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SUMMARY

Most waste generation from commodity plastics worldwide comprise-ginawth
polymers with homogeneous hydrocarbon backbones such as poly(styrene) (PS), which are
poorly suited to established mechanical recycling processes due to issues of material
propeties degradatiorBy allowing for direct recovery of monomers via depolymerization,
chemical recycling of these polymers in the solid state with the use of ball mill
mechanochemistry is a promising approach to address the problem. However, the
intentionaluse of a ball mill reactor to perform depolymerization chemistry is still a novel
sector of research, and deep understanding is lacking in both the Kkinetics of
depolymerization from solid state polymer reactants, and the precise influence of various
operaing parameters of the ball mill reactor on observed kinetics. This thesis in four parts
advances understanding of the mechanochemical reactor environment along both the
polymer chemistry front and the reactor front, thereby demonstrating the technological
potential of mechanochemistry for the chemical recycling of PS as well as other polyolefins.
In the first part of this thesishreecharacteristic length scales afvibratory ball mill
reactor are identified as a generalizable approach to classify and deddnigtc
phenomena iPS depolymerization with and without the addition of chemical catalysts
such as iron powdefThe length scalemclude themacroscopiaeactor and molecular
scales of conventional fluighase chemical reactors along with an rmtediate or
microscopigarticle scale arising from the dispersed state of the reattadgecondoart
of the thesis involves monitoring the réshe molecularscale kinetics of styrene

production from ball mill grinding of PS and elucidatiordepolymerizationomechanisms,
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especially contrasting the kinetics for grinding under inert versus oxidizing atmospheres.
In the third part, a significant increase in the rate of PS depolymerization is demonstrated
by eliminating the intermediate particle scale through a tempesiatweed physical
transition of the PS reactant into a viscous cohesive Jta¢efourth and final part of the
thesis pesents a general reactor theory suitable for describing surface mechanochemical
reactions conducted in a vibratory ball mill, which is constructed usipgrienentally
accessibl@ariables angparameterbased on the principle of the three characteristic length
scales identified in PS depolymerization. The theory allows conversion versus time
relationships to be derived from a set of mass balance equations for the ball mill reactor,
which can be fit to gxerimental data telucidateintrinsic solid-state iemicalkinetics
underlying a mechanochemical reactiom.summary, the work of this thesis combines
chemical kinetics and reactor engineering approaches to apply a novel mechanochemical
reactor system towards chemical recycling of a commodity polymer, while simultaneously
advancingfundamental understanding of sefithte depolymerization chemistry and the

use of ball mills for conducting chemical reactions.
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CHAPTER 1. INTRODUCTION

1.1 THE STATE OF PLASTIC WASTE

Plasticsareubiquitous commodity materials of our adjge to theunability of their
mechanical properties, which allow them lie shaped and moldeshto a myriad of
products across application sectors ranging fpmaokaging to textiles tbuilding and
householdappliancesin 2018, 360 Mtohof plasticswere manufacturedwvith growthin
production at around 9% annuaflyThe overwhelming majority oynthetic plastics
comprise six chemically distinct commodity polymers poly(ethylene) (PE),
poly(propylene) (PR)poly(styrene) (PS)poly(ethylene terephthalatéET), poly(vinyl
chloride)and polyjurethan!

Concurrento the rise of plastics as commodity materiplastic wastdnas become
aubiquitous pollutant to our environmeRvery year, pproximately260 Mtor? of plastic
wastei over 70% of annual productiofi are generated, of whiatver 706 are made up
of PE, PP and PS (collectively known as polyethylenics or polyolefinsThe
overrepresentation of these polymers in plastic waste is dine@rtavidespread use in short
lifespan applications such as singlee packagingDue to the chemical inertness of their
hydrocarbonbackbonesbiodegradation opolyolefins by microorganismsn natureis
extremely challengingAs a resulttheir persistence in the environment ipernicious
detriment to ecosysterespeciallynarineecosystems, despite the surprisingly (e¥%6)
amount of plastisactuallyenteringthe oceanas pollutant material

The currentifecycle of commodityplasticsis shown in Figure 1. Two routesfor

processing waste plastiecemain dominant: landfilling (at ~40%) and incineration (at



~27%) Both methods areenvironmentally harmfuldue to formation ofmobile yet
persistentmicroplastics andrelease ofthe powerful greenhouse gasrbon dioxide
respectively* Mechanical recyclingwhich involves heating thalastic materiainto a melt
and then processing the mbit extrusiori handles ~12% of waste plastics, although this
methodrequires laborious sortingnd washingof the wasteand is ilksuited tohandle
compositeor layeredmaterials such akaminates. Even plastics that can be recycled
mechanically with success sufeereduction in molecular weight due toavoidable chain
cleavage reactionsluring processing This results in a degradation of mechanical
properties and thereby reducéise range of applicability anéconomic valueof
mechanically recyclegolymersin comparison to virgirpolymers? In addition, nost
commercial fasticmaterialsalsocontainchemicaladditivesin minute quantities dispersed
within the polymey andit is challenging to preserveaterial homogeneitgluring the

mechanicakxtrusion process at elevated temperattires
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Figure 1.1: Lifecycle diagram of plastics based on 2018'data.



Alternatively, diemical recyclings gaining attentiom research and development
astheideal solutionfor plastics waste processih@hemical recyclingotherwise known
as upcycling,entailsusing a chemical reactor twonvertwaste polymess back to the
monomers used to synthesize said polymeepolymerizationor to other small organic
molecule products of equal or higher economic valieChemical recycling by
depolymerization ihampioned in current resebydecausdt enables a lifecycle for
commodity plastics compatible with the vision of a circular economy espoused by world
leaders in science and technoldgy

Specifically br polyolefins, catalytic or thermal pyrolysis is the most widely
researchednethod for depolymerizatiotf 1 The pyrolysis route iadvantageous in that
it is an adaptation gbetroleum refiningechnology for a new purpastr which there
exist industriatscalereactor designs anmfrastructure Unfortunately, pyrolysis is an
energyintensive procesthat require moderate to high temperatumesintained by large
scale bulk heatingowing to the unavoidabl&act that polymers are solids at ambient
conditions, whereas these depolymerization methods redérefeedstock to bea
homogeneous fluit®'* For catalytic pyrolysis, mass transport limitations are often an

issue due to the high viscosity of polymeric flulds.

1.2 MECHANOCHEMISTRY AND POLYMERS

To circumvent thalisadvantage of needing to heat polymers into a fluid state for
depolymerizationa novelalternativeapproachis proposed to use mechanochemistry to
achievedepolymerization of plasticeechanochemistry refers to the usdioietic energy

transmitted via mechanical contact of solid surfaces to drhamical reactiont¥1’



analogous tahe control of reactions usinigeat in thermochemistryglectromagnetic
radiation (ight) in photochemistryand electricalpotentialin electrochemistry®°1t can
also be described #ise chemical transformation of substancasised by mechanical (i.e.
contact and frictionjorcesacting directly on chemical bond$.

Investigation on fundamental kinetics of mechanochemistyrally stars at the
molecular level with the consideration of external forces acting on covalent or ionic bonds.
Fundamentally, the physical structure of any given molecule or molecular system is
described by its potential energy surface. In the presence of an éytapmied force,
this potential energy surface can be altered in a way that causes the structure of the
molecule(s) to change towards a new configuratide. undergo a chemicataction?*

The intrinsic rate constant of an elementary reaction moving through its reaction coordinate
in the absence of any externally applied force is of the usual Arrhenius form according to
transition state theorythe simplest theoretical modification to the Arrhenius form of the
rate constant is, according to what is known as Bell Theory, a lowering of the activation
energy barrier proportional tmexternal forc€Q??

— o O
Q QAPD ——— 11
20— @1

whereO is the intrinsic activation energy, is the gas constarityis the temperature, and

¥ is a parameter with units &N related to the displacement of the reaction coordinate

from its intrinsic state due to the presence of the external fexperimental alidation of

Bell theory have occurred by way of atomic force microsedogsed single molecular

stretching experiments, which have been reviewed by Ribias and Marx®
Thephraseipolymer mechanochemistrgenerallyrefers to the intentional design

of mechanophores, molecular units containing labile chemical bonds which can be
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polymerized to form materials that respond in a controlled way to external mechanical
stres$€¥27 an example of this being functional polymers that change color upon being
stretched® This is a subdiscipline of polymer synthesis that should not be confused with
our topic of study, though polymers and mechanochemistry are both involved in either case.
Rather, our use of mechanochemistry to intentionally degrade polymers for the purpose of
chemical recycling falls under t*°he heading
The earliesstudyon chemical consequences mkchanical actioon a synthetic
polymer (PS) was published by Staudinger and Heuer in 1934, who reported molecular
weight (MW) degradation of their sampfsStarting in the 1960s, researchers in the
Soviet Uniorreported extensively amechanchemical degradations pblyolefins, using
chain growthpolymers such aBS, PE andpoly(methyl methacrylate) (PMMAamong
others®¥3* Samples were subject to a variety of mechanical action, including drilling,
slicing, rolling, andcrushing Some of these experiments were conducted at cryogenic
conditions to facilitate in situ characterization using electron spin resonance (&80
radical detection technigwehich established homolytic chain scission as the mechanism
responsible foMW degradatior?>*®This led to the Zhurkov model of polymer fractifte
3%9in which the rate constant of chain scission in macroscopic samples subject to uniaxial
tensile stress was described by an expression in the form of eqn. 1.ipaeithscopic
stress replacing the microscopic force variaBie the exponentialA variety of other
chemical phenomenwere also reported including the liberation of volatile products
detected using mass spectromdtom polyolefin samples ruptured lignsile stres$)4!
andluminescence accompanying mechanical deformatiohrupture?? Important aspects

of this body ofwork weresummarized by Sohnfd.



1.3. BALL MILLS AND THEIR CHARACTERISTIC PARAMETERS

The type of chemical reactor most suitedaaduct mechanochemical reactiams
a lab scale is the ball milf. Reactive extrusidii and resonance acoustic mixiff)’ are
other methods of carrying out mechanochemical reactions, but these are beyond the scope
of thisdissertation

In a ball mill, the reactor is f@r or vesseloaded with grindingspheregmore
generallycalled chargewhich can berbitrarily shaped pebbleanhd the reactantsnpre
generally called substratésusually solid powders) to be chemically transfornieither
the vesselor its contentsare agitated in a rapid periodic motion driven by external
machinery, which causes the loagg#Eheresand powders inside to be thrown into chaotic
motion*® Powder that become trapped between grinding surfaces duringyéimgity
collisionsand other sustained mechanical conteativeen theesselall andsphers are
subject to the requisite mechanical forces for chemical reaction to take*plade
understand mechanochemical kinetics in a ball mill, it is therefore necessary to understand
the operation of the mill and the relevant varialalesessible to control

Numerouauniqguedesignsexist of ball mills depending on the configuration of the
vessehnd the machinery that drives its periodic mothotable types of mills are depicted
in Figure1.2.'® The most prevalent mill types are the attritor, the planetary mill, and the
shaker millP**?The attritor functions very much like a stirred vat or the tumblectdtaes
dryer, where grinding occurs via friction or shearing flow in a densely packed bed of charge
and interstitiaffilling substrate driven by baffles and/or the axial impeller st¥it The
planetary mill consists of rotating vessels (cylindrical cups) secured on top of a rotating

plate, with grinding driven by centrifugal forces and gra¥it$? The shaker mill is an



oscillating vessel travelling back and forth on a straight or arced path, which throws the
charge and substrate inside into free flight and lead to grinding by compressive

collisions®*%°The shaker mill shall be thedus ofthis dissertation

S —— I~ A. drum mill
B. planetary mill

- C. vibratory/shaker mill
I' I \ D. attritor
E. pin mill
i; F. roller mill
)
D E F

Figure 1.2:Designsof the most common types of ball mitfs.

Regardless of desigall ball mills have a similar set of independent variables at

the system level, which can be grouped conveniently into four categories based on the four
fundamental components that make up the system: mill, vessel, charge and substrate
variables’! These variables are enumerated in Tdlle Mill variables refer to those that

can be associated with the driving machinery that agitates the vessel, these are obviously
the milling time, the frequency of periodic motion, and the specific path of the periodic
motion with respect to a stationanmame of reference. For the vessel, charge and substrate,
relevant variables are their material properties such as density, their dimensions/sizes, and
in the case of the latter two, the amount of material inside the vessel. Charges are not

expected to undago physical changes during milling, but substrates do, so only their initial



properties are independent. We can refer to the first three columns ofi laédeperating
variables, since they remain constant throughout the milling process. Evidently, a large
number of independent variables are present, a feature that makes any attempt at
comparison and extrapolation between different mill designs involved and challéhging.
For process optimizatiorhe approach in the vast majority of studies is to choose a specific
substrate or set of substratekich is processed in a specific miéind then characterize
changes from their initial properties as a function obiieratingvariables in the first three

columns of Tabld..1.

Table 1.1: Operating variables of a general ball mill.

Operating Variables Substrate(s)
Mill Vessel Charge(s) Variables
Milling time Material properties | Material properties Initial material
of the vessel interiof of the properties of the
wall spheres/pebbles substrates
Frequency of Dimensions of the Size(s) of Initial particle size of
periodic motion vessel spheres/pebbles the substate(s)
Path of motion of Number of Initial amount of
the milling vessel spheres/pebbles| substrate(s) inside
(of each size) vessel

Traditionally, ball mills are usedn theindustrial scalefor the comminution of
solidsi thesize reduction opowdes or particulatenaterials®® Attrition and fracture are
mechanisms by which comminution occurs, the fordescribesemoval of material from
a particle visshearingof surface layersand the latter refers the breaking of one particle
into severamore piece$? In systems where only particle breakage is considereth¢hk
dependent variable is the substrate particle size (from which quantities like surface area

can be derived)Correlating particle size measurementsperatingvariables, especially



milling time, yields largely empirical data which do not reveal generalizable quantitative
relationships, only qualitative trenéfFor purely comminution system&,semiempirical
method of keeping track of particle sizes with milling involves the use of a statistical
population balanc®. The evolution of this distribution function with time in principle
describes the size evolution with time of every particle in the mill. However, the time
derivative of the distribution function is itself a function of empirical breakage functions
whose &act relationship to the accessibleeratingvariables in Tabld.1 are unknowr®

Mechanical alloying of metals is anothiedustrial applicationof ball milling,
which is the synthesis afew phases from metallic elements or the blending of phases.
This occurs from a combination of particle fracture and sintering, alongside volume
deformatiorf’ Out of optimization research carried out for alloying processes in ball mills,
the concept of intermediate parameters had been develdpedidea is that while
dependent variables such as particle size cannot be written as explicit functipesatihg
variables, they can be related directly to a set of paranmigmesponding to elementary
grinding eventswith well-defined physical meaningyhich can in turn be written as
functions of theoperatingvariables.An example of such a parameter, applicabl¢he
shaker mill,is the collision frequency the averagenumber of grinding collisions
normalized by milling time. We can intuitively recognize this parameter to be a direct
function of variables such as mill frequency, numbespiferesreactor geometry and the
size ofspheresSinceany dimensional, material or chemical transformation of substrate
particles occuwhen caught i collision between sphereand the reactor wall or between
two sphers, the collision frequency is a physical paramdtat provides a bridging link

betweeroperatingvariables and substrate transformations.



Another widelyused intermediatparametelin alloying is the average collision
energy doseayhich is closely related to tlenergy input required to achieve a certain phase
of material®® This parameter extends thbservatiorthat substrate transformations occur
during grinding collisions by attributing these transformations to the result of energy
transfer from charge to substrate durangpllision. For planetary m# various authof§'
Ohave proposed formulas for the collision energy dose as an explicit functiparating
variables, and estimated its value as the difference in kinetic energy of the gsipllarg
before and after a collision. Since the amount of energy received by the substrate
determines the extent of its transformation, and the source of that energy is directly
proportional to the frequency of collisions, a direct relationship is establisheedret
operatingvariables at the equipment level and microscopic subdtrael changes.

Another aspect of the theoretical approach is the use of a contact model for
describing the deformation characteristics of two colliding chaayesthe most common
of thesds the Hertian contact heory®:%%71.72The dynamic version of this thegisuitable
for describing collisions in a shaker milields a conveniently analytical expression for
the maximum contact ar@&a between two bodieGndexed by subscripts 1 and ®jth
spherical geometry (whose elastic moduli, Poisson ratio, oadiurvatureand mass are

denoted byQ . RY. andi . forz  plt respectively) during an elastic collisiéh:

Maximum contact 5 - po Y K “ (1.2)
area PO '
Effective elastic ,ﬂk p! ° p' ° (1.3)
modulus O O O
Reduced body %k % % (1.4)
radius



P p p
Reduced mass D_k 0 0 (1.5)

Ineqgn. 12, i is the relative velocity of the colliding bodies at the moment of impact,
a parameter that is accessible both computatidfadlyd experimentally! The above
expressions apply to a collision without any tangential force components (i.e. ball spin) at
the moment of impacgriction or damping coefficients are required in any contact model
involving tangential force components, which is one of the key factors thas timeit
predictive power of physiesased models, confining them to the status of being-semi

empirical method$>’®

Porous A
powder —» |k
cylinder

Figure 1.3: The impact volume model proposed by Maurice and Codftireyyhich a
cylindrical plug of powder substrate receives the energy dose from a grinding collision.

Applicable to both shak&rand planetary? mill systems, several auth6¢g’:8082
have invoked the Heritan contact area of collisiod to estimate the amount of substrate
material trapped between charge surfaces during a collision. Maurice and CQuvarey
the first to propose that each collision between grinding surface acts upon a certain
cylindrical volumew of particlesi the impacted powder volume, depicted in FiglLiBsi
given by the following formula:

Impacted volume w ‘i 01Q (1.6)
of substrate

11



whereQ represents the thickness of the particle layer which depends on properties of the
collision geometry. Thus, the impacted powder volume is yet another useful intermediate
parameter linking milling variables likgpheresize and mass to microscopic changes in

the substrate.

1.4. BALL MILL MECHANOCHEMISTRY

In recent decadeshere has been proliferation of mechanochersiry research
conductedusingball mill reactors resulting ina wealth ofempirical literaturan spite of
persistengaps infundamentalinderstandingf the procesglue tothephysicalcomplexity
of ball mill reactor systesf324

Currently, kll milling is the geto approach for toplown production of
nanoparticle§® Ball mills have been used tomechanochemicallysynthesize solid
catalyst$98 metatorganic framework&® and nanocomposite¥-%? A large body of
experimentaliterature has accumulatetbcumenting organic syntheses performed in
ball mill, with multiple reviewsand commentarigsublished**°3 %8 Furthermore, &ariety
of chemicalreactionsinvolving gagous reactants and produbtsve been demonstrated
inside ball mills®® examples includexidation of carbon monoxicf@®1%water splitting®?
104and ammonia synthesi® A common thread among these applications has been the use
of nominally ambient temperatures during reactor operation.

These applications demonstrate thia¢ ball mill reactoris ideally suited to
performing solidstate chemical reactioas$ mild conditionsmaking itapotentiallyviable
piece of equipmenrfor the application opolymerdepolymerizationPrecedence already

existsin literaturefor mechanochemicalepolymerization of polymeric biomassuch as
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lignin and cellulosginside ball mills.1°411° Proof-of-conceptreports have demonstrated
the quantitativedepolymerization othe commodity polyestedPET1112ysinga shaker

mill. More thorough and fulamental understanding of mechanochemical kinetics as they
occur inside a ball mill reactocoupled with further developments of these promising
results may validatemechanochemical depolymerization agable solution towards the
chemical recycling of waste plastics.

With respect to polyolefinsnithe early 2000s,a series of papers by Molina
Boisseau et alexplored thecomminution ofPS and PMMA in a verticaly oscillating
shaker mill**¥ 11 A humber of qualitative findings were reportat;luding a broadening
of particle size distributiomndthe eventualequilibrationof the average particle siza
long milling times.The authordimited their investigation to thmacroscaleand didnot
trackthe progression of molecular weight of their polymers with milling time.

Sporadicliterature on ball millingpolyolefins continuel to appeaover the next
decadejncluding a studyon copolymer milling!” and anothethat milledPS with wet
sandin the absence of grindirgphers.**® During this timethe application of ball milling
to dichlorination of poly(vinyl chloridefPVC), sometimes in conjunction with other waste,
was also explored'!¥12? |n 202Q Peterson et alexaminedinitial molecular weight
degradatiorrates forshaker milledPS andconcluded thatonger polymerschainswith
higher glass transition temperatures degraded fasteistimter chains with lower glass
transition!?®

An article published in 2021 represented the first foray of ball mill
mechanochemistry towards intentional depolymerizatiqrobyfolefinsto their constituent

monomers. Using shaker mill,Balema et at?* reported the detection of styrene in ball

13



milled PS at low yield and proposed a mechanism involving molecular oxygen and iron
from steel grinding surfaceSince thenconcurrent with the progression of work featured

in this dissertationball mill grinding of poly@-methylstyrene]PMS)?° poly(ethylene)

and poly(propylenéf® as well as various poly(methacrylat€jshave been reported to
generate their corresponding monomers in low to moderate yields. The -catalytic
degradation of poly(ethylene), poly(propylene), and other commodity olefinic plastics by
ball mill grinding has also appeared in the literature. Thes®agpipes include egrinding
plastics with catalyst powder and reag&f#ts® and chemically functionalizing the

grinding surfaces of the ball mill to have catalytic activity.

1.5 DISSERTATION PURPOSE AND OUTLINE

The purpose of this dissertation is to investigate the use of a shaker mill for
mechanochemical depolymerization of an olefinic polymer, specifically PS, to its
monomer styrend’he practical reason for choosing PS is because both it and its monomer
are characterizable using relatively straightforward techniques of chromatography and
spectroscopy, without significant requirements for specialized equimdneagentsit
the same timeht common structural motif of all olefinic polymers is their backboade
up solely of GC bondsandthusthe fundamental mechanism of depolymerization to their
respective monomers is the saf@ecause of thisa detailed understanding of the kinetics
associated with mechanochemical depolymerizatiorthsf one olefinic polymer can
provide valuable insigbthat can bextrapolatd to other types of polyolefins.

In this dissertation, a systematic approach is taken to understand the

mechanochemical depolymerization of PS in a shaker mill, and the knowledge acquired is
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further generalized towards the development of a reactor theory suitable for describing
classes of mechanochemical reactions involving volatile reactants and/or products. In
Chapter 2, mechanochemical PS depolymerization is investigated across the gperatin
variables of the shaker mill, whichltogetherreveal kinetic phenomena that can be
categorized alonthreecharacteristic length scales associated with the ball mill reactor.
Chapter 3 details the utilization of-lime gas chromatography to obtain réate kinetic

data in mechanochemical PS depolymerization which provide insights into the melecular
level meclanisms responsible for production of styrene from sstiide PS powdeihe
subject of Chapter 4 isi¢ discovery of a temperatuagetivated staté termed a cohesive
statei of PS in whichthe mechanochemical depolymerizaticate is amplified by one
order of magnitudeA reactor theory that synthesizes-B&cific kinetics and more general
concepts described iSection 1.3 is formulated in Chapter 5, which may be used to
elucidate intrinsic mechanochemical kinetics in PS depolymerization and softfiace
chemistrydominated solid-state reactions performed inside shaker mills. The major
conclusions of the dissertation are summarized in Chapter 6, and recommendations are

made with respect to potentially fruitful avenues for future work.
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CHAPTER 2. REACTOR KINETICS IN MECHANO -

CHEMICAL DEPOLYMERIZATION OF POLY(STYRENE)

2.1. INTRODUCTION

In this chaptert*2kinetic phenomena in the mechanochemical depolymerization of
poly(styrene)are studiedn a vibratory ball mill Styrene is produced in this process at
approximatelyconstant rate and selectivity. Continuous monomer removal during reactor
operation is critical for avoiding repolymerization, and promoting effects are exhibited by
iron surfaces and molecular oxygewhich leads to aromatic oxygenates as byproducts

By quantifying the yield of monomers and molecular weight reduction of the
residual polymer as influenced lvgactoroperating variablesnd chemical catalysts,
kinetic phenomena attributable to moleculand reactoscale effects as well as
intermediate partickscale effects unique to ball mill reactare described and classified
One notable reactecale effect is iketic independence between depolymerization and
molecular weight reduction despite both processes originating from the same drigeng for
of mechanochemical collision$he observation of optimal ratios of reactant to catalyst

reveal particle composition effects on reactivity of poly(styrene) in a ball mill.

2.2. MATERIALS AND METHODS
2.2.1 Chemicals

Two varieties of poly(styrene) (PS) pellets with average\85000 g/mol (PS50)

and 192000 g/ moll (PS90), met hanol (0999.8 9 %) ,

atom %) , styrene (099%), chromium (<45
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099.9%), nickel (<50 em powder, 99.7%), boc
powder , 096%) and barium titanate (<3 em p
Aldrich. Ultra zero grade air, ultdaigh purity grade Band Q gases were purchased from

Airgas. All chemicals were used as received without further purification.

Both varieties oPS pellets were crushed to a coarse powder using a Retsch PM200
planetary mill. 50 g of PS and six 20 mm diameter steel balls were loaded into an upright
cylindrical 125 mL steel grinding jar and milled f2rmin (PS50) o8 min (PS90) The
crushed PS grains were passed through sieves and the fraction retained between 16 and 60
mesh(256 1180 em) was used in depolymerizati on
did not significantly affect the MW distribution of the material (Begure A3f).

2.2.2 Depolymerization Reactions

Mechanochemicakactor &periments were conducted in a Retb&i¥1400 shaker
mill, using custorrmachined 314yrade stainless steel vessels and grindpigeies The
reactor vessels had a pslhaped internal volume of 25 n{lL3 mm cross section radius
and 30 mm cylinder lengthand SwageloKitted openings on the cylindrical face for
optionalpurgegas flowto remove volatile depolymerization products as they are formed
inside the vessel during millingsrindingspheresvith mass ranging from 1.38 to 63.1 g
were used in experiments, with 4.04 g (10 mm diamstareredeing the usual choice.

In a typical experimenthe 25 mL vessel was charged with 1 or 8 grindiplgeres
of uniform size, 1 g of PS and optionally less than 1 g (usually 0.1 g) of a chemical catalyst
and then mounted onto the mill. Thesselwas connected to 1f8nch Teflon® tubing
using Swagelok unions for gas flow experiments, with flow e to 20 mL/min

controlled using a mass flow controller upstream from the inlet line. Downstream from the
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outlet a gas dispersion tuh&" inch in diametewas used to bubble effluent gas from the
reactor into a methanol (MeOH) solvent trap containing 1 mg of decane as an internal
standard. The reactor was purged bygils forat leastc min prior to commencement of
milling. Milling was performed continuously without interruption for a specified reaction
time and set of conditions. At the conclusion of an experiment, 1 mg of decané7and 6
mL of MeOH weredispensednto thevesseland the contents were shaken on the mill at

10 Hz for 1 minute to generate a suspension of solid polymer particles in Lt
samples were prepared by passing 1 mL of suspension liquid from the reactor or the MeOH
gas trap sol ut i on ytingerfikeuigtdha caronatogaphy wal. PREF E s
solid PSresidue was collected from the suspension liquid via suction filtration and dried
overnight in a fume hood.

2.2.3 Gas Chromatography (GC)

Analysis of the liquid samples was performed on a VaBerker 450GC
equipped with a60 mlong Supelco SPB®L fused silica capillary column, Polyarc
guantitative carbon analyzer manufactured by Activated Research Company, and flame
ionization detector (FID). The carrier gas was helium at 2 mL/min. Samples taken from
experiments were analyzed witt@rhours from the end ¢iie experimentThe guantitative
carbon analyzer allowed for quantification of the amounts of reaction products in the liquid
based orthe relative intensity of FID signalsf the product compounds tbe known
amount ofdecananternal standard present in the sample. FID signal positions of detected
compounds were calibrated using samples of the corresponding pure compound. The yield

@ (product mass per unit mass of PS) of each product comp@uasl calculated using its

peak integration are®, molecular weight) and carbon numbei and the same
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guantities © , 0 p T & g/mol, b p it for decane, normalized by the initial

mass of P& in the reactor, according to the following formula:

[ t t t (2.1)
2.2.4 Size Exclusion Chromatography (SEC)

Molecular weight distributions (MWD<and average MWsf solid PSresidues
were obtained using simxclusion chromatography (SEC) performed on a Tosoh ECOSEC
HLC-8320GPC equipped with TSKgel SuperMultipore-MiZcolumn, internal refractive
index detector (RID) and Wyatt Technology DAWN8+ dynamic light scattering detector
(DLS), operating at 40°C. The eluent was chloroform containing 0.3% triethylamine at a
flow rate of 0.45 mL/min and samples were prepared at concentrations of mnig/'rhQ
in the eluent.

2.2.5 Gas Chromatographyi Mass Spectrometry (GGMS)

Experiments were performed on an Agilent 8890 GC equipped with a 30 m long
HP-5MS Ul capillary column coupled to a 5977B GC/MSD operating on electron impact
mode. The carrier gas was helium at 1 mL/min. Liquid samples were analyzed to obtain
mass spectraf@ach compound present in the product mixture for structure verification.
Mass spectra of individual peaks from the ion chromatogram are matched to spectra in a

compound library using NIST MS Search version 2.3.

2.3 RESULTS
2.3.1 Reaction Scheme

Ball milling of PS generated volatile, MeG$bluble small molecule products
which were quantified using GC. Chemical structural verification usingM3C(see
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Figure A2)confirmed styrene as the primary produstomatic hydrocarbonbenzene,

toluene, propenylbenzene, ethylbenzenenene allylbenzene J-methylstyrene, and-
propylbenzenewere also detected in minor or trace quantities. Minor products with
functional groups werexygenates styrene oxide, benzaldehyde, and acetophd@mace.
quantities of the €Cs hydrocarbon gasdsmethane, ethene, ethane, propene, propane

were also formedbut discussion of these products are deferred to Chapiédre3most

general reaction scheme for the mechanochemical depolymerization of PS is dapicted
Figure 2.1,wi t h t he <conventional Athree ball so
conditionst’

minor/trace products
major
product

n OOO /CH4 Ayl

Figure 2.1. Reaction scheme of mechanochemical PS depolymerization. Aromatic products
enclosed in brackets were only observed in the presence of oxygeinof® milling in
dry air atmosphere.

2.3.2 Time Progression of Monomers

For PS90, the styrene yields and product selectivities with milling time under
various gas phases are depicted in Figue Bwvo types of reactors were used: closed
conditions refer to milling in sealedesselscontaining ambient air as initial gas phase.

Open conditions were achieved by flowing either air, purerfdure Q through the reactor

during milling. As a wuseful short hand, cl c
referred to in figure captions, and open c
Aop. oo for milling undermectiveht r ogen, air and
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Figure 2.2.Depolymerization of PS90 using 25 mL stainless steel flow reactor, eight 10
mm stainless steel balls and 1 g PS90, milled at 30 Hz. (a) Yield vs. time for PS90 cl., op.a,
op.n and op.o with 2éhL/min gas flow. Lines of best fit are drawn for cl. + op.a data
(excluding two cl. data points at longest time) and op.n data. (b) Product selectivities for
cl., op.n and op.a conditions.

Initially, the styrene yield increased linearly with milling time, indicative of a
constant monomer production rate. For a closed vessel (Figiarehback squares), this
linear relationship persisted up to around 160 min., when the amount of accumlated styrene
in the reactor was 35 mg/g PS. Between 160 and 200 min. however, the amount of styrene
in the reactor collapsed to under 10 mg/g PS. No sotlapse was observed in any
experiment that did not exceed 30 mg/g PS in styrene yield. Moreover, when 35 mg of
styrene was mixed with PS prior to milling, the final styrene accumulation after 20, 40 and
80 min. of milling in a closed vessel were indeezhsured to be less than the initial amount.
Furthermorethe styrene yield achieved in an open vessel with air flow (Fig2aelllow
squares) was measured based on the sum of the styrene accumulated in the reactor and in
the effluent gas trap, and a constant styrene prodution rate was preserved throughout the
entire period of 240 minThe presence of oxygenates was indicativedf@n air playing
arole in the depolymerization mechanism. To confirm the significance, ex@eriments
under N flow (Figure 2a, hollow circles) were conducted to minimize presence. die
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result was a reduction of the styrene production rate by a factor of 3.4, which still appeared
to remain constant with tim&urther increasing oxygen content withf@w (Figure 22a,

hollow triangles) produced styrene yields identical to air flow at 80 min., and slightly lower
at 240 min..

Like with styrene, oxygenates (mostly benzaldehyde and styrene oxide, the next
two most abundant products) exhibited constant rates of formation, even though
fluctuations in measured yields were higidre cumulativeselectivities of thesproducts
all remained approximately constant with time, with around 80% styrene, 15% oxygenates,
and hydrocarbons for balance. Approximately constant selectivity was also observed
across closed reactor experiments prior to the styrene collapse, as shown ir2 Rigure
Under N, selectivity of styrene was reduced to around 76% at the expense of increased
amounts of other hydrocarbons (Figurg.

2.3.3 Characterization of Polymer Residue

x10°

~ 90 MW Dispersion -3.0

g 80 v PS50

S 70 ® - - -PS50+BA

= 60 m ---- PS90 125 c
% 50 O —-—- PS90+AIr 2
5 20 O -----PS90+Nitrogen |20 &
o K7
z 30 °
E 20 ____________________ _1.5
£ 10 e S Shy |

Z 0A ' 1.0

0 100 200

Milling time (min.)
Figure 2.3. M and PDI vs. time using 25 mL stainless steel reactor, eight 10 mm stainless
steel balls, milled at 30 Hz, 1 g PS90 was milled under cl., op.a and op.n conditions, PS50
was milled under cl. conditions with and without boric acid (BA). MWs calculated from
DLS detector.
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The number average molecular weightsyYMf the solid residues from PS90 as
determined bySECare depicted in Figurg.3 (black and hollow squares, hollow circles).
A rapid decrease in MW was observed within the first hour of milling, as expected from
successive mighain scissions. Subsequently, MW reduction slowed down considerably
at around M = 10,000 g/mol. This trend was observed irrespective of milling in a closed
reactor, under air or Nlow. For milling times longer than 120 min., variation in MW in
experiments involving different gas phases were generally within £1000 g/mol and could
be attributed to the margirf error in the measurement. In more detailed MW distribution
curves §eeFigureA3a-€), consistent but small shift of the entire distribution to lower MW
was perceptable with increase in milling time. No obvious effect on MW was observed
concurrent with the collapse in styrene accumulation that occurred between 160 and 200
min under closedonditions.

Simultaneous with the rapid reduction in MW within the first 120 min of milling,
PS particles are crushed into a fine powtleg particle size remada constant thereafter.
This canbe seen ipticalmicroscopy images of PS residue taken at 60, 120, 240 and 480
min of milling (seeFigure Al), which show largss i zed gr aiam6d miothat 50 & m
become reduced to a tenth of their size by 120 min and remain at that size thereafter.
2.3.4. Effect of Catalyst and Catalyst Proportions

Using stainless steel grinding equipment, styrene was produced even under N
atmosphere. Therefore some constituent(s) of stainless steel may play a chemical role in
depolymerization through surface interactions with the PS particles. Thus by adding a
chemical catalyst powder to the reactor, styrene production may be enhancegd duri

milling due to the increasadechanicainteractions between PS and the catalyst particles.
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Several candidate materials were milled with PS90 to gauge their catalytic ability,
including the three main metal components of-gl#&de stainless steel: Fe, Cr and Ni
metals, as well as several inorganic materials which have appeared in the
mechanocherstry or depolymerization literature in other contexts: piezoelectric barium
titanate BaTi@,** solid acid boric acid (BAJ3* and iron(lll) oxide Fe0s.1?® Holding

other parameters constant, monomer yields for PS90 milled with these additives are shown

in Figure2.4a.
[ |Styrene Oxygenates Hydrocarbons A Hydrocarbons
N j@w 304 @ Oxygenates
E? %ﬂ (op.n) B Styrene
None [12 4 —_ 1
BOH), 11— ] 2 ¢ 20
F 4
5 oo T (pa)| @ .
= None[8 ] 7 = ]
-g Fezgg 7 = +
O BaTiO, [ 6 77 m 2 0. i
Ne— (cl.) S
Fel[3 =2 — | ‘
Cr[2 } 72—
None [ 1 . 7 | 0 AA =
0 10 20 30 0.6 0 7 0 9 1.0
(a) Products (mg/g PS) (b) Weight fraction PS (g/g)

Figure 2.4. Depolymerization of PS90 using 25 mL stainless steel reactor, eight 10 mm
stainless steel balls and 1 g PS90 milled cl. at 30 Hz for 80 minutes; (a) includes 0.1 g
catalyst powder, experiments are denoted cl., op.a or op.n depending on tlun reac
conditions, (b) styrene yield for various proportions of Fe powder at 80 min. cl.

The results for closed reactor milling showed that Cr and Fe are the catalytically
active components in stainless sfiealbeit neither are selective toward specific products,
since both styrene and byproduct yields increastative to the control experiment
(compare entriesiB). On the other hand, Ni slightly reduced the yields (entry 4).
Enhancement in styrene yield using either Cr or Fe was less significant under air flow

(entries 9 and 10), which could indicate that the catalytic activity is losh Wiese metals
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are oxidized. BA under closed or air flow conditions (entries 5 and 11) and Bghtdy
6) had no apparent effect on the yields, whilgdzdentry 7) significantly reduced yield.
Any intrinsic catalytic effects of additives should be revealed undefldw, when
synergistic effects of oxygen are eliminated. It was found that Fe (entry 14) still enhanced
the styrene yield relative to control (entry 12), but neither Cr nor Ni (entries 13 and 15)
exhibited such an enhancement and their presence in fgcessed monomer production.

As a consequence of the particulate nature of reactants in mechanochemistry, ball
mill depolymerization of PS must be regarded as aphase solid state reaction, with the
second phase being the metal (or other material) surfaces that can serve as &atalys
monomer produtiof’ In such twephase systems only heterogeneous phase contacts will
lead to reaction, which meamsechanicalcontact between two PS particle surfaces is
unlikely to contribute significantly to depolymerization. Therefore by adjusting the amount
of each powder present in the reactor it is possible to optimize for desiraloktdht
surface contacts (i.e. paticmixing) that lead to depolymerization. This was done with
PS90 and Fe powder under closed conditions, and the resultant styrene yields are plotted
in Figure2.4b. These results reveal that an optimal ratio of Fe to PS exists betw8B#0630
PS by total weight of powder. Increasing Fe content further than 20% by weight led to a
drastic reduction in styrene yield, and decreasing Fe resulted in a roughly linegioreduc
in yield down to the intrinsic value when PS was milled by itself, albeit with large spread
in the data points.
2.3.5. Effect of MechanicalEnergy Supply

At the reactor level, mechanochemical kinetics in a vibratory ball mill are

controlled by the mechanical energy that is transferred during the collision of grinding
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surface€®® 77 This had been quantitatively demonstrated by Tricker et iral.
depolymerization of PET with NaOH? From elementary mechanics, the instantaneous
kinetic energy of a grindingpherdravelling inside the vibratory mill in between collisions
is given byeqn.2.2:

o gc'x 0 (22)

whered is the mass of thephereandv its speed. When spherecollides with another
grinding body with kinetic energ® , a part of that energy can be used to drive chemical
reactions in the material caught in betwé&Spheremotion expressed through is
imparted by motion of theessethat is governed by the mill frequency . Except for the
case of a singleall reactor, the motion of grindirgpheress generally chaotion the time
scale of single periods of reactor motidherefore analytical expressions for as a
function of]  are difficult to obtain for ball millscontaining multiple sphere<®
Nonetheless) (and by extensiol® ) is known toincrease with
0 9] (2.3)

where® Tis an empirical constant. Therefoi®, can be tuned most directly by
changing and by changinghe spheremassi .13 Thus, the influence of mechanical
energy supply on PS depolymerization kinetics was investigated by varyimagd using
spheresof different sizes to adjust . In these experiments, the only products formed
consistently at measurable quantities were styrene and benzaldehyde, so only these
products are reported in the subsequent discussion and figures.

The relationship betwegn and the styrene yield (FiguBeba) was nonlinear, but
increasing yield was unambiguously observed with increasing milling frequencies up to
the maximum frequency of the equipment of 30 Hz. As with styrene, the most abundant
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byproduct benzaldehyde was also produced at increasing quantities with highEne
shape of the yield versus frequency curves for both products appeared to be similar. Since
increased energy supply increases frequency of chemical events (in this case chain

scissions), the MW decreased as expected with increasing frequency g-ipiire
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Figure 2.5.Depolymerization of PS90 using 25 mL stainless steel reactor, eight 10 mm
stainless steel balls addy PS90 milled cl. for 40 min. at different milling frequencies; (a)
yield of styrene and benzaldehyde (two most abundant products) vs. milling frequency
using eight 10 mm diameter balls, (b) corresponding MWs for experiments in (a), (c) yield
of styreneand benzaldehyde vs. ball mass, milling conducted using 1 ball.

For experiments varying , one stainless stegbhereof different sizes was used,

and the styrene yield in the closed vessel (Figu® increased a$ increased from 1.38
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to 8.56 g, but it decreased from there to the 32.85%hgre The subsequent uptick in yield
beyond 40 g might also be a statistically significant result. The reactors used in these
experiments have a cross section of only 1 inch, so a 1 inch diameter (6Btgs the
largest size that could be fit into the reactor. Based on these considerations it can be stated
conclusively that styrene yield was optimal tor centered in the vicinity of 8.56 g, with
decreasing trends in yield going in either direction. As with styrene, benzaldehyde also
appeared to exhibit a maximum yield, but only at a higheof around 21.3 g instead of
8.56 g for styrene.
2.3.6. Conversion ofBimodal PS

To provide comparison to the depolymerization kinetics of unimodal PS90,
bimodal PS50 containing fraction with MWs of 1,000 and 50,000 g/mol with an
approximate ratio of 55:45 ratio (as determinedIBC was milled in a closed vessel
using the same parameters as for PS90. Time progression of the styrene yield and monomer
selectivity are shown in Figur.6a-b. Although lower quantities of monomers were
produced from PS50 compared to PS90, a constant monomer production rate was also
observed for this sample, witlumulativestyrene selectivity at around 70%. An increased
yield of Umethylstyrene in the hydrocarbons made up the difference.

While BA did not influence the monomer yield from PS90, the presence of 10 wt%
of BA increased the styrene yield from PS50 in a closed vessel by a factor of 5 compared
to pure PS50. As in other cases, a constant rate of monomer production was observed.
However, the selectivity for styrene gradually decreased with time in the presence of BA
despite preservation of constant styrene production rate, with increasing quantities of

oxygenates detected at long milling times.
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Figure 2.6. Depolymerization of PS50 using 25 mL stainless steel reactor, eight 10 mm
stainless steel balls and 1 g PS50 (+ 0.1 g BA), milled at 30 Hz; (a) styrene yield with time
under cl. conditions, (b) corresponding selectivity for PS50 by itself@né3$50 + BA,
(c) styrene yield for cl. and op. (20 sccm gas flow) conditions with and without BA, (d)
variation in proportion of PS50 to BA under cl. conditions.

The MW progression (Figur23, inverted triangles and diamonds) for the 50,000
g/mol fraction of PS50 exhibited the same behavior as that of PS90. Specifically, the MW
decreased rapidly within the first 2 hours of milling, and then decreased slowly once it
approached 10,000 g/mol. &presence of BA led to slightly lower MW at each time point.
On the other hand, the oligomeric fraction of PS50 (around 1,000 g/mol) did not exhibit

any significant change in MW as measured3ICfor any duration of millingand was
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not included in the plot. PS90 and PS50 both started out with PDI greater than 2, milling
for 4 hours narrowed the PDI to 1.3 for PS90 and 1.2 for high MW fraction of PS50.

Flowing gases uniformly improved the styrene yield from PS50 (Figuie
entries 14). A slight increase in styrene yield was observed going frerto Mir to Q
flow. By contrast, although the addition of BA boosted styrene yield under closed
conditions, a less impressive improvement was seen under any gas flow Epire
entries 68). In fact, under gas flow BA appeared to lose all effectiveness at increasing the
styrene vyield, irrespective of gas type. However, the production of byproducts was more
pronounced compared to closed conditions.

Finally, the effect of adjusting the proportions of PS50 to BA was investigated
(Figure2.6d). The optimal yield was obtained at 0.96 weight fraction of PS50 (or 4% BA
by weight). Increasing the amount of BA above this maximum resulted in a more steady
decline in yield relative to the rapid drop observed for PS90 with Fe. This in turn meant a
sharp boost in yield in going from PS50 milled alone versus with just a small amount of

BA.

2.4.DISCUSSION

Although data on styrene yield and MW degradation versus time have been
presented in Sections 2.3.2, 2.3.3 and 2.3.6, the kinetic phenomena associated with these
results are better served by a more detailed discussion in Chapter 3 from the perspective of
molecularmechanismg-or now it is sufficient to identify certain phenomena, such as the
enhancement of monomer production in oxidizing versus ingatrNosphere, as due to

mechanistic differences in depolymerization kinetics brought on by the presenee of O
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Following a brief explanation of some reaesmale consequences of molecular kinetic
phenomena in the next two paragraphs, the remainder of this section shall focus on the
time-independent results from Sections 2.3.4, 2.3.5ragdre2.6d of Sectior?.3.6.

The most pervasive result acrosk st of experiments conducted under fixed
conditions with time (Figur@.2a,2.6a) was the constant rate of monomer formation with
time. The collapse in styrene concentration between 160 and 200 min of milling inside the
closed reactor can heterpreted as threshold concentration for runaway macroscopic
repolymerization. For a polyolefin, the thermodynamic equilibrium between
polymerization and depolymerization is characterized by the ceiling temperature, when the
polymer is in equilibrium with its monomer. Depolymerization is favored over
polymerization above this temperature. Since the macroscopic temperature inside the
reactor is nominally ambient and therefore well below the ceiling temperature range of PS
(3101 395 °C'36:133  polymerization of monomers is thermodynamically favored over
depolymerization. Monomer loss through repolymerization is insignificant when the
concentration of styrene is kept low by its removal from the reactor in a gas stream.
However, in the closedactor styrene concentration increases without restriction and the
conditions of repolymerization are easily satisfied. Depolymerization without impediments
was achieved by implementing an open reactor configuration with a purge gas stream to
remove volate products resulting in preservation of the constant rate of styrene formation.

In contrast to constant rate of monomer production with milling time, MW
reduction of PS converged at around 10,000 g/mol regardless of the starting MWs and
different processing conditions (Figu2ed). In fact, this was also the lower limit in MW

obtained by Staudinger in 1934 upon subjecting different types of PS to mechanical
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abrasior’® The reason for this apparent lower limit in MW is the existence of a critical
molecule size in solid polymer particles, above which rupturing a chemical bond via the
applied mechanical forces becomes more energetically favorable than disrupting the
physial van der Waals interactions of the halves of the polymeric molecules with their
environmentIndeed, in the case of the bimodal PS50 material, only the high MW fraction
of PS50 underwent MW reductigqeeeFigure A3b,d), although the oligomeric fraction

was not chemically inert in the presence of boric.acid

24.1. Reactor-scaleKinetic Phenomena
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Figure 2.7. Styrene yield (y axis) as a function of MW reduction (x axis) for milling at
different frequencies, with both quantities normalized by number of chains counted after
milling using number average MW. Milling time (40 min.), number (8) and 4i@ev(m)
of balls, mass of PS90 (1 g) kept constant across all experiments.

As first described in Section 1.3, a characteristic descriptor of the performance of a
ball mill reactor is the energy supply, whichdspendant on all the operatiugriables
including reactor geometry, number, size and density of gridning balls, milling frequency
and reaction timé&7782|n Section 2.3.5the influence of energy supply on kinetigas
investigatedy adjusting the milling frequenty . Usingdata for styrene production and

MW as functions of in Figures2.5a and2.5b, respectively. These experiments were
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performed for a short milling time (40 min) when both scission and monomer production
occurred simultaneouslyFor each experiment, using the initial and final Me can
calculate the number of cuts the average chain had undergone during milling. Meanwhile,
dividing the number of styrene molecules produced in each experiment by the number of
chains present at the end of milling in that same experiment, we olgandtage number
of styrene monomer yielded per chain. For different we plot in Figure2.7 this pair of
values against each other and find that their magnitudes are both on the order of 1, which
indicates that MW reduction and monomer production occur at a similar rate during the
first 40 min. of milling when both quantities are normalized g@erchain basis. Figure
2.7 reveals a linear correlation, signifying that the energy irfiputhich is tuned by
adjusting milling frequency 1 serves as the driving force for both MW reductiod an
monomer production. As milling time increases, MW reduction becomes less prevalent (in
Figure2.7 the positions of the data points along the horizontal axis would remain fixed),
but that does not interfere with monomer production (the data points would shift upward
along the vertical axis), which continues unabated.

The monomer yields in reactions with differaptheremasse® (Figure 2.5¢)
reveal another aspect of the kinetics at the reactor basdd on the concept of energy
supply The data could be divided into three regimesspberesess thar8.56 g the yield
of either monomer increased approximately linearly with mass, a result that agrees with
previous study on PET depolymerizatidAlncreasing thespheremass past t he
masso | ed to a decr ease iconstapntivaue by, thewhird c h
regimeasthe size of the grindingphere was increased towatks cross section diameter

of the reactor, rounded out by a final uptick in yield for the largest possibkrehat can
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fit inside the reactor. The first regime at Igpheremasses follows the expected behavior
from the frequency results, where increadingoy increasing (instead of ) leads to
increased monomer production, but the subsequent regimes where the trend reverses and
then stabilizes require other explanations.
First, monomer yield with the highespheremass (largesspherg¢ can be
rationalized as a geometric effect. Although the motion of a grirgphgren a vibratory
mill is generally random, on average the path is from one end of the cylindrical reactor to
the other and back, so randomness in its path of motion decreases as the sixehefréhe
increases until finally thespherefits snuglyi nt o t he reactordés <c¢cro
significant clearancé&® At this point, the motion of thepherds exactly synchronous with
the motion of the reactor while simultaneously reactant particles are statistically unlikely
to parry thespheré s i mpacts due to the geometric cor
conditions is that the amount of chemical reaction per grinding surface collision is
increased because the number of particles subjected to each collision is maximized.
However, before this regime is attained, there is an even more significant decrease
in yield with increasingspheremass, which can be rationalized as due to changes in the
mechanical properties of PS with temperature. In this study, the temperature on the exterior
surface of the reactor when milling with eight 4.04 g balls equilibrated to about 40 °C at
long milling times, whereas a gradual but steady increase in temperature from the ambient
to greater than 50 °C was observed when milling with just o2 Ifspherdor only one
hour. Since the external surface temperature represents only a portion of the total heat
generated in the grinding collisions, the interior surfaces of the reactor must be hotter.

Furthermore, it has been demonstrated that transient theohalpbts formed during
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collisions can reach temperature much higher than the bulk temperature in a Bal\ill.

can therefore deduce that greater heat accumulation occurs in the reactor with increasing
mass of thesphereused ingrinding, consistent with results from ball milling studies that
have attempted to quantitatively estimate heat generation due to coltf§isi©n the
material side, the characteristic property that delineates when a polymer undergoes
dramatic changes in its mechanical properties is the glass transition temperature. Well
below the glass transition, PS is a hard, brittle solid whereas approachirepove the
transition point it becomes soft and ductittPS has its glass transition temperature range

in the neighborhood of 100 2 which decreases with decreasing M#143Thus, there

is a gradual convergence between the glass transition temperature region of the material
and the temperature on the internal surfaces of the reactor.

When pressed together from above and below, hard and brittle particles will
generate friction from mechanical contact between their surfaces and rupture to smaller
piecesi generating fresh surfaceésf loaded above their ultimate strendtd Meanwhile
soft and ductile particles subjected to the same compression will fuse together and deform
plastically!** In the former case energy transfer from grinding surfaces to reactant is
predominantly located on the surfaces of particles, whereas in the latter case it is into the
bulk interior of the reactant material (plastic deformation being a process acting on th
material as a whole rather than just on its surfaces). Where liberation of volatile products
are involvedmechanochemical reactions of particles constitute a predominantly surface
or nearsurface transformatiotf;**>therefore it follows logically that milling of PS in its
hard and brittle state where friction and fracture dominate is more conducive to monomer

production than milling in the soft and ductile state where a greater share of the grinding
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energy supply is dissipated into the bulk of the material during plastic deformation. With
heavierspherescreating higher surface temperatures in the reactor that then heat the
polymer reactant towards a physical state where their mechanical properties no longer
favor monomer generation, we can explain the decline in yield with increasing ball mass
above the pint where energy supply is optim&tabilization in monomer yield that occurs
in the subsequent, highest ball mass regime can be regarded asce lbatween the
constructive geometric effect which makes collisions more efficient by impacting more
particles and the detrimental temperatinduced mechanical softening effect rendering
depolymerization less favorable.
2.4.2 Particle-scaleKinetic Phenomena

Unlike ideal chemical reactors, such as the contimstiugd tank reactor (CSTR)
or plug flow rector (PFR), where the reactant phase is a homogeneous fluid, the ball mill
reactor is a heterogeneous multiphase system, where chemical reactions ocetiace st
between solid particlé$.For this reason, chemical reaction events cannot be considered
solely on the basis of the probability of collisions of two molecular species to undergo a
desired reaction, but also the probability of two solid particles containing the desired
reactive speies on their surfaces when coming into physical contact mechanochertically.
Mechanochemical contact between reactant particles occurs when they are crushed
together by a collision of grinding bodies. The number of collisions during the course of a
reaction are controlled by reactor conditions such as milling time, frequencyenoifmb
spheres etc., while the number of mechanochemical contacts between particles is
controlled by the amounts of reactants, i.e. particle populations. In a reaction involving two

or more solids different reactivities can be obtained at constant reaxctditions by
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varying the relative amounts of reactants. This can be considered reactivity phenomena at

an intermediatanicroscopic om p ar-2 ¢ &ll €0 i n bleetvweele nii nmaecarcot socr
effects and molecular kinetics. Thisicroscopickinetic scale is unique to the ball mill

reactor and does not exist in homogeneous fluid phase reactors.

The addition of Fe to PS90 (Figuzedb) and BA to PS50 (Figuiz6d) as catalysts
achieved an optimal effect at 15 wt% Fe and 5 wt% BA, respectively. In between the
optimal composition and complete absence of additive, this kinetic regime can be
understood as analogous to the intrinsic kinetics regime in a traditioreabdeneous
packed bed reactor (PBR), where the amount of catalyst present determines the rate of
reaction. On the other hand, increasing the amount of additive past the optimal ratio leads
to a regime where the catalyst is not being used efficiently, although for reasons different
from the transpoftimited regime in a PBR. The reduction in monomer yields with
increasing catalyst can be explained as a tradeoff between catalytic activitwand
detrimental effects due to material composition which are unique to the ball mill reactor.
First, material response in a portion of reactant powder during each impact depend on the
mechanical and thermal properties of that powtfanhich are functions of composition
I the relative proportions of different material phases present in the reactor. When the
relative populations of catalyst and PS particles change, so do these properties. Even in the
glassy state, common polymers liketeBd to possess relatively higher ductility compared
to inorganic solids. When a patrticle of PS is surrounded by more numerous patrticles of a
more brittle and hard material such as the inorganic catalysts Fe or BA, compression by
grinding bodies of this dterogeneous particle ensemble is more likely to lead to plastic

deformation of the PS by the harder catalyst particles (which in this context would behave
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more like rigid bodies relative to the PS), and this outcbme explained in Sectidh4.1
T is not conducive to monomer production. We may term this a popuiatioced
mechanical integrity effect.

The second effect is that in the ball mill, the probabilitymachanicalcontact
between twphasef particlesis determined by the composition of the feedstock, more
specifically, their absolute population numbers. Denotiaiglystp ar t i cl es as O0A
the number of A particles increaseahe probability of mechanochemical contact of A
particles with each other increases while the total number of collisions causing
mechanochemical contact stays the same (since milling time and frequency were kept
corstant). Each grinding surface collision can only act on a small portion of the total
particle population, which exacerbates the likelihood -& gontacts when A particles are
in excess of PParticles Therefore, even though the desired type of contact for monomer
productionis between A and PS particles, greater prevalence-Afcdntacts caused by
greaterquantites of A in the reactor will at a certain point begin to hinder rather than
enhance reaction rate. Hence, this is termed a particle dilutiect,efihere the desired
type of particlepar t i cl e contact t hat induce depoly
undesired particle contact combinations due to relative proportions in particle population.

Together, the mechanical integrity effect and the dilution effect are kinetic
phenomena associated with changes in the composition of the reactant materials that are
impacted by grinding surfaces in a single collision. A combination of nonconstructive
pladic deformation to the polymer particles by catalyst and statistical dilution when excess
catalyst particles are present offers a plausible explanation for the rapid drop in monomer

yield with decreasing proportion of PS past the optimal.ratio
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2.5. CONCLUSIONS

In this chapter a variety of kinetic phenomena associated with mechanochemical
PS depolymerization were elucidated. These phenomena cysteenaticallyassociated
with three characteristic length scales of different magnitudes in the sy/$tem.

The first length scale is the molecular or mechanistic scale, associated with
chemical events occurring at specific moieties on the PS chains. These phenomena occur
at scales on the order of Angstroms to nanometers, on or near the surfaces of the reactant
particles?® and they are responsible for the identities of volatile products observed,
including oxygenates when PS is milled in the presence 0f TBe presence of
repolymerization justifies implementing a flowing gas stream to continuously remove
volatile monomers, which serves the dual purpose of repleni€hiagpply in the reactor
and maintaining low average reactor concentration of styrene, thereby suppressing
repolymerization.

Above the molecular scale is the particle or material scale, which is on the order of
micrometers. This scale encompasses kinetic effects arising from the composition
dependent material response of the reactant particles to mechanical force and the statist
of heterogeneous partiefarticle interactions. At this scale it was demonstrated using Fe
and BA powders that an optimal ratio of polymer to catalyst could be established in the
tradeoff between enhanced monomer production due to catalytic actidtyeactant
compositiondependent mechanical and mixing effects detrimental to depolymerization.

Finally, kinetics at the reactor scale make up the third group of phenomena.
Manifested at this scale are kinetic characteristics of depolymerization that depend directly

upon reactoaveraged parameters such as mechanical energy input (tuned through
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parameters such as mill frequenspheremass, etc.), concentrations of intermediate
species and products, reactor geometry and macroscopic temperature. At this scale it was
shown that mechanical energy supply is simultaneously responsible for chain scission and
depolymerization/monomer produmti phenomena, with the two in proportion to each
other when normalized on a paolymerchain basis during the early stages of milling.
Increasing mechanical energy input increases depolymerization when competing
temperatureénduced mechanical effects are absent. Conditions that create increased
collision energy dissipation led to greater temperature rise. When considered alongside the
known temperaturdependent mechanical properties of solid PS in the vicinitg gilass
transition temperature range, accumulated heat can lead to softening of polymer particles
and other changes in their mechanical properties which are detrimental to depolymerization

from the dispersed state
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CHAPTER 3. MOLECULAR KINETICS IN MECHANO -

CHEMICAL DEPOLYMERIZATION OF POLY(STYRENE)

3.1 INTRODUCTION

In the previous chapter, mechanochemical depolymerization of PS was studied in
a shaker mill by varying operating variables and reactant compositions. Three kinetic
regimes were identified of which reactand particlescale kinetic phenomena were
elaboraed. k would also be desirable to carry out a thorough investigation on the
molecularscale kinetics of depolymerization in the mechanochemical environment. This
would address the observed role of oxygen in enhancing the rate of monomer production
(from PS), the evolution in the concentration of free radicals (the key reaction intermediate
in mechanochemical depolymerization) with milling time, and the interplay between
molecular weight (MW) degradation and depolymerization.

In thischapter grinding of PS powder in a shaker mill reactor with purge gas flow
coupled with reatime downstream product analysis using gas chromatography (GC) is
leveraged to elucidate the time evolution of PS depolymerization products. Electron spin
resonance (ESRspectroscopy and skexclusion chromatography (SEC) are used
alongside measurements of product formation rates to establish that mechanochemical PS
depolymerization is governed by three distinct kinetic regimes. In order of occurrence, th
regimes are characterized by depolymerization from surface creation at short milling times,
from friction betweerpairs ofpolymer particles and between particle and grinding surface
at intermediate milling times, and finally depolymerization that is limited by a

characteristic molecular weight at long milling times. Nuclear magnetic resonance (NMR)
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spectroscopy and thermogravimetric analysis (TGA) offer compelling evidence for the
formation of coke during mechanochemical depolymerization, consistent with the

observation of more hydrogeith compounds among the volatile byproducts.

3.2 MATERIALS AND METHODS

The chemicals used were identical to those detailed in Section Ptelsame
reactor vessel described in Section 2.1.2 was used to conduct experimeRS9anwas
used in all experiments described in this chapter, so henceforth it is referred to simply as
APSO. SEC procedures for the analysis of
Section 2.4.4.
3.2.1.Depolymerization Reactionswith In -Line Product Analysis

A vesselcharged wittB stainless steel grinding spheres 10 mm in diameter and 1 g
of PS powderwas mounted onto a Retsch MM500 Vario mixer mill, connected to
poly(propylene) tubing and milled at a frequency of 30 Hzafset amount of timélhe
purge gas flow rate was 60 mL/min of pure nitrogen) (b a synthetic air mixture
consisting of 80% Bland 20% oxygen (§). Products generated inside the jar during
grinding were carried by the purge gas to afine gas chromatograph (Global Analyser
Solutions) downstream equipped kvd 2m x 0.32mm Rtx1, 3.0u and a & x 0.32mm
Carboxen1010 column in series with a thermal conductivity detector for quantification of
N2, and three parallel columns for the separation:of @ m x 0.32 mm Rtd 3u and 15
m x 0.32 mm AJOz/NaSOs columns), Gi7 (2 m x 0.28 mm MXT1 1u and 14 m x 0.28
MXT-1 1u columns), €10(2 m x 0.28 mm MXTF1 0.5u and 15 m x 0.28 mm MXT 0.5

u columns) hydrocarbon products, each equipped with its own flame ionization detector
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(FID) for product quantification, with identity of products determined by matching elution
time to those of known pure compounds. GC sampfijggtionsoccurred once every 1.05
minutes on the Nchannel, 2.1 minutes on the;&€channel and 4.2 minutes on the other
two hydrocarbon channels. For tlik injection the constant purge gas flow r&e ¢ 1
mL/min was used as an internal standard to counter changes in totdDflpwue to
formation of depolymerization products, with j calculated by comparing thexIlgeak
aread |, of the'@ injectionwith the average from three blank injectiof® ( ¢ch ph)
preceding the start of millingvolar flow "0y, of each hydrocarbon produgtdetected in

the "@h injectionis then calculated from its peak ateg according to

. 0 r O fr O . p .05
O, O = t—t =
o0 | Wi oL

(3.2)
wherew j is the N molar fraction in pure purge gas and is a calibration factor
determined by calibration of the FIDs with a mixture of methane, ethane, propane, butane,
hexane and heptane. Instantaneous product flows were integrated over time to obtain
cumulative product yields. These procedures are adamedfergesell et at®!
3.2.2. Electron Spin Resonance (ESR) Spectroscopy

ESR spectroscopyanalysiswas conducted on residues recovefr@nn milling.
using a Bruker EMXplusinstrument at an »and microwave frequency of 9GHz
typically using a modulation amplitude ofdlauss and a modulation frequency of 100 kHz,
at ambient temperaturd sharp signal around = 2 at a magnetic field of ca. 33&0

represents a mixture of carboand oxygercentered radicald-our different analyses

approachegsee Section A5 of the Appendixere performedo assess the relative radical
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amounts in the samplehich yielded consistent result8rior to analysis, all spectra were
normalized by sample mass and receiver gain.
3.2.3. Nuclear Magnetic Resonance (NMR) Spectroscopy

13C NMR spectroscopy experiments were conductedesidues recovered from
milling using a Bruker AV3 400 MHz NMR spectrometer. Solid residue was collected
from the ball mill at the end of a reaction, washed with 15 mL of methanol and dried in a
fume hood for two days. 150 mg of dried solid residue was dissolved in 1.5 mL of
chloroformd (CDCls) containing 0.03% (v/v) tetramethylsilane (TMS) and passed through
two 0.2 e&m PTFSRectsayvere collgoted ih thd range0s .p pcw 220 U
ppmusuallywith 4096 scans per spectra and calibratedtothe @DCIi pl et £ ent er «
=77.23 ppmFull-range spectra are provided in Section A8 of the Appendix.

3.2.4. Thermogravimetric Analysis (TGA)

TGA experiments were conducted on residuesovered from millingusing a
Perkin EImer TGA 8000 with alumina crucibles. Degradation curves were obtained using
about 36 mg of residue at a flow rate of 45 mL/min of eitherdNO,, with a temperature
program starting at 50 °C and ramping up to 600 °C at a heating rate of 10 °C/mig) (for N
or 1000 °C at a heating rate of 20 °C/min (fe).O

Auxiliary TGA experiments wereonducted on dried solid residue recovered from
samples used in NMR experimense€Figure A8c,d, Section A6 arfeigureA9, Section
A7). TGA was performed on a Thermal Advantage Instruments SDT Q600 in alumina
crucibles. Degradation curves were obtained using about 10 mg of residue at a flow rate of
20 mL/min of N, with a temperature program starting at ambient conditions (20°C) and

ramping up to 600°C at a heating rate of 10°C/min.
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3.3.RESULTS
3.3.1. Realtime Kinetic Data

The inline GC analysis of the effluent stremmnfirmedthe formation of styrene,
benzene toluene, ethylbenzenecumene, allylbenzene Jmethylstyrene, andn-
propylbenzeneaunder inert N flow and the additional formation otbenzaldehyde and
styrene oxide in the presence of 8mall quantities of @ Cz hydrocarbon gases (methane,
ethene, propene, trace amounts of ethane, propeamealso detected. The overall reaction

scheme is once again summarized in Figure 2.1.
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Figure 3.1. Depolymerization of 1 g of PS inside a 25 mL stainless steel reactor with eight
10 mm stainless steel balls under 60 mL/roingas Cumulative yields of styrene
(alongsidedatafrom Figure 2.2a indicatg excellent agreementith a similar setup(a)

and Gi Cz light gas (b) versus time for experiments under flowinghd air atmosphere;

(c) styrene flow rate in effluent stream versus time for experiments undairNand air
switched to N at the 2hour mark (denoted by asterisk); (d) ratio of instantaneous vyield
under air to that under2Mor the four most prominent aromatic hydrocarbon products.
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The yields of styrene and light gases for experiments conducted with flowing N
(dashed lines) and air (dotted lines) atmospheres are depicted inJ:igrive Figure3.la
shows that the styrene yield under air was more than twice as high as wifmethd first
240 min of milling but slowed down subsequently. The yields:00ghydrocarbon gases
appeared unaffected by the presence pfnChe purge gas until about 210 min, when
yields under air gradually tapered off while yields undgcdntinued unlbated.

In-line GC analysis also allowed for the direct measurement of styrene flow
(equivalent to rate of monomer production) with time, which is depicted in Fglador
milling under N (dashed line) and under air (dotted line). These results reveal finer details
in the depolymerization kinetics that cannot be discesoélyfrom a styrene yield curve
like Figure 2.2a or Figure 2.66inder N, the styrene flow increased linearly for about the
first 210 min of grinding and plateaued at 1 mmol/min of styréhés rate was sustained
for the next 270 min before the onset of a slow linear decline around 480 min of grinding.
By contrast, the styrene flow under air increased much more rapidly at the start, peaking at
around 120 min at undere3nol/min, before undergoing a more precipitous decline which
only became apparent by 320 min in the corresponding yield curve in BidareThis
rate fell below the styrene flow undes &fter 320min, although beyond 48®in the slope
of the decline appeared to have settled to the same trend as the decline;uiitiés N
supported by the ratios of flows for four of the aromatic products under the two different
atmospheres all approaching a nearly constant value (Rdlae Instantaneous yields of
products depicted in Figu&1 1 which are the flow multiplied by sampling period of 4.2

mini are provided irFigureAb.
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Figure 3.2. Depolymerization of 1 g of PS inside a 25 mL stainless steel reactor with eight
10 mm stainless steel balls under a continuous purge gas flow rate of 60 mL/min. Stacked
bar graphs for selectivities (a), (c), (e) calculated with respect to twaeldarbons and (b),

(d), (f) calculated with respect to pendant phenyl gréuiier N2, air, and air then Nlow
respectively. White line under asterisk in (e) and (f) denotes instance when air was switched
to No.
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To determine whether sustained exposure to oxygen during milling causes
permanent chemical changes to PS that would affect the polymerization kinetics, PS was
ball milled under air for two hours before switching over to(Ngure 3.1c, solid line).

The timing of the switch to Natmosphere was chosen to occur immediately following the
maximum in styrene flow under air. The sharp dip of the measured styrene flow about 8
minutes after the switch was an artifact due to pressure fluctuations in the systpite Des
the switch to an inert purge gas, the subsequent evolution of the flow rate continued to
resemble the curve for milling under air. Beyond 480 min, the flow rate curve for this
experiment also paralleled the curve for milling indvd under air.

Theinstantaneouselectivities of depolymerization products with time are shown
in Figures3.2a-f. Selectivitieswere calculatedia two different methods to understand the
formation of different products: (i) the formation of aromatic prodweas referenced
against phenyl groups of PS with one phenyl group counting as one unit of product. This
neglects the formation of€Cs gases. (ii) the formation @l productswas referenced
against carbon atoms in the PS backbone where methane and toluenerconmufut of
product; ethane, ethene, ethylbenzene and styrene count for two; benzene counts for zero,
etc. Under N, the selectivity of styrene calculated with respect to the pendant phenyl
group (Figure 2b) increased rapidly in the first 210 min of milling and then more
gradually over the next four hours to eventually reach a ststatly value of 85 mol% at
the expense of benzene, toluene and ethylbenzene. The same conclusion is reached from
selectivitiescalculated with respect to backbone carbamat (Figure 2a).

The timeevolution of selectivities was notably different under air (Figures@).

Unlike the gradual evolution towards an apparent stsgate selectivity profile underaN

48



there was a trend towards increasing selectivity f61Og aromatics. The f£oxygenate
benzaldehyde made up a majority of this selectivity fraction (see magnitudes of
instantaneous yields iRigure A5b,g,h Section A4. For the experiment where air was
switched to N at 120 min, the trend of increasing selectivity for oxygenates followed the
expected profile under air up to the point of the switch. The elevat&h €electivity
persisted until 160 min before reversing and subsequently trending towastbsitigstate
selectivities observed undep.N'his means that the response was delayed by 40 min in the
selectivity profile from the elimination of Ofrom the system. The production of
oxygenates like benzaldehyde also persisted for up to 6 hours beyond the switch to N
(FigureA5b, Section A4, which indicates that oxygen reacts with the residual polymer to
an extent that lasts beyond its presence in the bulk gas phase.

Under air, the initial hour of milling also exhibited greater selectivities towards
byproducts compared to longer times, but elevated selectivitiesif@s Gases, benzene,
toluene and ethylbenzene decreased more rapidly compared to millingWithl respect
to absolute amounts of these products, instantaneous yields updmmndNair were
approximately the same for the firsti820 min (see FiguresAba,e,f Section A4.
Afterwards, a sharper decline in flow occurred under air for all the minor products. This
suggests that the yields of light gases and some aromatics, such as toluene and ethylbenzene,
are correlated and affected equally by the presence..oBéhzene was an exception
(FigureA5d, Section A4, which saw increased flow under air for the first 120 min before

experiencing a decline such that by 160 min a higher yield was sustained wittubam Air.

49



3.3.2. Characterizations of Residue
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Figure 3.3 ¢ odn @)6°C NMR spectra of PS residue milled for 720 min inside a 25 mL
stainless steel reactor with eight 10 mm stainless steel balls under a continuous purge gas
(N2 or air) flow rate of 60 mL/min; new moieties compared to unmilled PS are indicated
by downward arrows. (b) concentration of free radicals calculated from ESR spectra
intensities in residues milled under air angndrmalized to the highest amount measured
across all samples. (c) differential number fraction molecular weigtniditions in linear

scale for PS residues recovered after milling undeomair atmosphere obtained from

SEC calculated from PS standards. (d) TGA degradation curves for the same residues first
under N atmosphere to thermally degrade the polymer followed by-bfirander Q
atmosphere to combust leftover mass.

Evidence of the chemical role of.z@as obtained with ESR spectroscopy. The
evolution of radical concentrations with milling time was monitored by sampling residues
milled for 60, 120, 240, and 480 min. The intensity of the signal is a qualitative measure
of the radical concentration wherormalized by sample mass. The relative radical
concentrations with milling time confirmed that a higher concentration of stable radicals
was sustained under air compared to undeatidll times (Figur&.3b). Under airthe free
radical population increased sharply ugdl min but appeared to plateau and by 480 min
had decreased slightly. Undes,the population of radicals increased more steadily until
480min at which point the population was still less than 60% of the maximum recorded
radical concentration (at 240 min under air). Comparing the measured radical populations
to the styrene flow da, it was observed that in air op,ithe point of maximum monomer
production (120 min under air and 210 min undegr dtcurred at only around 30% of the
peak radical populain. In the styrene flows (Figu1c) leading up to the maximum in
monomer production, there was a linear increase in styrene, with the ultimate maximum
styrene flow under air being a little more than twice the maximum value uader N

The MW distributions of PS residues milled for 40, 120, 240, 480, and 720 min are

depicted in Figur&.1c under N and air. In both cases, significant shifts to lower MWs by
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several orders of magnitude predominantly occurred wilewas higher than 10,000
g/mol, which corresponds to a degree of polymerization of around®1i08.well known

that below this characteristMn of 10,000 g/mol, the chemical process of MW reduction
through chain scission becomes less favorable energetically compared to the physical
rearrangement of the polymer because the intermolecular van der Waals interactions
become weaker than-C bond energis in the backborf€. Under both air and } a
prominent shoulder towards low MW developed within the first 120 min of grinding. The
shape of the curves (at 60, 120 min) indicated preferential fragmentation of longer chains
in the distribution*®14° The shoulders had disappeared by 480 min with half of the
distribution lying below the characteristién of 10,000 g/mol.

To assess chemical changes in PS residd@sNMR spectra were recorded on
samples recovered after 720 min of milling underaNd air atmospheres (Figuse3a).
Compared to unmilled PS, the residue from milling undaildés exhibit a number of new
peaks. In addition, next to the species observed and identified via NMR, we assume the
presence of a variety of additional species below the detection limit due to the high
complexity of the radical reactions involved. In adufi, new peaks at 114 ppm and ardu
126 ppm (in between the characteristic chemical shifts of the phenyl carbons of PS) were
indicative of residual styrene monomer (deigure A8b, Section 4). In the NMR
spectrum of PS milled under air, a small peak at 173 ppm can be assigned to the ester group,
implying oxidation of PS chains, possibly via a Ba&ykliger mechanism as was
reported in mechanochemical PE crackiffgThis reaction path would indicate a high
concentration of peroxy or oxy radicals on the PS particles, which is corroborated by the

saturation of the radical population under air observed in ESR. PS milled under air
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exhibited practically no new features in the aliphatic region, and only weak signals at the
114 (olefin) and 126 (aromatic) ppm were observed, wingetinpoint to persistent styrene
absorbed in the residue.

Minor products such as toluene, ethylbenzene, allylbenzene ain@s; C
hydrocarbon gases whose hydrogestarbon ratio is greater than that of styrene (H:C =
1:1) were observed persistently, especially undeffNe removal of more hydrogen than
carbon from PS during milling, therefore, leaves behind more dehydrogenated
carbonaceous products like coke. These could also be responsible for the NMR signals at
114 and 126 ppm which are present in bottahd airmilled residue.

Degradation curves of the residues in TGA, depicted in Figuk show earlier
onset of degradation in both residues compared to unrRiiedn the sample milled under
N2, this can be attributed to increased prevalence of weak aliphatic links, as corroborated
by the aliphatic signals in the NMR spectrum of the residue. For theileed sample,
lower degradation temperatures were observed due to reduced thermal stiatxiidyzed
linear PS compared to the regular polyf¥&tJnmilled PS degraded completely under N
and left no residual mass. PS milled underoN the other hand formed a residue of as
much as 8% of its initial mass, which can be combusted underasubsequent heating
cycle, consistent with the behavior of cdRe®?PS milled under @also had 5% residual
mass during degradation under, Wnd subsequent combustion removed an additional 1%
of the initial mass. The residual masses after degradation cannot be immediately attributed
to coke, because during the long duration of milling, steel shavings from mechanical
attrition of the reactorrad grinding spheres could accumulate in the residue. To exclude

the mass contribution of steel shavings, TGA of degradation undeafNalso conducted
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on residue redried from the solution NMR sampeseFigure A9, Section A7, since
preparation of NMR samples included filtering out insoluble shavings. The degradation
curves obtained were similar to those in FigdiRe] and similar residual masses (4%) from
both N and airmilled samples were obtained. This further supports the formation of
soluble coke species during ball milling of PS, which manifest as a distinctive yellow tint

in organic solutions of the residu@eeFigureAl12, Section A9.

3.4.DISCUSSION

By combining observations of depolymerization product flow rates with properties
of the PS residue across the duration of milling, three kinetic regimes or stages are
identified, where the dominant phenomena that drives depolymerization reactions is
distinct (Figure3.4). However, because mechanochemical driving forces operate at the
material rather than molecular scileve propose that the same mechanisms are operative
across all stages. We shall discuss the stages chronologically and introduce the mechanisms

during the exposition of the first stage.

a) Stage 1: Breakage b) Stage 2: Constant size distribution  ¢) Stage 3: Molecular weight limited

Y

Figure 3.4. lllustrations of the dominant macroscopic mechanism responsible for
depolymerization in each of the three stages of kinetics. Active chains that can participate
in depolymerization are highlighted in red.
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depicted in this network, as well as other
radical species common to
autooxidation chemistry A

4 | © & &~ -~ CH, - A
wne (F OO

Figure 3.5. Proposed reaction network in mechanochemical PS depolymerization under
inert and oxidizing atmospheres. The progenitor species (A) for the whole network is boxed.
Arrows accompanied by three circles indicate steps suggested to be driven
mechanohemically whereas arrows without the symbol indicate spontaneous reactions
that may occur outside of grinding collisions. Since the focus is on steps leading to the
formation of volatile products, radical termination steps such as disproportionation are

omitted for simplicity.

Ph Ph
* R can represent any of the radical species @) O
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3.4.1. KineticStage 1: Breakagecoupled Depolymerization

The first stage of depolymerization is characterized by the creation of macroscopic
surfaces due to irreversible breakage of PS particles, which is responsible for drastic MW
reduction (Figure8.4a) 3 This stage lasts from the start of milling to around 120 min,
when styrene production reaches its peak under air, and minor hydrocarbon progducts (C
Csz gases, benzene, toluene and ethylbenzene) all attain peak production under both air and
No.

The genesis of all mechanochemical reactivity in PS is the chain scission step
converting a backbone bond (A) to a pair of chain end radicals, one secondary (B) and one
primary (C), as depicted starting from the boxed structure in FR)&F&° The frequency
of this elementary reaction is expected to scale with fresh surface area created on any given
particle from a grinding actiott:*>® Since new surfaces are created constantly by the
breaking large particles into smaller ones, this initiation step and the complicated networks
of subsequent radical reactions should increase in frequency with milling time. The density
of radials generateitirough surface creation is sufficiently numeri#8 to allow for the
liberation of volatile small molecules by a single macroscopic mechanical action, such as
slicing 4241t is no surprise that a variety of volatile hydrocarbon products form from the
complex array of radical intermediates that exist under these transient conditions. Thus, the
creation of fresh surfaces through particle breakage is the predominant phemomeno
driving the formation of small hydrocarbon molecules other than styrene. This is depicted
in the bottom half of Figur8.5involving representative radical intermediatesi(@1

Generally, the formation of styrene from radicalic intermediates is consistent with

reaction networks involved hermal or catalytipyrolysisof PS4 156 Depolymerization
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or Aunzippingd is a seqguence of consecuti v

via either the primary or the secondary chain end radical. Unzipping of a chain can produce
any number of styrene molecules up to its degree of polymerizatimaer N, (B) is
mainly responsible for monomer production whereas the less stable (C) is more prone to
undergoing competing reactions, such as hydrogen abstraction to form more stable mid
chain secondary radical species such a$ZEDbr hydrogen shift to fornEg) 1>’

For some of the hydrocarbon byproducts, an explicit reaction pathway to their
formation can be constructed from mechanisms present at thermal pyrolysis codgfitions.
163 For example, the formation of benzene an@l@G hydrocarbon gases regardless of
presence of ©could be attributed to the formation of substituted aromatic products like
toluene, styrene, ethylbenzene and allylbenzene followed by dealkylation in a subsequent
reaction step. However, even if this reaction path is relevant, dealkylation of small
moleailes cannot be the sole production source of benzene and light gases because the ratio
of carbon atoms of 2Cz gases to benzene molecules in the products iscég to be 2
for dealkylation, whereas the actual value was less than 1 at all inste@tBigures\5a
versusAbd, Section AJ. Instead, the presence of benzene points to elimination reactions
involving the phenyl pendant groups on the PS chaithat occur in tandem with
decomposition of the remaining backbone via a variety of radical transfer reactions, as is
observed during thermal pyrolysis of PS above 36&4C.

The formation of hydrocarbons such as methane, toluene, and ethylbenzene
requires chain fragmentation from a radical site on the interior of the PS chain, which can
only be formed from intramolecular or intermolecular transfer reactions of a terminal

radial generated via chain scission. For example, methane results from a intramolecular
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hydrogen abstraction step by primary scission radi¢aBuch radical transfer reactions
lead to the gradual appearance of new aliphatic carbon moieties on the milled PS not
present initially, which is confirmed in the NMR spectra of PS residue milled under N
For example, the 30 ppm peak in th& NMR spectra is consistent with carbon
environments s-tahbas antiesobatrylclrbonpnene or
ethylbenzené®

On the other hand, new aliphatic carbon moieties were not present in measurable
concentrations in the residue milled under air. The presencestfddld have no effect on
the breakage rate of PS particles, so the different kinetic behavior observed under air must
be due to reactions of oxygen species with the fresh PS surfaces as they formed to suppress
the production of minor hydrocarbon produclhis is expected to occur through
autooxidatiof®® of chain end radicals, depicted in the conversion of secondary scission
radical (B) to peroxy radical species (F) and of primary scission radical (C) to species (I)
in Figure3.5. These reactions are highly favored even at cryogenic conditiens} can
be seen as a reagent that prolongs the lifetime of radical species originating from chain
scission reactionk a radical trapping agent. The same milling duration at the same set of
operating conditions should generate the same number of radicdr@airshain scission
regardless of the atmosphere. Therefore, the higher concentration of radicals observed
under air suggests that &tabilizes the secondary radical (B) and the primary radical (C),
so that species (F) and (I) become sites of mangonoduction.Such mechanisms are
consistent with those present at oxidative pyrolysis reactfdns.

O- also mitigates the migration of radicals from the chain end to the interior of

chains, thereby simplifying the depolymerization mechanisms to favor higher levels of
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initial styrene production at chain end$As depicted in the top half of FiguBe5, we
suggest the peroxy radical chain ends (F) and (I) yield styrene. This could, for example,
occur viaconcertedeactions involving a fivenembered ring transition statestigated by
single mechanochemical collision¥he similarity of the styrene flow curves under
sustained air flow and air flow farnly the first 120 min indicates that an appreciable
population of species (F) and (I) is established early in the process and that these
intermediates continue to contribute to styrene monomer formation for an extended time.

The formation of benzaldehyde, the most prominent oxygenated aromatic, could be
attributed to a mechanochemical betanination reaction from species (@ymed viaits
peroxy precursor (Fpy spontaneous disproportionatiddne could also hypothesize a
concerted mechanochemically induced step invohangighly reactive trioxyl radical
intermediaté®®17° from species (G)going through the thematic fiv@emberedring
transition stateEither way, mechanistic paths leading to the formation of benzaldehyde
also funnels polymeric radicals towards the formation of the primary oxy radical species
(J), which canot reactmechanochemicallyia betaeliminationor via a cyclic transition
state.Thusspecies (J) is mechanochemically less active than its secondary counterpart (G)
andis therefore prone taccumulabn on the PS residuéhis accounts forhe larger
radical population present under air detected BR Bvhichalsodoes not sustain higher
styrene production.

The role of Q can be extrapolated to depolymerization of other olefinic polymers.
Jung et al?>detected trace amounts of the oxygenate acetophenone in their products when
milling PMS under air atmosphere, although they dismissed the significance of oxygen

towards the depolymerization mechanism by reasoning that the same monomer yield was
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obtained regardless of whether their reactor was charged with air or an dsegeangon
atmosphereDue tothe low ceiling temperature of PMS, which allows chain activation,
scission and depropagation to all occur spontaneously due to favorable thermodynamics.
In the case of comparatively higleiling temperature PS for which spontaneous
depolymerization froma carborcentered radical chain end is not thermodynamically
favored at near ambient temperature, depolymerization from a peroxy radical chain end
aleviates this deficiency. Since peroxyl radicals are chemically more stable than carbon
radicals, Q@ can be understood to serve the dual role of scission radical stabilizer by
converting carboitentered radicals to peroxyl radicals, thereby retarding recombination
reactions in the aftermath of scission. Although oxygen converts reactive scission radicals
to chemically less reactive peroxy radicals, the reactivity of the radical site is reoriented
towards a more thermodynamcally favored mechanochemical mechanism.
3.4.2. KineticStage 2: Depolymerization atConstant Size Distribution

By the end of the first stage of depolymerization at around 120 min, the average
particle size inside the ball mill had reached a limitrafue and smaller, more numerous
particles cause collision forces to be distributed over a wider area of mechanical contact
compared to concentrated stress points when particle sizes are stitHatgehe second
stage is characterized by an observed limit in particle size, which cannot be decreased
further by more grindingseemicroscopyimages irFigureAl,Section A). In this stage,
nearly all byproduct flows slowed down (Figurd&b andFigure ASaf in Section A4.
The radical concentration measured by ESR continued to increase in this stage, while
shifting of the MW distribution towards shorter chains proceeded more gradually compared

to the earlier regime.
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Since the particle size distribution stays approximately constant while impacting
forces from the ball mill remain unchang€dwe suggest particle breakages that create
fresh surfaces are counterbalanced by viscoelastic sintering of particles that destroy
existing surfaced’! The absence of net particle size reduction does not mean that radical
creation and propagation are discontinued, because breakage still occurs albeit in dynamic
equilibrium with sintering, and this breakage can still activate polymer chains via scission.
We propose that depolymerization occurring while PS powder is milled at the equilibrium
particle size distribution may be driven by frictional interactions between the surfaces of
polymer particles compressed in between metal grinding surfaces durisgaoslliFigure
3.4b), which manifest as bond distortion on the molecular scale resulting in rupture. In
addition, the compression of a singular particle duesgberewall or binary sphere
collisions could result in similar molecular deformations leading to mechadical
generation

Under N, styrene flow reached a maximum and was sustained at thisoresiant
value starting around 210 min (see FigBri), and the steady state selectivity profile was
established around the same time (see Fig2eeld. Flows of all hydrocarbon byproducts
reached their maxima early in this regime and then began to decline gradually thereafter
(see Figuré\5a-h, Section AJ. These observations are consistent with continuation of the
mechanisms illustrated in the bottom half of FigBir®

In the breakage stage, the rapid and irreversible creation of fresh macroscopic
surfaces leads to a high local density of free radical species on these surfaces which are
likely to undergo tandem reactions due to the physical proximity of individual fadica

species. If a sufficient energy density is imparted on a local domain, chain scission and the
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production of volatile small molecules can occur during a single impact, with the
consequence being that all volatile product flows are necessarily correlated and must trend
in the same direction. This was indeed observed to be thésemsEigure A5&, Section
A4)

By contrast, going into the frictional stage undey tRere likely is a growing pool
of persistent but still reactive secondary radical species like (B) and)E3econdary
radicals E14 could be more favored to form as the likelihood of different polymer particles
to meet increases with smaller partisiees, leading to radical transfer reactions. Since the
relative stability of these secondary radicals affords them a longer lifetime that may exceed
the mean free time of a PS particle between consecaiechanochemical collisions, a
radical generated during one impact may persist until the next impact on the same patrticle
to yield monomers. These radicals can be viewed as the source of steady styrene production
in the frictional stage, and among thepesies (B) is suggested to be the most important
since it yields styrene directly via bezimination. Unlike what would be expected in the
breakage stage, the observed gradual decline in the flow of byproducts such as benzene,
toluene and ethylbenzenadlighout the frictional stage did not cause any similar decline
in styrene flow, because most of the reaction networks responsible for the formation of
hydrocarbon byproducts also recover species (B), from which styrene production may
occur so long as thadical species can persist to encounter multiple collisions.

In the presence of {however, the reaction network does not lead back to species
(B), and this should be responsible for the steady decline in styrene flow alongside all the
byproducts for PS milled in air. During the breakage stage, the presenceattbus

scission species (B) and (C) formed on freshly created PS surfaces to be converted rapidly
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to peroxy radicals (F) and (I), which are persistent yet still sufficiently reactive to yield
styrene directly while regenerating themselves. By the frictional stage, a significant density
of these species is expected on all the PS particle surfacestgdnerthe previous stage.

As particle sintering and breakage equilibrate, the PS surfaces closed by sintering are those
covered by peroxyl species rather than a clean hydrocarbon surface as would be the case
under inert N. Subsequent particle breakagéhisrefore more likely to proceed along the
previously closed surfaces, due to obvious chemical differences.

Since the same oxidized surfaces are closed aedp@sed upon sintering and
breakage, disproportionation of peroxy radicals (F) and (l) during breakage will transform
them into oxy radicals (G) and & the former being the most likely precursor to
prominent byproduct benzaldehyde. Reactions involving (G) all lead to the
mechanochemicalldormant primary oxy radical (J), the growth in abundance of which
causes the steady decline of more reactive radical species over time, resulting in gradually
diminishing styrene flow. However, the oxidized PS residue is also mechanochemically
more inertwith progressive accumulation of species (J), so the greater yield of styrene seen
in grinding in an oxidizing atmosehe is an inherently transient phenomenon.

The accumulation ofmechanochemicallinactive radical species (J)and others
like it i does not require the continued presenceoh@he bulk gas phase, but only the
continued redistribution of oxygen radicals already incorporated into the chemical structure
of the PS chains. This explains why exposure of PS;tony in the first two hours of
milling causes sustained flows of hydrocarbon monomers that all follow the same
trajectory as continuous exposure tg €ven after benzaldehyde production kadsed.

Some of the oxygen atoms are incorporated into the polymer irreversibly.
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3.4.3. Kinetic State3: Limiting Molecular Weight

In spite of the continuation of depolymerization at constant particle size distribution
beyond 480 min, transition from the second stage to a distinct third stage of kinetics is
proposed to occur when MW degradation has progressed to the extent thaficasign
fraction of chains is shorter than the characteristic of 10,000 g/mol (Figure3.4c).
Mechanically, the additional flexibility of individual chains in PS below the limiting MW
of 10,000 g/mol allows entire chains to move uniformly in response to the applied force
from a collision, thus decreasing the probability for any part of thendbhagéxperience a
significant localized, intr@hain strain for homolytic € cleavagé?® With respect to the
mechanisms depicted in FiguB5, it can be understood that proximity of the MW
distribution to 10,000 g/mol negatively impacts the frequency of success in the
mechanochemical steps, most obviously in a reduction of chain cleavage events. This
occurs starting at around 480 min, when nmaaoflow under both Nand air commence
a gradual decline at about the same rate (Figli@. Since this behavior is observed under
both inert and oxidative atmospheres, it can be considered a digtiatic regime that
occurs at extended milling times (beyond 480 min), when mechanochentcaldavage
ceases to be a significant source of new radical species regardless of whether these are

carbon or oxygencentered radicals.

3.5.APPRAISAL OF MOLECULAR KINETIC PHENOMENA IN CHAPTER 2

A number of molecular kinetic phenomena left unexplained in Chapter 2 are now

clarified in light of the reaction network constructed in SectionSrite results of bimodal
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PS from Section 2.3.6 is revisited, the reactant discussed in previous sections of this chapter
will be called PS90, and the bimodal reactant from Chapter 2 will be called PS50.

For one, the collapse of the styrene concentration after milling beyond 160 min in
a closed vessel (Figure 2.2a) can be readily attributed to repolymerization triggered by the
continuedaccumulation of radicalhown in Figure 3.3past the particle breakage regime
which consumes styrene monomassthey accumulate on the (now constant) available
surface arearhis justifies the critical importance obntinuous monomer removal during
reactor operation.

In the mechanism proposed by Balema et*ah peroxy chain end radical
complexes with an unspecified metal species to activate the chain for depolymerigation.
Figure 2.4athat metal speciesas demonstrateth be Fe and to a lesser exterit Cr,
since styrene the yield was enhanced by those two snethlle Ni appeared not to
facilitate depolymerization via this oxygessisted mechanism as reflected in a reduced
styrene yieldFe and Cr may indeed be among the genergpBcies depicted in Figure
3.5 that converts peroxy radical speciesdif] (1) to oxy radicals (G) and (J) respectively

It was also observed that Cr loses its ability to enhance depolymerization during
milling in air, which can be attributed to the tendency of Cr to rapidly form a passivating
oxide layer on its surfacé? which is inactive. Fe on the other hand does not form such a
layer as readify/3and preserves some catalytic activity when the finite oxygen supply in a
closed reactor is replaced by a gas phase of constant oxygen concentration in the open
reactor configuration. We would also expect metal oxide powders to be poorer catalyst

materialsfor depolymerization than their metals. For instance, iron oxidgOgrés the
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fully oxidized form of iron, hence the observed suppression in monomer yield in its
presence is logical.

The initial monomer production rate for PS50 was over 3 times lower compared to
PS90 (Figure.la vs. Figure2.6a) under closed conditions. Under open conditions, PS50
also saw a small increase in yield when oxygen concentration in the flow gas was increased
from none to air to pure O(Figure 7c), which suggests that unlike PS90, for
depolymerization to proceed in this material the abundance isfr@ore important, likely
due to a scarcity of scission radicals that a givermOlecule in a gas phase of aan
encounter on a per unit time basis. When the entire gas phase is;pthis Gcarcity is
alleviated so there is greater likelihood that the few radicals that do form are captured
efficiently.

The most significant difference in reactivity between PS90 and PS50 was the
apparent lack of chemical effect of BA on the former. The oligomeric fraction of PS50 did
not undergo MW reduction undany mechanochemical conditior{see FigureA3b,d,
Section A3, but the combination of BA with this oligomeric fraction in the closed reactor
made the higher MW PS present in the material more reactive while not reducing the MW
of the oligomers themselves. Even so, the styrene yield from PS50 with BA was still over
3 times lower than that from PS90. Also interesting is the finding that BA loses much of
its effectiveness at enhancing monomer production when paired with any kind of gas flow
(Figure2.6c). These two results imply a unique interaction of BA with both oligomeric PS
and accumulated monomers inside the sealed reactor environment that increases monomer
production, one possibility being that BA uses some of the monomers to activate the

oligomeic PS as chain transfer agents, which increases radical concentrations. The
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detriment of combining BA with air or Oflow for PS50 may also be rationalized as
degradation of BA by €Xi.e. calcinatioh’®). The closed reactor with finite and decreasing
Ocontent was insufficient to interfere widt
open reactor with constant.@tmosphere any beneficial effect of BA was likely
overshadowed.

Evidently, BA served a more complex role in the depolymerization mechanisms,
by simultaneously preserving the constant rate of styrene production and tilting selectivity
gradually in favor of minor products (Figur2$b). An implication of this is that BA may

in part be a reagent that is consumed slowly as indicated by this shift in selectivity.

3.6. CONCLUSIONS

In this chaptey ball milling of PS with purge gas flow coupled toline analysis
of the effluent using G&ID is leveraged to reveal three major kinetic regimes in the
depolymerization reaction of this commaodity polyolefin, in which the reaction is controlled
by partcle breakage, friction, and the limited molecular mass of the residue, respectively.
In an inert atmosphere, depolymerization reactions are initially concurrent with particle
breakages and the creation of fresh PS surfaces, which results in styreneigoduct
alongside aromatic hydrocarbon (mainly benzene, toluene, ethylbenzene, allylbenzene)
and Gi Cz (mainly methane, ethene, propene) byproducts. Styrene flow becomes steady
and selectivity towards styrene is higher in the subsequent regime where friction overtakes
surface creation as the dominant driver of depolymerization, before the overall rate of
monomer production declines at extended milling times when the limiting MW for

mechanoradical formation from PS is reached at 10,000 g/mol.
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The presence of Os the determining factor in styrene production throughout the
first two regimes. Oxygen radical species facilitate the formation of monomers from chain
ends, while under Nhe radical can migrate further along the PS chain before terminating,
which is conducive to the formation of new carbon environments in the PS residue as was
shown by NMR. While the cumulative yield of byproducts undersQower, a wider
variety of byproducts is formed including oxygenated monoaromatics (mainly
berzaldehyde) in addition to hydrocarbons, and the PS residue is eventually oxidized
irreversibly to mechanochemically inert oxy radicals. Evidence of limited coke formation
is found from TGA of the milling residues and the observation of saturated sublistitute
aromatics and £Cz gases among the products whose H:C ratio is greater than that of
styrene.

ESR spectroscopy of the residues shows that a higher concentration of radicals is
maintained in the presence of Gmpared to pure INconsistent with the conversion of
carboncentered scission radicals to more stable peroxy and oxy radicals. However, despite
steady growth or plateauing of the radical concentration after maximum monomer
production, it is the decline of the MW that gratly reduces the rate of formation of new
radical species. These insights particular the role of £in suppressing dical migration
T are also beneficial for understanding the depolymerization kinetics of other commaodity
polyolefins, and serve as useful guides for future engineering efforts to improve the

viability of mechanochemical depolymerization.
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CHAPTER 4.
COHESIVE STATE KINETICS IN MECHANOCHEMICAL

DEPOLYMERIZATION OF POLY(STYRENE)

4.1.INTRODUCTION

It has long been observed for many inorganic mechanochemical reactions that
product formation proceeds gradually at first before experiencing a sudden, dramatic
increase in rate, often coinciding with a physical transition of the reactant material into an
activated or critical stat®:®21>This behavior exhibits the signature of autocatalysis or
positive feedback kinetid<® More recently, conceptually similar phenomena have been
reported for organic mechanochemical batch reactions at the laboratory scale, the most
well-studied example is a Knoevenagel condensttdf® between vanillin and barbituric
acid. Both reactants are solid powders at the start of milling, but once a threshold
conversion has been attained, the dispersed powders become congealed into a continuous
layer of waxy material coating (usually) the grimglisphere. The formation of this
Acohesiveo state coincides with a sudden r ¢
to complete conversioli® 18 Likewise, a cohesive state accompanied by rate acceleration
has been observed in the depolymerization reaction between poly(ethylene terephthalate)
and sodium hydroxid&1112

Although cohesive state kinetics have been observed across a diverse array of
mechanochemical reactions involving more than one solid organic reactant, there has been
to the best of our knowledge no reports of this phenomenon occurring in reactions
involving just one single solidtate reactant. In thishapterwe investigatethe formation
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of what may be termed a rat@hancing cohesive state during the mechanochemical
depolymerization reaction of PS conducted in a vibratory ball mill. In contrast to the slow
intrinsic depolymerization kinetics of PS in the powder state at ambient mechancahe
conditionst?#132we show that PS depolymerizes more efficiently near its glass transition
temperature of 100°C when it can be constituted as a viscous continuous substance (the
cohesive state) and specifically under the action of shear forces. The presence of oxygen
which enhances depolymerization in the powder siatés insignificant for PS
depolymerization in the cohesive state. These insights have practical implications for the
potential use of mechanochemistry to achieve solid state depolymerization of presently

difficult-to-recycle olefinic plastics.

4.2. MATERIALS AND METHODS

The chemicals used in experiments described in this chapter have been detailed in
Section 2.2.1. Characterization by SEC, ESR spectroscopy and NMR spectroscopy have
been detailed in Sections 2.2.4, 3.2.2 and 3.2.3 respectively.
4.2.1. Depolymerization Reactions

Experiments were conducted on two different setups using the same reactor design
and operating conditions, and different instrumental setups for product analysis termed
discrete sampling and continuous samplifige setup for discrete sampling experiments
were described in Section 2.2.2, and that for continuous sampling in Section 3.2.1. In
discrete sampling experiments, the MeOH trap for collecting volatile products evacuated
from the reactor was switched at r&gutime intervals, usually every 10 miaAll
experiments were performed at 30 Hz operating frequency on a Re#sulfactured

shaker mill.
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Depolymerization experiments were conducted in a modified tungsten carbide
lined grinding jar manufactured by Retsch and tungsten carbide grinding spheres. The jar
had a piltshaped internal volume of 25 mL and two openings on the cylindrical face to
allow connections to gas lines via Swagelok fittings welded to the jar. Grinding spheres
with mass ranging from 7.8 to 53 g and 1.0 to 3.0 g efyppend PSPS90in Chapter 2)
were used in experiments. The reactor was connectedtanti8poly(propylene)ubing
using Swagelok unions, and gas @ air) flowing at 60 mL/min was maintained during
milling. The atmosphere surrounding the ball mill was either stagnant air to allow
temperature development in the reactor to equilibrate naturally with the surroundings
during milling or rapidly flowing & to achieve passive cooling and maintain the reactor
exterior surface near ambient temperature.

4.22. Sound Recording and Analyses

Audio recordings of experiments were collected using a FIFine Technology USB
microphone interfaced with Audacity (version 3.7.3). Audio was tracked in mono at a
recording level of 20% and a sampling rate of 176400 Hz (ibiB2ormat). The
microphone waglaced in front of the shaker housing the reactor jar with the diaphragm
facing upward. Recordings were exported from Audacity as .wav files and processed in

Python using the librosa package.

4.3.RESULTS AND DISCUSSION
This section contains three parts. First, observations regarding the physical features
of cohesive state of PS and the circumstances of its formation are stated and discussed.

Effects of the cohesive state on depolymerization kinetics revealed by dsmngdéng
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experiments are presented in the second part. Finally, in the third part, results from
continuous sampling experiments are presented to verify and reinforce claims made
previously.
4.3.1.Formation and Characteristics of a Cohesive State in PS

WhenPSpowder was shaker milled inside a 25 mL tungsten carbide (WC) jar with
WC spheres and an atmosphere of air grafter an incubation pericaf 10/ 30 min the
powder was observed to undergo a physical transformation by agglomeration into a viscous
continuous layer coating typically the WC spheres and sometimes over the reactor wall.
This substance is hereby called the cohesive layer or cohesive state.

Transformation of PS from powder to cohesive could be achieved using one single
large (19 mm) sphere or several smaller spheres (for example, four 12 mm or eight 10 mm
spheres). With one single sphere, the congealed PS formed a nearly smooth and uniform
coating over the entire surface of the sphere, leaving no residue on the jar surface. When
more than one grinding sphere was present in the reactor, the viscous PS congealed all the
spheres together into a single mass, and the distribution of PS overniiegysphere
surfaces was not uniform; some specks of residue were also observed on the jar surface.
The photographs in Figure 4.1 depict examples of the physical appearance of the cohesive
layer formed using one 19 mm sphere (b) or eight 10 mm sphed¢sdgatrasted with the
appearance of PS during grinding in powder form (a), with 2 g of PS (d) predictably
forming a visibly thicker layer compared to 1 g (c). Coloration of the PS in Figurel 1a,c
was attributed in part to depolymerization reactions artlypto fine WC patrticles that
come from attrition to the WC spheres and jar, based on characterization of the residue

carried out in Chapter 3.
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Figure 4.1. Appearances of PS as powder and cohesive states during grinding using WC
jar and spheres; (a) powder, cohesive states formed using (b) one 19 mm sphere and 1 g
PS, (c) eight 10 mm spheres and 1 g PS, (d) eight 10 mm spheres and 2 g PS.

In all experiments, milling commenced with the sphere(s) and jar at ambient
temperature. During ball milling, the temperature of the grinding surfaces (spheres and jar
interior wall) increased steadily aindn the absence of deliberate convective codlipg
stream of blowing air directed at the jar extefi@symptotically approached a steady state

value at least 50°C above ambient temperature, which occurvéthin one hourof
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uninterrupted milling® This behavior is well documented with shaker niffsi®”and is

due to the gradual accumulation of heat dissipated from collisions inside the jar.
Immediately after milling was stopped, the jar was opened and a thermocouple was used
to take temperature readings of the grinding surfadéss temperature was diod to be
100+10 °C, which coincides withthe glass transition range of B8.The measured
temperature of the cohesive layer itself exceeded@Pand the soft and rubbery material
exhibited plastic deformation similarly to bread dough or putty when poked.

For the same milling time, cohesive state formation was suppressed by maintaining
steady air flow around the reactor as a heat exchanger to maintain the reactor exterior
surface at ambient temperature. From this observation, it is evident that the forafatio
the cohesive state of PS was caused by heat transfer to powder from grinding surfaces that
were gradually increasing in temperature due to dissipated heat from collisions. Once the
surface temperature was close to the glass transition range of tthee Bf&ssy particles
became sufficiently softened and congealed into a continuousildliercohesive state.
Suppression of the cohesive state was achieved simply by the presence of air flow across
the reactor exterior which carried off heat from cadlies conducted thermally through the
reactor wall, leading to a lower steashate temperature on the grinding surfaces in the
interior of the reactor that was insufficient to heat PS to its glass transition range. In the
cohesive state, most of the PS ahd@ coating over the spheres because their surfaces
tend to be the hottest inside the reactor environtffeantd therefore the earliest to reach
the glass transition range of PS. Conversely, heating the reactor externally using a heat gun

led to the cohesive layer forming over the reactor wall instead of the spheres.
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Upon cooling, the viscous PS hardens into a rigid and brittle coating holding the
spheres together in a rigid mass as those depicted in the photographs of Etgdr& his
hardened PS easily reverted back to the powder form depicted in Bigarby gentle
mechanical agitation. Upon resumption of milling, the reverted powder could be brought
into the cohesive state again within an incubation #intanin less than the initial duration
required to bring fresh PS powder into the cohesive state. It isrktioat the glass
transition temperature of PS asymptotically approaches 106°C with increasing number
average MW (M) above 100,000 g/méf> Meanwhile, MWdegradation of PS by shaker
milling from any starting M is known to occur predominantly in the initial minutes of
grinding*®? and asymptotically approach the characteristic limiting=viL0,000 g/mol at
long milling times® The time required to bring fresh PS powder to the cohesive state
already degrades the MW substantially closer to 10,000 g/mol, when the glass transition
occurs at only 95°C. Less time is required for the reactor interior to heat from ambient to
95°C tharto 106°C and thereby trigger glass transition in the bulk of the PS powder, hence
it is logical for the cohesive state to form in less incubation time for PS powder that has
already been milled to a lowerNMhan fresh powder starting from a higheg.M

Physical transition of the PS from powder to a fully developed cohesive layer occur
suddenly and was accompanied by an audible increase in the intensity of collision sounds
emanating from inside the mill. Figu#e2 depicts the timeesolved intensity spectra
obtained from an audio recording of an experiment using eight 10 mm spheres where
cohesive layer formation occurred at around 12 minutes into milling. An abrupt increase
in intensity was observed within a vesiyort time span of less than 15 seconds. During this

time, the lower intensity audio spectrum indicating powder milling gave way to a denser,
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higher intensity spectrum, featuring brighter bands at the milling frequency (30 Hz) and its
overtones (particularly 60 and 120 Hz). Intensification of these characteristic frequencies
was indicative of a single body inside the jar colliding periodicaiti thhe jar walls, rather

than several independent bodies only loosely following the same trajectory with the
oscillation of the jar. The audio spectra for a single 19 mm sphere exhibited the same

essential characteristics as the plots in Figuze
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Figure 4.2(a) intensity heat plot of instantaneous audio frequencies in the vicinity of the
transition from powder to cohesive state and (b) statistical analysis of frequency data points
for fundamental mill frequency (30Hz) and two overtones (60 and 120 Hz).

Formation of the cohesive state in PS was not specifically reliant on the use of WC
grinding jars and spheres. Rather, it just so happened that the steady state internal
temperature of the WC reactor situated in stagnant air was most able to attairsshe gla
transition temperature range of PS from a variety of milling configurations (number and
sizes of spheres), so the same outcome could be obtained using one large sphere or several
smaller ones. On the other hand, a steel reactor surrounded by stagr@ultiaanly reach
a steady state internal temperature of 100°C from grinding PS with one large steel sphere
(O 20 mm) . Appearance of the cohesive stat

configuration, keeping all other operating parameters icante the WC milling
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experiments. Conversely, collisions of many small 10 mm steel spheres were insufficient
to accumulate enough dissipated heat to raise the grinding surface temperature to the point
that allowed PS to undergo its glass transition, thus no cohesive staeervabserved in

previous experimenisn PS degradation by shaker millitg.

4.3.2.Depolymerization Rates and DiscreteSampling Experiments
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Figure 4.3. Cumulative yields for PS milled at 30 Hz employing eight 10 mm diameter WC
spheres in a 25 mL WC reactor. (a) 1 g of PS milledJmamd air atmospheres with and
without formation of the cohesive state. (b) Various amounts of PS milled mitN
formation of the cohesive state and results for powder milling for comparison. Asterisks
denote reatime sampling interval during which transition from power to cohesive state
occurred, as discerned from audio recording of the respective experiment.

From discrete sampling experiments, styrene monomers produced by
mechanochemical PS depolymerization inside the shaker mill reactor and removed via a
purge gas stream were accumulated and quantified over regular time intervals to obtain
cumulative yields \th respect to milling time. Representative sets of yields versus time
data are shown in Figu#e3. Enhanced depolymerization of PS powder by grinding in the
presence of &had been established in prior work using steel grinding sph&teszigure
4.3a (dots versus squares), the same phenomenon was demonstrated using WC grinding
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spheres at the same operating conditions. It was established in that prior work that the
relation between cumulative styrene yield and time is approximately linear for ball milling
in air or N atmosphere up ta0#50 mg/g P$from which a constant initial rate of styrene
production could be obtained in units of styrene mass per mass of PS per unit time (mg/g
PS/min). For PS powder milled in2dnd air, these initial rates were calculated in entries
6 and 7 respectively in Tabtel. The rate under air wasund to be about 2.6 times the
rate under N

Compared to baseline yields for PS powder shown in Figure 3a, there was a
dramatic boost in styrene production for milling in both air an@fier the formation of
the cohesive state between 10 and 20 minutes. Bedause mg/g PSof styrene was
achieved in under 60 min with attainment of the cohesive state, only the first three data
points taken after transformation to the cohesive state was used to calculate an initial rate,
representing the maximum reactivity of the PS in theesie state. The rate of styrene
production in the cohesive stdateone order of magnitude higher than that of PS milled
under N T was found to be nearly identidak milling under N and air (Tablet.1, entries
1 and 5 respectively), which suggests that depolymerization mechanisms in the cohesive
state are more or less the same regardless of the chemical composition of the gas phase, in
stark contrast to the difference an atmosphere containimgaes to styrene production
from PS powder.In the two previous chapters, the caBad beenmade that
mechanochemical depolymerization from PS powder is primarily a surface chemical
phenomenon, as in, the depropagatiorcttea producing styrene monomer from reactive
sites on a PS chain take place at chains exposed or situated near the surface of the PS

particles caught in grinding surface collisions inside the shaker midlté€s the surface
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chemistry of PS particles by increasing the density of reactive sites from which
depropagation reactions may occur, thereby increasing the yield of styrene compared to
milling conducted under inertANThe fact that the rate of styrene production was about the
same for milling in the cohesive state under air pcidarly suggests a depolymerization

mechanism that deemphasizes surface chemical phenomena relative to the powder state.

Table 4.1. List of discrete sampling cohesive state ball milling experiments discussed in
Chapter 4. All experiments conducted at 30 Hz milling frequency in WC grinding tools
with a purge gas flow rate of 60 mL/min.

Exp.| Number Initial Gas | Cooling| Time (min) | Initial cohesive
ID | size (mm) of | mass (g) | phase to cohesive rate (mg/g
spheres of PS state PS/min)

1 U pm 1.0 N> No 16 1.79

2 Y pTt 15 N2 No 28 1.10

3 Y pTt 2.0 N2 No 32 1.03

4 Y pm 3.0 N2 No Infinite ~0

5 Y pm 1.0 Air No 17 1.85

6 U pTt 1.0 N2 Yes Infinite 0.14

7 Y pm 1.0 Air Yes Infinite 0.36

8 P pW 1.0 N2 No 6 ~0

Further evidence of this was seen in MW distributions (MWDs) of PS residues
(Figure Adc-d, Section A3. As expected, residues recovered in the cohesive state were
found to be in a more advanced state of degradation compared to powder residues that have
undergone the same duration of milling. Distributions of cohesive residues milled under
air and N exhibit greater similarity with each oth@nd powder residues milled for much
longer timeg Figure Adab, Section A3fompared to distributions of the powder residues,
which support the assertion that the gaseous atmosphere plays no significant role in

depoymerization chemistry when the cohesive state forms.
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Since the grinding surface temperature is only around 50 °C (by thermocouple
measurements) for powder state milling compared to near 100 °C for cohesive state milling
(recall that the necessary precondition for spontaneous cohesive state formatiohes for t
surface temperature to reach 100 °C), it is worthwhile to consider whether the reactor
temperature difference of 50 °C between powder and cohesive states can account for the
orderof-magnitude difference in styrene flow. Using a simple mddstribedn Section
A8 of the Appendix which treats themechanochemical depropagation step yielding
monomer from a secondary chain end radasathermodynamically limiteé?® we may
calculate the gas phase monomer activity (which is proportional to monomer concentration)
at 50 and 100 °C as 0.0036 and 0.0279 respectively. Although the model does not
realistically depict the heterogeneous environment inside the ball mill oogtagither
powder or cohesive states, the calculated activity values do differ by approximately one
order of magnitude(eightfold), and suggests that at least qualitatively, a reactor
temperature difference of 50 °C is sufficient to cause an-afderagitude difference in
the concentration of product extracted from the ball mill, assuming the elementary step
leading to the production of styrene is thermodynamically limited.

Complimentary to the effect of macroscopic temperatureretis a explicitly
mechanochemical explanation for why PS exhibits more active depolymerization kinetics
when balimilled in the cohesive state compared to as a powder. Based on insights derived
from depolymerization kinetics of PS powadkstailed in Chapters 2 and Bhen a solid
material is subject to mechanical grinding, there are three elementary physical processes
by which the material may receive kinetic energy of the grinding bodies to drive chemical

reactions in the material: fracture, friction and plastic odeftion. Fracture is
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characterized by the generation of fresh surfaces, friction by the dissipation of heat on
preexisting surfaces in shear mechanical contact, and plastic deformation by irreversible
mechanical changes in the interior of the bulk material. Depolymerizationgdball
milling of PS powder is dominated by mechanisms that rely on the surface processes of
fracture and frictiot®2 This means that mechanochemical reactions between individual
rigid particles of a powder can only occur at the microscopic contact points between
particle surfaces, which comprise only a small fraction of the already small volume of
reactant encompassedthin the transient area of contact between two colliding grinding
surfaces (such as reactor wall and grinding sphere). By contrast, the cohesive layer is a
macroscopically a continuous material with low surface area. Here depolymerization can
only be driven by bulk plastic deformation of the layer, with a reactive volume that
encompasses the entire contact region. The shift of reactivity from surface to bulk
mechanical processes directly explains why the presence didOnot affect styrene
production in the cohesive state, sinceegbhances depolymerization exclusively via a
surface chemical pathwag described in Section 3.4.1

In Figure4.3b, different initial amounts of PS (1.0, 1.5 and 2.0 g) were milled under
the same set of conditions (Taldl4, entries 1 through 3). Cohesive state formation was
observed to occur later with increasing reactor loading. A further experiment was
conducted with 3.0 g of PS (Tablel, entry 4), and no cohesive state was formed up to
120 min of milling. The steady state temperature of a shaker mill depends strongly on the
powder loading®®and predictably decreases with increasing amount of material to absorb
the dissipated heat from collisions. It is therefore logical that beyond a certain threshold

loading of PS, the grinding surfaces inside the reactor can no longer attain a sufficiently
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high steady state temperature to heat the PS into undergoing glass transition. The result is
PS remaining in the powder state in perpetuity. At loadings where the temperature can still
attain 100 °C to trigger formation of the cohesive state in PS adtags ggansition range,
higher loadings mean a greater quantity of PS must be heated to the conditions necessary
for the cohesive state to emerge. When the total number of collisions do not change (as was
the case when the milling frequency was unaltereivden experiments), a longer
incubation time of milling in the powder state is required for sufficient heat to accumulate
towards that purpose.

Initial rates calculated using the first three data points following cohesive state
formation (Tablet.1, entries 1 through 3) decreasedtiorarly with increasing loading
of PS from 1.0 g to 2.0 g. As expected, without formation of the cohesive state and with a
sufficiently heavy loading of PS, the rate of styrene production was negligible @.able
entry 4). MWDs of PS residues in the cohesive state indicated slightly less advanced
degradation with increasing reactor loading consistent with the tretitk initial rates
(Figure 4.3b) Since higher loading means a greater overall mass of PS is distributed over
the surface of the same mass of grinding spheres upon the sudden formation of the cohesive
state, it can be inferred that the spheres are congealed together by a thicker layer of
continuous PS, as is visually apparent from a comparison of HdLoel. This implies
that when loadings are higher, the kinetic energy change from collision of a constant mass
spheres must act over a larger mass of PS, and each unit mass of PS receives a smaller dose
of the mechanical energy available to drive depolymeozaeactions. The result is lower

initial rates of depolymerization in the cohesive state with increasing loadings of PS.

82



Arguably the most interesting result with respect to depolymerization kinetics
might be the contrast between the experiments using eight 10 mm spheres versus one 19
mm sphere (Tablé.1, entries 1 and 8 respectively). Using one 19 mm sphere, the cohesive
state was formed 10 min earlier than with eight 10 mm spheres, and yet, styrene production
remained negligible in the cohesive state over the one sphere, in direct contrast to the
enharced depolymerization rates achieved for cohesive states formed ovegealsul
mass of several spheres. This result offers a profound insight into the type of grinding
forces which are and are not conducive to driving depolymerization reactions. Consider the
cohesive state residue photographed in Figure, which the insert image revealed to be
a macroscopically homogeneous shell of roughly uniform thickness. During mill operation,
this should be a soft, viscous layer of PS fully engulfing the sphere. The kinematic behavior
for single spheres agitateddrshaker mill jar isvell-characterized**°*and mostly consist
of compressive, sometimes hea collisions between the sphere and the jar wall. This
kinematic behavior applies to the same sphere engulfed within a layer of viscous polymer,
thus the cohesive state formed with one 19 mm sphere vieydmarily subject to
compressive forces in the contact region between sphere surface and wall during collisions,
as depicted in the top schematic of Fighile Measurements of styrene production indicate
this configuration of collisions to be ineffeati at driving depolymerization reactions in
the cohesive PS layer.

By contrast, with multiple spheres, the colliding body is a loose collection of solid
spheres held together by a viscous continuous network of PS. In free flight, the congealed
collection of spheres may be regarded as a single rigid body, and its aviekagatic

behavior may mimic that of a single sphere during milling. However, the dynamics of a
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loosely congealed body during the course of a single collision with the jar wall should be
markedly different. Rather than a single wadifined contact region which experiences
unidirectional compression during the contact time of collision, the loosetyealed body
would deform in a more fludike manner during the course of its collision, with
macroscopic relative internal motion (such as friction) between constituent parts of the
body leading to significant changes in its shape, as is shown onttbemtszhematic of
Figure 4.4. Under such a configuration, shear forces may be just as prominent as
compressive forces if not more so in certain parts of the body during a collision. Since this
is the only macroscopic difference between cohesive statagnilith one 19 mm ball
versus eight 10 mm balls, we must conclude that depolymerization reactions are driven
primarily by the shear forces experienced by cohesive PS during collisions, and that
compressive forces acting on the cohesive layer contributigiibgto the production of

styrene.

>

Figure 4.4. Twedimensional schematics contrasting a collision involving one single
sphere coated in cohesive state PS versus a collection of several spheres congealed by
cohesive PS. A collision involving the latter configuration contains internal shearin
dynamics not present in the former.
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4.3.3.Continuous Sampling Experiments
By sampling volatile products downstream from the reactor in real time using an
in-line GGFID, more detailed kinetic data was obtained for PS depolymerization in the

cohesive state underldtmosphere. The findings confirm statemenéglein the previous
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Figure 4.5. PS milled in a WC reactor with eight 10 mm diameter WC balls. (a) styrene
monomer Yyields with milling time measured bylime gas chromatography for two
independent experiments at the same conditions, and for experiment 2, styrene flow and
reactor exterior temperature as measured by thermocouple (b), selectivities with time
calculated with respect to backbone carbon atoms (c) and pendant phenyl groups (d) on PS.
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In addition to styrene, the quantification of byproducts was also carried out and
resulted in a reaction scheme identical to Figure 2.1, indicating that as far as products were
concerned, the same lineup of molecules was produced in powder or cohesine! ktay,
consistinglargely of benzene, toluene, ethylbenzene, allylbenzene, plus trace amounts of
0-methylstyrene, #propylbenzene, cumene, and-Cz hydrocarbon gases (methane,
ethene, ethane, propene, propane). This result strongly suggests a coetman s
depolymerization mechanisms operative across powder and cohesive state milling.

Two continuous sampling experiments were carried out at identical conditions, and
cumulative styrene yields with milling time were calculated as depicted in Figure 4.5a.
Between the two experiments, the instant at which depolymerization kinetics switches f
powder to cohesive state was identified by an abrupt change in the slope of the yield versus
time curve. The precise instant of cohesive state formation differed by over 10 minutes,
which might be indicative of the sensitivity of this physical tramsfition on the detailed
milling history experienced by PS particles in the powder statitemperature of the
surrounding environment

In the second experiment, a continudesdback thermocouple was used to
measure the reactor exterior temperature, leading to the red temperature progression curve
depicted in Figure4.2b, which is plotted alongside the styrene flow curve for that
experiment. It is seen that near the initial plateau point of the exterior temperature at 70 °C,
styrene flow experienced a sudden jump of about one order of magnitude to a sustained
higher rae. This corresponds (approximately) to the initial rate of styreneiptiod in the
cohesive state calculated in discretanpling experiments discussed in the previous

section. The attainment of steastate exterior temperature indicated by the continuous
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feedback thermocouple confirms the earlier claim that thermal steady state of the system
was achieved through a balance between internal heat generation from collisions, heat
conduction through the reactor wall and exterior heat exchange with the ambient
atmosphere.

Instantaneousrpduct selectivities were calculated at each sampling point (spaced
about 4 min apart) to give negeal time selectivity profiles (shown for experiment 2 in
Figures4.5¢c-d). Selectivities were calculated liye two different methodslescribed in
Section 3.3.1Notably, styrene formation was heavily favored in the cohesive state at about
90%.An interesting result is the observation of a spike in the relative abundangeCof C
products at the time poiotosest to the transformation of PS powder to the cohesive state.
These gases were also wedpresented in the prior period of powder state milling
alongside toluene and ethylbenzeAs.discussed in Section 3.3.8|uene, ethylbenzene
and the light hydrocarbon gases all have a hydrogearbon ratio greater than that of
styrene (H:C = 1:1), and their formation necessitates the removal of more hydrogen than
carbon atoms from PS, which should leave behind more dedgndated, carbonaceous
products, idetified to be coken Chapter 3The formation of this coke early in the milling
process is a suitable explanation for the almost black color of cohesive residues shown in
Figure4.1c-d. The lack of this black color in the residue formed using one 19 mm sphere
(Figure4.1b) was naturally due to the unreactiveness of that cohesive layer configuration
towards depolymerization reactions, as explained in the final paragraphs of the previous

section.
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4.4.CONCLUSIONS

(a)

@E —

Figure 4.6. Schematlc of various cohe_s_ive state configurations and their relative
reactivities.
In this chapterthe mechanochemical depolymerization kinetics of PS ball milled

in the form of a cohesive state was explored and it was demonstrated that the rate of
monomer production can be one order of magnitude higher compared to kinetics exhibited
by PS powder (Fige 4.6a, contrast entries 1 and 6 in Table)4It was shown that the
cohesive layer forms spontaneously from PS powder when the temperature of the grinding
surfaces in the mill approached the glass transition range of PS. A measured temperature
differene of 50 °C between the cohesive and powder states of PS was qualitatively
consistent with the ordesf-magnitude difference in styrene production observed between
these states, as predicted bythermodynamically limitedelementary reaction step
responsible for the generation of styrene from a chain end radical species. A complimentary
mechanochemical explanation is that depolymerization from PS powder is dominated by
surface chemical reactions that are confined to thallstontact areas between rigid

polymer particles during grinding collisions, whereas cohesive state depolymerization
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occus in the vastly larger active volumes of a continuous material. Regardless, simply
having air flow on the outside of the mill during operation can suppress formation of the
cohesive state, which demonstrates that small design alterations of the millipgneaui

that allow for passive temperature development over a range of under 100°C can be
leveraged to induce formation of highly active cohesive states.

Other discoveries regarding depolymerization kinetics in the cohesive state include
the lack of significant differences between oxidizing and inert atmospheres, which can be
rationalized as due to the deemphasis of surface chemical phenomena in driving
demlymerization when ball milling in the cohesive state (Figu, contrast entries 1
and 5 in Table 4)1 It was also found that PS depolymerization is driven specifically by
shear forces rather than purely compressive ones (FHdiesntries 1 and & Table 4.),
and that styrene production increases with increasing density of mechanical energy input

per unit mass of polymer (Figufetd, entries 13 in Table 4.1
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CHAPTER 5. A REACTOR THEORY FOR
SURFACE MECHANOCHEMICAL REACT IONS

IN VIBRATORY BALL MILLS

5.1.INTRODUCTION

The subject of this chaptes the formulation of a reactor theospitable for
describing certain mechanochemical reactions carried out in shaker or vibratory ball mills
such as th&®etsch MM400 millused to study PS depolymerization in Chapters 2 through
4 of this dissertation More specifically, the theory has been formulated to describe
mechanochemical reactions occurring on the surfaces of a solid substrate during grinding
involving at least one gaseous reagent or produictcluding the mechanochemical
depolymerization of PSvherea solid(usually powderflecomposes into a volatile gaseous
product under the driving fors®f mechanical actiorilhe theory can also be applied to
describe mchanocatalytic reactionghere the grinding of a solid catalysbwderinside
the mill facilitates reactions of reagent gases to product gases on the catalyst surface, such
as in mechanochemical ammonia synth&8i§?2.193

Mechanochemicdlatchreactions involving onlghemical transformations biulk
solids are describedquantitativelythrough a phasmixing kinetic theory!® expounded
primarily in theworks of Delogu and Cart4>1781%19|n such reactions conversion versus
time relationships can be constructed simply by monitoring the composition of the reactor
contents at different milling timeslowever, in reactions such as mechanochemical PS
depolymerization, a gaseous product stream exits the reactor continuously according to an
apparent reaction rate, which is a function of all the operating variables of the mill

90



(including milling time) as well as the initial properties of the solid reagar@urrently,
there is not yet any theory based on fundamental principles which can be used to aid the
analytical interpretation of this measurable apparent rate. Therefore, the necessity of the
proposed reactor theory is to address a significant gap mebkanochemistry literature.
Although many of the key ideas in the formulation of this theory were derived from
observations and conclusions discovered in the study oEP&8yinerization, the results
are meanto describe a more general classeadctionphenomena.
The main idea of théheory is that for a singlsurfacemechanchemicalreaction
event to occur inside the ball mill, a series of probabilistic events across three length scales
must happen in succession. In brief, a single collision between two grewtilagegsuch
as reactor wallvith grinding spherkat the reactor scale compresses a plsgld particles
such as in a manner depicted in Figure 1.3.sthtacef the compressed particlesme
into mechanicaktontact at the microscopic scale at a frequency according to the number
density of particles wide the reactar Finally, this mechanicakontact bring surface
chemicalspecies situated on the particles into close proximity at the molecular scale to
undergo reaction with an intrinsic rate proportional to the surface concentration of species.
From these concepts an apparent rate expression ¢arrhgatedin terms of the
probability of collisions between grindingurfacestheprobabilityof mechanicatontacts
betweerparticlesper collision, and the intrinsic surface reaction rate of relevant species on
the particles. The first two of these rates can be formulated in terperaheters with
intuitive and weHldefined physical meaning which aexcessible experimentally as
empirical functions of theperatingvariablesof the ball mill (mill frequencyspheresize,

etc.) andhe average physicalproperties of theolid reactant or catalygtarticles
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In addition to the apparent rate equationthe shaker mijla set ocomplimentary
design equationare formulated to express the mass balance on a ball mill reagtor. B
fitting a design equation written using the apparent rate to experimental data, the intrinsic

rate ofa particular surfacenechanchemicalreaction can be elucidated.

5.2.SUMMARY OF THEORY
In a ball mill, there are mangrinding spheres (charge)jside one reactor vessel
and many more particlgsubstrate}hangrinding sphere The dimensions of the vessel
are greater than the dimensions alphere which is itself greater than the dimensions of
a particle Surface mechanochemical reactions occur at an even smaller molecular scale on
the particlesThisdescriptiorsuggests that we catentify a hierarchy of length scalasd
their associated dynamics:

1. The macroscopic scale is defined bscitlatory motion of the mill vessel and
movement of charge inside, and interactions between theenlaboratory scale
shaker mill has a length scale on the order of centimeters, as do the grinding spheres.

2. The microscopic scale is defined by the motiorsolbstrateparticlesand their
mutual interactiondJnder ball milling conditionghe substrate igsuallyapowder
sothe obvious choice of length scale here isgbpulation averagparticle size
expressed by its equivalent sphere radius. In multicomponent powders, each
chemically distincphase ofmaterialhas its own average size0’ i 10* mis a
reasonable range of magnitudes for the microscopic scale.

3. The molecular scale is defined bhemical events occurring on or within the

particles which is expected to be dime order of magnitude al0*°i 10° m.
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By identifying relevant variables at each of these length scales, a reactor theory is
formulatedfor a system consisting of the shaker nallreactovesselwith a pill-shaped
interior volume charge grindingsphers) of uniform size, and an arbitrary number of solid

particulate substrates made up of an arbitrary number of molecular species.
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Figure 5.1. Schematic of subsystems within the ball mill; (A) considers only the dynamics
of the grinding surfaces, (B) concerns the dynamics of the particles, and (C) combines (A)
and (B).

At the macroscopic scal&ection 5.3)we consider the simplified subsystem (A)
from Figure 5.Xonsisting of just the moving vessel and grinding spheres. Hadentdy
the relevant parameters required to describe the dynamics of motion pertinent to the
function of the ball mill as a mechanochemical reactor. Using-déimeeage quantities
valid at the reactor time scabe four experimentally accessiblgpes ofintermediate
parameters can be formulatesl empirical functions of operatingriablesto describe the
kinematic behavior of grinding
1. ThefrequencyQ of grinding surface collisions.
2. The average fractioor probability—of spherewall collisions (— ) and the
complimentaryprobability ofbinarysphere collisiong— p — ).

3. The average speédof spheregb ) and speed ahe reactovesselv ).
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4. A pair of collision angle parametelts for binary spherdlz ) and spherewall

(8 ) collisionsrespectively.

The first two of these parameters are used in the subsequent formulation of the surface
mechanochemical reaction rate. The latter parameters appear in the formulas of Hertzian
contact theory, which are used in this theory to obtain relevant geometrigyaaidal
properties of single collisions such as the contact@red impact. These properties will

also appear in the subsequent formulation of the reaction rate.

The microscopic scaléSection 5.4)s where mecharahemical changes manifest
through changes imariables associated with thparticle population At this scale we
consider the subsystem (B) containing ordactantparticles, without the presence of
grinding sphereddere we postulate the following:

1. The particle sizes of each substrate are described using a population average radius,

i for particles of materigthase . All particles are regarded as equivalent spheres.

2. Particlesof all chemically distinct phasesre homogeneouslgixed inside the

entire reactor, so we can write a number densitfor phase . The total number

of particles ofphase inside the reactor) , is simplyé times the volumey of

the reactor where mechanochemical collisions occur.

3. Chemical specie$i® are associated specifically with the material phaes

on which they are found. The notationdenotes the chemical speci@®scated on

material phasg.

4. Each particleof a given phase is divided into a surface domatharacterized by

a finite or zero thickness paraméterwith surface mass densify and a spherical
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bulk domain of radius | with volume mass density . These total densities
are sums of individual species mass densities.

5. The total mas& of any given phase or total masst of any chemical species
‘(zan be expressed as a function of the variables introduced in the previous four
points.

The descriptive formalism at the macroscopic and microscopic scales can be
combined under the assumption that thetiom of spheres is waffected by motion of
particles Their mutual consistency allows for the derivati@ection 5.5)of a surface

mechanochemical reaction rate expression having units of 2T, where L = length

and T = time for a reaction betweemolecular specie€and’ Gituated on the surfaces of

materialphase$ andi respectively The important properties of  are as follows:
1.t is proportional to a more fundamental intrinsic reaction'rate having the
same dimension$ may be a characteristic constant for any pair of materials

of specified surface chemistrieghis concept is similar to the modification thie
intrinsic reaction rate byan effectiveness factor parameter that accounts for
transport limitations which is used in heterogeneous catalytic reactor design.

2. The explicit expression for with respect to speciéfn phase can be

writtenin terms ofmaterial properties and geometric operating variables associated
with the macroscopic scaléhe intermediate parametef@I)Hz ), the particle

number densitg of phasé , and”
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3. An extension of theheory postulates an explicit expression for  for an

elementary reaction between speciesandf in terms of their surface

concentrations (Section 5.6)

If we further accept that for surface mechanochemical reactions such as the
depolymerization of PSheé dominanteactionmechanism is through a chemical attrition
process where molecules situated onpidweiclesurface dsorb or chemisorb as instigated

by mechanical grinding, then  can be equated to the continuous rate of change of the

particle siza with milling time 0. This gives an ordinary differential equation forasa
function of0, which can be solved. Subsequentlypass balance on the reactive spetikes
can be written wheréhe conversiomo with respect to specié@s expressed in terms of

and its time derivativel his second ordinary differential equation can be solved to obtain

the function® 0, from which the intrinsic raté can bedetermined by fitting to

experimental datgSection 5.7) This procedure is demonstrat@d Section 5.8)for a

simplified model of the PS depolymerization reaction.

5.3.COLLISION DYNAMICS

Although discrete element modeling (DEM) is the most popular tool for describing
instantaneouslynamicsin a variety of ball mill design¥,2°92% and it has also been
adopted in ball mill mechanochemical applicatibtisye shall endeavor to descriakthe
grinding dynamicspertinent to a mechanochemical reactioside the shaker mill using
only time-averaggarameters valid at the reactor time séalghich allows us to derive or

construct analyticdbrmulaswithout relyingimmediatelyon computational support.
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Figure 5.2. Top view of drive mechanism in the Retsch MM400 shaker mill and geometric
diagrams indicating dimensions at maximum and minimum extension of the shaking arms.
Label APO indicate stationary pivot points
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The Retsch MM400shaker mill has a symmetrical design with two shaker arms
travelling on an arced path in the horizontal plane as depicted in Figure 5.2. The
instantaneouspositioni 0 of each jaralong its arc of motion (as well as their
instantaneous velocities and accelerations) is-amroximated by a sinusoidal functtén

i 0 0%O[FT o (5.3.1)
wherg is the (angular) frequenayf shakingi one of the operating variables of the
shaker mill with% OEIm® mradandd p & cm from the geometry of the
shake depicted in Figure 5.2Dutside its dynamical behavior during single collisiohs, t
jar can be regarded asrigid body whose instantaneous velocityis the time derivative

of egn. 5.3.1:
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O 0 0% AlT100 (5.32)
Vessels used atihe Retsch MM400 shakaerill have an axisymmetric pishaped
interior characterized by crosgction radiu$y and a cylindrical section déngtho0 .
These two geometric variables are often subsumed within a single variable: the reactor
volumew . Inside the reactor are placéd spheres of radiu¥ . It is useful to define the
volume fractiorr occupied byspheres as

Loy Yy v (5.3.2)
ow Y p ob Y

Thelargestfree volumeinside the reactathat is available to be occupied by particles is
obviously w p ¢ . A further refinement is to introduce the volume fraction
T %o p, which describethefraction of reactor volumey where mechanochemical
collision events occur during operatiom a shaker mill, this usually encompasses the
entire vesselvolumew , butin other designs such asplanetary orotating drum mill,
% D pIg is typical®*2%The mechanochemical volundg is given by

W ¢ wp - (5.3.3b)

To describe the average kinematic behavior of spheres inside the vessel during
milling, we need to introduce several intermediate parametgrsvas conceptually
discussedn Section 1.3By examiningvideos of ball milling at different sets operating
variables in a transparent acrylic vessel (containing no substrates) filmed using a high
speed camerat was observed that for operating frequencies p uHz which is near
the minimum threshold required to cause mechanochemical reactions, grinding spheres
tend to be in free flight in between collisions with the vessel wall or with other s@aimeres
the kinematic behavior of the sphere(s) is about the same across many periods of vessel

oscillation” This is not to say that thepheres are completely free thi influence of
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gravity, but only that theyassume a dynamic state where it is possible to distinguish
between when a ball is engaged in a collision and when it iSadescribe this dynamical
steadystatebehavior in terms of timaveraged motion valid at the reactor time sédle

1 ,three intermediate parameters are proposed:

1. The collision frequencyQ (with units of TY), which describes on average the
number of binary collision events between any two grinding surfaces (i.e. two
spheres or sphere and wall) per unit timea vessel containing rspheres’™Q 1,
while in a vessel containing clopacked sphere¥) Hb. "Q can be obtained
experimentallyas an empirical function of operating variables (like, 0 , 0 ,
etc.)from video analysis agpheresgitated inside a transparemissel paired with
DEM simulations'®* Sample data R as a function of for various sets of
grindingsphereconfigurationsare depicted in Figure 5.3a.

2. Average fraction of collisions between sphanel wall— and the complimentary
fraction of collisions between sphere- p — , both with dimension unity
These parameters represent the probability at the reactor time scale a given collision
event will be of a certain typé singlespherereactors, it is obvious that 1
and— p. For two and three spheres, sample da&adepicted in Figure 5.3b,
indicating that— is roughly independent of for a given configuration of
grinding spheres.

3. The average speed of spheres during free flightvhich is a parameter readily

obtained from DEM simulationst hasthe usualnits of LT2.
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Figure 5.3. Empirical correlations of collision frequency (a) and splialiecollision
probability (a) to mill frequency for a variety of simple operating condit(stel spheres
in a transparent acrylic vessabptainedoy counting impactfrom high-speed videos of a
vibratory ball mill in operation.

Although 0 D p 1 is possible even in a laboratory scale shaker mill, it is
reasonable to assume that no collisions other than binary colliseingen grinding
surfacesieed to be accounted for explicitly. The consequence of this assumption is that we
can use a binargollision theory from mechanics to describe amglecollision dynamics
that involvespheresThe Hertzian theory of cont&tis suitable for this purpose.

We have already introduced the relevant equations of this theory in eqns. 1.2 to 1.5.
The primary purpose of using the Hertzian theory is to obtain pertinent geometric
parameters that can be used to formulate an impact voluniegn. 1.6) which
characterizes the amount of material that can be processed mechanochemically in a single
grinding collision.

By using Hertzian theory, we assume aapgential force components during
grinding collisions ardrrelevant to the impact geometrjhe rationale for this choice is

based on Figure 1.3.irfee the length scale afrinding spheresnd particles differ by
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several orders of magnitude forechanochemicapplications, rigid body forces at the
macrascopicscale are not necessarily translated directly to the stopcscale. Any
contact force between two collidirgpdiescan be decomposed into a shear and a normal
component with respect to tieentact aredormed during collisionlt has been proposed
thatonly the compressive, normal component of the macroscopic contacti&ecrsines
the contact volume described by egn., 56 only ths compressive compemt of the
contact force has any significant bearingtbe amount othemical reactions that occur
per collision’"2%8:209The shear component of macroscopic contact forces is assumed to not
translate significantly to the micsoopicscale because it arises from friction which is ill
defined when discrete bodies of disparate length scales (gagdangspheresurface and
a bed of particles) are interacting with each other.

To clearly separate material properties from geometric parameters in the formulas

of Hertzian theorywe introduce the reduced density:
— = (5.34)

which allows us to write the reduced mass (eqn. 1.5) that appears in the formulas of

Hertzian theory as
o T
0 i A (5.3.5)
o
where'’Y has been defined in egn. 1.4, and defined according to
IY ”

-k v (5.3.6a) - k5 (5.3.6b)

_k (5.3.6¢)
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Since the reactor vessel is attached to the shaking arm of the mill and behaves as a body of
infinite mass with respect to the vessel contents, for sphaltecollisions the reactor
density” ” Hhand— p - . Meanwhile, for collisions between two identical
spheres withi ” " andyY Y Y, we have- . Inserting eqn. 5.3.5 into

egn. 1.2, the formula for the maximum contact area of impact is

v =i
> “y (5.3.7)
° 10

According to the Hertzian theory, the dynamical behavior during an impact is as
follows: the surfaces of a pair oblliding bodiescompress upon coming into contact and
reach a maximum state of deformafiorwithin timet characterized by contact area,
whereupon eaclvody transitions from its preollision trajectory to its postollision
trajectory Then the deformation of eadiody recedes until the objects return to their
original shape, at which point they separate and depart on theicqllision trajectory.
When aspherecollides with the reactor wall, both tisphereand the wall may undergo
local deformation, but only the trajectory of tepherechanges because the driving force
of the mill is assumed to be strong enough to overcome any momentum transfetred t
from internal collisions.

In addition to egn. 5.3.7, two other useful formulas describing relevant properties
of the collision are the maximum deformation dépttand the time of compressidn,

given by

by U (5.3.8)
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N VT PEX 5.3.9
t  p8 _ ‘ (5.3.9)
Pa X 10 Ui l

With the introduction of the collision time scale, the assumption of freffying balls and
the predominance of binary collisiostated earliemay be based on the relative order of
magnitudes ot and the inverse of the collision frequengy
Q|7 (5.310)
So far, we have not elaborated upon q@ntityi that appears in egns. 5.3.7 to
5.3.9, which is theelative speed dhetwo colliding bodiesat the momentf impact. First,
consider a collision between two spheareserms of their average kinematic behavior, so

each ball haspeed) . The relative speed of two balls on impact is characterized by

0 along with araverageangle ofcollisionTt %o “, according to Figure 5.4:
i k0B (5.3.11a)
B k p Al% (5.3.11b)

A headon collisionis described byéo 1, so the approach speed of one ball with
respect to the other is twice the average speed, as expétted%o “, there is no
collision as both balls are moving in the same direction in parallel
In aspherewall collision, thespherestill has average spe@d, while the speed
of the reactor wal | instamtangoupath of metidracboydingtth e r e a
egn. 5.3.2The speed of the reactor walhangesiuring one cycle of its periodic motion,
andsphers are observed toollide preferentially with the wall agpecificmoments of the
react or 0s .Imashaker mil, thg mdjoaty apherewall collisions appear to
occur when theesseis neaiits maximum displacement amplitudehich is wherb D 1t

asthe vesseteverses direction. In any case, it is plausible to treat the reactor wall as a
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second (virtual) type opherefor the purpose of counting binary collisions. ket be
the average incident angle of baféll collisions, and suppose is thespeed ofhevessel
duringthe most common type of sphesll collisions, then:

i kOB (5.3.12a)
o . o
5k - Al A% (5.3.12b)

In summarywe have in this section identifilteintermediate parameter§) — ,
0,0 and a pair of , %0 ) that characterize the average kinematic behavior of
grinding surfaces during mill operation. Some of these intermediate parameters appear in
the relevant formulas from Hertzian contact theory which provides us with a means of

calculating the impact volunt of a mechanochemical collision.
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Figure 5.4. Collision of two grindingpheres.

5.4. MATERIAL PHASES AND CHEMICAL SPECIES
5.4.1. Description of Particle Population

To describe the behavior of particulate reactant or catalyst materials in the shaker
mill, we recognize that the solids being milled can comprise an arbitrary number of

chemically distinct phases, which we denote using Greek subscripts etc. The
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description of each phase of material (and the total population of particles) is most
accurately represented by population balance distribution fungfighe210212
sometimes paired with DERF?13to model their instantaneous dynamics. However, for
simplicity, we shall use an average particle $izéo describe the dimensions of each
material phasg, and although articles adopt a variety of irregular shapesing milling,
wetakei to be the radius an equivalent sphere.

The size of a particle population of phase most straightforwardly represented
by thenumber of particle® . Since there arypically orders of magnitude more particles
thangrinding spheres inside the mill, the dynamics of individual particles are not especially
important. t is more convenient to describachphase by an ensemble characterized by
a number density , whichdescribes (on average) the numbeparticlesof phase one
expects to findvithin a given volume slice of the reactéior a phase having average
sizei ,& isrelated ta) via

0 & o (54.1)

wherecw is the mechanochemical volume defined in eqn. 5.3.3b. The validity of eqn. 5.4.1
rests on the assumption tHat every phasg, ¢ is not spatiallydependentvithin the
volume of the reactor where mechanochemical impacts jccather words, the particle
phase isvell-mixed’”?*This is reasonable at typical laboratory conditianger which
mechanochemical reactions are conduétedith 0 p Tt particles for each phase
contained inside a mkcale reactor with p mg/cn? denoting the mass density of
phase ,i Dp m p 1 cm and total mass loadings around Q.0 g.

We note that the number density of aphase does not necessarily have to be a

count of discrete particles. If particles of a material adopt highly irregular or fté&etal
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shapes during milling, it may be more convenient to regard such a particle as an
agglomeration of suparticles, and the number density o$hould instead refer to the
countofthesesupar ti cl es. This is a corollary to
described as an equivalent sph&véh this introduction of number densities will prove

useful toalsodefine the totaparticlenumber densitg and the number fraction of each

phase , while taking egn. 5.4.1 to be valid

¢tk &h  |H8 (5.4.2a)

, "UT % (5.4.2b) P (5.4.20)

In anticipation of our eventual combination of the macroscopic subsystem
illustrated in Figure 5.1a and the microscopic subsystem in Figure 5.2b, we need to
introduce a key assumption utilizing the variables and parameters presented up to this point:
the d/namics of theparticle phasedoes not influence the dynamics @pheresduring
milling. There is a possibility that when the number dersity particles is high enough,

a wave of many particles can alter the motion and trajectorysphare Suppose all the
particles within a thin shell of volum# Y 3Y around asphereof radius’Y stand in the
way of t he b a&WNIDa sfor eachphase nA reasonabldriterion to assess

the validity of independence between particle and sphere nisfidh

P (54.3)

Steel spheres are typically used in mechanochemical reactors, arid \Bith Ttg/cn?,
Y Dpmecm,é¢ pmems3,” Dpmnglcm®andi Dpm p 1 cm, eqn. 5.4.3 is

well-satisfied!?
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5.4.2.Description of Species Concentrations

a particle of
material 'a’
made of
chemical
species i, j, k...

I'a
Figure 5.5. lllustration of the division of particle to bulk and surface domains

In homogeneous fluipphase reactors such as the batch reactor or continuous stirred
tank reactor, the amount of any chemical spe€lsesent can be associated with a
volumetric molarconcentration variablé , such that the total mass of speciesQls
expressed by

a 0 0w

wherew is the reactor volume and is the molar mass of speci€xsThis convention
cannot be applied directly to a ball mill reactor, which by contrast is a heterogeneous
multiphase systenin sucha dispersed heterogeneous system, to keep track of the chemical
composition of the solid reactants, one can count the amount of a particular chemical
speciestat the molecular level, or the amount otl@emically distinctphase at the
material level.

To distinguish betweerchemically distinct substrate materials and distinct
chemicalspeciesn a ball mill, we continue to use Greek letter§ 8 for phases but now

add lowercase italic letter&If8 to denote chemical species.eVihtroduce the notation
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| to denote a molecule or speci@scated (anywhere) on a particle of materiaFor
example, consider a CaO particle in ax2foh environment. We define as a particle of
the bulk material CaO, but on the molecular scale, the CaO particle may consist of chemical
species other than CaO, such as CgCQspecially on the surface of the particle.
Therefore, we us®o denote the molecular species of CaO ‘&uldenote the molecular
species of CaCgand so¢ and would refer to a CaO molecular species and a GaCO
molecular specie®catedo n  t h ephaddesp€rdvely

Usingour notationsystemthere are now two distinct ways to exprass the total
mass ofsolids by summing over the mags ) of all chemical specieQor by summing

over the mas@ ) of all phases:

G G ah ' A8 (5.4.42)
. 6 h ' Ih8 (5.4.4b)

a a (5.4.4¢)

& & o (5.4.4d)

a specifically denotes the mass of spedba phase , which is in general a function
of milling time. In eqn. 5.4.4lthe sum is over all phaséghat contain the speci&while
in egn. 5.4.4¢he sum is over all chemically distinct species that can be found anywhere
on a particle of material, excludingthe samespeciedoundon otherphass.

Now we divide a particle of phaseparticle into a bulk domain and a surface
domain as illustrated in Figure 5I6species(s in the bulk interior of particle, we assign

a volumetric concentration tQusingod ; if “@s on the surface of, we assign a surface
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concentration using . The masst is defined as that of the sum of all spedidsside
the reactor, regardless of the type of particle or location on a particle @kdoeated.

To relate the total masses written in eqns. 5-d.4dtheseconcentration variables
of molecular speciesve use the average particle radiandpopulationnumber) , and
take every single particle of every phaseto be made up ofa homogeneous a
homogeneous surfackomain of finite (or zero) thickness L i and abulk domain of
radiusi 1 . The mass of one particle of phasand ofall speciesQocated anywhere

on one particle of phageare respectively given by

—a k1 ? ol , [ (5.4.5a)

—4 ki 1 " a, (5.4.5b)

wherewe advanced an approximation in 5.4.5a on the basisloff ando, i ,
andthe bulk” and surface mass densities are related to volumeiricand surface
3 molar concentrationthrough thespeciesnolar mas® via

k00 (5.4.6a) , k03 (5.4.6b)
ko (5.4.6¢) T (5.4.6d)

Finally, the nassd of each phase anda of each specie$are expressed by

a 06 (5.4.7) a e (5.4.7b)

5.5.THE SURFACE REACTION RATE
We now examine thenechanochemical processes that ogouthe course oh

singleimpact on a cylindrical plug of particles (Figure 1.8garting with the formulation
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of the generasurface reactiomate expression in terms of parameters from macroscopic
throughto molecular scales, followed by additional simplificationghe macroscopic and
microscopic parameter€onceptually mportant equations are written both descriptively
and symbolically, with the units of symbols enclosed in round brackets beneath the symbol.
5.5.1. The General Rate

Since reactions are assumed to occur from swudadace interactions, it is
appropriate to express the reaction rate as a per unit area quantithe moment, we
consider all chemical reactions that occur whenrnvaterial phases andf (including the
casg T ) come intomechanicalcontactwithin the impacted plug of solid particles
(depicted in Figure 1.3) during a grindiegllision, regardless of the distinct chemical
species participating in the reaction. We propose that the surface rate betwephabkese

denoted by , can be expressed as:

Reaction rate Intrinsic Contact time Frequency
between reaction rate between of contact
particle between phase$s and between
phases phases I during phases$
andf andf collision andf
L " T Q (5.5.1)
(LT (LT (M ()

In egn. 5.5.1y  is understood to be equivalent to the apparent surface reaction
rate that is used for continuous processes like heterogeneous catalysis to describe the flux
of material entering or leaving a catalyst particle or surfaceontrast to the surface
reaction rate  which accounts for the staahdstop nature ofsolid-state chemical
reactions in the ball milllmechanochemical reactions only occur during grinding

collisions) " is the intrinsic or microscopic reaction rate between materiatsd .
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can be understood as an intrinsic surface reaction rate at a hypothetical interface
between phasds andf in indefinite mechanicalcontact and with no mass transfer
limitations. This variable should be a functmimarily of the intrinsic chemical properties
of the reacting surfaces

Also appearing in eqn. 5.5.1 are a frequency pararffeteand a time parameter
T . The formercounts the number of driven miecoollisions occurring between andf
per unit time and the latteaccounts for the finite time of mechanical contadietween
particlesduring which reactions may occufogether,t "Q can be interpreted as an
effectiveness factoconceptually similar to the onssed in heterogeneous catalysis

Now we need to connedt "Q to quantities we havéntroducedprior. First,
invoking the assumption @af welkmixed particle phase at each instant in t{ime express
"Q as a fraction of the frequency of ghlrticleparticle mechanical contaci&hat occur
during an impagtby introducinga particle particlecollision probability—

Frequency of Probabilityof

Total frequency of

contactdetween articlecontacts contactdetween
phase$ andf P phase$ andf
Q Q — (5.5.2)
(T (T4 1)

"Qis conceptually the same ‘@for grindingcollisions extended down a length scale

is theprobability of mechanical contactbat occur between particles of matephbses$

andf across manygrinding collisions. As an analogy, consider a bag containing a
randomizedcensembl®f different colored ballgeach color representing a different phase)

if we reach into the bag and grab a handful of balls, each ball will be touching some other

ones when the clenched hand is extracted. If we count the number of physical contacts

111



between balls of two specific colors (sayand' ) as well as the total number of physical
contactsthe fractionis the ratio of these two numbers for a single trial of this procedure.

If we do this repeatedly and take the average across al| tralgbtain— .

Now we need to relat€to parameters of the grinding collisions, since on average,
we intuitively recognize that every single impact between grinding surfaces catches a
certain amount of particles which on average touch each other via some most likely
permutation (recall that theafticle population is assumed walixed) related to the total
population densitg . We proposehat during every collision, particles within a volucoe
is trapped between thgginding surfaces and the numb@iof particleparticle contactss

proportional to this volume:

Number of Packing Number density Collision
contacts factor of particles volume
0 a ¢ € W (5.5.%)
1) 1 (L) (L3

The validity of this equatiodepends critically othe assumption that at least one particle
gets caught during the typical collision inside the mill

Ew p (5.5.3b)
Egn. 5.5.3bis not unreasonable as there are orders of magnitude more particles than
grinding spheresThe packing factoét should be constant for a given range of magngude
of £; this factor counts the average number of particle neighbors a particle might be in
contact with when caught bycallision. Forcoarsgpowders where individual particles are
distinguishable by the naked eye, we might expe@ ¢, which means the particle is

sandwiched betwegust the grinding surface8Vhene is large,g D p dor closepacked
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spheres iaplausibleestimateThe factor of one halh eqn. 5.5.3&s included to eliminate
double counting of binargarticleparticle contacts.

The size of particles does not factor ietm. 5.5.adue to the implicit assumption
that all particlephasesare on the same order of magnitude in,smé even whenthis is
not true treating the larger particles as aggregates ofpsuticles solves the issud
homogenizingx to be the same for all particle types

Now we relatéQto "Q by the product of the latter with from eqn. 5.5.8 which

is to say thathe collision frequencyis amplifiedfrom the perspective of particléy a

factor0:
Total frequency of Number ofcontacts Frequency of
particle contacts per collision collisions
Q 0 Q (5.5.%4)
(T 1) (T

This is alsaot the entire picturesince there arbinary spheréBB) andspherewall (BR)
collisionswhich have different dynamical behavior (as discussed in eqns:-128.the
resultantaverage values of will also differ. "Qfor the two types of collisions are given by

Q 0-Q dtwp—Qfch z 6d5°Y (5.5.4b)

Combining egns. 5.5:2 and substituting the result into egn. 5.5&,have

L 5 Wp—=Qf ae— T¢ " g (5.5.5)
The asterisk accounts for the fact that we are now only considering reactions occurring as
the result of one type dafrinding collision BB or BR). In eqn. 5.5.5we grouped the
parameters according to the length scale of the variables upon which these pammeters
presumed talepend on, the first groym square bracketge parameters associated with

the macroscopic scalgéhe secondgroup (in round brackets) are microscopic scale
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parametersand finally” j represenmolecularscale parameter§Ve have included an
asterisk in this term to leave open the possibility that the intrinsic rate can be influenced by
macroscopic mechanical force fields, such as through a forcedBplendent rate constant

like in Bell theory (egn. 1.1), to give a pdss example.

We havealsonot yet accounted for the fact that elementary reactions taking place
on the surfaces of particles involve distinct molecular species, rather than all the material
on the surface of the participating particlBlse specification o particular surface species
can onlyenter througfl  j in egn. 5.5.5Let surface chemical speci€kbcated on a
particle of material be denoted by , itsintrinsic reaction rate with specié@ocated on

a particle of materidl is denoted by . Now" j refers to thenet (intrinsic)

reaction rate for alleactivesurface species located on either particle:
f f (5.5.6)

The summation is over all chemically distinct reactive species on the surface of either
particle.Since we are often interested in a particular reaction involving, say, sfi®aies
material and specie¥bn material , it is useful to write the surface reaction nate
for the specie$ explicitly. Using eqn5.5.6to partition the rat€é in egn. 5.5.5 into
distinct terms with respect to reactive speams have
L ik WR—=Qf ae— Tg " i (5.5.7)

Although eqn. 5.5.7 appears tolmeited todescribingbinary reactionghisis not

a severe constraint, since most elementary reactions involve onlghtmicalspecies,

regardless of whether the transformation occur@ imomogeneous volunoe on asolid

surface
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5.5.2. Macroscopic Simplifications

Among the first group of terms in eqn. 5.5¢7,andt can be given more
definitive expressions in terms of macroscopic parameters previously introduced in Section
5.3. For the latter, which denotes the time for which particles are in contact during a
collision, we can readily associate it with the compressimet of an average grinding
collision given by egn. 5.3.%Ve make this association irrespective of the chemical identity
of particle phasedfiecauseén our description of surface mechanochemical reactbtise
microscopicscale, allparticlescaught between twgrinding surfaces areegarded as
essentially rigid bodiesubjecedto a macrecopiccompressive force from the instant of
mechanical contact between thediesup tothe moment of maximum compressidris
picture is especially valid in the steasliate particle population stage of mechanochemical
reactions such as observed for PS depolymerization (Chapter 3). In other weakssume
that thecontact time foparticle contactss onthe same order of magnitude as the contact
time for thecolliding grinding bodies

Tt hEIAG i (5.5.8)

Sincet is also different foBB andBR collisions,we revise the notation tarite T for
binary spherecollisions andt for spherewall collisions,andt. as a placeholder for
either.

The second parameter we can give a more explicit expressiondiomibich is
already given by eqn. 1.6 in which the Hertzian collision contact @réagn. 5.3.7)
appears directly. This argamrametelis also different foBB and BR collisions, so for

convenience we update eb.3.7and 5.3.80 read
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ooy Yl (55.09) 6. “YI. (5.5.9b)
1Q

where the asterisk has the same meaning as stated earlibe gratameters appearing in
egn. 5.5.%re given byeqgns. 1.3, 1.4, 5.3.4 and 5.3f6c BB andBR collisions

What we have not yet discussed is what form the impact volume fRigsee
Figure 1.3 and eqn. 1.6) should take. This parameter cannot be specified without imposing
some assumption on the configuration of particles inside the vessel. For sticky particles
which tend to coat over the grinding surfa¢®s%°we can derive an expression starting
from the consideration that the total mass of solid partitless distributed over the
available grinding surfaces :

“w 7
T WE
00

a
0

where we used eqns.4.1,5.4.2b,5.4.4a, 5.4.7a and the approximate form of eqn. 5.4.5a
to expres®t in terms of variables and properties associated thélparticle population
Depending on whether the particles prefer to coat over the vessel wall, spheres@r both,
is given bythe following expressions respectively:

™Y YD
o Y 6 (5.510)
YO0 Y YD

Now the mass of particles actually compressed in a single collistonoisd
this can be converted to a volume of particles if we divide by an average density
associated with the (wefthixed) particle population. Since the particle population is
characterized by number densities assigned to each phase, we intr@duttee nmber

fractionweighted averagdensity:
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koL (5.5.11)

The volume of particles compressed in the single impdctés 0 " ; we arrive atQ
by dividing that expression by the impact abeawhichfinally gives

T“d)zé.t.B i,

—— a5 (5.5.12)

For freeflowing particles,the high mobility and chaotic dynamics of individual
particles would seem to imply that impacts catching more than one layer of paréicle
rare. A single layer of particles composed of severalmeted phases of material can be
characterized by a number fractiaeighted average sizedefined analogously to eqgn.

5.5.11;
koo (5.5.13)

So for freeflowing particleswe shallsimply take™Q to be
N c (5.514)
Finally, we substitute egns. 15,3.11a, 5.3.1285.5.8and5.5.%b into the first

parameter group in egn. 5.5.7 to obtain

U —= :
WR—Qt P8 XY —-QB0 T —5— 0 (5.5.15)

where'Q (given by egn. 5.5.14 or 5.5.12) has been revealed to be dependent primarily on
variables and properties of the particle population, while all other parameters are associated
with the macroscopic scale. We can redistriiQtéo the second parameter group in eqn.

5.5.7 and rewrite that expression using eqn. 5.5.15 as

L E L. Qae— T¢ " i (5.516)
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where we introduced the macroscopic mechanochemical rate canstardtich can be

shown viadimensional analysis to havaits of L%

0:k p& XY.=QK.0 ~ — (5.5.17)

The derivation so far does rely anfewapproximate arguments, babnetheless
we havedemonstrate that a parameter which is only dependent on material and dynamic
properties at thenacroscopiscale can be separated from parametesthat lengtrscales

in a surface reactiorate expressian

5.5.3. Microscopic Simplifications

Figure 5.6 Example of a prmutation of particle contacisvolving two material phases
(red andyellow), with thegrinding surfaceslepicted as a distinct phase of particles

The only parameter within the microscopic group in egn. 5.5h&6 can be

simplifiedis the collisiorprobability— for phasespecific particle contact§Ve begin by

considering thenumber of particle® caught between twgrinding surfaces during a

collision:

0 0 w& w ¢ (5.5.18)
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Due to the disparity in length scale betweamiading spherand a particle, we would not
expect the surface of thephereto be smooth on thmicroscopiclength scaleof orderi
(egn. 5.5.13)We propose that the size giinding surface roughness (asperitf§ss on
the same order of magnitude as particles, so wierhanical contact betweerparticle
and grindingsurface is considered, the particle actually interacts with an asperity of the
grindingsurface whiclktan be treated as a virtual particle phiasaethat onlyfactors into
the mathematicaxpressionsluring a collision) This concept is illustrated in Figuress.
with a twophase particle population (yellow and red) plus the asperity particle phase (gray)
representing grinding surfaces. This development makes treatments of reactive systems
like direct mechanocatalysis (where the grindingfaags are intentionally made
chemically active’f rather convenient.

Let there ba) asperiy particlesduring the collision, so the total number of
particles to consider is 0 . Weintroducethe modified particle number fractions:

0 0

— (5.5.19a) .k —
U U U )

(5.5.19b)

P, : : (5.5.19¢)

These expressions are simultanépuwslid with the regular number fractions defined in
eqns. 5.4.2fz. Now consider the arrangementiparticles during @rinding collision.
Whatever packing configuration the particles are in, for spherical particles we can picture
layers of spheres stacked on top of each other, with all particles in the bottom layer being
in contact with ongrinding surface, and all particles in the top layer in contact with the
other?'*Even when particles on the same layer aremesthanicatontact with each other,

they are still assumed to be in contact with at least one particle in the layer above and one
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in the layer belowThe number of layersf particles‘ , can be estimated by taking the

ratio ofthe impact volume heigh®2 and the average particle sizéegn. 5.5.13)

s (5.5.20)
Here,p @ ¢ depends on the stacking configuration of the layers, and ivisit®uld
rigorously be an integehecauseur analysis is approximate, norteger values should
not affect the final result too significantly
Since the total number of particles caught inghiading collision isO and there

are’ layers of particles, the number of particles per ldyeis simply their quotient:

. 0 towi
v = —
‘ Q

“ &Y 1 Ol

where we used egnl.6, 5.5.9b an®.5.18.Since the top and bottom lagesf particles
are each in contact with one layer of aspgrdrticles we suppose that there is one asperity
particleperavailable for eacparticlein the top and bottom layergading to the relation

0 c0

With an explicit expression far , we can manipulate egns. 5.5.49® yield

|-

(5.5.21a)

(5.5.21b)

"Ih‘
©
al

Now the number of nearest neighbors with which each particle nserhanicaktontact

with is, on averagey i firstintroduced in egn. 5.5.8et 0 & be theaveragenumber of

contactsbetween particles of typeand: (with respect to ). Snce the particle phase is

assumeadvell-mixed,we can intuitively propose thad & © , . It is an obvious choice

to selecth as the proportionality constant. We are interested in the average nunvber of

phase T andalsophaseasperity U0contactsacross many collisions:
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& G kga (5522a) &8 kga (5.5.22b)

Again, the factor of one hatvoids double counting, since the choice of the reference
particle type is arbitrary Eqn. 5.5.22applied to the cage | assumes that there are
many particles, so picking out any one particlas the point of reference will not
drastically alter the number fraction |of(, “) around it In a singlegrinding collision,
particles not located in the top or bottom Iay@f the U -particleconfigurationare not in
contact with any aspeyipatrticles, so egn. 5.5.22nly makes sense when averaged across
many collisions

Evidently, the average total number of collisions for pasicle of phasg is
wa  =a : : —a (5.5.23)

and he collisionprobabilities— and— are simply the ratios of eqnS.5.22ab with

egn.5.5.23.Combining eqgns. 5.5.223, we arrive at

el (5.5.24a) — kK (5.5.24b)
o0 & S C

‘ oo .
which canbe readily substituted integn. 5.5.16 For convenience, watroduce the
lumped parameter

a

6 k 15
C

(5.5.25)

We included in this definitionsince the packing configuration of particles is closely
related to the counting gfarticle contactsAlthough it is not immediately obvious how
experimentally accessible parameieis due to its dependence the populatioraverage

particle sizé andq , it is likely to be on the order of 1 and not exceed 10, since close
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packing of spheres restriaisto a maximum value of 12 and the rest of the parameter is a
fraction that cannot exceed 1
Substituting egns. 5.5.24a and 5.5.25 into eqn. 5anti6utilizinge , €,we
have the surface rate given by
L F L. 07Q¢ " i (5.5.26)
For mechanocatalytior other norspecific reactionscaused by mechanical contact
between specig¢s and grinding surfacegqn. 5.5.24b is usadstead and the surface rate
can be written as
L 5 L. OwWi &" { (5.5.27)
If| is a measurable chemical species that can be extracted from a contflowosisaker
mill reactor, then eqn. 5.5.26 or 5.5.27 is sufficient to describe the mechanochemical

reaction rate of speci€@The integral ratg (units of T?) for species(s
W £l (5.5.28)

where the sum is over all material phases ¢batainspecies{n some capacity

5.6.THE INTRINSIC RATE

Up to this point, the quantity that remains to be defined explicitly is the intrinsic
reaction raté between surface speciesandl on particles andf respectively.
Formulating an explicit expression for this parameter is not absolutely necessary, since the
rest of thetheorycan function just as well by setting this parameter as an unknown to be
fitted to data.Presumably, obtaining this parameter for a specific mechanochemical

reactionat different experimental conditions wowgdve insights about thentrinsic nature
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of mechanochemicakaction rates at solisblid interfacesThe simplest hypothesis is that
this parameter is a characteristic constant for any chemically distinct pair of reactive solid
interfaces at a given temperature.

We can also go further andffer some conjectures regarding what known

parameters of the modeél  shoulddepend onThis requires some assumptions about

what happens at the molecular scale when two particle surfaces commeicttanical
contactduring a grinding collisionWe propose that:

1. Reactive molecular sites exist on the surface of substrate particles which can be
expressed as a surface molar dersiffjrst introduced inSection 5.4.2 What is
termed the reactive molecular site may be a discrete molecule or a chemical bond
attached to the rest of the particlas long as it is situated on tparticlesurface.

2. A reaction event occurs when two surface reactive sites, one from each particle, are
brought into physical proximity duringiechanical contact

With these two conjecturedd followingelementaryateexpressions proposed:

Intrinsic . Densit Densit
rate Intrinsic Partllclle of / of y
between rate particle reactive reactive
specie$ constant contact sites(n sites’n
andf area particle| particlef
" Ko) () 0 3 0 3 (5.6.1)
(L2T) (™9 (L?) (L?) (L?)

wheret h e presence of A vis tparhke othée sunit of rssrfaca n t
concentrationNL) consistent with the rest of the equatitve expect the intrinsic rate

constanfQ to have an Arrhenius fornperhaps with a force field contribution in the

exponential such as from egn. 1.1
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The microscopic area parameter in eqn. 5.6.5hould in the most rigorous sense
be a function of the material properties of the particles and their geometry, we can even
apply Hertzan contacttheory tomechanical contact between particlesit unlike with
grinding collisions, there is far less justification in assumilgstic compression of
material phasednstead, it may be plausible to suggest thatshould be approximately
constant for a pair of materials so long as the colliding particles are of comparable geometry,
which is the assumption we shall use.

A special case of eqb.6.1is for contactbetween a particle aralgrinding surface
asperityi for example, aeaction on one patrticle that occurs solely due to moleteat
friction (such as bond rupture) rather than vasfined surface species. Since we regard
asperities as virtual particles, it is easier when dealing with readbemgeen and
grinding surfaceo write the reaction event rate simply by

" QO 3 (5.6.2)
Here we absorbed thie (and3 ) terms expected from the geneegjn. 5.6.linto the
rate constant, since it is not necessary to meticulously definepsogértiesor grinding
surface asperities that are likely mbemicallywell-defined

Another interesting cageertains tosurface species which are themselves formed
mechanochemicallysuchasreactive intermediategeundin multi-step mechanochemical
reactionsAn obvious example is the whole suite of mechanoradical intermediates in PS
depolymerization, some of which are depicted in Figure Suppose¢ is a surface
species mechanochemically generated frorfthis can be interpreted as a surfade
activation procesghrough particleasperitycontactwhose rate is expressed by ef.2

such specietend to be transient, so veanassume that hasa mean lifetimef . The
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product of the species mean lifetime with its generation ratés thena suitable estimate
of its surface concentration:
0 3 Tt (5.6.3)
Sincet is in general given by eqn. 5.5.27, théspecie$ participates in subsequent
mechanochemicakactions, theheory predicts nonlinear dependence of the conversion

on parameters like. andd.

5.7.MASS BALANCES
5.7.1. General Balance Equations

To complete the reactor theory, we set up a general mass balance for a
mechanochemical reactor containing arbitrary phases of solid particles and a gas phase
composed of arbitrary chemical species. Both solids and gas are permitted to enter and exit
the reactor. We neglect the possibility of liquid phases such as those present in liquid
assisted mechanochemistty?'The instantaneous total massnside the reactor is

& 4 @ (5.7.1a)
a a (5.7.1b)

whered is the total mass of solid phases defined by eqn. 5.4.4a amlithe mass of
the gas phase (sum over chemical spé@essent in the phase) which we have written in
eqgn. 5.7.1b using the same convention as eqn. 5.4.4c for solidsTimasmlance of total

massi for the reactor is

-— ©O 0 a (5.72)
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where'QU are the rates of mass inflow and outflow respectively, which can be split into
solid (§) and gagG) phase streams:
© 0 0 (5.7.3a) o 0 O (5.7.3b)
and where representgfor ball mills) mass contributions to the feed due to attrition
of the grinding surfaced/?1¥The ideal mechanochemidall mill hasa L
We can split egn. 5.7.2 into balances for the tetdids and gas phasmass, and
allow for possibility of interphase mass exchange inside the reactor using exchange rate

terms3, which cancel out in the total balance:

E‘) 90 O v 3o 3o (574)
’Q (‘) 'Q (\) yQ (‘) 0] 3 (o] 3 (o] CX (5.7.5)

We are usually only interested in the mass balance of a single reactive chemical
species in the system, so the term most relevant to us is the time derivative of species mass
a ineqgn. 5.7.5, which is the time derivative of eqn. 5.4.7b. This expression is

o T 95 Y o (5.7.6a)

where the time derivative of singparticle masst  of speciesdn phase is written

out in full as the time derivative of egn. 5.4.5b (exact form), without assuming any of the
variables constant:

ﬂlm . 't"Q ‘I’Q’ [ ” Q_
™ Qo o Qo Qo Qo

(5.7.6)
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Egns. 5.7.6#d are the equations most relevant for describing mechanochemical
reactions of solids. The physical meaning of the faeledtime derivative terms on the
right-hand sides are as follows:

Q) representshemicalchanges on phasedue to changes in the number

L 'Q o particles with timesuch as through breakage and sintering.

5 Q' represents chemicahanges to material properties in the bddknainof
' Qo Pphase .

3 Q, represents chemicahanges to material properties of the surfdmmain
" "o of phase , such as through chemidahctionalization?®

4 Q_ represents chemicahanges to geometric propertiedtod surface

o domain on phase.

Q
QA representshemicalchanges caused by continuous size changes of the
Qo particle

In general, aside from the governing eqns. 5:B,6a&e needive constitutive relations to
define each of these five derivatives explicitly.
We may also translate the Kfand side of eqgn. 5.7.6a into a time derivative of

conversion. Consider the general chemical reacti@scribed by

camh g ™ POIAOAOO

‘ * mh OAAAOAI 60 (5.7.7)
 is the stoichiometric coefficient species(participating in the reactiomet i denote
the number of molecules of speci@st some instart of reaction time, and is the
number of that species at the start of reactin (1), which is constantWe define the

conversiory with respect to the limiting reagent, reactant spe€jeshich is related to

0,0 by

5
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Sincel is related to the mags of speciesQaccording tax 0 0 0 ,withinitial
massa 0O 0 0 , we can substitute in eqn. 5.7.8 to write a differentiad in
according to:
QX k a Qe (5.7.9)
5.7.2.Simplifications to Mass Balances
Eqgns. 5.7.6d can be simplified by applying specific assumptions that are valid for
particular reactivesystems. For instance, we may introduce the homogeneous density
approximations for a particle phasein which the bulk and surface domains are
chemically (near) identical, and for a certain specida that phase:
g " ” (5.7.10a) a » (5.7.10b)
Applying eqn. 5.7.10b to eqns. 5.4.5b and 5.7.6® entire particle mass is now

characterized by a single material propértyand term 3 in the differential equation is

eliminated:
o . .
4 i ai | (5.7.11a)
= oi 17 = ¢ 7T 5=
Qo 2o Qo (5.7.11b)
| ol ) T‘o

Alternatively, the zero surface thickness approximation can be introduced:
1 T (5.7.12)
This approximation treats the surface domain of phase an idealized twdimensional

surfacewithout physical depthApplying egn. 5.7.12 to egns. 5.4.5b and 5.7.6b, we:have

—a i’ a, (5.7.13a)
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u 03 L2 8 (57.13p)
Qo Qo o Qo Qo

Py
T
Substituting egns. 5.7.13=ninto eqn. 5.7.6a and usii®y &'k according to

egn. 5.4.1, we obtain

p . X [ . (05
@ ’Zt!_ - l ” A

"W Qo o Qo

(5.7.14)

The most general hypothesis of hsalid statechemical reactions occur is through
mechanical contaaf solid surfaceshat allow the surface layer of reactambleculesto
be in sufficiently close physical proximity to undergo chemical chaftyé? In some
models of soliesolid reactions species of one solid is also able to diffuse into the bulk of
the other solid to reaét>?2*In the ball mill, the surfaces o$olid particles come into
mechanicalcontact with each other when they aaughtbetweencolliding grinding
surfacesBecausecollisionsare highly transient events, we propose th#tision across
solid-solid interfaces is negligiblen the time scalg& of grinding collisions This means
reactive species from one reactant particle cannot penetrate into another particle through
solid-state diffusion to cause reactions in the ldknain With this assumptiorthe time
derivative of’ is expected to be negligible

— 1 ATAY | (5.7.15)
Q0

This should be aeasonablassumption unleghe temperaturavithin the particles high
enough to cause thermochemical reactionthe bulk domainor when gaseous species
from the vapophaseare absorbed by the particléehese are rather specialized phenomena

so we will not elaborate further on the possibilities.
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The term containing the time derivative,of in eqn. 5.7.14ssentially describes
changes to the surface chemistry of the particle, such as the appearance or disappearance
of particular surface species over the course of ball milling. This term can be agsumed
be negligiblefor quasisteadystatesurfacemechanochemical processes, where the surface

chemistry of the particle does not chasgmificantlywith time:

Q, . PN

05 ™  AIAQ | (5.7.16)
We expect this assumption to be reason&dnidatch attrition processes where reactant
particles are chemically worn dowsuch as in mechanochemical PS depolymerization)
one surface layer at a time, the fresh material exposed underneath a departed layer should
have the same chemical properties as the former top fagehe other handne type of
mechanochemicateaction where we would not expeegn. 5.7.15to hold is in the
mechanochemicaictivationof catalyst particle& where ball milling is purposefully used
to generate or change the chemical nature of sudeiiee sites

From shaker milling experimentdth PS FigureAl, Section A), it was observed

that when the starting material is @arse powderreduction in particle size through
breakage mainly occurreduring an initial induction periodSubsequently, once the
particles have been redudeda limiting size furthergrinding does not lead to any further
reduction in particle sizen the reactor time scatéThis is ageneral phenomenon well
documentedn the mechanochemical production of nanoparti¥ddsaking advantage of
this observationthe particlenumber densitg of any phasé can be assumed to remain
approximately constant with time past an initial induction period where particle breakage

is dominantWe canthereforealso express the derivative ©f not as a function of time

but as a function df , which is experimentally easier to obtafA
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* : 'Qﬁ ATAD 1 5.7.17
Qo Ti Qo (®.7.17)

—a

The partial derivative may be assessed using an empirical, possibly piecewise function
where¢ increases rapidlwith particle sizevheni is above a certain value characteristic
of a given materiain a given ball mil] but goes to zeroncei falls below that value
Although the limiting particle size is actually maintained in a dynamical steady state where
breakage is balanced by sintering, that phenomenon occurs on the timd soéle
individual collisions, so the partial derivative in egn. 5.7.17 can still be approximated as
zero once the dynamical steady state has been attained.

Applying egns. 5.7.15 through 5.7.17 to eqn. 5.7.14, we arravpractically useful
governing equation of surface mechanochemical reactippscable to ball mill reactor
systems

p_y 1 i .
T“w Qo o ” T Gl Qo (5.7.18)

—a

The first term inside the square brackan be ignored entirely wheeactant particles are
too small for breakage to be a dominant phenomenon

Rather than the five constitutive relations required in the general mass balance egn.
5.7.6, the simplified balance egn. 5.7.18 only requires one constitutive relation for the time
derivative ofi at steady state mechanochemical conditions due to the reasons given two
paragraphs abové&or surface mechanochemical reactions, we expect changewith
time to relate directly to the surface reaction rate we formulated in Section 5.5. The
mathematical expression for this relationship can be interpreted as a shrinking/growing

core equation in the absence of molecular diffusté@?®
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- L (5.7.19)

wherew is the molar volume of phase The star above the sumation indicates a
conditional sum over altypes of particleparticle contactsthat result in asurface
mechanochemicaleaction which liberates a molecular species frioinasg or adds
species to . Reaction eventgeven mechanochemical ondbat convertintermediate
species still chemically bound to the particle (such as formation of an active surface site

from a previously inactive species, surface radicals, danglingsbetr) are excluded

5.8.APPLICATION OF THEORY TO PSDEPOLYMERIZATION

Mechanochemical styrene production from PS shares mechanistic similarities with
mechanochemical reactions of ga¥&is, the sense that most of the monomer production
during impacts on the polymer particles occurs near the particle sulfaceih
depolymerization instigated by surface chemical mechanisms such as particle fracture and
microscopic friction between solid surfacésn between impact events, monomers may
freely volatilize into the gas phase in accordance with observataiaged in Chapters 2
and 3 We consider mechanochemical PS depolymerization to be a surface
mechanochemical reaction and can therefore use the equations derived in previous sections
of this chapter to give a simple analysis of the system.

In this system, there is only one solid phase in the reactor (PS), so for simplicity we
omit notation of phases in the surface reaction rates except totwriee the number
density of PS particles and as the average particle siz&/e know that PS

depolymerization in the shaker mill sustains for a long time at the limiting particle size
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when¢ is constantFor simplicity, F we take the initial particle size to be already at
the limiting size andt  as the initial mass of PS present in the reactor, then we have a

constant estimated by:

At (5.8.1)

T
Furthermore, bcause PS behaves as a-fteing powder, we use eqn. 5.5.14 for the
impact volume heightQ which results in parametér defined in eqn. 5.5.25 being
conveniently constanat constant , since there is only one phase of particlEor
subsequent use we introduce a modified packing paraetdrich is estimated to be on
the order of 10:

6 kbddp (5.8.2)

We also proceed under the assumption that the intrinsic rate® independent of
macroscopic parameters so that we can introduce a total macroscopic rate coastant

the sum of eqn. 5.5.17 for binary spheé8&) and sphersvall (BR) collisions:

Oko 0 (5.8.3)

d« Cr
m a? _ﬁ l::;rb

Ph - Ph Ph Ph

B)
Figure 5.7. Simplified reaction network of PS depolymerization.

133



Now we mustreduce the reaction network depicted in Figure 3.5 to its most
prominent styrengielding steps, shown in Figure 5.7. This network contains 7 elementary
reactions, four of which (eqns. 5.8.1a, 5.8g)eare deemed mechanochemical, and two
(egns. 5.8.1d) involve chemisorption of ©from the gas phasento a (surface) radical
species. From the results with catalyst powder (Figure 2.4a), it was surmised that
mechanical contact of PS surfaces with metal facilitates depolymerizatidioy sdi
medianochemical stepge use eqgn. 5.6.2 for thetrinsic surface ratés and eqn. 5.5.27

for surface reaction rates

1o # L 0 06¢& 1 Qs (5.844a)
" #0 1 L 0 Q33 (5.84b)
"] 0 & L 0 Q3 6 (5.84c)
# | 0) L 0 Q36 (5.84d)
"ot L O 06 i Qs (5.84e)
&0 & - L 0 06¢1 Q3 (5.84f)
YO ) - L 0 06¢& i Qs (5.849)

where M denotes the monomer styreBgns. 5.8.4@ represent surface reaction rates of
elementary stepsve also introduce total surface reaction ratéh respect to chemically

distinct species A, B, C, F, | and M as algebraic sums of these rates:

L Q0 33 1 (5.8.5a)
L L Q036 QO 33 (5.8.5b)
L L Q0 36 QU 3 3 (5.8.5¢)
L L Q0 36 (5.8.5d)
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L Q0 36 (5.8.5€e)
L LU V6¢i 0 Q3 Q3 Qs (5.8.5f)
Egn. 5.8.5f is the rate that should appear on the-hightl side of eqn. 5.7..18ince
this represents the rate at which monomer species are removed from the PS particle to
decrease its size, so the ordinary differential equation looks like

p.qa ovd . a . . .
—t— 1 ﬁt# Q3 Q3 Q3 ti (586)
w Qo W |

To solve this equation, we introduce the following ftttmensionalization scheme:

o L 0
% — (5.8.7a) (07 ¢ T (5.8.7b)

AP b 5.8.7
"o0d wa Q3 Q3 Qs (5.8.7¢)

Using eqgns. 5.8.7a, the nondimensional form of egn. 5.8.6 is

%; i (5.8.8)
And with the initial conditioni g 1 p, the solution to eqn. 5.88s just

ig Aobw (5.8.8b)
With these results we can also solve the mass balance eqn. 5.7.18, where, since we accept
egn. 5.8.1, the first term in eqn. 5.7.18 is neglected. PS is the limiting and only reagent in
the reaction, so using egn. 5.7.9 with respect to speci€8 A, & ‘Q@However,
since A specifically refers to a surface PS chain segment, 1. This gives the following

ordinary differential equation and solution with 1 1T

. O, . » Qw ¢, Adbcw
& ——tp AGBCH  (589) H;’ % (5.8.9a)
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Since the reactor time scdlte is defined with respect to surface concentrations of
mechanoradical intermediat@e species F, ljvhich are not as accessible as the oxygen
concentratiord , we can attempt a further simplification of eqn. 5.8.6.clarify the
surface concentration termse have good reason itmvoke the assumption of egn. 5.6.3
to link the surface concentrations of radical species B, C, F emthé mechanochemical
rates (egns. 5.8.5k respectivelyat which they are generate species lifetimes

03 Tt (5.810a) 03 Tt (5.810b)

03 Tt (5.8.10c) 03 tu (5.8.10d)
Egns. 5.8.10d can be expressed in terms of eqns. 5.80l@spectively, and by equating
the latter pair of equations respectively to eqns. 5:8,5ke obtain the following exact
expressions foar andt interms ofd ,1 (egn. 5.8.4aand an agglomeration of rate

constants and species lifetimes:

p 176 TWOoEiT QOTT0 3 (5.8.114)
att P 5 T8 p ta P S
p 176 TWOEiT QOT+0 3 ) (5.8.11)

ottt P 5 T p 06

We expect the term inside the radical to be small enough that we can expand the square
root in a Taylor series and retain only the first two terms, and 5-8. $iaplify to

06 &€ 1 Q0 3 V6 &1 Q0 3
— (5.8.12a) —
p T Qb p T Qo

(5.8.12b)

Substituting egns. 5.8.10 and 5.8.12 into eqgn. 5.8.5f, we obtain an alternative to eqn. 5.8.6:

~

Py s s —
w Qo p t7Q6 (5.813)
0Ot 1 Ot t

o T8 p tas O

&
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The nondimensionalization scheme of eqns. 5.&1sastill valid in this case, but instead

of egn. 5.8.7c, the reactor time scélds defined by

ov __a 0
L T P TPy Y 5.8.14
T oL 6 t(bd tTQ,B! 1. Q- T QT (58.14)

O" T~ ~ I e
u o6 p T Qpﬂc p T# Q)O()c, U
Using eqns. 5.8.7h and 5.8.14, eqn. 5.8.13 and its soluflesing the same initial

condition as for egn. 5.8.8aje expressed in natimensional form as

P

(o}’
= ig (5.8.15a) 6 (5.8.15b)

And the expressions for the conversidbfagain with the same initial condition as for egn.

5.8.9a)are

P 58i6b) 20 * i P (5g16a)
0 & @ "1 p B

”n O-’l .

w Tt P
We can use eqns. 5.8.9 and 5.8.16 to fit experimental data from $&jligeand

3.1c. The results are depicted in Figure(®.&nd b for conversion and conversion rate of

changei equivalent to styrene flow respectively) usinga, i T ufor all
theoretical curves, the same values for reactor and substrate variables and the same guesses
for molecular kinetic parameters. It is seen that eqn. 5.8.9 is best able to simultaneously fit
conversion and styrene flow data from milling underalmilling times beyond 120 min

when the assumption of constant particle density represented by eqn. 5.8.1 is valid, but
neither eqn. 5.8.9 nor 5.8.16 are suitable for the results from milling under air (even with

an additional parameter accounting foe themical effect of © This is not surprising,

since Q slowly changes the surface chemistry of PS particles and causes concentrations of

the surface species themselves to be-tiegendent.
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Figure 5.8. Curve fits ofonversion and styrene flow data from Figure 3.1a,c using egns.
5.8.9 and 5.8.16 derived from the reactor theory.

138



CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

6.1.CONCLUSIONS

In this thesis kinetics of the soligtate mechanochemical depolymerization of
poly(styrene) in a vibratory ball mill reactor was studied in a systematic approach, leading
to the identification of kinetic phenomena at three characteristic length scales (macroscopic,
microscopic and molecular) associated with this heterogeneous reactor system, and further
to the discovery of a state of enhanced reactivity in poly(styrene) upon eliminatiaoe of
of these length scales in the reactidre concept of these threlearacteristidength scales
was then used to formulate a general reactor theory from which design equations applicable
to vibratory ball mills can be derived for any given mechanochemical reaction in which
surface chemical kinetics are dominant, including the mechamictéledepolymerization
of poly(styrene)addressing the critical contemporary problem of plastic waste

In Chapter 2, collection of experimental data along multiple axes of operating
variables of a vibratory ball mill allowed for the identification of thebaracteristic length
scalesas a generalizable approach to classify and deddribec phenomena isolid-state
poly(styrene)depolymerization with and without the addition of chemical catalysts such
as iron powderThe length scalaeaclude themacroscopiceactor and molecular scales of
conventional fluidphase chemical reactors along with an intetiate or microscopic
particle scale arising from the dispersed state of the reactant.

In Chapter 3, meticulous reaime monitoringof molecularscalekinetics ofsmall
moleculesproduction from ball mill grinding opoly(styrene) powder in oxidizing and

inert atmospherewas paired with auxiliary characterization techniques on the powder
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residue teelucidae a network of depolymerizatiomechanismsand also to identify three
important kinetic regimes in the depolymerization chemisbperative at short,
intermediate and long milling times

In Chapter 4,an orderof-magnitudeincrease in the rate ahechanochemical
poly(styrene)depolymerizationwas demonstrated by eliminating intermediate particle
scalekinetic phenomenthrough a temperatwiaduced physical transition of the reactant
into a viscougicohesive state Mechanical shearing was demonstrated to be the dominant
type of force field driving the conversion of poly(styrene) to its monomer.

In Chapter 5 a general reactor theory was formulated usimgeementally
accessible variables and intuitive mechanicaparametersto describe surface
mechanochemical reactions conducted in a vibratory ball mill. In the construction of the
mechanochemical reaction rate in this theory, the key unifying idea was the principle of
the three characteristic length scales identified in @ma® and 3 through studying the
kinetics of solidstate poly(styrene) depolymerizatiofhe formulation of this theory is
unprecedented in the current mechanochemistry literature and has the potential to be
leveraged towards understanding and optimizifkgnetics for any surface
mechanochemical reaction conducted inbaatory ballmill.

In conclusion, deepinderstanding of the mechanochemical reactor environment
was advancedlong both the polymer chemistry front and the reaetmineeringront.

Solid state depolymerization of PS in the vibratory ball mill reactor redealich tapestry
of kinetic phenomenal he technological potential of mechanochemistry for the chemical
recycling ofpoly(styrene) and by implicatiorotherolefinic polymers’ was explored as

proof-of-concept.
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6.2.RECOMMENDATIONS

The systemati@and arguably foundationalature of the work carried out in this
thesis has not excluded the potential avenues for further investigation. On the contemporary
academic scene, mechanochemistry remains somethimguftamedrontier within the
territories of the chemistry and chemical engineering empireopaeationof tools used
to carry out mechanochemical reactions, the types of reactions and reagents amenable to
mechanochemicateatmentandthefundamental physical phenomena behind mechhknica
contactdriven solidstate reactins are albroadly speaking stitbpen problems, and solid
state depolymerization of waste hydrocarbon polymers is no exception.

The investigation carried out on the depolymerization kinetics of poly(styrene)
powder reported in Chapters 2 and 3 of this thesis demonstrated the critical importance of
carrying out the reaction in a flow reactor to approximate steady state conditibns an
prevent repolymerization of monomer products. But nonethelessituexechniques
showed that certain chemical properties of the readtastich as mechanoradical
population and molecular weight distributiorare slowly evolving functions of milling
time. The simultaneous timéependence of multiple reactant properties reakecidation
of fundamental kinetic phenomena a complicated task. Indeedgaction mechanisms
proposedin Figure 3.5were pieced together from a combination of #teéak data of
reaction products and esitu data on the polymer residue, so further understanding can be
obtained on a system that allows for certa#sitn characterization of the residue directly,
for exanple of particle size evolutioand presence of certain functangroups Such
information will aid the quantitative analysis of the system through a total mass balance.

In-situ characterization is more easily implemented on certain types of ball mill designs
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than others, and require custeonodifications of commercially available reactors to carry
out9:184.227.228; thjs certainly applies to the work presented in this theBist example,
laser spectroscopic techniques may only be practical on rotating drum mills and attritors
where the reactor vessel operates with no translational métenrce, the importance of
designing modular, customizable equipment towards the goal of studying
mechanochemical reactions is highlighted.

Regarding the cohesive stagportedn Chapter 4the observation of shear forces
as the primary driver of depolymerization suggests the usgleshear mechanochemical
equipmentsuch aghe attritor or rotating drum milling or evethe reactive extrder™ to
scale up mechanochemicaloly(styrene) depolymerization. The demonstration of
enhanced kinetics via a cohesive state is especially useful for potential mechanochemical
approaches towards depolymerizing other olefinic polymers that are challenging to
chemically recycle/upcyclandthis isespeciallytruefor high molecular weight feedstocks
that are not suitable for pyrolysthiemistriesOn the other hand, the molecular weight
limiting effect discussed in Chapter 3 does imply pyrolysis to be the more effective
approach for low molecular weigftedstocksFurther work may explore whether other
polyolefins can form a cohesive state characterized by enhanced monomer production
when ball milled near their glass transition raf@jer at a sufficiently high temperature
to form a viscous layer.

Ultimately, to implement a mechanochemical approach to polyolefin chemical
recycling by depolymerization at industrial scale, robust reactor thebdssd on
principles ofmass and energy balances are indispensaébéereactor theory exposited in

Chapter 5 isa set of mass balareand accompanying constitutieguationsapplicable
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specifically for the vibratory ball mill and specifically to powder reactar® principle
of understanding mechanochemical transformation based on phenomena at three
characteristic length scales can be generalized to the analysis of other types of ball mills
and possibly even to other mechanochemical reactors such as reactidersxdithough
the development of reactgpecific mathematical expressions (such as for a surface
reaction rate) will have to proceed on a ebg&ase basis

Furtherreactormodel development can involve formulating a complimentary set
of energy balance equatiots the mass balangewhich would be especially useful for
analyzing the power consumption of ball mill reactors. The starting point for such an
endeavor can be the collision energy dose model seen in prior litefdttifdn the
vibratory ball mill system can be modeled as follows: the driving machinery transfer
kinetic energy to the vessel, which in turn transfer kinetic energy to the balls and substrate
particles. All collisions between bodies cause kinetic energy to dissipate into heat.
Chemical reactions, if exothermic, generate additional heat, and if emchith consume
some of the heat dissipated by collisions. Since the mass balance equations assume surface
reactions dominate, the model should account for therdmhimodes of energy transfer
across soliegsolid (and possibly solidas) interfaces. Mathematical expressions for such
modes of energy transfer have been utilized in computational models of temperature
development in granular materi&fé:232 Analysis of chemical transformations spatially
resolved at the singlenpact is also a promising approach that compliments development

of reactorscale energy balané&
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APPENDIX

Al. MICROSCOPE IMAGES OF POLY(STYRENE) RESIDUES

Air; rows from top to bottom: residue at 60, 120, 240 and 480 min.

1200 1100 -1000 -900 -800

2900 -2800 2700 -2600 -2500

10200 10100 -10000 -9900 6300 6200 6100 -6000

-4100 4000 -3900 -3800

Figure Al1.Microscopy images of PS residue milled f@rious times. Each row contains
three images of residue sampled from one experiment at one particular tirmecared
specificgas atmosphere.
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N2; rows from top to bottom: residue at 60, 120, 240 and 480 min.

-2200 2100 2000 -1900

-4100 -4000 -3900 -3800

11300 11200 11100 -11000 ~10200 ~10100 ~10000 3000 3800 -400 -300 200 -100

Figure A1 (contdod).
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A2. MASS SPECTRA OF DEPOLYMERIZATION PRODUCTS
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Figure A2.Mass Spectra (red) of individual peaks from ion chromatogram exhibited with
corresponding compound library match (blue) obtained using NIST MS Search version 2.3.
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A3. MOLECULAR WEIGHT AVERAGES AND DISTRIBUTIONS
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Figure A3.(a)i (e) Molecular weight distributions of residues for different milling times
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molecular weight distributions dPS90 pellet and pmilled starting material. dW =

and reactor

100

80+

60+

401

20+

0

= unmilled
=~ 1 min
~=2min
5 min
10 min
=20 min
40 min
~——80 min
=120 min
=160 min
=200 min
=240 min

(PS50 cl.)

80
70-
60
50-
40
30-
20
10

1
)
w
&
3

unmilled
—— 20 min
—— 40 min
— 80 min
160 min
—— 240 min

100

80+

60+

40+

20+

pellet
pre-milled

logMW

differential weight fraction; MW = molecular weight.

148

de



x10°

1.2 Nitrogen flow

Unmilled
~= 860 min

=120 min
—— 240 min
—— 480 min
720 min

Unmilled
60 min

\ ——120 min
| —— 240 min
; ——480 min
720 min

1.0

0.8+

0.6+

0.4

0.2

Differential Number Fraction
Differential Number Fraction

0.0

)

D
G
<3
Q

=
=

14 x107

—1.0g
—15g
—20g
Unmilled

124 A N, cohesive

’ ;'/'\ = = N, powder
3, ~——— Air cohesive
! - = Air powder

Unmilled

1.04

0.8+

0.6+

0.4+

0.2

Differential number fraction

Differential number fraction

0.0

3 4 5 6 7
(c) logMW (d) logMW

Figure A4. Molecular weight distributions of residuescovered from experiments
discussed in Chapter 3 {@)) andin Chapter 4 (c)d) in differential number fraction units
versus logMW

Table A1. Number (M) and weight (My) average molecular weights and dispersion
calculated from molecular weight distributions in Fighdea:-b

Nitrogen flow Air flow

Time Mn Mw Dispersty Mn Mw Dispersty
(min)

Unmilled 85,873 | 213,867 2.490 85,873 | 213,867 2.490
60 22,284 39,553 1.775 19,230 29,787 1.549
120 14,378 23,296 1.620 11,117 17,937 1.613
240 9,617 15,309 1.592 8,828 13,910 1.576
480 5,482 9,675 1.765 6,340 10,787 1.701
720 4,718 9,041 1.916 5,261 8,847 1.682
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Table A2.Molecular weight averages for residues freeglectnumbered experiments
detailed in Table 4.1, corresponding to distributions depicted in FigurelAdc

Exp. ID Initial PS Gas Cooling Mn Mw Dispersion
Loading(g) phase
1 1.0 N2 No 9,492 19,353 2.039
2 1.5 N2 No 13,206 | 26,848 2.033
3 2.0 N2 No 15,978 | 33,732 2.111
5 1.0 Air No 8,872 16,569 1.868
6 1.0 N2 Yes 13,336 | 22,858 1.714
7 1.0 Air Yes 11,188 16,866 1.276

A4. INSTANTANEOUS YIELDS OF DEPOLYMERIZATION PRODUCTS
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Figure A5.Instantaneous molar yields {@)) of individual and lumped products from PS
powder ball milled under Nand air atmosphereslculated from idine GC downstream
from reactor.
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On the GC system used in this study, the elution times of allylbenzene and

benzaldehyde are nearly the same which made resolution of the peaks difficult; for

simplicity, the yield is plotted for the two products combine&igure A% The presence

of a second product other than allylbenzene under air is apparent in that yields of no other

aromatic hydrocarbon byproduct differed so greatly in magnitude (four times at peak)

between air and nitrogen atmospheres. It is apparent thatitchisag from air to nitogen

at 120 minutes, production of benzaldehyde persists up to 440 minutes before matching the

(baseline)

yield of allylbenzene undes.N
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A5. ELECTRON SPIN RESONANCE ANALYSES
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Figure A6. Masshormalized ESR spectra obtained from residue of 1 g PS milled uader N
atmosphere for (a) 240 min, (b) 120 min and (c) 60 min.
ESR spectra of milleBSresidue contain two main contributions:
1. A sharp signal aroung = 2 at a magnetic field of ca. 33&represents a mixture
of carboncentered radicals generated via mechanochemical scission of polystyrene
chains and oxygenoentered radicals produced by oxidation of those carbon
centered radicals.
2. A broad signal spanning from 0 to 60G0is observed in some cases. The most
extreme case is depictedkigure A6a.In addition, a smaller broad signal with a

peak close to 320G is observed in some cases ($g&gure A6, which also

152



overlaps with the sharp signal of organic radicalg at2. These two background

signals are attributed to oxidized iron impurities in the samples generated by

abrasion of the milling equipment due to forceful collisions. For example,
nanometesized oxidized iron structures in the enzyme ferritin featurg beyad

ESR signals spanning over several thousands?t G.

We performed iroffree reference experiments with Zrgrinding spheres in a WC
jar and confirmed a virtually flat baseline with a single organic signal argund (see
Figure A69Q. Therefore, we focus our further analysis on the isolation and quantification
of this signal.

We performed four different analyses to assess the relative radical amounts in the
sample. Prior to analysis, all spectra were normalized by sample mass and receiver gain.
Subsequently, the following five approaches were used to calculate the valuasiplotte
Figure3.3b in the main text, all leading to similar results in terms of radical amounts vs.
time. Data processed using the 5 methods individually are plotigdune A7

1. To obtain the signal amplitude as a measure for radical amounts, we subtracted the
minimum from the maximum intensity in a magnetic field window between 3320
and3380G. This approach is denoted as fiint
2. We baselinecorrected the spectra to remove only the very broad contribution (see

Figure S9). To this end, we fitted & Begree polynomial baseline to the data at

2600 3000G and 34304000G and subtracted it from the experimental data.

Subsequently, to obtain the signal amplitude as a measure for radical amounts, we

subtracted the minimum from the maximum basetiogectel intensity in a
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magnetic field window between 3320 and 38&0This approach is denoted as

Ai ntensity (broad baseline)o.

. We baselinecorrected the spectra in a narrower region to remove both the very
broad (seeFigure A63 and the less broad (sdeéigure A6 background
contributions. To this end, we fitted & Begree polynomial baseline to the data at
3230'3280G and 34303500G and subtracted it from the experimental data.
Subsequently, to obtain the signal amplitude as a measure for radical amounts, we
subtracted the minimum from the maximum basetiogect@ intensity in a
magnetic field window between 3320 and 38&30This approach is denoted as

Ai ntensity (narrow baseline)o.

. We first integrated the spectra to obtain microwave absorption signals. These were
baselinecorrected by fitting a '5 degree polynomial baseline and subsequently
integrated again to obtain the double integral of the derivative spectrum as a
measure for radical amounts. The boundaries of the baseline and second integration
were chosen based on the broadness of signalspEotra recorded after &fin

of milling, the baseline was fitted to data at 323825G and 33863500G, and

the second integration waserformed between 3325 and 3385 For spectra
recorded after 12fin of milling, the baseline was fit to the data at 3Z&D5G

and 34103500G, and the second integration was performed between 3295 and
3410G. For spectra recorded after 240 and A80 of milling, the baseline was

fitted to data at 323B280G and 34303500G, and the second integration was

performed between 3280and 3430 Thi s approach i s denot
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5. We first baselinecorrected the data to remove both the very broad and the less
broad background contributions as descr
procedure. Subsequently, we used the Python EPRsim package to simulate the
resulting spectra ithe regions between 3300 and 34B0T o this end, we manually
assigned an appropriatg value between 1.998 and 2.001, and optimized the
simulation in terms of linewidth (Gaussian and Lorentzian) and signal height.
Subsequently, we integrated the simwlatiwo-fold between 3250 and 34%8®to

obtain a measure for radi cal amount s. T

Figure A7.Relative radical concentrations versus time when milling under airoer N
according to different methods: Signal amplitude (intensity)-fola integrated signal,
signal amplitude after broad and narrow baseline correction, and fitting of a simulated
spectrum to experimental data and Hietad integration.
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