters for decomposition of isoprene and its radical rearrangement for
decomposition Of NAtUTAl TUDDET. ........c.uiiiiiiiiiii e 21
Table 4-6. Kinetic parameters for primary decomposition of synthetic rubbers. .................... 23
Table 4-7. Kinetic parameters for decomposition of synthetic rubbers.............cccocviriiriennn. 24
Table 5-1. Average ultimate and proximate analysis of an ELT from data found in literature.
.................................................................................................................................................. 27
Table 6-1. Trends based on heating rate ...........ccovviiiriiiiiiiiere e 50



List of abbreviation and nomenclature
ELT End-of-life tire

HR Heating rate, °C/min
NR Natural rubber
Br Butadiene rubber

SBR Styrene-butadiene rubber
CFB Circulating fluidised bed

ccC Carbon conversion
HC Hydrogen conversion
SC Sulphur conversion
ocC Oxygen conversion

H/C Hydrogen to carbon ratio

Nomenclature
In this thesis the use of several definitions which needs further explanation is used and
presented here:

e Solid residue yield
While char is a commonly used name for the solid yield, the solid residue also encapsulates the
cases where full conversion has not occurred due to low temperatures.

e Carbon number.
It can be C2, C3, C4 etc. which refers to hydrocarbons which has two, three and four carbon
atoms in their molecules, regardless of the bonds present in a compound. So propane is a C3,
butane a C4 etc.

e (alculated by difference.
A mass balance is closed by difference, meaning if the solid and oil yield is 40%w_daf and
55w% _daf respectively, the gas yield calculated by difference would be 5%w_daf. By using
this, we implicitly apply the assumption of no losses in the system.
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1 Introduction

In our everyday lives tires are used extensively, either directly in personal vehicles public
transport, or indirectly from use in agriculture or truck transport which enables our current
lifestyle. The wear and tear of tires makes them an integral consumable in today's society. Due
to the stable nature of tires at ambient conditions, they become a waste issue, making end-of-
life solutions an important endeavour. While landfills might be seen as an option, the impact
has on its local environment and its inhabitants is not to be understated. While end-of-life tires
(ELTs) are mainly stable at ambient conditions, they do decompose into toxic compounds when
exposed to UV radiation, which leaks into the surrounding environment. Landfills pose
additional challenges as small puddles of water can be sustained within the pile of tires. These
puddles are breeding grounds for mosquitos, adding to the issue with malaria and dengue fever
in the local communities[1], [2].

Tires are a complex composite, containing rubbers (natural and synthetic), metals, fabrics
(Polyester, Rayon etc.), fillers such as silica and carbon black, vulcanization agents and
additives[3]. Due to this complexity, recycling poses a challenge as the materials are stable and
interconnected, making removal of each individual material impractical. Some of the materials
may be recovered using mechanical recycling by shredding the tires and separating out the
metals and fabrics, leaving a crumble of rubber. The crumble can be re-used as fillers in asphalt
or sports courts[2]. However, this only re-uses, or downcycles, the materials, essentially
wasting the potential for recycling where new products can be created with the same properties
as those produced by virgin feedstock.

Thermochemical treatment in the form of pyrolysis is a robust alternative where the feedstock
is broken down into recyclable products by heating the sample in an oxygen-free environment,
achieving a higher recovery rate of material. The solid phase (recovered carbon black, rCB)
can be reused in tire manufacturing, while the liquid phase can be used to make tire derived
fuels (TDFs) or as feedstock for the petrochemical industry due to the high aromatic content[2],
[4].

Pyrolysis of ELTs is currently being demonstrated at a commercial level by Scandinavian
Enviro Systems, who is selling the recovered Carbon Black (rCB) for reuse in the production
of new tires. Recently their pyrolysis oil was successfully processed by the finish company
Neste into “high-quality raw materials for chemicals and plastics ”’[5]. As development of new
facilities is progressing, understanding the fundamental process is key. By furthering the
understanding, designs of the process can be produced with a higher accuracy, making the
overall procedure to have a design-based approach, rather than having to adjust an already built
process in an incremental-based approach. Modelling can be used to understand the physical
phenomenon occurring in the process, providing insight and enables predictions and
estimations to be performed for the process.



1.1 Aim

The main purpose of this thesis is to provide insight into the decomposition patterns of end-of-
life tires (ELTs) and to investigate the feasibility to model this process. This overall aim can
be broken into parts to specify the issue:

Investigate the impact of thermal particle size on the characteristic of the solid yield
after pyrolysis. The impact of particle size influences how the particle behaves under
different heating conditions, where the thermal size of the particle changes. This will
be done by using data from prior experimental work.

Investigate what products can be found in a product stream from pyrolysis of ELTs.
This will include impact of end temperatures, heating rate and feedstock to show the
yields of solid, liquid and gas products.

Evaluate the useability of empirical modelling. By using empirical modelling a
complex process, such as pyrolysis, can be simplified by the use of statistical
correlations. The model can be used in both a predictive measure when designing a
reactor, and as a reference point when doing experiments.

Evaluate the feasibility of explicit modelling of the radical reactions occurring during
pyrolysis of ELTs. By modelling the reactions explicitly, the model might result in a
higher level of accuracy for the complex process.

1.2 Limitations

Limitations imposed on this thesis comes in many forms, some of which will
Due to the complexity of ELTs, some simplifications will be necessary, imposing limitation of

the thesis:

1. The data used is provided from literature along with some results from previous
research done by the author and Dr. Nidia Diaz Perez.

2. No new experimental campaigns were done.

3. Data collected from literature is limited to the data found during the period to the best
of the authors ability.

4. All data was assumed to be true.

5. Temperatures below 800 °C was included from literature.

6. Condensation and re-evaporation of the products not accounted included.

7. No internal mass transport was included in models.

1.3 Specification of the issue

Tire pyrolysis is a broad field where experiments and modelling have been presented in

different studies with different focuses, while still falling under the umbrella of ELT pyrolysis.

The present work follows an increase of resolution of the process itself, starting from a broader

view and zooming in, into the process as the thesis progresses. It can be divided into four parts:

1) The first part discusses the behaviour of the solids behaviour during pyrolysis as well as
serving as an introduction to the procedures used in many of the studies.

2) The second part looks at the data found in literature to shed light into generic trends which
as present for the process.

3) The third part uses the data and trends found to investigate how well the process can be
modelled using an empirical model, which is evaluated against experiments found in
literature.

4) The final part presents a study in the decomposition pathways of the monomers in rubbers
by utilizing kinetic modelling to assess the feasibility of using such model in a predictive
manner. The aim is to describe production of key species.



2 Background

In most peoples’ everyday lives, tires play an important role in everything from production of
goods to transportation. As tires are spent, they become an end-of-life tire (ELT) and needs to
be disposed of. While there is a great variation of materials within one single tire, depending
on the section of the tire, the variation of materials between two tires for different applications
becomes even greater. Adding to this, manufacturers have their own recipes to produce tires
with specific properties. This shows the heterogeneity of this feedstock, introducing issues
when considering end-of-life options.

2.1 Material composition of tires

Tires mainly consists of several types of rubbers, fabrics, metals, additives, and fillers (such as
silica and carbon black)[3], with proportions between different materials vary depending on
the use case and manufacturer. In Table 1 some examples of compositions for different tires
are shown to indicate the variance of tires[1].

Table 2-1. Common compositions of tires depending on application

Material wt.% Personal vehicle Truck

Rubbers 47 45
Carbon black 21.5 22
Metals 16.5 21.5
Textiles 5.5 -
Zinc oxide 1 2
Sulphur 1 1
Additives 7.5 5

Depending on the ratios between these products, the ELTs properties will be influenced. Two
important parameters used in solid fuel conversion and thus in pyrolysis is the proximate and
ultimate analysis. These properties of the feedstock provide some information regarding the
decomposition (proximate analysis) and the mass fraction of some element (elemental
composition). An example of the proximate and ultimate analysis for an ELT are shown in
Table 2-2 as a reference point, note the fixed carbon(FC) and the volatile matter(VM) content
as these will be referenced in the following section[6].

Table 2-2. Proximate and ultimate analysis of an ELT.

Ultimate analysis, DAF, wt.% Proximate analysis, wt.%
\ C H N S O Ash  Volatile matter  Fixed carbon = Moisture
ELT ‘ 88.0 82 04 1.0 2.4 2.4 66.5 30.3 0.8

2.1.1 Rubbers

The main component of tires are rubbers, as they provide the elasticity and grip needed to
dampen impact, adjust to the underlaying surface all while minimizing the abrasion on the
road/surface. There are three main rubbers, all which are used in tandem to create the desired
mechanical properties of the tires.

1. Natural rubber, consisting of isoprene, CsHio.

2. Butadiene rubber, a synthetic rubber consisting of Butadiene, C4He.

3. Styrene-Butadiene rubber, a synthetic rubber created by copolymerization of Butadiene

and Styrene, CsHs.



The monomer of natural rubber is 2-methyl-butadiene, or more commonly called isoprene,
showed in Figure 1. In the figure, n indicates an arbitrary number of monomers to create the
polymer polyisoprene when synthesised.

s N

CH, CH;

74 CH, Nl
H,C 7 —+tH,C
2
~ Iy n
[soprene gas Polyisoprene polymer

Figure 1. Monomer in natural rubber, polyisoprene.

The two most common synthetic rubbers are butadiene and styrene-butadiene rubbers. The first
is (poly-) butadiene rubbers (BR) consist of a polymerisation of 1,3-butadiene gas, as seen in
Figure 2, creating a rubbery solid with high abrasion and fatigue resistance [3], [7].

H.C= N\ = CH; {FEC’/Aﬁﬁpf’CHfT__

1,3-butadiene gas Polybutadiene rubber

Figure 2. 1,3-butadiene monomers and polybutadiene rubber

When butadiene is copolymerized with styrene, the second synthetic rubber is created, (poly-)
styrene-butadiene rubber, SBR for short, seen in Figure 3. The copolymerisation consists of
random sequences of the two monomers. This irregularity makes then not crystalise upon
stretching, thus needed reinforcement from carbon black or other pigments to be used in
applications[7]. The amount of butadiene in the polybutadiene polymer is defined by m for
each polymer, n, in Figure 3. The mass fraction of styrene in SBR varies depending on the type
of SBR with some rubbers having 23.5-25 wt.% styrene while others have a styrene fraction of
40 wt.%][8], [9].

- N

_ AN 1
:[HQC’ g m ECHan

Styrene-butadiene rubber

Figure 3. Styrene-butadiene rubber.




The rubbers are mixed in specific ratios depending on the manufacturer’s recipe, however, the
rubber themselves have specific characteristics. The ultimate and proximate analysis for natural
rubber and SBR is shown in Table 2-3[10], in which some trace compounds such as nitrogen,
sulphur and oxygen is shown. While these are not present in the monomers, they are present in
the rubbers as well as being commonly reported for ultimate analysis of ELTs, as previously
shown in Table 2-2. The table shows value for non-vulcanised rubbers, indicated by a very low
sulphur content. Note the high amount of volatile matter compared to the ELT in Table 2-2,
which indicates a decomposition of the polymers with low amounts of carbon left behind. The
solid yield of both vulcanised and non-vulcanised rubber has shown a solid residue of around
2-3%wt_daf, while the rubbers themselves has a fixed carbon content is close to 0%wt daf
[11]. Compare these values to those of the ELT presented earlier and the influence of additives,
such as carbon black, on the fixed carbon becomes evident.

Table 2-3. Ultimate and proximate analysis of natural rubber and SBR

Ultimate analysis, DAF, wt.% Proximate analysis, wt.%
‘ C H N S O Ash Volatile matter  Fixed carbon = Moisture
NR 86.31 12.1 047 028 084 0.22 98.94 0.48 0.36
SBR | 89.14 10.52 0.08 0.17 0.09 0.13 98.81 0.67 0.39

The rubbers themselves do not provide sufficient support for most applications and must be
hardened in a process called vulcanisation. In this process several compounds are used, such
as ZnO used as an accelerator and sulphur acting as the vulcanisation agent. The impact of
vulcanisation on the products produced was studied by Liu et al. They noted that the impact
was mainly seen at lower temperatures, where a vulcanised rubbers will produce more oil than
a non-vulcanised rubber. They attribute this to the vulcanisation process, where the rubbers are
mixed with the additives and heated to break the longer polymers, after which the sulphur will
bond and crosslink the longer chains. This partial breakage of bonds during the process was
assumed to be linked to the higher production of oil at lower temperature, as the polymers
already had been slightly broken down, if the sulphur was not bonding and crosslinking. They
also look at the sulphur distribution between the solid residue, oil, and gas when pyrolyzing
the vulcanised rubbers. Above 400 °C, the sulphur will be in the oil (50-70%) and gas phase
(50-30%)[11].

2.1.2 Carbon black, fillers, and additives

In tires the use of fillers is essential to achieve the desired performance. Carbon black contribute
with abrasion resistance and silica aid with rolling resistance. Carbon black can be recovered
when pyrolysis ELTs to be either reused in new tires or activated and be further used as
activated carbon in filter for engineering applications.

2.1.3 Metal and fabrics reinforcements

A tire is used every day for extended periods, putting immense pressure on the tire as it spins.
Because of this, additional reinforcements must be used to ensure the integrity of the tire is
kept. The reinforcements along the inner edge of the tire are made from steel cable, while
underneath the treads, woven meshes of steel and fabrics are used. The fabrics used in tires are
usually Rayon, Polyester or Nylon[3].

The impact of fabrics can change the composition of the products in the gases. In experiments
done by the author and Dr. Nidia Diaz Perez using a fixed bed reactor, gas composition
provided some insight into this effect. Using pure rubber produced no CO at 550°C and 650°C,
while CO; went from 1%wt to 12 %wt in the gas phase. When using samples which included



a large amount of fabric, the CO and CO> content in the gas phase was 12%wt and 43%wt at
550 °C and 14 %wt and 21 %wt at 650°C. This increase in oxygenated products is linked to
the fabric content of the feedstock.

2.2 Recycling options

With an increasing world population, the number of tires is rising, and due to the stable nature
of the materials at normal conditions, disposal of end-of-life tires (ELTs) becomes more
important. End-of-life option might include energy recovery (combusting), grounding into
granulates used for synthetic turf or asphalt[2] or landfilling. In the EU 2019 3.55 Mt of ELTs
was produced, where was disposed of via either energy recovery, material recycling or other
options such as pyrolysis or use in steel mills, to name a few. The material recovery
(granulation) can be further divided up into subgroup as shown in Figure 4[12], indicated by
the green colours.

ELT disposal 2019, wt%

= Material recovery - other
= Granulation
Cement incorperation
Civil engineering
= Energy recovery

= Unkknowns

3 13

Figure 4. Disposal of ELTs in EU according to ETRMA 2019. All green colours indicate material recovery

2.2.1 Energy recovery

Energy recovery of the tires is widely used both in the form of using granulates as fuels in
cement kilns, but the use of tire derived fuels (TDFs) from pyrolysis is also practiced as these
are easier to handle than solid fuels. TDFs can also be used to replace some of the coal used
today, as they have a higher heating value, while can also be defined as biofuel. TDFs is also
used as cooking oil in Nigeria, something which greatly affects the health of the population
using them, as the oil contain high amounts of carcinogens[2].

2.2.2 Material recovery

Materials, such as the metal bead and fabrics can be separated out, after granulation has been
done. While the metal can be reused, Nylon or other fabrics is usually landfilled, adding to the
issue with plastic waste in landfills. The remaining materials will be blend of rubbers, fillers,
and additives, which can be used as granulates in construction, either in roads and sports fields,
or in astroturf where rubber beads are used[2].

This is a partial solution to the issue of waste tires; however, the use of tires in construction
materials as an end-of-life option has been demonstrated to be harmful for the health and
environment due to leaching of toxic compounds. In leaching tests for crumb rubber asphalt
concrete, metals such as aluminium and mercury have been found to be above the limit to be



deemed toxic in aquatic toxic tests, which indicates the potential to be harmful. Other
compounds such as benzothiazole, a highly toxic accelerator used in the vulcanization process
of rubber, was also found at high concentrations in the tests[13].

This highlights some of the issues with using ELTs in construction projects, making the
implementation a trade-off where knowledge of the risks must be accurately understood.

2.2.3 Landfilling

Landfilling is an alternative which brings a host of issues for the local environment. The impact
of landfilling comes in many shapes, with issue such as spread of harmful gases due to
decomposition caused by UV-light exposure, leaching of heavy metals and toxic compounds
into the ground. The heating value of tires is equivalent or higher than that of coal at 35-40
MJ/kg, making an outbreak of fire a very hard task to control. The fumes produced during a
landfill greatly impact the local environment with its high contain of harmful compounds.
Other issue arises from the geometry of the tires, as they can hold small puddles of water, which
can act as incubation of mosquito larvae. The landfills become breeding grounds for mosquitos,
exacerbating the spread of malaria and dengue fever in regions with these issues. [14]

2.3 Pyrolysis

As mentioned, some parts of the tire can be separated, like the metal bead. Mechanically
separating out each of the parts might not introduce any large benefits, as the fabrics might be
landfilled and still leaves the crumb of rubber an end-of-life option.

To achieve a recovery of the material intended for reuse in new products with equal properties
to those made from virgin feedstocks, pyrolysis is a viable option. This allows for recovery of
solids (mainly carbon black(rCB)), oil and gas, where the solids can be reused in new tires and
oils can be further refined to tire derived fuels (TDFs) or used as feedstock for the

petrochemical industry, while the gas could be used locally to cover some of the heating
demand [15].



3 Theory
3.1 Pyrolysis of ELTs

The pyrolysis step is an integral part of solid fuel conversion, in which the fuel is being
evaporated due to high temperatures. The vapours (volatile matter) leaving the fuel can either
be oxidized (combustion) or collected, making material recovery possible. In combustion air
is used to combust the vapours leaving the fuel, providing heat to keep the combustion process
going. In the case of material recovery, oxygen is not present in the reactor by using a carrier
gas, usually nitrogen, which also removes the heat provided by the combustion cycle. Since
the aim with the process is to recover the vapours, the fuel must be heated externally, as the
pyrolysis step is endothermic. To ensure continuity in this work, pyrolysis refers to the process
of material recovery using thermochemical conversion by externally supplied heat. The process
is shown in Figure 5, where the pyrolysis process route is indicated by “material recovery”.

Vapours + 0, — Combustion
Vapours + N, — Material recovery

Char + O, — Char combustion
Char + N, — Material recovery

Figure 5. Pyrolysis step in solid fuel conversion with combustion and material recovery paths shown.

There are two distinct steps in pyrolysis of tires, presented by Yang et al., where the first step
is the breaking of the bond to form a viscous tar, which is evaporated in the second step.
Measurements done in Differential Thermal Analysis (DTA) to measure the energy consumed
during the reaction shows the formation of the tar is an exothermic reaction, and the evaporation
is an endothermic reaction. The energy required for the second step is more than what is being
supplied by the first step, making the overall conversion endothermic[16].

The process of the pyrolysis of ELTs is a heat transfer-constrained process, where an almost
linear increase in particle size, increases the time it takes for the sample to reach 90%w of its
initial weight [17]. For larger particle sizes, the energy supplied will have to evaporate more
oil to reach the same 90%w, leading to the linear correlation.

Yang et al. proposed a scheme of how the tar is transported within the sample. They defined
three zones, a non-reacted, a reacting and a reacted zone, which can be seen in Figure 6, which
is a modified version of what they showed in their study. The front of the reaction propagates
inwards as the temperature of the sample is increasing due to the energy supplied from the
reactor, Qr. The tars produced are evaporated continuously as heat is continuously supplied,
forming bubbles. Yang et al. reported that the main internal mass transfer was done by bubble
transport.
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Figure 6. Internal mass transport of tars during pyrolysis, modified from Yang et al[18].

The general decomposition of ELTs has been studied using a Thermal Gravimetric
Analyser (TGA), which continuously weighs a sample as it is heated up in a controlled
environment. The most important process parameters are the end temperature, also called hold
temperature °C, and the heating rate, which is the rate of which the temperature is increasing
°C/min. The heating rate can also be seen as the energy supplies to the system. The
decomposition of the different rubbers is affected by the heating rate, as higher heating rates
seems to shift the major decomposition to higher temperatures, as shown by Lah et al. [19].
This influence was shown by the decomposition for the whole tire starting at 180 °C at ending
at 510 °C when using a heating rate of 5 °C/min, while a for a heating rate of 25 °C/min the
decomposition started at 260 °C and ending at 650 °C. This shift has been attributed to
differences in heat transfer for different heating rates together with the kinetics of the
reactions[6].

Bhowmick et al. looked at the decomposition of natural rubber tires and concluded that in air,
the decomposition starts at 230 °C, while in nitrogen it starts at 330 °C, when using a heating
rate of 10 °C/min[20]. Williams et al. supported the start of decomposition at around 330 °C
for NR, while SBR and BR starts to 370 °C at 20°C/min. SBR undergoes two stages in as it
decomposes, making the exact decomposition temperature harder to accurately describe[6].

The decomposition of ELTs has been studied by the author together with Dr. Nidia Diaz Perez,
by using different end temperatures and heating rate. In Figure 7 the decomposition of three
different types of tires is shown, alluding to the difference in behaviour of depending on the
mixtures of materials, such as fabrics, metals, and rubbers.

The first stage is the drying phase, best indicated by the grey line, which has a slight decrease
in mass as the sample is drying. Since tires have very small moisture contents compared to
something like biomass, this step is usually not distinct enough to identify.

The decomposition has small “bumps”, such as the one indicated by the arrow, which shows
another material starts to decompose within the sample. As tires contain a mixture of rubbers,
fabrics, and additives, which decompose at different temperatures, these bumps might be
attributed to another material starting to decompose.
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Figure 7. Decomposition of ELTs in nitrogen filled atmosphere.

3.2 Primary and secondary reactions

When polymeric materials undergo thermal decomposition, the products can be influenced by
to what extent primary and secondary reactions has occurred. Primary reactions are directly
linked to the polymer structure, i.e. the monomers of the chain, thus linked to the ratio between
the rubbers in the ELT. This first breakage is the primary reaction, followed by radical
rearrangement, resulting in primary products. Secondary reactions are the process of taking the
primary products and breaking them down to more stable products, which is favoured by higher
temperatures and is time dependent[21].

3.3 Key specie modelling

To simplify a complex process, such as pyrolysis, key species can be used. They can be
integrated in both modelling and in experiments. A key specie is assumed to be an integral part
of the reaction paths during conversion. When implemented correctly, the mass balance of
carbon can be accounted for to a high degree by only analysing/modelling one specie. This
enables easy implementation of analysis equipment in experiments, meaning only the key
specie(s) needs to be determined to provide insight about process and reactions themselves.
This can also be incorporated in modelling to simplify the system, reducing the demand for
explicitly accounting for all reactions in the pyrolysis process, reducing computational
resources.
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3.4 Solid residence time

Bouvier et al. looked at the impact of particle size, mainly in the form of how the time to reach
a sample weight of 90 %w was influenced. With larger sizes, the time increased in a linear
relationship, as there is a higher amount of material needed to be evaporated to reach the 90%w.
The impact on the compounds was also investigated where a larger size was shown to increase
lighter compounds such as the Hz and CH4 at the expense of Cz and Cs+. This was attributed to
breakdown of larger compounds and cyclisation due to the elevated temperatures [17]. One
key factor is the heat supplied to the sample as pyrolysis is a heat transfer-based process. The
heat supplied to the surface will increase with increased heating rate, where one extreme is the
fluidized bed, and another is a fixed bed reactor with a low heating rate.

3.5 Feedstock characteristics

Feedstocks used in any process, whether it’s for combustion processes or pyrolysis, can be
partially characterized by the proximate analysis and elemental composition (ultimate
analysis).

The ultimate analysis shows the weight percentage of key elements, which doe ELTs are
carbon(C), hydrogen(H), oxygen(O), nitrogen(N) and sulphur(S), the ash content might be
included in the ultimate analysis.

An important key ratio in a sample is the H/C ratio, which relates the amount of moles of
hydrogen to carbon within a sample. H/C numbers for aromatics are lower, benzene for
example has a H/C = 1, while aliphatics it is always above 2 due to them being saturated with
hydrogen. Smaller aliphatic compounds such as ethane has H/C = 3, while larger, such as
hexane has H/C=2.3. As the aliphatic compounds increase in size, their H/C value decreases,
trending towards 2. Thus, if the H/C value of the fuel is known, it can shed some insight into
the polymeric composition.

The proximate analysis provides information about the feedstock as it undergoes conversion.
It can be derived from using a TGA to determine the moisture (M), volatile matter (VM), fixed
carbon (FC) and ash content (A) of the feedstock. The process has 4 distinct steps, of which
the first 3 are done in an inert atmosphere. It starts with a drying phase followed by a rapid
decrease in mass (devolatilization) after which a stable solid residue is left. The final step
introduces oxygen into the reactor, combusting away the fixed carbon, only leaving the ashes
of the sample behind. In Figure 8, a sample of ELT was used to find the proximate analysis in
prior work done by the author and Dr. Nidia Diaz Perez.

Thermal decomposition of ELT to derive proximate analysis

Drying Devolatilization

Weight [%]
[C

Temperature

\\‘ Stable solid residue Combustion Ash

N =

104 i 150,00
Time [min]

Figure 8. TGA run to find the proximate analysis of a sample.

11



The sample can be described by the amount of mass which has left in the different steps, as
shown in eq. 1-5.

Yreeastock = 100% = Yy + Yyp + Yee + Yosn 1

Yy = 100% — Ysgmpie (¢ = drying) 2

Yom = Ysampie (t = drying) — Ysampie (t = stable solid residue) 3
Yec = Ysampie (t = stable solid residue) — Ysgmpe (t = end) 4
Yasn = Ysampie (t = end) 5

Samples can differ even when the same feedstock is used, so describing the sample used in an
experiment as generic as possible can be done by reporting the dry-ash-free (DAF) values of
the ultimate and proximate analysis. As opposed to a DAF sample, a sample can be reported
on as-received basis (AR), which is a non-processed sample, leading to high moisture contents
in the case of biomass. In the case of tire, the amount of'silica or steel can affect the composition
of the reported samples, as these are variables which might not be reported but will increase
the ash content in the sample. Figure 9 shows a schematic (modified from Neves et al.) of a
sample as individual constituents, where the ash and moisture can be excluded to get the yield
on DAF basis[22].

As-received fuel(AR)

‘ Dry fuel(DF) ‘

Ash Moistur
Dry-ash-free fuel (F) olsture
Ytar,F YM,F
Fixed carbon | Volatile matter
Yrc ! Yyu
Ash Solid | Permanent gas ! lars ipyrc'lyﬁ.c water
YiarFr | Y. Ly Y, g | Tmoisture
! SF i gas¥ j tank Yiyo + Yur
| ]

Oil

Pyrolytic product (DAF solid + volatiles)
Figure 9. Sections of feedstock, based on Neves et al.[22].
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3.6 Biot number

When a particle is heated, as is the case for pyrolysis, the size and the material of the particle
affects how the particle is behaving during conversion, thus affecting the products. The Biot
number, shown in eq. 6, provides insight into this by describing a thermal size of the particle,
which relates the internal to the external heat transfer.
hext L
Bi = 6
k

The conductivity, k, is material dependent and provides together with the characteristic length,
L, the internal heat transfer. The external heat transfer, h,,;, is of great importance when
determining the thermal size of the particle, as it will change depending on the type of heating
occurring. The external heat transfer is dependent on the flow regime surrounding the particle.
For systems where convective flow is present, such as in a fixed bed reactor, the Nusselt
number, shown in eqn. 7 can be used to provide this [23]. For cylindrical particles entrained in
convective flow, the Churchill-Bernstein relation can be use, as is shown in eqn. 8. [24].

hext L Nu L
= kg = Npyr = I 7
/5
0.62 Rep/? pri/? Rep \*°]"
u=03+ D [ + ( D l 8

[1+ (0.4/Pr)2/3]1/ 28200

3.7 Reaction rate - Kinetics parameters

When modelling any reaction, the rate at which the reaction is happening is important. This
will relate both the products produced, while also describing how something is consumed, an
important parameter for any conversion.

The rate of a reaction is commonly described by using the Arrhenius expression where the rate
is defined by its activation energy (E.) and pre-exponent factor (A). Kinetic parameters
represent experimental data and is used to explain the rate of which the reaction is occurring,
depending on time and temperature. As an example, the oxidation of carbon is used:

C+0,- CO,

The reaction rate constant of the reaction, k[s™'], is shown in equation 9, where A and E, is
connected to the reaction itself, and temperature in kelvin, T, is system dependent. R is the
universal gas constant. It describes the conversion of reactants to products per second.

—E,
kcco, = Aexp <W) 9

The transient conversion can be described by using k together with the consumption of
reactants. In equation 10-11, the oxidation of carbon is used to demonstrate the consumption
within a timestep, i. The amount of carbon and oxygen going into the timestep is the output
from the previous timestep, i — 1, as mass can be created not destroyed. A schematic overlook
is show in Figure 10.

d(ne)
dt;

= k*nc;q 10
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Figure 10. Transient consumption of carbon schematic

3.8 Diels Adler reaction

Pyrolysis of ELTs produce significant amounts of aromatic hydrocarbon and one path to
produce them is the Diels Adler reaction, introduced here to provide an undelaying
understanding of this process.

Diels Adler reaction is a way to create cyclic compounds from reactions of a diene and
dienophile, creating cyclohexane, as seen in Figure 11. The carbon number (1-6) are shown in
the figure. The double bond of ethylene breaks to form a single bond between carbon 1 and 2,
followed by the breaking of the next bond creating a double bond between 3 and 4, propagating
the breaking of the last double bond, and finalizing the formation of the single bond between 5
and 6. This reaction is rather slow compared to the radical reactions to form cyclic
compounds[25]. Aromatic rings are created by dehydrogenation of the cyclohexene, producing

hydrogen gas, as is shown in Figure 12.
f ‘\
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CH © H, ® & L 0
we? | HC = Cg NG “He” Nch,
- | - I H!:I c|:H
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CH, Ethylene ~ CH2 ~ H, =
1,3-butadiene ® ®
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Figure 11. Diels Adler reaction of 1,3-butadiene and ethylene
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Figure 12. Dehydrogenation of cyclohexene to produce benzene and hydrogen gas
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4 Methodology

The methodology follows a process, starting with focus on the char production and heating
implications, followed by a literature review to deduce patterns of product yields which is used
to empirically estimate the yields, and is concluded by a simple reactor model utilizing kinetic
expression.

4.1 Char yield, thermal size, and heat transfer.

Prior work done by the author together with Dr Nidia Diaz Perez was used to look the
characteristics of the solid as it undergoes conversion. Prior work focused on the surface area
of the char, an aspect which will not be covered in this work. The focus in this work was to
allude to the changes of the char as different heating conditions, i.e. energy supplied. The
sampled used contained only rubber from tires, i.e. no reinforcements in the form of fabrics or
metals were included.

A TGA reactor and a tubular reactor with a fixed bed (T-FXBR) was used for the same type of
feedstock, which of one is shown in Figure 13, in different heating conditions.

Figure 13. Sample used in TGA and Fixed bed reactor.

The TGA uses conduction dominated heat transfer via walls of crucibles and the T-FXBR has
a convective dominated heat transfer. The to evaluate the impact of the heating regime, the
Biot-number was calculated for the two reactors a run at 550 °C. The three runs operating
parameters are shown in Table 4-1.

Table 4-1. Operating conditions for experimental trials

Heat transfer regime  End temperature  Heating rate  Flow rate

°C °C/min l/min
TGA-1 | Conductive 550 5 10
TGA-2 | Conductive 550 20 10
1-FBR \ Convective 550 Inf 10

Do determine the thermal size of the sample in the different reactors, the Biot number was
calculated. For the TGA the external thermal heat transfer coefficient was calculated by using
a series coupling of the conduction of the crucible wall and the stagnant nitrogen fluid. As there
is little to no fluid movement within the crucible as is it sealed, the heat transfer through the
fluid will also be by conduction. The crucible and nitrogen gas were assumed to have a thermal
conductivity of 3.1 and 54e-3 W/mK [28] respectively.

4.2 Literature data collection

The literature data collection aimed to find information about the feedstock, yields of products
and specific compounds. Sources used was publishers such as Elsevier or ACS publications,
along with material data from PubChem and communication documentation from institutions
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such as ETRMA. The sources used was [29], [30], [31], [32], [33], [34], [35], [36], [37], [38],
[39], [40], [41], [42], [43]. A table of the data found is shown in Appendix
Appendix A. Few authors reported the species found in the gas, where some included
compounds up to C6, while others did only include H», CO, CO; and CH4. Similarly, the oil
composition was reported differently between authors. Due to this lack of data available, two
more reactors were included in the dataset, a fluidized bed for the gas phase[41] and a rotary
kiln for the oil phase[44].
To be able to see the influence of operating conditions, common parameters was used to present
data in literature. Due to differences in how feedstock, operating conditions, and products was
reported, the number of datapoints varied.
Parameters which were commonly found at was:

e End temperature (°C)

e Particle size (mm)

¢ Elemental and proximate analysis of the feedstock

e Type of reactor
Parameters which were not always reported but was of great interest was:

e Heating rate (°C/min)

e FElemental and proximate analysis of the products, either oil or solid.

e Species of the oil and gas phase

To find some common parameters about the feedstock, averages, and deviations of both the
ultimate and proximate analysis was determined. Experiments have an inherent variation,
leading to deviations between experiments using the same operating conditions. To overcome
this issue, normalization of the data collected was vital. A few important normalisations were
made, such as taking particle size into consideration for evaluating the yield of solid, liquid and
gas. Two additional procedures which need explanation were made: dry-ash-free basis and
carbon conversion.

4.2.1 Dry-ash-free basis

Some authors reported the elemental composition of the solid yield which includes the ash
yield, making the adjustment to DAF in more accurate, where the weight for both ash and
moisture is removed. This was however not done by all authors, so to keep consistency, all ash
in the parent duel was assumed to remain in the solid residue, which is in accordance when
pyrolyzing biomass according to Neves et al[22]. By using this assumption, the solid residue
could be adjusted by using eq. 12 to get (Y, r.kg DAF solid/kg fuel).

YS,R - ,R
Yoorr = #

a,R

12

The remaining phases was determined using eq.13. (Y;4 r,kg DAF liquid/kg fuel, (Yyqs r.kg
DAF gas/kg fuel).

YLR _ Ygr 13
1-Yar gas,F 1-Yqr

Yliq,F =
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4.2.2 Carbon conversion (CC)

Yields of a specific specie, such as ethylene or benzene, was usually reported as a mass fraction.
Since there is a connection between polymeric content in the feedstock and the primary
products, as described in section 3.2, taking this inherent variation into account was deemed
important. To do this, the carbon conversion (CC) to the compounds was used. The carbon
conversion refers to the mole fraction of carbon in the feedstock is being converted to the
compound. Similar procedure can be done for any element of interest to see the influence of
the operating conditions on the products.

4.3 Empirical modelling

Pyrolysis is a complex process with many reactions occurring in tandem, thus modelling of the
process might be favoured by less resolution, while still providing estimations of interest. This
can be achieved by utilising empirical modelling, which is built upon normalised data found in
literature. The empirical modelling builds upon this data to derive more generic expressions to
provide the predictions of interest, such as CC to a specie, or the yield of solid.

4.3.1 Solid, liquid and gas correlations

Correlations for the yields of solid, liquid and gas based on temperature and the H/C-value of
the feedstock on dry-ash-free basis. The yields were assumed to be at full conversion, meaning
the polymeric content was broken down and vapourised, only leaving char behind. The
estimation of solid and liquid was done explicitly, while the gas phase was estimated using the
other phases and assume no mass is lost. The decomposition was assumed to be complete at
500°C, meaning data with lower temperatures was not included in the correlations. Similarly,
the elemental composition of the oil was estimated based on the pyrolysis temperature. The
correlations are shown in Appendix C.

4.3.2 Specie yield correlations

To estimate the yield of specific species, key species was used as an intermediate step to the
estimation. By doing this, the feasibility of using key species was also evaluated. Due to their
inclusion in many different reactions in the process as well as being connected to the monomers
in the rubbers, ethylene and styrene was used as key species. Styrene was selected due to its
present in the synthetic rubbers and can also be produced from a Diels-Adler reaction of
monomers of the rubbers. Ethylene was selected as it assumed to be produced from the
secondary reactions or longer compounds and splitting of the monomers in the rubbers, as well
as being a part of the Diels-Adler reaction to create cyclo-hexane, the first step to produce
aromatic compound. Correlations for the CC to ethylene and styrene was derived from
normalised data with regards to temperature and heating rate, as the data produced distinct
trends with regards to these operating parameters. Due to data availability, products in the
permanent gases were estimated using ethylene, while styrene was used for compounds in the
oil.

Many of the compounds are hydrocarbons, thus providing a clear path between a key species
and a compound of interest. This is not true for CO, CO; and Ho, as these are not constrained
by the carbon balance. CO and CO; contribute to the carbon balance but was assumed to be
constrained by the oxygen content instead, thus the oxygen conversion to these compounds
was determined only based on pyrolysis temperature.

The CC to a compound was plotted against the CC to a key specie, ethylene for the gas-phase
and oil-phase. From this, functions of heating rate and the CC to ethylene or styrene was
derived to provide the correlations of CC to a compound. The key species and compound
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investigated in the two phases can be seen in Table 4-2. Note: C3s are molecule which has 3
carbon atoms, such as propane or propylene, the same procedure is true for C4, C5 and Cé6s.

Table 4-2. Key species and compounds of interest used for estimation of yields.

Gas Oil
Key specie Ethylene  Styrene
Ethane Benzene
C3s Toluene
Compounds | C4s Xylenes
of interest C5s C9s
Cos (PAHS)
Limonene

The total accounted for carbon content, i.e. known species corresponding to that carbon
content, in both oil phase was estimated using the carbon content in the oil, which was
estimated using a correlation with temperature. This way the unknown fraction of the oils could
be quantified.

4.4 Simplified reactor model (SRM)

A simplified reactor model (SRM) was used to supplement the empirical modelling, by
increasing the resolution of the reactions during the process. Since the experimental samples
found in literature was small, the goal with the SRM was to provide more data and to model
the process explicitly. The SRM was built in MATLAB and based on kinetic expression using
the Arrhenius function, which describes the reaction rate with regards to temperature. The
reaction was assumed to be of the first order. A simple decomposition model was implemented
based on the assumption that the feedstock consisted of only carbon black and rubbers (NR,
BR, SBR) and the carbon black was not reacting with the volatile compounds as the exited the
solid residue.

4.4.1 System definition

The system used was based on a fixed bed reactor with a single tire particle and nitrogen as the
working gas. The temperature was assumed to increase in a uniform way in the whole system
(particle and reactor). The particle has a known polymeric content, i.e. a mix between rubbers.
The system is shown in Figure 14, with two zones, indicated by (1) and (2). The two zones
(primary and secondary decomposition zones) provide different stages in the decomposition.
In the primary zone the particle resides and is decomposed as temperature is increasing, where
the vapours leaving the particle does not interact with the solid residue. This can be liked to a
bag, releasing its compounds as they are over time described by kinetic relations. The input
parameters required to estimate the yields are shown in Table 4-3. In the primary zone the
primary reactions, i.e. splitting of the polymers into products are occurring.
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Table 4-3. Model input parameters. d

Feedstock related parameters *—. A
Natural Rubber Xy Wt% 5 5
Styrene-butadiene | Xspr ~ Wt.%
rubber
Butadiene-rubber Xpr wt.%
Carbon black Xcp wt.%
Ash Xosn  Wt% @ h
Reactor related parameters
Volumetric flow Vv, L

min
Reactor diameter Dp m
Reactor height l m
Temperature T °C O
Heating rate Hr °C/min T v

Vi,

Figure 14. Simplified reactor schematic

In the secondary zone, the products from zone 1 is reacting via the radical rearrangement
mentioned in section 3.2 is occurring. The carrier gas is preheated before entering zone one
and is assumed to be isothermal due to the electric heating in zone 2. This decomposition is
assumed to not include any interactions between the compounds produced by the different
polymers; hence the model is only looking at the individual decomposition of the rubbers.

4.4.2 Natural rubber decomposition

As the polymer is heated up, several paths can take place during the decomposition. Wei et al.
proposed four different paths (5-8) which are applicable in the primary decomposition of the
polymer, when breaking of the single bond between two isoprene monomers occurs. The
decomposition pathways are shown in the Figure 15, where path 8b was assumed to rely on an
additional isoprene molecule to be available.
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Natural rubber
poly-isoprene
..—(CsHg) — (CsHg)—..

Path 5 Path 6
h 4 h 4
2 x CsHg [ CyHg + CeHyg ]
Path 7 Path 8

CHj + CoHys (o, )

Path 8a|Path8b (CH,

2 x C,H,
CoH, v v
CoHy3 [ CHy + CyoHys ]

Figure 15. Primary decomposition pathways for natural rubber, polyisoprene.

In Table 4-4Table 2-1 the kinetic parameters presented by Wei et al. for which the reaction rate
constant, k, was calculated to provide an indication of which reaction was the fastest, and thus
would dominate/constrain the decomposition of the polyisoprene. Note the small deviation of
reaction rate constants between the paths.

Table 4-4. Kinetic parameters for primary decomposition of natural rubber.

Pre-exponent factor Activation energy Reaction rate constant, k,
[1/s] [kJ/mole] at 500 °C [1/s]

Path 5 ‘ Not presented, set to 1 278.4 9.58E+18

Path 6 | Not presented, set to 1 314 9.52E+17

Path 7 | Not presented, set to 1 308.2 9.53E+17

Path 8 \ Not presented, set to 1 353.5 9.46E+17

In the secondary zone, i.e. radical rearrangement, Wei et al. proposed four paths, out of which
the path called path I was deemed the most probable one, shown in Figure 16. This path was
presented to be the most likely due to having the lowest activation energy compared to other
paths proposed, which was significantly higher. The path shows interactions between radicals
and the production of monomers[45].

CyHsg C.H
2
Path 1
CsHg +CsHg Path 2a Path 3 +C:Hy, Path4a

—— 2-CsHy . 2-CsH,

CH: 3-C3H.
: Path 2b 3 Path4b o - o
s 5-C5H; -CsH;

CH, C3Hg

Figure 16. Secondary decomposition of natural rubber, isoprene.

The kinetic parameters for the primary and radical rearrangement of NR are shown in Table
4-5. The reaction rare constant was estimated to provide insight into which reaction might
dominate/constrain the decomposition.
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Table 4-5.Kinetic parameters for decomposition of isoprene and its radical rearrangement for decomposition of natural

rubber.
Pre-exponent factor ~ Activation energy Reaction rate constant, k,
[1/s] [kJ/mole] at 500 °C [1/s]
Path 1 5.5E+18 360.5 2.42 E-6
Path 2a | 3.2E+13 63.4 1.67E+9
Path 2b | 6.1E+12 35.7 2.36E+10
Path 3 2.4E+14 185.2 7.37E+1
Path 4a | 2.3E+14 93.2 1.16E+7
Path 4b | 1E+13 47.9 5.8E+9

In Table 4-5, path 1 is shown to be significantly slower than the other reactions, thus path 1
was assumed to be the constraining reaction, effectively determining the overall conversion.
This meant that as soon as one isoprene monomer is decomposed into a methyl-group and C4-
radical, the rest of the chain would react. Additional isoprene monomers used in path 2 and 4
was assumed to be abundant and would be attacked by the radicals upstream in the reaction.
The impact of higher temperature only determined the yields of products produced by the path
2a and 4a, as these was slower than 2b and 4b respectively but is increased at higher
temperatures, due to their higher activation energy.

With these assumptions, the radical rearrangement was simplified to only use the reaction rate
of path 1, as shown in eq. 14, where k,; indicates the reaction rate (k) for path 1 (p1). The
downstream compounds were determined as a fraction (defined as o and P in eq.15 and in
Figure 17) their reaction rates, which was seen as a function of temperature, resulting in the
reactions shown in eq. 14-18 . The reaction from 4a was assumed to be go into path 2a until all

2(CsHg radicals was consumed. This loop is indicated by i, in Figure 17.
i

C4H.
4H5 CyH,
Path 1
e Tole o | 2-CsH, - +CiHB £ 2-CsH,
CH; 3 3-C3H5 1—
| (1-a) 5-C.H, :( A 5-CsHy
CH, C3H,
Figure 17. Radical rearrangement of isoprene with simplified fractions.
“p1 14
nisoprene,pl - C4H5 + CH3
kpoa(T kpao (T
(X(T) — p pZa( ) ,B(T) — p4a( ) 15
p2a(T) + kpr(T) kp4a(T) + kp4b (T)
CH3 + nisoprene,pz b CH4 + 0((T)2C5H8 + (1 - a(T))SCSHS 16
2C<Hg > C,H, + 3C3Hs 17
3C3HS + nisoprene,p4— - C3H6 + ﬁ(T)ZCSHS + (1 - ,B(T))SCSHS 18
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The overall consumption path for isoprene was assumed to be:
i
— i
Niso,tot = nisoprene,pl + nisoprene,pz + a(T) + Z .B(T) nisoprene,p4
1

Niso,tot o} C4Hs + CHy + | a(T) + Zﬁ(T) P (CoH, + C3Hg) + (1 —a(T)) + Z(l - ﬁ(T))i 5CsHg
1 1

The decomposition of NR was setup, so the decomposition of polyisoprene produced the
isoprene monomers which was to be decomposed, in the secondary cracking. The radicals 5-
CsHg was assumed to be continuing to react to create oil, creating pathway to form oil.

4.4.3 Synthetic rubber decomposition

The decomposition of synthetic rubber included the decomposition of SBR and BR, as these
are the main synthetic rubbers. The amount of styrene present in SBR was assumed to be 25
wt.% as has been reported in literature but could be adjusted when using different types of
blends as the underlying decomposition paths are not affected.

The primary decomposition of SBR will be dictated by the scission between butadiene-
butadiene and butadiene-styrene monomers. The bonds are the longest in the groups, making
them the most probable to break, splitting SBR into BR + styrene, as shown in Figure 18. The
most likely outcome of the breaking according to Yang et al. is a formation of a double bond
for the styrene group.

~
H,C
Styrene
~ yr
— H,C X m CHZ;n_ Hzg/\/CHIE

Styrene-butadiene rubber Butadiene

Figure 18. Primary decomposition of the SBR polymer

The primary decomposition of BR was assumed to be the breakage between monomers, as
these bonds are the longest, making them the most likely to break. When they break, they
release the butadiene radical, as shown in Figure 19, similarly to the SBR case.

%Hzc/\/c"'z 1‘% HZ(;/\/(':H2

Polybutadiene rubber Butadiene
Figure 19. Primary decomposition of the BR polymer
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The kinetic parameters for the primary decomposition, shown in Table 4-6, was not reported
by Yang et al. so they were sourced from Lah et al. as these had individual decomposition for
the two rubbers[19]. The use of these parameters includes an assumption of the primary
decomposition being the creating of radicals previously discussed.

Table 4-6. Kinetic parameters for primary decomposition of synthetic rubbers.

Pre-exponent factor  Activation energy Reaction rate constant, k,
[1/s] [kJ/mole] at 500 °C [1/s]

SBR | 1.4E+14 200 5.53

BR | 1.08E+7 125 3.87E-2

Due to the similarities between the two rubbers and their paths of decomposition, the radical
rearrangement in the secondary zone was assumed to follow the same paths.

In the butadiene radical, the pi-bond (double bond) in the middle is most likely to break, as this
is an exothermic reaction, with the lowest enthalpy change for the reaction as well as having
the lowest free Gibbs energy of the potential paths [10]. A competing path is for the butadiene
group to remain as a radical and continue to react. The paths in Figure 20 was suggested as the
most likely to happen during the radical rearrangement. 1,3-butadiene was assumed to continue
to decompose.

Path 1

Lath 1, 5% . C,H, -

Path2 1x-C4Hg -

2% - CaHs - " 1% C,H,

Path 3

| Lath s, 2% ¢,H,

Figure 20. Butadiene radical reaction paths

As the 1,3-butadiene groups and the radicals are exposed to temperatures, they will continue
to decompose. The most likely decomposition paths are shown in Figure 21 for 1,3-butadiene
and in Figure 22 for the radical. The radical was assumed to decompose into C3-radicals and
methyl groups, which was assumed to react instantly with free hydrogen in the mixture to form
CH,. If the hydrogen production exceeded that of the methyl groups, the hydrogen atoms was
assumed to form hydrogen gas.

C.H,

Path19 , oy o p.
Path 20
> Calls + H - Path 45
. C4H6 . -_— CgH3 . +CH3 .
Path2l , 5 ¢\ H.+CH,- —» CH,
Figure 21. 1,3-butadiene decomposition Figure 22. butadiene radical decomposition

Styrene was assumed to not react or decompose due to the activation energy was higher than
that of the ones presented. This assumption was supported by the different paths presented by
Yang et al., shown in Table 4-7. As the table indicated, path 2 and 3 is dominating, producing
significant amount of 1,3-butadiene gas. The downstream reactions will not be as fast as the
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first steps in the decomposition. The path for styrene decomposition includes one path which
was in the same order of magnitude as path 45.

Table 4-7. Kinetic parameters for decomposition of synthetic rubbers

Pre-exponent factor Activation energy | Reaction rate constant, k,
[1/s] [kJ/mole] at 500 °C [1/s]
Pathl Not presented, set to 1 83.9 2.15E-6
Path 2 Not presented, set to 1 31.5 7.4E-3
Path 3 Not presented, set to 1 20.45 4.1E-2
Path 19 Not presented, set to 1 597.33 4.29E-41
Path 20 Not presented, set to 1 435.15 3.98E-30
Path 21 Not presented, set to 1 568.86 3.68E-39
Path 45 Not presented, set to 1 474.69 8.48E-33
Path 22 | Not presented, set to 1 495.35 3.41E-34
(styrene)

444 Structure of the reactor model

The computational cell setup of the model followed the transient modelling presented in section
3.7, using the Arrhenius equation with the kinetic parameters presented in this section. The
SRM used one cell for the primary decomposition zone of release all the radicals from the
primary decomposition instantaneously. The radicals then enter a series of computational cells,
in which the radical rearrangement is occurring. The residence time in the computational cells,
dt, used to estimate the consumption of reactants was estimated using the volumetric flow of
nitrogen, geometries of the reactors and the volume expansion of a fluid due to temperature
using equation of state.

The model was run and evaluated to see the feasibility of using the more explicit modelling.
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5 Results and discussion

5.1 Solid yield and thermal size

The char yield from the different runs, shown in Figure 23, show the impact of heating
conditions. The increase in heating rate shows that as the sample is heated faster, an expansion
of the sample occurs as the gases are leaving the sample. This can be seen by the cracks for the
sample using HR=20°C (Figure 23b) compared to when lower heating rates was used (Figure
23a). As the heating of the sample increases even further, as in the case of the T-FXBR (Figure
23c¢), the expansion seems to be happening at such a rate that the sample is crumbled.

-

| % -

a) TGA, HR = 5 °C/min b) TGA, HR = 20 °C/min - ¢) T-FXBR run, HR = «©
Figure 23. Samples after runs in different reactors at 550 °C hold temperature.

The thermal size of the sample in the different reactors was estimated using the Biot-number.
In the TGA, the thermal size was estimated to be 4e-4, indicating the thermal size is very small,
meaning a constant temperature gradient within the sample. In the T-FXBR the thermal size
was 2.9, providing an indication about a temperature gradient within the sample.

The thermal size might be coupled with the expansion and shattering of the sample. For a
thermally smaller particle, the temperature gradient inside the particle will be uniform. When
the heat transferred to the sample, any increase in temperature will be felt by the whole sample
as soon as it is applied to the surface. For the larger thermal size, the surface and the inside of
the sample will not be at the same temperature. Since pyrolysis is a heat and thus temperature
driven process, the differences in the thermal size and heating rate will influence if the particle
shatters or not, due to a too violent expansion of the gases formed when the tars are vapourised,
as presented in section 3.1.

When the heating rate increases, the heat supplied to evaporate the gases also increases, which
makes the vapours to increase in size, creating pressure and thus a driving force. This driving
force pushes the bubbles out of the sample, and when done to quickly, makes the sample swell
too fast, or shattering. In short, internal residence time is inversely proportional to heating rate.
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5.2 Trends from literature

The literature review aimed to find data to be able to find trends for the decomposition of ELTs.
The product yields reported in literature, normalised on a dry-ash-free basis is shown in Figure
24. In the figure the results from the hold temperature going from 300°C to 800°C are indicated
by colour. The experiments using 300°C clearly shows a very high yield of solid residue (>90
wt.%), which is to be expected as the majority of the decomposition has not yet occurred, as
laid out in section 3.1. As temperature increases, the solid residue decrease, as more of the
polymeric material is decomposing. While there is a clear trend towards the area of 35-
45%wt_daf solid yield, the oil and gas yield have a larger variation, indicated by spread in the
direction of right to left in Figure 24. This difference can be due to a few factors ranging from
differences in the secondary reactions, i.e. decomposition of products after the radical
rearrangement, or how the gas phase was determined, either by difference or by actual weight.
The most plausible reason for the deviations is the secondary reaction, as this will break down
the products into smaller compounds due to exposure to elevated temperatures over time.

Productyields

Gas: 1
Oil: | bé’& 0 , 100
Solid: constant /l\
« Nz 90
o\® / ’.' \ ® 300
> 2 o \
& 7/ N ® 400
$ 0%,
K / N \ %, ® 450
S % ) 60 %, 475
Y / o e ® L
& o/ 8 50 "6, ® 500
< / o8 z
x/ 60/ .' . 6"' .’. %. 40 TlL 550
8° %
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A / o \ 20 @ 650
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Condensable gas yield, %w_daf —

Figure 24. Product yields for all reactors on dry-ash-free basis

5.2.1 Feedstock characteristics

For authors who presented the elemental composition and proximate analysis, an average
feedstock could be defined, as is shown in Table 5-1. Histograms of the individual elements in
the feedstock, as reported in literature can be found in Appendix B. The results indicate a
consistency of the feedstock which can be used as a generic feedstock when modelling the
process. The moisture content in ELTs is shown to be of low significance, compared to biomass
where it heavily influences the process. Samples are similar, but the composition of the
polymeric material, i.e. rubbers and fabrics, in the feedstock is not distinguishable solely from
the ultimate and proximate analysis alone. The oxygen content might be influenced by the type
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of fabrics, but other compounds affect this such as ZnO, an activator used in the vulcanisation
process.

Table 5-1. Average ultimate and proximate analysis of an ELT from data found in literature.

Ultimate analysis DAF wt.% Proximate analysis wt. %
‘ C H N S O H/C FC VM M Ash
Average ‘ 883 7.1 0.6 1.8 2.1 096 29.0 64.6 092 54
Abs. deviation | 1.0 0.7 02 03 1.1 01 18 26 04 1.7

Since the fixed carbon within a sample is the solid residue when all the volatile matter has left
the sample and ash has been removed, one can use it as the lowest yield of solid residue on dry-
ash-free basis. Assuming the values in Table 5-1 represents an average ELT, a lower limit of
solid yield would be 29 %w. and 31 %wt_daf when re-evaluated for the average sample. This
would indicate that DAF solid residue yields above this would have some carbonisation.

As shown by the individual proximate analysis of the rubbers in section 2.1.1, the volatile
matter for the polymeric material would be around 98-99 %w. The rubbers have been reported
to leave a solid yield of 2-3 %w_daf, showing the tendency for the tar to carbonise to a certain
extent. If carbonisation happens, the H/C value in the rest of the products will be higher, as
more of the carbon content is converted to the solid yield.

5.2.2 Influence of H/C values on solid and oil yields

The H/C value is a characteristic of the feedstock directly linked to its polymeric composition,
thus linked to the yield of the different phases. The trends shown for the different temperatures,
presented in Figure 25, is clearly indicating that with lower H/C-value of the feedstock, the
higher the solid residue will be. This is due to the amount of potential volatile matter which
can leave the sample is lower, as a higher H/C value indicates more polymeric content. For 700
°C (red) there are 4 points at the same H/C-value, which is actually changes in heating rate,
where the lowest solid yield is the highest heating rate at 80°C/min. This shows the correlations
between heating rate and solid yields once more.

Solid yield daf T>500 °C
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Figure 25. Solid residue correlation with H/C value of the feedstock at different pyrolysis temperatures, T>500°C.

The oil yield is not as influenced by the H/C-value, shown in Figure 26 as it has a lower spread
than the solid yield, with at 55-65%w_daf. While these trends are consistent, secondary
reactions of the compounds are limited, which would affect the oil and gas yields. There is a
slight positive trend with higher H/C-value, which following the logic used for the solid
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residue, is to be expected. With a larger fraction of hydrogen in the fuel, more of the fuel will
end up as an oil, instead of being left in the solid residue.

Oil yield daf T> 500 °C
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Figure 26. Oil yield correlation with H/C value of the feedstock at different pyrolysis temperatures, T>500°C

5.2.3 Influence of heating rate on solid, liquid and gas yields

The yield of solid, liquid and gas were evaluated with regards to heating rate for samples over
1.5 mm, as is shown in Figure 27. As mentioned, solid yields above 31 %w_daf could be
assumed to have some carbonisation of the vapours happening as they are leaving the sample.
Looking at the figure, there is a clear trend which show an increase of carbonisation occurring
at lower heating rates. This can be attributed to the impact of heating rate on the particle, as
shown by the increased swelling with increased heating rate. With the higher heating rate, the
driving force pushing the vapours out of the particle increases, which decreases the contact
time between the vapours and the solid.

The impact of the oils, seem small, as the data points are in between two red lines, indicating
50 and 60 %w_daf for the oil. The gas is increasing with the higher heating rates, alluding to
secondary reactions happening with increased heating rate.
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Figure 27. Heating rate influence on solid, liquid and gas yield for particles over 1.5 mm. Heating rate is shown by colour.
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HC Oil, mol%

Hydrogen conversion (HC) to oil

300

5.2.4 Oil phase trends

The oil phase was of interest due to the high potential for material recovery, as it can be used
as a feedstock in the petrochemical industry to produce products with properties comparable to
those produced with virgin feedstock.

In literature, several authors have reported the yields of oils, however, the reporting has mainly
been in the form of peak area, without any information about the maximum or total area,
rendering the reported results hard to decern. Due to this issue, one study using a rotary kiln
rector instead of a fixed bed reactor was included. Adding to the issue, a reporting where both
species in the gas phase and the oil was not found. There was one study which included this,
however, only for one temperature using nitrogen as the working gas, for other temperatures
steam was used[46].

The elemental composition of the oil is of importance as this can provide information regarding
the compounds present within it. The conversion of carbon (CC) and hydrogen (HC) is directly
related to the majority of the chemistry making up the feedstock and products. Sulphur
conversion (SC) have been included due to its importance when evaluating the TDFs to be used
as a fuel substitute, usually by comparing it to automotive fuels or naphtha. Figure 28 shows
this conversion of the three elements with respect to temperature and heating rate.
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Figure 28. Elemental conversion to oil on dry-ash-free-basis with regards to temperature and heating rate
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The key take aways from the figure is the influence of heating rate used. For all the elements,
the conversion to the oil is inversely proportional to the heating rate.

The trend coincides with the assumption that a lower HR will carbonise more of the oil,
increasing the hydrogen and sulphur content in the volatile products. This binds more of the
carbon to the solid yields, and considering the polymers being hydrocarbons with distributed
sulphur atom, the hydrogen and sulphur must transfer to the rest of the products. Following this
logic, the carbon conversion to the oil should be lower at lower heating rates, as more carbon
is locked up in the solid. This is not seen, however. One explanation is with the higher heating
rates, there is a shift of all three elements to be converted into the gas phase instead as more
energy into the oil will start to break apart the aliphatic content and promote cyclisation of the
dienes found in the monomers of the rubbers.

To get further insight into the oil composition, the H/C value was determined with regards to
temperature and heating rate, shown in Figure 29a) and b). Increased temperature impacts the
H/C value in a marginal way when looking at the trendline for the average value. However,
there is great variance for a given temperature, such as for 500 and 600 °C. Heating rate
influences the H/C value, as is shown in Figure 29 b), where a lower heating rate promotes a
higher H/C value. This coincides with the assumption of lower heating rates promotes
carbonisation of the volatile matter as the internal residence time is increased, as discussed
above.
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Figure 29. H/C in the oil yields on DAF basis.
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5.2.4.1 Aliphatic and aromatic content

The oil includes many different compounds; however, the two major groups are the aliphatic
and aromatic compounds. As the vapour escaping the sample are exposed to high temperatures,
they continue to react and decompose via the secondary reactions. To what extent this is
happening due to increased heating rate is shown in Figure 30, where both the aromatic and
aliphatic content are presented. The yields are with regards to the total amount of products.
During secondary reactions, the longer chains (aliphatic content) are broken down into smaller
and more stable products, such as gas products or aromatics. In Figure 30a, the aliphatic content
this is shown to be happening with higher heating rate, i.e. more energy is supplied to the fuel.
The secondary reactions are also shown in the increase of aromatic yields due to increased
heating rate, presented in Figure 30b.
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Figure 30. Aliphatic and aromatic compounds yield with regards to temperature and heating rate. Heating rate shown by
colour.

5.2.4.2 Carbon content in oil

The carbon content in the oil was of interest as it will account for a large portion of the carbon
in the vapours leaving the sample. Data found in studies for the carbon content in the oil are
shown in Figure 31. The key take away is the spread, which is rather small compared to data
presented earlier. Also note the slight positive trend with increased temperature, which might
be due to secondary reactions, which decreases the hydrogen in the oil, effectively increasing
the mass fraction of carbon in the oil.
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Figure 31. Carbon content in the oil on DAF basis from data found in literature.

5.2.5 Oil phase species

There were a few compounds which was of interest when determining the yields. The most
prominent one was styrene, as previously described, as it is a part of the monomers in the SBR.
Both benzene and limonene are also interesting compounds due to their paths of formation.
Benzene is partially created by the Diels Adler reaction and dehydrogenation of the dienes
found in the monomer of the rubbers, as described in section 3.8. Limonene is also produced
via the Diels Adler reactions for isoprene. The influence of temperature and heating rate on the
production of these three species sheds some insight on the reactions occurring. In Figure 32
the influence of heating rate and temperature on the styrene yield is shown. Due to the stark
difference between the different heating rates, as shown in a), the plot is rescaled to show the
individual trends for rest if the heating rates, which is shown in b).
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Figure 32. Carbon conversion to styrene with regard to temperature and heating rate for fixed bed and rotary kiln reactors

The trends for styrene production, seems to have a distinct trend with regards to temperature.
As the temperature is increased a parabolic behaviour is occurring for the CC to styrene. This
might be due to the increased decomposition of the compounds from the SBR rubber, which
increases the yield of the key specie. At higher temperatures, the decrease might be explained
by the production of larger aromatic compounds such as methyl styrene and PAHs, decreasing
the carbon being converted into styrene. The impact of heating rate is very distinct on styrene,
as the increase in heating rate increases the carbon conversion to styrene, which might be due
to the decreased internal residence time, leading to less production of the larger aromatic
compounds.

The carbon conversion to benzene and limonene with regards to styrene, shown in Figure 33,
shows an interesting trend. The lower heating rate will promote a high yield of benzene and a
low yield of limonene. Benzene is promoted by the longer residence times within the sample,
compared to styrene, which might be continuously consumed with longer residence time.
Limonene is created by the cyclisation of isoprene monomers, favoured by lower amounts of
secondary reactions, as this breaks it down into smaller compounds.
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Figure 33. Carbon conversions to benzene and limonene with regards to styrene
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The two compounds’ decomposition with regards to temperature and heating rate is shown in
Figure 34. When viewed from this perspective, an additional trend can be seen. For benzene,
an increase in CC comes with the increase in energy supplied, i.e. higher heating rate. This
underlines the production of smaller radicals from the secondary reactions of larger chain and
aromatisation as a function of energy supplied. The trend for limonene is not a stark, which
might be due to the differences in natural rubber used in the samples, as this is directly linked
to the production of limonene.

Benzene yield over temperature
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Figure 34. Carbon conversion to benzene and limonene with reads to temperature and heating rate

5.2.6 Gas phase species trends

In literature, several authors investigated the effect of operating conditions on the elemental
composition of the oils, while few have looked at species present in the gases. To increase the
amount of data available, a second reactor was included in the form of a fluidized bed reactor.
The heating rate is significantly higher, as the temperature the sample is experiencing is
dramatically increased, changing the heat transfer to the sample. In a fluidised bed the sample
will be broken down by attrition caused by the bed particles, breaking away particles of the
solid residue as the conversion has occurred. These differences should be kept in mind as they
might affect the results, and the reactor is assigned the significantly higher heating rate of
180°C/min[41].

Two species which was of interest in the gas phase was methane and ethylene. The carbon
converted (CC) from the feedstock to the compounds seems to depend on a few factors.
Temperature and heating rate has an impact on the compounds produced in the process, as is
shown in Figure 35. The differences in the number of colours between the two compounds
comes down to the data available, for methane 5 [32], [35], [37], [41], [43] different studies
had included the heating rate, while only three had done so for ethylene[37], [41], [43].
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Figure 35. Carbon conversion to methane and ethylene as a function of temperature and heating rate.

To see the impact of heating rate on the methane yield to find some trend, trendlines was used,
as is shown in Figure 36. The impact is best showed by the angle on the lines, which is similar
for the heating rates of 4-12°C/min, while it starts to increase at 15 °C/min and continues to do
so for the fluidized bed reactor, assigned to be 180°C/min.
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Ethylene carbon conversion
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Figure 36. Trendlines to showcase the impact of heating rate on CC to methane and ethylene.

The increase in lighter products aligns with the increase in energy supplied, as the extreme case
of the fluidised bed is showing a clear increase in the compound when temperature is increased.
Looking at the relation between ethylene and methane, shown in Figure 37, the trend is clear,
where a higher heating rate will produce more methane at the expense of the longer chains,
while both ethylene and methane is still produced to a larger extent at higher heating rates.
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Figure 37. CC to methane and ethylene with trendline for different heating rates.

5.3 Empirical modelling

The general trends found in in the data from literature was used in the empirical model to make
estimations of interest for different operating conditions. The structure of the modelling starts
broader with production explicit estimations of oil and solid while implicitly modelling the gas
yield, followed by carbon content in the oil and wrapping up with CC to compounds using key
species.

5.3.1 Solid, Liquid and Gas estimation based on H/C- value of the feedstock

The usage of the H/C-value along with temperature to estimate the product yield introduced
less spread in the results for the solid yields, compared to the oil and especially the gas yield.
The solid yield is connected to the fixed carbon in the feedstock, which was shown to be of
little variance, thus the solid yields will vary less even if there are carbonisation occurring. For
the oil, the secondary reactions will introduce more variation for the yields, thus the increase
of spread in the data, thus the errors done by the model will also be larger. The assumption
defining the gas phase yield by difference, resulting in a significant under estimation of the
gases, as it mainly estimated oil yield to be in the 35-60 %w_daf range with a corresponding
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solid yield of 50-35 %w_daf for the same H/C values, leaving little rooms for error in the gas
phase. The functions for the correlations used can be found in Appendix C and shown in Figure
38 . The errors of the functions was evaluated for all temperatures from 500-700 °C, and the r

spread of the error can be found in Appendix DAppendix C.
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Figure 38. Yield of products based on H/C value and their corresponding trendlines.

5.3.2 Oil carbon content estimation

The elemental composition of the oil was estimated using the pyrolysis temperature, which the
trend for carbon is shown in Figure 39. The function for the correlation derived from the data
in literature is shown in the figure.
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Figure 39.Carbon content of the oil based on pyrolysis temperature.
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The estimation of the carbon content in the oil as a function of temperature had a maximum
absolute error of 8.1%, while the majority (79%) of the estimations had an error of 4 % and
below, as is shown in Figure 40. With an error of 8.1%, the correlation was deemed to be of
good quality, however, additional verification is needed for it to be tested properly.

Carbon content in oil estimation
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Figure 40. Absolut error of the carbon content in the oil based on temperature.
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5.3.3 Gas phase estimations

The CC to species in the gas phase was estimated using ethylene as a key specie. In this
subsection the correlations derived from data found in literature is presented first, then in the
results from using the correlations for different operating conditions is presented, along with
an evaluation of the model.

5.3.3.1 Correlation setup species gas

Ethylene was used as a key specie to estimate the yield of compounds of interest in the gas
phase. The ethylene yield was dependent on the pyrolysis temperature and heating rate, as is
shown in Figure 41.
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Figure 41. Carbon conversion to ethylene based on temperature and heating rate.

The CC to the compounds defined as a function of CC to ethylene can be seen in Figure 42.
Since the heating rate seems to have a significant effect on the overall carbon conversion,
heating rate is also considered when deriving the expression. While the correlations can be seen
in the figure, the functions themselves can be found in Appendix E
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Figure 42. Compounds of interest normalised over ethylene with heating rate indicated.

For the compounds in the gas phase normalised over ethylene, some trends can be seen.

The main one being for compounds up to C3, an increased ethylene production is accompanied
by an increase in the compound. For C4-Cé6s, the trend for 15 °C/min (green line) is showing
the opposite compared to the other. This might be due to the point at CC to ethylene = 0.5 begin
at 400 °C, thus full conversion might not yet have been achieved. However, since the
temperature is implicitly included with CC to ethylene, this deviation is included in the
correlations. Compounds such as C5 and C6 was not reported in conjunction with ethylene for
the HR=180°C/min, thus correlations were not possible to produce.
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As previously mentioned, CO and CO; are a part of the total carbon balance but were assumed
to be constrained by the oxygen content in the feedstock. The data and the corresponding
correlations with their equations of the oxygen conversion are shown in Figure 43. As is shown
in Figure 43b heating rate was considered when deriving the correlations for CO.
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Figure 43. Data and correlation for oxygen conversion to CO2 and CO.
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5.3.3.2 Estimation outcome from empirical model

The outcome of the estimations of the CC to compounds was carried out using temperatures in
the range of 500-800°C with heating rates of 12,15 and 180 °C/min. The yield of compounds
on a mass basis can be seen in Figure 44.
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Figure 44. Product estimations for compounds up to C6

To clarify the validity of the model, ethylene and C3s can be isolated and compared to
experiments presented in literature. As Figure 45 shows, the predicted and actual CC to the
compounds differ. For both compounds, the predictions are in the same order of magnitude as
the experiments, however they do differ significantly. In the case of ethylene, the prediction is
differing 25-50% while for C3s the difference is in the range of 5-30% range.
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Figure 45. Empirical modelling(b) comparison to experimental data(a)

By estimating the carbon conversion to ethylene, CO, and CO», the accounted part of the carbon
balance can be determined. As is shown in Figure 46, the total accounted part of the carbon
balance varies slightly with temperature, but mainly with heating rate. This is due to the
expressions used to estimate the yields of ethylene heavily determines the rest of the products.
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Figure 46. Carbon balance accounted for in compounds up to C6 using empirical modelling.
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5.3.4 Oil phase estimates

Similar to the empirical modelling of the species in the gas phase, the oil phase utilized a key
species, which was styrene. The same structure is presented here, with the correlation derived
from literature first, and the predictions second along with a brief evaluation.

5.3.4.1 Correlation setup species oil

To estimate the oil yields, styrene was used as the key specie, which was modelled based on
the temperature and heating rate. As previously discussed, the influence of heating rate seems
to be significant. In Figure 47 the CC to styrene is shown, where the study using a HR =

15°C/min is sufficiently high to outscale the other heating rates, thus a rescaling was done, also
shown in the figure.
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Figure 47. Data and correlations of CC to styrene with heating rate accounted for.

The correlations used in the empirical model is shown by the lines in Figure 47 while the
functions of the correlations are presented in Appendix F. The same is done for the correlations
between the compounds in the oil and the key specie styrene, as is shown in Figure 48. In the
correlations there are clear trends with increased heating rate, which was accounted for.
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5.3.4.2 Estimation outcome for empirical modelling

Using the correlations presented in precious section was used to predict carbon conversion to
the products in the oil. The overall carbon conversion to species in the oil can be seen in Figure
49, where parabolic expressions are occurring for both the heating rate = 15°C/min and the
rotary kiln.
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Figure 49. Total carbon content accounted for in the oil at different heating rate and temperatures.

With the known content in the oils predicted, the unknown content can be simply calculated
by difference. The amount of unknowns is not unexpected, as going through the effort of
individually identifying every specie would not be a good use of resources. To provide some
context to the validity of this assumption, the previous work done by the author identified
unknowns to be 85-80%w at 550 °C, with a decrease to around 70 %w for 650°C. While the
units are not compatible, it indicates the order of magnitude of the unknown species. The
carbon content can be seen to be rather close to the mass fraction in the oil, as the carbon is
makes up a significantly larger portion of the mass for a compound in the oil.

Similarly to the evaluations of the gas phases, the key specie, styrene, and another compounds,
benzene, is isolated to show the discrepancies between what the model predicts and what the
experiments are showing. In Figure 50 the CC to styrene and benzene is shown for both
experimental data and prediction of by the empirical model. Once again the discrepancy
between the two is significant, indicating that the model is not sufficiently accurate to be use
in a fully predictive manner.
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Figure 50. Prediction(b) and experimental data(a) of CC to styrene and benzene for using heating rate of 15 °C/min
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5.4 Simplified reactor model

The simplified reactor system was used to be able to describe the transient decomposition of
ELTs, as the secondary cracking in the vapour might be of interest and might yield key species,
in this case methane, to be able to model the process more accurately. The reaction pathways
presented in 4.4 showed the procedure of the assumed decomposition. The reactor used to show
the result is shown below, as introduced in section 4.4.1 and repeated here for clarity.

<,
Feedstock related parameters A
Natural Rubber Xyr  30wWt.%
Styrene-butadiene 0
rubber Xsgr  30wWt.%
Butadiene-rubber Xgr  10wWt.%
Carbon black Xeg  30wt.% @
Ash Xasn  Owt.% h
Reactor related parameters
Volumetric flow Vy, 10——
min
Reactor diameter Dy 0.1m
Reactor height l 5m Qe
Temperature T 600 °C M
Heating rate Hr 5 °C/min T
Vi,

The overall decomposition of the sample is shown in Figure 51, shows the two phases of the
decomposition happening indicated by the small bump, which is consistent with prior
experiments presented in section 3.1. This is to be expected, as modelling a decomposition

using kinetic expression are a usually a straightforward procedure.
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Figure 51. Decomposition of tire using kinetic modelling

Since the decomposition was assumed to not have any interactions between the compounds,
the groups formed from the synthetic rubber decomposition was dominated by butadiene
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monomers and 1,3-butadiene gas, while the natural rubber decomposition produced mainly

isoprene monomers, as is shown in Figure 52 for the total mass at the end on the reactor (5m).

Styrene is at the expected yield of 7.5%w as this is the input value of styrene in the feedstock.
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Figure 52. Compounds yield from radical reaction modelling of ELTs at 600 °C

The effect of residence time of the reactor is shown to highlight the decomposition of the
butadiene monomers to produce 1,3-butadiene gas, shown in Figure 53. The figures display the
transient behaviour of the compounds as they travel through the reactor. In a) the first cell is
the line at the top and in b) the first cell is the one at the bottom.
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Figure 53. Decomposition along the reactor height for synthetic rubber.

This shows how some of the reactions are happening, however, the majority of the compounds

are not produced at these rates, making the overall conversion heavily skewed towards the
stable monomers.
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6 Discussion

6.1 Solid conversion behaviour and thermal size

The impact of heating rate has been shown to have an influence on the conversion path of
ELTs. From prior experiments using a fixed bed reactor, the sample seemed to shatter due to
the violent release of vapour as the tars in the sample are vapourised. Comparing this to the
TGA, which aim is to have decrease the thermal size of the sample, the shattering does not
occur, but a swelling of the sample is shown. The impact of the thermal size is of great interest
as this might influence the solid behaviour as it is decomposed. There might be similarities to
the case of biomass pyrolysis and combustion, where depending on the type of regime, the
solid behaviour is greatly influenced. Since the heating rate influenced both the solid
conversion and the composition of the oils, the impact on thermal size on the volatile products
would be of interest.

The experiments themselves had a significant flaw, which was the preheating of the oven. By
changing the heating rate so drastically compared to the TGA, the influence of thermal size is
not isolated, meaning reruns of using the T-FBR would be needed to ensure the trends are valid.

6.2 Trends from data in literature

Looking at the data from literature, there are two trends which seems to be occurring at different
stages, in Table 6-1 a condensed list of the trends is shown. The first is the perceived increased
carbonisation with lower heating rate, which might be due to a longer residence time inside the
particle. This increases the reactions between the tars produced and the carbon black. This was
indicated by several things, but mainly the increase in H/C-value in the volatile matter, as less
carbon bonds to the hydrogen, as well as the sulphur. This should correlate more light products
or aliphatic content in the oil, which is seen, along with a decrease of aromatics in the oil.

Table 6-1. Trends based on heating rate
Low HR High HR Cause for increase

Solid yield 1 ! Carbonisation due to longer contact time
H/C value in volatile products | 1 i) Carbonisation due to longer contact time
H conv. Oil 1 ! Carbonisation due to longer contact time
C conv. oil 1 l Carbonisation due to longer contact time
S conv. oil 1 ! Carbonisation due to longer contact time
Aromatic content in oil ! 1 Secondary cracking of volatile product
Aliphatic content in oil 1 ! Secondary cracking of volatile product
Methane and ethylene CC ! 1 Secondary cracking of volatile product
Methane v ethylene CC ! 1 Secondary cracking of volatile product
CC to benzene ! 1 Secondary cracking of volatile product

The second trend or stage which could be derived from the data is the increase in smaller
hydrocarbons at higher heating rates, which, under the assumption that a higher heating rate
corresponds to more energy input, translates well into the breakdown of longer chains. By
producing the smaller compounds, more of the hydrogen will end up in the gas phase, which
is seen by the increase of aromatic yield in the oil with increased heating rate, as this translates
to a lower H/C-value in the oil. This breaking of longer chain is also seen by methane v
ethylene, indicating that the production of methane was greater than that of ethylene, even if
both of them increased with higher heating rates. This trend seems to be true when comparing
the trends of benzene v styrene.
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6.3 Empirical modelling

Modelling the carbon content of the oil based on the only the temperature showcases the
consistency of properties of the oils. This a good example of utilising normalised data to derive
more general expressions. However, as is the case of models, they need to be verified time and
time again, which is true in this case as well.

To estimate the larger yields, the correlations had higher accuracy when estimating the solid
yield. Since the oil and gas yield depends on to what extent the secondary reactions have
occurred, and thus the system used, the estimations might not be complex enough to provide
sufficient accuracy. While it can provide indications, trying to isolate parameters like internal
residence time, thermal size and effective heating rate might prove to be a sufficient increase
in complexity of the model.

In the modelling of key species, the data is not sufficient, as the expressions become dependent
of how the correlations are selected. This introduces uncertainty twofold, firstly via the data
available, as the study selected to be used have a significant impact on the correlations.
Secondly, the selection was aimed to be as simple as possible, however, how the correlations
should behave outside of the range of datapoints can be questioned. To expand the data
available, additional studies can be found and included, however, due to inherent differences
between studies, acquiring data through experimental campaigns might be a better plan of
action.

The empirical model does give some validity to the use of key species, however, the key species
themselves could be questioned, as they might not provide sufficient information regarding to
what extent the decomposition has occurred i.e. the severity of the reaction. Utilising end
products, such as methane, should be investigated as these can provide the severity and might
provide better correlations to species. Ethylene might be too much of an intermediate in the
conversion process, making it unfit to be a key specie. Styrene might be a good candidate;
however, it is linked to the amount of SBR in the tire, introducing another free-variable to be
determined. Since SBR is one of the most utilized rubbers, this might not be a big issue, as the
amount of styrene from ELTs should be rather consistent, thus included when using an
empirical model of an average tire.

The empirical model’s strength is also its weakness. In parts where more complexity is needed,
such as the case of the solid, liquid and gas yield, it suffers since it does not account for the
secondary reactions. At the same time, as the carbon content in the oil showed, there is a
significant advantage of using an empirical model, since the process can be condensed down
to its most basic and important elements.

6.4 Simplified reactor model

Using radical reaction to explain the formation of the compounds of interest was deemed to be
insufficient, as it was heavily skewed towards producing the stable monomers of the rubbers.
While the main purpose of using such a model is to determine the production of key species, it
left out two very important parts, which is the internal residence time and the Diels Adler
reactions.

Tweaking the kinetic parameters might be of use, but since the overall residence time was not
accounted for correctly, this might not be the main issue. How the internal residence time is
affecting the products could prove to be of the highest significance, compared to the kinetic
parameters. Tweaking should still be done, as the parameters are of different orders of
magnitude. One big assumption was the first order of reaction, as this simplified the
implementation of the model, and the validity of the assumption is up for debate as the reactions
are very complex and have dependencies not accounted for in a first order reaction. This
assumption should be investigated further.
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Trying to explicitly model every reaction of the process is deemed unnecessary, as opening up
this box will force us to unpack every reaction, thus needing parameters from every reaction.
This issue was showcased, as the Diels Adler reaction was not accounted for, which might have
led to a better representation of the process. While the internal residence time was not
accounted for, the external was. The main assumption is the perfect mixing in each cell and
thus the availability of isoprene. The simplified PFR reactor seemed to be a viable way of
utilizing the decomposition pathways, however, the focus on vapour residence time was
misplaced. Secondary reactions do occur in the vapours leaving the samples, but in industrial
processes the shredded tires are placed in a pile and heated, so the vapours might interact with
or condense on the surfaces of other tire pieces. How these reactions would influence the
products would be very interesting to investigate. If carbonisation of the vapours is occurring,
this would translate to a higher mass fraction of hydrogen present in the volatile matter, so if
this would be left as pure hydrogen gas or more light hydrocarbons would be interesting. All
in all, the radical reactions are deemed as a too complex step at the current knowledge base,
thus focus should be placed on the
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7 Conclusion and future work

This thesis shows the intricacies of accurately describing the decomposition of end-of-life tires.
Due to several factors such as a lack of disclosed species in literature, extensive data collection
was inhibited. As a result, general decomposition correlations could not be made to a
satisfactory extent. However, the work points to several trends occurring during pyrolysis of
ELTs.

The impact of heating rate, when equated to energy supplied, seems to show a clear impact on
the composition of the products. The main pathways are an increase in lighter hydrocarbons,
such as ethylene and methane, as well as promoting aromatisation at the expense of the longer
chains. With lower heating rate, the solid will swell less, indicating a pressure increase with
heating rate, with might increase the residence time inside the particle. A longer residence time
within the particle correlated to a larger amount of the carbon in the feedstock will end up in
the solid yields due to carbonisation.

The attempt of trying to explain the formation of key compounds via the SRM was deemed to
be insufficient, as the model must be complemented by an internal residence time. With this
added amount of complexity, the system becomes more sensitive to every input parameter.
Instead of explicitly describing the decomposition, time might have been better spent focusing
on why the broader trends found in the data, such as the elemental composition of oils, H/C-
values, and production smaller compounds, exist. While some trends are explainable, being
able to map more clearly the formation pathways is of great personal interest.

While there are some issues with modelling the process, clear trends of the decomposition paths
are both seen and explainable. The field of tire pyrolysis is a promising way of recycling
complex feedstock which when left unprocessed can be directly dangerous, as well as being
the pure loss in the carbon loop of the world. Ideally all the carbon present in the feedstock
could be recycled into new products, as is starting to be demonstrated on an industrial scale.

Future work in this research field is plentiful, however, two things is of personal interest. The
first being the solid behaviour as the particle size has been reported to impact the pyrolysis
time, which might also impact the products used. Are there distinct regimes in the case of ELT
pyrolysis in a fixed bed reactor? The second is development of key species, where ethylene
and styrene should be scrutinized.
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Appendix
Appendix A. Data collection

Reactor Particle size Heating End Temperature(s) Source

rate(s) °C

°C/Min
Vacuum FBR | 20x30;100x120 mm | NA 485;500;520;550 [29]
Rotary kiln 0.42 5 300;400;450;500;600,700;800 | [30]
FBR 2-5 cm? 5;20;40;80 | 300;420;600;720 [31]
FBR 2-20 mm 12 400;500;550;700 [32]
FBR 5;20 NA 475 [33]
FBR 0.15 mm (powder) 10;20;40 450;475;500;550;600;650 [34]
FBR >5 mm 4 550,550,600 [35]
FBR 0.42 mm (powder) NA 350;450;550 [36]
FBR 2-3 cm 15 300;400;500;600;700 [37]
Rotary kiln 13-15 mm NA 450;500;550;600;650 [38]
FBR 2-3 cm 15 300;400;500;600;700 [39]
FBR 1-2 mm 10 500;600;700,800 [40]
BFBR 1-1.4 mm NA 450;500;525;550;600 [41]
FBR 150 mm 5 450;475;500;525;560,600 [42]
FBR 1.5-2 mm 7 550;650;800 [43]

FBR - Fixed bed reactor
BFBR — Bubbling fluidised bed reactor



Appendix B. Feedstock composition spread
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Appendix C. Correlations to estimate the product yields for HC values

Product yield estimations beased on H/C- values for different temperature ranges, HC indicates the H/C value.

Temperature Solid Oil Gas

500 —534-HC+924 81.1-HC —30.6 By difference
550 —55.6 - HC +90.2 70.6 - HC —18.2 By difference
600 —34.7-HC +72.5 57-HC —7.6 By difference
650 —57.0-HC +91.0 28.1-HC — 225 By difference
700 —51.0-HC +87.1 55.9-HC - 6.6 By difference




Appendix D. Product yield estimations error
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Appendix E. Correlations for CC to compounds in gas

Carbon conversion to ethylene dependent on temperature, T and heating rate.

Fluidized bed Fixed bed
Heating rate, 180 12 15
°C/min
Ethylene 0.0095-T — 3.054 0.0008-T —0.2442 1.325In(T) — 7.25
Carbon conversion to specie dependent on carbon conversion to ethylene, CCgy, and heating rate.
Fluidized bed Fixed bed
Heating rate,
oClmin 180 12 15

Methane 0.985 - CCryp 0.328 - In(CCryp) + 1.120  1.43 - CCryp — 0.464
Ethane 0.372 - CCpgyp, — 0.078 0.182 - In(CCppp) + 0.661 0.883 - CCyyp,
C3s 1.45 - CCpypp — 0.166 0.266 - In(CCryp) + 0.965  0.615 - CCrpp + 1.20
Cds 1.07- CCpyp+1.185 0.51 - CCgqp, + 0.094 —3.71- CCpgyp + 10.4
C5s NA 0.034 - CCg,p, + 0.009 —2.44 - CChyp + 5.16
Cés NA 0.50 - CCpepp + 0.14 —1.51- CCpgyp + 2.75

Carbon conversion to CO and CO; as functions of temperature and heating rate

Compound HR =7 HR =15
Cco2 0.024T+22
CcO 0.0022T-7.711  1.21¢%003¢T




Appendix F. Correlations for CC to compounds in oil

Rotary kiln Fixed bed reactor

Compounds HR =NA HR =5 °C/min HR =10 °C/min HR =15 °C/min
Styrene -2E-05T?+0.023T-6.23 0.001T-0.25 0.004T-2.2 -0.001*T%+0.1201T-28.86
Benzene 1.65 CCly' 36 11.68 CCyy> %7 NA 0.037 CCsty>+0.011 CCytyr-0.04
Toluene 4.128 CCstyrl'077 37.74 CCstyrl'SO?’ NA 1.53 CCstyr - 0.83
Xylenes 5.70 CCstyr+O.58 4.38 CCstyr+0.01 5.40 CCstyr + 2.15 2.72 CCstyr+ 1.02

C9Ys 3.14 CCytyrt1.11 1.11 CCstyr+2.45  2.368 CCystyr +4.94 1.01 CCstyr+1.04

PAHs 0.98 CCityr+1.63 2.24 CCstyrt1.76  4.92 CCystyr + 8.75 1.12 CCstyr+0.632
Limonene -5.31 CCtyrt3.64 -0.93 CCstyrt1.86  -1.39 CCytyr + 5.52 0.08 CCstyrt1.15
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