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ABSTRACT

Plastics revolutionized the world since the beginning of their mass production in the
19506s. Packaging, construction, and many oth
plastics, or found in these novel materials a new business appli¢dastic productiofi as well
as demand has continuously grown in the past decades. Consequently, the amount of waste
generated has also increased. Without an effective way to give new life to plastic waste, discarded
plastic has accumulated in earth amérine environments. Accumulation of such waste is

detrimental to many forms of life, and a better way to address waste is necessary.

Mechani cal recycling efforts began in the
melting, and reshaping waste plastic. Although a good alternative fosarédid polymer waste,
it is not applicable to materials such as multilayer films or tlegh polymers. As such,
mechanical recycling currently corresponds to less than 10% of the total plastic production. On
top of that, this thermal process lowers the quality of the final products in such a way that products
can only be recycled a limited mioer of times before their properties do not meet minimum
standards, which inevitably leads to waste. Therefore, it has become clear that mechanical

recycling alone is not able to tackle the challenge of waste plastics.

In order to complement mechanical recycling technologies, a new approach called
chemical recycling is currently being developed. This process consists in selectively cleaving
polymer molecules back into their building blocks, which are called monomersathéhen be
manufactured into pristine plastic. There are many advantages involving the use of chemical
recycling routes, such as that they yield products with identical performance to polymers

manufactured from traditional feedstocks. There is even motential to be unraveled as
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chemical upcycling routes are also being investigated. As opposed to converting polymers back to
monomers, this process consists in decomposing polymer molecules into products which are more
valuable than monomers, such as gasoline, diesel or-aégiatcs. Still, there are many
challenges to be overcome, such as the fact that performance additives are often present in plastics,

augmenting the recycling complexity.

These depolymerization reactions may be carried out in the absence or presence of
catalysts. However, it is important to highlight that most catalyst technologies available today were
originally designed to convert molecules which are orders of magnauee in molecular weight
than plastic waste feedstock. Hence, there is a need to understand how this new feedstock will

interact with traditional catalysts, and to design new catalysts to optimize polymer conversion.

This work is dedicated to improving understanding of these novel chemical recycling and
upcycling reactions. Here, we discuss the impact that common polymer additives may have when
they are present in a polyolefin melt undergoing pyrolysis or catalytiong@esition. This is
fundamental to grasp how reabrld polymer products will behave when subject to these
processes, since all commercial plastic products inherently contain additives. Next, we unveil how
a common additive may deposit and alter the agtiaf different poresized catalysts.
Additionally, we investigate the role that polymer structures may play in the decomposition of
polymers over porous heterogeneous catalysts. Finally, new catalyst design approaches are
discussed to improve polymeatdyst interaction in order to increase perceived rates of reaction.
Insights from this work may help inform the industry and be one more step towards the
development of optimized chemical recycling processes, which will allow for a more circular

plastics eonomy.

Keywords i chemical recycling, chemical upcycling, polyethylene, catalytic pyrolysis
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Chapter 1: Introduction

Plastics revolutionizethe industry and consumers everyday lives sincéégnning of
its mass productiom 1950.[1] Advantagessuch as durabilitylow weight and low costto
produce[2] made plastics béhe new material of choicéor many industrial applications.
Packaging, construction, and many other industries successfully substituted materials for plastics,
or found in these novel materials a new business applicatenwiderange ofapplicatiors of all
kinds of plasticsand evemgrowing demandhave boosted production throughout the years.
Currently,the global plastic production is estimated to be about 400 million tons pgBYy,eand

it is estimated to doubleithin the nextl6 yeard4]

Plastics are polymerghich are synthesizadostly from petrochemical feedstockscan
be argued that the use of plastics improved many aspects of businesses and deereased
environmental impactg-or example, their intrinsic light weight haéminishedtransportation
loads reducing costs anfiiel usageand consequently resulting in lower carbon emissi@is.
Food packaging has also been forever transformed by the use of plasicals increasing the

shelf life of productand improvingfood consumption safgt

However, continued increases in plastic production amhstantdiscardingof such
materialsareresulting interrible consequences for the environmaihius, it ismuchnecessary to

change theurrent approach witplastic waste.

1.1. Motivation and goals

Plastic have createdegative impacts on the environment primarily due to their

forementioned durability and improper disposi&lost plastic materials can lingen the



environmenfor hundreds of yeaf$] In aguaticecosystemsplagic residue carbe ingested by
wildlife andgetentangle with animals The presence of such debrisaguatic environmentsay
causetransport of nomative speciesphysical changes to habitats and evatalities[7] In
terrestrial environmentshe presence of plastic can contaminate soils. Furthermore, any additives

contained in these materials can leach into water orpgsing hazards to wildlifg8]

Moreover microplastics can easily spreaderywhere and become incorporated into the
food chain. Microplasticeonsist of any plastic residue with size smaller than 5@&jMhey have
been found irwater bodiessoil, human tissuesnd even in the aji.0] Although the effects of
microplastics in humans has not yet been fully assessed, it is known that they may cause

detrimental effects taquatic life[8]

Currently,the vast majority oplastic wastes eitherrecycled,incineratedor discardedn
landfills, open dumps, or the open environmfrif] Discardingrateshave been decreasing since
1980, with incineration and recycling becoming more pop@ae estimate is that 017, about
55% of global plastic waste was discarded, where8% 2vas incinerated and 20% was

recycled[11]

Recyckd plastic currently consistsainly of mechanical recyclinglhis process melts the
plastic waste and remodels it into a new product. However, this thermal pleags$o changes
in the molecular structure of the polymérschain scission, branching and crosslinking can
occur[12] These chain modification processeayresultin lower molecular weightPue to this,
mechanical recycling consistently faces challengesaoighworsened mechanical propertiaad
inconsistent quality of producf$3] On top of thatmechanically recycling plastic products only

delays the disposal, rather than eliminating it.



In this context, new approachesadresplastic waste are being developadhich can be
categorized into chemical recycling or chemical upcycling. Chemical recycling consists of
technologies talecompose plastic waste into their original constituent molecsdet)atnew,
pristine plastic can be synthesized from them. With this approach, the chemically recycled product

has the exact same propertiepalymers made from the traditional feedstocks.

Since generating monomers from polymers at high yisldstianeasytaskto accomplish
in most casesnother strategy is to chemically transform polymer waste into other, higher value
materialsi which is called chemical upcycling@.olymers can be upcycled into products such as
fuelg14], lubricant§l5], or surfactan{d6]. This strategyaddresssplastic wastavhile providing
an alternative feedstock to already established processes in the inéliggtrgl.1 illustrates the
integration of chemicakcycling and mechanical recycling to tackle the challenge of plastic waste

accumulation.

) Plastic
Fossil Feedstocks Monomers Polymers Resins Products

Q—»@—» Q—»

Fuel & Energy

Mechanical

5 Specialty
Recycling

Chemicals

Disposal

Landfill

Figurel.1. Scheme of the combination of mechanical recycling and chemical recycling/upcycling
approaches to minimize the overall plastic waste genendizdified from Ref[17].



Both chemical recycling and upcycling pathways can happen abgence goresence of
catalysts.The goal of this work is to fundamentally understatifierent aspects of chemical
recycling/upcycling reactions, such as the effect of polymer additivégeanole that branching
can play in the decomposition of polymers, thermally and catalyti@slyer understanding these
reactions can help inform the industnyd assist in designing effective processagve new life

to plastic waste.

1.2. P o | y mteuctweaand challenges

The word polymermeais i ma p a r. Pdymers aremacromoleculesomprised of
repeating units of smaller moleculesalledmonomersPolymers carncompassany kinds of
materialsranging from synthetic plastics suchpdypropyleneto naturally occurringnaterials

such asatural rubber

In this work, two polymerswere investigated: polyethyledPE) and polystyrendPS)
Their molecular structures can be foundrigurel.2. Both these plastics are used in a wide range
of applications, including packagingottles, bagsplastic toys, among otherBolyethylene is
commonlydescribedusing acronymseferring to their branching characteristisach as HDPE
(high density polyethylene, linear structures containing verytéstiary carbons LDPE (low
density polyethylenebranched structurg®r LLDPE (linear low density polyethylene, linear
structures with the presence of controlled size branchAegyual representation of the structure

of thesePE typess shown inFigurel1.3.
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Figurel.2. Molecular structures of polyethylene (left) and polystyrene (right).

LDPE HDPE LLDPE

Figurel.3. Polyethylene types: low density polyethylene (LDPE), high density polyethylene (HPDE),
linear low density polyethylene (LLDPESource: Ref18].

In generalpolymer chains areandomlyentangled in amorphowstructures when in solid
state.However, plymerscan generate different microstructures, that is, ways that these long
chainscan bearrangdin space depending on their molecular structuréeseconformations in
spacecan,in turn, yield unique properties-or exampleHDPE tends to form microcrystalline
domains due to its lack of steric hindrafit®] The higher the degree of crystallinity of a polymer,
the higher its density andesistancdo plastic deformation (hardneg&p] Another example of
structurepropertyrelationship on polymers is that crosslinked polym@rsvhich branches are

chemically bondedforming athreedimensional structujdecome more elastj21]



As the temperature of plastic sample isncreasegdits amorphous domairtseecome less
hard andenter a viscous statghenthe glasstransition temperaturés achieved22] This is a
reversible transition that takes place at temperatures below the melting point of the material. As
the temperature is further increased and the melting point is achieved, the polymefarhains
what is called gpolymer melti a viscous liquid commonly norNewtonian, consisting of
somewhat entangled macromolecules that can elongate and align with flow given a shear

stresq23]

At higher temperatures and in the absence of oxymealysisbegins to happeRyrolysis
consists of the thermalecompositionof materials. Polymer pyrolysisccurs by a complex
network of freeradical reactions, and often resultsairvery broad product distribution profile,
yielding very diverse productd24] This reaction consists of initiatiompropagation,and
termination stepsinitiation takes place when enough energy is provided so that there is a
homolyticbhond cleavage, creating two radicg@lS] Propagatiorcan involveunzipping (enechain
b-scission reactions), backbitirfgntramolecular hydrogen transfand subsequembid-chainb-
scission or random scission (intermolecular hydrogtansfer followed by migthain b-
scission.[26] Finally, termination steps consist igither two freeradicals recombiningor

disproportionationFigurel.4 displays pyrolysis reaction steps for high density polyethylene.
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Figurel.4. Pyrolysis stepfor HDPE decompositior(1) Bond fission, (2) radical recombination, (3) allyl
bond fission, (4) hydrogen abstraction, (5) +oidh a isaissidn, (6) radical addition, (7) endh a+ n b
scission, (8) disproportionatio(8-15) hydrogen shift reactionSource: Ref[26].

Given the complex rheological nature of polymer melis, se of catalysts to convert
polymers can be quite challenginthe high molecular weights associated with plastrsier
these molecules extremely prone to being diffudiioited, that is,when the rate of diffusion to
the catalyst surface or into the catalyst pores is slower than the rate of the surface reaction itself

More on that topic will be discussed throughoutdbeument.

1.3. Catalysts nature arattivity

Catalysts are materials thrabdify rates of reactiowithout being consumed in the process.

This usually happens by providing a new chemical pathwar the reaction to happga7]



Catalysts may be homogeneous or heterogenewesning that theatalystcan bein the same
phase or ira different phase than the reactants and produgfscally, heteéogeneous catalysts
are solid while reactas and products are gas or liquid phade use of Bterogeneous catalysts
providesan easy separation of the product mixture from the catalybich isan important

economicadvantagsince catalysts are oft@aluable and their reuse is many times neceg2aly.

Heterogeneous catalystan beacids,metals,oxides, sulfidesgcarbides, among others. In
this work, the main catalysts used are solid acids and megtadd all reactions involve
hydrocarbons as feedstock. Hence, tagalytic reactions described in this dissertation may
involve: i) cracking over acid sites) hydrogenolysis over metal sites, anghydrocracking over

bifunctional acidmetal catalysts

1.3.1. Hydrocarbon cacking overBrgnstedacid sites

Cracking reactiongonsist of the cleavage of-C bonds to yield shorter chains of
hydrocarbonsOne notable industrial application this reactions the fluidized catalytic cracking
(FCC) processn oil refineries, in which vacuum gas ¢¥GO), composed ofong hydrocarbon

chains, is crackedown to gasoline range molecules.

For many years, it was thought tlmaaictions over solid acids occurred via carbenium ion
intermediates, as is the case wibid-catalyzed reactions in liquid28] However, ab initio
guantum chemical calculations have shown that such carbocations in solid acid catalysts are, in
fact, transition stateslkoxy species formebly the hydrocarbon and the catalystre found to be

the intermediates in this procd29]

When starting from an alkanéhese moleculeadsorband receive a proton from the

Brgnstedacid site. This generates ren-classical pentacoordinatezarbonium ion which is



extremely unstable and quickly undergoes either protolytic cracking or dehydrogenation.
Protolytic crackinggives rise to an alkane andarbenium ionwhereas the dehydrogenation route
results in a carbenium ion and.lAs far as cracking reactions g@rbenium ions can) undergo
b-scission which is aC-C bond scissiomesulting inan olefin and another carbenium ian;
undergo hydride transfer, resulting in an alkaoeiii) desorb as olefind30-32] Figure 1.5

summarizes possible pathways for alkane cracking reactions.

When the reaction starts from an alkene, protondipthe Brgnstedacid site results
directly in a carbenium ion. Another possible pathway for the formation of carbenium ions is the
abstraction of a proton from an alkane by a Lewis acid[3@eAlso, oligomerization and

isomerization can alseadilyoccurin these acid environments.

@ - H
CH, + C—=C—C—(C—-C—>» C—C=C—C—C

d
flf a
a C
|+ @ bt
IMP ——> CCC—~—-—->CH+C C—-C—C — C—C—-C-C
\ ® B scission @
H,+ C—C—C—-C—-C —™>» C—-C—-C + C=C
I £ |
C C

Figurel.5. Cracking pathways for-ethylpentaneAfter protonation into a pentacoordinated carbonium
ion, it can undergo protolytic cracking (a, b) or dehydrogenation (c). All the carboniupatbways
result in a carbenium ion, which can (d) desorb as an olefin, (e) rdgalvide from another species, or
(f) undergob-scission Figure modified from Ref30].

1.3.1.1.Zeolites

Zeolites arecrystallinemicroporoussolid acids wdely used inindustry for a variety of

processes, such as cracking and alkylafldreir controlled pore sizes allow for a fine tuning of



product distributiorcontrol due to theconcept ofshape selectivityTheir constrained pore sizes
will only allow for certainreactants and products to diffuse in and out of their pores, respectively.
On top of thattheir constrained voidgenerateonfinement effectas van der Waals interactions

can modify transition states in a way to favor somerejett other$33]

Zeolites are composed of tetrahedral silica and alumina, can hagpearally or be
synthesized. They are mainly distinguished by the geometry of their struahdeseir Si/Al
ratios. Lower Si/Al ratios zeolites are more acidic, sinceBttestedacid sites are formed due to
a charge imbalanceesulting from A addition to the framework lattice[34] Examples of

framework types can be foundhiigure1.6.

Faujasite (FAU) MFI

Figurel.6. Examples of zeolite framewostructuresand their pore ges Zeolite Y (FAU) and ZSMb
(MFI). Source: Ref[34].

1.3.2. Hydrogenolysis over metal sites

Hydrogenolysis consists of the scission eE®onds and the formation ofl€bonds in a
system containing hydrocarbons and. Ht breaks long hydrocarbons down to shorter
hydrocarbons, mostly alkanes. As opposed to cracking over acid sites, hydrogenolysis is an
exothermic reaction due to the formation eH®onds. These reactions are catalyzed by a variety

of transition metalssuch as Ru, Pt, Rh, and Ir, on whichddn readily be dissociated.
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When the alkane adsorbs onto the metal surface,Bé@nhds weaken by the formation
of surface intermediates that replace thel Gond by a @netal bond, increasing the number of
electrons in antibonding orbitals in@bondg.35] C-C bond scission then happens by a reactive
surface intermediate when two neighboring carbons are bonded to thg3@Efhe position
where the & bond cleavage happens depends on factors such as temperature, alkape and H
partial pressures, coordination numbers of exposed metal atoms and their chemical[&¥@ntity.
Hydrogenolysis is thermodynamically disfavored by highpkessures since the transition state
formation consists of dehydrogenation of hydrocarbons. An example for hydrogenolysis reaction

steps can be found Figurel.7.
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Figurel.7. Steps for ethane hydrogenolysis, where * represents vacant surface sites. SoU2€]. Ref.

1.3.3. Hydrocracking over bifunctional catalysts

When combining acid and metal functions in a catatygyocracking reactionsantake

place.Hydrocracking is extensively employed in refineries to convert VGO into middle distillate

11



fuels[38] These reactions unite the hydrogenation/dehydrogenation capabilities of metals with
isomerization/crackingeactionghattakeplaceover acid sitesrigurel.8 illustrates the dynamics

of hydrocarbon conversion over bifunctional catalysts.

O = e =
| H

OEe
| |
J 9

Figurel.8. Isomerizatiorandhydrogenation/dehydrogenatiogactions on bifunctional acimetal
catalysts Source: Ref34].

Reactions at the metal

Vv

Reactions at the zeolite

The general rationale for these reactionghat alkanes are dehydrogenated over metal
sites, creating olefins that will then be converted onto acid @eserization and/or cracking)
finally, these cracking products, whittave become shorter chains and more unsatyrated
hydrogenated over the metal functi®@] One important consideration is that this reaction
mechanism does not require close proximity between the acid and the metal sites since the
intermediates are in the gas phase. This can be demonstrated by the high activity aichetal/

physical mixture$39]

12



Chapter 2: Effect ofpolymer additives in polyethylene decomposition reactions

2.1. Introduction

Due to consumer demand and performance advantages of plastics over competing materials
[40], worldwide plastic production has been growing in recent ygHrsThe generation of plastic
waste is also growing. Mechanical recycling will not be a comprehensive solution for this problem,
as it does not generate a final product of the same quality as the origingdZjrfeurthermore,
mechanical recycling is not suitable for many regulated applications such as food or

pharmaceutical packaging.

Companies are developing technologies complementary to mechanical recycling to
chemically recycle and/or upcycle polymers. Chemical recycling is a means to break down plastic
waste molecules into their original chemical constituents which is forecadlptonket plastics
recycling targets[43] As a result, the number of publications regarding chemical recycling and

upcycling has dramatically increased in the past few ypbtg.

Two commonly explored pathways to recycling are pyrolysis., thermal degradation in
the absence of oxygéa5] i and catalytiqpyrolysis Many other approaches have been proposed
as well, such abydrogenolysissolvolysis and dissolution/precipitatiofl6, 44, 46]Pyrolysis
occurs via a fregadical mechanism ih random scission generatitigousands of specieand
causing very broad product distributiof¥s/] The use of catalysts provides lower energy barriers,
allowing for conversion atower temperatures, and targets enhanced selectivity towards the

products of higher valu§48]
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Delferro and coworkerld 5] have recentlgarried outiydrogenolysis of PE at 300 °C over
platinum supported on SrTiO3, and achieved yields of over 90% towards liquid products, in the
range of motor oil and waxes. In a subsequent W8k they housed Pt nanopartickthe base
of silica mesopores and were able to convert PE to a narrow distribution that could be separated
into fuel, solvents and lubricating oil. By placing the active site only in the interior of the pores,
their products formation was likely governeddiffusion. They found that shortehain products

would be formed in narrower pores.

TheVlachos group used hydrocracking to decompose polyolefins (PE and polypropylene,
PP) into light naplta- and distillaterange products[14] They combined equal parts of
Pt/WGQs/ZrO. and acid catalysts at 250 °C to convert low density polyethylene (LDPE). Their
results show that the conversion followed the order of pore size: HY > HBEA > HMOR > HZSM
5. Also, they found that HY favors gasolirenge products, whereas HZSMprovides hih yields
of light products (C4C4). Slower diffusion through the narrower pores in Z5Mauses the

molecules to undergo more subsequent cracking reactions, hence favoring light gases.

Standalone acid catalysis has also been explored to convert polyolefins. Vollmer et al.
carried out a series of PP decomposition reactions using fluidized catalytic cracking (FCC)
catalysts at 420 °(50] The product distributions showed that the presence of pristine FCC
catalyst (containing clay matrix, amorphous silica alumina and HY zeolite) increas€® C4
production when compared to thermal pyrolysis, which mostly yieldgdalkenes. Moreover,
reaction over the FCC catalyst produced aromatics, which were not presetheafteipyrolysis.
Interestingly, they found thatse ofECAT (equilibrium catalyst, i.e., spent FCC catalgstyethe

same Yyield of aromatics as fresh FCC catalyst, even thougfOA& hadreducedmnicroporosity.
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ECAT aromatization capabilitiesereattributed to the metal impurities (Ni, Fe) that accumulate

over timeduring fluidized catalytic cracking

There aremanypublications in the literature that study polymer decomposition reactions,
aiming to find efficient ways to recycle wastéowever, most studies employ relatively simple
polymer systems, whereas commercial plastics are often far more complex, comprising
multilayered filmsand/or including dyes, coatings, catalyst residues, and functional addive
fact, most commercial polymers by necessity contain a range of additives required to meet the
performance requirements of their intended apgbn. Such additives include primary and
secondary antioxidants, UV stabilizers and acid scavengers to name[&lfpWthese additives
can potentiallycreate new challengesaay recycling approach that involves use of heterogeneous
catalysts as they can interact with the catalyst being used or react with the sutisies in the
system[52] While such additives are well documented, no one to our knowledge has explored the
impact of such additives oacid-catalyzed pyrolysisi which we have found to yield both

significant and surprising results.

In this study, we analyze the effect of fa@mmonly usegolymeradditivesin the thermal
and catalytic decomposition reactions of polyethyl@?€)i which alone accounts for roughly
30% of all plastics produced worldwid@] The molecular structures of tlaelditives usedre
depictedn Figure2.1: (A) CyasorbUV-3346, a hinderedminelight stabilizer (HALS) referred
her eaft er; (Balsganéxad0h0, aphenodicprimary antioxidant A p h ;@) trdafosc 0
168, a phosphitesecondary antioxidar{t.e., a hydroperoxide scavenyer fi p h;asdDh i t e O

zinc stearatewhichworks as an acid scavenddB8], A Zn St 0.
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Figure2.1. Molecular structure of all additives used. (A) £B346, aminic additive; (B) 1010, phenol
additive; (C) 168, phosphite additive; and (D) zinc stearate (ZnSt).

2.2. Experimental

2.2.1. Polyethylene samples preparation

Commercial ilgh density polyethylene (HDPE) resin was provided by Chevron Phillips
Chemical. Additives were incorporated into the polyethylene by use of a heated mixer. The
mixtures of plastic and additive were heated to 190 °C under N2 flow and stirred for 10 minutes
at a rate of 47 rpm. Then, the molten samples were pressed into their final disc form to speed up
cooling. Each sample consisted of polyethylene plus one additive only, yielding 5 plastic samples
in total: pure PE ( APE10% phosphite; PE=+ 5% pHerolé, andrlPE N i c ;

+ 5% ZnSt.

2.2.2. Catalyst preparation
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NH4-ZSM-5 (framework type MFI), Si/Al = 40, was obtained from Zeolyst International.
The catalyst was calcined at 600 °C for 5 hours, under 40 ml/min flow of compressed air (80%
N2/20% Q). The ramp rate used to achieve the calcination temperature was 2 °C/min. This

calcined zeolite is hereafter referred to as fresh HASM

In order to obtain regenerated catalyst, 1 g of each plastic sample was decomposed over
100 mg of HZSMS in a ceramic boat inside a horizontal flow reactor. Reactions were carried out
under 40 ml/min N2 flow, with the temperature ranging from 25 to 508t «rate of 5 °C/min,
then keeping the final temperature for 2 hours. After the reaction was complete and the reactor
cooled down, the coked catalyst was regenerated by calcination under 40 mil/min air. The
calcination temperature ranged from 25 to 50@f@ rate of 1 °C/min, and the final temperature
was kept for 2 hours.
2.2.3. Catalyst characterization
2.2.3.1IPA-TPRX

The Brgnsted acid site density was determined by isopropylamine temperature
programmed reaction (IRAPRX). For each experiment, a bed of 50 mg of catalyst was mounted
in a 0.25 in. OD quartz reactor. The zeolite was pretreated for 1 hour under He flow, at 300 °C, to
eliminate any adsorbed water. Then the temperature was lowered to 100 °C, and 20 yL of IPA wa
injected (ten 2 uL injections, 5 min between pulses). After finishing the IPA injections, the bed
was kept at 100 °C for one more hour, in order to desorb any physisorbed IPA. The reaction was
then initiated by increasing the reactor temperature at A0iACup to 600 °C. Downstreaafi the
reactor, a MKS Cirrus mass spectrometer recorded the evolution of gases. At elevated
temperatures, IPAg&racked by m/z = 44hreaks intgpropylene (m/z = 41and ammonigm/z =

17) overBrgnstedacid sited54] The area of the propylene peak generated by each sample along
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with the calibration peak &s used to quantitatively determine the numberBognstedacid
sites[55]
2.2.3.2.SEM

Catalystavere mounted to the SEM stubs by use of a conductive carbon tape. The samples
were then sputtezoated with ~5 nm iridium to render them conductive. Samptre imaged
using a Zeiss Neon 40 EsB scanning electron microscope (SEM) equipped with an INCA Energy
250 electron dispersive spectroscopy (EDS) deteetecirons were produced byiald emission
source with an accelerating voltage of 20 k&¥\Wfay signal was acquireith order to get elemental
composition and generate compaosition maps.
2.2.3.3.XPS

X-ray photoelectron spectroscopy (XPS) was run on modified zeolites in a Physical
El ectronics PHI 5800 ESCA -rayyastieeQnanatafiveiclenpeetad wi t

composition near the surface and speciation of the atoms deposited onto tisewatalycquired.
2.2.4. Decomposition reactions

Polymer decomposition reactions were carried out in a NETZSCH STA Jupiter 449 F1
thermogravimetric analyzer (TGA) systeomder 40 ml/min flow of ArgonThe evolved gases
were analyzed by a coupled QMS Aeolos 403 C mass spextgoMS). Crucibles used were
made of AYOs. About 20 mg of polyethylene were reacted in each run, with 2%-Z%0M mg)

in the catalytic runs, except when specified otherwise.

Hexane cracking was performed igasphase).25in. OD quartz tubenicropulse reactor
Catalysts were prreated at 480C under 75 ml/min flow of heliumSeveral pulses of hexane
were sent to theatalyst bed, witld . 4 8  eQafmulse, 27fMol% ofs in He. Reactions were

carried out at 480C. The composition of the gas downstream to the reacésranalyzed in a
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Shimadzu QR2010 GGMS/FID system equippedith an HP-PLOT/AIO3/S column (30 m x

0.25 mm x 0.25 um).

For product distribution analysis, polymer decomposition reactions were carried out in a
CDS Analytical 5250T micropyrolyzer systemconnected online to a Shimadzu-Q®10 GC
MS/FID system equippedith a 30 m HP-5 column 0.51.0 mg of sample were used in each

pyrolysis tube.

2.3. Results andDiscussion

2.3.1. Effect of additives in the polymer: thernaadd catalytic degradation rates

The thermogravimetric analysis (TGA) degradation profiles for pyrolysis of different
plastic samples can be found kigure 2.2 (A). Five samples are presented: one consists of
polyethylene only, APE O0%0, and each of the o
of one of the four additives under studtyis noteworthy that these additive concentrations are
much higher thamrommercial concentrations which are thie order of parts per million. Such
high concentrations were used to assessteng effects of accumulation of these species, as well

as tobetter identifypossible reactions that would occur in a negligible rate otherwise.
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Figure2.2. TGA profiles for A) thermal degradation anB) catalytic degradation, in the presence of 2%
freshZSM-5 (40).

In the absence of catalyst, all the curves ovefldyis implies thathe degradation profile
is not affected by any of the additives under stiltlyen thoughsome ofthese specie&@minic,
phenolic)act asH-donors to free radical®6], and are in much higher concentrations tiran
commercial polyethylene, theyadothinder rates of reaction in the temperature range above 400
°C. This could imply that these additives may be forming clusters with low surface area in the

polymer melt, thus not influencing the pyrolysis.

20



The phosphite additive, though, seems to be decomposing and volatilizing beféte any
decompositiothappens, as denoted by the ~10% mass loss before the plastic decomposition. Mass
spectrometry analysis of the evolved ghsws that this initial 10% weight loss is indeed from the
branched aromatic groups in the additiFg(re 2.3). However, mne of the characteristic mass
fragments corresponding fohosphorusgroupswere observedn the gas phase. Hence, the

phosphorus itself most likely remains in the melt after this first step of degradation.
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Figure2.3. Mass spectroscopic analysis of the evolved gases during the TGA pyrolysis. (Aipiotal
current detected for PE + 10% phosphite additive (blue) and for PE 0% (orange). From 3800s to 4800s
(corresponding to the region between 63 min anchB0in Figure2.2(A), there is appreciable signal for
the phosphiteontaining sample, but no signal from pure polyethylene. (B) m/z sigiealksities for the
evolved gases from PE + 10% phosphite, from 3800s to 5000s. m/z = 57 is a signature-fsatyl tert
groups, m/z = 78 is a characteristic signal from benzene rings. This indicates that the organic fragments of
the phosphite additive (e&igure2.1.C) are thermally cleaving and going into the gas phase.

The degradation profiles for each of the plastic samples over 2% fresh 134SiAl = 40) can

be seen irFigure2.2 (B). The zeolite decreases the temperatumaatimumdegradation of the
pure PE(PE 0%) from470 °C to 415C. However, it can be noticed that the catalytic
decomposition curves for all the additigentaining samples are shifted to higher temperatures
when compared to the pure polyme&his denotes that thpresence of all additives hinders the

rate of reaction at different levels.
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The aminic additive has the most prominent effect in neutralizing the catalyst, since it
contains severalitrogencontaining functional groups that can serve as basic titrants to the acidic
sites in the zeolite. Zinc stearate also considerably lowers the catalytic rate of reaction, which

agrees with the fact that its use in PE resins is to neutralize fréty &@ch catalyst residue.

Phosphoruss known to lower the acidity of zeolites, both by reducing the number of total
acid sites and by diminishing the strength of remaining B@$hosphoruss purposefully added
to commercial ZSMb catalysts to improve long term catalyst stabilModifying the stronger
portion of the acid sites and leaving the weaker ones may minimize coke forming reactions. One
indication thatphosphoruss being exchanged in the zeolite is that the residual catalyst from the
phosphite runs is the only one that does not turn completely black. Instead, it shows a gray

coloration, indicating less coke formation.

The phenolicadditive lowers the reactivity less than the others, because it is the only
additive tested that does not contain inorganic species that can exchange with surface sites, or basic
functional groups that are expected to strongly bind to them. In fact, this addsle in
modifying reaction rates is likely to simply compete for adsorption sites, instead of killing acid

sites.

2.3.2. Effect of additiven the polymerproduct distribution

Figure2.4 shows conversion results ftirermal and catalytic decomposition of PE 0% at
400500 °C in a micropyrolger system These experiments had no {mnelting step, and the
reaction temperature was kept for 15 seconds. Oth#renal decompositigrconversion grows

exponentially with temperature, as is predicted by Arrhenius law. Nonetheless, the conversion for
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the catalyzed reaction changes linearly with temperawinech denotes that the reaction taking

place is external maggansfer limitel [27]
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Figure2.4. Conversion after a 18econd reaction as a function of reaction temperature for (A) PE0%, and
(B) PE0% + 2% ZSMb (40).

For thesubsequengxperimentsn this systemthe pyrolysis program consisted of a-pre
melting step of 200°C for 30 seconds, followed by 30 seconds of reaction at 500°C for runs with
no zeolite, or at 350°C for runs with ZSM(Si/Al = 140). The higher Si/Al ratio corresponds to
a lower acid site desity per gram of catalyst, lowering the contribution of diffusion on the
measured reaction rates. The reason for running at such low temperature with catalyst is that the
first reactions carried out for 2 miragt at 500°C had conversions approaching 100%, which is not
ideal for assessing reaction rates and product distributions. Also, having the reactions take place

at 350°C would avoid simultaneous thermal depolymerization.

Table2.1 summarizes conversion results &ach of the plastic samples, with and without
catalyst Conversionis calculated ashe weight difference of thgyrolysistube beforeandafter
reaction and the values displayed dhe averageesult of triplicate runsThe same trend seen in

TGA runsis present in the pyroprobessults the presence of all additives hinders catalytic
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decompositionConsistently the additives which hinder the most the catalyst activity are the
aminic and ZnSt, respectively. However, in these experiments, the phaddiive has shown

lower increase in conversidoatalytic vs. thermakhan the phosphite one. This may be due to the
fact that the zeolite used in the pyropr¢B&Al = 140)has a lower acid density than the one used

in the TGA(SI/Al = 40), hence making the competitive adsorption more important.

Table2.1. Conversions in thenicropyrolyzer systerfor different polyethylene sampledter 30 seconds
at the reaction temperature.

Convel’Sion (%) |ncrease
Sample
No catalyst 10% ZSM5 (140) (Xcatalyic@3séXinermai@s0)
PE 0% 3.6 9.1 2.55
PE 5% phenolic 11.1 185 1.67
PE 10% phosphite 3.2 7.8 2.46
PE 5% ZnSt 2.9 3.5 1.21
PE 10%aminic 7.5 8.4 1.12

Plastic samples thermally pyrolyzed 500 °C generated mainly alkanes and olefins
vapors. Some samples alpooducedaromatics, nitrogenated compounds and othiésly
resulting from the decomposition thfe additive present. The overall pratidistributionfor each
sample can be found rable2.2. Alkanes and olefinsarbon numbedistribution for all samples

is shown inFigure2.5.

Table2.2. Overall production ipyrolysis systenfior different PE samples with no catalyst. Pyrolysis
program: 30 s preneltingat 200°C, 30 s reaction at 50C.

Alkanes and Olefins Aromatics Nitrogenated Oxygenated Unknowns

PE 0% 99.2% - - - 0.8%
PE 5% phenolic 92.3% - - - 7.7%
PE 10%phosphite 71.8% 24.4% - - 3.8%
PE 5% ZnSt 95.9% - - - 4.1%
PE 10% aminic 75.0% 0.6% 6.5% 1.8% 16.1%
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Figure2.5. Alkanes and olefins distribution for PE samples, aftes Béemelt at 200°C and 3freaction
at 500°C.

When the samples were reacted in the presence of 10%5Z8M0) at 350C, a very
narrow product distributionrange was observedll the samples presented onbye peak
representing light olefins (propylene, isobutylene) the case of PE 5% phosphitajditive
fragmentswere also observed in smaljluant i ti es du elowtdeconipdsitiocmn addi
temperature. lis reasonable to obserlight gases as the only prodwsihcethe energy barrier for
protolytic cracking is not achieved. At 38Q, the reation that is most likely to happen in the
zeolite is isomerization followed Hyscission which leads to propylene (when the carbocation is
a secondary carbon) and isobutylene (when the carbocation is the tertiary carbon formed in the

isomerization).
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In order to observe a wider range of product carbon nusnieactiors were perfamed

over ZSM5 (40) at 500°C for 2 minutes.The product distributionfor thermal and catalytic

pyrolysisare displayedn Figure2.6 andFigure2.7, respectivelyThe presence of ZnSt does not

seem to have an impact on product distribution for thermal pyrolysis. On the other hand, the

presence of zinc in the zeolitentaining system seemsghift the product distribution towards

aromatic products. The role of zinc in zeolite systems will be further discussed in the next sections.
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Figure2.6. Product distribution for PE0% and PE 5% Zafér 2 minutes of thermal pyrolysis at 50
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Figure2.7. Product distribution for PE0% and PE 5% ZnSt after 2 minutes of catalytic pyrolysis at 500
°C.

2.3.3. Understanding how the presence of additives modify catalysts over time

To assess how these differetditivemolecules can modify the zeolite in the long term,
isopropylamine temperatuprogrammed reactionRA-TPRX) was performed for catalys{see
section2.2.3.) after plastic conversion. The results obtained are depictétgure 2.8 and
summarized inrable 2.3. The Brgnstedacid site density determined for fresh Z&SM40) was
0.386 mmol/g catFigure 2.8 A). After undergoingPE 0% reactionunder an inert environment
with a catalysto-polymer ratio of 1:10, this number drops to 0.165 mmo#tFigure2.9 A),

meaning that 0.221 mmol/g cat were deactivated after reaction (which corresponds to 57% out of
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the total Bonsted sites). After regeneration (see se@i@x), the number of accessible sites was
0.333 mmol/geat (Figure 2.8 B), indicating that the calcination was able to recover 76% of the

deactivated sites
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Figure2.8. IPA-TPRxprofiles for (A) fresh ZSMb, (B) ZSM5 after PE 0% decomposition and
subsequent regeneration, (C) ZS\after PE + 5% ZnSt decomposition and subsequent regeneration, and
(D) ZSM-5 after PE + 10% phosphite additive reaction and subsequent regeneration.

Table2.3. Brgnstedacid site density for different zeolite samples: fresh Zshd regenerated samples
after reaction with different plastic samples.
Bregnstedacid site density

Sample obtained by IPATPRx (mmol
H*/g cat)
Fresh ZSM5 0.386
ZSM-5 after PE 0% reaction 0.165
Regenerated ZSM after PE 0% reaction 0.333
Regenerated ZSM after PE + 10% aminic reaction 0.339
Regenerated ZSM after PE + 10% phosphite reactiol 0.244
Regenerated ZSM after PE+ 5% phenolic reaction 0.344
Regenerated ZSM after PE + 5% ZnSt reaction 0.408
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Very similarTPRxprofilesand acid densésareobserved for zeolites that were in contact
with polymer containing the aminic and phendliabilizers and were subsequently regenerated
(Figure2.9). This means that, despite these additives interacting with acid sites during reaction,
they carbefully removed from the surface via calcinatidfitrogen is most likely converted into
NOx, whereas the phenol groups are burned te &1@ waterlt is noteworthy that not only is the
phenolic additive easily removable from the catalyst surface, but it is also the impurity that

displayed the least detrimental effect in the TGA catalytic decomposition curves.
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Figure2.9. IPA-TPRx profiles for zeolites after catalytic PE decomposition reaction. (A)-Z$40)
after contact with PE 0%, before regenerat®menstedacidity = 0.165 mmol/g cat. (B) ZS!4 (40) after
contact with PE + 5% phenolic additive, regenerated by calcin&ramstedacidity = 0.344 mmol/g cat.
(C) ZSM5 (40) after contact with PE + 10% amine additive, regenerated by calcirgtorstecacidity

=0.339 mmol/g.

The zeolite that contacted the -Bearing plasticthough, displays alistinctive TPRx

profile after regeneratignas seen irrigure 2.8 (C). The zinc deposits and moi acid sites,
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apparentlycreating newBrgnstedsites that release propylene at higher temperatpresenting
one peak at ~40TC and another at ~48. The totaBrgnstedacidity for this sample was 0.408
mmol/g cat This IPATPRx curve ismuchsimilar to the one displayed by ZSMthat is ion
exchanged witldifferent zinc precursors, such as(NGs)., to generate Zimodified zeoliteg58,

59] Thetraditional propylene peak appearing at 360decreases in this sampteeFigure2.10

for peak deconvolution), implying some degree of exchange with framework siteseaptrese

of newly created Z#1, Zn(OH)*, (Zn-0O-Zn)?* and ZnOsites[59] About 47% (0.180 mmol/g cat)

of the acid sites present in the fresh ZSMre preserved after contact with Zn, whereas the other

sites are modified.

m 150 pts SG smooth of "Propylene"
Fit Peak 1

Fit Peak 2

Fit Peak 3

Cumulative Fit Peak

0.010

0.008 ~+

4
o
=3
-

Smoothed Y1
o
o
®

0.002 4

Ist peak 180

% . . . . 2nd peak 73
g 12'.ine _ 40 & 3rd peak 155
Total (umol/g) 408

Figure2.10. Peakdeconvolution for IPATPRXx for ZnZSM-5.

It can also be argued that zinc in fé&@mtms zinc oxide during calcination ampiugs the
pores of the zeolite to some extent, makingnatre difficultfor the products from the Hofmann
elimination to diffuse odit thus thepropylenepeaks at higher temperatures. This hypothesis could

also explain the peak of IP#ppearingt higher temperaturetamiyakul et al. have reported BET
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data comparing ZSNs and ZRZSM-5 [58], and they found thate addition of 0.87 wt% Zn
lowers the surface area by 11%, and the microporous volume by 22%ss Istudy, the zinc
loading is4.9 wt%,therefore one may expettiat the impact in surface area and microporous
volume be even higheHowever, it is important to note that deposition of other species that also
incur some degree of pore plugging, such as phospf@dué1] does not generate new peaks at

higher temperatures in IRAPRXx experiments.

The zeolite used to convgshosphorusontaining polymer was also modified even after
calcination, yielding an acidity of 0.244 mmol/g ¢ailgure2.8 D) 1 that is 27% fewer sites when
compared to MFI following PE 0% conversidfiqure2.8 B). Thisgreater decrease in acidis/
expected sincphosphorushouldexchange witlBrgnstedacid sited57] It can also be noticed
that the physisorbed IPA requires higher temperatures to fully desorb from the surface, presenting
a new peak at ~30TC. This could imply the formation of new weak acid sitd3-OH groups,
silanol nests or extrlamework alumina which may not be strong enough to catalyze the
Hofmann elimination. Alternatively, the new species formed could be plugging pores and
increasng the diffusion path for IPA, which might explain the higher temperature required for full

physical desorption.

These results suggested that antyc andphosphorusvere being permanently deposited
onto the catalyst. In order to investigate this further,amalyzedall modified samplesising
scanning electron microscopyenergy dispersive Xay spectroscopy (SEMDS) The only
regenerated catalysts which presented elements otheBith@n O and C were the ones in contact
with thezinc stearate and the phosphite additivéereafterdenoted byZnzZSM5 andP-ZSM5,

respectively. Both elemental maps can be famfeigure2.11. It was observethat both Zn and
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P are well dispersed throughout the sample, and do not seéonmtobig clumps of these

impurities.

Al map Zn map

1um Al map P map

Figure2.11. SEM-EDS image®f Zn-ZSM-5 (top) and FZSM-5 (bottom).

X-ray photoelectron spectroscopy R¥ data reveals the atomic composition of the
outermosatomic layers, asell as the speciation of the inorganic impurities in each of the samples
(Figure2.12). Thezinc, whichaccording to XPSomprised 2.0% of the probed samplegsents
one peak at 1022.74 eVhis binding energy is very close to 1023.0 eV, which is characteristic of
Zn(OH) [62, 63] and we attribute it to the catalytically active Zn(Okifes On the sample that
had contact with the phosphite additipepsphorusccounts for 0.6% of the atomic composition
on the outer layers. Thghosphorusontaining species were determined to be mostly phosphates

and polyphosphatewvith peaks at 134.88 €64] and 135.64 eV
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Figure2.12. XPS survey spectra (left, middle) and higisolution spectra (right) for ZBSM-5 (upper
plots) and FZSM-5 (lower plots).

From Table 2.4, bothsamples show some carbon deposits. Whereas some of this carbon
may be contamination from exposure to ambien{@hi, certainly a fraction of it comes from
unburned coke as carbon is also observegbpreciable quantitiga the EDS data figure2.13).
P-ZSM-5 presents a lower carbon content when compared-&&SAh5 (13.46vs.21.2%). This
can be a direct result from the P deposition onto the zeolite, that can reduce coke formation by

decreasing the amount thfe strongest sites.

Table2.4. Atomic composition of regenerated catalysts according to XPS analysis

Atomic composition (%)

Element—— Z7sM5  P-zsMs5
C 21.2 134
0 56.9 63.6
Al 0.2 05
si 19.7 22.0
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Figure2.13. SEM-EDS elemental compositions for (A) fresh Z&EM40); (B) ZrZSM-5; (C)
regenerated ZSM after reaction with PE + amine additive; (DXBM-5. The fresh ZShb is shown as
a baseline for carbon (the signal arises from the carbon tape used to moantipte).sAll the other

samples, post reaction and calcination, present carbon levels around 20 wt%.

Table 2.5 displays theoreticabtomic ratios,and atomic ratios measured by XPS.
Theoretical ratios are calculated by dividing the total number of these atoms present in the reaction
vessel (in the plastic sample, when preparing the regenerated catalysts) by the total number of Al
or Si atoms presei the reaction vessel, considering the weight of catalyst added and the Si/Al
ratio provided by the manufacturdrhus, if all impurities from additives were homogeneously

deposited onto the catalyst, the measured XPS ratios would match these theoretical ratios.
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Table2.5. Theoretical and actual atomic ratios from XPS analysis. Theoretical ratios were calculated by
dividing the number of inorganic atoms that contacted the sample divided by the theoretical Al and Si
number of atoms calculated from the Si/Al ratio providedngymanufacturer.

Atomic ratios Zn-zSM-5 P-ZSM5
Theoretical Measured  Theoretical Measured
Zn/Al 1.89 9.38 - -
Zn/Si 0.05 0.10 - -
P/Al - - 3.52 1.42
P/Si - - 0.09 0.03
Si/Al 40 94 40 49

The XPSmeasuredZn/Al ratio is much higher (~5 times) than the theoretical value,
whereas thaneasuredZn/Si ratio is only twice the theoreticedtio. This suggestghat Zn is
depositing around the aluminum atoms and, since the XPS probes only the first few atomic layers,
the deposited Zn Ahi deso i thestheaneasore®lAl malgpr esent
higherthan expectedince the Si is not equally concealdtdcan then be concluded thanc

deposits preferentially near aluminum atoms

Phosphoruson the other hand, shows lower measured P/Al and P/Zn than the theoretical
values, with the measured P/Al rabeingabout 40% of the theoretical value and the measured
P/Si about 33% of the theoretical valukhis difference denotes thphosphorusencapsulates
alumina as well, bun a different fashion thazxinc, it apparently deposits on silica almost as much
as it deposits on alumina. Atst glance, one would think that the measured ratios should always
be higher than the theoreticahse deposition occurs from the outside of the particle to the inside.
Our hypothesis for why the measured values are actually lower than expected is that, as the high

resolution XPS showed, most of the P is deposited as polyphosphates. Polyphosphates are large
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molecules comprising many phosphates, and {halsphosphateform threedimensionatlumps

that Ahideo some phosphorus from the XPS, whi

Considering the reaction data and characterization results obtained, wepdepaged
additive interactions ifrigure 2.14. These additives have much lower molecular weight than the
polymer they are dispersed in. Hence, at temperatures above the melting point of the plastic (140
°C in this case, as measured by differential scanning calorimessge Figure 2.15), these
impurities can easily diffuse to the catalyst surface and quickly interact with the acid sites before

most of the cracking chemistry takes place.

1. During polymer degradation reaction 2. After calcination (regeneration)
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Figure2.14. Proposed additiveatalyst interactions.

36



15

w
(=]
o

DSC PE 0% :

DSC PE 5% ZnSt | -
10 DSC 5% 1010 |

DSC PE 10% UV3346 P

DSC 10% 168 -

— — = Temperature (°C) i -

\
3]
[
[=]

\
=]
(=]
[=]

0.5

DSC{mw/mg)
5

Temperature ("C)

[
Q
(=]

\
\
w
o

=
o
(=]

0 10 20 30 40 50 60
Time (min)

Figure2.15. Differential scanning calorimetry for different plastic samples under a heating ramp rate of 5
°C/min. Melting point = 140 °C.

Some additives may generate small speicigsch as the phosphite additive, in which the
organic part of the additive decomposes and leaves the melt, leaving behind a small phosphorus
group(Figure2.14 (1.C)) 1 that will better diffuse into the catalyst particles. Others, such as the
polymeric aminic additive, may also incur diffusion limitations and will likely deposit more
preferentially near the external surface of the crystal(ffégure 2.14(1.B)). After calcination,
these deposited groups will either leave (e.g.x N€ing produced by any amine groups possibly
left after depolymerization reaction) or become new sitesplikessphatesHigure2.14 (2.C)) and

zinc siteqFigure2.14 (2.A)).

There is no evidence that the phenolic additive can modify the zeolite at any stage.
Nitrogencontaining groups present in the aminic additive quickly titrate acid sites, rendering them
inactive for catalysis. After calcination, however, all the nitrogeburnt offi as evidenced by
EDS and XPS elemental analy$esnd the catalyst should regain its activitgglire 2.14 (2.B)).

On the other hand, zinc stearate exchanges with Brgnsted acid sites and does not leave after

calcination, rather forming active Zn(OHjpecies.
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During the plastic decomposition reaction, the hydrogen atoms in D&l Broups
depicted inFigure 2.14 might come from different sources: water from the zeolite, hydrocarbons
being decomposed, or from the organic part of the additiveiittedire is evidence in the literature
that thermal decomposition of this phosphite additive (Irgafos 168) will gen€r@ coupling
products[66], which can then be hydrogen donors. This structure is speculative, and the
phosphorus group interaction with the Brgnsted acid site is proposed to occur by a mechanism
similar to the model proposed by Blasco, Corma andiNe#{Triguero[60], in which a partially

negatively charged oxygen interacts with the proton.

2.3.4. Exploring the role of deposited Zn on ZSM

The TPRx profile for Z&ZSM-5 and the XPS data showing zinc speciation were very
similar to zineexchanged MFI in the literatufg8, 59] This implied that ZrZSM-5 could
potentially have great alkane activatiaand aromatizationcapabilities. We carried out
polyethylene decomposition over different regenerated catatgstging up to 500C (Figure
2.16 A). No significant differences in rate were observed when comparing fresh and any of the
regenerated catalysts given the rapid decomposition at elevated temperatuiiedik€hisiue to
the highly diffusionlimited nature of this system; hence wely observe the diffusion rateot
the intrinsic reaction rat@nd can see no appreciable differences between different catalysts that

share the same framework.
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Figure2.16. (A) TGA profiles for PE 0% decomposition, thermal and over 2% catalysts: no catalyst, fresh
HZSM-5 and regenerated catalysts after contacting different plastic samples. Ramp rate of 5 °C/min up to
500 °C. (B) Micropulse reactions comparing fresh ZSnd ZrRZSM-5: product selectivity and
conversion per mg of catalyst. (C) TGA profiles for PE 0% deawitipn, thermal and over 5%
catalysts: no catalyst, fresh ZSBAand regenerated ZS®after exposure to Zbearing plastic. Ramp
rate of 5 °C/min up to 380 °C.

In order to assess the influence of this modified catalyst on alkane activity in the absence
of diffusion limitations, Ahexane cracking experiments were performed@@at’€ in a micropulse

reactor to observe the differences in activity and selectivity between fresh MFI af@NEH.
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The results for activity and selectivity are simowFigure2.16 (B). Hexane conversion was.68%
over42.5 mg offresh ZSM5, and 86% ove?25 mg ofZn-ZSM-5. Since these conversion levels
were dissimilar, extra runs with lower loadings ofZ8M-5 were performed (sdegure2.17),

and the trends of higher activity and aromatic yields feiViEi were confirmed.
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Figure2.17. (A) Hexane cracking activity and selectivity over 7 mg ofZ3M-5 (40) vs. 42.5 mg
HZSM-5 (40) at 480 C; (B) Hexane crackiagtivity and selectivity over HZSM (Si/Al = 11.5), from
Pham et al[67]. At lower conversion when compared to Fig. 5.B (36% vs. 86%), theatiified still
presents higher activity per mg of catalyst and a high selectivity towards benzene. Fig. 8.B shows that
hexane cracking selectivities do not change significantly wherngacpnversion over MFI catalyst.

These resultshow that the Zimodified zeolite can indeed activate alkanes much easier
than the parent zeoliteconversion per mg was 7.8 times higher oveZ&M-5 when compared
to the fresh BM-5 (Figure2.16 B). Also, the product distribution dramatically shifts towards the

production of aromatics (benzene), which was nonexistent for the parent zeolite. This result
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suggests that not only do thec sites play an important role in increasing the reaction rates, but
they are also of utmost importance to facilitate aromatization reaationsy alkane cracking

[68, 69]

One may speculate that these active sites would facilitate polymer cleavage if conditions
were such that diffusion limitations were less pronoungedassess thipossibility, the TGA
experiment showm Figure2.16 (A) wasrepeated but holding the reaction temperaai880°C,
very close tahe onset of chemical reactivityrates of thermal decomposition are negligible when
compared to catalytic runFhese results are reported kigure 2.16 (C), showing a distinct
enhancement in activity for the Zn modified sample upon operating undeermgaction
conditions. These results illustrate the potential for these additives to positively modify conversion

rates of real waste polymer streams.

Also, contrastindrigure2.16 (C) with Figure2.2 (B) (where Zn does not enhance rates but
hinders rates) we hypothesize that the difference is due to the form of the Zn, (@tH)Zbeing
the active form while the exchangeable?Zror Zn still tethered to the carboxylic acids in the
additive that is deposited during the initial conversion step siexthanges witlsites without

facilitating alkane activation.

2.4. Conclusions

The findings presented in this workveal the profound impact that several common
additives can have on subsequent catalytic upgradihg. presence of additives will not
significantly affect the rate of pyrolysis of polyethylene at high temperatures. When decomposition
happens over an acid catalyst, the presence of all tested additives will hinder rates of reaction due

to exchange with #nBrgnsted acid sites, titration, or simply competitive adsorption. It is important
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to notice, though, that the concentration of additives in commercial plastic is much lower than the
ones used in this work; therefore, it is more likely that such effects will not be significant in

commercial samples.

On the other hand, even dilute samples will show very significant effects of additives
deposition onto catalyst over many cycles of reaction. Some additives, such as HALS and phenolic
antioxidants, do not modify the zeolite permanently (i.e., regeneriayiaralcination can fully
clean the surface of the catalyst pasdction). Others, such as zinc stearate and phosphites, will
permanently deposit zinc and phosphorous over the studied catalyst. The presence of these extra
lattice species will have profoureffects in further reactivity and selectivity of these modified
zeolites. This knowledge may be usedésign polymer recycling processand modify catalytic

processes to better respond to these impurities
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Chapter 3: Confinement effects of Zn deposition onto acid catalysts

3.1. Introduction

Much researclthasbeencarried out orzn-modified zeolitesespecially ZSMb [58, 59,
70]. As was demonstrated and discussed in the previous chaptegdditivespresent invaste
plasticscan have a positive effect tmeactivity of catalysts used for chemical recycling processes
However, bulky molecules such pslymers do not easily diffuse into the microporegelites
T this is further discussed i@hapter 4: Hence, it would be much beneficial Zn could be
deposited onto mesoporous catalystpeérform the same role of improving turnover frequencies
and selectivity towards aromaticdut with a network of larger pores that facilitate polymer

diffusion.

In this work, we depostd zinc onto mesoporous acid catalysts (amorphous silica alumina
and fluorinated mulliteyia additivecontaining polymer decomposition. Nonetheless, the active
Zn(OH)" sites were not formed and no improvement in activity was obseevet though they

presenBrgnstedacidity as well.

Literature shows that silicalit®& can be successfully modified by Zn(h@via incipient
wetness impregnatig9] i that is, newBrgnstedacid peaks are present at the range ofi3%55
°C after zinc deposition. Silicaligis an inorganic material that has the same framework structure
as ZSM5 (MFI) but contains silica only artthiereforehas noBrgnstedacid sites. The fact that
silicalite-1 can be exchanged with Zn to form new sites shows that the presence oBpairsigd
sites is not necessary for the formation of ZnGOH)" sites. Hencethe inability of zinc to form

active sites on mesoporous catalysts miggdue to the lack o confined environment.
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There is evidence in the literature that zeolites having larger pores (BEA,piks or
big cavities (CHA7.4 A cage) do not show enhanced alkane cracking conversions after exchange
with zinc[59] Publications in which Y zeolite (FAU, 112 cage) was exchanged with zinc do
not demonstrate any enhancement in conversion or aromatic$Adgdn the other hand, there
is evidence that Zexchanged ZSM2 (TON, 5.7A poreg present higher alkane cracking

conversion and aromatics selectiVjii2]

This suggests that ane confined structures (MFI, 6 4 pores TON) may be more
appropriate forzinc atoms to form active sites such as Zn(OHgre, different zeolite topologies
were exchanged with Zn via incipient wetness impregnation (IWi@se modified zeolites were
then analyzed by IPAPRx and had their reactivity probed by hexane cracking pulse reactions
We alsoassess the effect of pexisting pairedBrgnstedsites on the Zn exchange liging

different Si/Al ratio zeolites within the same framak structurg MFI, FAU).

3.2. Experimental

Amorphous silicaealuminagradel35 (Si/Al = 6) was acquired from Aldrich and used as
receivedZeolites MFI (Si/Al = 11.5, 40, 140)BEA (Si/Al = 150), MOR (Si/Al =10), FAU (Si/Al
= 2.6, 15)were acquired from Zeolygtternational TON (Si/Al =32.540) and CHA (Si/Al =10-
15) were acquired from ACS Materi&atalystsvhichwere supplied in the ammonium form were
pre-calcined unde#0 ml/min of air(80% N/20% Q) flow at 600°C for 5 hours using a ramp
rate of 22C/min. A summary of the zeolites used can be fountiahble3.1. Si/Al ratios and surface
area values are displayed as provided by the manufacturers. Diameters of spheres that can be
included and can diffuse alorthe largestaxis were extracted fronthe International Zeolite

Association databas¥ structures
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Table3.1. Zeolites properties.

Max. diameter of Max. diameter

ila/tiAci sphere that can b of sphere that ari;r{;cze/ y Supplier code  Form
included () can diffuse (A) 9

TON 32.540 571 511 >180 MSZ22H12 H*
11.5 425 CBV 3414 NH/*
MFI 40 6.36 4.7 425 CBV 8014 NH4*
140 400 CBV 18014 NH4*

BEA 150 6.68 5.95 620 CP811G300 H*
MOR 10 6.7 6.45 500 CBV 21A NH4*
CHA 10-15 7.37 3.72 670 MSZ13015 NH.*
2.6 925 +

FAU 11.24 7.35 CBV 300 NH,
15 780 CBV 720 H*

1 gram of polyethylene containing 5% Zm&ts fully decomposed over 238.4 mgllite
and over 113.5 mg ASA (both reactions were performed over a quariiitgrétechcid sites that
is equivalent to 100 mg d¥FI-40) at 500°C under 40 ml/min Nflow. The spent catalysts were
subsequently calcined under 40 ml/min air flow in order to regenerate their activey. Th
calcinationwas performed &850 °C for 6 hours and these regenerated samples are referred to as

Zn-ASAandZn-mullite.

The zeolites were exchanged with zinc via incipient wetness impregnation. The incipient
wetness volumes of each sample were calculated by measuring the volume needed to saturate 1
gram of the catalyst powers with wat@n(NGs)2-6 H2O (reagent grade, 98%, fro®igma
Aldrich) aqueous solutions were prepared in order to achieve a Zn/Al atomic ratio of 2 for each of
the zeolites. After adding th#n(NGs)2 solution dropwise to the zeolites, the samples were dried
overnight under vacuum at 8G. Finally, they were calcined under 40 ml/min air flow at 500

for 2 hours. These samples are referred torelframework codg, e.g.,Zn-MOR
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IPA-TPRx was perfomed as described in Sec#dh3.] except fotCHA samples which
were probed using-propylamine. Due t@ h a b a verytsraafl pore size,-propylamine is
preferred over isopropylamine as the former presents a smaller kinetic didtesi@ne cracking
was performed in a 0.25 in. OD micropulse reactor connected HPa8890GC-FID equipped
with an HRPLOT column. Reactions were performed using pulses of 0.32 untaxaing(0.5
ml/min Gs flowing into a 500 pL loop along with 100 ml/minx\l at 480°C under 100 mL/min
flow of N2. This reaction setup was chosen in lieu of a flow mode to avoid deactivatiots effec
resulting from coking. 1820 mg of pelletized catalyst (2825 um) were packed in the reactor,
as well as enough glass beads to complete 150 mg total bed weight. Zeolites \restgaainder

nitrogen flow at the reaction temperature for 1 hourrgadhe first pulse injection.

3.3. Results and Discussion

3.3.1. Zndeposition onto mesoporous acid catalysts

After promising results with ZZ SM-5, Zn-containing polyethylene was decomposed over
mesoporous catalysts in an attemptambine the enhanced alkane activation capabilities of Zn
modified acid catalysts witan improvedpolymer diffusivity provided bytheir mesopoosity.
Following the reactiorin which Zn had been depositetthe spentASA and Fmullite were

regeneratedt 550 °C for 6 hours unded0 ml/minair flow.

Figure 3.1 comparesTGA profiles of polyethylenealecompositiorunder inert gas flow
over fresh mullite (solid blue linejegenerated mullite after PE 5% ZnSt decomposition (solid
green line)fresh ZSM5 40 (black) and thermal pyrolysis in the absence of catalysts (dotted blue
line). Catalysts were added to the system on the basis of the same numberRriztasstdacid

sites. At a first glancet is noticeable that mullite iess effective atlepolymerizing PE than the
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ZSM-5 catalyst. Although mullite provides the advantagme$oporosity formproved polymer
diffusion, these reactions are likely external mass transfer limited, as shown in GChéjgece,
this trend is reasonable when taking into consideration that mullite particles are consldegable

than ZSM5 patrticles used in these experime(fieeFigure3.2)

600
100
PE 0% + fresh mullite 500
80 4 PE no catalyst no additive

PEQ% + spent mullite from PE+Zn 4 - 400 &
3 PE 0% + 2% ZSM-5 (40) @
< 60 A 5
2 Temperature (C) L 300 2
2 1
40 -+ £

- 200
i

20 A - 100

0 0
0 40 80 120 160
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Figure3.1. TGA profiles for polyethylene decomposition under inert gas:filbrmal decomposition,
and catalytic conversion over ZSH F-mullite, andZn-mullite.

Figure3.2. SEM images of (A) ZSMb, Si/Al = 40, 1-micron scale bamand (B) fresh Fmullite, 20-
micron scale bar
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Interestingly,Zn-mullite presented much worseperformancehan the parent catalyst
nearing the curve dhermal decomposition. IRAPRx was themised to characterize the acid site
density of this sampleand verify the formation of new ZOH)" sites tha catalyze IPA
decomposition at higher temperatures than the traditional BAS of zeAktekown inFigure3.3,
Zn-mullite presents 92% of the total BAS present in the original sample. HowevE&n (@)
peaks at 400 and 50C were observedNonethelesselemental mapping displayed kiigure3.3
(C) indicatesthat zinc was indeedomogeneouslylepositedon the catalyssample and did not
form large, low surface aredusters This implies that Zrdepositedasa different species on the

mesoporous sample, possibly mainly as zinc oxide.

A

Fresh mullite —Propylene i =
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Figure3.3. IPA-TPRXx results for (A) fresh-Rullite, and (B) Zamullite. (C) SEM-EDS data displaying
the elemental sum spectrum, and Zn and F elemental maps.

The same characterization was performed forABA, and thefindings can be seen in

Figure3.4. After catalyst use to convert Zgontaining polyethylenand subsequent regeneration,
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ASA presents permanent lossabhigher quantity oBrgnstedacid siteghan mullitei Zn-ASA
acid site density was equivalent to 57% only of the palgBAS densitySimilarly to the case of
mullite, ZnASA also does not displdiPA-TPRx peaks at higher temperatures whereas its-SEM

EDS imaging revealan even distribution of Zn throughout the sample.
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Figure3.4. IPA-TPRXx results for (A) fresASA, and (B) ZRASA. (C) SEMEDS data displaying the
elemental sum spectrum, and Zn #@iclemental maps

It might be argued thaitctive Zn sites possibly formed in these mesoporous materials have
been destroyed due to harglgeneration treatmentZn-ZSM-5 had been calcined at 500 for
2 hours, whereas ASA and mullite were heated to°&5@r 6 hoursMesoporous catalysts were
calcined at higher temperatures becabsy would remain visually black after treatment at 500
°C for 2 hours. Indeedemperature programmed oxidation of cokedA3A and coked ZfZSM-
5 (Figure3.5) reveal that not only does the mesoporous catalyst accumulate more coke during the

PE 5% ZnStecomposition reaction, but also the nature of the coke deposited is more graphitic
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Consequently, these samptimmand higher temperatures and longer timdmsita off the coke,

resulting inthe need for anore severealcination program.
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Figure3.5. Temperature programmed oxidation in the TGA for spent Z5\d ASA, after being used
to decompose 1 g of PE 5%ZnSt and before regeneration.

In order to verify whetherthe harsher calcinatioprogram might be decomposing
supposedly formed active zinc si@snot,a ZnZSM-5 sample was prepared following the same
procedure butalcined at 550C for 6 hours for regeneratioBoth the shape of the IRAPRx
curve and the total count of BAS remained unchang@kdrefore, we conclude that active zinc
sites do not get destroyed thesehigher temperatures or longer calcination timasfact Zn
activesites appear not toe formedon mesoporous catalystghatsoeverand Zn deposits as an

unactive speciegven though the chemical naturfeall samples is based on silica and alumina
3.3.2. Zn deposition onto different zeolite frameworks

After deposition of Zn ovethe different zeolite topologies, IPAPRXx reveals that
Zn(OH)" are formedregardless of pore sizenew peaks at higher temperatures were fannd

TON, MFI, BEA, and FAU samples. Interestingly, though, the new peak positions were different
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for every samplé these results can be foundrigure3.6. TON presented one new peaks&0
°C, MFI presented two peaks4t5°C and 490C. In these cases, the original BAS peak-360

°C andand ~35C°C, respectively, remained unaltered in position.

For the BEA sample, it isoticeable that there is a new broad peak that ranges from lower
temperatures tap to 560°C. But also, the higls¢peak position moves fro@60°C (H-form) to
390°C (Znform). This maydenotethat the ZRBEA peak at 390C is in factdue to the presence
of Zn, whereas the original BAS peak at 3&0has become convolutedth the other two peaks.

A similar behavior is seen with the-lFAU and ZRFAU samplesthe BAS peak appears at 355
°C in the Hform, whereashe ZnFAU samplepresents shoulder at+340°C (presumably being

the original BAS sites)with two (presumably zincpeaks at 390C and455°C.

TPRx was not able to characterize @ZRlA andZn-MOR samplesboth yieldingoropylene
curves that suggested zero or near zero acidibyvever, these samples will be later shown to
present considerable hexane cracking activiiye possible explanation for this behavior is a
strong degree of pore narrowing, resulting from the high amounts of Zn deposited on these
samples. The amount of zinc added to each sample was determined according to their Si/Al ratio,
since Zn/Alratio was kept constant at 2. Hence, more acidic samsptgsas MOR (Si/Al = 10)
and CHA (Si/Al = 1615) receivedhigher zinc loadings, which likely contributed pmre
narrowing. Although bulkier isopropylamine and-propylamine were not able to reach BAS,

hexane was able to react over these catalysts due to its smaller kinetic diameter.
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Figure3.6. IPA-TPRXx curves andalculated BAS densitipr zeolitesbefore and after Zn impregnation.
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Figure 3.7 displays theconversions per mg of catalyst and the overall converdmms
pulses of hexane crackireg 480°C for all tested zeolitedt can be seen that Zn improves the
activity of all zeolites, regardless of pore size. The only exceptidhis is the MOR sample,
which presented d3% decrease in conversion/mg after idrpregnation.Again, this can be
explainedby the high Zn loadingl6.7 wt%) in this sample, which likely caused pore narrowing

and some degree of pore plugging.
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Figure3.7. Hexanepulseconversion at 480C: (A) per milligram of catalystand (B) total conversion

Although the results displayed iRigure 3.7 are useful to assess the ability of zinc to
improveactivation capabilities throughout the whole range of pore sizes, the only samples that can

have their activities directly compared are the ones that have similar and low converthens
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parent form TON (5%), MFI 40 (8%), and BEA(8%). Even though FAU samples also presented
low conversionsvith their H forms, deactivation effects were observed @v@unilse mode, which

compromisesny comparison with other samples.

Figure 3.8 comparesthe improvement in conversion post Zn impregnation vs. the
maximum diameter od sphere that can be included in the TON, MFI and BEA framewbhks.
volcanalike trend suggests th&tFI may havean optimal pore size to accommodate zinc sites in
a mannerthat maximizes reaction turnover rateS’he exact reason whgore sizemight be
important for theformation and activity of Zn sites is not entirely clear y&te possibilitymay
be thasome degree of confinement is necessary to enthalpically stabdizansition state during
the formation of active zinc sites, but too much obafined environmergntropicallyjeopardizes
the formation of such sitesdence, we observe no Zn(OHsites formation on mesoporous

catalysts.

MFI
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Zn form conversion/mg
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Figure3.8. Activity enhancemendf zinc addition vs. pore size of zeolgamples.
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Analyzing product distributiongsee Table 3.2), it is evident that Zn increases the
selectivity towards aromatider all samples, likely due to the higher availability adéfins for
oligomerization and aromatization reactions when Zn is preBeatbenzenselectivityis highest
on intermediate pore sizeZn-MFI and Zn-BEA), whereasbigger cavities seem to favor
alkylbenzene$ Zn-CHA presents only 32%f thetotal carbon injecteds G compoundslikely

favoring toluene and other alkylaromatics.

Table3.2. Cs compoundgjuantified in theonline GCafter reactiorover the total amount of rhjected
and benzene selectivity fbexane cracking pulses at 480

Cs compounds Benzene

/nCe injected selectivity
(%) (%)

H Zn H Zn
TON (32.540) 98 98 0 7
MFI (11.5) 93 58 0 25
MFI (40) 96 71 0 22
MFI (140) 72 77 0 17
BEA (150) 93 82 0 18
MOR (10) 91 84 0 2
CHA (10-15) 88 32 0 0
FAU (2.6) 97 94 0 1
FAU (15) 98 77 0 2

3.3.3. Aging effects on ZASM5

The effect of ambientonditionsover storage time was assessed foiZ&M-5 that had
been prepared by PE 5% Zrd&tcomposition and subsequent regeneration atG@6r 2 hours.
IPA-TPRXx (Figure 3.9) reveals that the Zn(OH)sitesare metastable, artie Zn seems to be
mobilized over time, migrating out of thacinity of the Al atomand forming another spesie
Immediately after preparation, the peaks corresponding to ZA(€itéls (2" and 3¢ peaks in

Figure3.9) correspond t®6% of the total area of the propylene cyrater 6 months of storage
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in ambient conditions, this number decreased to 25% of the Itoalnoteworthy that the total
number of BAS remains unchangdéd Zn migrates, the origindrgnstedacidity (referred to %

peak) is restored proportionally.
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Figure3.9. IPA-TPRxprofiles and BAS density results f¢A) Zn-ZSM-5 freshly prepared from PE

5%ZnSt decomposition and subsequent regenerati@h(B) ZRZSM-5 after 6 months of storage at

room temperaturand pressure. (C) and (D) display the peak deconvolution for sashgies in(A) and
(B), respectively(E) Number of BAS corresponding &ach ofthe three peaks presentiathsample.

TheZn(OH)" sites count decrease over timeaccompanied by a concomitalgcrease in
the catalyst activityFigure3.10 comparesigh densitypolyethylenedecomposition curves in the
TGA at 380 °C, thermally and over 5% ZSM¥, ZnZSM-5 (fresh, and ZnZSM-5 aged for 6

months.Therates of decompositioaver the aged Z+#Z SM-5 arelower than over thdresh Zn

ZSM-5, and the aged sample displayperformance more similar toe parent sample-ASM-5.
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Figure3.10. TGA decomposition profilesomparing HDPE decompositi@ver. no catalysts% ZSM-5,
Zn-ZSM-5 and émonth aged Z+ZSM-5. Reaction temperature = 380, ramp rate = 3C/min.

These findingshow that Zn speciation and locat@ppear tde changing over time under
ambient conditions. One possible reason for this might bewthtdr molecules from ambient
moisture are able to hydrolyze Zn(OH)tes into different Zn species that rearrange in the zeolite
framework exposing the original BAS once agai similar phenomenon has been reported to

occurin phosphorus species on zeolites which were exposed to ambient miostefgpendix

This change in activity accompanied by the disappearance of Zh&Bid)indicats that
the Zn contained in these species mighthee major responsible for dehydrogenataartivity,
which is in agreement with recent reports that show that Zn{@H)ighly active for propane
dehydrogenatiofiz3] We speculate thaging in the presege of moisture cause®(OH)" species
to be mobilized and form zinc oxide clusters, which are much less activier
hydrogenation/dehydrogenatiomonetheless further studies are necessary d¢onfirm this

hypothesis.
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3.4. Conclusions

The findings in this work reveal th@n impregnationdid not create active Zn(OHpn
mesoporous acid catalysts (ASA, mullite) even thougbetlsamplegitially presentedBronsted
acidity, similafy to zeolites Zn(OH)" sites formedfterZn deposition on zeolites are highly active
for dehydrogenation reactidii8]. When performing alkane cracking reactions, these Zn(OH)
sitesgenerate olefins isitu. Olefins carthenbedirectly protonatednto carbenium ions, avoiding
the highly energetic carbonium igrathway thusrequiring lower energie® be activatel on
Bregnsted acid site§ his hydrocrackinglike mechanismresults in much increased rates of alkane

crackingfor Zn-exchanged zeolitashen compared to neexchanged samples.

However, Zn likely deposits mostly as zinc oxiden mesoporouscatalysts, having
detrimental effects to their alkane cracking activitiestead ofincreasing rates of reactiowe
showed that Zn is able to form active sites and improve activity and selectivity towards aromatics
over zeolites regardless of pore siadthough there seems to be an ideal pore size range to

maximize themprovement in activity after zinc deposition.

Finally, we show thatactive Zn(OH) sites formed in ZSMb are metastable, and they
undergo rearrangement under storage conditions over the course of rmarghEocess results
in a shift incatalytic performanceyielding resultamore similar tathe parentzeolite before Zn

deposition
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Chapter 4: Effect of branching and unsaturation for polyolefin upcyling

4.1. Introduction

Although the chemistry of catalytic polymerization has been studied for several decades
[74], the field of depolymerization is much less explored and has only gained a great deal of
attention in the past few yearg5] Catalytic decomposition of waste plastic presents new
challengesi and opportunitiesi to the industry. Important questions include whether
macromolecules will readily react over catalysts that were traditionally designed to convert much

smaller moleculesand what polymer properties govern such reactions.

Regarding nosftatalytic pyrolysis, high density polyethylene (HDPE) and low density
polyethylene (LDPE) generally display similar decomposition curves, but HDPE tends to require
slightly higher temperatures to be decompo$é€é] Marcilla et al. compared the reactivity of
HDPE and LDPE over ZSM, and found that LDPE decomposed at faster rgt@p.This result
was attributed to the fact that LDPE branches were able to penetrate the zeolite pores, thus
increasing the activity. Uddin et al. also reported that LDPE and linear low density polyethylene

(LLDPE) degraded at faster rates than HDPE oved said catalystd.78]

Zeolites have been extensively researched as catalysts to decompose polymers into short
chain molecules[79-83] It is important to notice that these are microporous materials, which,
along with the fact that polymers are macromolecules and form highly viscous melts, implies in
strong mass transfer constraif@4] The structural properties of polyolefins, such as the branching
degree and their length, can play an important role on granting access to different active sites in

microporous catalysts. Aguado et al. showed that nanocrystalline2fgiMsented enhanced
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activity for polyethylene conversion when compared to standard-Z$856], indicating that
higher external surface area, and its consequent enhancement in diffusion, is an important factor

for polyolefin conversion.

The mechanisms by which polyolefin upcycling reactions happen over a porous acid
catalyst surface should be governed by the same energetics that define alkane cracking, due to their
similar chemical nature. Polymers are, however, orders of magnitude mghetecular weight
than alkanes commonly studied in the literature. Hence, polymer decomposition reactions are
expected to be heavily influenced by external and internal diffusion limitations, and the influence
that double bonds and tertiary carbons altyiexert on the reaction rates should be reassessed for
such molecules. One may expect that the presence of branches in polyethylene will enhance rates
of cracking over acid catalysts, since tertiary carbons are known to generate more stable transition
states when compared to secondary carlp@2sHowever, branches will also hinder diffusion of
the main polymer chain into the catalyst poresn the other hand, if they are long enough,

branches may separately diffuse into different pores.

The inherent presence of double bonds would also be expected to increase reaction rates
over acid catalysts, since the activation energy for protonating olefins is lower than that for
protonating paraffins due to higher proton affinifi28] Conk et al. have recently demonstrated
partial dehydrogenation of polyethylene as a strategy to ind«#€eb@nd cleavage, providing a

promising pathway to produce propylene from waste plig&sic.

Finally, another factor that will influence the rates perceived for polymer decomposition is
the molecular weight. It has been observed that higher molecular weights result in lower catalytic
reaction rate§87-89] This could be due to higher viscosities associated with higher molecular

weights and lower diffusion rates throughout the polymer melt. This work aims to understand what
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role the degrees of branching and unsaturation play on the reactivity of polyolefins over acid

catalysts.

4.2. Experimental
4.2.1. Polymer samples

Additive-free HDPE (M ~20,000 Da) and LLDPE (M~48,000 Da) samples were
provided by Chevron Phillips Chemical in powder form. For the analysis of the effect of
unsaturationhydrogenated HDPEvas prepared. The hydrogenation reactions were carried out in
a Parr batch reactor equipped with a Teflon liner and a tutippeeimpeller. Plastic, solvent and
catalysti 1. 2 g HDPE, 40 g cyclohexane (suitable f
Aldrich) and 600 mg Pd/ADs (0.5 web Pd, 3.2 mm pellets, acquired from Sigma Aldrickjere
added to the reactor and the system was flushed with hydrogen. The reactor was pressurized to
300 psig H, stirring was set to 350 rpm, and the temperature was slowly ramped up ¥6.150
After the system reached the set temperature, the reaction was allowed to proceed for 1 h, under a
total pressure of 380 psig. After quenching, the reactor was depressurized, and the catalyst pellets
were separated out. Finally, the resulting hydrogaehBtDPE waseparated from the solvent, and

dried overnight in a vacuum oven at GD.
4.2.2. Polymer characterization

Molecular weights (MW) and molecular weight distributions (MWD) were obtained from
high temperature gel permeation chromatography (GPC) usiRfg 220 high temperature
GPC/SEC unit (Agilent). Samples were dissolved in #t@¢holorobenzene (TCB) by heating at
150 C for about 4 hours with gentle, occasional stirrBHT (2,6-di-tert-butyl-4-methylphenol)

at a concentration of 0.5 g/L was used as a stabilizer in the TCB. An injection volume of 400 pL
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was used with a nominal polymer concentration of 0.5 mg/mL and a flow rate of 1.0 mL/min was
maintained. Three Waters Styrogel HM&E columns were used and were calibrated with the
integral method using a broad linear polyethylene standard (Chevron$Gligmicals Marlex®

RTM BHB 5003 polyethylene resin) for which the molecular weight distribution had been

determined. An IR4 detector (Polymer Char, Spain) was used for the concentration detection.

The concentration of various types of unsaturation in the polymer samples were quantified
by a method based on proton nuclear magnetic resonance (JOMB2] Polymer samples for
NMR data collection were prepared by dissolving polypmvder samples in deuterated 1,1,2,2
Tetrachloroethane; (TCE-d;, 9®5 atom %D). 0.035 g of powder of the polymer samples were
added to 0.7 ml of TCH> solvent in a 5mm NMR tube. The sample and solvent mixture was
heated in a heating block at 130 for 47 5 hours. The mixture was occasionally stirred with a
stainlesssteel stirrer to ensure homogeneous mixing. The resulting solution was then left overnight
(for 15-16 hours) in the heating block at 11Dto ensure complete disentanglement of the polymer
chains. The final concentration of the sample solutions 88 wt%. The NMR data were
collected at 125C (398K) in the Bruker 500 MHz NMR instrument fitted with a Bruker 5 mm
BBI probe which was equipped withgrzadient. The sample was equilibrated inside the probe at
125 C for 15 minutes before starting the data collection. Regular proton NMR data was collected
with zgpul se sequence from Brukerds pulse progra
parameters: 5.0 s relaxation delay, 7.4 ps pulse width, 14 W pulse power, 4 dummy scans, 5.0 s
acquisition time, 1024 scans and 9 ppm spectral window. Theapuieation proton NMR data was
collected withzgpr pulse sequence using the following acquisition parameters: 5.0 s relaxation
delay, 7.4 ps pulse width, 14 W pulse power, 2.7&° W pre-saturation pulse power, 4 dummy

scans, 5.0 s acquisition time, 1024 scans and 20 ppm spectral window. The transmitter offset was

62



placed at the center of the proton peak arising from the backbone proton atoms of polyethylene
(PE) for efficient suppression of that peak. This PE backbone peak appeh5gipm. All the

data were processed with 0.3 Hz line broadening, zero filled with 4X of time domain data points
and referenced to the residual proton peak of -B&&hich was calibrated at 6.0 ppm. The data

were coll ected and processed with Brukerds To

For 13C NMR data collection, 0.55 g of polymer sample was dissolved in a mixture of
1,2,4trichlorobenzene (TCB) and ZXdichlorobenzenels (DCB-ds) solvents to achieve a
concentration of10 wt%.The3C NMR spectra of the polyethylene samples were collected with
standard pulse program using the standard parameter set including: a 13.0 psec 90° pulse width, a
21.7 kHz spectral window, 7.0 sec relaxation delay, 3.0 sec acquisition time. 8k transients were
collected in an overnight experiment and full NOEwaploited during data collection to improve
the S:N ratio at a reasonable amount of time. The data was zero filled to 131k data points and
exponentially weighted with a 1.0 Hz lkiieoadening before Fourier transformation. The spectrum

was referenced tobackbone CH.- peak which was calibrated at 30.0 ppm.
4.2.3. Catalyst samples

NH4-ZSM-5 catalysts (framework type MFI), with Si/Al = 40 (CBV 8014) and Si/Al = 140
(CBV 28014), were obtained from Zeolyaternational. To render them acidic, the zeolites were
calcined under 40 ml/min of air (80%N20% Q) at 600°C for 5 hours, with a ramp rate of 2

°C/min. When used in flow reactors, theAz$M-5 was pelletized between 250 and 425 microns.

In order to assess diffusion properties, a «rell zeolite (active ZSNb core, inert
silicalite shell) was prepared based on the procedure described by Ghorbanpd@B8gtrabur

work, however, we used Zeolyst MFI seeds to grow the silicalite layer, instead of synthesizing the
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zeolite entirely. Also, the annealing step was not performed, which considerably lowers the time
necessary for this sample preparation. 750 mg ofR6M-5 (Si/Al = 40) were added to a dilute
growth solutioni 1.3 ml tetraethyl orthosilicate (TEOS) 98 %, and 2.8 ml tetrapropylammonium
hydroxide 40 % in 65 ml of water, in which TEOS was added drofwiaed left reacting at 100

°C for 24h in a rotissér oven. The mixture was then centrifuged, and the zeolite was washed with
deionized water 5 times. The & were dried in a vacuum oven overnight at 80 °C, and
subsequently calcined under 40 ml/min air flow according to the following temperature program:
1 hour isothermal at 350 °C (ramp rate = 1 °C/min) to clean the surface of any remaining water,
followedby 5 hours at 600 °C (ramp rate = 2 °C/min). The resulting catalyst is referred3as

5@Silicalitel.

Amorphous silicaalumina (ASA) catalyst support grade 135, Si/Al = 6, was obtained from

Aldrich and used as received.

4.2.4. Catalyst characterization

The number of Brgnsted acid sites (BAS) in the catalysts was determined by
isopropylamine temperatuggogrammed reaction (IRAPRX)1 the detailed procedure has been
reported elsewhell®4] Zeolites were imaged by Zeiss Neon 40 EsBcanning electron

microscope (SEM).

Nitrogenphysisorptioranalysis was conductedsinga TriStar Il 3020 The samplgwere
degassednder vacuunat 350 °Qramprate of 5 °C/miffor 10 h to remove moisture and volatile
impurities.The catalyst weight was measured after degassing, and the samples were cooled down

under liquid nitrogen for the adsorptiolesorption analysisTotal surface arem and external
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surface areas were calculated using BnenauerEmmet-Teller (BET) method and the-plot

method, respectively

To verify the formation of the silicalite shell on ZSB) two probe reactions were
performed in a flow reactor: acetic acid ketonization at ¥20and triisopropylbenzene (TIPB)
cracking at 400°C. The reactor consisted of a 025 OD quartz tube in a furnace, and the
products were analyzed inHewlett Packard 689@as chromatograph (GC) equipped with an
INNOWax column 80 mx 0.25 mmx 0.25 pum) and a flame ionization detector (FID). Both inlet
and outlet lines were heated to avoid condensation of reactants and products. Reactions were
performed under a 62.5 ml/min flow of helium and using 35 mg of fresh catalyst. W/F was 0.2 h
for TIPB cracking, and 0.3 h for acetic acid, where F is the reactant feed rate. The zeolites were
pretreated under the same flow of helium at the reaction temperature for 1 hour prior to the reaction

start.

4.2.5. Polymer decomposition reactions

Reactions were carried out in a NETZSCH STA Jupiter 449 F1 thermogravimetric analysis
(TGA) system, under 40 ml/min flow of argon. Catalyst powder, when used, was added to the

bottom of the AlOz pan, and 20 mg of polymer sample were added on top of the catalyst.

For the product distribution analysis, 20 mg of polymer were mixed with the catalyst and
packed in a quartz micropyrolysis tube. The micropyrolysis tube was then inserted into a 0.25 in.
OD quartz tube, which was placed in a horizontal reactor furnaces&hip allows for the carrier
gas to flow around the micropyrolysis tube, avoiding the polymer melt to plug the tube, which
could cause overpressure: Was used as the carrier gas, at a flow rate of 40 ml/min. The reactor

temperature was increased frooom temperature to 350 °C at a ramp rate of 2 °C/min, and the
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final temperature was held for 30 minutes. Gas bags were used to sample evolved products
downstream of the reactor, and no condensation was observed in the bags after sampling. The gas
samples were analyzed in a Shimadzu QP2010FBIMS system, equipped ith a HR

PLOT/AIO3/S column.

4.3. Results and Discussion

4.3.1. Effect of branchingn reactivity

The results of polymer samples characterization can be foumdhle 4.1. HDPE and
LLDPE were chosen to assess the importance of branching in the decomposition reaction due to
their disparity in short chain branching (SCB): 0.7 vs. 16.6 per 1000 total carbon atoms. Hence,

LLDPE has ~24 times more tertiary carbons per moledian than HDPE does.

Table4.1. Polymer samples characterization. Short chain branching (SCB) andri calculated from
13C-NMR data. M, was determined via GPC, and unsaturation values were calculated from proton NMR

data.
Unsaturation/10° C

Vinylene  Trisub Vinyl Vinylidene

Sample SCB Mn M b/ 1T/ b/ T/ bl11T/ Lllr'll Total
/1000 C (Da) (Da) . | . .

internal internal terminal terminal
LLDPE 16.6 48,190 112,150 108 87 40 15 250
HPDE 0.7 20,263 157,170 728 4 175 0 907

Figure4.1 shows the decomposition curves for HDPE and LLDPE at a temperature ramp
rate of 5°C/min up to 500°C followed by holding the final temperature fone hourlt can be
noticed that, when comparing thermal decomposition curves for both samples, LLDPE
depolymerizes slightly faster than HDPE. This is likely because tertiary alkyl radicals are more
stable than secondary alkyl radicals, and the rate limiting stepdomal pyrolysis is usually the

initiation step95] 1 hence, rates are slightly faster for the branched polymer.
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Figure4.1. TGA curves for HDPE (full lines) and LLDPE (dashed lines) decomposition under inert
environment, thermally (black lines) and over 2% ZSN5Si/Al = 40, blue lines). Ramp rate =5 °C/min
up to 500 °C, followed by a-tiour isothermal.

The addition of 2% catalyst reduces the temperature of maximum degradation by ~50 °C
for both samples. However, the HDPE and LLDPE decomposition curves still overlap, indicating
no significant difference in rates between these samples. Our group hasetisicua previous
work [94] that performing polyethylene depolymerization at this ramp rate up to high temperatures
(500 °C) did not allow for differences among catalysts to be noticed in the decomposition curve.
Similarly, in this case, working at high temperature does not allow psrceive differences in

rate between these polyethylene samples.

The temperature ramp rate was then decreasetCiorin, and the final (hold) temperature
set to 35C0C. At this temperature, no significant decomposition occurs in the absence of catalyst,
as can be seen iigure4.2 (A and B). Three different acid catalyst sampl&SM-5 (Si/Al = 40
and 140) and ASA were used to decompose the two polyethylene samples. The catalyst loading
was adjusted for each catalyst so that all the experiments were run with the same totabhumbe

Brgnsted acid sites, as measured by-THRXx Figure4.2.C).
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The results fronfigure 4.2 (A and B) display different behaviors of catalytic degradation
for both polymer samples. HDPE shows much lower conversion to gases than LLDPE after 1 hour
at 350 °C: HDPE reached 14% conversion over Z5M0), 42% over ASA, and 61% over ZSM
5 (140); wheeas LLDPE reached 91% conversion over ZSN40), 92% over ASA, and 82%
over ZSM5 (140). An interesting aspect of these experiments is that the activity of the catalysts
followed different trends when using different reactants. For instance;2Z8MO0) was the most
effective catalyst to convert HDPE; however, when used to decompose LLDPE; ZBNI) was
the least effective catalyst. For easier comparison, curves for both polymer samples according to

the type of catalyst are plottedkigure4.3.
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Figure4.2. TGA thermal and catalytic decomposition curves for (A) HDPE, and (B) LLDPE.
Temperature ramp rate = 2 °C /min up to 350 °C, followed b¥yraut isotherm. (C) Brgnsted acid site
density measured by IRAPRX.
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Figure4.3. TGA decomposition curves comparing HDPE and mLLDPE over (A) Z5¥0), (B) ZSM
5 (140), and (C) ASA. This is the same data showkigare4.2, but organized by catalyst for clarity.

The HDPE curves suggest that cracking may be related to the total surface area available
for the polymer to adsorb and react. Textural properties of the catalysts used can beTabiel in
4.2. The effectiveness of the catalyst was correlated to the amount intdadube system and
highercatalyst loadings (higher total surface aredmjwed better performandé we analyze the
rates of weight loss (sdeigure 4.4) after the temperature reaches the set point and before the
inflection point of the TG curve, we notice that the rates of reaction are about 4.1 times faster over
MFI (140)vs.MFI (40) 7 this value roughly corresponds to the ratio of catalyst mass added to the
system (0.19/0.05 = 3.8), since their specific surface areas are similar. Alseq(280) contains
fewer aluminum atoms on the external layer, decreasing the ovegityof the external surface
for this catalyst when compared to ZSWHO0). Therefore, a strongly ngoolar molecule such as

polyethylene should have better interactions with a less polarized surface, where ensuing
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wettability and catalyst/polymer interaction is more favorable with Si/Al = 140 than with Si/Al =

40 which in turn will yield higher rates.
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Figure4.4. (A) Rates of weight los@erivative of the TGA curve) for HDPE over ZSBA(40) and ZSM
5 (140). (B) Ratio of the rates over ZS(140) and ZShb (40). Average = 4.09

Amorphous silica alumina (ASA), added in a similar amount as-B8M), presents faster
rates that are not simply proportional to the catalyst mass and consequent available surface area.
This enhanced activity may be explained either by its mesoporous watsurface polarity, or a
combination of the two. The mesoporous structure of the ASA samples eases diffusion of the
polymer into the catalyst particles and allows HDPE to access more acid sites per unit time. It is
also important to note that zoning MFI catalysts is common, often resulting in higher Al
concentrations near the surface than in the bulk of the cf98ta®6] This could imply that the
exposed Al content on the MFI 40 catalyst near the surface could be a bit higher than the Si/Al
ratio alone would suggest. Therefore, at a similar Si/Al ratio between MFI 40 and ASA, one might
speculate that the surface Al cortteand ensuing polarity on the surface may be higher for the

former. This could result in decreased wettability with the hydrophobic HDPE polymer chains.

Table4.2. Textural properties of acid catalysts
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Sample BET surface External Total pore Micropore volume*

area (nd/g) surface area* volume (cni/g) (cm?g)

ZSM-5(40) 398.6 113.8 0.231 0.128

ZSM-5(140) 372.7 111.2 0.224 0.114
ASA 509.4 556.9 0.666 0

ZSM-5(40)@Silicalitel 384.1 106.8 0.205 0.119

*Obtained by {plot method

LLDPE decomposition curveshown in Figure 4.2, although consistently presenting
conversions above 80%, seem to be related to the nature of the catalysts used. Faster rates (steeper
inclinations) are achieved with higher acid densities (Z5M0 and ASA). Although ASA
possesses acid site densities parable to those of ZS¥ (40), its mesoporous nature and
arguably weaker BAS (due to its amorphous nature and consequently la@&d Sngles[97]
when compared to zeolites) modify polyreatalyst interactions in such a way that the reaction
onset takes longer to appear in the TG plot. It is possible, however, that cracking reactions are still
happening at a similar rate but generating fohgin nolecules that do not leave the polymer melt
and thus cannot be detected by this technique, which would result in an apparent flat line in the

TGA curve.

One possible explanation for sudHtferences in decomposition curves according to the
acid density of theeolitemight be in fact, the density of external acid sites. As will be unveiled
in Sectiod.3.2 LLDPE decomposes mostly on external acid sites only, i.e., it is strongly internal
mass diffusion limitedAluminum zoning which consists ohAluminum being concentrated in the
rim of the zeolite particlevhen compared tthe bulk, is known to happen in TPfemplated
crystals[98, 99]Al zoning inthe more acidiZSM-5 40 should result imn external surface with
very low Si/Al ratio,and the presence of more external acid sites may help explain the faster

decomposition rates.
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4.3.2. Effect of branching omternal diffusion

I n order to assess the polymerds ashell ity
ZSM-5 was prepared. The full procedure can be founfieation4.2.3 in which an inert, thin
silicalite shell was grown on NFZSM-5 seeds. The purpose of these samples is to help reveal
whether the polymer decomposition reactions happen preferentially on the external surface of the
catalyst, or the polymer has the ability to diffuse into the microporous channels of the eatlyst

access the majority of the acid sites.

IPA-TPRx reveals that the BAS density of the ZSi@Silicalitel sample is 0.39
mmol/ga, Which is the same acidity as the parent ze@ie=Figure 4.6). This, along with the
practically unchanged BET surface area (Balgle4.2), suggests that there was no pore plugging
due to deposition of silica. Also, the unchanged BAS density indicates that the silicalite layer is
actually quite thin, as the formation of this layer did not add enough mass to decrease the BAS
density of the ample. SEM images for ZS¥ and ZSM5@Silicalitel also support this claim

since the average particle size (~1 micron) is unchanged, as shbwnre4.5.

Figure4.5. SEM images for (A) ZSM5(40), and (B) ZSMb(40)@Silicalitel
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Two probe reactions were used as proof of concept for the use of thib@Sicalite
1: triisopropylbenzene (TIPB) cracking, which should occur only on the external sites of the
catalyst due to shape selectivity constraints; and acetic acid ketonigdtioh,should happen on
any acid site of the zeolite since the reactants and products are significantly less bulky thus easily
diffusing in and out of the catalyst particle. We note that these two probe reactions have been
successfully employed previoustp assess the content of internal vs. external acid sites in
microporous material®3, 100] The turnover frequencies (TOF) for each of these reactions can
be found inFigure4.6. It is noticeable that the TOFs for TIPB cracking over ZS@Silicalite 1
are much lower than the ones over ZSMorresponding to only ~5% of the activity of the parent
zeolite. This denotes that the external sites were successfully covered by tisdigadite, and
any activity on the external surface sites should be minimal. On the other hand, the TOFs for acetic
acid ketonization are quite similar between the two catalysts: the activity oveb@BBicalite
1 was, on average, 90% of that over plagent zeolite. This small difference in activity may be

due to massransfer limitations caused by pore narrowing due to silica deposition.
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Figure4.6. Turnover frequencies (TOF, 1/s) vs. time on stream (TOS, min) in a flow reactor for (A) TIPB
cracking at 400C, and (B) acetic acid ketonization at 320 (C) Visual representation of ZSBland

ZSM-5@Silicalitel (thickness of inert external shell is exaggerated for better visualization), and the BAS
densities as measured by HRRX.

When used to catalyze the polymer decomposition reaction -Z&@8ilicalitel shows
two different behaviors for the different PE samples. As can be séayuie4.7, HDPE displays
nearly identical decomposition curves over regular ZsMnd the corshell catalyst. This
indicates that the external layer is not the only surface where the cracking reactions take place: if
the polymer molecules can reach any acid sitdhe zeolite (internal or external), then the total
rate should be dependent mostly on the internal sites, as they are more numerous than external
ones. Hence, it can be concluded that this HDPE sample can successfully diffuse into the zeolite

pores priotto cracking into smaller molecules.

The LLDPE sample, though, displays strikingly different rates over -B&&ilicalite 1
vs. ZSM5. Whereas the parent zeolite is able to reach 91% conversion to gases after 1 hour of

reaction, the silicalite shell catalyst is only able to reach 16% conmebsiadhe end of the
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experiment. These curves denote that most of LLDPE decomposition reactions occur on the
external sites of the zeolite, since the reaction is much suppressed when the external layer consists

of inert silica.

One interesting finding that can be inferred from these experiments as well is the fact that
the HDPE and LLDPE TGA profiles appear to be so similar over the silidatitated catalysts.
Because we know thad) the intrinsic kinetic constant for LLDPE conversion over acid sites is
significantly higher than HDPE conversion over acid sitexl b) the rate observed in these
materials is proportional to both the rate constant and diffusivity of the polymer within the pores;
one might infer that the rate dfffusion of HDPE through the hydrophobic silicalite shell, and
possibly through the MFI framework, is faster than the LLDPE diffusion in hydrophobic MFI

materials.
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Figure4.7. TGA curves for polymer decomposition over 5% ZSN¥0) and ZSMb(40)@ Silicalitel
for (A) HDPE, and (B) LLDPE. Temperature ramp rate = 2 °C /min up to 350 °C, followed-hpuar 1
isotherm.
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It is important to note that the diffusivity of polymer chains through the polymer melt itself
may also play an important role in these experimenite polymer molecules need to be able to
reach the catalyst surface. The s#ffusion coefficient tend$o be slightly lower for LLDPE
when compared to HDPE; also, diffusivity decreases as molecular weight in¢i€dgéoth of
these correlations lead to the conclusion that thedd@lisivity of LLDPE is lower than that for
HDPE. Nonetheless, LLDPE displays much higher reactivity when the zeolite external layer is

catalytically activa denoting the high importance w@&tiary carbons for perceived rates.

The product distribution over ZS#9 (140) at 350C can be found ifrigure4.8. Products
were comprised of olefins and paraffins in the range o€£ No methane or aromatics were
detected. Comparing the carbon number distributionis itoticeable that the products from
LLDPE are heavier than those coming from HDPE. This result is in agreement with the finding
that HDPE is decomposed mostly in the internal BAS of MFI, whereas LLDPE decomposes
primarily on the external surface. Whenlkyuproducts are formed inside micropores, as is the
case of the HDPE sample, there is a higher probability that they will further decompose into shorter
chains during their diffusion out of the porgs02] In contrast, when products are formed on
external sites, they can easily diffuse out and move into the gasipttasas likely the reason
why the gas product formed from the decomposition of LLDPE is richer in the heavier fractions

Cs, Csand G.
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Figure4.8. (A) Product distribution for polyethylene samples over 19% ZB5{ll40)at 350°C. (B)
Product distribution lumped by carbon number. Temperature ranfiCaiin up to 35CC, final
temperature held for 30 minutes. Gas products were sampled at the moment when the temperature
reached 350C. Conversion to gases = 8% at these conditions, according to TGA data.

It can also be noticed that LLDPE produces more kdfdanes (&-Cs) when compared to
HDPE, which yields more light olefins. Total olefio-paraffin(O/P)ratio was 2.1 for HDPE, and
1.5 for LLDPE.In these reactions, olefins are formed iacission It might be expected thét
scissiorwould be faster for the branched LLDPE than for the linear HOBE& to the presence of
tertiary carbonswhich would form more stable tertiary carbenium ions when compared to
secondary carbenium ions in the HDPE. Neverthelessjmportant to notice that isomerization
reactions should readily occur for both samples, generating tertiary carbeniurm ibogh
reactions. The difference in structure of these polymers, if anything, wontdbute to a higher
O/P ratioin the LLDPEsample However, what we observe is precisely the oppoSitBppre >
O/R.Lore. Hencewhat controls the O/P ratidifference must ba higher paraffin productiom

the LLDPEreaction.

There are two main pathways in acid catalysis to generate paraffins: protolytic cracking
and hydride transfdf.03] Nonetheless, protolytic cracking is only kinetically relevant at high

temperatures and very low concentrations of alf8hgThe reactions depicted igure4.8 were
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performed at considerably low temperature (350 °C), and the concentration of olefins is significant
at 8% conversion. Given that the formation of paraffins is then controlled by hydride transfer, one
may conclude that hydride transfer occurs more sigmifigan LLDPE than in HPDE. This may

be explained by the fact that branched hydrocarbons are better hydrogen donors than linear ones,
since the resulting tertiary carbenium ion is more stable than a secondaiyén&05] hence,
activation energies are lower for hydride transfer to occur when branched paraffins are present, as

is the case of the LLDPE chains.

Based on the findinggrigure 4.9 summarizes the effect of shatain branching in
polyethylene reactions over ZSMzeolites Although the presence of tertiary carbons increase
the perceivedrate of decomposition, the presence siiortchain branches strongly hinders
diffusion of the polymer molecules into the 5wvide micropores of the catalysdt.must be noted
that methyl shift isomerizatiooccuss rapidlyfor both HDPE and LLDPE comparing the product
distributiors, the iC/nC4 ratio is1.3 for both samplesiowever, methyl branasdo not strongly

hinder diffusion like théongerbranches present in LLDPE do.
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Figure4.9. Effect of short chain branching on the diffusion of polymer molecules into zeolite micropores.

4.3.3. Effect of degree of unsaturation

To systematically study the role of the unsaturation inherently present in polyethylene
samples, the HDPE sample was hydrogenated in order to generate a sample that had exactly the
same properties as the original one (same molecular weight distributicleged of branching)
but contains a lower quantity of double bonds. MW characterization comparing the original and
hydrogenated sample can be foundFigure4.10 (A), andFigure4.10 (B) shows that there is no
change in the melting point of the polymer after hydrogenétiooth indicating that the nature of
the polymer seems to be unchanged except for the degree of unsaturation. The HDPE sample was

chosen for this study because it wasdhe that presented the highest degree of unsaturation (see

Table4.1).

79

Reaction prevalent on
the external surface

1 rate

Reaction prevalent on
internal acid sites

| rate



—— HDPE ]
[~ Hydrogenated HDPE (5 hours) A HE B

0.80

0.60

Sensitivity

Tinetung = 130°C

dW/d(Log M)

0.40

0 50 100 150
Time(min)
-+ DSC Original HDPE

2.00 3.00 4.00 5.00 6.00 7.00 8.00
Log M DSC Hydrogenated (5 h) HDPE

Figure4.10. (A) GPCdata comparingiPDE and5-hourhydrogenated HDPEB) Differential scanning
calorimetry (DSC) data (a.u.) acquired during TGA runs for HDPE and Hydrogenated HDPE. Melting
point remains unchanged after hydrogenation reaction, showing that no significant hydrogenolysis
happened, as lowering MW is expected sodbwer the melting point.

Table 4.3 shows the NMR quantification of unsaturation in the original sample and the
hydrogenated samples. Performing the hydrogenation reaction for 1 hour reduced the total amount
of unsaturation in the sample by 78%. After 1 hour, the hydrogenation reactioa gebave
achieved equilibrium, since performing the reaction for 5 hours yields the same total number of
double bonds per f@arbons. However, as the reaction is allowed to happen for a longer time,
double bond isomerization decreases terminal vinyl groups and increases internal vinylene groups.

This isomerization tendency has been previously reported in the literature whregednating

polyethylene samples via homogeneous catal§6i8]

Table4.3. NMR unsaturation quantification comparing the original HDPE and hydrogenated HDPE

samples.
Unsaturation /1f C

Vinylene Trisub Vinyl Vinylidene

Sample TCH=C T C=CHTCH=CI 1C=CH Total
internal internal terminal terminal

HDPE 728 4 175 0 907
Hydrogenated HDPE (1 hour) 102 0 98 0 200
Hydrogenated HDPE (5 hours) 137 0 68 0 205
Percent reduction after-thour reaction 86% 100% 44% - 78%
Percent reduction after-Bourreaction 81% 100% 61% - 77%
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Among the hydrogenated HDPEs, thehd&ur sample presented a vinyl/vinylene
unsaturation ratio that was the closest to the original HDPE santpie ratio was 0.24 for the
original HDPE, 0.96 for the-hour hydrogenated HDPE, and 0.50 for thledbir hydr@genated
HDPE. Therefore, TGA decomposition runs over 5% Z%Mere performed for the hydrogenated
HDPE (5 hours), and the resulting curves can be se€igune 4.11. The decomposition curves
for the hydrogenated sample overlap with those of the original HDPE sample. This denotes that
the presence of double bonds at the concentrations present in commercial polyéthplenel
double bond for every 1,100 carbongha chairi is not the controlling factor in the aetétalyzed
pyrolysis. If this cracking reaction were governed by the protonation of unsaturated carbons, then

the perceived rates for the hydrogenated samples should be proportionally lower.
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Figure 4.11. TGA decomposition curves for HDPE and Hydrogenated HDPE (5 hours) ovB¥%(A)
ZSM-5(40),and (B)19% ZSM5(140) Temperature ramp rate =€ /min up to 35C0°C, followed by a
30-min. isotherm.
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These results may suggest that the cracking of HDPE molecules is not limited by
protonation of the polymer chain, or that the rates measured are in fact diffusiori rates
hydrogenating double bonds should not detrimentally influence the overall diffusfvibese
molecules. Comparing this data to the results fiigure 4.6 (A), it is likely that the rates
measured ifrigure 4.11 are in fact diffusiorcontrolled. Hence, removing double bonds does not

affect the rate of weight loss.

4.4. Conclusions

We have compared HDPE and LLDPE samples for reactivity over-Zaktd amorphous
silica alumina. LLDPE displayed much higher reactivity than HDPE, even though most cracking
reactions for the linear low density sample occurred only on the external sheszebtite. HDPE
decomposes mostly in the internal sites, but with much lower reactivity. The region where the
cracking reactions take place (internal. external sites), in turn, is reflected in the product
distribution arising from each of the polyetbge samples. LLDPE yields heavier and more
paraffinic products, whereas HDPE generates lighter and more olefinic products. Further,
comparison of rates over catalysts with varying surface properties suggests that the surface polarity
influences polymecatalyst interactions, with consequences on reaction rates, and that internal

diffusion of HDPE is faster than LLDPE within the confined pores of MFI samples.

Hydrogenation experiments were carried out to determine whether the presence of double
bonds governs the rate of catalytic cracking of HDPE. We found that lowering the unsaturation

levels in the polyethylene sample had no discernible effect on the i@dgeahposition.
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These findings provide important insight into the factors that govern polyolefin reactivity
over acid catalysts, which will support thevelopment of more efficient and sustainable methods

for chemically recycling oupcycling polymer waste.
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Chapter 5: Strategies tamprovepolymerdecomposition reactions

It has been shown in previous chaptasswell asn extensivditerature orplasticrecycling
reactions, thapolymer conversion over traditional catalysts presents many challenges. Most of
them are related to the long chainkerent to these macromolecules, whigitome appareris
very high melt viscosites and strongexternal and internal diffusion limitations when
heterogeneous catalysts are employedhis chapter, two strategies to improve reactivity and/or
selectivity are presented and discuas$gthe use of carbon nanotubes to interface between catalyst

particles and polymer melts, and ii) reactive distillation to narrow product distributions

5.1. Nanotubes on ECAT
5.1.1. Introduction

It has recently been shown thaigh molecular weight polymenequire much higher
tempeatures to undergo cracking over acid catalyfsa® low molecular weight ongs07] This
was attributed tothe high viscosity of high MW polymer melts, whidgmplies severe transport
limitations and has been shown to impoverish polyoagalyst contactn situ optical microscopy

observations of thigend are shown iRigure5.1.
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160°C

Scale bars: 100 pm

Figureb.1. Visual indication that low molecular weigpolypropylene 1w = 23,000Da) displays higher
spreading wetting than high molecular weight polygtene (M, = 307,000 Da)Source: Refl107].

We propose thahesedifferent interactionslepending on molecular weight are related
only to their zereshear viscosities, but also the surface energies thie polymer me& Wetting
depends on thrasterfacial tensionssolid-air, 9sa; solid-liquid, 9s.; and liquidair, o.a (seeFigure
5.2). When reaching equilibrium, the contact areas between phases are modified in a way to

minimize the totafree energyf the system.

Vi liquid e
< > 4
YSA 'YSL SOlld
Figure5.2. Force balance in wettingsa=2s.+ wc0o0s @Where d is the cont a

When comparinglifferentMW polymers decomposition over a catalyst bedpgagwhich

is only depeneht on the catalyst and the gasmains unchanged. h e, an the other hand, is
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known to increase with increased molecular weighiaymers[108-110] Given ths trerd, it is
assumed that the surface energy of higher MW polymers is@gjser when compared to lower
MW, which in turnmay also changé h eL. This resuls in higher contactangles, which
consequentlyneans thahigh MW polymers will have more difficulty to spread on the catalyst

bed and weparticles.

The studyreferenced irFigure 5.1 was carried out using equilibrium catalysts (ECAT)
from the fluidized catalytic cracking (FCC) proceB€C catalysts are comprised zdolites,
amorphous silica alumina and clayhe ECAT consists of a mixture dfifferently aged catalyst
particlesthat circulatein the FCC systenilhese catalyststill hold someacidity buthave been
considerably deactivated apcesent high levels of deposited methlg tothecontinuouscontact

with the feedstock.

Here, we proposenainnovative approach in catalyst design to improve polycagalyst
contactfor depolymerization reactiondhe ECAT external surface is composed mainly of
aluminosilicates, whiclare not lipophilicSince thee catalystsherently present metal particles
on them these metatenterscan be used as catalysts for carbon nanotube growth. The goal is to
cover the ECAT external surface witdarbon nanotube@CNT), which should present more
favorable intermolecular interactions witlolyolefing that arecomprised solely of carbon and
hydrogen.The nanotubes could then be an attractive surface for polymers to @dlesrécould

serveas&hi ghwayo for the polymers to diffuse int
5.1.2. Experimental
The ECAT sample 1 as rwasccaldinedd 600 °C fod hours, under 40 ml/miair

flow. The ramp rate used to achieve the calcination temperature was 2 °Chlumation was
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carried out to burn off residual cokieat could jeopardize both acid and metal activitidss
calcined sample will be referred to BEAT henceforth A visual comparison before and after

calcination can be found Figure5.4 A.

Nanotubes growth over ECAT samples was performedlimal D fritted quartz reactor
at atmospheric pressurkegram of ECAT material was addedthe quartz tubeandthe catalyst
was prereducedat 850 °Cfor 30 minutesunder200 ml/min R flow, using aramp rate of 10
°C/min.The reactor was then cooled down to the reaction temperatbiré 4 under 200 ml/min
N2 flow. After the temperature stabilized @75 °C, the N flow ceasedandthe reaction was
initiated by starting200 ml/min flow of ethylene into the system. The nanotube growth reaction
was caried out for 30 minutesand the reactor wasubsequentlyooled down under Nflow.
After growth,the sample was calcineshder 100 ml/mirair flow at 450 °C for 12 hourt® clean
the surface fronany amorphous carbon depositat might have bedormedduring the nanotube
growth (seeFigure5.3 for TGA indication that nanotubes should be preserved at 4h0rH3

samples hencefortireferred to aCENT-ECAT.
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Figure5.3. TGA analysis of CNTJECAT under air flow, 40 °C to 800 °C at 10 °C/min, 1 hour isothermal
at the final temperatur@he curve illustrates that only amorphous carbon should be burned at 450 °C,
whereas the carbon nanotubes are only decomposed at higher temperatures.
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TGA experiments, as well as IPRFPRx and SEM images were taken as described in
Section2.2 Here in addition gallium focused ion beam (FIByilling was used t@ut a cross

section ofa CNT ECAT particle.
5.1.3. Results and Discussion

Although somedegree obarticle size distribution is preseBCAT presentarticlesof
about 50um diameterBrgnstedacid site densitypby IPA-TPRx was0.021 mmol/ga. Pictures
before and after calcination, as well as {PRRxand particle sizeharacterizatiorran be found

in Figure5.4.
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Figure5.4. (A) ECAT as received and after calcination. (B) {#PRRxresult for calcined ECAT. (C)
SEM images showingpproximateparticle size and surfaecaorphology.

Elemental composition of the sample was acquired by -&BE8, andlable5.1 shows all

identified elementsThe main componentef an FCC catalyst are aluminosilicates, hence the
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elements in highestt% are oxygenaluminum,and silicon Lanthanum is a common additive
used in FCC catalystsvhich improves the structural stability »éolites anchelpskeep more
aluminum in the frameworj60, 111] Iron, magnesium,titanium, calcium and sodiumare
contaminants present ind sample, which together account4dd wt% Nickel has not been found

in enough concentration to be detected by this technique.

Table5.1. Calcined ECAT elemental composition according to SENS.
El emr wt

@] 42 .
Al 2 7.
Si 24.
Fe 1.6
L a 1. 4
Mg 1. 2
Ti 0. 8
Ca 0. 6
N a 0. 4
N i 0.0

Due t o telectram distributidn st would not be feasible to grow nanotubes over this
surfaceTi t a n coordir@atson numbes very low(group4 in the periodic tableyesulting in a
higher dband center energy amdnsequently higher bonding eneg112]. This results in too
strong adsorption energies with adsorbaii@ss not allowingfor proper desorption andalting
reaction rates. Hence, the only possible metal for nanotube growth in this ECAT sample is the iron

surface.

After nanotube growth and calcination, it was attempted to separate catalysts according to
their carbon nanotubecontent. Based on theseparationproceduredescribed by Briggs and
Crossley113], the CNTECAT was placed into a biphasic mixture of 150 ml dodecane and 150
ml water.ldeally, the particles containing fewer nanotubes should sink to the bottom of the beaker,
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whereasnanotuberich particles should sit at the @ilater interface. Nonetheless, the particles
retrieved from theil-water interface displayed no nanotubes upon inspection in theiSed

Figure5.5.

Calcined ECAT

Reduction Nanotube Calcination
850 C th
¢ Brow 12 hours

|
|
|
|
|
I
|
|
|
|
|

Figure5.5. ECAT sample procedure for nanotube growth, calcindtbbowed by separation at an il
water interface. Bottom: SEM images famarticles recovered from the @ilater interfaceno carbon
nanotubes weriglentified

The lack of CNT in these samples might be due to the nanotubes detaching from the surface
and becoming dispersed in the oil phase. This could happlea ifanotubes had undergone tip
growth as opposed to base growth. When base growth takes place, as is the case with nickel on
alumina, the nanotubes become anchored to the catalyst surface due to strong metal support
interactionsHowever the iron present in these catalysts may present weaker interactions with the

ECAT surface, hengaroviding tip growth and a weaker attachment to the surface.

Since the separation by nanotube content had been unsuccessftEG2Nwithout any

separation was further investigated for polymer decomposition readfignse 5.6 shows SEM
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images of the surface of CNHCAT, which contains a visual confirmation of the presence of

carbon nanotubes. EDS elemental analyses also cexffitme carbon nature of these surface

features.

Figure5.6. SEM images for CNFECAT sampleThe imageon the right was taken with the stub tilted at
an angle to improveexture visualization.

FIB milling was used to cut a 10x3@m crosssection in theCNT-ECAT particle to
confirmthe presence &NTsin the pores of thparticle(Figure5.7). Nanotubes were identified
within the pore networkandEDS maps confirming the presence of carbon can be foufigune
5.8. This figure also shows thatanotubes were found up to a depth of 1182 possibly
extending even deeper in the partidlbis representa penetration ot leasét7%into the particle

radius, which confirms that CNTs canssibly be used dacilitatorsfor non-polar polymers to

diffuse into pores of calgsts.

Figure5.7. Crosssectionalviewsof CNT-ECAT, showing the presence of nanotubes inpihres of the
catalyst FIB milling was used tdinely cut a 10x10 um section of the sample.
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SEM image

Figure5.8. Top: SEM imagegarbon,and aluminum mapping on CNECAT. Bottom: measured
distance fronthe externasurface tadhedeepest nanotube observed.

ECAT and CNFECAT samples were used to convepdyethylene sample (= 35,000
Da) acquired from Sigma AldrichThe reaction was carried oat 350°C (2 °C/min)in a TGA
system Figure 5.9 compares thermal decomposition (black curve), and conversion over 10%
ECAT (gray)and 10% CNTECAT (blue) It is important tohighlight that IPATPRxshows that
the BAS density remains unchanged after nanotube growth, hence these reactions were run at

roughly the same number of acid sites in the system.
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Figure5.9. PolyethylendM,, = 35,000)decomposition in the TGA under inert flo4Q °C to 350 °C at 2
°C/min, 1 hour isothermal at the fin@imperature.

In the absence of catalysthere is 3% conversion of PE into vapafter 1 hour at 350
°C, which impliesthere is alegree of fregadicalchemistry taking place, although it should not
dominate in the presence of catalysts. In the presence of ECAT orECNKT, the final
conversionis 23% and 20%, respectivelyhe decomposition curves anegyhly alike over both

catalystswith the CNTs presence not significantly improving rates of decomposition.

Since wetting effects should be more importahen converting high MW polymers, and
at higher temperatures (in whichffusion constraints are more pronoungeooth ECAT and
CNT-ECAT catalysts wereised to decompose another polyethylene samie M. = 160,000.
Theresults can be seenhingure5.10. CNT-ECAT presents a marginally better performance than
ECAT, with temperatures of 50% decompositiorda?.5 °C and 434 °C, respectively, which
corresponds to a difference f3 min only.Although these runs show an improvemanthe
presence of CNTs, the differences are rather small and further experiments are necessary to

confirm such trend.
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Figure5.10. Polyethylene (Mw =160,000) decomposition in the TGA under inert flow, 40 °G@0 °C
at5 °C/min, 1 hour isothermal at the final temperature

Possibly,the reason why CNECAT does not presentconsiderale improvanents in
catalytic performances might be due to the detachmerdraitube$rom the catalyst and into the
polymer melt. Similarly to what was observed withdecane irFigure 5.5, the nanotubes will
present a highyophilicity with the polymer melt organic phadaring reactionlikely becoming

dispersed in iand acting aaninert species in the system

The CNTs growth approach in ECATs may still be valuable and yield promising results
different ECAT samples. If, for example, nanotubes were grown onto an ECAT sample that had
been in contact with a nickebntaining feedstock, thehey would likely grow with the metal
particle still attached to the catalyst parti@dase growth)and thus they would not easily disperse
in other phasedn this case, it is likely that the nanotubes would considerably improttmgvef

polymer on the catalyst surfadeurther investigation is needed to validdies hypothesis.
5.2. Reactive distillation

Often, the goal of polyolefin decomposition reactions is to produce ethylene and propylene,

for these are the monomers used to manufacture polyethylene and polypropylene, respectively.
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One possible strategy to narrow down the product distribution of catalytic depolymerization into
light olefins is to use a reactive distillation systd4] Here, we explore different combinations

of acid catalysts in a reactive distillation system to achieve this goal.

The system consisted of a fritted 1 in. ID quartz reactor tube (in which the 1 g of
polyethylene and catalysts were inserted) and a distillation column above the reactor, filled with
glass beads for improved heat transport. The insulated outlet tube dedidecooled bubbler
filled with a solvent (usually decalin) that should retain heavier liquid products, whereas the gas
products flew to the vent. The liquid in the cold trap was analyzed vi&IG@M/AS after the end
of each experiment, and the gas wallected in gas bags every few minutes while the reaction
was taking place. These bags were then analyzed in an offlifd$This sembatch system is

depicted inFigure5.11.

J Vent

Gas sampling
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Figure5.11 Reactive distillation unit

Catalytic polyethylene depolymerization reactions over ZgMSA, and a combination

of beds (ASA mixed with polymer powder + ZS8/bed downstream) were performed under 200
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ml/min Nz flow. Figure5.12 displays the results for catalytic pyrolysis runs over 2.3% ASA, and

5% ASA (mixed with the plastic) + 5% ZSBl(downstream, separated by a layer of quartz wool).
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Figure5.12. Alkane and alkene gas production in the reactive distillation system, per gas bag collected,
for runs with (A) 2.3% ASA and (C) 5% ASA + 5% ZSBidownstream. Gas evolution distinguished by
species for (B) 2.3% ASA and (D) 5% ASA + 5% ZSMiownstream. $aple gas bags were collected
every 5 minutes.

The system, as expected, favors the production of light gasesCgC However,

polyethylene converted over 2.3% amorphous silica alunkilgauie5.12 A and B) also yielded

18% of liquid products, comprising a very complex mixture that spanned from light products such

as Gup to Go'.

To further convert these heavy products, the temperature of the distillation column was
lowered from 125 °C to room temperatiirthis change aimed to ease the condensation of heavier
products in the distillation column, so that they would flow back inéoreactor and be undergo
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more cracking reactions. Also, to increase the extent of cracking reactions, a second bed of ZSM
5 was added downstream to the polyethylene + ASA mixtureHigeree5.12 C and D). After

such changes were implemented, the liquid production decreased to less than 1% of the initial mass
of polymer in the system, and products consisted mainlys:ofaB@d G~. These experiments
highlight the potential of reactive distillation systems to produce light olefins with high yields

starting from wellsorted polyolefins.

5.3. Conclusions

In this chapter, three strategies to improve polymer recycling reactions were presented and
discussed. Carbon nanotube growth over ECAT is a promising approach to improve polymer
catalyst contact, although further studies with CNT base growth are stilkkah¢e validate its
potential. Reactive distillation strategies were shown to produce high yieldsaofl@ olefins,

which can then be used in the chemical manufacturing industry.
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