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RESUME

La présente thése couvre une étude appliquée sur la pyrolyse deslLfoigastif global est de
développer des outils pour permettre la prédiction de la productionl@todelité de I'huile de

pyrolyse des pneus.

Le premier objectif de recherche consistait a modélisemigique de pyrolyse des pneus dans
un réacteur, en I'occurrence un tambour rotatif industriel opérantaagle batch. Une revue de
littérature effectuée ultérieurement a démontré que la quatitdotles modeéles cinétiques
développés pour représenter la pyrolyse des pneus ne parvenait ppsesenter avec

suffisamment de précision le procédé industriel a I'étude.

Parmi les familles de modéles cinétiques pour la pyrolysis, ant été identifiées : modéle a une
seule réaction globale, modele a plusieurs réactions paralgtdsrees linéairement et modele
a plusieurs réactions en série et/ou en paralléle. || ét@#rqué que ces modeles ont des limites.
Dans les modéles a réaction globale et a plusieurs réactiguegalléle, la production de chaque
produit pyrolytique individuel ne peut étre prédite, mais seulementlpswolatiles combinés.
De plus, le terme massique de la cinétique se réfere anétgude char finaleW,.), qui varie en
fonction des conditions de pyrolyse, ce qui rend ces modeles beaucouproboistes. Aussi,
malgré le fait que les modeéles a plusieurs réactions enetéwie paralléle puissent prédire le
taux de production de chaque produit de la pyrolyse, les sélecBoitésiéterminées pour des
températures d’opération et non des températures réelles de pwsge genere des modeles

dont I'ajustement des parametres fait défaut lorsqu’utilisé a I'écineliesirielle.

Un nouveau modéle cinétique a été développé, permettant de prédire de faroduction de gaz
non-condensable, d’huile et de char provenant de la pyrolyse des paensuveauté de ce

modele est la considération des sélectivités intrinseques de cpexfiet en fonction de la
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température. Cette hypothese a été considérée valide assumdangue procédé industriel de

pyrolyse, la cinétique de pyrolyse est limitante.

Le modéle développé considére des cinétiqgues de production individuelleshpoun des trois
produits pyrolytiques proportionnelles a une cinétiqgue de décomposition leglates
pyrolysables. Les simulations avec des données obtenues en opérdhigirielle ont démontré
la robustesse du modeéle a prédire avec précision en régimeoiransit pyrolyse des pneus, a
l'aide de paramétres du modeéle obtenus a I'échelle du laboratoire,é&memnen ce qui a trait
au début de la production, le temps de résidence des pneus (productiorigdgiaet de la
quantité d’huile produite (rendement cumulatif). Il s’agit d’'ungéamouvelle facon de modéliser

la pyrolyse qui pourrait étre extrapolée a de nouvelles matieres premieres

Le deuxieme objectif de cette recherche doctorale était @endéer I'évolution de la chaleur
spécifigue des pneus pendant la pyrolyse et I'enthalpie de pyrdlysaine de cet objectif
provient d’une contradiction primaire. Outre quelques exceptions, il est adme pyrelyse des
matiéres organiques est globalement un phénoméne endothermique. A I'cioposg, les
expériences menées a l'aide d’appareils de laboratoire @el3SIC (Differential Scanning
Calorimetry) ont montré des pics exothermiques durant les expésietynamiques (rampe de
température constante). Cela a été confirmeé par les résoltegnus a I'échelle industrielle, ou
aucune trace d’exothermicité n’a été observée. La loi de Hasssa confirmé ces résultats, a
savoir que globalement, la pyrolyse est bel et bien un processue®@nt endothermique. Un
bilan d’énergie précis est requis pour prédire la températurepmimss durant la pyrolyse,

parametre indissociable de la cinétique.

Une investigation approfondie du char a permis dans un premier temgSmamtrer que la
chaleur spécifique des solides au cours de la pyrolyse déerdiinction de la température
jusqu’a l'atteinte du pic de perte de masse en décomposition, vers 400°@npoile remonter.

Ce constat, combiné au fait que I'échantillon perd de sa masseua de la pyrolyse est



Vi

considéré comme la principale cause de I'apparition du pic exatiez dans les expériences de
laboratoire. C’est-a-dire que le systeme de contrdle de cesedppgaovoque un biais et une
surchauffe involontaire des échantillons leur conférant un comportermeitteemique. |l

s’agirait donc d’'un artéfact.

Sur la base des nouvelles données sur I'évolution de la chaleuicgpegibbale en pyrolyse, un
modele du bilan d’énergie a été développé a I'échelle industpielie déterminer I'enthalpie de
pyrolyse. La simulation a montré que la majeure partie deh#&eur transférée a la masse
décomposeée servait & augmenter sa température. Ensuite, unpiemtbglyrolyse dépendante
de la perte de masse a été obtenue. Enfin, deux autres termtsalgdie ont été trouvés,
nommeément une enthalpie pour le bris des ponts soufrés et une entbalpie stabilisation du

char lorsque la conversion approche la complétion.

Cette recherche aura permis d’établir une nouvelle méthodolggnérale pour déterminer
I'enthalpie de pyrolyse. Plus particulierement, de nouveaux éskeroents ont été obtenus
quant a I'évolution de la chaleur spécifique de la masse lora ggrblyse et de nouvelles
enthalpies de pyrolyse, toutes endothermiques, ont pu étre obtenuesprenazec les attentes
théoriques.

Le troisieme objectif de recherche concernait le comportemesbufte lors de la pyrolyse des
pneus. Avec comme prémisse que le soufre est un contaminant inteirepglusieurs résidus a
valoriser, il est critique d’en clarifier le devenir lorsldeyrolyse, dans le cas présent des pneus
usageés. De la littérature est ressorti que certaines asaymntitatives avaient été présentées,
mais de facon généralisée, les mécanismes de distribution dre smardmi les produits
pyrolytiques demeurent flous. Ainsi, il n’était pas possible deingréel transfert du soufre vers

chacun des produits de la pyrolyse des pneus.
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Les résultats tirés de la littérature ont été complémgrdésine série d’expériences en TGA,
suivies d’analyses élémentaires completes pour les résidusssdieie bilans de matiére ont été
effectués afin de caractériser la distribution des différéléments parmi les trois produits (gaz
non-condensable, huile et char). Un tout nouveau parametre a été smde dette recherche : la
sélectivité pour la perte du soufre. Cette sélectivité infgusést une prédiction de la répartition

du soufre dans les produits de la pyrolyse en fonction de la température.

Trois phénomenes ont été identifiés pouvant affecter la séléqgbwitr la perte du soufre. Tout
d’abord, la volatilisation naturelle du soufre due a la pyrolyse. Endaivolatilisation du soufre
due a la désulfuration de la matrice solide par I'hydrogemafat, la séquestration du soufre a
I'état solide due a la sulfuration des métaux (zinc et fegk lésultats ont démontré que cette
sélectivité atteint la valeur limite de 1 dans des conditminda pyrolyse est limitée par la
cinétique et en l'absence de métaux. Lorsque le transfert al@ren est limitant a faible
température (<350°C), la sélectivité dépassera 1. A une temgémstpérieure a 350°C en

présence de métaux, la sélectivité sera inférieure a 1.

Il s’agit d’'un outil tres utile pour les procédés de pyrolyse inghli&t, étant un nouvel indicateur
pour la distribution des contaminants lors de la pyrolyse des résldos meilleure
compréhension de ces mécanismes permet d’élaborer une meittatigis lors du design de
ces procédes industriels. Par exemple, a la lumiere dereelterche, il pourrait étre préférable
de prétraiter les pneus a basse température pour éliminer uné@égammtficative du soufre
avant de les soumettre a une pyrolyse a température élevémodegs pyrolytiques résultants
nécessiteraient alors un post-traitement de purification moinasiftelus efficace et plus

economique.



ABSTRACT

The present thesis covers an applied study on tire pyrolysis. &heabjective is to develop

tools to allow predicting the production and the quality of oil from tire pyrolysis.

The first research objective consisted in modelling the kinetidsres pyrolysis in a reactor,
namely an industrial rotary drum operating in batch mode. Aatitee review performed later
demonstrated that almost all kinetics models developed to repraseplyiolysis could not
represent the actual industrial process with enough accuracy. Amenfgnilies of kinetics
models for pyrolysis, three have been identified: models with ontegyhapal reaction, models
with multiple combined parallel reactions, and models with multiptaliehand series reactions.
It was observed that these models show limitations. In the mattbl®ne single global reaction
and with multiple parallels reactions, the production of each indivioyrallytic product cannot
be predicted, but only for combined volatiles. Morevoer, the mass tethe ikinetics refers to
the final char weightW..) that varies with pyrolysis conditions, which yields less robusdels.
Also, despite the fact that models with multiple parallels sarees reactions can predict the rate
of production for each pyrolysis product, the selectivities arermeted for operating
temperatures instead of real mass temperatures, giving nfodelsich parameters tuning is not
adequate when used at the industrial scale.

A new kinetics model has been developed, allowing predictingatgeof production of non-
condensable gas, oil, and char from tire pyrolysis. The noveltyisoftodel is the consideration
of intrinsic selectivities for each product as a function of teatpee. This hypothesis has been

assumed valid considering that in the industrial pyrolysis process, pyrolystekiis limiting.

The developed model considers individual kinetics for each of the thmeéytpy products
proportional to the global decomposition kinetics of pyrolysables. Timelaiion with data

obtained in industrial operation showed the robustness of the model ta pvgdiaccuracy in



transient regime, tires pyrolysis, with the help of model paterm@btained at laboratory scale,
namely in regards of the trigger of production, the residenae adiinires (dynamic production)
and the amount of oil produced (cumulative yield). It is a novel way to model pgrtiigs could

be extrapolated to new waste materials.

The second objective of this doctoral research was to determirevohgion of specific tires
specific heat during pyrolysis and the enthalpy of pyrolysis. drigin of this objective comes
from a primary contradiction. With few exceptions, it is acknowledtpad organic materials
pyrolysis is globally an endothermic phenomenon. At the opposite xpdirienents led with
laboratory apparatuses such as DSC (Differential Scanningii@atoy) showed exothermic
peaks during dynamic experiments (constant heating rate). lbdws confirmed by results
obtained at the industrial scale, where no sign of exothernmagybeen observed. The Hess Law
has also confirmed these results, that globally, pyrolysisdeed a completely endothermic
process. An accurate energy balance is required to predict mass tenepduang pyrolysis, this

parameter being unbindable from kinetics.

An advanced investigation of char first allowed demonstrating geatifec heat of solids during
pyrolysis decreases with increasing temperature until thghtvéoss peak is reached, around
400°C, and then starts increasing again. This observation, combined whctttigat the sample
loses weight during pyrolysis is considered as the major adube apparition of an exothermic
peak in laboratory scale experiments. That is, the control sydtémese apparatuses generates a
bias and an unavoidable overheat of the samples producing this exothehaigor. It would

thus be an artifact.

On the base of new data on the evolution of global specific heat gumalysis, a model of the
energy balance has been developed at the industrial scale toidet#renenthalpy of pyrolysis.
The simulation has shown that a major part of the heat traedfarrthe pyrolized mass would

make its temperature increase. Next, an enthalpy of pyraligpendent of weight loss was
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obtained. Finally, two other terms of enthalpy have been found, namelptlaalpy for the
breakage of sulfur bridges and an enthalpy for the stabilizationhaf when conversion

approaches completion.

This research will have allowed establishing a novel generéthanielogy to determine the
enthalpy of pyrolysis. More particularly, new clarificatidmssve been obtained in regards to the
evolution of specific heat of solids during pyrolysis and new epit&l of pyrolysis, all

endothermic, could be obtained, in agreement with the theoretical expectations.

The third research objective concerned the behavior of sulfur durgsgptyrolysis. With as a
premise that sulfur is an intrinsic contaminant of many tygesaste, it is critical to clarify its
fate during pyrolysis, in the present case for waste lireas been observed in the literature that
some quantitative analyses had been presented, but generallyctienisms for the distribution
of sulfur within the pyrolytic products remain unclear. Thus, it W& not possible to predict

the transfer of sulfur to each of the tire pyrolysis products.

The results taken form literature have been complementedansigries of TGA experiments
followed by complete elemental analyses of the residual solidssMbalances have been
performed in order to characterize the distribution of elemerttinmhe three products (non-
condensable gas, oil, and char). A novel parameter has been createdthisriresearch: the
sulfur loss selectivity. This intrinsic selectivity is a petain of the distribution of sulfur within
the pyrolysis products as a function of temperature.

Three phenomena has been identified that could affect the subwsdlestivity. First, the natural
devolatilization of sulfur due to pyrolysis. Next, the sulfur devokation due to the
desulfurization of the solid matrix by hydrogen and finally, thetehirsg of sulfur in the solid
state due to metal sulfidation (zinc and iron). The results have sthaivthis selectivity reach a

limit value of 1 when pyrolysis is limited by the kinetics andhe absence of metal. When the
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mass transfer is limiting at low temperature (<500°C) tHecsivity will be greater than 1. At a

temperature over 350°C with the presence of metals, the selectivity will betloan 1.

It is a useful tool for industrial pyrolysis processes, being\el indicator for the distribution of
contaminants during the pyrolysis of waste. A better comprehensibesd# mechanisms allows
elaborating a better strategy when designing these indystoe¢sses. For example, in light of
this research, it could be preferable to pre-treat the tirdswasr temperature to eliminate a
significant part of sulfur before pyrolyzing them at high tenagure. The resulting pyrolytic
products would then necessitate a lighter purification post-treatrineimy more efficient and

more economical.
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INTRODUCTION

Le XXle siécle est ponctué par des niveaux de surconsommatosldrés. Que ce soit au point
de vue alimentaire, matériel, technologique ou autre, le faguestes sites d’enfouissement des
déchets se saturent. Les déchets organiques, outre le constat sledensommation, sont bien
assimilés par les sols. Pour une majorité d’'autres typessitkisé toutefois, on cherche souvent
des moyens de leur donner une nouvelle vie, par exemple en tentgplbitée leur potentiel
chimique et énergétique.

Le XXe siécle a vu des milliers de projets naitre et d&fra, motivés par ces problématiques,
espérant en tirer profit, de faire d’'une pierre, deux coups. Poudaplijpart de ces initiatives
n'ont pas eu de succes et sont méme souvent mortes dans |'ceufuses sa@nt innombrables :
défis techniques et technologiques, problémes de rentabilité dseaskperformance, présence
importante d’éléments indésirables dans les résidus et dondedagmeduits, etc. Parfois méme

le choix de technologie était inapproprié pour I'application visée.

Néanmoins, ces difficultés sont facilement justifiables. Leheks, peu importe leur provenance
ou leur nature, ont certains points en commun : composition, taille eatfdratérogenes,
présence de contaminants (halogénés, métaux, etc.) importanite desité geographique, sont
des caractéristiques intrinseques aux résidus qu’il faut consittése de la conception de

nouvelles technologies visant a les valoriser.

Parmi les candidats résidus notables, les pneus usagés cadréigriragec cette description.
Intrinséquement, les pneus contiennent du soufre et du zinc. lls soitégattiers et doivent
souvent étre réduits en charpie pour étre récupérés. DU a iksatioh sur des véhicules,
plusieurs contaminants inorganiques peuvent s’ajouter a cela, suitecheact prolongé avec

le sol et les routes : alcalins, alcalino-terreux, halogénésiteds. Malgré le fait que certaines



nouvelles technologies permettent de nos jours de retirer lduseutacier des pneus, il peut

étre, dans certaines circonstances, souhaitable de ne pas le faire.

Il existe dans le monde des centaines de dépotoirs a pneus @sagtsyuvert, dont plusieurs
sont ont été ou sont actuellement la proie d’'incendies permanentslsD&/énements ont été
répertoriés depuis les années 1980, ou parfois plus de 10 millions despnebgllés. Cela a été

le cas en 1999, ou dans I'état Américain de I'Ohio, un incendie de pRfs mdlions de pneus a
causés d'importants dommages environnementdd& ces accidents ont émané des quantités
importantes d’oxydes de soufre et d’azote, ainsi que des partitoéss Les températures
élevées ont favorisé la volatilisation de métaux lourds, 'sksehic et le plomb. Les pneus ayant
été brllés avec peu d’oxygene, des goudrons issus de la pyrolyseedsont été libérés dans le

sol.

Ces situations demeurent difficiles a éviter principalemesatude de la génération accrue de ces
pneus usagés. En effet, il était estimé en 2009 que 5 millions des tdarmmeus usagés étaient
produits aux Etats-Unis seulement, comme le rapportait la RubbeufaMaurers Association.
Environ 15 % de ces pneus se retrouvent dans ces dépotoirs, 12 % desophenfouis dans le
sol, approximativement 30 % sont réutilisés dans des applications cciale® alors que plus
de 40 % des pneus usagés deviennent un carburant dérivé (Tire Derived Fuel, TDF).

Parmi les consommateurs de pneus comme TDF, les cimenésriabnhentent entiers dans des
incinérateurs rotatifs, dont les longueurs dépassent parfol®em. Les pneus y sont brilés a
tres haute température, générant des niveaux de polluants, tels ceux mentiorimes phusdela

des normes environnementales.

! Site web de 'EPA, url http://www.epa.gov/region5/waste/solidwaste/tiréfgnim/large.pdf




Pour remédier a cette réalité, I'alternative la plus ins&me®, pour des applications énergétiques,
est la pyrolyse. Le but de cette opération est de produire upoustitrie plus propre et plus facile
a transporter. La pyrolyse des pneus génére essentiellemsnprivduits : un gaz combustible
non-condensable, une huile combustible, possédant des caractéristiquesesranec certaines
coupes du raffinage du pétrole, et enfin une poudre de carbone, souvent appeléepshalydea
est une décomposition purement thermique se déroulant en I'absencgediexklle se produit a
des températures plus basses que l'incinération et la gatiéificRar conséquent, les risques

d’évaporation ou de sublimation des métaux, en particulier du zinc, sont grandement réduits.

Puisqu’il n'y a pas d’air présent en pyrolyse, on pourrait la figlalile prétraitement visant a
transformer les pneus afin de purifier et concentrer leur cordrargétique. Cependant, il a
aussi été démontré que la pyrolyse des pneus pouvait, dans certai@gsns, produire des
quantités significatives de limonéne, de toluene, de styrene, deexglemutres composes
chimiques d'intérét, conférant a la pyrolyse des pneus usagéslgigloélevé de devenir une

application a haute valeur ajoutée.

Toutes ces avenues de valorisation ont captivé I'intérét des chey@iedes industriels, qui ont
fait de la pyrolyse des pneus un véritable p6le de recherchdifsgiee et appliquée durant la

seconde moitié du XXe siéecle.

Dans les premiers temps, les rendements de pyrolyse et [@osition chimique des produits
pyrolytiques étaient le plus souvent étudiés, en fonction des difféparasnetres et facteurs
pouvant les influencer. Depuis les années 1990, avec I'avénement desogielsniaformatiques

et la volonté de passer efficacement a I'échelle industrielle, lessefi®recherche ont été dirigés

vers la modélisation numérique de la pyrolyse.

La présente recherche doctorale est née dans ces réalitédiettnindustriel avait déja
solidement démontré le potentiel de sa technologie de pyrolyse desysagés, concue dés les



années 1970. Néanmoins, la commercialisation de leur procédé pilstevisée ralentie par
plusieurs défis techniques. Ce projet doctoral a été lancé dangu®ple faciliter la progression

de son développement commercial.



CHAPITRE1 PRESENTATION DES ETAPES DE LA RECHERCHE

Afin d’optimiser 'opération et d’automatiser l'usine, un modéleétioue de la pyrolyse a été
requis. Des ce premier objectif, il a été possible de détdetéacon généralisée, I'écart notable

entre les recherches réalisées en laboratoire et les besoins dedcestigel naissante.

Entre autres constats, la trés grande majorité des modeétgjges sont développés pour des
conditions tres peu similaires au contexte industriel. De tedaimodéles tirés de la littérature
n'ont pas permis de représenter adéquatement I'opération du prpibéi@déde pyrolyse des
pneus usages. D’autres recherches dans la littérature ont misvidencé les mémes

problématiques pour le bilan d’énergie de la pyrolyse et le comportement du soufre.

Pour un procédé énergétique ou la connaissance précise de la termpgshtenitique, et de
surcroit vu la normalisation étroite dont font I'objet les combustibWesocarbures pouvant étre
issus de la pyrolyse quant a leur teneur en soufre, les deugietngsiéeme objectifs de ce

doctorat sont devenus plus évidents et d'une continuité naturelle avec le premier.

De facon plus globale, le but de ce projet de doctorat a été derprddsioutils appliqués pour

prédire la production et la qualité de I'huile de pyrolyse des pneus.

En résumé, les objectifs spécifiques de cette thése sont :

1. Modéliser la cinétique de la pyrolyse des pneus pour un procédé iedestmode batch,
afin de prédire gquantitativement et dynamiquement la production de dimaiile

pyrolytique et de gaz non-condensable.



2. Etudier le comportement thermodynamique des pneus en pyrolyse p@atécser
I’évolution de la capacité calorifique et de déterminer I'enthaligigoyrolyse des pneus,
en s’appuyant sur des données de laboratoire et des données industrielles.

3. Investiguer le comportement du soufre lors de la pyrolyse des pfiaude comprendre
et les mécanismes et phénomenes derriere sa migration raudeseitrois produits

pyrolytiques et de déterminer un état de référence pour la distribution du soufre

Cette thése de doctorat est présentée en cing chapitres, lerpgéant celui-ci présentant les
étapes de la recherche. Le Chapitre 2 expose une revue @gulitéromplete ayant été révisée
par un comité de pairs ainsi qu’une revue critique de la littéramrée sur les trois objectifs
spécifiqgues. Le Chapitre 3 présente le modeéle cinétique de pyrahsEué a un procédé
industriel et concerne donc le premier objectif spécifique. Le @bapmontre un nouveau bilan
d’énergie pour la pyrolyse des pneus et concerne le deuxiemeifadpécifigue. Le Chapitre 5
discute le comportement du soufre lors de la pyrolyse des pneaswe le troisieme objectif

spécifique.

Le Chapitre 6 contiendra une discussion générale sur les résilitatgis dans le cadre de ce

projet doctoral.



CHAPITRE 2 REVUE DE LA LITTERATURE : ACQUISITION D’'UNE
BASE DE CONNAISSANCES

Ce chapitre de livre intitulé « Pyrolyis », a été publié darwie « Biomass Pre-treatments for
Biorefinery Applications » en 2013, aux Editions Springer, pages 197-22. ilication a

éte révisée par un comité de pairs.

2.1 PRESENTATION DE LA PUBLICATION

Puisque cette recherche se fait de concert avec I'étude d’'un priociadriel, une revue de
littérature compléte est requise. Un livre portant sur lesgietnents de la biomasse pour les
bioraffineries nécessitait un chapitre couvrant la pyrolysaiieh été révisé par un comité de
pairs, comptant donc comme une publication officielle dans le cadrel aet ce doctorat. Ce
chapitre de livre a été structuré de facon a présenter a la fois I'étatesdrérche scientifique.

La premiere section expose les propriétés des différents dgpe®masse. La deuxiéme section
montre les familles de modeles cinétiques retrouvés danttatiitre scientifique ainsi que leurs
avantages et inconvénients. La troisieme section explique les stw pyrolyse en fonction de
leur vitesse caractéristique. La quatrieme section présentetegbsologies de réacteur
sélectionnées pour la pyrolyse de la biomasse ainsi que deplesata proceédés commerciaux
en développement. Enfin, la cinquiéme section discute de points cEnsidérer pour
I'optimisation des procédés industriels de pyrolyse.
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2.2 BIOMASS PRE-TREATMENTS FOR BIOREFINERY APPLICAT IONS:
PYROLYSIS

2.2.1 ABSTRACT

Biorefineries are small integrated plants aiming at #wvery of specific biomass wastes via
their conversion to high-value biofuels and chemicals. Pyrolysis is artt@gpromising
technologies to achieve this goal. Three major factors infludrecedvelopment of a pyrolysis
process: the type of biomass, the process operating conditions andhaice of reactor
technology. In this chapter, pyrolysis as a solution to sustain Imerefs is reviewed. The
chapter first discusses the various biomass feedstock and theartamtp characteristics.
Secondly, the pyrolysis concepts and kinetics are revieweghindf their importance in process
design and modelling. The chapter also discusses the influence dfl ggeeess conditions and
reactor technologies on the pyrolysis reaction and pyrolysislugts behaviour. Finally,
strategies for product optimization and to avoid purity issuearaalyzed. The emphasis of this

chapter is put on technologies that have been developed at commercial scale.

Keywords: Biomass, Pyrolysis, Biorefinery, Pre-treatments, Bio-oiip-&ar, Kinetics,

Hydrodynamics.



2.2.2 INTRODUCTION

At the present day, various technologies are presented dsldetassustain biorefineries [1, 2].
Two main pathways are often highlighted: the thermochemical [3,nd]the biochemical
pathways [5]. Thermochemical pathways involve the decomposition dferat high
temperature in the absence (pyrolysis) or presence (gésificaf oxygen. On the other hand,
single and multi-step alcoholic fermentation are the main focusiethemical process
development and involve the digestion of matter by microorganisms.

The development of both thermochemical and biochemical processesnéae challenges.
Cellulose fermentation processes are characterized by skstian rates and low overall yield
for non-genetically modified microorganisms [5]. On the other handhimgadigh yield and
selectivity remains an issue for both gasification and pyroJg$isHowever, the thermochemical
pathway offers a significant advantage over biochemical procassesions rates are high and
offer the potential for high product throughput, which is essentiaetelop a commercially
viable industry. Nevertheless, there is an increasing intenesising both pathways in

biorefineries such that their respective advantages are exploited.

Gasification is a multi-step process in the context of bioreésetit yields a synthesis gas rich in
hydrogen and carbon monoxide that requires further synthesis to produce “bioesfif@plThe
second recombination process is performed at mild temperatutepaténted catalysts [3, 6]

and achieving high conversion as well as high selectivity remains a chaltetige day.

On the other hand, pyrolysis potentially offers interesting techaoesgic advantages over
gasification since it is a single-step process operatinigveer temperature that yields three
products: non-condensable gas, condensable gas (oil) and char. [6}siByppbcesses may
therefore require significantly less process equipment compargdsification. Produced from
biomass pyrolysis, bio-char have direct applications as activatedrc[7]. Furthermore, bio-oil
can be further refined to produce specialty chemicals and/or biofluetiedicated plants

(biorefineries) that this chapter will discuss in more details.
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Together with products market value, the operating scale alsomileés the feasibility of

biomass pyrolysis and gasification pathways for biomass prereess for biorefineries. It has
been repeatedly demonstrated that gasification is sustainaberyatarge scale. However,
considering that biomass availability is geographically lidhifgyrolysis may be better suited for
smaller distributed biorefineries. This chapter will discuss b&srpre-treatments for pyrolysis
processes as well as pyrolysis as a pre-treatment fivefubiorefining. The pyrolysis process
products and operability depend on several factors including (1) pleeofybiomass (chemical
and physical characteristics), (2) the pyrolysis process tipgreonditions and (3) the type of

reactor (gas/solid hydrodynamics and heat/mass transfer).

2.2.3 TYPES OF BIOMASS

Most of the biomass feedstocks can be classified in three éanak defined by the U.S.
Department of Energy [8]: Forestry, Agriculture and Municipal. &abR.1 summarizes key

chemical and physical characteristics of the main feedstocks that aildeceddor biorefineries.



Table 2.2.1 Summary of available biomass feedstock for biorefineries

Biomass
family Forestry/Pulp & Paper Agriculture Municipal
Feedstock Bark & wood Black liquor Perennial CO”? & Oilseeds Manures MSW (RDF) M_un|C|_pal
residue crops grains & plants biosolids
C 50-55 30-35 40-55 N/A 60-65 35-40 40-45 40-50
H 5-7.5 4-6 5-7.5 N/A 7.5-10 5-7.5 5-7.5 5-7.5
Elemer_1t_al @] 40-45 35-40 30-45 N/A 20-25 30-35 35-40 25-35
composition
(dry wtoe) N 0.5-1 trace 3-5 N/A 3-5 2-5 <1 <1
S trace 1-2 <1 N/A trace <1 <1 <1
Inorganics/trace 3.5-4 (bark) 20-25 (sodium) 3-6 N/A 5-7.5 20-25 10-15 25-35
Cellulose 40-45 N/A 30-35 4-5 10-20 N/A 60-70 N/A
Hemicellulose 25-35 N/A 20-40 4-5 10-20 N/A 10-15 N/A
Molecular | jgnin 25-35 N/A 5-20 - - N/A 2-5 N/A
composition
(dry wtos) Starch - N/A - 75-77 10-20 N/A - N/A
Extractibles 3-15 N/A 10-20 12-15 40-50 N/A 2-5 N/A
Inorganics/trace 3.5-4 (bark) N/A 3-6 1.5-25 5-10 N/A 10-15 N/A
Moisture (wt%) 20-80 40-50 10-70 10-20 5-15 20-70 15-20 5-98
References [9, 10, 11] [12] [10] [10] [13,14] [10] [10, 15] [14]

Note 1: Wood energy crops as per bark & wood residue

Note 2: Agricultural crops as per perennial crops
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Through the conservation of mass, the biomass chemical compositiomidetethe chemical
elements present in the 3 pyrolysis products: non-condensable gas, condensaidechas. The
presence of specific chemical elements in each product fractiaietermined by the pyrolysis

conditions.

Environmental and purity standards restrict the presence of wxygeogen, sulphur and
inorganics in the pyrolysis products. During pyrolysis, the tendengyaxfucing an aqueous
phase generally increases with increasing biomass oxygerofrgdiy weight) since water is
produced [16]. The presence of oxygen may also lead to the production qf valcsidls are
detrimental to the oil stability. On the other hand, sulfur andggin are not present in biomass
in large amounts as shown in Table 2.2.3, but they will nonetheless katgrethe products. In
this case, the pyrolysis products may need post-treatment silgeur®us compounds are
corrosive, while nitrogen affects reactivity as well as patiutamissions (fuel-bound NOX, for
example). Moreover, these species are also problematic wherrnpiaegobio-oil upgrade.
Finally, inorganics in the biomass and pyrolysis products magsept a risk of slagging and

sintering.

Furthermore, the biomass physical properties strongly infludregas/solid hydrodynamics as
well as the heat/mass transfer in the pyrolysis reactdr shat it affects the pyrolysis products
(respective yield of the three pyrolysis products & their position). The important physical
properties include: the shape of the biomass feedstock, its paiieleand moisture fraction.

These properties will determine the required biomass physical transtmrsat pre-treatments.

2.2.3.1 Biomass species
22311 Bark and wood residues from the pulp and paper sector

Forest mills in the United States of America (USA) produdeout 86.7 million dry tons of
primary mill residues in 2007 [17], which were composed mainly of lsmkdust, wood chips
and shavings. Of this amount, over 35 million dry tons of wood residuesuses as
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combustibles and could have been used as a feedstock for biorefinevaes pWolysis has been
shown to generate high-value products, such as bio-char (promising activated catduin}al.

Ensyn and DynaMotive are two companies running commercial-s¢ateplaints, which convert
wood residue via fast pyrolysis. There are many incentives tdogewesitu biorefineries (close

to pulp and paper plants) in order to avoid significant issues related to transportatitoragel s

2.2.3.1.2 Black liquor

Black liquor pyrolysis has been the subject of several studieghéunain efforts have been
invested towards gasification. This has been motivated by thahfaicblack liquor pyrolysis
generates too much solid char [18], which would need to be burneddserd¢iiee inorganics. The
advantage of gasification is that it includes the char combustamess. Thus far, pyrolysis has
been mostly considered in the scientific literature as a p@cwtep to gasification.
Consequently, it will not be considered as a potential feedstockpymlysis aiming at

biorefineries.

2.2.3.1.3 Wood energy crops

The idea of cultivating trees strictly for energy and biorefnpurposes has been proposed.
Certain fast growing tree species such as cottonwood, aspen ahgtiscean grow at rates of
around 1 m per year or even more. The short-rotation woody crop (SRWC) technidpeeusmul

to reach yields of about 10 dry metric tons of woody crops perregota year can be achieved.
However, the economic viability of SRWC is very fragile due to the high obgteparation and

fertilization of the sites [19].

Depending on the maturity of the woody crops, chemical composiflbremain close to that of
wood and bark (see section 2.2.2.1.1). The main difference will arise dihe teaves and
trimmings, which will accumulate dust and metabolic inorganic®wpfew mass percent during

the trees’ growth.
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22314 Perennial herbaceous crops

Perennial crops are vegetal not edible for humans, which include amuoerg: adwitchgrass,
weeping lovegrass and Napier grass. Herbaceous crops are udediltated to alcoholic
fermentation because of their high available complex sugar conteiplyrolitsis of these vegetal
has been shown to produce high oil yields [20]. The oil produced containedsehtble and
water-insoluble fractions. Moreover, significant amount of alkanes agdofib compounds can
be found in these oils [21] suggesting a high potential of perennial ftmoppecialty chemicals

production from pyrolysis.

2.2.3.15 Corn and grains

Alcoholic fermentation has been the main focus for these feedstaitkbioethanol as its main
product. With the current problematic surrounding worldwide food supghy/nivt ethically and
politically justifiable to use food as a fuel while certain coestsuffer famine. However, food
conservation and storage may sometimes be very difficult and sonsalerable amounts of
corn and grains may become unfit for human consumption. Nevertheless, gogside high
starch content and appreciable fermentation yields with thilstieek, it has been rarely studied

in fields other than bioconversion.

2.2.3.1.6 Oilseeds and plants

Contrarily to corn and grains, oilseeds and their plants show verygtama@h content. Many
species, such as colza, are dedicated to the production of biodiededught biodiesel
production has been demonstrated technically feasible at large gceenot economically
sustainable without government grants or incentives. Several stodieslseeds and plants
pyrolysis can be found in the scientific literature, which inisaa strong interest for this
conversion technology. As an example, castor bean slow pyrolydas yeasily over 65 % oil
with as low as 20 % solid residue [22]. Due to the high olil yieletetls interest in mixing these
oils with diesel to produce blends for transportation fuels. Howdgeithe same reasons that



15

were brought in section 2.2.3.1.5, these feedstocks should not be divertethé&ir primary

function, namely food supply.

2.2.3.1.7 Agricultural crops and residues

The fruits and vegetables harvest and transformation processksnginy wastes: trimmings,
hulls and shells. In 1995, the US Department of agriculture estintiaaé over 250 million dry
tons of agricultural crops and residue were generated over airyeae country [23]. The
chemical composition of agricultural crops and residues is viemyas to that of perennial
herbaceous plants (see section 2.2.3.1.4). The interest in these feedstmflexted in the

abundant literature found on agricultural crops and residues pyrolysis [24, 25, 26].

2.2.3.1.8 Animal manures

Animal manures are used as fertilizers: their high urea, phospaodusrganics content enrich
soils dedicated to agriculture. Cattles are the main manure @rsduith production of over 200
million dry tons a year in the US (commercial broilers dr@ewsng comparable numbers) [23].
Because manure has a heterogeneous composition, thermal decompasitgained interest to
recover that feedstock. Cattle manure is more difficult to dollean poultry manure [10].
Therefore, the poultry manure is considered as a good candidateldstrial pyrolysis and the
scientific literature has been mostly focused on this type of manure.

2.2.3.1.9 Municipal solid waste (MSW)

Municipal solid waste (MSW) management has become a maja wgsrldwide. Issues related
to landfilling include: occupation of large areas, generation @frgrouse gases by digestion of
the waste, generation of hazardous and refuse materials, etcebmweny strategies to generate
energy, such as incineration, have also given rise to many probtefaarope, particularly in
Germany, rotary kiln incinerators has been extensively studiedsasodsi related to the high
temperature have been reported: leaching of metals, emission of carcinogemnieds) emission
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of particulate matter, etc. Pyrolysis has been identified gwoeising avenue for MSW
management: its lower operating temperature and absence of odggerase the pollutant
emissions as well as the cost of post-treating flue gases.

2.2.3.1.10 Municipal biosolids

Waste water treatment is a critical process for our socieaste water contains dissolved
organics and inorganics as well as suspended solids and microorgdrasmsist be eliminated
before the water can be released into the environment or puufiteerf to be drinkable. The
recovered waste forms sewage sludge, which is difficult tpclecWhen dried, contaminants
such as heavy metals limit its potential applications. Currentlys common practice to
incinerate sewage sludge with the similar disadvantages to NfWeration (see section

2.2.3.1.9). However, incineration could be replaced by more efficient tegemlosuch as

pyrolysis.

2.2.3.2 Feedstock pre-treatment for pyrolysis

Physical pre-treatments are key to control feedstock propevitesh significantly influence
gas/solid hydrodynamics as well as heat/mass transféreipyrolysis reactor. Recommended
feedstock pre-treatments depend on the initial biomass chasticgerihe pyrolysis conditions as
well as the reactor type. Pre-treatments also allow the honzagen of the feedstock

characteristics with time.

Intrinsic feedstock properties such as specific heat, theramauctivity and density (dry and
true) cannot be easily modified and constitute limitations for tAeprocesses. On the other
hand, feedstock moisture and particle size are the main phgai@heters that can be adjusted

to optimize the pyrolysis process performance.
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Particle fluidizabiliy has been correlated to its average sind density. Geldart classified

particles into four groups (Geldart class A, B, C and D) based orflthdization behaviour at

ambient conditions [27]. Figure 2.2.1 illustrates the Geldart clea8dn of powders and
indicates the properties of common feedstocks for biorefineries.
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Figure 2.2.1 Geldart classification of particles. Reprinted and modified fiof27¢ Copyright
1973, with permission from Elsevier.

In the Geldart classification, class C (cohesive particles) (large particles) can be

detrimental to gas/solid mixing as well as heat/mass tnarisfe example, these particles cannot

be easily and uniformly fluidized in a reactor: class C padidead to channelling [28].

Furthermore, large particles (class D) are more subjeattéonal temperature gradients and

species diffusion effects, which affect the final pyrolysis prodistribution and composition.

Species intra-particle diffusion increase the species expdisueeto the pyrolysis conditions

(additional time for reactions) while temperature gradientd teauncertainties related to the
characterization of the pyrolysis conditions.
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Based on typical wood densities (various species) and Figure 2.2.1, spadiges (50 500
pm) are classified as Geldart A. On the other hand, coardeiobavood residue particles are
classified as Geldart B or Geldart D.

22321 Particle size reduction

For particle size reduction, it is preferable to process Bemaéth low moisture content (after a
drying pre-treatment) since its brittleness is increasetl lagher shear forces are promoted.
Taking that into consideration, the most common size reduction technigueéty ashredding and

hammermilling. Dry shredding relies on rotating cutters: a geest is mounted with sharp

designed metal cutters, which are regularly disposed on itxsutfarger wood pieces can this
way be converted into wood chips. As smaller pieces will simphass the cutters, there is no
need to separate the biomass feed before this step. Dry shreddiegsily reduce biomass size

down to wood chips-like particulate [10].

If a powder-like feedstock (< 500 um) is required for pyrolysisther size reduction can be
achieved with hammermills [10]. The principle is to grind a niatemtil it reaches a minimal
particle size. It is designed to limit particle size by ulse of perforated plate outlet whose holes
size determines the final average particle diameter. Inal sirum, solid metal hammers are
mounted on a central shaft. The metal hammers are rotated andrttassimaterial comes under
the action of centrifugal force: the biomass is crushed betvireehammers and the drum wall.
The drum wall has grooves oriented perpendicular to those of thendranextremities to
maximize shear forces. By gravity, the fine particles @ate at the bottom of the drum where
the perforated plate controls their exit in the outlet duct.

2.2.3.2.2 Particle size increase

Some feedstocks are characterized by low densities (sutfarksand wood residues) and
increasing their particle size may be necessary for geaeor technologies. In fluidized bed
reactors, for example, particles with low terminal velocitiesy be rapidly entrained outside of
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the reaction zone resulting only in partial conversion. If the pyihgactor technology requires
larger particles, particle agglomeration techniques can be Bséldtization, also referred to as
densification, is a well-established process and it is currae#y to transform many MSW into
denser particulate RDF (Refuse Derived Fuel) feedstocks tadulgiused as fuels [29]. These

same processes can also be used for biomass pre-treatment for biorefineries

The most widely used equipment to produce pellets is the extrudeit[¢Ohsists of one or two
(partially overlapped) cylindrical ducts in which screws force deformsddlds to flow with very
high shear forces. At the end of the extruder, a die controls tlet pedrage size and a binding
agent can be introduced with the solids in order to consolidate thereggltes. Depending on
the objective of the extrusion process, the design can consider multiple outletsve veater.

Since pulp and paper industry wastes contain significant quantitigatef, drying can become
very expensive. In this instance, some compacting technologiesesdranically remove water
from biomass while forming pellets or briquettes. Some extrudes other hydraulic or
pneumatic presses perform compaction as well as remove liquid. visagtereaching high

pressures using extrusion, Edwards [30] was able to compacta baxk and wood residue and

lower its moisture content from 56.5 wt% down to 34.8 wt%.

2.2.3.2.3 Drying

Drying constitutes another relevant pre-treatment for bark awdl wesidues for most pyrolysis
reactor technologies. Biomass moisture fraction is generafiyrolled by the use of rotary drum
dryers in the industry [31]. It uses the same principles as coowmahtclothes dryers: a
conditioned air stream with low humidity enters the drum and iggedawith moisture evacuated
from biomass. Industrial rotary drum dryers can reach volumes hsaki@00 m3. Using such
drying equipment allows one not only to reach very low moisturdidras; but also attain a
given moisture fraction set point that is desired for pyrolysis.
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22324 Sorting

Large pieces of inorganic material (metals and glass, fonghed can be present in significant
quantities in MSW. Therefore, sorting of MSW is normally requiiadesinert material will not
only consume useful volume, while some metal can act as caialgsbduce more pollutants
[32].

2.2.3.2.5 Pre-treatment for sewage sludge

In sewage sludge, organic matter is diluted in water and meale-gnorganic elements can be
present. Once the sludge has been chemically and biologicallyizetdbdt the wastewater
treatment plant (pH neutralization and microorganisms’ denatajatiewatering is the first step
to recover municipal biosolids. Many techniques can be employed foateleng and
centrifugation is commonly used since it can easily yield sugpensf 20 25 wt% biosolids
from 0.5-3 wt% diluted sewage sludge with an overall solids recafeoyer 90% [10]. Rotary
drum filtration can also be used to remove water at lower leRelsending on the operation, a
controlled flow of air can be injected into the rotary drum filtgnjch can be used as a dryer to
obtain moisture fractions below 10 wt% [10]. The wall of a rotagndfilter is meshed so the
gas flow will be radial, as clogging of the filter is avoidedcbystant scrubbing mechanisms. As
pure water can be obtained through the wastewater treatment prbeesdudge sequesters

impurities, which are then very difficult to remove.

2.2.4 PYROLYSIS REACTION KINETICS

During pyrolysis, the feedstock is decomposed under relatively leigiparature (300°C —
1000°C) and anaerobic conditions into three products: char, condensabtél §asvgter) and

non-condensable gas.

The non-condensable gas (at ambient temperature) is the ligiytedgsis product and is
composed of small hydrocarbons (C1 C4), carbon dioxide, carbon monoxidegdtydrad other
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trace components. For biomass, the high fraction of molecular oxygemoi@® the production
of carbon monoxide and carbon dioxide. The fraction of trace components depehdsrotal
composition of the feedstock: sulfur, nitrogen, phosphorus and inorganics.

The second product is a condensable gas (at ambient temperature) eehgsosition can

significantly vary depending on the process and biomass propertiesofithensable gas fraction
is characterized by two immiscible phases: an aqueous andlyaphaise. Since molecular
oxygen is present in biomass, aldehydes, ketones, alcohols and adwmisread during pyrolysis

and condense with water to form the aqueous phase. The oily phamgpsegh hydrocarbons

that are immiscible with water. The remaining esters, pheinidss t nitriles, amines, amides can
be present in both aqueous and oily phases.

The last product is a solid phase that contains a carbon-rich pdaltar or bio-char) and

inorganics. For biomass pyrolysis, bio-char can have up to 20 wt36lecular oxygen. Because
of the initial fibrous structure of biomass (particularly ignkous materials), the bio-char is
characterized by a high pore volume and specific surface {efsment and activation). It thus

possesses interesting properties to be used as activated carbon [7].

During the pyrolysis of a specific feedstock, the respectivd gied chemical composition of the
above three products are governed by the pyrolysis reaction kiretitisermore, the yields and
chemical composition can be varied by adjusting the pyrolysis consgliin order to promote

certain reactions.

2241 Kinetics characterization

Pyrolysis reaction kinetics are characterized by hundreds oraihdsi®f parallel reactions and in
series (solid and gas phase). Pyrolysis is governed by sevematahenechanisms: resonance,
bond breaking, rearranging, dehydrogenation, cyclization, etc. Due ¢onitglexity, the entire
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chemical pyrolysis reaction network has not been characterizegyaalysis kinetics models

currently available in the scientific literature are highly sinngdif

Since biomass is a solid phase macromolecular system, itpgsgible to characterize its
reaction kinetics with conventional gas-phase Arrhenius equations cagtpauitial pressures or
concentrations. Generally, each reaction step that is considertdte conceptualization of
pyrolysis reactions has its own kinetics and parameters toilokesty rate: a specific order of
reaction and enthalpy of reaction. Pyrolysis kinetics can be esqules this general modified

Arrhenius form [33]:
dm _ _E n
o= Ae RTf(m) (2.2.1

In equation (2.2.1), the rate of reaction is the function of a pre-erpahéactor (A), an
Arrhenius term containing an activation energy (E) and a lingaatibn representing the weight
of the decomposing sample (f(m)) to the power of the order ofiwea@). The weight function
(f(m)) can be written in an absolute (n = 1) or normalized fdnmthe latter case, the non-
dimensional term can be formulated in two ways: (1) normalizéld nespect to the weight of
emitted volatiles or (2) the weight of decomposable materidhdrfirst case (emitted volatiles),
the rate of reaction will be referred to as the rate of @éliahtion with the weight function f(m)
being equal to (1-m). In the second case (decomposable matagaleight function f(m) will
be equal to m. When expressed in an absolute form (not normalizedjitte function is also
equal to m, but with appropriate weight units. The order of reactiowi{lhdepend on the
reaction model and the biomass material. Generally, authors e$isemeactions to be of first or
second order. However, since most pyrolysis reaction modelgl@sal models, the apparent
order of reaction is generally characterized by a value ketvd5 and 3. Few studies have
experimentally evaluated pyrolysis kinetics by consideringotider of reaction as an unknown
[25, 34]. Similarly to the reaction order (n), the activation en€¢Ejyand pre-exponential factor

(A) depend on the biomass material as well as the characteristics eattiem model.
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Apart from the assumption related to the kinetic expression, adevtyer factors may bias the
measurement of kinetics parameters. In fact, heat and mastetrare important phenomena to
consider during experiments. Biomass is characterized by yapgar thermal conductivity
combined with a high specific heat. Therefore, biomass particdgshave a significant internal
temperature gradient when heated at high rates [35]. When condubtmgttay scale pyrolysis
kinetics experiments, static systems (thermogravimeinalysers (TGA)) are often employed
where the biomass particles remain immobile. The use of TG#mzes attrition such that the
particles remain intact throughout the experiments and the interas$ transfer is limited.
Unfortunately, this may not be representative of industrial pg®Igystems and the derived

reaction kinetics will not be accurate when applied at the industrial scale.

22472 Reaction models

Many simplified pyrolysis global reaction models were propoedtie scientific literature. Babu
[36] proposed to regroup these conceptualizations of pyrolysis kimetiicthree categories: (1)
single-step models, (2) independent components models and (3) panallseries reactions
models. Figure 2.2.2 illustrates these models.
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22421 Single decomposition step models (1 step models)
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The simplest pyrolysis models consider a single decomposition(Sigyre 2.2.2a). Biomass
decomposition directly yields a stream of bio-char, bio-oil and non-corlilengas. These
models have the advantage of simplicity and possess a limited nwihparameters. These
models can be accurate for a limited range of pyrolysis donditwhere the temperature is

constant (isothermal system), the temperature is relatiosly (k 450°C, thus conventional

pyrolysis) and the product composition

do not vary significantly.



25

In reality, biomass decomposition is more complex. In the case a@bathermal systems at high
heating rates, it may appear as if different componentsaotimg at different temperatures with
their specific reaction kinetics. The notion of “pseudo-component” eméwashat behaviour.

Even if a system is operated isothermally at high temperatyrelysis will happen during the
heating step where different products composition will be obtainegleéSdecomposition step
models are thus only suitable in specific pyrolysis situation a&xe generally inadequate to

reproduce industrial fast pyrolysis behaviour.

2.2.4.2.2 Independent components models

Independent components models incorporate the notion of “pseudo-component”. ZjRde
gives a typical example of pyrolysis with multiple decompositmrels. The combination of
“pure” components decomposing in the same system at different tomesr would be
equivalent to the reaction pattern in figure 2.2.2b. As the tempemaitule biomass particles
increases, the stability of the solid macromolecular matohasges accordingly. This variation
is mostly due to the release of low molecular weight compoundsea®psly explained. The
reactivity of the particulate material will thus vary duripygrolysis and this behaviour is similar

to having different components decomposing with specific reaction kinetics.

The pyrolysis of wood, for example, can be described by the cotidninaf hemicellulose,

cellulose and lignin pyrolysis kinetics, which all show singlénar steps decomposition [37]. In
this case, the combination of the decomposition steps for each bfeldrndividual components
can accurately model the overall pyrolysis behaviour of wood. Howelesl, cases like wood
are rare and the concept of “pseudo-component” may not be useful forbaiheass such as
manure and MSW, for example, which are highly heterogeneous. Onedisajdvantage of this
second type of models is its complexity and the large humbemofioa parameters involved.
With materials having a variable composition from one provider to andtie value of these

parameters will change as well as the weighting of each “pseudo-conipspreries.
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2.2.4.2.3 Parallel and series reactions

In these models, a feedstock first reacts to yield volatilesraaanediate solid products (Figure
2.2.2c). The following steps then depend on the feedstock and the model. In odets, rthe

volatiles undergo thermal cracking while the intermediate swbducts further decompose into
other final and/or intermediate products and so on. For highly lgeteeous materials, where the
notion of “pseudo-component” loses its physical meaning, this concegati@i appears more
realistic. However, the main disadvantage of this type of modleéikigh number of parameters
and the difficulty to segregate the different reactions expmrially to clearly estimate their
kinetics parameters. Considering all the possibilities for thierdiit reactions under various

conditions, this family of models will lead to a myriad of different models.
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Table 2.2.2 Pyrolysis kinetics parameters for selected materialsifevaiure.

A E Temperature
Biomass Model : n range of  Reference
(min-1)  (kJ/mol) 2
validity

Poplar Onestep 5 14418 1539 1 < 673K [22]

ecomposition

Three pseudo-2.57x16° 69 2.3 < 873K
Wheat  components 5 47,15 78 065 <873K [24]

straw linear
combination 3.17x16 80 2.7 < 873K

Two pseudo- 1.02x102 33.1 15 < 623K
Rice components

husk I [26]
us Inear 3.3x10  28.3 2 623K -823K
combination
Two pseudo- 7.25x103 30 0.91 <640K
Rice components [25]
husk linear 5145102 163 0.3 640K - 813K
combination
Two pseudo- 4.69x1G  82.7 1 < 623K
Cellulose corlr)ponents . [38]
inéar 1 33x16 282 2  623K-673K
combination
Celulose ( M5 16ad® 244 1 <623k [35]
ecomposmon
Two pseudo-  7x10 126 1 -
Cellulose corlr_lponents [39]
inear. 4x107 234 1 -
combination
Two pseudo- 5.39x1d 67 1 -
Lignin corlr_lponents [39]
Inear 2.1x16  70.7 2 -
combination
Klason — ~Onestep 51,952 1565 153 <1000K [40]

lignin  decomposition

Table 2.2.2 lists the kinetics parameters of several modelsallaih the scientific literature
along with their range of validity. Note that the parameters tegpan Table 2.2.2 were all
obtained from static thermogravimetric experiments. Furthermore, somesefriioelels assumed

an order of reaction, while pyrolysis reactions are in reahfracterized by multiple elemental
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reactions with their specific reaction order. Moreover, it has bdeenonstrated that the products
yield during biomass pyrolysis is strongly dependent on the tetupe, while all the models
listed in Table 2.2.2 assume that the product yields follow the ndmeisoél or isothermal TGA
temperature profile used to evaluate the kinetics. Therefore, ndhesef models can confidently
reproduce the variability of products yields with respect to teryreraAlso, there is significant
uncertainty as to whether these kinetic expressions will baraec when extrapolated to
industrial pyrolysis conditions. To model industrial scale pyrslysmiocesses, it is critical to
develop reliable and robust pyrolysis models based on experimental oidained at

representative conditions.

2.2.4.3 Effects of pyrolysis conditions on the kinetics

The pyrolysis conditions affect the global kinetics by promotpersic elemental reactions. The
main operational parameters for pyrolysis are temperaturen@atihg rate), the pressure, the co-

feeding of different feedstocks and the presence of catalysts.

22431 Temperature and heating rate

Pyrolysis is governed by many parallel and series reactibasacterized by their specific
kinetics and the relative importance of each of these reactitindeyyend on the temperature of
the system [41, 42]. Also, a slow heating process implies thabitmeass remains at every
temperature for a longer time period. As pyrolysis kineticshaal transfer compete, pyrolysis
occurs during the heating of the particles and might even be etmdp{at thermodynamic
equilibrium) before reaching the temperature set-point. At low gpasite, more decomposition
happens at low temperature such that more bio-char and lessev(datidensable (bio-oil) and

non-condensable gases) are produced.

One of the main mechanisms controlling the interaction betweetethperature and the heating
rate is the stabilization and reorganization of the macromolesal@s. Thermal decomposition
brings lighter molecules to unbind from the solids (biomass or vimste present case) to form



29

a volatile phase. In parallel, this creates physicochemsshbilities that lead to a molecular
rearrangement. The kinetics associated to these intra-maleoatidifications then inhibits the
volatile formation kinetics. If the heating rate is slow, stabtlon occurs and higher char yield is
obtained. On the other hand, heating faster will impede stalmlizatid volatile production will
be promoted. Temperature has a different effect on the pyrgdysaucts. Char production
decreases with increasing temperature and the yield of gaasesr (both condensable and non-
condensable). The extent of the gas thermal cracking deterrhmggetd of non-condensable
gas and average molecular weight of the volatile fractionrmlecracking kinetics becomes

important with increasing temperature and gas residence time.

2.2.4.3.2 Pressure

Pressure influences the equilibrium reactions and thereforetsaftbe volatile products
composition: the condensable (bio-oil) and non-condensable gases. It hasasshown that
pressure can promote other gas-solid reactions involving moistuh@dey, carbon dioxide and
possibly other gaseous species. The mechanisms involved remain undiediemical reactions

such as the Boudouard reaction are suspected:

Cis) + COyyy 2 2C0g) (2.2.2)

Moisture, which is inevitably present during biomass pyrolysis, Isasb@en shown to influence
the volatile yield and composition [43]. These reactions are ciesized by fast kinetics only
under specific conditions: they generally occur in pressurizedig@sh and under high

temperatures, while pyrolysis is typically performed at milder teatpess.

The solids will not be significantly influenced by pressuranfinert gas is employed [44, 45].
Experimentation is still the best method to characterize tieetedf pressure on the pyrolysis

products since it is specific to the biomass feedstock used.
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2.2.4.3.3 Co-feeding

One of the most evident synergic pyrolysis behaviour has beeondaated by Brebu [16]. By
co-feeding pine cones with waste polyolefin, they showed that itpeasible to significantly
decrease the overall char yield and increase the amount ofevplatiiuced. For binary blends of
pine cones and polyethylene (PE), polypropylene (PP) or polystyf8g the char yield
decreased (by over 6 percentage units for polyethylene) comparbd taltulated value by
linear combination, hence revealing synergic behaviour. When a blgrideocones and the 3
polymers (PE/PP/PS) was pyrolyzed in the ratio 3:4:2:1, thegyneas even more significant.
The reported char yield was lower than the average calculated by 10 percentage units and
the liquid product yield increased by over 11 percentage units. Howelige, these types of
synergies are desired, they have been rarely observed. One gxaiogble is the co-pyrolysis of
biomass with coal. Weiland et al. [46] explored the possible sytergeeractions between coal
and biomass in pyrolysis. Unfortunately, the interaction was almosiexistent. Linear

combination explained most of the variations with the various blends of coal/biomass.

22434 Catalysts

Pyrolysis of biomass with catalysts has been widely studiedhaydate sometimes used to tailor
the yields of the pyrolysis products. However, catalysis céteynis extremely complex and only
a very few research groups in the world can explain catatyschanistic for specific reactions
and in highly controlled conditions. Thus, understanding (in a fundamental nm&ahamiy) the
effects of adding catalysts on the evolution of pyrolysis prodddsribution and their
composition is not currently feasible. The effects of catatysipyrolysis reactions are therefore
determined empirically and undesired behaviours were often obssigeticant drops in liquid

yield have been the most common [47].

2.2.5 TYPES OF PYROLYSIS

As previously discussed, the pyrolysis conditions affect the globalics by promoting specific
elemental reactions. Pyrolysis processes have therefore bessifieda with respect to the
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prevailing conditions during the reaction used to maximize the yielohefof more of these
products. Conventional or slow pyrolysis, fast or ultrafast pyrobysisvacuum pyrolysis are the
main three categories of pyrolysis process operation.

2.25.1 Conventional or slow pyrolysis

Heat transfer to the biomass particles is generallyntagn limitation in industrial pyrolysis.
Biological and organic polymeric materials have poor thermal coniyctbut high specific
heats. Therefore, a limitation is reached in pyrolysis prosesken heating a feedstock to high
temperatures due to the high temperature dependence of therrdaaetics (expressed as an
Arrhenius law). The limitation arises at the specific temjpeeawhere the decomposition rate
becomes greater than the heating rate. Acknowledging thatypigraé an overall endothermic

reaction, increasing temperature from that point is very difficult.

Conventional pyrolysis is also referred to as slow pyrolysiaume of the low heating rates (6 60
°C/min [36]). The peak pyrolysis rate will be reached at atikaly low temperature and the
limited heat transfer will result in moderate pyrolysis pematures (300-700°C). These reaction
conditions promote bio-char production and minimize volatiles (non-condensaide
condensable gases). As the temperature of the pyrolysis predesseased, the weight fraction
of volatile increases: this effect is governed by the resmanechanism. The release of lighter
molecules from a macromolecular matrix generates instabiliiat are dispersed within this
matrix in order to stabilize its structure. As temperaturereases, the instability gains in
magnitude. In slow pyrolysis, biomass is kept at constant moderafgeratures, such that the
macromolecule has time to reach a new stable form with aceewosition that will handle
higher internal energy without decomposing (thermodynamic equilibritier)ce limiting the
release of volatile. This is where conventional (slow) pyrolggferentiates from fast pyrolysis.

Volatile and char yields therefore depend on this resonance kinetics.
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2.25.2 Fast and ultrafast pyrolysis

Fast and ultrafast pyrolysis are performed under high hesadteg (600-12000 °C/min [36]),
which are many orders of magnitude higher than those of convenpiprdysis. Thus, the peak
rate of decomposition is reached at higher temperatures cednjpaslow pyrolysis. Under these
conditions, the macromolecular reorganization kinetics is slower thanvolatiles release
kinetics. Consequently, the bio-char yield is significantly lower coethdo slow pyrolysis,
while the volatile yield is higher. Since the bio-oil (condensablegasroducts are of higher
interest for biorefineries, the emerging industrial biomagslysis processes ideally target fast
and ultrafast pyrolysis processes. Meanwhile, bio-char obtainadigiher temperature show a
greater specific surface, which is another motivation for opegyati very high heating rate and
temperature. In addition, higher heating and reaction rates aligherhibiomass process rates or

the use of smaller, more compact systems: both of these aspects increaseoficability.

2.25.3 Vacuum pyrolysis

The third category of pyrolysis process is referred to as vag@yuatysis: the pyrolysis process
is performed under vacuum conditions independently of the heatin¢siate and fast). Under
vacuum, the heavier products in the gas phase are entrained out e&dhiagr environment
without having time to crack into smaller molecules. For thasamavacuum pyrolysis oils
contain high molecular weight components and are consequently tarmpamedviscous than
common pyrolysis oils. Because of their specific molecular coitiosvacuum pyrolysis oils
are of great interest for specialty chemicals productiobiorefineries. It is nevertheless a great
challenge to produce industrial scale vacuum environments. The corRyaoyac (Laval,
Quebec, Canada) attempted to operate a commercial a latgewsdustrial vacuum pyrolysis

plant in the 1990’s and failed due to high operating costs.

2.2.6 REACTOR TECHNOLOGIES

The choice of reactor technology is critical to follow the @ekikinetic pathway in pyrolysis.
The emphasis of this section will be on selected reactor techeslithgit have been successfully
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demonstrated at large scale with a pilot-scale or larger wer8l reactor concepts have been

demonstrated in the scientific literature at small-scales, but thieyotvbe considered.

The mass and energy balances are the main fundamental andngardad tools to design
reactors when coupled to reaction kinetics. These balances involvearmainass transfer
equations, which are dependent on the system gas/solid hydrodyn@evesal handbooks are
dedicated to reactor design with various hydrodynamics models tesegprthese equipments.
However, the objective of this section is not to review these madelstails. Considering that
heat transfer is the limiting step in pyrolysis reactors, éhghasis is put on heat transfer

parameters evaluation.

2.2.6.1 Bubbling fluidized bed (BFB)

Fluidized beds are widely used in the chemical industry for ytetatracking and other
processes. In fluidized bed reactors, a gas stream (ineidrgagolysis) is forced through a bed
of powdered material from a distributor plate that supports theAtddw gas velocities, the bed
of particles is non-moving and this is referred to as a fixeld As the gas velocity is increased,
the drag forces applied on the particles increases until thenommifluidization velocity is
reached: the bed is “supported” by the gas and behaves likgda Ifl the gas velocity is
increased further, bubbles are formed at the distributor plate anthraigh the bed of solids
similarly (but not exactly) to air bubbles in water. Bubbles prembé circulation of solids to
ensure a uniform temperature throughout the fluidized bed. A bubbling #didied reactor is
designed in a way to avoid the entrainment of particles outsiderethetor (also called
elutriation). The bed zone is narrower to promote the circulatioantitfes and the formation of
bubbles. The gas exits the bed to enter a freeboard zone and admgheter disengagement
region where the gas velocity is significantly reduced. In teendjagement region, particles that
would be entrained in the bed and freeboard zones fall back into they lgeavity. There is an
appreciable amount of established scientific literature on fleaddireds [48, 49]. Bubbling
fluidized bed reactors are used for fast pyrolysis by the coynpgnamotive, which is operating

a pilot-scale unit to convert biomass into bio-oil. The unit has beworted to process at up to
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100 tons of biomass per day [50]. Figure 2.2.3a gives a global viewpoksble biomass

pyrolysis unit with a bubbling fluidized-bed.
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2.26.1.1 Operability

Biomass particles are generally difficult to fluidize, such thalenser and more homogeneous
inert particle media (generally sand) is employed asidizltion media to improve transport
phenomena. Bench and pilot scale continuous operation of a pyrolysis buhbtimgd bed has
been demonstrated by Dynamotive. Char removal from the reactdrecan issue: if char is very
fragile, its particle size will decrease within the bedatiyition. When char particle size reaches a
critical particle value, it is entrained out of the fluidized beattor and it must be separated from

the gas and recovered via a cyclone. Therefore, the disengagergem must be carefully



35

designed to allow char particles to exit the reactor once dheysufficiently small. The main
advantages of bubbling fluidized beds for pyrolysis applications includaifarm reaction

temperature (minimizes the formation of cold/hot spots in the bed¢agrability to operate the
reactor continuously (continuous biomass feeding). On the other hand, ithdisaalvantage of
bubbling fluidized beds is that the volatile will be mixed with theri fluidizing gas. Therefore,
the bio-oil can be recovered, but the non-condensable gas is dilutethatigthcan hardly be
used as a primary energy source. Thus, energy must be obtamedh& solid char, which is

significantly detrimental to the process profitability.

2.26.1.2 Hydrodynamics

The fluidization gas acts as a heating media and promotes nhéeat transfer by inducing a
movement on the solids particles as well as removing the vdlatite the bed. The bubbling
fluidized bed can be divided into three phases: (1) the bubble phase ftidge — low solids
fraction), (2) the emulsion phase (dense phase — high solids fracti(})ahe cloud phase. The
cloud phase is at the interface between the bubble and emulsios pbekehat the local solids
fraction is between dilute and dense [48]. Several gas-phase 4&;phaltiple-phase, multiple
regions, etc.) and solid-phase (counter-current back mixing, etdrpdynamic models are
available in the scientific literature [49]. These models cacdupled with pyrolysis kinetics
(reviewed in section 2.2.3) to estimate the yield of products. Thedels have been reviewed in

details in several publications [49].

When designing a bubbling fluidized bed pyrolysis system, one cosgided® minimize the
fluidization gas flow to facilitate post-pyrolysis separation tbé products. However, the
superficial gas velocity also affects the reaction ratesesit influences the heat and mass
transfer. When temperature is sufficiently high, the pyrolysis mwactiaracteristic time becomes
shorter than the heating characteristic time, such that tesefdér is the limiting step. In this
case, the particles reaction rate (and residence tinde}asmined by the convection heat transfer
to the biomass particles in the fluidized bed and the convectionaesffcan be calculated from

the following correlation [52]:
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Nupoy = hblfgd” = 0.033Re,"** for 0.1 <R < 100 (2.2.3)

In equation (2.2.3), the overall fluidized bed Nusselt number (Nubedjunction of the particle

Reynolds number (Rep):

Re, = 220 (2.2.4)

The convection coefficient from equation (2.2.3) is averaged ovedrdtieof particles and it is
shown to increase with increasing slip velocity (U-Up). As dematestr by Avidan and
Yerushalmi [53], the slip velocity (U-Up) for bubbling fluidized bedsegual to the superficial
gas velocity. This is the case because the average parimbiywes zero: solids circulate within
the bed (negligible or limited entrainment) and particles ftmacurrent or counter-current with
the gas. Therefore, the fluidization gas velocity should be suffigibigh to maximize reaction
rates and the yield in volatiles: there is therefore a tréfidassociated with the selection of the

fluidization velocity.

Note that equation (2.2.3) has been shown to yield a more accuratatiestiof the convection
coefficient than the typical correlations involving the Prandtl numbdj. Furthermore,
equations (2.2.3) and (2.2.4) should be used by considering the inert (sangtilimdmedia, in
which case the use of the inert material properties isrgénsufficiently accurate (the biomass
particles are highly diluted in the inert media). Basic heatsfer estimations with equations
(2.2.3) and (2.2.4) suggest that operating a fluidized bed in the bublgingereidely promotes
fast pyrolysis rather than conventional pyrolysis.

To model biomass pyrolysis in a bubbling fluidized bed, less importarganerally given to the
bubble characterization since the fluidization gas is inert. The limodes therefore focused on
the dense emulsion phase, which contains the solid biomass partictes. fllidized bed

temperature is uniform and the inert (sand) particles do not Iéavéed, the inert particles
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temperature can be assumed equal to the gas temperaturs. dashj the heat balance strictly

involves the biomass particles.

2.2.6.1.3 Feedstock pre-treatment

Dewatering and drying should be considered, since heating the Bionagsonly vaporize the
water while delaying the biomass pyrolysis reactions ancasang the operation costs. Also,
studies suggest than steam explosion of biomass could influence thy ofuglirolysis products
[55].

Particle size reduction is also important to minimize heatstea limitations and internal
temperature gradients in biomass particles. The Biot numberiamitef 0.1 suggests that the
maximum wood chips size that should be fed to a bubbling fluidized bed b lawai transfer
limitations (and product yields issues) is ~2 centimeters @iynation with typical wood
properties). This calculation assumes that the wood chips havekaetksc5 times lower than
their diameter (parallelepiped shape). Particle size reducsiotherefore recommended for
biomass particles that are larger than that value. Hetezogsrfeedstocks such as MSW would
not be recommended with this technology since pyrolysis operatigretatares do not promote
slagging, in opposition to gasification. Undesired particulate would tieexd to be removed
from the bed, which is a difficult operation in bubbling fluidized beds, densig the wide

particle size and densities distribution of the inorganics.

2.2.6.2 Circulating fluidized bed (CFB)

A Circulating Fluidized Bed (CFB) works at higher superficiat galocities than a bubbling
fluidized bed to increase the slip velocity and heat transferetgdinticles. Due to the high gas
velocities, the particles are entrained outside the bed regitbed(¢he riser) and cyclones are
used downstream to separate the particles from the gas ana tte@on to the bed. During
biomass pyrolysis, char and inert (generally sand) paréeckepresent. Depending on the design
of the reactor, the char/sand particles mix can be transportedeicond reactor where the char is
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burned. In this case, the hot sand is returned to the riser and the domfflust gases can be

directly fed to the riser as an inert fluidization and heating medium (seeAgL8b).

Ensyn is a well-known company that operates a commercial scale CFBsbipgmalysis system.
Their largest pilot plant can process up to 100 bone-dry tons of bigreasky. Sand is co-fed
with biomass in the riser, while the residual char and sancceozared in a separate bubbling
fluidized bed combustor where the char is burned. The hot sand is then fed into the riser.

2.26.2.1 Operability

The main advantage of circulating fluidized beds over bubbling fluidizesd isethat char can be
easily separated from the sand and the gas. Similarly to bublblicigzed beds, the non-

condensable gas cannot be considered as a primary heat sourcepfocéss: it is diluted into

the inert fluidization media. To supply the process with heat, téw-is instead burned. As this
solid pyrolysis product showed an interesting potential [7, 56] fovanteal commercialization,

choosing a CFB greatly affects the overall profitability of thelygis process.

2.2.6.2.2 Hydrodynamics

The apparent density in circulating fluidized beds is lower cordp@d®ubbling fluidized beds
such that heat transfer calculations are generally performedsbyming single particles
convection heating. Since particles are entrained outside thezédidied, the relative gas
velocity with respect to the particles is their terminal vié&yo€Ut). Therefore, the particle

Reynolds number is calculated using:

pgUrd
Rep = gﬂ_gp (225)
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Two main individual systems must be designed to conduct pyrolysis in a CFBe {13dr where
pyrolysis occurs and (2) the combustor where char is burned andu¢hgases heat the sand
media. In the Ensyn technology, the combustor consists of a bubbling dhiidhed. The
important design calculations for this component are the mass argy draances: it must be
considered that the biomass and char particles do not ciratlatee same rate than sand
particles. To design the riser section, very fast heat trafigfier the sand to the gas can be
assumed such that an average gas temperature can be estimaeghsTte@mperature is then
used to calculate the biomass transient heating over itlenes time. The convection coefficient

can be estimated with the correlation of Ranz [57]:

Nu, = % =2+ O.6Re1[,0"r’Prgo'33 (2.2.6)

Referring to the calculations made for bubbling fluidized beds, fasilysis is the type of
pyrolysis promoted in CFBs; lower gas velocities would not even aiéaehing that regime.
Similarly to bubbling fluidized bed pyrolysis, the gas flow nat€FBs must be carefully chosen
as well as the biomass and sand circulation rates. Moreover, rshiibanass particle size must
be chosen to control the sand/char flow rate ratio. If the gasréitavin the combustor is too
high, the sand temperature may be too low, which would lower the tatapem the riser where
pyrolysis occurs. Likewise, a high gas flow rate in the ngauld also lower the temperature at
which pyrolysis occurs. CFB design considerations have beeswediin several publications
[49].

2.2.6.2.3 Feedstock pre-treatment

It was mentioned previously that the biomass particle sizéohlas homogenized and controlled
in order to obtain a specific sand to char flow rate ratio. &ir throcess, Ensyn uses wood
sawdust that has been dried to a low moisture fraction as aeptexnt. Fine particles are
generally required for CFB technologies to promote a homogeneodizdhion. It is critical that

this feedstock does not contain particulate metals and inorganicsyigh@might contaminate
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the sand. Highly heterogeneous materials such as MSW, RDF wadessludge are thus not

recommended with this technology.

2.2.6.4 Entrained-flow reactor

In entrained-flow reactors, free-falling particles are angd downwards by a gas flow. For
gasification, entrained-flow reactors are a promising technolegyeanonstrated in 2002-2003
by Shell and BTG with woody biomass as feedstock [58]. Prelimieats for biomass pyrolysis
applications have shown very high non-condensable yields [59]. It ivéetlibat the geometry
of this type of reactor technology promotes important bio-oil thecnagking. Since the purpose
of pyrolysis for biorefineries is to produce higher moleculargivechemicals, this technology

will not be covered.

2.2.6.5 Rotary drum reactor

Rotary kilns have been used for decades to generate energy froes.vidse operation of this
type of reactor has been demonstrated in a continuous mode at indsstitealand many
problems have been reported. The very high temperatures during aticinggromote NOx and
SOx production as well as dioxins and furans, which are carcinogemso¥ér, leaching and
slagging can affect rotary kiln incinerators operability. Ndtatanding these reports, the interest
for using rotary drum reactors for pyrolysis applications iserily growing [15]. Operation of
the reactor at lower temperature and without oxygen will likelgrelase pollutant emissions as
well as minimize risks of leaching and slagging. In mostesgrplants around the world, rotary
kilns can have impressive dimensions (over 100 m long). For pyrolysisatpis, some pilot-

scale units were built and operated to process waste.

Typically, a rotary drum pyrolysis reactor processes ravenads such as MSW, RDF and waste
tires. It consists of a horizontal cylindrical reactor rotating aertain speed in order to mix the
bed of materials and promote transport phenomena. For this applicaiaxygen must be
purged, heat supply is generally indirect, i.e. gas burners are mountydestti the rotary drum
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and the flue gases are circulated around the drum in a blankehirkaay. Figure 2.2.3c shows

a schematic of a rotary drum pyrolysis system with an electric heater.

22641 Operability

Rotary kilns are usually operated in full continuous mode, which can comptgaggpiication to
pyrolysis. The reactor is purged from oxygen during the process start-up, buttrgags fed to
the reactor during operation. The major advantage of this mode oftiopesathat all of the
pyrolysis products can be recovered, including the combustible non-condegaabtbat is
characterized by significantly less dilution compared to the atha&ectors considered in this
chapter. Optimally, the non-condensable gases are used as the @maegy source for the
reaction to heat the rotary drum.

Char is also recoverable, but conventional (slow) pyrolysis hasdilaglvantage of producing
less bio-oil. The lower heating rates observed in rotary drumorsawill also complicate its
continuous operation: most technologies in this field operate in batch. mbdg, profitability
will be achieved by combining multiple batch pyrolysis units todase production and benefit

volume discounts for the equipment.

2.2.6.4.2 Hydrodynamics

Rotational speed and mixing are probably the most important paantet consider when
designing a rotary kiln pyrolysis system since it governshded and mass transfer. Mellmann
[60] produced a complete review on rotary drum hydrodynamics, highligtitendow patterns
and regimes as a function of the particulate material friction cagftiadhe drum filling level and

the Froude number. The Froude number is defined as:

_ R
Fr="%(22.7)



42

In equation (2.2.7)p is the angular rotational speed and R is the drum radius. Withasiog
Froude number, the motion patterns vary from (1) a slipping motion (slitheg surging as
motion subtypes), (2) a cascading motion (slumping, then rolling, theradiag) and (3)
cataracting motion (cataracting, then centrifugating). Accortbniglellmann [60], reaching the
cascading motion regimes is preferable to achieve good mixingpighdr homogeneity. If the
reactor is properly operated, it can be assumed that the teompegmadient in the bed is
negligible. In this case, heat transfer to the particleslte from drum wall convection and
radiation to the particles. Generally, it is more convenierstionate the heat transfer coefficient
experimentally since it is specific to the studied systenfiadt) the heat transfer coefficient can
typically vary from 25 W/m2K up to over 200 W/m2K if radiation becomegportant.
Experiments are needed for that estimation also becausesbaffleoften added on the drum
inner wall in order to amplify mixing. As stated previously in ggstion, rotary drum pyrolyzers
can operate at various regimes, depending on their design, to preenptaow pyrolysis up to

the fastest conventional pyrolysis heating rates.

2.2.6.4.3 Feedstock pre-treatment

Feedstock does not need much pre-treatment for rotary drums. Motsmt®l could be
required, but the feedstock particle size can be kept relatngly(on the order of centimetres).
Also, the purification of MSW into RDF is not necessary for op@matMetals and inorganics
removal is related more likely to useful volume: at lower tawipee and in the absence of
oxygen, undesired catalytic reactions will show significandkydr kinetics than if gasification
was performed. For that reason, rotary drum reactors are pcefemr MSW and municipal
biosolids pyrolysis. Woody biomass is not likely fit to this techngldigecause the liquids yields
are particularly low [61] and that fluidized bed technologies haea@dyr been proven successful

at industrial scale.
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2.2.7 PYROLYSIS PRODUCTS OPTIMIZATION

The sustainability of biorefineries is very sensitive economyiaald their main objective is to
generate the pyrolysis products that maximize the plant profitability.

2.2.7.1 Pyrolysis products for biorefineries

Bio-oil is considered as the most commercially valuable pymlysaduct if it contains specialty
chemicals in high percentages. Therefore, maximizing bio-oil producdaonbe an objective
during process development. Table 2.2.3 summarizes the main specialty chpreseis in bio-

oil obtained from the pyrolysis of selected feedstocks along wilctor type and operating

conditions.



Table 2.2.3 Selected feedstocks with their bio-oil main compounds

Feedstock bP;?lf vl;(i)r;)ed Pine wood Vsoaok d Switchgrass Switchgrass Ssﬁz’(\;zge
Reference [62] [62] [63] [62] [62] [64] [65]
Fluidized
Reactor Auger Auger Auger Auger  Stirred reactor bed Fixed bed
Temperature (K) 723 723 723 723 873 823 723
Pressure (atm) 1 1 1 1 6.8 1 1
Moisture (%) 10 10 dried 10 8.4 10 7
Bio-oil yield
(%) 43.5 52 50 53 37 37 13
Estimated
Specialty chemical price Yield based on global bio-oil weight, otherwise cfied
Catechol 80 USD/kg 4.46% 3.79% <1% 2.25% - - -
Levoglucosan >100 USD/kg 21.50% 14.20% 6.37% 21.60% - - -
2-Propanone 1,50 USD/L - - - - 8.78% 2.95% -
2-Butanone 1,60 USD/L - - - - 11.49% - -
Acetic acid 0,55 USD/L - - - - 18.91% 6.85% -
Acetic acid, methyl ester 1,20 USD/L - - - - 5.47% - -
Hydroxyacetaldehyde 1,50 USD/L - - - - - 9.14% -
9-octadecenoic acid 1,50 USD/L - - - - - - 4.01%
Tetradecanoic acid 1,00 USD/L - - - - - - 4.31%
Hexadecanoic acid 1,50 USD/L - - - - - - 15.70%

44
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Fatty acids, phenolic compounds and aldehydes/ketones are amonghtivalbe chemicals for
crops. On the other hand, woody biomass generates high amounts ofidegagl which is a
promising biopolymer building block. Also, catechol and its derivatives l@avegh market
value. In addition, hard wood has different pyrolysis behaviour thanwsaofd through their bio-

oil composition (Table 2.2.3: pine wood vs oak wood).

Chemical species containing double bonds and oxygen can be detrimehtalktability of the
bio-oil. These chemicals polymerize with time and increasebtbeil viscosity as well as
modifying other properties. Acetic acid is one common pyrolysis ptedinat can cause this
phenomenon. Acetic acid is derived from cellulosic biomass and procasszapon will
generally focus on reducing its production. Moisture fraction has sleewn to influence acetic

acid production [64]. Another method consists of using metal oxides catalysts [47].

2.2.7.2 Bio-oil applications

The interest for bio-oil resides in its complexity, but this compjexnplies an important
obstacle: selectivity. Bio-oil composition can be easily modijfieut voluntarily promoting the
production of one specific chemical species over another is vemergiag. There are
essentially three markets in which the pyrolysis bio-oil lmarategorized: high-value chemicals,
biofuels and chemical precursors. If the pyrolysis process igraesio produce a low molecular
weight bio-olil, it could be used as a chemical precursor for furédo®mbination to yield heavier
and higher value products. On the other hand, high-molecular weight bioeoidten unstable

chemically due to double chemical bonds [66].

Compounds found in the bio-oil include: acids, aldehydes, anhydrosugars,cdmpdrms,
saccharides, alcohols, ketones, furans, phenols, etc [3]. The oxygen fraigbn in bio-oil is
thus high at approximately 45 % [66]. As a result, bio-oil is likedy suited to be directly used
as a fuel. However, co-feeding of polyolefins can help controllirgprameter efficiently [16].
Besides the possibility of producing biofuel through co-pyrolysidifférent species, it is also
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interesting to observe important variations in specific chensigaties in this process. This is
only one of the numerous modifications that can be implemented on by process, in

order to upgrade the products. Nevertheless, it must be kephehthat pyrolysis has the great
advantage of being a single-step process, so being it must\@iisis characteristic through its

modification.

2.2.7.3 Bio-char applications

Char is sometimes used as fuel for pyrolysis reactors. Howtheemarket value of bio-char
must be considered before taking decisions. Activated carbon selle anarket at around 1
USD per kg, which is comparable to the value of some chemimaiglifin bio-oil. Bio-oil and
bio-char both need post-processing transformation in order to yield their valuathletst

Activated carbon production implies carbonization and chemical adtivatilypically,

carbonization consists of a very slow pyrolysis process, whictisyiagry high amounts of char.
The principal characteristic of activated carbon is a very $pgltific surface, generally over 500
m2/g. To be competitive with the actual commercial carbons, thisifispsurface must be
attained and it has recently been demonstrated as feasibl&ifick 2006, the number of

publications on bio-char activity has increased considerably [56].

22.7.4 Dealing with foreign elements in pyrolysis products

Biomass and MSW contain oxygen, nitrogen, sulfur, halogens, metatsttardelements whose

concentrations in the pyrolysis products must be controlled as per existing @sandar

Sulfur and nitrogen have been shown to mostly cluster in the bio-oil phHs&ulfur has been
successfully avoided in pyrolysis oil from coal in the past [By]the use of lime (CaO).
Similarly, the same experiments showed that the oxygen wemgttiohn in oil could be as well
significantly decreased. The main disadvantage of this technoldipatithe char will remain
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charged with calcium and that the gas phase will mostly redhigeexcess of sulfur [68].
However, the gas phase can be post-treated efficiently (scrubbingpmasidering the high level
of inorganics and contaminants in the solid phase, it will not likelyide®l as bio-char or as

activated carbon.

Adding lime in the pyrolysis environment can also significantlyibit the formation of liquid
chlorinated organics in the bio-oil [69]. The co-feeding of limeM&W pyrolysis could

eventually become widespread as this additive is relatively cheap andbkvaila

Post-processing of bio-oil to remove oxygen, nitrogen and sulphur ispaksible through

hydrodeoxygenation using metal catalysts (and an H2 stream)HGObiofuels production, this
post-treatment process is desirable, as the oxygen weighoifraan be reduced below 1 %.
Furthermore, the effect of this post-treatment on the bio-oil mamomposition has not been

investigated such that there is a possibility that it also generates higreckamicals.

Most metals and metal oxides cluster in the solid phase due towthemperature associated
with pyrolysis, which remain below metal sublimation or meltieigpperatures. Metals can also

be absorbed by activated carbon produced from bio-char [56].

2.2.8 NOMENCLATURE

Abbreviations

A = Pre-exponential factor [=] s-1 for a 1st order reaction
d = Diameter

E = Activation energy [=] Jmol-1

Fr = Froude number

g = Standard gravity [=] m*s-2



h = Heat transfer constant [=] Wm-2K-1

k = Thermal conductivity [=] Wm-1K-1

m = Dimensional & non-dimensional weight

n = Order of reaction, non-dimensional

Nu = Nusselt number

Pr = Prandtl number

R = Universal gas constant OR Radius [=] Jmol-1K-1 OR m
Re = Reynolds number

t=Time

T = Temperature

U = Velocity [=] m*s-1

Symbols
U = Viscosity [=] Pa*s
p = Density [=] kgm-3

® = Angular velocity [=] s-1

Subscripts
bed = Fluidized bed

bp = Bed of particles (in rotary drums)
g = Gas phase
p = Particle

t = Terminal (velocity)
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2.3 REVUE CRITIQUE DE LA LITTERATURE

Plusieurs facteurs et besoins ont dirigé cette recherche dect@ette section fait état des

justifications des trois objectifs spécifiques présentés dans le Chapitre
2.3.1 MODELE CINETIQUE

Tel que décrit dans la section 2.2, trois familles de modéles @mé@trtoriées : les modéles a

composante unique, les modéles a composantes ou « pseudo-composanteses iubimin,
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les modeles a réactions en série et en paralléleanbdéle a été sélectionné dans la littérature
comme représentant de chacune de ces familles dafirsimuler les batches de pyrolyse
industrielles obtenues chez un partenaire existamtprocédé Ecolomondo a démontré son
potentiel depuis plusieurs années en réussissamn\éertir des tonnes de pneus usages en gaz,
huile et char.

Connaissant en continu la température réelle desspdurant la pyrolyse, il a été possible de
modéliser la production dynamique d’huile et dedanparer a la production monitorée a l'usine.
Le graphigue suivant montre la performance des trmdéles choisis.

[N
N

1N o o =
'S o ) =)

Dimensionless cumulative volatiles production
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Figure 2.3.1. Simulation de la production d’huilatiles; vert = modele a composante unique
(Chang, 1996); violet = modele a réactions en Agrallele (Olazar, 2008); rouge = modeéle a

composantes multiples (Leung, 1999); bleu = pradad’huile en usine.

Trois critéres peuvent étre considérés pour I'aswalge la performance des modeles. Dans un
premier temps, un modeéle devrait étre capable ddiner le moment ou la production d’huile

débute. Ce facteur dépend grandement de I'ajusteteciénergie d’activation et du facteur pré-
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exponentiel de la loi d’Arrhénius. Dans un deuxieme temps, la producti@miyue devrait étre
suivie précisément dans le temps. Dans un systéme ou la tampdratie, cela dépend non
seulement de 'ajustement des constantes cinétiques, mais aussi @éedfipdrent de la réaction,
sachant que l'accélération ou le ralentissement de la cinétiqueétiei fidele au taux de
production d’huile. Enfin, le rendement cumulatif en huile doit étrpecé puisqu’il s’agit du

point de validation central du caractere prédictif du modele.

Au niveau de la prédiction du début de la production d’huile, le modsEenposante unique et a
réactions en seérie/parallele ont été trop prompts a produire dée/|'tsait trois fois plus
rapidement que le temps réel observé. Quant au modele a composdtiptesnil n’a pas eu de

début de production et est demeuré sans production significative tout au long de khosimula

Ce modele n’a donc pas non plus réussi a suivre la production dynatifigie. Les modeles a
composante unique et a réactions en série/parallele ont étée e fois trop prompts : leur
production dynamique d’huile s’est faite sur une période deux fois plutecque la production

d’usine.

Finalement, la prédiction du rendement d’huile cumulatif a été pléguate quoiqu’aucun
modéle n’ait pu atteindre une précision suffisante. A nouveau, le modéle & composatipéss
n'a pas eu de cinétique notable, le rendement est demeuré ingéfiekr de la masse initiale de
pneus. Les deux autres modéles ont prédit trop d’huile, soit un excesrahe0i % pour le

modeéle a composante unique et un exces d’environ 10 % pour le modéletianséan

série/paralléle.

Les raisons expliquant cette performance insuffisante des maitélede la littérature sont
multiples. Tout d’abord, plusieurs modeéles sont basés sur la quardi die char\\,,. Or, ce

paramétre varie directement avec les conditions de pyrolys&est donc pas une constante,
contrairement a ce que les auteurs supposent. Par exemple, dassdlane pyrolyse a basse
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température, la quantité de char est de beaucoup supérieuraléulautilisée dans la littérature.
Le résultat est donc que la convergence se fera malgré tout a la valeimgerdstchar, mais en

un temps de résidence plus long.

Aussi, plusieurs modéles ne sont simplement pas capables de peégiredliction d’huile
puisqu’ils ont été développés pour prédire les volatiles totaux. Coeratid gaz/huile n’est pas
constant, il n'est alors pas possible d’extraire des rendementd’lpgle seule et ces modeles

sont inutilisables.

Une autre raison est I'inexactitude des températures. En gifisteurs modeles développés ont
vu leurs constantes cinétiques déterminées pour des températapgsation et non des
températures réelles de masse. Puisque la pyrolyse esilgérent un processus endothermique,
la température d’opération demeure supérieure a la températlieede la matiere décomposeée
et les constantes sont alors surestimées. Ce sont la les timpsivayant poussé I'élaboration

d’'un nouveau modele cinétique pour la pyrolyse des pneus.

2.3.2 BILAN D’ENERGIE

Tout d’abord, il est étonnant de constater le nombre limité d’étudelm thermochimie et la
thermodynamique en pyrolyse. Encore plus surprenant, malgrédanassance théorique du
caractére endothermique de la pyrolyse en général, les cabteries en calorimétrie DSC
(Differential Scanning Calorimetry) montrent un pic exothermiquede libération de chaleur.

Le graphique suivant montre un de ces pics typiquement obtenus.
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expérience en pyrolyse (Chang, 1996).

L’enthalpie de pyrolyse est quant a elle souvemipsfiée en un terme réactionnel et un terme
d’évaporation des volatiles, les deux étant destemtes toutes deux proportionnelles a la perte

de masse pendant la pyrolyse. Le tableau suivantrendes valeurs retrouvées dans la littérature

pour ces deux termes.

Tableau 2.3.1. Enthalpies de pyrolyse tirées digdnature.

Heat of pyrolysis/Heat
Feedstock of vaporization of Reference
liquids (kJ/kg)

Wood 235 Koufopanos
Wood 190 Klason
Wood -340 Thomas
Wood -115to -280 Roberts
Wood -254 Beall
SBR -164/180 Yang
SBR -500/280 Yang
SBR -660 Brazier
BR -760/280 Yang
BR -880 Brazier
BR -945 Sircar

NR -560/170 Yang
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Pour obtenir ces termes, il a d0 étre supposé que la capaatdicque évolue de facon
strictement croissante en fonction de la température, alors qued’pdarmations sont

disponibles a cet egard.

Pour vérifier la robustesse des données DSC, la loi de Hess domieées industrielles ont été
utilisées. La loi de Hess a permis de confirmer que globaletagmyrolyse est un processus trés
endothermique pour les pneus, avec des énergies totales impliqguées tautoantdes 1 000
kJ/kg. Au niveau des données industrielles, I'évolution de la tempénatadant la phase de
production d’huile n’a montré aucun signe d’emportement, point caraicpgéeisdes systemes
réactifs exothermiques. C’est donc sur la base de ces contrasligtie I'étude sur I'enthalpie de
pyrolyse et I'évolution de la chaleur spécifigue pendant la pyrodysse justifiée, sachant

I'importance d’une estimation précise de la température pour le modelguineét

2.3.3 SELECTIVITE DU SOUFRE

La présence de soufre dans les pneus est intrinseque de par tasatilma. La normalisation
serrée dont font I'objet les combustibles vis-a-vis leur tenewoefre aurait di justifier des
études approfondies sur le devenir du soufre lors de la pyrolyse eles prourtant, les huiles de
pyrolyse des pneus, souvent considérées pour des applications énergétiopteqas de
littérature abondante a ce sujet. Le tableau qui suit montrenesridonnées brutes obtenues de

la littérature.
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Tableau 2.3.2. Données de la littérature sur kectigité du soufre dans les produits de pyrolyse.

Pyrolysis Sulfur Inorganics
weight weight |sg, 1w, | Reference| Apparatus in
loss % loss % waste tires

Temperature

(°C)

[ 350 Y 25 0.5 Static oven

[ 450 | 60 40 0.67 Diez foioas Swee’p Zn
[ 550 [N/ 489  0.73

[ 400 | 36 33.3 0.89 Customized
T 473 29.6 0.59  Berrueco TGA, Zn, Fe
[ 550 @ [EEEVAS 30.8 0.61 N, flow

[ 300  [ENER:C 4.8° 1.0 .

[ 200 X 18.22 0.73  Laresgoiti N. flow Zn, Fe
[ 500 RN 35.52 0.93 2

a Based on pyrolysis liquids only

Un premier auteur a obtenu une sélectivité du sodfins les volatiles croissante avec la
température. Un second auteur a obtenu une tendamdeaire, alors que les données d'un
troisieme auteur n’ont montré aucune tendance .n€gpendant, il est important de noter la
présence d'acier structural dans les pneus chezdes derniers auteurs et les différentes
températures étudiées.

Dans ces conditions, des données supplémenta@ienttequises pour permettre une étude plus
poussée sur la sélectivité du soufre dans les ildatsur les mécanismes contrélant leur
migration vers les volatiles lors de la pyrolyse. hut visé serait de développer un outil prédictif
pour estimer la teneur en soufre des produits dalyse en fonction des conditions d’opération a
I'échelle industrielle. Un tel outil faciliteraitidlentification et I'optimisation des besoins de
traitement des produits pyrolytiques a la phaseeségn.
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CHAPITRE 3  MODELISATION DE LA CINETIQUE

Cet article a été accepté en 2013 dans le journal Energy & Fuels.

3.1 PRESENTATION DE L'ARTICLE

L’objectif de cette publication était de modéliser la cinétiquepg®lyse des pneus pour un
procédé industriel existant, afin de prédire les taux de production ghaoun des produits
pyrolytiques, nommément le gaz non-condensable, I'huile et le chais modeles différents
tirés de la littérature ont été confrontés aux données de productiotrigliust n'ont pas permis
de représenter adéquatement le début de la production, le temg§ssdéace requis des pneus et

le rendement cumulatif d’huile de pyrolyse.

Le nouveau modéle cinétique développé considére une cinétique de @yiadg®mposition)
unique, mais combinée a des sélectivités intrinséques pour chacun dets meduyrolyse en
fonction uniguement de la température. Les simulations réaliséeslesedonnées industrielles
réalisées a des conditions différentes (2 batches) ont répssiliee avec justesse le début de la
production d’huile pyrolytique, la phase de production dynamique d’huile (teapésidence)
ainsi que le rendement cumulatif d’huile. Ces extrapolations ont pafenvalider le nouveau

modele cinétique.

3.2 PREDICTIVE KINETICS MODEL FOR AN INDUSTRIAL WASTE
TIRE PYROLYSIS PROCESS

Predictive Kinetics Model for an Industrial Waste Tire Pyrolysis Process

Jean-Remi LanteigheJean-Philippe Laviolette Gilles Trembla§and Jamal Chaouki

1. Chemical Engineering Department, Ecole Polytechnique de Montréal, C.P. 6079,
succ. Centre-Ville, Montréal, Qc, Canada H3C 3A7

2. Ecolomondo Corp., 3435 boul. Pitfield, St-Laurent, Qc, Canada H4S 1H7

*Corresponding Authorj@mal.chaouki@polymtl.ga
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3.2.1 Abstract

A new pyrolysis model was developed to predict the individual producs-qondensable

volatiles, condensable volatiles and char) yield for Ecolomondo’s imalusiste tire pyrolysis

process. This novel predictive kinetics-based model couples produetsisgl data obtained

from TGA experiments with a global single-step decompositiasti@n term to reproduce the
non-linear relationship between product selectivity and temperaiutr@ansient energy balance
based on a lumped-capacitance method was also used to calcaladi® shreds temperature
using the rotary drum wall temperature as an input. The kinetadelnwas compared with
experimental oil production data from the industrial process asasedixisting models in the
literature. It is shown that the model can successfully préagcbil production of the industrial
process and the model accuracy is greater for smooth operatingamd@n the other hand,

other pyrolysis models from the literature failed to accurately predidiltpeoduction.

Keywords —Pyrolysis, Waste tires, Model, Predictive, Batch reactor, Rotary drum

3.2.2 Nomenclature

A Pre-exponential factor (i)

Crbed Tire shred bed specific heatkg'K™)
Crehar Char heat capacity /g K™

Crsieel Steel heat capacity k'K ™)

Crire Tire heat capacity thg'K™)

E.  Activation energy (dmol™)

Fr Froude number

g Gravity constant ('s?)

h Average thermal convection coefficient (WK ™)



Hoyr  Heat consumed by pyrolysisi@in™)

k Kinetics constant (mif)

m Mass (kg)

Mpeqg Mass of bed (kg)

Mchar  Mass of char (kg)

Mo Initial mass (kg)

Mpyrolysis Mass of converted pyrolysables (kg)
Msieet  Mass of steel (kg)

Mire  Mass of tire sample (kg)

Miire_iniial Mass of initial tire sample (kQ)

MyolatiesMass of generated volatiles (kg)

m,  Mass of residual solids at 100% conversion (kg)

M reactant Dimensionless weight

n Order of reaction

rehar  RE@ction rate (mif)

FdevolatiizationRate of devolatilization (mifh)

rqas  Rate of formation of pyrolysis gas (rin

f Rate of formation of pyrolysis produicfmin™)
Foil Rate of formation of pyrolysis oil (mih
I'oroducts Rate of formation of pyrolysis products (rifin
FoyrolysisRate of pyrolysis (min)

lolatiles Rate of production of volatiles (mih

R Perfect gas constantigiol 'K ™)

63
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Schar  Instantaneous char selectivity

Syas  Instantaneous gas selectivity

S Instantaneous producselectivity
S.i  Instantaneous oil selectivity
t Time (min)

T Temperature (K or °C)
Twar  Wall temperature (K or °C)
Thes Bed temperature (K or °C)

Wey, Tire shred bed surface exposed the drum wal (m

Greek letters

® Rotational speed (3

3.2.3 INTRODUCTION

Waste tire management is a major issue and despite emsifitation of recovery efforts, a
significant part of waste tires is not yet utilized. In thetkchiStates, the Rubber Manufacturers
Association estimated that approximately 15 % of the 5 million tons of gezgnafste tires in
2009 remain unmanaged. Moreover, 12.6 % of the managed tires areddnalfitl 40.3 % are

burned as a tire-derived fuel.

Recent life-cycle analysis has demonstrated that landfillisgtie worst environmental impact
for waste tire managemén©On the other hand, the environmental impacts of thermo-chemical
treatments, such as pyrolysis and gasification, were shown tdgb#icantly lower than
incineration, which is currently the most widely used thermal péeThe development of
reliable industrial pyrolysis and gasification technologies caydn new possibilities for the
sustainable management and commercial recovery of waste tires.s@aller scale, pyrolysis
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may be techno-economically more interesting compared to gdmificsince a need of less
process equipment and a lower operating temperature result ificsigthy lower initial capital
investment§ In addition, the pyrolysis oil produced from conventional waste typially
contains high fractions of diesel-like felwhich makes it attractive for commercial energy
applications. It is estimated that as much as 67.9% of the angeakyated waste tires could be

reoriented toward pyrolysis processes

Pyrolysis is an anaerobic thermal decomposition process. Wast@tiolysis yields three
products: (1) a carbon-based powder (solid) named char, (2) an oily tigniin hydrocarbons,
and (3) a non-condensable gas composed of hydrogen and light hydrocarbonsspEutive
yield of the three pyrolysis products as well as their chdnsimaposition will depend on the
pyrolysis conditions: (1) temperature, (2) residence time, (3) parSide, and (4) pressure.
Several pyrolysis processes that promote specific reaction icmsdihave therefore been
proposed and developed. These pyrolysis processes have been z=deigtoi three main types
based on the pyrolysis conditions: (1) conventional (slow) pyrolysis,a¢®)(or ultra-fast)
pyrolysis and (3) vacuum pyrolysis. Table 1 summarizes theacteaistic operating conditions

of the three types of pyrolysis.

Table 3.2.1. Types of pyrolysis with their approximate operating parameters.

Parameter

Type of Pyrolysis
Temperature (°C) Residence time (s) Particle size (mm) Pressure (KPa

Conventional (slow) 300-450 300-3,600 5-50 100-500
Fast or ultra fast 450-750 0.5-10 <1 100-500
Vacuum 450-750 10-300 5-50 <25

The three types of pyrolysis are characterized by diffdneating rates. Varying the heating rate

will influence the time spent by the feedstock at a spetdioperature during the pyrolysis
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process and the maximum temperature reached before completesamvEpr conventional
and fast pyrolysis, the heating rate will be about < 1°C/s and 5-2)0%3pectively. Vacuum
pyrolysis will be characterized by a slightly faster hegatrate compared to conventional
pyrolysis, but noticeably slower than fast pyrolysis. The saiebeating rate affects the product

selectivity and may be limited by the equipment and the solids properties.

The reactor selection is key to promote the desired pyrolgaditions. Several types of reactors
have been studied for pyrolysis, but the main industrial pyrolysisepses use fluidized bed
reactors (circulating and bubbling), rotating cone reactors aiuth batary drums. Table 2 lists

some of the main pilot and industrial scale pyrolysis processes along witbitheicteristics.
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Table 3.2.2. Large-scale pyrolysis processes list. *CFB: Circulatindigéd-bed, FB: Bubbling

Fluidized-bed, RC: Rotating Cone reactor, BRD: Batch Rotary Drum, IR\¥Mnéd Retort

Vessel
Type of Feeding
Company Feedstock ] Reactor* Temperature Comments
pyrolysis rate
Dried wood up to 100 .
Ensyn ) Ultra Fast CFB 500-700°C Industrial scale
biomass TPD
) Sawdust-like up to 200 _
Dynamotive ) Fast FB 450-500°C Industrial scale
biomass TPD
) Working with
Sawdust-like up to 200 )
ROC ) Fast FB 450-500°C Dynamotive technology
biomass TPD . )
in Australia
Dried biomass up to 200 ]
BTG ] Fast RC 450-600°C Pilot-scale
chips ka/h
Industrial scale
) Batch process
Waste tire ) 16 TPD per
Ecolomondo Conventional BRD 250-500°C .
shreds reactor Multi-module plants to
minimize the effects of
process turndown
Pirore DBA )
Waste tire
Black and Fast Unknown 150-406C 16,500 TPY
shreds
Green
Conrad )
] Waste tire .
Industries Fast IRV 500-75¢C 24 TPD Industrial scale
shreds
Inc. .
Continuous process
Harmonic ) )
Waste tires Fast Kiln 43a 150 TPD
Energy Inc.
Metso Waste tire
) Fast Kiln 450C 91 TPD
Minerals shreds
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Rotary drums offer significant advantages over the other typesaocfors. Firstly, minimal
feedstock pre-treatment is required in opposition to fluidized bed esewhich may need
significant pre-treatment at additional costs to ensure a goatizfition quality. Secondly, the
continuous flow of an inert gas (for example, inert fluidization gagquired in fluidized beds)
is not required such that the non-condensable gas is not diluted and card fbuused) to
produce energy. Hence, rotary drum pyrolysis processes can be auto-thamueal-egondensable
gas combustion so both oil and char can be marketed. Continuous operatiarediueid
technologies supply their energy demand with char combustion, while nonasabtke gas
fraction cannot be marketed due to dilution. Nevertheless, batch fluiskedcan recover these

gases as an energy source while marketing char.

To design an industrial pyrolysis process, the development of anateageaction model is
essential to ensure process safety and techno-economic vidlitiH{AZOP, the prediction of
the process behaviour is mandatory to develop efficient emergen®@dpres. Furthermore, the
profitability of a pyrolysis process is highly sensitive on thedpct yields, which is greatly
dependent on the process operation. It is therefore necessanatéo peduct yields to the
operating conditions for process optimization. At the industrial spateess optimization can
require significant time and costs if experimental process guisnperformed: an accurate

pyrolysis model will help minimize these costs.

Many pyrolysis models are found in the literature and most of them were deVealupealidated

with thermogravimetric (TGA) data. Babu et’akviewed most of the pyrolysis models found in
the scientific literature. Pyrolysis models were clasdifinto three main categories: (1) single-
step reaction, (2) intermediate reactions, and (3) a combinationghé-sitep reactions. Using a
global single-step reaction represents the simplest pyratysdel and it has been shown that
many materials cannot be represented by this model as pyrolysis kaatisgynificantly change

with varying temperatures. Only a few pure materials, likedensity polyethylene, have shown
this single-step reaction behaviour. For heterogeneous feedstockgsswelste tires, biomass,

automobile shredder residue, and municipal solid waste, more cokRipkdics are required to
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model pyrolysis. Most of waste tire pyrolysis studies repoitethe literature (based on TGA
experiments) showed several stages of decomposition leadinpetondtion of pseudo-
components: these different stages must be accounted for in a model.

The second family of pyrolysis models considers intermedratections: the feedstock
decomposes into intermediate products, which undergo further reactionsepi@sentation may
describe the physical process occurring during pyrolysis hiesetmodels are very hard to tune.
In fact, one must precisely know the number of intermediate product®del the secondary
reactions and so forth if more than two reactions in sereesarsidered. The uncertainties will
then propagate and make the model less robust to changes in operatingreonthis type of
model will especially yield uncertainties for heterogeneous magerial

The third family of reaction models consists of a linear cominnadf single-step pyrolysis
reactions. The model can consider a combination of real componenéxdfople, tires contain
butadiene and styrene-butadiene rubbers) or it can consider a coarbofgtseudo-components
where every decomposition level observed in TGA experiments coupntseasf these pseudo-
components. This type of reaction model is robust since the amounmmuonents or pseudo-
components are independent from the reaction yield and can be tuneatedgpblowever, it
does not physically represent pyrolysis as well as the second family ofsnodel

To estimate the respective yield of pyrolysis products, the tiypes of models described above
use one or several parallel and/or series kinetic steps tolatal¢dheir formation rate. These
reaction steps are generally expressed as global devotadiiza volatilization rates, which are

assumed to follow a modified Arrhenius law

dM.
Tdevolatilization = _%mnt = k(T) ' f(Mreactant)n (1)
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k(T)=A" (e‘Ea/RT) (2)

As shown in equations (1) and (2), the global devolatilization raé@4iizaiion 1S @ function of
temperatureT), a pre-exponential factoA) and an activation energ¥d) using the Arrhenius
law as well as the mass of the reactét..an) t0 the powemn, which corresponds to the order
of reaction. Pyrolysis models generally predict the rateoohétion of volatiles, but do not
differentiate between the condensable and non-condensable fractionsrrkomthehe use of
several kinetic steps to predict the pyrolysis of heterogeneedstéeks involves the evaluation
of multiple parameters from experimental data. An increasingoruwf model parameters most
likely leads to greater uncertainties or decreased robustnegstidoin reality, devolatilization
most likely involves numerous series and parallel elementatioeasteps. However, micro-
kinetics models that can accurately reproduce feedstock devaladii have yet to be
developed. Many authors assume an arbitrary order of rean)io8ifice a myriad of reactions
are simplified into only a few global reaction steps, this parameter shoaltyide fitted and not

fixed. Fixing an arbitrary order of reaction may produce a bias on the activagoyyeerm.

The functionf(Mreactan) in equation (1) is generally normalized to the amount of volattilat

have been released from the sample in a TGA:

(mo—m)
M = —
reactant (M0—T100)

®3)

f(Mreactant) = (1 — Myeactant) 4)

In equation (3), the terms,, m, andm correspond to the initial, final (complete conversion) and

instantaneous mass of the pyrolyzed sample, respectively. oot@e M eactant represents the
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cumulative normalized weight loss of the sample. In equation (4M({dcan) thus corresponds

to the instantaneous normalized sample weight.

In the vast majority of models proposed in the scientific liteea the parameterd\,(E, andn)

are estimated from thermogravimetric (TGA) experinféhitsSince reaction rates are strongly
dependent upon temperature according to equation (2), the estimattivati@n energy terms

may yield significant errof& The uncertainty may principally arise from the TGA tempeeatur
measurements, which correspond to the gas temperature. Inhasplid sample temperature
may be significantly different — during a non-isothermal TGA expent with a specific
temperature ramp-up rate, the solid sample temperature mayvbethan the gas temperature
due to heat transfer limitatiofsIn this case, the estimated kinetics parameters are biased and the
error is transmitted to the other kinetics parameters, dependimgiorsensitivity. These models
may therefore yield significant errors when extrapolateddrithie range of conditions at which

they were validated.

Furthermore, two other significant uncertainties related to whigght normalization directly
affect the models accuracy and robustness. First of all, the dengdeversion weightnt,)
strongly depends on the heating and temperature history. Consequentigieafitted with the
results of a specific non-isothermal TGA experiment may Wegdificant errors when applied to
industrial runs where the heating rate may not be similar. Another source ahagroesult from
the use of the instant normalized sample weidht Nkeactan) IN €quation (4). This kinetics
driving term may not be representative of reality since tmanpaterm,, which represents the
total amount of volatiles emitted during decomposition, is strongly dependent on theatemngse

time profile.

In the present study, a novel pyrolysis model of wasteshireds that predicts individual product
yields, as well as accounting for their temperature-dependevas developed for waste tires.
The model uses a single global kinetic step to describe the wirgierial decomposition and use
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the concept of product selectivity to predict individual product yiettar( condensable gas and
non-condensable gas) with a minimal number of fitted parametertheFuaore, to reduce the
uncertainties associated with the estimation of model paramgteyswere estimated from TGA
and industrial data from the Ecolomondo process. Finally, the modedls@asompared to other

pyrolysis models in the scientific literature.

3.2.4 EXPERIMENTAL APPARATUS

Experiments were performed on two main apparatus. A TGA apparatufirgt used to evaluate
and optimize the model kinetic parameters. Afterwards, industrial fdam the Ecolomondo
pyrolysis process data were used to estimate heat/raas$etr model parameters and to validate

the model under different conditions.

3.24.1 TGA apparatus

TGA experiments were performed using a Q5000 apparatus fronm3tAuments. Regularly
shaped cubic tire samples of 30 mg were used for each experirhergamples were mounted

on a platinum pan with a nitrogen flow of 20 mL/min. The heating natye selected as per
referencé’, i.e. 5°C/min, 20°C/min, 40°C/min and 80°C/min. The experiments were conducted
until there was no sample weight loss (less than 0.01 % weighdlogghg 15 minutes span).
During these experiments, the time evolution of the solid massneasured, which is directly
related to the mass of combined volatiles.

3.24.2 Industrial Ecolomondo process

Ecolomondo Corporation is an environmental company performing wastpytiog/sis on an
industrial scale rotary drum reactor processes. The plantased at a distance of about 80 km
from Montreal (Quebec, Canada). The Ecolomondo process consistgyoblgsis process in
batch mode using a rotary drum reactor. Prior to the pyralgsigtion, an industrial shredder is

used to reduce waste tires into relatively regular small particles withimatving metals.
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Rotary drum reactor Filtration syst.

,_0_0_0_0_0_0_0_0_0_0_| External burners
GaseSﬁ

G/L
Separatorj Cooling syst.

Oile— |

Figure 3.2.1. Simplified representation of the Boabndo™ process.

Figure 3.2.1 shows a simplified process flow diagmaf the Ecolomondo™ pyrolysis process:

waste tire shreds are loaded into the rotary dreactor, which is sealed and purged of oxygen
prior to reaction. At this stage, external gas bwnlinearly disposed under the rotary drum, are
raised to increase the temperature of the reacétiramd waste tire shreds. The temperature of
the reactor wall and the bed of the waste tiredshiees well as the drum internal pressure are
continuously monitored using thermocouples and sunes sensors, so that the operator can
observe the pyrolysis process in real-time. Theesth the art Ecolomondo’s TDP process has
been designed to be fully automated with minimatrafor interaction. The temperature of the
reactor wall is measured on the upper side of th&y drum (opposite the burners, which are

located on the bottom).

During the pyrolysis process, the waste tire shigutdergo thermal decomposition that yields
gaseous products (condensable and non-condensab)e these products are continuously
evacuated out of the rotary drum reactor to a sebondensers followed by gas-liquid separation
drums. The non-condensable gas and condensed ijjasréothen stored in tanks. During a
pyrolysis batch, the weight of produced condensghate(oil) is continuously monitored.



74

When the pyrolysis reaction is complete (internal pressum® inger increasing), the rotary
drum temperature and rotational speed are both increased to proradteton in char particle
size and patrticle size distribution and the agglomeration of steglue. The reactor is then
cooled by water injection: water is fed inside the rotary dreactor, vaporized and purged from
the reactor. Residual steel and char particles are evacuatkgpéndent vacuum system) to a
series of cyclone and bag-house filters where steel is segpdram the char particle size and
fractionation is performed (2 types of char based on particle size distribution)

The estimated time required for the completion of a batch, includenpading and unloading of

the reactor, is less than 6 hours. The rotary drum reactor capacity is 5,500 ktedirerahireds.

3.2.5 PYROLYSIS MODEL
The pyrolysis model includes three main components: (1) reactoary(ratrum) solids

hydrodynamics, (2) reaction kinetics and (3) energy balance.

3.25.1 Rotary drum solids hydrodynamics

In rotary drum pyrolysis, the solids transport phenomena are ngorbrned by segregation and
attrition. At the beginning of the pyrolysis process, the wastestireds are relatively uniform
such that segregation is limited. Attrition occurs as the pyslgsbcess proceeds when the
particle surfaces collapse under the action of repeated collisidnsed by the motion of the
rotary drum: the particle size distribution widens and the pesteegregate within the bed. This
phenomenon induces the motion of solids so that heat and mass trangfexsrotary drum
reactor are promoted. Moreover, Ecolomondo™’s rotary drum reactosgesal means of

improving the solids mixing inside the reactor.

This segregation behaviour is supported experimentally by Alizadeh*®twhich performed
experiments in a small-scale rotary drum. They explicitly alestrated that the smaller particles
tend to segregate to the centre of the bed in a rotary drum, wdgler particles remain along the
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outer layer of the bed. This strongly suggests that smaitlearproduced from the attrition of
the larger particles at the periphery of the bed will megrat the center of the bed: this
significantly improves the heat and mass transfers.

Mixing in the rotary drum reactor depends on several operating tmorsdi According to
Mellmann'®, the diameter, rotational speed, and filling level of the drumelkas the friction
coefficients in the system mainly govern the flowing regimd #he quality of mixing. The

Froude number characterizes the effects of drum raB)usnd angular rotational speed)(

w?R

FTZT (5)

With an increasing Froude number, the rotary drum hydrodynamics liesm observed to
change from slipping to cascading and, finally, cataracting mo@dnthe several types of
motions, it has been demonstrated that cascading flow patternsnizexinixind®. In the
Ecolomondo™ process, the rotary drum reactor is operated with a Froutéermbomiween 0.05
and 0.1, which maximizes solids mixing at a cascading régimtés therefore assumed that the

waste tire shred bed is homogeneous.

If the volatiles leave the rotary drum rapidly and the gagleace time is sufficiently low to

avoid overpressure and an excess of thermal cracking, equation (1) can be expressed a

dMyoiqatiles

dt = f(rpyrolysis) (6)

In equation (6), the term,aiiles COrresponds to the mass of gaseous products (condensable and
non-condensable) extracted from the rotary drum reactor, whjilsis corresponds to the

reaction rate.



76

3.252 Reaction kinetics

In the present model, a rate of pyrolysis is used. The rasgrolysis term is different from the

usual rate of devolatilization, but has the same kinetics formulation:

dm i _Ea  (mippe—m s\
_ pyrolysis __ . tire pyrolysis
~Tpyrolysis = dt = Ae RrT ( ) (7)

Mtire_initial

In reality, pyrolysis most likely involves hundreds of series jpacllel reactions. However, the
main difficulty resides in identifying all the individual re@cts, evaluating the reaction terms in
the model and simplifying the model by keeping only the sigmificeactions. Based on a black

box representation of pyrolysis, the reaction system can be represented as:

|
-T iy Parallel & ;
' . oi
series :

reactions 1Foae

pyrolysi

Figure 3.2.2. Black box representation of the pyrolysis system.

Since all the reaction terms are not known, a simplified globattion equation can be

formulated:

I pyrolysis = Syad T)Y I products T Soil (T)Y-F products T (1-Soit(T)-Syad 1)) I products (8)

In equation (8), the parameterg.snd S correspond to the instantaneous selectivity of non-
condensable gases and condensable gases (oil), respectively.ifidtastaneous selectivity

terms G(T)) are a function of temperature and are defined as:
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S(T) = —+—=—" )

X Tproducts —Tpyrolysis

The global pyrolysis reaction rate can thus be formulated as:

Tchar Toil Tgas
pyrolysts Schar Soil Sgas ( )

In the present model, pyrolysis is represented as a singl@steess and the rate of formation of
the individual pyrolysis products is predicted. Reorganizing equationf¢t@ll the pyrolysis
products yields:

Tchar = _rpyrolysis ' Schar (11)
Toil = ~Tpyrolysis * Soil (12)
Tgas = ~Tpyrolysis Sgas (13)

The selectivity terms as a function of temperature for cheanoi gas can partially be obtained
from the results of William, which performed isothermal waste tire pyrolysis in a lasgate
system over a wide range of conditions. In these experimentam&l’ reported the final
product yields (at the end of the pyrolysis process) as a dunotiboth temperature and heating
rate. However, the average temperature at which most of the smmveras achieved was more
likely lower than the reported final temperature. The higheh#daing rate, the shorter will be
this heat up step. And by extension, an infinite heating rate woeld gelectivity values that
would be temperature dependent only. In fact, it is very difficultoldain instantaneous
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selectivity data experimentally: heating occurs for a figant time period where conversion
undergoes before reaching the set point temperature. This is lmheutecause of the intrinsic
thermal properties of carbonaceous materials, namely a lowaheamductivity combined to a
high heat capacity. Therefore, data from Williams was ugedlitatively to define the
mathematical functions relating the instantaneous selectivitgasf &a9 and oil &) to
pyrolysis temperatureTj. The instantaneous char selectivitgn{) was then obtained by
difference, as per equation (8).

The order of reactiomy in equation (7) was assumed as 1.78, based on the results of{hang
who calculated the order of reaction for waste tire isothergralysis. Note that for isothermal
pyrolysis experiments, the selectivity terms correspond to aussféhus, the order of reaction
for the rate of devolatilization calculated by Ch@ngt a specific temperature is directly
proportional to the rate of pyrolysis considered in equation (7). Tia fiorm of the kinetics

model is presented as follows:

1.78

) —%_ Mtire—Mpyrolysis .S 14

Tchar = A€ . char ( )
Mtire_initial

“Ea (myire—mpyrotysis 178
T = Ae T - (Mt} g (15)
tire_initial
_Ea  (miire—Mpyrotysis 178
Tyas = Ae RT - (—py A4 ) *Sgas (16)
Mtire_initial

3.25.3 Energy Balance

Indirect heating exposes the drum region facing the burners tohigitntemperatures, but the
temperature is assumed to be relatively constant over the druacesinécause of the rotating

motion. For the energy balance, thermal convection between the hotdiland the waste tire
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bed was assumed as the main heating source and the thermal radiatioirecbefis included in
the average heat transfer coefficient. The energy balance atoended of tire shreds was

assumed as:

AT pe =
mbed(t)cpbed (T) % = hVVexp(Twall - Tbed) - prr (17)

Mped (t)CPbed (T) = msteelcpsteel (T) + Mtire (t) Cp (T) + Mchar (t)Cpchar (18)

tire

As previously discussed in section 3.1, the rotary drum reactor opgecatmlitions maximized

the solids mixing such that the waste tire bed was assumedatellbmixed and its temperature
to be uniform (no gradient). The parameters of equation (17) wereatsdinfrom industrial

pyrolysis data.

To estimate the waste tire shred specific h&atd), the correlation of Yang et &l was used:

Cpye (T) = 1230 + 6.55T [=] (19)

Note that the range of temperatures for which the above caorelatvalid was not specified by
Yang et af*. In the present model, this can represent a source of error thimamrrelation
predicts that the specific heat doubles between ambient temperatdr 190°C (before any
decomposition has taken place). Specific heat for char was aldnesbfeom Yang et &' as

1800 J/kg°C. For steel, a temperature-dependent expression was obtained fromatinefite

Cp,,,.,(T) = 425 + 0.773T [=] (20)

kg°C
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The pyrolysis heat of reactiotf,) reported in the scientific literature for various feedstocks
vary significantly. For example, Rath et?&lshowed that values reported for wood vary from
highly exothermic to highly endothermic. Their study showed thaptbgsence of a lid over the
sample can greatly affect the results. The volatilizatiat bereaction is also different from the
heat of reaction for decomposition. In the present study, the heatarhdesition was calculated
from the available industrial data according to the heat and Ioadessces as it will be described

in the next section.

The novelty of the proposed model lies in its capability to predaividual product (char, oil
and non-condensable gas) yields as a function of temperature Vimtitesl number of fitted
parameters. Hence, the model predicts decreasing generatiorofratelatiles with decreasing
heating rates (increasing residence time at lower tempesatu®n the other hand, increasing
heating rates leads to decreasing char production rates. Fitredlypyrolysis reaction rate
increases with increasing temperature according to the Arrhdaws which makes high
temperature pyrolysis difficult to achieve.

3.2.6 RESULTS AND DISCUSSION

3.2.6.1 Estimation of model parameters

The pyrolysis products selectivity as a function of temperatuss astimated from TGA

experiments.
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3.2.6.2 Pyrolysis product selectivity

Isothermal experiments were previously conductetilliams et al*” in a fixed-bed (similar to
conventional TGA) with tire samples where they nbar@d the individual product yield at four
different temperatures and four different heatiates. The data of Williams et™dlis shown in
Figure 3.2.3 and it was initially considered tothe proposed model (equations (11) to (16)), as

selectivity values. However, Williams et'alreported the set-point temperature as the solids

temperature, which can yield a significant erropesviously discussed in section 3.

80
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Figure 3.2.3. Product selectivity obtained vial®smal TGA experiment5(single points) &

Temperature (°C)

Temperature (°C)

calculated selectivity (functions).



82

To determine the uncertainty generated from this assumption, TGAregpé&s were conducted
at a low heating rate of°6/min from ambient temperature to 6Q0 In Section 3.2.3, it was
emphasized that lower heating rates in TGA runs would be mores@oce the measured gas
temperature is more representative of the sample tempertiirgy the definition of kinetics

presented in this work, the rate of production of volatiles can be expressed as:

Tyolatiles = Tgas T Toil (21)

Tvolatiles = (Sgas + Soil)(_rpyrolysis) (22)

—r _ — _Twolatiles (23)
pyrolysts (Sgas+50il)

During a TGA experiment, the integral of the data set obtain@a fequation (23) should
converge to 100 % (not exceeding 100%), as weight loss reached alatdau after a certain
time and conversion reaches completion. The last values takenhieohGA run shows a weight

loss of the same order of magnitude than the noise from the TGA micro-scale.

Figure 3.2.4 compares the cumulative conversion (integrated curie tife sample from the
TGA experiments (current work) and the data of Williams étal is clear that conversion
widely exceeds 100 % using data from Willidm&gwo main factors can explain these results.
First, the waste tire shreds conversion has been previously shown dompeted before
reaching the temperature set points of°@0and 726C at the heating rates used by Williams et
al’. This completed pyrolysis temperature, for a constant heatie@xaeriment, is more likely
around 450°&*?* (confirmed with TGA experiments in this work). Second, as highlilie
Section 3.2, the heating process of the particles leads to sighdi@aple decomposition before
the set point temperature is reached. As a result, the produds rgported by Willams et &f.

combine both the products emitted before that final temperatdréhase emitted at the set point
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temperature. The real selectivity values (usingnéinite heating rate) were thus underestimated
(oil and gas) or overestimated (char). Therefoeal selectivity values that are independent on
the heating rate must be determined.

50 4

Weight loss TGA curve

— — —  Cumulative conversion (selectivity from this work)
— — —— Calculated weight loss curve

40 4 ———- Cumulative conversion (selectivity from [17])
----------------- Initial sample weight

30 A

20 A

Sample weight

10

0 10 20 30 40 50

Time

Figure 3.2.4. TGA data used to identify the oikeséiivity curves parameters (5°C/min).

The product selectivity data reported by WilliamisE"’ is not accurate, but it is still of interest
to qualitatively characterize the shape of thectefigy function &(T)). In fact, Figure 3 shows a
linear increase of non-condensable gas productitm imcreasing temperature. Considering the
isothermal TGA experiments conducted at a heatatg of 80°C/min, the effect of the heating
process was minimized and the gas yields were asstonbe close to the real selectivity values
since gas production was relatively limited compgatie the oil production. Moreover, it can be
assumed that the experiments with set-point tenyres of 600°C and 720°C were performed
with a set-point temperature of 453*C°. Finally, the experiment with a set-point temperatof
300°C is assumed to yield results that are closehé real selectivity values, considering that
kinetics remains very slow below that set point gemature. Consequently, instantaneous non-

condensable gas selectivity was assumed to folisMinear behaviour with temperature:
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Sgas(T) = 0.0006T(°C) — 0.14 [=] —2eghigas (24)

weight products

Equation (24) is shown in Figure 3 and is assumed to be valid betws¥d &fs=0.025 weight
gas/weight producjsand 550°C &=0.19 weight gas/weight produgtsAs conventional
pyrolysis considers mild heating rates, temperatures higahrr380°C are not expected. For fast
pyrolysis, oil cracking at temperatures over 550°C should then bedeocedi The final
selectivity value may seem high, but it must not be forgottdnint@nventional pyrolysis, these
temperatures are usually met when conversion is close to compsstitme effect on the global

gas yield is not significant.

Since conversion likely reached completion at approximatel’Cf4€", the instantaneous
selectivity for oil at high temperature (6@and 726C) is expected to be higher than reported
by Williams et aft’. Observing oil yield data from Williams et 'd. the morphology of a
mathematical function relating instantaneous oil selectivitgngperature is similar to a delayed

second-order response plus a constant value, as it reaches a plateau anmgnatuees:

T <6 S,u(T) =B (25)
=(T-96) =(T-6)
6 <T <550°C Syu(T) =K (1 e ”T ‘:Ze - ) +B (26)
1—¢t2
T
71 = TN (27)
- (28)
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Equation (26) is assumed to be valid for temperaturgbétweenT = and T = 550°C. For

T < 6 (equation (25)), instantaneous oil selectivity is a constant asguisl toB. Since equation
(26) is not fundamentally related to selectivity, the parammeb@ve no physical meaning.
However, their contribution to the morphology of the selectivity curve lea identified. The
delay @) is the temperature from which oil selectivity starts torease with increasing
temperature 4 corresponds to a threshold temperature for oil production. At high tatapes,

oil selectivity reaches a platealf £ B). Tau ¢) represents the temperature range in which
selectivity changes significantly, in contrast to the realindefn of tau, which is the
characteristic time range where process response chaggégaitly, starting from thetady.

The plateauK + B) is reached af = 5 7. Finally, { represents the smoothness of the selectivity

evolution with temperature.

The coefficients in the oil selectivity equations (25) to (28) eweletermined with the
experimental TGA data:rpyroysis was obtained from the TGA data and the calculdigd
(equations (21) to (23)) such tHaf could be calculated as a function of temperatliyeAgain,
optimal parameters for equations (25) to (28) lead the integrayafysis to converge to 100%.
The values for the five parameters of the oil selectivity eguahat meet this condition were

found to be:

.« K=70%
- B=6%
e 0=325C
. 1=10°C

. (=13

e 1,=21.3°C
e 1,=4.7°C

In Figure 3.2.4, it is shown now that with the new selectivity fonst for gas and oil (char is
obtained by difference) fit the TGA data with very high accurdde selectivity values, with

temperature (up to 550°C) are presented in Figure 3, along withinaglefor volatiles (oil +
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gas). As explained earlier, it is observed thaadedm Williams et al. (17) underestimated the

production of volatiles as it also overestimates phoduction of char.

3.2.6.3 Kinetics parameters

The kinetics parameters in the pyrolysis rate esgpom (equation (7)) were calculated from the
measured oil production and bed temperature dutieg typical industrial batch shown in

Figure 5 and the product selectivity equations. Téleowing values were obtained for the

kinetics of waste tires pyrolysis:

« E,=71,000 J/mol
e A =42,000 mifit

The simulated cumulative oil production profiletieen compared with the measured profile in
Figure 3.2.5.
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Figure 3.2.5. Oil production and temperature (meab& calculated) during an industrial waste
tire pyrolysis batch; C=calculated, M=measured, &kO=0il, W=wall, P=production,

T=temperature.
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3.2.6.4 Heat transfer parameters

Heat transfer model parameters in the energy balance ofieqya?) were estimated from
industrial data. Following the initiation of the heating process Q), the bed and wall
temperatures increase with time as shown in Figure 5. The &bseaignificant fluctuations in
the temperature measurements (Figure 3.2.5) suggests a uniform tirebsluréeisperature — the

bed appears to be well-mixed.

Using the tire specific heat calculated from the cori@abf Yang et af* (equation (19))
resulted in a convection ternh)(that was significantly higher than the values reported by
Lin et al?® (over 200 W/m2K). In fact, as reported in the literajreonvection terms for
externally heated rotary drums are typically in the rang25ef25 W/m2K. On the other hand,
assuming a constant tire specific heat of 1230 J/kg°C (from equa®hn underestimated the
convection coefficient as values below 25 W/m2K were obtained. Thistsgipat Yang et at.
may have experienced bias using a differential scanning caterir@@SC). As the order of
magnitude of the convection term can be calculated from the litefatthe specific heat ramp
of 6.55 J/kg°C2? from equation (19) was instead fitted with the experandata and the result

was closer to the typical char specific heat ramp of 2.09 J/kg°C2 from Koufopands et al.

Concerning the energy consumed by the decomposition reakttignir( equation (17)), it was
considered that it behaves endothermically during the whole pyrolysis prédegs it combines
both specific exothermic and endothermic reactions, it is globallgra endothermic process.
However, since the products composition and selectivity evolves wibetature, it is expected
that the energy consumed by pyrolysis will more likely varyeimd of being constant. The
importance of these variations cannot yet be quantified. It would reguiné set of data for
selectivity and elemental composition of products as well asinge@alues, in order to
implement a full Hess law calculation. As a simplification,aaerage energy of pyrolysis was
fitted, Hpyr being
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prr = prr- ) (_rpyrolysis) (29)

Whereﬁpyr. is the weight-based energy of pyrolysis. A value of 140,000 J/lsgobt&ined by
fitting. It is very important to notice that in this model, the ggeconsumed is the heat of
pyrolysis and is related to the rate of pyrolysis, in opposition to the heat of tleaailan, which
refers to the rate of production of volatiles in most models founderature. It is thus very
difficult to correlate this value to those seen in literaturedevolatilization of tires or their
components, which vary between 250,000 and 500,008”3/kg

3.2.6.5 Model performance

Figure 3.2.5 shows the measured and calculated oil production during @& tggigstrial waste
tire pyrolysis batch: the calculated values closely follow ékperimental trend. Figure 5 also
shows the measured and calculated wall and bed temperaturesodbEis in good agreement

with the experimental values.

Selectivity is non-linear with respect to temperature, which msnite® model very sensitive to
that parameter. Non-typical pyrolysis batches were also prodvittetbwer waste tire bed mass
or with different heating processes (varying heating rates)vestigate the robustness of our
model. In these tests, oil production and wall temperature were nemhitbut not the bed
temperature. The wall temperature was implemented in the ebafggce, coupled with the
mass balance, to calculate the bed temperature as well @l fw®duction. The two cases
studied were: (1) a batch with a typical bed mass, but witliferefit heating profile and (2) a
batch with a smaller initial waste tire bed mass (60% ofctbed mass). The measured and
calculated oil production, measured wall temperature and calcldatetemperature are shown
in Figure 3.2.6 (batch 1) and Figure 3.2.7 (batch 2).
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Figure 3.2.6. Measured and calculated oil produactiod temperature for a different heating
profile (batch 1); C=calculated, M=measured, B=l@doil, W=wall, P=production,

T=temperature.
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Figure 3.2.7. Measured and calculated oil produacsiod temperature for a smaller bed (batch 2);

C=calculated, M=measured, B=bed, O=oil, W=wall, Rdpction, T=temperature.

For batch 1, the calculated oil production for 1.2 agrees well with the measured values.
Nevertheless, oil production between t = 0.70 ardLt2 could not be well predicted. This may

be related to the fact that the actual bed tempezancreased until approximately t = 0.8, where
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it started to decrease due to a less intense operation of tlegduka oil production here follows
a deformed S-shape with time, there appears to be a changeatirgpeonditions 0.8 t< 0.9,
which affected the bed temperature and the kinetics. For batch 2,isharslight variation
between the real oil production threshold and the simulated owertNeless, the dynamics of
oil production is well reproduced through the remaining of the batchialuradverall, the
predictive pyrolysis kinetics model simulated successfullyothproduction dynamics and final
yields for the existing industrial process.

3.2.6.6 Comparison to existing models

The proposed model was compared to three pyrolysis models in tidifiscigerature. One
model from each family of pyrolysis models was chosen: theesstgh model of Chafy the
multi-step pseudo-component model of Letngnd the parallel-and-series reaction model of
Olazaf®. Chang® performed isothermal experiments in an apparatus similar ®4af several
set-point temperatures up to 550°C. Ledivgorked with a conventional TGA at heating rates of
10°C/min, 30°C/min and 60°C/min and temperatures ranging from ambient to 680~@ver,

full conversion was always achieved between 450°C and 500°C. Blaperated a spouted bed
at several set-point temperatures between 425°C and 610°C. All threks nede developed as
intrinsic kinetics models, independent from particle size andpresThe parameters from each

model are summarized in Table 3.
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Table 3.2.3. Parameters values for literature models used in this study.

Order of
. E . Component
Model Component A (min-1) Reaction .
(J/mol) Ponderation
(n)
Chang® Tire-to-volatiles 3.28E+05 61 240 1.78 1
Pseudo-1-to-volatiles-1  2.00E+0452 500 1 0.1
Leungd® Pseudo-2-to-volatiles-2  6.30E+1365 000 1 0.48
Pseudo-3-to-volatiles-3  2.30E+09.36 000 1 0.42
Tire-to-Intermediate 4.09E+03 46 090 1 N/A
Tire-to-gas 2.11E-05 63 080 1 N/A
Tire-to-liquid 7.80E+02 40 060 1 N/A
0 Tire-to-aromatics 3.21E+05 89 260 1 N/A
Olazaf
Intermediate-to- 1
aromatics 3.00E+01 36 330 N/A
Intermediate-to-tar 1.42E-01 14 120 1 N/A
Intermediate-to-char 2.87E+01 20 500 1 N/A

The measured bed temperature of Figure 3.2.5 (typical pyrolysib)bats imposed and the
cumulative volatiles (oil and gas combined) production was simufateall four models. Two
out of the three models chosen do not differentiate between non-condemsatiendensable
(oil) gas fractions such that the cumulative volatiles productiegusad as basis for comparison.
Figure 3.2.8 compares the cumulative volatiles predictions frono@irhodels. As model from
Olazaf® can predict the oil production alone, this was also reported for comparison.
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Figure 3.2.8. Calculated volatiles and oil prodmesi with the model from this workin
comparison to models by Chafig_eund® & Olazarf®; C=calculated, M=measured, O=olil,

V=volatiles, P=production.

It is observed that the pseudo-component modeleoihnf® predicted a very low production of
volatiles such that they failed to reproduce expental measurements. This model is
characterized by activation energies that are igh. fOn the other hand, the single-step model of
Chang® predicted an overall volatiles production of tharect order of magnitude. But, its
activation energy is too low since it predicts costg waste tire thermal decomposition before

the pyrolysis was initiated in the industrial react

The parallel and series reaction model of OfEztiowed similar results as the model of CHng
since the activation energies are similarly too.létewever, the model of OlaZdmwas able to
predict the pyrolysis products selectivity. Unfarately, it appears that selectivity for liquids and
char are dominant at these temperatures. In faetgas yield was almost inexistent and the
aromatics and tars were produced at a yield ofretalu % (curves mostly overlapped, total
volatiles curve not shown). This may highlight faet that similarly to Williams et df, the set-
point temperatures used by Ol&Zan their experiments were too high: pyrolysis waspleted
before reaching the set-point temperature andtsatgcalculations were biased.
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It is interesting to observe that the models of CAaagd Olaz&’ yielded similar results while
being so different. More in-depth analysis of liquid products may alowwore accurate tuning of
the Olaza®® model. However, Figure 8 reveals that the robustness of this isddel, possibly
due to the inclusion of too many reactions. In this work, the robustness of the inqusttielive
model lies in the determination of a temperature-dependent sdietdivie, as the global set of

reactions remains unknown.

Since the market value of pyrolysis oil is much higher than non-corulergases, models based
on total volatiles production cannot be implemented at the industriat sieair application will
most certainly yield large predictive errors. The third faroflynodels presented by Bahis the
only category capable of predicting both the kinetics and single grgailids of pyrolysis. The
model developed in this article is a simplification of the thinahifa of models. Having initial
decomposition kinetics, the estimation of selectivity would imply knovahgf the reactions
involved in pyrolysis with their respective kinetics. The challelnggein estimating the products
selectivity and the decomposition kinetics parameters asaebumls possible. Ultimately, it
strongly appears that thermogravimetry (TGA) alone is not stotetthis task since the yield of

the different pyrolysis products (char, oil & gas) must be precisely known.

3.2.7 CONCLUSIONS

A predictive pyrolysis model was developed for an existing comaiescale waste tire thermal
decomposition process. The reaction was modeled as a global pyrebsi®n kinetics term.
Furthermore, the temperature-dependency of the products selectivity modeled
mathematically with functions derived from TGA data. The epéajance was performed using
a lumped-capacitance method which assumed a perfectly mixed bedcamdtant convection
term that included radiation. The model yields the products (ch&,gak) generation with time

as well as the tire shreds temperature time-profiles.
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The model was compared to industrial pyrolysis data from theoBwsido™ process. The
calculated tire shreds bed temperature and cumulative oil producti@edagvell with
experimental data for the typical process operating conditionsprEisent model was compared
to three other models from the literature: single-step, mtdp-pseudo-components and parallel-
and-series. It was shown that none of these models could reproduseldk&ial pyrolysis

kinetics, nor the product yields.

Two main remarks emanated from the present work: TGA alonetisvell suited for pyrolysis
kinetics calculation and accurate industrial pyrolysis modetmatabe based on existing
devolatilization rates. These models cannot predict the individual grgeilas (only combined
volatiles), as well as they absolutely need final yield datee predictive pyrolysis model
developed in this work could successfully represent the oil producticemdgs and yields for

the existing industrial process.
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CHAPITRE4  MODELISATION DU BILAN D’ENERGIE

Cet article a été soumis en 2014 dans le journal Thermochimica Acta.

4.1 PRESENTATION DE L’ARTICLE

L'objectif de cet article était de déterminer I'évolution @dechaleur spécifigue de la masse
décomposée et I'enthalpie de pyrolyse pour les pneus. Les donnéesoddolee étant en
contradiction avec les données industrielles, il était critiquelaliéir le comportement
thermodynamique de la masse pendant la pyrolyse, dans le but depgéveles outils et aider a

une meilleure conception des réacteurs de pyrolyse industriels.

Tout d’abord, il a été obtenu que la chaleur spécifique de la neaspgrolyse diminue pour
atteindre un minimum autour de 375°C avant de remonter jusqu'a l'attdatl’équilibre

thermodynamique (pas de perte de masse). En combinaison avee ldepedsse, cela induit un
biais a I'appareil de laboratoire, donnant I'impression d’'un comportemesthermique. Il

s’agirait plutdt d’'une surchauffe involontaire des échantillons ingusitde systeme de contréle.
Les nouvelles chaleurs spécifiques ont permis de déterminetanmiss d’enthalpie de pyrolyse
pour les pneus. Le premier est constant et est proportionnel a éadeerhasse. Le second
dépendrait de la dissociation des ponts soufrés et le troisieaiersié a la formation du char

lorsque la conversion est pres de la complétion.

4.2 DETERMINATION OF ENTHALPY OF PYROLYSIS FROM DSC
AND INDUSTRIAL REACTOR DATA: CASE OF TIRES

Determination of enthalpy of pyrolysis from DSC and industrial reactor data:case of tires
Jean-Remi Lanteigne, Jean-Philippe Laviolette, and Jamal Chaouki*
Department of Chemical Engineering, Ecole Polytechnique de Montréal,

C.P. 6079, succ. Centre-Ville, Montréal, Qc, Canada H3C 3A7
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42.1 Abstract

This study came from the contradiction that pyrolysis is glglzmtet endothermic phenomenon
and laboratory scale results showed surprisingly significanhexoic peaks. The heat capacity
of the decomposing tires has been determined with more accuraadingd assuming char
independently from tires during pyrolysis, the heat capacityhedvihole solids was found to
depend on temperature and conversion. The value increased until pynodygmsed at 250°C.
Then, the heat capacity value decreased continuously until 400°C anddtted &1 increase
again. This unexpected trend pointed out that the exothermic peak obsetiveldS& is an
artifact generated by the control system of the apparatusyfas® this limitation, the energy
balance was modelled with industrial data and the newly found heatita The enthalpy of
pyrolysis was found to have a term dependent of the weight lossitike| with a constant value
of 410 kJ/kg tires. Two other terms for the enthalpy of pyrslygive been identified, being
independent of weight loss. The first one corresponds to the sulfuridkosstakage at low
temperature (65 kJ/kg) and the second one, at the final stageobfsps, accounts for charring
reactions approaching the thermodynamic equilibrium (75 kJ/KgpaBy, a new methodology
to determine the specific heat of solids with DSC and enthafigyyrolysis with larger scale

experimental data has been developed.

Keywords —Pyrolysis, Waste tires, Energy balance, DSC

4.2.2 INTRODUCTION

The energy balance is a critical equation when designing chemiocesses. For processes
operating at cryogenic or at very high temperature, ittehused for the choice of technology
as well as sizing. It affects the business model, espeeiddgn recycling and recovering are
considered. Residue and waste recovery is subject to intenseeraeswhich may lead to
innovative industrial processes. And one of the keys to successfaolaroial scale-up of novel

waste recovery processes is the determination of the energy balance.
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While this equation is relatively easy to build for combustion or comadtchemical reactions,
complex systems such as gasification or pyrolysis represewa challenge. This complexity
for gasification comes mainly from the dependence of the ibalssice to temperature. Pilot
plant data is then better suited to develop the energy balancersg@mcally. For the case of

pyrolysis, the challenge arises from several characteristiceemttte the process:

« Compared to gasification/combustion, pyrolysis rate of reaction is very slow

* During pyrolysis, a plethora of compounds is produced in the three phases and with
different thermodynamic properties;

« Composition of pyrolysis products can be very diverse and it depends on the chosen
feedstock, temperature, reactor hydrodynamics and conversion;

» Determination of real material temperature during pyrolysis lieally difficult,
especially in continuous operation.

More uncertainties also come from the choice of reactor techno@gerating in continuous
mode helps simplifying the energy balance equation. On the otherihards very difficult the
determination of the real material temperature since mogrigatdecompose endothermically.
That is, the continuous reactor is usually operated at a tempemnatcte higher than the actual
pyrolysis temperature. In other words, the actual pyrolgsigerature range depends upon the
thermodynamic equilibrium and the material composition as mhterideated from low
temperature up to final decomposition temperature. Neverthetxss)de operating temperatures

are generally relatively high, decomposition rates are faster andubgan can be simplified.

Reactors operated in batch mode yield a more elaborate energgebaiguation. It depends
mostly on material heat up energy and on the rate of decompositiaaterfials, which is usually
slower than for continuously operated reactors. This is because of an avkrageltemperature
resulting from a batch start at ambient temperature. The unknasted éibove are also pertinent

in batch mode, and another difficulty factor can add up to this listaterials with significant
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dimensions are fed directly: an intra-material temperatuegligmt will limit the rate of

decomposition and influence the composition of pyrolysis products.

Citing George E.P. Box: “all models are wrong, but some areulisdfl. To be useful, a
pyrolysis model should allow extrapolation to a certain extenprder to optimize process
operation and design. Therefore, it should minimally derive fromabyoedte fundamental form
to preserve its physical meaning and predictive behaviour. Mangyebalances can be found in
literature for pyrolysis. Their main flaw, however, remaimshie assumptions that were made but
not validated, whether in the equation or in the experiments, thao ldteir final form. The
literature review will among others discuss some points thaireanclear in the determination

of the pyrolysis energy balance:

e Exothermic vs. endothermic in pyrolysis
e Evolution of heat capacities
» Definition of the heat of pyrolysis\Hpyrolysi9 term

4.2.2.1 Literature review
4221.1 Pyrolysis mechanisms and thermodynamics

In general, pyrolysis is considered to be an overall endothermiegmo&imultaneously,
exothermic and endothermic reactions occur, resulting in a net endathehaviour. Energetic
materials are an exception to this situation. Two kinds of chémiocaps are well known for
their highly exothermic thermal degradation. Firstly, compounds migh amounts of nitrates
produce heat when decomposing. This is mainly due to the high oxygemtc@st nitrate acts as
an oxidizer. Secondly, azide groups (R-Mecompose exothermally to produce nitrogen) (N
due to their relative instability. Contrary to nitrates, wherexdizer is intrinsically present in
the material to promote partial combustion, azides decompose thrquglgss without any

form of oxidation. A few other organic functional groups are known to be&eethermally in

pyrolysis: halogenated nitrogens, fulminates, chlorates, peroxides and ozonides.
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Notwithstanding these specific compounds, most organic materialserequet positive heat
input to decompose during pyrolysis. Pyrolysis thermodynamics depgiaas the dominant
mechanisms during decomposition. Therefore, the mechanisms suspediegpen during
pyrolysis are presented next. Their occurrence as well as theilpgnthehaviour are highlighted

for the purpose of this work. They are listed below by order of increasing riztomee

Table 4.2.1. Types of reactions involved in pyrolysis and their enthalpic behaviour, as wewed b

the authors.

Event Endo/Exo Comments
Sulfur crosslinks unbinding Endothermic Occurs attemperature (below 366
Free volaties evaporation (solvents, humidity,)et&Endothermic Occurs at low temperature (below 300°C
Intensive bond breaking Endothermic Occurs from 308A& up, peak bond breaking rate unknown
Charring ? Occurs from 300°C and up, peak charring rate wmkno
Heavy liquids cracking Endothermic Occurs from 30@%@ up, peak cracking rate unknown
Pyrolysis volaties evaporation Endothermic OccuwafB00°C and up, represented by weight loss rate
Change in heat capacities (tires to char, dynamic) ? To be investigated
Gas phase reactions ? Occurs at any temperaturevalaéias are present
Iron/Zinc suffidation by hydrogen sulfide Exothernidmited by hydrogen sulfide production

In Table 4.2.1, charring corresponds to the formation of char, narhelyself-folding
crosslinkage of residual solids (mostly carbon). The change irchpatities is one of the most
simplified parameter during pyrolysis. In literature, the mddehd weighted the heat capacities
between tires and final char values [2,3]. However, its dynarotution during the core of the
decomposition process remains unclear. In dynamically heatedmsyste decrease in heat
capacity would make the material easier to heat up during tlvess, giving the impression of
an exothermic process, while the opposite would result in an appathermic behaviour. To
that can be added the effects of total weight decrease, wimehireed to heat capacity changes,

will affect the energy balance non-linearly.

Many of these phenomena happen simultaneously, such that the reshémgpdynamic
behaviour will depend upon their relative rate. For example, if teeofecharring is greater than

the rate of pyrolysis volatiles evaporation and that they aremeguogether, the net behaviour
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would depend upon the exothermicity or endothermicity of charring,isf assumed that their

respective specific enthalpy is similar.
4.2.2.1.2 The energy balance for pyrolysis

Generally speaking, for any pyrolysis batch run, the global energy batancitten:

dEpatch __ dmoyt

dt - Qinput T Hout (El)

Where the rate of energy change in the baffg@‘;—‘(ﬂ) Is equal to the energy input ratéi,(put)

minus the energy leaving the batci{%f—tﬁout) in terms of massE%), that is, a term

proportional to the rate of production of volatiles. Developing the lefdherm, the energy
change corresponds to the change in internal energy. It is, lactieg the volume change term
(vaatch):

Epatecn = Upatcn = Hpaten = MpatcnHpatch (EZ)

Substituting equation (E2) in equation (E1), and by expanding thadett-term in equation

(E1), the balance becomes:

dmbatchﬁbatch S dMpatch A dmoyt 15y
dt - Hbatch dt + Mpatch dt - Qinput T Hout (E3)

In a conventional reaction system, the mass derivative in thédett-side of equation (E3)
would resume in a reaction consumption term and whether there are iatet&/outlets, as it

represents the deviation from the sensible heat term (seconthtérenleft-hand side of equation
(E3)). In the present case, it is assumed that the former memtaciusively the outlet term from
the right-hand side of equation (E3) and a term for the energy of pyrolysis:
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iy dMpatch _ 1 dmouyt 1y
Hbatch dt - prrolysis T Hout (E4)

By combining equations (E3) and (E4) and reorganizing, the energycbatar pyrolysis is

obtained in its general form:

dﬁbatch _ dr A »
Mpatch dt - mbatchcpbatch dat Qinput - prrolysis (ES)

In equation (E5)myatch depends upon conversion, and therefore, time. The heat capacity in the
system depends upon temperature, which itself depends upon time. Thqobemrm,(jmput,

may be represented by external thermal convection or theafiation, for example. The heat of
pyrolysis term,prrolysis, may vary and literature explored mostly what it could cantaut as

well, this energy balance could also apply to any reaction wimeneiteal solid reacts to yield

volatile and evolving residual solids.

For Yang et al. [2,3], the sensible heating (left-hand side oftiequéES)) is composed of
temperature dependent heat capacit@€g(T()). They assumed that tires heat capacity was
independent of pyrolysis char heat capacity, since their model assamshrinking core
(assuming char formation triggers on the surface of particlé®) heat of pyrolysis is formed of

an energy term for the evaporation of heavy liquids produced during dectomposi

(He,,apomtion) and a term for the net energy involved in pyrolyﬁ,ge(_pymlysis):

daT . . .
mbatchcpbatch dt = Qinput - Hevaporation - Hnet_pyrolysis (E6)
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For many authors, the evaporation term is not considered, sudhdéhattergy of pyrolysis also
includes the potential heat of vaporization of products. But as stressedtion 1.1.1, many
thermochemical phenomena may be developed and lead to an elaboratedf the energy
balance. Values of heat of pyrolysis, for wood and rubbers, frontyhégndothermic up to highly

exothermic, can be found in literature:

Table 4.2.2. Literature values for heat of pyrolysis for wood and tires.

Heat of pyrolysis/Heat

Feedstock of vaporization of Reference
liquids (kJ/kg)
Wood 235 [4]
Wood 190 [5]
Wood -340 [6]
Wood f -446 [7]
Wood f -254 [8]
SBR -164/180 [3]
SBR -500/280 [9]
SBR -660 [11]
BR -760/280 [9]
BR -880 [11]
BR f -945 [10]
NR -560/170 [3]

A patrticularity of these values is that they were mostlyiobthwith SDTA or DTA apparatuses.
This technology combines thermogravimetry analysis (TGA)h walifferential scanning

calorimetry (DSC). In all cases, the main limitation wagsusvaceous baseline and wider
transition peaks. As initially, DSC was not designed to consiggght/ loss, one should be
careful with results obtained for samples involving weight loss.bBtr wood and tires, SDTA

curves from literature often showed potential exothermic peaks:
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Figure 4.2.1. Exothermic peak (circled) obtainedviayng et al. during pyrolysis experiments [3].

Nevertheless, if observing a pure exothermic behayit would imply that when running a large
batch pyrolysis run with tires or wood, materialdareactor temperature would increase
significantly, even if this is further slowed dowith endothermic reactions. This can be verified

with industrial data for batch pyrolysis of wastes [12]:
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Figure 4.2.2. Industrial production of oil and reaavall and tire shred temperatures. M =

measured; C = calculated; W = wall; B = bed; Ol=DE temperature; P = production.

As it is observed, with constant heat up inputliatreactor external burners), measured material
temperature only increases when the mass statisctease significantly, i.e. when conversion is
advanced. This is reported by the measured oil ymtimh. A deceleration of temperature
increase is observed, as a result of the decrddmsatng driving force (Jan — Tire) @nd total tire
shreds bed mass [12]. From these important resudtapsolute exothermic behaviour should be
expected in DSC data, knowing a proven exothergaction would instead result in temperature

upsurge.
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Figure 4.2.3 shows results obtained by Yang effaal.natural rubber and styrene-butadiene

rubber.
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Figure 4.2.3. Pyrolysis experiments with naturdler (NR, left) and styrene-butadiene rubber
(SBR, right) from Yang et al. [3].

The same heat flux profile is obtained for both enats, but the magnitude shows that the first
peak maximizes endothermically for NR and exotheatly for SBR. As well, weight loss
derivative (DTG) peak is attained during the exaotiie part for NR while it only starts to
increase in the same case for SBR. It suggestsaight loss during the core of the pyrolysis

process may possibly explain the exothermic peaks.

42.2.1.3 DSC for pyrolysis

Historically, DSC has been developed to observerthaketransitions in solid/liquid materials.

Heat flux DSC has rapidly become the most popwae tof DSC, but the main weakness
observed in DSC was bias associated with the tHeoaseline. Thermal equation in heat flux
DSC initially considered heat flux through the s#&mpriven by temperature difference between

sample and reference, to be the only heat flwheéndystem (first right-hand term in equation

(E7)).
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dTS dAT
Cr dt

q=—i—i+ATO(RiS—Rir)+(c - 22—, 2 (E7)

However, curvaceous baselines showed without atdbablosses or other heat fluxes occurred.
In the 2000s, TA Instruments™ developed a new telclyy to address this important issue: the
Tzero™ technology. Three more heat fluxes have hdentified to yield a four-term heat
equation (T4) [13].

In addition, effects of pan heat resistance hase béen addressed, such that the baseline is now
mostly flat and more thermal phenomena can be eud@chematically, all of these heat fluxes

can be identified:

Sample and Pans
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Figure 4.2.4. View of the DSC sensor without samfleft) and of the equivalent system of

thermal resistances and capacitances with sanmgke)(f13].

daT, Ts—T,
4fps _ Is7'ps
q - QSam + MysCpan —;, dt R (8)
14

darT, Tr—T,
pT T pr
q = MyprCpan —, dar R, (9)
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As shown on Figure 4.2.2, the endothermic heat flowepresented in equation T4P (combined
equations (E7)-(E9)) by having the sample tempegabelow the reference temperature. In the
case of a significant weight loss, the sample teatpee eventually gets closer to the reference

temperature and passes it, then being an exothéehaviour.
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Figure 4.2.5. Typical view of the heat up of a sewath an endothermic transition.

Depending on whether sample side or reference tsitigerature is placed first in the energy
balance (equation T4P), the DSC heat flux will lBgative or positive. In the present work,
reference temperature will always be placed fiosyield a positive value for heat flux when

heating up samples.

Ultimately, a precise heat flux measured over &rahge of temperature can be obtained and
decomposed into the thermodynamic and thermochéwoocaponents, among which the sensible

heating (heat capacity) and the heat of reactigro(psis, etc.), as per equation (E5).
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C'Isam = C'Isensible_heal: + prrolysis (E].O)

However, results found in literature were obtaingtthout the Tzero™ technology, thus affecting

the accuracy of the results when measuring transitreactions [13], as shown in the next figure:
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Fig. 6. Indium melt Tzero™ vs. conventional DSC.

Figure 4.2.6. Typical view of a thermal transitimeasured with a conventional DSC and with
the Tzero (TM) technology [13].

4.2.2.1.4 Application of the Hess law to pyrolysis

The application of the Hess law on a global pynslysxperiment translates in subtracting the
energies of formation of the feedstock (tires, woeft.) from the energies of formation of the
overall cumulated products at a reference temperatihe energy input/output of the
feedstock/products are also accounted for to cample thermochemical balance. This way, a
global amount of energy needed to complete pyrelgan be extracted. Some assumptions must
be made whether the enthalpy of formation of cordble volatiles is taken for the liquid or the

gas phase. In the present case, it is supposeththablatiles are eventually emitted hot in the
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gas phase, so the latter is considered. Next isepted the schematic view of these

transformations as well as its translation in dglaquation.
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Figure 4.2.7. View of the equivalent steps congddor the global enthalpy change calculation.

pyrolysis __
AHglobal -

Step 1 + AHStep 2 (Ell)

0 0
Z Hformation—products Hformation—tire + AHsensible_heal: sensible_heat—condensation

However, pyrolysis is not a homogeneous processaasdming a global enthalpy of pyrolysis is
not rigorous. Products emitted throughout decontippschange and evolve, such that Hess law
should rather be calculated at several times taioltue energy of pyrolysis values. This would
require knowing the heat of formation of evolvirglids at every stage of conversion as well as

the full composition of volatiles produced andthi temperatures in the system.

Because it is technically very challenging to abtéhis information, heat of pyrolysis as a
function of conversion and temperature cannot getlitained with the Hess law, but only as a
global enthalpy change. Nonetheless, this energatimmation corresponds to the same
calculation done by the integral of a DSC heat flawve in the same conditions for a pyrolysis

experiment. It can thus be used as a referencempare with DSC experiments.
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42215 Objectives

As seen in the literature review, there remain a lot of unaes\Wwguestions concerning the
energy balance in pyrolysis. It would mostly be explained byctmplexity of the processes
involved and by technological limitations. Because of the lattes, work will not seek to
establish a definitive energy balance for pyrolysis. The purpogsofesearch will rather be to
revisit this important subject that has been flooded with assumpimhsimplifications. The

objectives will be to:

« Improve the understanding of thermodynamic behaviour of tires during pyrolysis;

« Investigate the interactions between the energy balance and the mass Haling
pyrolysis;

* Investigate the reliability of DSC to characterize pyrolysis thermauhycs.

Improving the understanding of pyrolysis thermodynamics will loglpmizing process control

for industrial pyrolysis processes. Investigating the intevastbetween the balances will yield
reliable tools to optimize the operation of industrial pyrolysis @sses. At last, characterizing
the reliability of DSC will allow a better criticizing ofxperimental data in the future and

produce better experimental set ups.

4.2.3 EXPERIMENTAL APPARATUS

4.2.3.1 TGA apparatus

TGA experiments were performed using an SDTA8&pparatus from Mettler Toledb.
Regularly shaped cubic tire samples of 8 mg were used fores@ehiment. The samples were
encapsulated in non-hermetic DSC pans and mounted on the balaveghpamitrogen flow of
20 mL/min, such that nitrogen could flow freely around the samples. Tonprihe pans from

deforming during volatiles release, a hole was gently punched on the lids wétlle.ne
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The heating rate was fixed at 10°C/min, as per DSC samplestdfmperatures were considered
for this work: 300°C, 350°C, 400°C, 450°C and 500°C. As for all temperatures BOIUC,
pyrolysis was not completed during the dynamic heating partexgeriments were kept
isothermal (at their respective temperature set point) in éodet the decomposition process to
resume. The experiments were run until there was no sample viesgh{less than 0.01 %
weight loss during 15 minutes span). During these experimentapt@estolution of the solid
mass was measured, which is directly related to the massrdfined volatiles. All experiments

were done in triplicate.

4.2.3.2 DSC apparatus

DSC experiments were led using a Q2000 DSC apparatus from TAinents¥. DSC

experiments were led in the same conditions as per TGA. Cubie wes samples with an
average weight of 8 mg were encapsulated in non-hermetic DSGapdrmaounted properly in
the DSC apparatus. A hole was gently punched on the lids withd&eriegrevent the pans from

deforming during volatiles release.

The heating rate was fixed at 10°C/min. Five temperatures wareidered, namely 300°C,
350°C, 400°C, 450°C and 500°C. Nitrogen was swept over the samples at a @oof P4t

mL/min. As for TGA experiments, when the set point temperatusereached, the experiments
were continued isothermally until weight stabilization (less &1 % weight loss during 15

minutes span), as per TGA experiments.

After weight stabilization, samples were cooled down at @ oat-10°C/min until the initial
temperature of 50°C is reached. Pyrolyzed samples were réhgate their respective set point

temperature at 10°C/min to obtain the thermal behaviour of the resulting char.
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4.2.4 RESULTS

4.2.4.1 DSC and TGA data

DSC curves alone give only partial information pyrolysis. Indeed, the loss of weight from the
sample must be taken into account to obtain aviellv of the thermodynamic behaviour. DSC
curve is presented overlapped with the DTG curve.
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Figure 4.2.8. DSC curve (plain curve) and TGA datie curve (dashed curve) obtained in this

work.

In Figure 4.2.8, the transition from endothermic exothermic and back to endothermic is
observed between 300°C and 450°C, which is alsacdlse for Yang et al. However, since the
latter used a different apparatus to measure heasfthe accuracy of the peaks cannot be
compared. Because of the improvement of technoldgtg obtained in this work are assumed to

have produced more precise peaks. If the TGA cisveompared with the DSC curve, one



115

important observation is that the transition from endothermic to exwoihearound 350°C
happens precisely when the weight loss derivative accelefsgesell, when the weight loss

derivative decelerates, the transition from exothermic to endothermic occurs

When the weight loss derivative reaches a maximum value, thédveahrough the sample also
does. Both curves decrease together at the end of the run, i.e. whengitelogs rate decreases,

heat flow decreases.

The heat capacity evolution during pyrolysis of waste tiresbeainvestigated. By assuming that
below 250°C, heat capacity will remain that of waste tires, thatl pyrolysis has not yet
triggered, the heat capacity of tires is obtained (firanter the right-hand side of equation
(E10)). In order to calculate it, heat flow was considered pucglgdnsible heat in the energy

balance, and temperature change was constant at 10°C/min.

. . _ dr _ ° .
Gsam = qsensible_heat - mbatchcpbatch E - mbatchcpbatchlo C/mln (12)

The heat capacity of char at different stages of thelysis reaction was also evaluated with the
TGA by using a heating sequence involving a first heat up ramgwiedl by the isothermal
decomposition up to a specific temperature. Once pyrolysis waplem@a (no more weight
loss), the sample was cooled down at 10°C/min to 50°C and the cooledashes-theated up to
the initial set point temperature. Heat capacities werentd@r char samples at their set point

temperatures, where thermodynamic equilibrium was reached.
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Figure 4.2.9. Heat capacity for tire and the evajvchar as a function of temperature.

At first glance, it is observed that 300°C char hagdightly higher heat capacity than waste tires.
At 350°C and 400°C, there is a significant decrezdde heat capacity value of the chars, while
at 450°C, the heat capacity increases again, thetijllower than the waste tires heat capacity.
At 500°C, heat capacity could not be obtained, esineat flow curve went exothermic when set
point temperature was reached. It is suspectedhightporosity and break up of resulting char

sample biased the heat flow during the run.

424.2 Hess law calculation

To demonstrate the overall endothermic behaviouire$ pyrolysis, data from Diez were taken
to implement the Hess law [14]. It is one of thestncomplete sets of data that can be found for
waste tires pyrolysis, as elemental or moleculanmasitions, products yields and lower calorific
values (LCV) are given for all the products. Firat,correction of the oxygen content of
condensable volatiles was applied because the axdygleance suggested that more oxygen could
be found in condensables than in original tiregs Thould essentially be explained by the forced
flow of volatiles through a buffer of water at tloeitlet of the experimental reactor. This is
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suspected to have hydrated the condensables partially to prodokels| while they flowed hot

through water.

Table 4.2.3. Oxygen distribution among products and pyrolysis yields (Diez et al.).

Oxygen (%wt) Yield (%wt) Oxygen (per kg tire)
350°C 450°C 550°C 350°C 450°C 550°C 350°C 450°C 550°C
Tire 0.9 0.9 0.9 N/A N/A N/A 0.009 0.009 0.009
Char 0.06 0.02 0.01 50 40 33 0.0003 0.00008 0.000033
Oil 11.9 10 3.5 30 33 38 0.0357 0.033 0.0133
Gas 3.67 3.79 4.24 20 27 29 0.00734 0.010233 0.012296

From Table 4.2.3, the oxygen in char and in non-condensable gases (COaedrédSponds to
the amount of oxygen found in original tire. Therefore, it can benaasd that traces of oxygen
would instead be found in oil, which is more likely to other results fonriderature [15]-[17].
For the calculations, oxygen in oil was fixed at the same weigkepige that of oxygen in
char, which makes CO and e main oxygenated compounds in the system.

To obtain the enthalpies of formations for tires, char and condensdidesjess law was
performed on these products, knowing their respective gross ialmitie (LCV) and their
elemental composition (corrected for oil obtained by Diez etFabr).non-condensables, having
their molecular composition known, the energies of formations wkea faom thermodynamics
tabulated data. The following table presents the enthalpies of fonmat the tires and the
pyrolysis products as well as the overall enthalpies of psiolat three temperatures (350°C,
450°C and 550°C). These enthalpies of formation are calculated at 25°C.

The enthalpy of formation at a reference temperature of 25%btained by equation (E11),

without the last two terms in the right-hand side. It is isolated from theirgsatjuations below:

LCV Tires = Z ngormation—flue_gas—tire - ngormation—tire (E13)
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LCV Char = Z ngormation—flue_gas—char - Hfoormation—char (E14)

LCV 0il = Z H]?ormation—flue_gas—oil - H]?ormation—oil (E15)

Table 4.2.4. Standard enthalpies of formation calculated for the pyrolysis prodditfsrant

operating temperatures.

LCV (ki/kg) Enthalpy of Formation (kJ/kg)
350°C 450°C 550°C 350°C 450°C 550°C
Tire -35930 -35930 -35930 -2410 -2410 -2410
Char -28 700 -28 460 -28 500 -3 580 -4 010 -3990
0il*° -39 480 -39 790 -40 040 -460 -1 030 -770
Gas -55 890 -57 060 -59 050 -490 -460 -380

a. Corrected value for oxygen (water)

b. Enthalpies of formation in liquid phase

The Hess law calculation (Enthalpy of formation of products miothalpy of formation of
reactants) thus yields standard enthalpy changes for pyraty2&C. It corresponds to equation
(E11) without the last two terms in the right-hand side.

Table 4.2.5. Standard enthalpy change for pyrolysis calculated for diftgrersting

temperatures.

Standard enthalpy change (kJ/kg)

Hess law (Diez)

350°C 390

450°C 360

550°C 700
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To obtain the global enthalpy change during pyrolysis as pesteant equation (E11), heat
capacities had to be obtained gas, oil and char. For the latteratiaagof DSC curves for the

reheating experiment up to the set point temperature of pyrolysis waspeafo

For non-condensable gases, since the composition was known, directticaicofaenthalpy

change between standard temperature and final set point tempearatud be done. For oil
(condensable gases), enthalpy was calculated in liquid phase up verageatemperature of
175°C, with a heat capacity of 2.12 kJ/kg°C (average between gasolinke@sdne). This

hypothesis is reasonable since pyrolysis condensables obtainedifesmhave shown very
similar composition compared to transportation fuels [18]. Thenah bk evaporation was
considered with a specific value of 275 kJ/kg (average betweshirgaand kerosene). Finally,
the heat capacity of the gaseous condensable volatiles was tegicalad the value was again
averaged between gasoline and kerosene for the temperature charepnldet5°C and average

set point temperature.

As an indicator to compare with DSC data, global enthalpy clsamgge calculated with
products yields obtained in this work, as Diez et al. product commusitvere very similar to

those obtained from tires in this work [12].

Table 4.2.6. Pyrolysis products yields obtained with TGA for samples in DSC cups.

Yield (wt%)
350°C 450°C
char 52 33
oil 41 54
gas 7 13
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Equation (E11) was thus used assuming the enthalpies of formation obtaifenle 4 and the
same heat capacities and heat of evaporation of volatilestaseldtain the global enthalpy

change for pyrolysis with data from [14].

DSC curves obtained in this work were integrated to compare witbathes obtained with the
Hess law. All the experiments and calculations consider heaframp 50°C to set point

temperature until weight loss has resumed.

Table 4.2.7. Global enthalpy change for pyrolysis at different operating tetueey.

Enthalpy change (kl/kg)

Hess law (Diez) Hess law(this work) DSCintegrated curve DSC (atreach of SP Temp)
350°C 930 1190 290 600
400°C N/A N/A 375 510
450°C 1120 1330 710 660
500°C N/A N/A 640 640

In Table 4.2.7, four values were compared. The first column representdotied enthalpy
changes for data from [14]. The second column shows global enthapgeckluring pyrolysis
for yields from this work adapted with energies of formation ofipcts obtained with data from
Diez et al. (Table 4). The third column shows the integral vdlrethe whole DSC curves, that
includes the isothermal part of the runs. The fourth and final columnssti@nintegral values
only for the dynamic heating part of the DSC curves, i.e. ahrehset point temperature. For
350°C and 400°C, the isothermal part was respectively of 360 minutes andril28sywhile at

450°C, the isothermal part lasted 15 minutes.

4.2.5 DISCUSSION

4.25.1 Global enthalpy change during pyrolysis
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As shown in Table 7, values from both Diez and this work are matetlermic than those
obtained at reach of set point temperature with DSC (column 3). Howeabees at 350°C and
400°C cannot be compared for one main reason: pyrolysis has not sufficeésnined in DSC at
the set point temperature. That is, a significant amount of valdi#lee not been released, which
will affect the integrated curve over the whole pyrolysis expent. In fact, the global enthalpy
change drops down over 50 % of its value at reach of set point temperature fronkg§@o R90
kJ/kg.

At 450°C, values can be compared since at reach of set point &ompepyrolysis has mostly
resumed and weight loss rate is very low. The fact that thgratesl global enthalpy change
value increases from 660 kJ/kg up to 710 kJ/kg shows that the char psbdisttire has
thermodynamically stabilized and that the remaining productseleaa residual endothermic
term. The global enthalpy change from this work is significagriater than the integrated DSC
curve at 450°C.

4.25.2 Heat capacity below 250°C

Contrarily to other references from literature, the increafsbeat capacity with temperature
occurs mostly between 50°C and 100°C. Waste tires heat capaeigins almost constant
between 100°C and 250°C, there is only a slight increase accordiegperature. At 300°C,
since a significant weight loss has occurred, the energy balanceoclonger be simplified to
heat capacity alone (equation (E12)). Yang et al. [3] ratleemaesd a constant increase rate for

heat capacity of tires:

Chiire = 1.230 kgLK+ 0.00655 kg’Kz (E16)

There is a net advantage of using DSC at low temperature,loe. B80°C: accuracy. With very
low weight loss, heat capacity could be obtained as an array depehdemperature (Figure 9)
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rather than a mathematical function (equation (E16)). This DSC tegallso proves its
accuracy in another way; at 100°C, a very slight endothermic peaks ghe evaporation of
moisture in tires. However, the weight loss is not significemared to sample weight. It was

therefore not taken into account in the energy balance.

4.2.5.3 Heat capacity over 250°C

The evolution of heat capacity and sample weight during pyrolypierenents in DSC triggers
an important bias in heat flow measurements. As shown in Figw8e8, &oth weight and heat
capacity decreases from 300°C up to 400°C. Since DSC operates micyreating conditions,

it appears that at every time step, the heat amount supplied sartipe is overestimated. That
is, a fraction of the energy is in excess, because both shegtleapacity and weight decreases
continuously. The consequence, as seen in the T4P equation, is an incegdedemperature
(Ts) and an apparent heating rate over 10°C/min. Therefore, themsgstes this as an
exothermic behaviour and gradually decreases the energy inputdgstieen with a progressive
excess of energy in the sample.

The energy input to the system is calibrated with the blank ruh,that the relative heat flow
shown in the DSC curves hides that there is an absolute heat inpttis/lietermined by the
DSC control system and controller default settings.

Because for temperatures over 400°C, the heat capacity start increasimgjgiridoss rate starts
diminishing, the apparent exothermic behaviour vanishes to revealeadwhermic behaviour.
Nevertheless, this exothermic behaviour really starts to vamsimé 375°C, wich corresponds
to the deceleration of weight loss rate. This supports the ideaexio#ttermic behaviour is

induced by both DSC effects and thermodynamic properties variations.
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In comparison, Yang et al. assumed that tire heat capacayivdgpendent from char heat
capacity. As well, they assumed that a heat of evaporation wasatdrand proportional to the
weight loss derivative. The residual energy was finally assumé&ticompletely for the heat of
pyrolysis. Moreover, potential biases generated by the appasslisiave not been considered,

resulting overall in a heat of pyrolysis term absorbing deviations from thps¢hleges.

4.2.5.3 Energy balance simulation

Instead of trying to define directly the energy balanceseior pyrolysis, the strategy is first to
integrate the new heat capacity evolution from Figure 9 to a psystem. In a previous work, a
predictive kinetics model have been developed and validated with iadiuddta. An energy
balance had then been rather fitted to plant data, because theveartitially to characterize

the kinetics of pyrolysis.

Globally, a convective heat transfer term was considered betiwedrot drum wall and the bed
of tire shreds as the heat input in the system. With heat tamta from literature [3], a
constant heat of pyrolysis was fixed and assumed fully dependehée aveight loss derivative
that was obtained through the kinetics model. The energy balance tldewassas per equation
(E5), assuming a single constant heat of pyrolysis terme Steel was present in the system, the
left-hand term had to be decomposed, as shown below:

Mpatch (t) Cpbatch (T) = Mygteel Cpsteel (T) + Mtire (t) Cptire (T) + Mchar (t) Cpchg_r (E:L?)

As it is seen in equation (E12), tire heat capacity was assintegendent from that of char, as

it has been simplified in other works as cited previously.

In light of these new results, in equation (E5), knowing the measwakténd bed temperatures

as well as the newly obtained solids (as a whole) heat capacitution with temperature from
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DSC experiments, the convection heat transfer wierft have been calculated with more
precision below 250°C. The heat of pyrolysis teras been left as a variable unknown term,

expecting it not to be constant.

Figure 4.2.10 shows the heat flow calculated forveation heat transfer to the bed of tire shreds.

It is presented along the heat capacity curve.

Gsam = Geonvection = EVVexp (Twau — Tpea) (E18)

2,00E+07
7 1,50E+07

§ S00E406 « ..
S 000E+00 =+ =+ msw cmememe =t T

-5 00E+8¢P0E+00 2,00E+01 4,00E+01 6,00E+01 8,00E+01 1,00E+02 1,20E+02 1,40E+02 1,60E+02 1,80E+02 2,00E+02
Time (min)

1,00E+01

8,00E+00

6,00E+00

4,00E+00

(dimensionless)

2,00E+00

Weight loss derivative

0,00E+00
0,00E+00 2,00E+01 4,00E+01 6,00E+01 8,00E+01 1,00E+02 1,20E+02 1,40E+02 1,60E+02 1,80E+02 2,00E+02

Figure 4.2.10. Heat flow to the tire shreds simedawith equation (E17). In the upper graph:
convection heat input = dashed curve; sensible-héash-dot-dotted curve; pyrolysis heat =

dash-dotted curve.

The sensible heat flowj{psipie neqt) follows well the heat input from convectiod f,vection)

up to 250°C, then it relatively becomes less imgoarand other phenomena takes place that also
consumes energy. This also starts up while wemgt triggers. Sensible heat alone is calculated
independently as per equation (E12) using data ffiguare 9 and known heat up ramp (measured

sample temperature).
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To observe more specifically the pyrolysis heat ﬂdx%/mysis) for the whole run, the sensible

heat flow curve has been subtracted from the convection heatdlww. cThe result is shown in
Figure 4.2.10.

As it have been suspected by many authors, this heat flow shoulddby gependent on the
derivative weight loss, because among others of pyrolysis ligaudporation. Therefore, this
resulting heat flow have been divided by the weight loss derivativeee if any constant

tendency could emerge.

In Figure 4.2.10, it is shown that during the most intensive volatibagsel part of pyrolysis, i.e.
between the 8Dminute and the 130minute, the sensible heat flow is very stable and constant,
which strongly indicates a dependency on the weight loss derivataragly the rate of
production of volatiles during pyrolysis. The value of this specifib@ heat of reaction is 765
kJ/kg of volatiles. It is believed that a part of this parameteexplained by the heat of
evaporation of volatiles, and the remaining fraction of it should beecelto the thermal

cracking, reforming and expulsion of gaseous volatiles from tire shreds.

Energy within the weight loss derivative term can be extendédgetevhole run, such that now
three energy terms are known: energy input to the tires, ecerggumed by heat capacity and
energy consumed by weight loss derivative term. By subtradimgwo latter from the energy

input, a residual energy term is obtained. This residue is significompared to the overall

energy input only before the trigger of pyrolysis and in the fimalutes of pyrolysis most of the

volatiles have been released.
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Figure 4.2.11. Heat flows associated with pyrolykighe upper graph: pyrolysis heat = dash-
dot-dotted curve; residual heat = dotted curvestamt specific heat of pyrolysis proportional to

weight loss derivative = dashed curve.

The first residual energy is expected to reprett@nsulfur crosslink breakage, as highlighted in
Table 1; it mostly occurs before the main weiglssltriggers. It is thus not related to the weight
loss derivative of the system, but rather dependenthe density of crosslinkage in tires. This
term is presented as

’ — 172 dMcrosslink
Hcrosslink - Hcrosslink dt (Elg)

When the weight loss derivative decreases and whéseexpected that pyrolysis resumes, the
residual heat flow becomes as important as theldenseat flow. As this residual heat flow is

assumed not to be dependent on the weight lossaties, it is suspected to be a function of
charring reactions in the solids. As per Tablehls term was expected to participate in the
energy balance, but at that time, it was not knomether these reactions were globally
endothermic or exothermic. From the pyrolysis satioh, it seems to behave endothermically.

These reactions would then depend on active sitéBinwthe solid matrix and is thus
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representable by a mass tenmdive sie). The energy balance for pyrolysis would then have the

following form:

Jsam = Gconvection = EVVexp (Twaur — Tpea) =

ar 1 dmoyt 2 AMcrosslink 3 dMgctive-sites
Mpatch (t) Cpbatch (T) dat + prrolysis_dmdt dt + Hcrosslink dt + Hcharring dt
(E20)

By integrating the energy input to the system (equation (E18)) Whioh the energy given to
steel is subtracted (first term in the right-hand sidegofagon (E17)), a specific global enthalpy
change ofl,340kJ/kg is obtained for tires. It is a deviation of about 1% compartetealue of
1,330 kJ/kg obtained theoretically for 450°C in Table 7 in this work and atoteviof 16%
compared to the value of 1,120 kJ/kg obtained with the data from [14].

The exothermic peak obtained in this work with DSC (Figure 8)ahasgative impact on the
energy balance of 250 kJ/kg. It corresponds to the region defined by a triaRgerm4.2.12.
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Figure 4.2.12. Area of the DSC curve correspontinpe exothermic peak.

Assuming this value to be the excess energy pratogddSC and that the resulting curve would
have followed the endothermic peak obtained at @5@°can be added to the integral value of
710 kJ/kg presented in Table 7. The resuR@6 kJ/kg, which is still 28% below to the overall
heat transferred to the tires in the industrial elod

This strongly demonstrates that the behaviour cftevéires is rather strictly endothermic during
pyrolysis and that exothermic peaks obtained duD&§C experiments are an artifact produced
by the control system of the apparatus. Becausenthestrial set up do not tend to follow a

temperature heat up ramp, which could have ledas, the heat flow calculated from industrial

data and by the Hess law are closer to the reahthehemical and thermodynamic behaviour of
pyrolysis.

From equation (E20), the distribution of the inmrtergy within the different terms can be

compared between the theoretical value from thesHaw/, the simulated value with the
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industrial model and the curve obtained with DSC. However, this corapassnostly resumed

between sensible heat and global pyrolysis reactions.

Table 4.2.8. Fraction of the global enthalpy change consumed by sensible heat.

Energy consumed by heat capacity (%)

450°C
Hess law (data from Diez et al.) 72
Hess law (data from this work) 60
DSC curve (integral whole curve) 83
DSC curve (integral at set point T) 113
Industrial model (energy balance) 60

The value of 83% for the DSC curve show that the hypothesis maderéztcthe integral was
not sufficient. In fact, there should also be pyrolysis reactiovslved and the result for DSC
curve integral should be greater than the estimation of 960 kJ/kgt [ager to the value of
60% of the overall energy input consumed by sensible heat obtainecheithdustrial model,

and closer to 60% and 72% obtained with the Hess law.

Finally, the energy balance simulation that led to equation (&26)allowed breaking down the
energy terms for pyrolysis. First, the energy for heat e¢gpecapproximately 790 kJ/kg tires
and the energy for pyrolysis reactions is 550 kJ/kg tires. Fng1b50 kJ/kg tires, 410 kJ/kg is
dependent of the weight loss derivative, 65 kJ/kg is related tor sutfgslink breakage and 75
kJ/kg is related to charring. These specific enthalpy valuesspmnd respectively in equation
(E20) to the second, third and fourth right-hand side terms.

4.2.6 CONCLUSIONS

The enthalpy of pyrolysis has been investigated in this amidle DSC and industrial batch
reactor data. Initially, there was a contradiction betweenfdbe that pyrolysis is mostly an
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endothermic phenomenon and DSC produced heat flow data showing exotheakscduring

decomposition.

First, the DSC data showed indeed that even with new technqldgesexothermic peak
appears, but only with more precision. However, industrial data shoveauva doubt that if an
exothermic behaviour would exist, a temperature upsurge in the reamtdt occur. Contrarily
to that, a deceleration of the temperature increase confirmeB$taproduces an artifact during

pyrolysis.

For the case of tires, at low temperature, i.e. below 250°C, ttechpacity have been found
with more accuracy, while over 250°C, the heat capacity was founectease significantly up
to 400°C before starting increasing until the reach of thermodynaguilibrium. As a
conclusion from these results, it is believed that the combinatioangble weight loss and heat
capacity decrease induce a bias in the control system of lGede8erating the impression of an

exothermic behaviour.

To consolidate these results, the energy balance was modetlethwiindustrial batch reactor
data, where temperatures and weight loss were measured. Tulatismallowed isolating the

enthalpy of pyrolysis, which was found to be formed of three sigmifiterms. The first one is
dependent of the weight loss derivative, with a specific enthalgyl @fkJ/kg tires. The second
and third ones are independent of weight loss derivative. One is dilseavdower temperature
(around 250°C) and accounts for sulfur crosslinks breakage while the othents for charring

reactions approaching the thermodynamic equilibrium.

In conclusion, this work helped pointing out that DSC is not suited to \@zbdhermal
transitions when weight loss and heat capacity decrease ocunufgaseously. Nevertheless, the
new DSC technology allowed finding the heat capacity of the evolwnglysis samples with
more accuracy. With these new data, the enthalpy of pyrobmidd be investigated on a
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completely new angle, with the help of industrial batch reactiar. d&is work opens the door to
further investigations, whether to optimize industrial size systento characterize the pyrolysis
energy balance with other feedstock showing unclear or more cothglexal transitions. This
methodology could also apply to any system where initial solidg teayield volatile products

and an evolving residual solid.
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CHAPITRES LE COMPORTEMENT DU SOUFRE LORS DE LA
PYROLYSE DES PNEUS

Cet article a été soumis en 2014 dans le journal Energy & Fuels.

5.1 PRESENTATION DE L'ARTICLE

Le but de cet article était de déterminer les mécarmsgiominants pour la distribution du soufre
dans les différents produits lors de la pyrolyse des pneus etéwsopper un indicateur
permettant de prédire ce comportement en fonction des conditions dopé@e nouveau
parametre, la sélectivité du transfert du soufre vers legiles|aest une sélectivité intrinseque
dépendant uniquement de la température. Elle tient compte de lidyaetnsfert de matiere et

de l'influence du zinc et du fer.

Suite a l'analyse des résultats obtenus et des données dispdaitidela littérature, les valeurs
limites de la sélectivité du soufre vers les volatiles ont été détesniaad’absence de métaux et
lorsque la cinétique est limitante (température élevée),lémtsdté tend vers la valeur de 1,
c’est-a-dire qu’en pourcentage massique, la quantité de soufre éstrdans les volatiles est
proportionnellement égale a la quantité de volatiles produite. A basgerature (< 300°C) et
en l'absence de métaux, la sélectivité sera supérieure atlgusoiproportionnellement, la
fraction massique de soufre retrouvée dans les volatilesupétieure a la quantité de volatiles
produite. Enfin, en présence de métaux et a une température mauéédenée (> 350°C), la
sélectivité devient inférieure a 1, soit que proportionnellement, le pourcentaggeuaakssoufre
retrouvé dans les volatiles est inférieur a la quantité deileslaroduits et donc, que le soufre a

tendance a demeurer séquestré dans le char.

5.2 ON THE BEHAVIOUR OF SULFUR DURING THE PYROLYSIS OF
TIRES

On the behaviour of sulfur during the pyrolysis of tires

Jean-Remi Lanteigne, Jean-Philippe Laviolette, and Jamal Chaouki*
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521 Abstract

The mechanisms of transfer of sulfur to the volatiles phasehargbase during the pyrolysis of
tires have been investigated by complementing the availablatliter data with TGA
experiments. For isothermal experiments, the global selecaxpyession could be simplified
into an intrinsic form of sulfur loss selectivity, which is solalyunction of temperature. Two
other phenomena have been found to influence the intrinsic sulfurdiessivaty: solid matrix
desulfurization and metals sulfidation. In the case where w@dd contain no metals and
pyrolysis was performed such as decomposition kinetics is tignitihne intrinsic sulfur loss
selectivity would converge to the value of 1. Below 350°C, mass émalisiitation will promote
solid matrix desulfurization, producing sulfur loss selectivity gnetitan 1. Over 350°C, if zinc
and/or steel are present in tires, sulfidation will clusterusuif the solid phase and sulfur loss
selectivity will become lower than 1. A developed form of intrirsitfur loss selectivity could

be obtained to account for these phenomena.

Keywords —Pyrolysis, Waste tires, Sulfur, Selectivity, Mechanisms

5.2.2 INTRODUCTION

Sulfur is essential to life. Paradoxically, it can also bactosuch that standards have been
developed in order to minimize undesired effects on human health and thensrent [1,2].
Industrial recovery of waste is greatly influenced by thstsendards, including waste tires

recovery since sulfur is one of their important constituents.
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Waste tires pyrolysis generates products in three phases: non-airidecsmbustible gas,
condensable gas (oil) and carbonaceous powder (char). The choicetof tealenology and
operating conditions are critical in determining the distributionntinsic sulfur within these
three products, as emerging from literature [3]-[7]. It can tbeeehave a major influence on
pyrolysis process profitability and viability, as sulfur distribatidetermines the needs in

purification efforts according to the products’ specific intended applications.

Few researches have been conducted on the subject of post-processing parifictiand char
from tire pyrolysis [8]-[10]. Research aiming at understandimegmechanisms leading to sulfur
distribution during pyrolysis of waste tires is scarcer [11]. ancontext of tightening
environmental regulations, a better comprehension of sulfur distributidimei products could
lead to wiser upstream design decisions. In the end, this coutt pyeblysis processes with
higher efficiency and lower cost, which would require less decointation and purification

treatments downstream.

The behaviour of sulfur during pyrolysis of tires is dependent uponadeiay factors that are
also affecting pyrolysis at large. The following are considered in this work:

1. Pyrolysis temperature;

2. Heat and mass transfer limitations;

3. Volatiles composition during pyrolysis.

4

. Waste tire chemical composition (inorganics);

5.2.2.1 Definition of global selectivity

By definition, pyrolysis implies a transient heating step and liysugulfur is analyzed in the
cumulated final products. Sulfur distribution must then be considerdédeastegral of sulfur
selectivity over a whole experiment. That is, when thermodynaqudibrium is reached. From
a batch system, global selectivity would be for sulfur loss:
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t
ftO rsrdt

t
JeoTTWLAL

Sst. JTWL = (1)

That is, the global rate of sulfur transfer to volatiteg)( integrated over total batch duratidg (
to t), over the global rate of release of volatiles,( ), also integrated over total batch duration.
The rate of total weight loss is assumed to be dependent upon a@&mpeand global

pyrolysables, as per developed in a previous work [12]:

_E_a Mtjre—Mm lysi n
rrws = (Sgas + Soir) (“Tpyrotysis) = (Sgas + Sou )Ae R - ( e it ms) (2)

Mtire_initial
Where intrinsic selectivities for gas and oil are respectivgly ands,; and are assumed to be
fully dependent of temperature. The rate of production of volatilgg, ] is proportional to the
rate of pyrolysis €75,,,01,sis) Which is the global rate of decomposition. The kinetics equation
for the rate of pyrolysis is a function of the pre-exponential enngd), an energy of activation
(Ea), as per the Arrhenius law, and the mass of available pablgs iy is the mass of

pyrolysables through timemnyyraysis is the amount of pyrolysables decomposed through time;

Mire_initial 1S the initial weight of pyrolysables) at theh order.

5.2.2.2 Definition of intrinsic selectivity

The pyrolysis temperature is the driving force of pyrolyaigl by extension, it is the main
parameter influencing the formation of sulfur compounds. The effdemperature alone on tire
pyrolysis is however difficult to characterize, because othetofs, such as heat and mass
transfer, may bias the study of kinetics. The presence of nm#alsas well influence the sulfur

loss rate at the molecular scale.
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To account for the influence of temperature as the main pananieteate of sulfur loss must be
developed. As the rate of total weight loss is assumed to be depapdentemperature and
global pyrolysables, it is assumed that sulfur weight loss will follow a propaiticend:

TsL = SsL/TwL (M)rrwe (3)

Where the intrinsic selectivity for sulfur lossgf,r,(T)) is solely a function of temperature,

similarly to ther gas and oil intrinsic selectivity in equation (2).

The batch selectivity (equation (1)) can reach limit valugisefreaction rates, over certain time
span, remain stable. For example, in a TGA experiment wherestttimdp rate is fast enough to
shorten the residence time of the sample during the dynamiadnstp, it can be assumed that
selectivity is calculated for the final set point temperatline selectivity term becomes constant

and the expression can be simplified to the intrinsic form of selectivity:

t t
JeosLdt  ssprwi(T) [ rTwidt

3 = T
JeoTTWLAL JeoTTWLAL

Ssi/rwr = = SsL/TWL (T) (4)

The intrinsic selectivity would then be, in the limit case, ationcof temperature, i.e. when the
intrinsic selectivity alone can explain the sulfur distribution. Tihiés of the intrinsic selectivity

are defined as percentage sulfur I&3lg per percentage pyrolysis volatiles losSB&/().

In this situation where decomposition kinetics would be limiting duripglpsis, and since
pyrolysis is a probabilistic process, one would obtain a sulfugiwdoss (found in volatiles)
proportionally equal to the pyrolysis weight loss:
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In other words, for an experiment where the heating time is shottgh such that it can be
neglected, the sulfur loss yield in percentage over the totallgdtzs yield in percentage would

be equal to 1 for the remaining isothermal part.

This can be assumed because sulfur is present as an organienflngtoup in tires, in very
small amount, and is not part of the core of resin chains. Crosgliekindeed weak points in
tires, but their unbinding alone during pyrolysis will not releagaiicant amounts of volatiles.
Sulfur would then be statistically present in the same relatiwportion in the volatiles than in
the remaining solids compared to the initial state. Therefaresuch conditions, the global
selectivity for sulfur weight loss will be approximately elgumathe intrinsic selectivity, with the

limit value of 1:

Sulfur weight loss percentage
f g p ge 1 (6)

S =3 = =
SL/TWL SL/TWL Total weight loss percentage

Some data can be found in literature regarding sulfur distributitminapyrolysis products. They

are presented in Table 5.2.1.

Table 5.2.1. Literature data on sulfur distribution within the products of waste tolyy

T t Pyrolysi ight Sulf ight inorganics
emperature Pyrolysis weig ulfur weig in
(°C) loss % loss % ssuytwe  Reference Apparatus .
waste tires
Static oven,
350 50 25 0.5 [13] no gas Zn
sweep
350 3G 21.7 0.72 Idem Idem Zn
450 60 40 0.67 Idem Idem Zn

450 33 25.7 0.78 Idem Idem Zn
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550 67 48.9 0.73 Idem Idem Zn
550 38 33.8 0.89 Idem Idem
Customized
400 36 33.3 0.89 [14] TGA, Zn, Fe
N, flow
400 3G 22 0.73 Idem Idem Zn, Fe
500 47.3 29.6 0.59 ldem Idem Zn, Fe
500 39.9 25.7 0.625 Idem Idem Zn, Fe
550 47.5 30.8 0.61 ldem Idem Zn, Fe
300 4.8 4.8 1.0 [15] Autoclave, Zn, Fe
N, flow
400 24.8 18.2 0.73 Idem Idem Zn, Fe
500 38.0 35.5' 0.93 Idem Idem Zn, Fe

@ Based on pyrolysis liquids only

An apparent trend emerging from this data is that absolute sudight loss percentage to the
volatiles generally increases with increasing pyrolysimpierature, which can be expected

knowing pyrolysis weight loss percentage increases with temperature.

Referring to data from Table 5.2.1, the sulfur weight loss seigctiecreases with increasing
temperature for Berrueco et al. [13], while it is the total opgpofir Diez et al. [14].
Furthermore, no tendency can be extracted from data obtained éggbdr et al. [15]. For all
cases except the 300°C experiment from Laresgoiti et al., ldwtigies were lower than 1, but
very close to 1. Note that the waste tire samples used byeBeret al. and Laresgoiti et al.
contained zinc and steel while those used by Diez et al. only contained zinc.

All analyses in literature discussed sulfur either by eleaterttmposition or by overall sulfur
losses from initial state. However, since these values canotlated to a reference state,
namely an expected value, it limits the analysis.
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These contradictory results justify further investigation, asyrfactors other than temperature
could explain these variations. As well, more experimental reauttsneeded to discuss the
tendencies of the sulfur weight loss selectivity and conclude dnfthence of factors other than

temperature on sulfur loss.

5223 Influence of heat and mass transfer

A study by Barbooti et al. [16] demonstrated that particle siad inert gas flow rate have a
major influence on pyrolysis products yields. These two independening@ms affect the
heating rate of waste tire samples (heat transfer) and thepatticle residence time of volatiles
(mass transfer). They are thought to be also of importance imuetey sulfur distribution
between pyrolysis products. Experimental data from Barbooti et al., obtaithea static furnace

swept with N with controlled temperature, are shown in Table 5.2.2.

Table 5.2.2. Data points on sulfur distribution within pyrolysis products from [16].

Set Point ) i _ _ L _
Nitrogen flow  Particle size Char yield Oil yield Gas yield
Temperature  rate (mg/h) (mm) (Wt%)  (Wi%)  (Wt%)
(Celsius)
420 25 6 39 50.5 10.5
420 25 16 51 36 13
420 45 6 35.7 57 7.3
420 45 16 34.7 51.9 13.4

The nitrogen flow rate had a significant effect on the pyrslgsbducts selectivity: increasing
nitrogen flow rates resulted in higher convective heating rates aaedage tire sample
temperature during pyrolysis. That is, with nitrogen flow rdtes 25 ni/h to 45 ni/h, char

yield went from 39 wt% to 35.7 wt% for 6 mm patrticles and from 3% wa 34.7 wt% char for

16 mm particles. The nitrogen flow rate also had an influence on the pyrolysis gakyégidi



141

Increasing the nitrogen flow rate increased the averag#ypig temperature. This increased the
volatiles average molecular weight while decreasing the non-caatalengas production. With
nitrogen flow rates from 25 h to 45 ni/h, the gas yield went from 10.5 wt% to 7.3 wt% and
from 13 wt% to 13.4 wt% for 6 mm and 16 mm patrticles, respecti#ely1l6 mm particles, this
change in yield occurred despite a 16 wt% (absolute) increagelatiles production. This is
further supported by the results obtained by Williams et al.A7]a set-point temperature of
300°C, they measured an almost equal distribution between oil and gadl as a low average
molecular weight of the oil for atmospheric pressure pyrolgéisvaste tires. The average
molecular weight of condensables increased with temperature frong/f® at 420°C and
20°C/min to 230 g/mol at 720°C and 20°C/min. These observations suggestaignifitra-
particle cracking of the volatiles produced during pyrolysikbat temperatures, resulting from

low volatiles mobility.

Table 5.2.2 also highlights the effect of particle size: incregsamticle size increases the non-
condensable gas yield due to a greater intra-particle residiene of volatiles, which promotes
thermal cracking. The non-condensable gas yield increased from 10.5 wt% ¢6 dnwt% (16
mm) gas at a nitrogen flow rate of 25 m3/h. This effect isi@were obvious at a higher nitrogen
flow rate of 45 n¥h where gas yield increased from 7.3 wt% to 13.4 wt%. However aisiog
particle size also promotes the formation of intra-particleperature gradients especially at low
nitrogen flow rate. At a nitrogen flow rate of 25/t the char yield increased by about 10 wt%
(absolute) due to lower averaged pyrolysis temperature. Chdrrgrakined however unchanged

at a nitrogen flow rate of 45 m3/h due to greater thermal convection.

5.2.2.4 Influence of volatiles composition

The composition and partial pressure of volatiles during pyrolyamisng others a function of
waste tire composition (inorganics), pyrolysis temperature, hehtnaass transfer and intra-
particle residence time. Volatile species can react witfursbearing compounds to form
hydrogen sulfide. Murena [11] conducted experiments where pyrafsisste tires was done

under a hydrogen donor atmosphere at various pressures and temperaritegirogen donor
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(tetralin with formula GgHi12) was suspected to react with radicalized liquid products to yield
hydrogen sulfide (kB) and desulfurized pyrolysis liquids, while converting tetraliro int
naphthalene (Hs).

2 R-S + GoH1» (tetralin)— 2 R + 2 HS + GgHg (naphthalene) (7)

The conclusions of that work suggest that if sulfurized volatilesiremaontact with hydrogen
(Hy) or cycloalkenes for sufficient time at high temperature, ¢yein sulfide could be produced
at significant levels. As both reactants can be limiting in thi® of reaction, their relative
concentration is an important factor determining whether sulfubearansferred from solids to
volatiles and from condensable to non-condensable gases during pyobliyses. Hydrogen or
cycloalkenes could directly react with radicalized solid sutiampounds to produce,H and
desulfurized resin chains. The formation ofSHwould thus be dependent of temperature,
concentration of reactants (sulfur compounds and hydrogen donor) and camact
(hydrodynamics).

Many scientific papers [13]-[15] showed that the production of rgehlmo(H) and aromatics
(including cycloalkenes) increases with increasing pyrolygsiperature. Based on the
mechanisms proposed by Murena, this suggests that the kinfeligdrogen sulfide production
should be faster at higher temperature. In other words, migratisulfaf to volatiles would be
enhanced intrinsically with increasing temperature. However, it dHmilkept in mind that the
kinetics of volatiles production also gets faster with increapyrglysis temperature, such that
sulfur concentration in condensables will not necessarily decriéasd¢hese reactions to occur
the chemical bonds (S-S, C-S, C-C and C-H) should be broken and the required bond dissociati
energy (BDE) differs significantly depending on the type of bond as previousiysded.

For example, the C-H and C-C bonds are characterized by a digso@nergy between 360
kJ/mol and 460 kJ/mol depending on the molecular structure [17]. In dp@@r&sand S-S bond
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dissociation energies are significantly lower with valuesreged between 230 and 280 kJ/mol
[17]. This strongly suggests that pyrolysis of tires is itetidby S-S and C-S bond breakage [18],
which leads to the production of sulfur radicals, the precursors of desulfurizataions.

5.2.2.5 Influence of waste tire chemical compaosition (inorganics)

The organic composition of waste tires of the same type (eg.taacks, heavy equipment, etc)
is very similar between samples [19]. The present study usespegdic type of tires such that
its organic composition was not considered as a key parameterJ@0he other hand, the
composition of inorganics may vary between tire samples: anigndependent parameter that
may influence the outcome of sulfur compounds. Among the tire comppheatmetals are of

interest for sulfur capture: zinc and iron.

5.2.2.5.1 Zinc

Zinc is present homogeneously in tires in the form of zindexr zinc stearate. It essentially
acts as a plasticizer during the tire production process itiidBecvulcanization. Zinc can capture
sulfur as suggested by Darmstadt et al. [21], which demonstratédwitia increasing
temperature, zinc oxide converts into zinc sulfide (ZnS). In fack; teeults show that at a
vacuum pyrolysis temperature of 420°C and higher, conversion of ZnO intosZignificant.
ZnO reactivity with HS is no stranger to this behaviour, because this particulaioreast
spontaneous and highly exothermic in this range of temperatures Ga@kequently, it is
assumed that the presence of ZnO in waste tires will partethin sulfur in the solid phase

during pyrolysis.

ZNnQs) + HaSg) > ZnFs) + HOq) 8)
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Zinc sulfide rate of formation is a function of hydrogen sulfiddiglapressure, temperature, and
ZnO concentration (limited to ZnO availability). The rate ofctean should follow this

behaviour:

rzns = f(K(T,Szn0), PH29) )

Partial pressure of hydrogen sulfide is dependent upon the pyrolysavitar, such that
significant BS production will follow the volatiles production rate in a certaily.Whe apparent
kinetics constant depends upon temperature, because of the irddingidion energy of the zinc
sulfidation reaction (equation (8)). However, it is also influengethb density of active sites for
this reaction, which depends on factors such as homogeneity of distrilaund char porosity

during the decomposition process.

5.2.2.5.2 Iron

Iron is also a constituent of tires in the form of steel. Seeabt homogeneously dispersed in
tires and is employed as a structural reinforcement. Dravetests [23] demonstrated that steel
can react with hydrogen sulfide to form iron sulfide (FeS) eatewery low hydrogen sulfide

partial pressures.

Fes) + HoSg) « Fegs) + Hyg) (10)

More recently, Lauretta et al. [24] studied the kinetics of irdhdation with Fe foils exposed to
various HS partial pressures and temperatures. A pertinent work involvingreapyrolysis has
been conducted by Berrueco et al. [14]. They performed wastedi@smposition without
removing structural steel from the samples. An elemental badaace was done for sulfur, but
without further analysis or discussion. At 550°C, the tire pyrolyigislgd 47.5 %wt of volatiles,
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which contained 30.8 %wt of the initial sulfur present in the tinepdes. In comparison, Diez et
al. [13] performed pyrolysis experiments with tire resin (witthsteel) at the same temperature:
the reaction yielded 67 %wt volatiles having 48.9 %wt of the instidfiur in the tire samples.
The fact that Berrueco et al. obtained almost 20 %wt unissdaBur transferred to volatiles

suggests that sulfidation of iron is a potential side reaction during pyrofysisste tires.

5.2.2.6 Work objectives

While previous studies presented much experimental data, none atteémpjederalize the
observed behaviours to sulfur migration mechanisms or tires pywaohesthanisms. Nonetheless,
this train of thought could be an influent factor in the development ohgohenological
industrial pyrolysis processes. Therefore, the purpose of thideari to first investigate
experimentally the behaviour of sulfur during the pyrolysis aftevéires. More specifically, the
experiments will cover temperature and heating rate for damansitrogen flow rate and particle
size. The second objective is to explore the importance of varioasnetars in the thermal

decomposition mechanisms with the sulfur loss selectivity as a new tool.

5.2.3 EXPERIMENTAL APPARATUS

A TGA apparatus was employed to perform all pyrolysis erpnts with waste tires and
several technologies were used to analyze the samples. They are all griestritesection.

5.23.1 TGA apparatus

TGA experiments were performed using an SDTA8fdparatus from Mettler Toledo. Regularly
shaped cubic tire samples of 30 mg were used for each experirhersgamples were mounted
directly on the balance pan with a nitrogen flow of 20 mL/minhsihat nitrogen could flow

freely around the samples.

Pyrolysis experiments were performed using three heatirgs rgt°C/min, 10°C/min and
100°C/min) and five set-point temperatures (300°C, 350°C, 400°C, 450°C and 500°C). During all
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experiments with set-point temperatures below 500°C, pyrolysisnatasompleted during the
dynamic heating part. All samples were maintained at tlespective temperature set point in
order to let the decomposition process resume to completion and urdgdrtipde weight loss
reached a constant value (less than 0.01 % weight loss during 15eshinDuring these
experiments, the time evolution of the solid mass was measurezh ishilirectly related to the

mass of combined volatiles. All experiments were done in triplicate.

5.2.3.2 Elemental analysis

The CHNS elemental composition was obtained with an EAS1108 apparatmsFisons
Instruments S.P.A. For virgin tires analysis, fine tire powdenges were used. The cubic char
samples (pyrolyzed samples) were also powdered prior to elehamalysis. The analyses were
conducted with 5 mg samples in duplicate, such that every TGA opgratindition was

analyzed with six elemental analyses.

The organic part of tires could be characterized via elemen&ysas, but neutron actional
analysis (NAA) was also employed to determine the inorgacintents. Char and oil samples
from an industrial pyrolysis batch were also analyzed to obsbevéendency for inorganics
distribution within pyrolysis products. NAA was performed at Eddddytechnique de Montréal
with the SLOWPOKE nuclear reactor. Uncertainty for measents in the range of ppm (mass)

is on the order of =5 %.

5.2.4 RESULTS AND DISCUSSION

In the present study, the analysis of TGA data is performed othtreand volatiles, the latter
combining both the condensables (oil) and non-condensables (gas). The TGatusppaed
small waste tire samples such that the volatiles produced diféiceilt to recover for further
analysis. Therefore, all results for the volatiles are obtainedlitierence with their char

counterpart.
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5.24.1 Characterization of virgin tires and pyrolysis products

52411 Elemental mass balance

The inorganic compounds in the virgin waste tire samples aeel istTable 5.2.3, which also

presents the inorganics found in char and oil from an industrial batch.

Table 5.2.3. Elemental composition for the inorganics contained in virgin tire resin arahdha
oil from an industrial pyrolysis batch (measured via NAA).

Element Tirg : Char. , O”. Element Tirg . Char. , O”.
_ resin (industrial) (industrial) _ resin (industrial) (industrial)
SPeCies (ppm)  (pm)  (ppm)  *P*¢S (opm)  (pm)  PPM)
Na 114 112 11 Br 0.95 17 6.7
Mg 195 147 17.2 Rb 0.62 10 <0.5
Al 655 254 7 Zr 20 240 <10
Si 1505 2627 <170 Mo 0.087 7 0.5
Cl 152 178 75 Cd 0.69 9 1
K 432 130 0.5 In <0.001 0.134 <0.001
Ca 1839 1616 47 Sn <3 39 0.75
Sc 0.025 0.3 <0.003 Sb 0.47 4 0.050
Ti 396 373 8.5 I 0.50 1.2 0.83
Vv 1.15 9.62 0.007 Cs <0.1 1 <0.1
Cr 0.59 25 <0.3 Ba 5 8 <3
Mn 3.72 12 0.18 La 1.97 3.5 <0.5
Fe 100 14576 <20 Hf 0.05 0.3 <0.02

Co 0.48 41 0.48 W 0.092 0.5 <0.01
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Ni <6 75 <6 Au 0.0006 0.01 0.001
Cu 6.56 90 <0.3 Hg <0.02 0.3 0.1
Zn 4735 6778 15 Th 0.025 0.49 <0.02
As 0.11 2 2 U 0.04 0.5 <0.01
Se <0.3 0.63 0.7

Since there was steel in the industrial batch, the char sammigires much more iron and a little

more zinc. At the opposite, the oil sample shows only traces ofaniasy For the tire resin, the

amount of iron is negligible, as it is almost 50 times lowen ttheat of zinc. Therefore, it is

supposed that tire resin does not contain iron.

The elemental analysis was performed on the recovered aimples for all TGA experiments.

The results are presented in Table 4, which includes the aveeageneal composition for the

waste tires obtained in this work. The oil sample was essgntiat of inorganics, so it was

assumed that all of the inorganics remained in the char fraction.

Table 5.2.4. Elemental composition of the waste tire and char obtained from TGyssyrol

[TInorganics were obtained in char assuming none was transferred to the volatikesiha

difference.]

Temperature He::ing C H N S Inorganics’ O
(°C) (°Clmin) (Wi%) (Wi%)* (Wt%) (Wt%) — (Wt%)  (Wi%)
Virgin tires N/A 86.04 7.19 0.34 1.95 1.01 3.47

1 87.96 5.91 021 1.74 1.29 2.89
300 10 87.20 5.83 0.22 1.75 1.35 3.65
100 88.31 6.12 0.17 1.26 1.30 2.84
1 87.31 3.46 0.23 249 1.95 4.57
350 10 87.11 4.37 0.18 2.28 1.83 4.24
100 87.41 3.65 0.16 2.05 1.95 4.79
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1 88.86 0.78 0.11 1.76 2.58 5.92

400 10 88.03 1.09 012 212 2.75 5.89
100 87.58 0.45 0.13 2.22 2.78 6.85

1 87.89 0.07 0.11 2.19 3.03 6.72

450 10 88.42 0.27 0.15 231 2.98 5.88
100 89.14 0.00 012 194 2.87 5.94

1 88.32 0.07 0.12 1.85 2.89 6.76

500 10 89.96 0.00 0.17 1.76 2.79 5.33
100 88.47 0.00 0.17 2.06 2.92 6.39

From Table 5.2.4, it is seen that the carbon, nitrogen and sulfur cortemagsed relatively

constant in the char and at levels similar to the virgin wirgtesamples. On the other hand, the

hydrogen weight fraction decreased with increasing pyrotgsiperature and it reached a value

below the detection limit at 560. The inorganics mass fraction increased in the char with

increasing pyrolysis temperature: it increased by a fauft@ as the pyrolysis temperature was

increased from 30C to 500C. This increase in inorganics mass fraction in the char eesult

from the devolatilization of organic compounds, while it is assurhat dll of the inorganics

remained in the solids phase at these relatively low temperatures.

From the elemental composition of the virgin tires and char saimiple elemental composition

of the global volatiles could be calculated from a mass balance and it is shbaivle 5.

Table 5.2.5. Calculated volatiles elemental compositi@btained by difference]

Heating Weight

*

Temperature C H N S O
°C) rate loss . . . . .
( CCimin) (%) (W%) (Wi%) (Wi%) (Wi%) (wt%)
1 22 79.10 1182 081 271 557
300 10 25 8252 11.31 068 254 295
100 22 7798 1097 092 437 5.75




1 48 84.67 1123 045 135 2.30

350 10 45 84.71 10.69 053 153 254
100 48 8456 11.02 053 183 2.06

1 61 84.22 11.33 048 2.07 190

400 10 63 84.88 10.75 046 1.84 2.07
100 63 85.16 11.06 045 1.79 154

1 67 85.11 10.77 045 182 1.85

450 10 66 84.82 10.76 043 176 2.24
100 65 8435 1111 045 195 214

1 65 84.81 11.04 045 2.00 1.70

500 10 64 83.81 11.29 043 2.05 242
100 65 84.75 11.02 042 188 1.93
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In opposition to char whose hydrogen mass fraction decreased sigihyfigath increasing
pyrolysis temperature, the carbon and hydrogen weight fractiorteeinvolatiles remained
constant. However, variations are observed for sulfur and a more m-daf analysis is

presented in section 5.2.4.2.

524.1.2 Sulfur distribution

Since pyrolysis char yields and chemical composition were ume@s it is possible to
characterize the migration of sulfur to the volatiles duringdbeomposition process. Table 6

shows the calculated sulfur distribution within the pyrolysis products.

Table 5.2.6. Total weight loss and sulfur weight loss during the TGA pyrolysis expesim

. Pyrolysis
Temperature H?:tténg Slgg:: weight
°O) o : 0 loss
(°C/min)  (wt%) (Wt%)
1 30 21.6
300 10 31.6 24.7
100 49.3 22




1 34 48
350 10 34.9 44.6
100 45.6 48
1 64.6 60.7
400 10 59.8 63.1
100 58.5 63.5
1 62.4 66.5
450 10 59.9 65.9
100 65.5 64.7
1 66.7 64.9
500 10 67 63.7
100 62.9 65.2
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*Sulfur loss calculated from initial sulfur content in Table 4

As previously explained, the sulfur weight loss selectivity ipeeted to be 1 (when
decomposition kinetics is highly dominant). Figure 5.2.1 shows theseiw&testfor the raw
data obtained with the TGA, referred to as “original TGA”.
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Figure 5.2.1. Sulfur loss selectivities obtainedhis work.

On Figure 5.2.1, a selectivity of 1 means thatusull proportionally well distributed between the
char and volatiles phases. When the value is hitgtzar 1, more sulfur can be found in volatiles
by proportion. On the other hand, a value belowehms that sulfur is mostly found in char by
proportion. At 400°C and up, the selectivities eiesely below 1 while at 300°C and 350°C, the

deviation from 1 is significant.

Two types of observations are also presented gshitweg further clues towards the distribution
of sulfur among the pyrolysis products: (1) appatendness of char samples and (2) swelling of
char samples. These observations provide informagarding the volatiles mobility within tire

particles during pyrolysis or in other words, maassfer.



153

)°C 400°C

OQ'

1°C/min 0°C/i 100°C/

Figure 5.2.2. Waste tire samples before (tire) a&ftet (char) pyrolysis at 400°C and three
heating rates (1°C/min, 10°C/min and 100°C/min).

Figure 5.2.2 shows images of waste tire and chapkss obtained via TGA pyrolysis with three
different heating rates {€/min, 16C/min and 108C/min) at 400C. It is observed that at a
heating rate of 100°C/min, the sample had swoltereveal a particular behaviour compared to
the lower heating rates. The swelling behaviour alas observed at 300°C, 350°C, 450°C and
500°C, at the same heating rate of 100°C/min and5&°C and 500°C, 10°C/min, which

sometimes caused the sample to fall down the TGAdpaing runs.

The second observation is related to the appasedinikss of the samples. While virgin waste tire
samples showed good elasticity, char samples dutaafter pyrolysis at a final temperature of
300°C were so hard that crushing them into powdeefemental analysis was a challenge. With
increasing pyrolysis temperature, this hardnessedsed significantly: at 450°C and 500°C, it

was not possible to remove the pyrolyzed sampla tiee TGA pan without breaking it.
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Table 5.2.7. Qualitative observations during and after the TGA pyrolysis exp&ime

Heating

Tempoerature rate Char Swelling
(°C) (°C/min) hardness
1 High No
300 10 High  No
100 High Yes
1 Moderate No
350 10 Moderate No
100 Moderate Yes
1 Low No
400 10 Low No
100 Low Yes
1 Verylow No
450 10 Very low Yes
100 Verylow Yes
1 Verylow No
500 10 Verylow Yes
100 Verylow Yes

The observations summarized in Table 7 indicate that high heates) produced a significant

swelling of the char samples while high temperature decreased the hardhesshairtsample.

Swelling of the sample is an indication of constraints to the ledathobility (limiting mass

transfer) inside the sample. However, the fact that swetlouyirred may also suggest that this

constraint was overcome by the volatiles during the pyrolysisegs: this likely occurred in

samples characterized by low char hardness (high porosityvanttl have resulted in high

volatiles mobility.
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Finally, one TGA experiment was stopped once the temperature eceaamhout 280°C
(10°C/min). The furnace was directly opened and the hot sample rerhaded fluffy texture,
similar to a marshmallow. When squeezed, the sample did not coméh#original shape as
it had lost its elasticity. This strongly indicates that dioksoreakage is the initial step during

pyrolysis of waste tires.

5.24.2 Sulfur behaviour
5.24.2.1 Effects of temperature on sulfur distribution

First of all, runs at 100°C/min must be discussed. With headiieg 0f 1°C/min and 10°C/min in
TGA, the temperature control was observed to be fairly accudawwever, at a higher heating
rate of 100°C/min, limitations in the temperature control systemymed an overshoot in sample
temperature. For different TGA final temperatures {80@B50C, 400C, 450C and 508C) and
heating rates (1°C/min and 100°C/min): the temperature set pointrgslylaexceeded at
100°C/min.

At 100°C/min, the temperature overshoot was between 20°C to 40°C, and wapaced with

significant weight loss, in particular for temperature set pa@h®50°C, 400°C and 450°C. This
indicates that these samples were in fact exposed to a higgroist temperature:
decomposition kinetics was then fast enough to generate signib@stto the experimental

conditions expected initially.

Referring to the sulfur loss selectivity, the global ratswdfur loss is then not representative for
the expected set point to define the intrinsic selectivity. lur€idl, the fact that 100°C/min
experiments at 400°C, 450°C and 500°C have the same selectivity yameatt1°C/min and
10°C/min is explained by the weight loss peak reached in TGA rousa&450°C. Even if there
Is an overshoot, the weight loss rate is less affected by temperature.
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As another highlight, the sulfur loss selectivity can be considasea reference parameter for
sulfur distribution within pyrolysis products. At 400°C, 450°C and 500°C, withont with low
amounts of Zn, with heat and mass transfer not limiting, the vainesgly converged to 1,
meaning that the sulfur weight loss percentage should be equal fuyrthlgsis weight loss

percentage when decomposition kinetics is dominant and there are no metalystetine s

Nevertheless, selectivity values at 300°C and 350°C were significdifferent from the
reference value of 1. That is, other factors than the refertenggerature dependent intrinsic

selectivity may impact of sulfur distribution. The following sections wiluon defining them.

52422 Influence of heat and mass transfer on sulfur distribution

Data from the present work were compared with data from &iek in Figure 3. One important
difference between the two sets of experimental data is thiel@aize of the waste tire samples:
the average particle size in the present work was approxinifieignes greater than that of Diez
et al.,, where they used sieved powdered tiregtZ0 um). Assuming that cubic waste tire
particles were used for both investigations, the total particface area in the present work was
about 20 times lower than that of Diez et al. No inert gas w@&ed through their samples in
opposition to the present work where nitrogen was continuously flowed lwesamples in
TGA. They have some points in common: no iron, three temperatures poitithe possibility to

compare the sulfur loss selectivities.
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Figure 5.2.3. Sulfur loss selectivities for twoissrof data without steel (original from this work
and from [19].

At first glance, the data of Diez et al. show sigaintly lower sulfur transfer to the volatiles
phase (oil + gas). The same stoichiometric baldéinae performed for Figure 5.2.1 was done to
account for zinc sulfidation, assuming a compledaversion into ZnS. By considering the
potential effect of Zn sulfidation, most sulfurlistemains in the char phase: this is in opposition

with the observations from the present work.

ZnO is expected to have mostly converted into Ze&bse of the particular experimental set up
used by Diez et al. Since no nitrogen was sweputjin the samples, their experimental
conditions must have resulted in increase8 Partial pressure with longer contact time with Zn

according to equation (9).

The higher non-condensable gas fraction of thetMe$aobtained by Diez et al. is considerably
higher than what can be observed in most works12,64,15,16,19,20]. However, they grinded
tires and screened the waste tire samples suckhthatrticle size used was 420 um and smaller.
Significant mechanical energy (grinding) was ingectn this system to create new surfaces, but

also a great number of new free end-chain molecgsdgments. This could explain the high
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amount of almost sulfur-free non-condensable gas obtained by DieZlesalcontact time for
the reaction in equation (5)) as well as why most sulfur wagesl in the char phase, or in other
words, why more short hydrocarbons were released from the .s@lidbally, decomposition
kinetics and transport phenomena were affected by this very cAdieeeffect of total sample
surface is even more important at 350°C, where, as reportedtiorss.2.4.1.3, solids porosity

might have limited mass transfer and volatiles emission throughout particles.

While heat transfer was proven to influence the production of condessanid non-
condensables during pyrolysis, results in Table 1 showed there mutbt of a distinction in
sulfur weight loss selectivities between 1°C/min and 10°C/min foteahperatures. It was
previously explained that because of TGA controls settings, all aud®©0°C/min yielded a

temperature overshoot.

Nevertheless, since it was not possible to compare sulfur disbrbwithin condensables and
non-condensables, further investigation is needed, in particular at very fasg natss.

5.24.2.3 Influence of volatiles composition on sulfur distribution

As discussed in section 1.4, it is expected that the productionsiafden (H) and cycloalkenes
(aromatics) as hydrogen donors would influence the transfeulfafr Srom tires or char to

volatiles, in particular as 4%. This is aside the direct production of sulfur-bearing condensables.

For Diez et al.,, sulfur migration in condensables increased witipaeature despite an
intensification of hydrogen production. That is, selectivities caledl&or condensables alone
increased from 0.72 to 0.78 to 0.89, as the temperature was increased to 350°C, 450°C and 550°C
respectively. There was also a net increase;$ ptoduction, from 3.3 wt% of sulfur at 350°C to

14.3 wt% at 450°C, meaning high desulfurization kinetics. This could be duaster
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desulfurization kinetics (equation (5)), since the rate of production efikesl greatly increases

from 350°C to 450°C and that temperature also increases.

In contrast, the condensable fraction obtained by Berrueco et alinsghti@ss sulfur with
increasing temperature. They produced selectivities of 0.73 for condengatfd@s@and 0.63 at
500°C, while sulfur percentage in solids (including steel) went from 8% from the initial
amount in tires to 70.4 wt%, even if char yield decreased of 12 wtt thyidrogen production
was over 5 times lower at 400°C than at 500°C (respectively 2.6 % volldaddo vol.), but
also, sulfur in non-condensables (as hydrogen sulfide) diminished from ®4.8w.4 wt%. As
mentioned in section 5.2.4.2.2, it indicates that desulfurization of condenseddepromoted;
that was not the case for experiments led by Diez et sligijests that variations in the &hd

H.S partial pressures in the volatiles and the presence of steel are resgon#ildebehaviour.

Coming back on results observed at 300°C in Figure 1, it is believeththaxcess of sulfur
released in the volatiles is mostly produced in the form & 4 the non-consensable fraction.
As stressed in the previous sections, the lower porosity of sdli@8804C promotes a longer
residence time for gases. In these conditions, hydrogen partisbpresould react with sulfur

molecularly bonded with the organic matrix to produce hydrogen sulfide.

The simplest form of the rate of desulfurization would be formied temperature dependent

kinetics constant and a term for hydrogen partial pressure:

"pesuLr = kpesurr (T) Py (11)

WherePy, is the hydrogen partial pressure. This kinetics would not bedilysiast; it would be
more that it is significant compared to the decomposition kinetitmvb850°C. At higher

temperatures, desulfurization kinetics will be negligible compared to decdiopdsnetics.
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5.24.2.4 Effects of inorganics on sulfur distribution

The waste tire samples used in the present study containeficamgnamounts of zinc as shown
in Table 5.2.3, but no iron. Some data with tires containing iron in the forsteef could be

found in literature to bring a basis for comparison.

5.2.4.2.4.1 Zinc oxide

It is first assumed that the Zn contained in the waste tmgles is stoichiometrically fully
converted to ZnS during the pyrolysis experiments whose resulteoeed in Figure 5.2.1.
Using this assumption, the fraction of sulfur captured as ZnS for the reskitpoé 5.2.1 can be
estimated from a mass balance: if it were not in char as EZn®uld be in volatiles as 43

according to equation (8). Consequently, the corresponding sulfur lossiviedsccan be

calculated and these values were reported in Figure 5.2.1, referred to as “if'no ZnS

As observed in Figure 5.2.1, there is already a net tendency for sumigrate to the volatiles
phase at a final pyrolysis temperature of 300°C, such that thectingdazinc is not

distinguishable. For samples at a final pyrolysis temperatie350°C, 400°C, 450°C and
500°C, the selectivity increases from values below 1 (proportiomadhg sulfur in char as ZnS)
to values above 1 (proportionally more sulfur in volatiles aS)HThis strongly suggests that
partial or complete conversion of ZnO to ZnS occurs within tirepgesnat these pyrolysis

temperatures.

A kinetics model would have been a helpful tool to characterizecom@ersion into ZnS. Many
models were found in literature, but all of them were developeduidace reactions. For the
needs of this work, an intrinsic kinetics model would instead be egtjisimce zinc is diffused in
tire resin at the molecular scale. That is, a kinetics emuatinsidering molecular ZnO, with an

intrinsic kinetics constant and activation energy and a known order of reaction.
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However, Efthimiadis and Sotirchos [25] showed tlZatO sulfidation at very low 6
concentration (0.5 %) had fast kinetics at 400°@ &igher. At 350°C, kinetics would be
significantly fast, if interpolating between 300&@d 400°C. But since volatiles emission in TGA
was observed for over 6 hours at 350°C, this ipetted to allow complete conversion of ZnO
into ZnS. Results obtained by Efthimiadis and $btis are presented in Figure 5.2.4.

CONVERSION, £

0 | | L | 1
0 10 20 30 40 50 60

TIME, min

Figure 5.2.4. ZnO conversion into ZnS through tineen [25]; H,S concentration = 0.5 %.

The sulfur loss selectivity will be diminished bheteffect of zinc sulfidation. At molecular scale,

since zinc is homogeneously dispersed in tiressitin@lest form of reaction rate would be:

Tzns = kzns(T)Pyas (12)

Wherek,,s(T) is the intrinsic kinetics constant afgl, is the hydrogen sulfide partial pressure.
As observed for all temperatures and heating rates 350°C in Figure 5.2.1, the rate of zinc
sulfidation might have been significant comparedht rate of decomposition of tires such that

all sulfur loss selectivities measured were belog/reference value of 1.
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5.2.4.2.4.2 Steel structure (Iron)

As the experiments in this work used tire samples that did no&inoinbn significantly, data
from Berrueco et al. were used. Their tire samples contained Because Zn content was not
given in Berrueco et al., both samples were assumed to contaimtbersess fraction of Zn than
of this work (0.47 %wt). The selectivities were calculated fronir theblished data (one data
point at 400°C and one data point at 500°C): the values are shown in Figure 5e2lteatihg
rate used by the authors was 15°C/min, which is close to the 10f@Géating rate used in the
present work. In Figure 5, the data of Berrueco et al. is coohparthe original data of Figure
5.2.1.
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Figure 5.2.5. Sulfur loss selectivities: data from this work and data from [18].

At 400°C, even if there is a slight difference in the heating (B5°C/min vs. 10°C/min) the
ratios measured in the present study and reported by Berruecaet akry similar. This may
suggest that the kinetics of iron sulfidation in the waste tingpkss is somehow inhibited, but
that zinc sulfidation may still happen. This may be due to two f&ctemperature and limiting
mass transfer. The rate of production of volatiles is relgtikel/, so BS partial pressure will

also follow that trend. As well, solids porosity may not be veryhlag suggested in Section
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5.2.4.1.3, which is suspected to have lowered the steel surface exposedilsvilaefers to

equation (9).

There is a very low amount of sulfur present in the volatie$0°C for Berrueco et al.
Assuming full ZnO conversion into ZnS, as done for original ratioBigure 5.2.1, it would
increase its selectivity, at 500°C, frahb86up t00.836 Because the value remains significantly
lower than 1, it suggests that iron may have converted into ironles{feS), retaining more
sulfur in the char phase than Zn could have done alone. As they peatfetatie experiments,
one can expect even more sulfur clustering in the char phasatinuously mixed systems. In
mixed systems, steel filaments are partially grinded bsitiatt [12], which results in a
significantly higher available surface for the sulfidation ohirAs a corollary, beds of powdered

metals or metal oxides are nowadays used for desulfurization of biogas [26].

To validate the hypothesis of iron sulfidation, a kinetics model was developed foi@mudied

by Berrueco et al. Their experiments were considered as l ibatcsulfidation with variable
H.S partial pressure in a fixed bed. The pyrolysis volatiles velumflow was obtained by the
authors during the whole batch time and it was assumed thatogasosition was constant
during the batch, with a known,8 fraction. Nitrogen flow was also known and an average gas
molecular weight was fixed (140 g/mol for volatiles). As th&SHields of Berrueco et al. are
suspected to be biased by iron sulfidationpS Hields (wt %) were taken from Diez et al., for
which it was obtained with Fe-free samples. The estimap&dpdrtial pressure (atm) with time

(minutes) is shown in Figure 5.2.6.
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Figure 5.2.6. Hydrogen sulfide partial pressurenjads a function of time (minutes); Striped line:
400°C, Dotted line: 500°C. Estimated from data iatd [13] and [14].

The carbon steel fraction was assumed to be a%®v6 (Laresgoiti et al., similar samples, no
available value for Berrueco et al.) and the wadius was estimated to be 250 um. The carbon
fraction in steel was neglected (~1 %wt). The iralfigation kinetics equation (rate of formation

of 1st order) and kinetics constants were takem firtaugen and Sterten [27]:

d(FeS
(df ) - kast — kPy; (13)

At 400°C, the kinetics constant for the reversetiea (k,-Py,) is over 56,000 times slower than
the forward reaction (sulfidatiorkPy,s) and at 500°C, it is 12,000 times slower. Henbe, t
reverse reaction was assumed to be negligible.r&i§2.7 shows the cumulative sulfidation
(conversion) of Fe through time at both temperattioe a 300 g sample, as used by Berrueco et

al.
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Figure 5.2.7. Simulated cumulative FeS production during pyrolysis at two tearpsrdor 300

g of tire shreds.

Table 5.2.8 shows the overall sulfur distribution in light gases (& kbr Berrueco et al.

(original data and simulated,8 production and zinc sulfidation) and Diez et al. Mass balance
was recalculated as per simulation results.

Table 5.2.8. Sulfur distribution (% wt) with steel (Berrueco), without steekjied simulated

sulfidation.
With Fe (Berrueco) Without Fe (Diez) Simulation
400°C 500°C 400°C 500°C 400°C 500°C
char 67 70 64 55 70 65
oil 22 25 24 30 24 30
gas 11 5 12 15 7 5

The first observation is that iron sulfidation kinetics is fast ehdagexplain the very low sulfur
loss selectivities obtained by Berrueco et al. ApproximatBlgowt of sulfur from the light gas
fraction could have been retained as FeS at 400°C and it is 70e¥amed at 500°C. At 400°C,
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the simulated sulfidation is greater than expected. It is sieghbass steel is swept by the gases

due to a lower porosity of the system, which was not considered in the model.

The hydrogen sulfide consumption was well represented by thidadidh model at 500°C.
Nevertheless, there is still not enough sulfur retained in chaneinsimulation compared to
Berrueco et al. (65 % wt in simulation vs. 70 % wt experimengallfur in oil (condensables)
was assumed to remain the same in the model, which might notcbeatec As shown in
equation (10), iron sulfidation releases hydrogen. This hydrogerhenegypartially reacted with
condensable volatiles to produce mogSHand then more FeS. Overall, it strongly indicates that

iron sulfidation could influence sulfur distribution during pyrolysis.

Similarly to equation (13), the rate of iron sulfidation is wentfor sulfur loss selectivity, but in a

compatible form with the unit system:

Tres = kpes(T)Pyas (14)

In the reaction rate equation, the apparent kinetics constaptq&’) and the other term is the
hydrogen sulfide partial pressure. At a temperature of 400°C and hilgaeron sulfidation rate

of reaction is significant compared to the rate of decomposition of tires.

5.24.2.5 Developed form of the intrinsic sulfur loss selectivity

The temperature dependent intrinsic selectivity has beenllinipeoposed to fix a reference
value for the sulfur loss selectivity. In the limit case wheoe metals are present and that
decomposition kinetics is dominant, the sulfur loss selectivity indeedecged to the value of 1

to confirm the hypothesis.
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In the sections that followed, the other factors were charaetkand two important phenomena
were pointed out to make the sulfur loss selectivity diverge from rhelyathe solid matrix
desulfurization and metals sulfidation. The former would contributedeease the sulfur loss

selectivity while it is the opposite for the latter.

Considering isothermal experiments, the hydrogen and hydrogen spHitial pressure are
proportionally related to the rate of decomposition. Therefore, thealgksdectivity could be
developed to obtain a form where the integrals can simplify and vdaiishresulting sulfur loss
selectivity expression would then be an intrinsic selectivitystFgummarizing all the rates of

reaction assumed accounting for the rate of sulfur loss, the selectisttynbs:

t t
JeoTsrdt  Jio(SsLrwiL(T)TTWL+TDESULF—T Zns—TFes)dt (15)

t t
JeoTTWLAL JeoTTWLAL

Sst. JTWL =

The rate of volatiles loss has already been defined as the produlce sum of intrinsic
selectivitiy for gas and oil and the rate of decompositiorguragon (2). The other three rates of
reaction in equation (15)pgsyLr, Tzns @ndre.s, Must also be developed in order to simplify
selectivity into an intrinsic form that would be only a functionehperature. First, the rate of
desulfurization of the solid matrix was written in equation (1134 &snction of hydrogen partial
pressure. Assuming there is an intrinsic selectivity for thedymstion of hydrogen during

pyrolysis, the developed term becomes:

My,RT

W SH2Sgas (_rpyrolysis) (16)

TDESULF = kDESULF(T)P H2 = kDESULF(T)

In equation (16), there is the molecular weight of hydrogen, the peagéectconstant and
temperature, M, RT, the intrinsic selectivity for hydrogers,,) within the pyrolysis non-

condensable gass s(—Tpyroiysis))- BoOth intrinsic selectivities are solely functions of
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temperature. The rate depends also of the characteristic voluthe pbres, since the reaction
occurs on the internal surface of the particles. This paransetasumed to be correlated with
temperature. At low temperature, the total volume of the poresydoxe and at the opposite, at
high temperature, the volume is greater. The initial weight dfisirl the systeming,;f, , rends

the rate of reaction dimensionless, with the units percent sulfur loss withtilevpk unit time.

The same development can be done for the rate of zinc sulfidatiequation (12). It then

becomes:

aMy,sRT

Tzns = kzns(T)Pyzs = ans(T)m
sulfgVc

SH2SSgas (_rpyrolysis) (17)

All of the parameters in equation (17) are their equivalent in ieuét6), but for hydrogen
sulfide. The only addition is the constantwhich is the weight of sulfur per unit weight of zinc
sulfide, to convert the units of the rate of zinc sulfidation in perselfur loss per unit time. For

zinc sulfide, the total pore volume is also considered as a correlation with temgera

Finally, the rate of iron sulfidation defined in equation (14) would havesdinee form as per
equation (17):

BMpysRT
Tres = kFeS(T)PHZS = kFeS(T) m lefs Vv SHZSSgas(_rPJ'Tolysis) (18)
Sutfo

The weight of sulfur per unit weight of iron sulfidefisAs iron or steel can react with hydrogen
sulfide outside tire particles, the total free volume occupiethiéypyrolysis gas is considered. As
assumed in section 5.2.2, if an isothermal pyrolysis experimgarisrmed, the constant terms
can be taken outside the integrals. The simplified global setgdor sulfur is then obtained in

its intrinsic form:
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SsL/TWL =

0 Myg2RT
S T)+k T SH2Sqac —
SL/TWL( ) pEsuLF( )(Sgas o) MsutrqVep(T) H2Sgas

My sRT

Soil)msulfo

BMpzsRT
s+50il)msulf0V

kzns(T) (gast Vep (D) SH25Sgas — kres(T) Gga SH25Sgas (19)

What was first considered as the intrinsic sulfur loss selectbéitysy ., is now considered as the
reference intrinsic selectivitys®s; ,ry,, (T), with the influence of the other three reactions

(desulfurization of the solid matrix and sulfidation of zinc and iron).

5.2.5 CONCLUSIONS

This investigation was initially justified by the lack of comjpensive studies on the behaviour of
sulfur during the pyrolysis of tires, acknowledging that ik®ie is a major challenge to the
profitability of industrial pyrolysis processes. To complement data found in literature, TGA

experiments were performed with elemental analyses. In thexa@bsd key parameters and
reference values to study sulfur distribution within the pyrolgsiglucts, a novel parameter was

elaborated, namely the sulfur loss selectivity.

It emerged from the new TGA results that when decomposition ksnistidominant, i.e. over
400°C, and without metals, this parameter should converge to the value of fireEbkace of
iron and zinc, at a temperature over 350°C, and intrinsic mass trdmsf@tions, at a
temperature below 350°C, the selectivity values would deviate frometbeence value of 1. A

developed form of the sulfur loss selectivity was expressed to account for theempha.

As industrial pyrolysis processes rarely produce resultdasing small and medium scale set
ups, key performance indicators must be created in order to tdramache productivity of those
pyrolysis plants. The sulfur loss selectivity could be easilyployed to diagnose abnormal
operations or malfunctions. As well, it could be used to optimiz@yhalysis process and allow
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clustering sulfur in the phase (gas, liquid or solid) which it would bertbst efficiently and

economically treated, if treatment is then required.

For example, tires could be torrefacted to first partly remsmur as HS, with limited global
weight loss. Then, pyrolysis could be performed, producing volatdataining potentially less
sulfur. This would lighten the efforts in the post-processing of pgi®lproducts. For other
feedstock such as PVC, an expression for selectivity could bedeon optimize its pyrolysis
and improve the understanding of the mechanisms of chlorine distributtbm ywyrolysis

products.
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CHAPITRE 6 DISCUSSION GENERALE

Dans un premier temps, la cinétique de pyrolyse des pneus addds@e et validée a l'aide de
données provenant d’'un réacteur de taille industrielle. Aprésoadiain, les modeles tirés de la
littérature ne permettaient pas de prédire avec précisiondagiion du gaz non-condensable, de
I'huile et du char. Soit les paramétres cinétiques étaient inadéqot le modele lui-méme

n'était pas en mesure de distinguer huile et gaz non-condensable.

Dans cette optique, une nouvelle approche a été privilégiée : unguwEnde décomposition
unique combinée a des sélectivités intrinseques pour le gaz, I'huile et leahaélectivités sont
définies uniqguement comme des fonctions de la température. Cettadggpatété émise sachant
que les conditions étudiées dans cet article favorisaient grandiemeanisfert de matiére et une

cinétique limitante.

Les simulations menées pour valider le modéle et tester cdaxittérature étaient des batches
industrielles. La production d’huile pyrolytique était mesurée eniraoia le niveau dans le

réservoir collecteur installé apres les condenseurs.

La simulation était démarrée a température ambiantechtldfage était réalisé jusqu’a ce que la
production de volatiles soit complétée. Les modeles de la littéraint soit produit I'huile
beaucoup trop rapidement, soit ils n’ont produit que des traces de gpld&lmontrant que les
énergies d'activation sont trés sensibles a production d’huile. Bmempour les modeles
prédisant indépendamment les cinétiqgues de production pour chacun des puodoisybre

élevé de parametres a définir en ont significativement réduit la robustesse

Une analyse de sensibilité compléte aurait pu étre menég 'ampleur de cette analyse aurait
difficilement permis de publier le modéle en un seul art@@lei qu’il en soit, en confrontant les

modeles a des batches ou a la fois le taux de production d’hdds ptofils de chauffage des
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pneus variaient, leur robustesse a pu étre étudiée. Il s’agissaonditions d’extrapolation. Trois
criteres de robustesse ont été analyseés, soit le moment dedddauiroduction d’huile, le suivi
de la production dynamique (temps de résidence) et enfin, le rendement cumulaté ebteau
apres entiere conversion des pneus. Seul le modele développé dansrteprtgle a su tenir
compte de ces conditions et respecter les trois critereslyfande la robustesse. Le modele
pourra continuer d’étre mis a I'épreuve en multipliant les testsisine dans des conditions
variées. Les paramétres variés sont toujours les mémesl derodimpérature de batch, quantité
de pneus et temps de résidence. Malgré tout, plusieurs changementdueisivsur les
parametres de la cinétique et les sélectivités ont montré&samsbilité élevée et ont rendu le
modéle imprécis, ce qui augmente le niveau de confiance pour lagsvales parametres

identifiées.

Il s’agit d’'une avancée importante pour la modélisation de la mgolpour n'importe quelle
matiere a base de carbone, leur pyrolyse pourrait étre madéligartir d'une cinétique de
décomposition unique. En fonction des besoins, des sélectivités intrinsequesiepoétre

définies pour les produits pyrolytiques sélectionnés. Par exempiét mjue de déterminer
globalement une sélectivité pour I'huile, une sélectivité pouétedt déterminée spécifiquement
pour le limonéne, une des composés générés significativement |taspgienlyse des pneus,

moyennant I'acquisition de données expérimentales suffisantes.

Le modéle a déja pu démontrer son utilité. Dans un premier teinpssearvi a optimiser
'opération du procédé de pyrolyse et minimiser les duréebatigh tout en maximisant la
production d’huile. Sa principale contrainte était liée a la dapae condensation. Dans un
deuxieme temps, le modéle a été implémenté dans le sydeeomntréle du réacteur, de sorte a

automatiser la production et minimiser I'intervention de I'opérateur penagodrétion.

Dans le deuxiéme objectif, I'enthalpie de pyrolyse était un quait de contradiction retrouvé
dans la littérature. Une majorité d’auteurs définissent I'enthatid pyrolyse comme étant
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exothermique de par les résultats observés en DSC. Cela waa@ntie de la définition méme de

la pyrolyse au point de vue théorique.

La capacité calorifique des solides lors de la pyrolyse @tédiée. Le résultats montrent qu’elle
diminue et atteint un minimum en cours de pyrolyse avant de remwvetsr|atteinte de

I’équilibre thermodynamique.

Ces observations suggerent fortement un biais dans les expérienfe3Ce Le systéme de
contrdle de I'appareil, lors du déclenchement de la pyrolyse, faufi@thantillon en continu un
surplus de chaleur, qui cumulé en vient a faire grimper sa tamp&ra un taux supérieur a
10°C/min. En conséquence, le flux de chaleur mesuré devient atgficgzit exothermique.
Avec la remontée de la valeur de la capacité calorifiquenger'sification de la consommation
d’énergie proportionnelle a la perte de masse de I'échantillopiclendothermique devient

dominant.

Des données DSC, donc, seules les nouvelles données sur I'évolutionagadeéccalorifique
ont été conservées, car obtenues dans des conditions sans perte degméisative. Elles ont
été implémentées dans le bilan d’énergie élaboré dans aatfie atec des données provenant
d’'une batch industrielle.

Les mesures de température en continu dans cette batch ont édid#iveence de comportement
exothermique lors de la pyrolyse des pneus, c'est-a-dire dqy'ilanpas d’emportement de
température malgré un chauffage continu et constant des pneus. @edtgsion viendrait plutét

du fait que lors de la perte de masse intensive, le systementdeWis facile a chauffer avec

simultanément, une diminution de la capacité calorifique.
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Les trois enthalpies identifiées ont pu étre reliées, par ardissant de température ou elles
dominent, au bris intensif des liens soufrés présents dans lavékiarisée, a la perte de masse,
ou de facon équivalente, a la production volatiles et enfin, a laisaioih thermochimique du
char en fin de pyrolyse. Une étude approfondie pourrait étre mengée,dda conditions de
torréfaction (basse température), pour identifier avec plus tuderles réactions consommant
de I'énergie en début de pyrolyse. De méme, la robustesse dudtdlaergie pourra étre
grandement augmentée en le confrontant a des données d’'usine obtenudsspbatches

opérées en conditions variables.

L'utilisation directe du bilan d’énergie permettra une prédictiors pliste de la température
pendant la pyrolyse intensive, c’est-a-dire pendant la phase tdedpemasse. Cette température
est primordiale pour modéliser la cinétique de pyrolyse a l'didenodele développé lors du
premier objectif spécifique. Les deux modéles (cinétique et Diearergie) pourront étre utilisés

de facon combinée en un simulateur intégré.

Il s’agit donc d’'une toute nouvelle méthodologie pour déterminer Uéioml de la capacité
calorifique et des enthalpies en pyrolyse. L'utilisation de &€ R8gmente la précision pour la
détermination de la capacité calorifique alors que les données ialiiesstassurent une meilleure
caractérisation des termes enthalpiques dominants vu l'incapettitdl@ de la DSC a le faire.
Cette méthodologie pourrait étre généralisée a n'importe gualfere en pyrolyse et méme a
n'importe quel systeme ou un solide se décompose pour générer des paldtiies et laissant
un résidu aux propriétés changeantes. Il s’agit d’'une innovation quieftexnd’améliorer le
design des réacteurs, en particulier du systeme de chauffdgeeftoidissement qui est au ccoeur

de ces procédés.

Le troisieme objectif de ce projet doctoral était la comprébandu devenir des impuretés en
pyrolyse. La littérature permet d’obtenir une certaine quadgt@onnées brutes, mais il y a
quasi-absence d’études sur les mécanismes de transfert demmegtés vers les produits
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pyrolytiques. Pourtant, la rentabilité commerciale des procddésyrolyse est tres fortement

influencée par leur gestion des impuretés.

Afin de fournir des indicateurs permettant de caractérisgprédire le comportement des
impuretés, un nouveau parametre a éeté introduit, soit la sélecltevite perte du soufre. Cette
sélectivité intrinséque aide a prédire la séquestration du soutfseletavolatiles et dans le char

lors de la pyrolyse des pneus.

Afin d’assurer une fiabilité des résultats et des analysegstted expériences ont été menées en
triplicata et les analyses, en duplicata. Le peu de vat@éabgins les valeurs obtenues confere un

niveau de confiance élevé aux conclusions de cet objectif.

Le grand avantage de cette sélectivité est que l'influence du trashsiedtiere et des meétaux sur
le comportement du soufre ont été ramenés sous une forme entiecdpendante de la
température. De cette fagon, il est maintenant de déternairdisttibution du soufre dans les
produits pyrolytique en fonction des conditions d’opération d’'un procédeé imdushette
innovation ouvre la porte vers de nouveaux designs de procédés de gylolysadaptés aux
impuretés des résidus afin de réduire les efforts de postrtiit des produits. Entre autres, cet
outil pourrait étre adapté au devenir du chlore lors de la pgotju PVC, puisqu’il est

chimiquement lié au polymere.

Sachant, par exemple, que les pneus libérent beaucoup de soufre, ndasvptatiles a basse
température (< 300°C), il serait envisageable de torréfigimiess afin de les pré-traiter avant la
pyrolyse a haute température. Cette pyrolyse générerag d&w volatiles avec une teneur

moindre en soufre et nécessitant un post-traitement moins intensif et moins colteux
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CONCLUSION

Cette these a étudié trois aspects de la pyrolyse étantidippgance majeure pour les procédeés

d’échelle industrielle.

Comme premier objectif, un nouveau modéle cinétique a été dévelomst.cibmposé d'une
cinétique de décomposition unique, a laquelle sont combinées les s@gdhtinséques pour
chacun des trois produits pyrolytiques. En réduisant le nombre de paracmeétiques, la
robustesse a été augmentée. Tout comme d’autres modeles canétiéggiale la littérature, ce
modele a été confronté a des données industrielles. Seul le présdate a pu prédire

dynamiquement la production d’huile avec précision.

Dans le second objectif, la chaleur spécifique et I'enthalpieyd®yse ont été déterminées dans
le cas des pneus. Au cours de cette étude, il a été démontre pyrelyse ne montrait pas de
signes de comportement exothermique, mais qu'’il s’agissait pluidedllusion causée par la
diminution simultanée de la chaleur spécifique de la masseypgeolLa modélisation du bilan
d’énergie a I'aide de données industrielles a permis d’'identifies enthalpies de pyrolyse : une
pour le bris des liens soufrés de la vulcanisation, une étamdbigte de la perte de masse au
cours de la pyrolyse et une enthalpie pour la stabilisation thermiogl@ du char en fin de

pyrolyse.

Finalement, le troisieme objectif de recherche s’est concentréétude de comportement du
soufre lors de la pyrolyse des pneus. En I'absence de recheoffée &ur les mécanismes
dictant la distribution du soufre dans les produits de la pyrolysenoueel indicateur a été
développé pour prédire et caractériser la migration du soufre, nonmhémngélectivité de la
perte du soufre vers les volatiles. Cette sélectivité infjinseuniquement dépendante de la
température, tient compte du transfert de matiére et diduénce du zinc et du fer sur la
distribution du soufre. Dans le cas ou la cinétique de pyrolysémetdrite et en I'absence de

meétaux, a température constante, la sélectivité devrait prémdwdeur de 1, c’est-a-dire que
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proportionnellement en pourcentage massique, la perte de soufre lesh dgaerte totale de

masse (émission de volatiles).
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