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Ὓ Entropy 
ML2 

T-2N-1Ū-1 

ί Arc length L 

Ὕ Temperature Ū 

ὸ Reaction/milling time T 

ὸǿ Dimensionless time T 

όz Poisson ratio of material 1 

ὠȟὠzȟὠ ȟὠ  Collision impact volume L3 

ὠ Reactor vessel volume L3 

ὠᶻ Mechanochemical volume L3 

ὠ Molar volume for a particle of material ‌ L3N-1 

ὺ Average speed of grinding sphere LT-1 

ὺ Ball mill reactor speed LT-1 

ὢ Chemical conversion 1 
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Symbol Definition Units 

ὣ Reaction yield of chemical species Ὥ  1 

ώ Gas phase molar fraction 1 

ᾀ Particle packing factor 1 

ᾀ Stoichiometric coefficient 1 

Greek  

ɜ Surface molar concentration of species Ὥ NL-2 

 Surface layer thickness of material phase ‌ L ‏

z‏ȟ‏ ȟ‏  Hertzian collision deformation depth L 

–ȟ– Curvature radii and density ratios 1 

‒zȟ‒ ȟ‒  Lumped ratio of radii and density ratios 1 

ɤ Mechanochemical displacement parameter LN-1 

‚ Particle number fraction of material phase ‌ 1 

‚ᶻ Modified particle number fraction of material phase ‌ 

during grinding collision 
1 

—zȟ— ȟ—  
Collision probability for binary collision of grinding 

surfaces 
1 

—  Contact probability between particle phases ‌ and ‍ 1 

‘ Number of particle layers in impact volume during 

grinding collision 
1 

ɩȣ Mechanochemical surface reaction rate L-2T-1 

″ȣ Intrinsic surface reaction rate L-2T-1 

” Number fraction-weighted volume mass density of 

particles 
ML -3 

” Volume mass density of chemical species Ὥ ML -3 

”ȟ”zȟ” ȟ”  Reduced mass density for binary collision of grinding 

bodies 
ML -3 
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Symbol Definition Units 

” Volume mass density of material phase ‌ ML -3 

„ Surface mass density of chemical species Ὥ ML -2 

„ Surface mass density of material phase ‌ ML -2 

† Surface chemical species lifetime T 

†ȟ†zȟ† ȟ†  Hertzian collision compression time T 

† Characteristic processing time for ball mill reactor T 

†  Contact time between particle phases ‌ and ‍ T 

ɮzȟɮ ȟɮ  Angle parameter for binary collision 1 

‰zȟ‰ ȟ‰  Incident angle of binary collision 1 

‰  Arc angle amplitude on shaker mill 1 

•  Volume fraction of grinding spheres 1 

•  Mechanochemical volume fraction 1 

ɭ Integral mechanochemical reaction rate for species Ὥ T-1 

‫  Shaker mill operating frequency T-1 
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SUMMARY  

 

Most waste generation from commodity plastics worldwide comprise chain-growth 

polymers with homogeneous hydrocarbon backbones such as poly(styrene) (PS), which are 

poorly suited to established mechanical recycling processes due to issues of material 

properties degradation. By 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 

intentional use of a ball mill reactor to perform depolymerization chemistry is still a novel 

sector of research, and deep understanding is lacking in both the kinetics of 

depolymerization from solid state polymer reactants, and the precise influence of various 

operating 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 thesis, three characteristic length scales of a vibratory ball mill 

reactor are identified as a generalizable approach to classify and describe kinetic 

phenomena in PS depolymerization with and without the addition of chemical catalysts 

such as iron powder. The length scales include the macroscopic reactor and molecular 

scales of conventional fluid-phase chemical reactors along with an intermediate or 

microscopic particle scale arising from the dispersed state of the reactant. The second part 

of the thesis involves monitoring the real-time molecular-scale kinetics of styrene 

production from ball mill grinding of PS and elucidation of depolymerization mechanisms, 
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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 temperature-induced physical 

transition of the PS reactant into a viscous cohesive state. The fourth and final part of the 

thesis presents a general reactor theory suitable for describing surface mechanochemical 

reactions conducted in a vibratory ball mill, which is constructed using experimentally 

accessible variables and parameters based 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 experimental data to elucidate intrinsic solid-state chemical kinetics 

underlying a mechanochemical reaction. In 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 

advancing fundamental understanding of solid-state 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  

Plastics are ubiquitous commodity materials of our age due to the tunability of their 

mechanical properties, which allow them to be shaped and molded into a myriad of 

products across application sectors ranging from packaging to textiles to building and 

household appliances. In 2018, 360 Mton1 of plastics were manufactured, with growth in 

production at around 9% annually.2 The overwhelming majority of synthetic plastics 

comprise six chemically distinct commodity polymers: poly(ethylene) (PE), 

poly(propylene) (PP), poly(styrene) (PS), poly(ethylene terephthalate) (PET), poly(vinyl 

chloride) and poly(urethane).1 

Concurrent to the rise of plastics as commodity materials, plastic waste has become 

a ubiquitous pollutant to our environment. Every year, approximately 260 Mton3 of plastic 

waste ï over 70% of annual production ï are generated, of which over 70% are made up 

of PE, PP and PS (collectively known as polyethylenics or polyolefins). The 

overrepresentation of these polymers in plastic waste is due to their widespread use in short 

lifespan applications such as single-use packaging. Due to the chemical inertness of their 

hydrocarbon backbones, biodegradation of polyolefins by microorganisms in nature is 

extremely challenging. As a result, their persistence in the environment is a pernicious 

detriment to ecosystems ï especially marine ecosystems, despite the surprisingly low (~4%) 

amount of plastics actually entering the oceans as pollutant material. 

The current lifecycle of commodity plastics is shown in Figure 1.1. Two routes for 

processing waste plastics remain dominant: landfilling (at ~40%) and incineration (at 
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~27%). Both methods are environmentally harmful due to formation of mobile yet 

persistent microplastics and release of the powerful greenhouse gas carbon dioxide 

respectively.4 Mechanical recycling, which involves heating the plastic material into a melt 

and then processing the melt by extrusion ï handles ~12% of waste plastics, although this 

method requires laborious sorting and washing of the waste and is ill-suited to handle 

composite or layered materials such as laminates. Even plastics that can be recycled 

mechanically with success suffer a reduction in molecular weight due to unavoidable chain 

cleavage reactions during processing.5 This results in a degradation of mechanical 

properties and thereby reduces the range of applicability and economic value of 

mechanically recycled polymers in comparison to virgin polymers.2 In addition, most 

commercial plastic materials also contain chemical additives in minute quantities dispersed 

within the polymer, and it is challenging to preserve material homogeneity during the 

mechanical extrusion process at elevated temperatures.6 

 

 
Figure 1.1: Lifecycle diagram of plastics based on 2018 data.1 
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Alternatively, chemical recycling is gaining attention in research and development 

as the ideal solution for plastics waste processing.1 Chemical recycling, otherwise known 

as upcycling, entails using a chemical reactor to convert waste polymers back to the 

monomers used to synthesize said polymer ï depolymerization, or to other small organic 

molecule products of equal or higher economic value.7 Chemical recycling by 

depolymerization is championed in current research, because it enables a lifecycle for 

commodity plastics compatible with the vision of a circular economy espoused by world 

leaders in science and technology.2,3  

Specifically for polyolefins, catalytic or thermal pyrolysis is the most widely 

researched method for depolymerization.2,8ï12 The pyrolysis route is advantageous in that 

it is an adaptation of petroleum refining technology for a new purpose, for which there 

exist industrial-scale reactor designs and infrastructure. Unfortunately, pyrolysis is an 

energy-intensive process that requires moderate to high temperatures maintained by large-

scale bulk heating, owing to the unavoidable fact that polymers are solids at ambient 

conditions, whereas these depolymerization methods require the feedstock to be a 

homogeneous fluid.13,14 For catalytic pyrolysis, mass transport limitations are often an 

issue due to the high viscosity of polymeric fluids.15 

 

1.2. MECHANOCHEMISTRY AND POLYMERS  

To circumvent the disadvantage of needing to heat polymers into a fluid state for 

depolymerization, a novel alternative approach is proposed to use mechanochemistry to 

achieve depolymerization of plastics. Mechanochemistry refers to the use of kinetic energy 

transmitted via mechanical contact of solid surfaces to drive chemical reactions,16,17 
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analogous to the control of reactions using heat in thermochemistry, electromagnetic 

radiation (light) in photochemistry and electrical potential in electrochemistry.18,19 It can 

also be described as the chemical transformation of substances caused by mechanical (i.e. 

contact and friction) forces acting directly on chemical bonds.20 

Investigation on fundamental kinetics of mechanochemistry naturally starts 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 externally applied force, 

this potential energy surface can be altered in a way that causes the structure of the 

molecule(s) to change towards a new configuration ï i.e. undergo a chemical reaction.21 

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 theory. The 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 to an external force Ὂ:22 

where Ὁ is the intrinsic activation energy, Ὑ is the gas constant, Ὕ is the temperature, and 

ɤ is a parameter with units of LN-1 related to the displacement of the reaction coordinate 

from its intrinsic state due to the presence of the external force. Experimental validation of 

Bell theory have occurred by way of atomic force microscopy-based single molecular 

stretching experiments, which have been reviewed by Ribas-Arino and Marx.23 

The phrase ñpolymer mechanochemistryò generally refers to the intentional design 

of mechanophores, molecular units containing labile chemical bonds which can be 

 Ὧ ὯÅØÐ
Ὁ Ὂɤ

ὙὝ
 (1.1) 
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polymerized to form materials that respond in a controlled way to external mechanical 

stress,24ï27 an example of this being functional polymers that change color upon being 

stretched.28 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 the heading of ñtrituration mechanochemistryò.29 

The earliest study on chemical consequences of mechanical action on a synthetic 

polymer (PS) was published by Staudinger and Heuer in 1934, who reported molecular 

weight (MW) degradation of their samples.30 Starting in the 1960s, researchers in the 

Soviet Union reported extensively on mechanochemical degradations of polyolefins, using 

chain growth polymers such as PS, PE and poly(methyl methacrylate) (PMMA) among 

others.31ï34 Samples were subject to a variety of mechanical action, including drilling, 

slicing, rolling, and crushing. Some of these experiments were conducted at cryogenic 

conditions to facilitate in situ characterization using electron spin resonance (ESR), a free 

radical detection technique which established homolytic chain scission as the mechanism 

responsible for MW degradation.35,36 This led to the Zhurkov model of polymer fracture37ï

39 in 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. 1.1, with macroscopic 

stress replacing the microscopic force variable Ὂ in the exponential. A variety of other 

chemical phenomena were also reported, including the liberation of volatile products 

detected using mass spectrometry from polyolefin samples ruptured by tensile stress,40,41 

and luminescence accompanying mechanical deformation and rupture.42 Important aspects 

of this body of work were summarized by Sohma.43 
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1.3. BALL MILLS AND THEIR CHARACTERISTIC PARAMETERS  

The type of chemical reactor most suited to conduct mechanochemical reactions on 

a lab scale is the ball mill.44 Reactive extrusion45 and resonance acoustic mixing46,47 are 

other methods of carrying out mechanochemical reactions, but these are beyond the scope 

of this dissertation. 

In a ball mill, the reactor is a jar or vessel loaded with grinding spheres (more 

generally called charge, which can be arbitrarily shaped pebbles) and the reactants (more 

generally called substrates ï usually solid powders) to be chemically transformed. Either 

the vessel or its contents are agitated in a rapid periodic motion driven by external 

machinery, which causes the loose spheres and powders inside to be thrown into chaotic 

motion.48 Powder that become trapped between grinding surfaces during high-velocity 

collisions and other sustained mechanical contact between the vessel wall and spheres are 

subject to the requisite mechanical forces for chemical reaction to take place.49,50 To 

understand mechanochemical kinetics in a ball mill, it is therefore necessary to understand 

the operation of the mill and the relevant variables accessible to control. 

Numerous unique designs exist of ball mills, depending on the configuration of the 

vessel and the machinery that drives its periodic motion. Notable types of mills are depicted 

in Figure 1.2.16 The most prevalent mill types are the attritor, the planetary mill, and the 

shaker mill.51,52 The attritor functions very much like a stirred vat or the tumbler of a clothes 

dryer, where grinding occurs via friction or shearing flow in a densely packed bed of charge 

and interstitial-filling substrate driven by baffles and/or the axial impeller shaft.53ï56 The 

planetary mill consists of rotating vessels (cylindrical cups) secured on top of a rotating 

plate, with grinding driven by centrifugal forces and gravity.57,58 The shaker mill is an 
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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.59,60 The shaker mill shall be the focus of this dissertation. 

 

 
Figure 1.2: Designs of the most common types of ball mills.16 

 

 

Regardless of design, all 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.61 These variables are enumerated in Table 1.1. 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 stationary frame 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 undergo physical changes during milling, but substrates do, so only their initial 
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properties are independent. We can refer to the first three columns of Table 1.1 as operating 

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 challenging.62 

For process optimization, the approach in the vast majority of studies is to choose a specific 

substrate or set of substrates which is processed in a specific mill, and then characterize 

changes from their initial properties as a function of the operating variables in the first three 

columns of Table 1.1. 

 

Table 1.1: Operating variables of a general ball mill. 

Operating Variables Substrate(s) 

Variables Mill  Vessel Charge(s) 

Milling time Material properties 

of the vessel interior 

wall 

Material properties 

of the 

spheres/pebbles 

Initial material 

properties of the 

substrates 

Frequency of 

periodic motion 

Dimensions of the 

vessel 

Size(s) of 

spheres/pebbles 

Initial particle size of 

the substate(s) 

Path of motion of 

the milling vessel 

 Number of 

spheres/pebbles  

(of each size) 

Initial amount of 

substrate(s) inside 

vessel 

 

 

Traditionally, ball mills are used on the industrial scale for the comminution of 

solids ï the size reduction of powders or particulate materials.63 Attrition and fracture are 

mechanisms by which comminution occurs, the former describes removal of material from 

a particle via shearing of surface layers, and the latter refers to the breaking of one particle 

into several more pieces.64 In systems where only particle breakage is considered, the focal 

dependent variable is the substrate particle size (from which quantities like surface area 

can be derived). Correlating particle size measurements to operating variables, especially 
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milling time, yields largely empirical data which do not reveal generalizable quantitative 

relationships, only qualitative trends.65 For purely comminution systems, A semi-empirical 

method of keeping track of particle sizes with milling involves the use of a statistical 

population balance.55 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 exact relationship to the accessible operating variables in Table 1.1 are unknown.66 

Mechanical alloying of metals is another industrial application of ball milling, 

which is the synthesis of new phases from metallic elements or the blending of phases. 

This occurs from a combination of particle fracture and sintering, alongside volume 

deformation.67 Out of optimization research carried out for alloying processes in ball mills, 

the concept of intermediate parameters had been developed. The idea is that while 

dependent variables such as particle size cannot be written as explicit functions of operating 

variables, they can be related directly to a set of parameters corresponding to elementary 

grinding events with well-defined physical meaning, which can in turn be written as 

functions of the operating variables. An example of such a parameter, applicable to the 

shaker mill, is the collision frequency ï the average number of grinding collisions 

normalized by milling time. We can intuitively recognize this parameter to be a direct 

function of variables such as mill frequency, number of spheres, reactor geometry and the 

size of spheres. Since any dimensional, material or chemical transformation of substrate 

particles occur when caught in a collision between a sphere and the reactor wall or between 

two spheres, the collision frequency is a physical parameter that provides a bridging link 

between operating variables and substrate transformations. 
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Another widely used intermediate parameter in alloying is the average collision 

energy dose, which is closely related to the energy input required to achieve a certain phase 

of material.68 This parameter extends the observation that substrate transformations occur 

during grinding collisions by attributing these transformations to the result of energy 

transfer from charge to substrate during a collision. For planetary mills, various authors68ï

70 have proposed formulas for the collision energy dose as an explicit function of operating 

variables, and estimated its value as the difference in kinetic energy of the grinding sphere 

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 established between 

operating variables at the equipment level and microscopic substrate level changes. 

Another aspect of the theoretical approach is the use of a contact model for 

describing the deformation characteristics of two colliding charges, and the most common 

of these is the Hertzian contact theory.51,69,71,72 The dynamic version of this theory, suitable 

for describing collisions in a shaker mill, yields a conveniently analytical expression for 

the maximum contact area ὃ between two bodies (indexed by subscripts 1 and 2) with 

spherical geometry (whose elastic moduli, Poisson ratio, radii of curvature and mass are 

denoted by ὉzȟόzȟὙz and ὓz  for  z ρȟς respectively) during an elastic collision:73 

Maximum contact 

area 
ὃ “

ρυὓ Ὑ ὶ

ρφὉ
ḳ“ὶ (1.2) 

Effective elastic 

modulus 

ρ

Ὁ
ḳ
ρ ό

Ὁ

ρ ό

Ὁ
 (1.3) 

Reduced body 

radius 

ρ

Ὑ
ḳ
ρ

Ὑ

ρ

Ὑ
 (1.4) 
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 In eqn. 1.2, ὶ is the relative velocity of the colliding bodies at the moment of impact, 

a parameter that is accessible both computationally60 and experimentally.74 The above 

expressions apply to a collision without any tangential force components (i.e. ball spin) at 

the moment of impact. Friction or damping coefficients are required in any contact model 

involving tangential force components, which is one of the key factors that limits the 

predictive power of physics-based models, confining them to the status of being semi-

empirical methods.75,76 

 
Figure 1.3: The impact volume model proposed by Maurice and Courtney,77 in which a 

cylindrical plug of powder substrate receives the energy dose from a grinding collision. 

 

 

Applicable to both shaker78 and planetary79 mill systems, several authors69,77,80ï82 

have invoked the Hertzian contact area of collision ὃ to estimate the amount of substrate 

material trapped between charge surfaces during a collision. Maurice and Courtney77 were 

the first to propose that each collision between grinding surface acts upon a certain 

cylindrical volume ὠ of particles ï the impacted powder volume, depicted in Figure 1.3 ï 

given by the following formula: 

Reduced mass 

ρ

ὓ
ḳ
ρ

ὓ

ρ

ὓ
 (1.5) 

Impacted volume 

of substrate 

ὠ “ὶὬ ὃὬ (1.6) 
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where Ὤ 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 like sphere size and mass to microscopic changes in 

the substrate. 

 

1.4. BALL MILL MECHANOCHEMISTRY  

In recent decades, there has been a proliferation of mechanochemistry research 

conducted using ball mill reactors, resulting in a wealth of empirical literature in spite of 

persistent gaps in fundamental understanding of the process due to the physical complexity 

of ball mill reactor systems.83,84  

Currently, ball milling is the go-to approach for top-down production of 

nanoparticles.85 Ball mills have been used to mechanochemically synthesize solid 

catalysts,86ï89 metal-organic frameworks,90 and nanocomposites.91,92 A large body of 

experimental literature has accumulated documenting organic syntheses performed in a 

ball mill, with multiple reviews and commentaries published.44,93ï98 Furthermore, a variety 

of chemical reactions involving gaseous reactants and products have been demonstrated 

inside ball mills,99 examples include oxidation of carbon monoxide,100,101 water splitting102ï

104 and ammonia synthesis.105 A common thread among these applications has been the use 

of nominally ambient temperatures during reactor operation.  

These applications demonstrate that the ball mill reactor is ideally suited to 

performing solid-state chemical reactions at mild conditions, making it a potentially viable 

piece of equipment for the application of polymer depolymerization. Precedence already 

exists in literature for mechanochemical depolymerization of polymeric biomass, such as 
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lignin and cellulose, inside ball mills.106ï110 Proof-of-concept reports have demonstrated 

the quantitative depolymerization of the commodity polyester PET111,112 using a shaker 

mill.  More thorough and fundamental understanding of mechanochemical kinetics as they 

occur inside a ball mill reactor, coupled with further developments of these promising 

results, may validate mechanochemical depolymerization as a viable solution towards the 

chemical recycling of waste plastics. 

 With respect to polyolefins, in the early 2000s, a series of papers by Molina-

Boisseau et al. explored the comminution of PS and PMMA in a vertically oscillating 

shaker mill.113ï116 A number of qualitative findings were reported, including a broadening 

of particle size distribution and the eventual equilibration of the average particle size at 

long milling times. The authors limited their investigation to the macroscale and did not 

track the progression of molecular weight of their polymers with milling time. 

 Sporadic literature on ball milling polyolefins continued to appear over the next 

decade, including a study on copolymer milling117 and another that milled PS with wet 

sand in the absence of grinding spheres.118 During this time, the application of ball milling 

to dichlorination of poly(vinyl chloride) (PVC), sometimes in conjunction with other waste, 

was also explored.119ï122 In 2020, Peterson et al. examined initial molecular weight 

degradation rates for shaker milled PS, and concluded that longer polymers chains with 

higher glass transition temperatures degraded faster than shorter chains with lower glass 

transition.123 

An article published in 2021 represented the first foray of ball mill 

mechanochemistry towards intentional depolymerization of polyolefins to their constituent 

monomers. Using a shaker mill, Balema et al.124 reported the detection of styrene in ball 
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milled PS at low yield and proposed a mechanism involving molecular oxygen and iron 

from steel grinding surfaces. Since then, concurrent with the progression of work featured 

in this dissertation, ball mill grinding of poly(ὄ-methylstyrene) (PMS),125 poly(ethylene) 

and poly(propylene)126 as well as various poly(methacrylate)s127 have 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. These approaches include co-grinding 

plastics with catalyst powder and reagents128ï130 and chemically functionalizing the 

grinding surfaces of the ball mill to have catalytic activity.131 

 

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 styrene. The 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 equipment and reagents. At 

the same time, the common structural motif of all olefinic polymers is their backbone made 

up solely of C-C bonds, and thus the fundamental mechanism of depolymerization to their 

respective monomers is the same. Because of this, a detailed understanding of the kinetics 

associated with mechanochemical depolymerization of this one olefinic polymer can 

provide valuable insights that can be extrapolated 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 operating 

variables of the shaker mill, which altogether reveal kinetic phenomena that can be 

categorized along three characteristic length scales associated with the ball mill reactor. 

Chapter 3 details the utilization of in-line gas chromatography to obtain real-time kinetic 

data in mechanochemical PS depolymerization which provide insights into the molecular-

level mechanisms responsible for production of styrene from solid-state PS powder. The 

subject of Chapter 4 is the discovery of a temperature-activated state ï termed a cohesive 

state ï of PS in which the mechanochemical depolymerization rate is amplified by one 

order of magnitude. A reactor theory that synthesizes PS-specific kinetics and more general 

concepts described in Section 1.3 is formulated in Chapter 5, which may be used to 

elucidate intrinsic mechanochemical kinetics in PS depolymerization and other surface 

chemistry-dominated 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 chapter,132 kinetic phenomena in the mechanochemical depolymerization of 

poly(styrene) are studied in a vibratory ball mill. Styrene is produced in this process at 

approximately constant rate and selectivity. Continuous monomer removal during reactor 

operation is critical for avoiding repolymerization, and promoting effects are exhibited by 

iron surfaces and molecular oxygen ï which leads to aromatic oxygenates as byproducts.  

By quantifying the yield of monomers and molecular weight reduction of the 

residual polymer as influenced by reactor operating variables and chemical catalysts, 

kinetic phenomena attributable to molecular- and reactor-scale effects, as well as 

intermediate particle-scale effects unique to ball mill reactors are described and classified. 

One notable reactor-scale effect is kinetic independence between depolymerization and 

molecular weight reduction despite both processes originating from the same driving force 

of mechanochemical collisions. The 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 MW = 35,000 g/mol (PS50) 

and 192,000 g/mol (PS90), methanol (Ó99.9%), decane (Ó99%), chloroform-d (99.8 

atom %), styrene (Ó99%), chromium (<45 ɛm powder, Ó99%), iron (<10 ɛm powder, 
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Ó99.9%), nickel (<50 ɛm powder, 99.7%), boric acid (Ó99.5%), iron(III) oxide (<5 ɛm 

powder, Ó96%) and barium titanate (<3 ɛm powder, 99%) were purchased from Sigma-

Aldrich. Ultra zero grade air, ultra-high purity grade N2 and O2 gases were purchased from 

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

Both varieties of PS 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 for 2 min (PS50) or 8 min (PS90). The 

crushed PS grains were passed through sieves and the fraction retained between 16 and 60 

mesh (250 ï 1180 ɛm) was used in depolymerization experiments. This pretreatment of PS 

did not significantly affect the MW distribution of the material (see Figure A3f). 

2.2.2. Depolymerization Reactions 

Mechanochemical reactor experiments were conducted in a Retsch MM400 shaker 

mill, using custom-machined 316-grade stainless steel vessels and grinding spheres. The 

reactor vessels had a pill-shaped internal volume of 25 mL (13 mm cross section radius 

and 30 mm cylinder length) and Swagelok-fitted openings on the cylindrical face for 

optional purge gas flow to remove volatile depolymerization products as they are formed 

inside the vessel during milling. Grinding spheres with mass ranging from 1.38 to 63.1 g 

were used in experiments, with 4.04 g (10 mm diameter) spheres being the usual choice.  

In a typical experiment, the 25 mL vessel was charged with 1 or 8 grinding spheres 

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. The vessel was connected to 1/8th inch Teflon® tubing 

using Swagelok unions for gas flow experiments, with flow rate set 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 tube 1/4th inch in diameter was 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 by N2 gas for at least 5 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 decane and 6ï7 

mL of MeOH were dispensed into the vessel and the contents were shaken on the mill at 

10 Hz for 1 minute to generate a suspension of solid polymer particles in liquid. Liquid 

samples were prepared by passing 1 mL of suspension liquid from the reactor or the MeOH 

gas trap solution through a 0.2 ɛm PTFE syringe filter into a chromatography vial. The 

solid PS residue 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 Varian-Bruker 450-GC 

equipped with a 60 m-long Supelco SPB®-1 fused silica capillary column, Polyarc 

quantitative 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 within 6 hours from the end of the experiment. The quantitative 

carbon analyzer allowed for quantification of the amounts of reaction products in the liquid 

based on the relative intensity of FID signals of the product compounds to the known 

amount of decane internal standard present in the sample. FID signal positions of detected 

compounds were calibrated using samples of the corresponding pure compound. The yield 

ὣ (product mass per unit mass of PS) of each product compound Ὦ was calculated using its 

peak integration area Ὅ, molecular weight ὓ  and carbon number ὔ  and the same 
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quantities (Ὅ , ὓ ρτςȢσ g/mol, ὔ ρπ) for decane, normalized by the initial 

mass of PS ά  in the reactor, according to the following formula: 

2.2.4. Size Exclusion Chromatography (SEC) 

 Molecular weight distributions (MWDs) and average MWs of solid PS residues 

were obtained using size-exclusion chromatography (SEC) performed on a Tosoh EcoSEC 

HLC-8320GPC equipped with TSKgel SuperMultipore HZ-M column, 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 5 to 10 mg/mL 

in the eluent. 

2.2.5. Gas Chromatography ï Mass Spectrometry (GC-MS) 

Experiments were performed on an Agilent 8890 GC equipped with a 30 m long 

HP-5MS UI 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 spectra of each 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, MeOH-soluble small molecule products 

which were quantified using GC. Chemical structural verification using GC-MS (see 
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Figure A2) confirmed styrene as the primary product. Aromatic hydrocarbons benzene, 

toluene, propenylbenzene, ethylbenzene, cumene, allylbenzene, Ŭ-methylstyrene, and n-

propylbenzene were also detected in minor or trace quantities. Minor products with 

functional groups were oxygenates styrene oxide, benzaldehyde, and acetophenone. Trace 

quantities of the C1-C3 hydrocarbon gases ï methane, ethene, ethane, propene, propane ï 

were also formed, but discussion of these products are deferred to Chapter 3. The most 

general reaction scheme for the mechanochemical depolymerization of PS is depicted in 

Figure 2.1, with the conventional ñthree ballsò symbol indicating mechanochemical 

conditions.17  

 
Figure 2.1. Reaction scheme of mechanochemical PS depolymerization. Aromatic products 

enclosed in brackets were only observed in the presence of oxygen (O2) from 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 Figure 2.2. Two types of reactors were used: closed 

conditions refer to milling in sealed vessels containing ambient air as initial gas phase. 

Open conditions were achieved by flowing either air, pure N2 or pure O2 through the reactor 

during milling. As a useful shorthand, closed conditions will be denoted by ñcl.ò when 

referred to in figure captions, and open conditions will be denoted by ñop.nò, ñop.aò and 

ñop.oò for milling under nitrogen, air and oxygen flow respectively.  
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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 20 mL/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 (Figure 2.2a, black 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 such collapse 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 indeed measured to be less than the initial amount. 

Furthermore, the styrene yield achieved in an open vessel with air flow (Figure 2.2a, hollow 

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 min. The presence of oxygenates was indicative of O2 from air playing 

a role in the depolymerization mechanism. To confirm the significance of O2, experiments 

under N2 flow (Figure 2a, hollow circles) were conducted to minimize presence of O2. The 
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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 time. Further increasing oxygen content with O2 flow (Figure 2.2a, 

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 higher. The cumulative selectivities of these products 

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 in Figure 2.2b. 

Under N2, selectivity of styrene was reduced to around 76% at the expense of increased 

amounts of other hydrocarbons (Figure 2.2b). 

2.3.3. Characterization of Polymer Residue 

 
Figure 2.3. MN 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 weights (MN) of the solid residues from PS90 as 

determined by SEC are depicted in Figure 2.3 (black and hollow squares, hollow circles). 

A rapid decrease in MW was observed within the first hour of milling, as expected from 

successive mid-chain scissions. Subsequently, MW reduction slowed down considerably 

at around MN = 10,000 g/mol. This trend was observed irrespective of milling in a closed 

reactor, under air or N2 flow. 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 margin of error in the measurement. In more detailed MW distribution 

curves (see Figure A3a-e), 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 closed conditions. 

Simultaneous with the rapid reduction in MW within the first 120 min of milling, 

PS particles are crushed into a fine powder; the particle size remained constant thereafter. 

This can be seen in optical microscopy images of PS residue taken at 60, 120, 240 and 480 

min of milling (see Figure A1), which show large-sized grains of 50 ɛm at 60 min that 

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 N2 

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 enhanced during 

milling due to the increased mechanical interactions 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 316-grade stainless steel: Fe, Cr and Ni 

metals, as well as several inorganic materials which have appeared in the 

mechanochemistry or depolymerization literature in other contexts: piezoelectric barium 

titanate BaTiO3,
133 solid acid boric acid (BA),134 and iron(III) oxide Fe2O3.

128 Holding 

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

in Figure 2.4a. 

 

  
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 the reaction 

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 steel ï albeit neither are selective toward specific products, 

since both styrene and byproduct yields increased relative to the control experiment 

(compare entries 1ï3). 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 lost when these metals 
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are oxidized. BA under closed or air flow conditions (entries 5 and 11) and BaTiO3 (entry 

6) had no apparent effect on the yields, while Fe2O3 (entry 7) significantly reduced yield. 

Any intrinsic catalytic effects of additives should be revealed under N2 flow, 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 fact suppressed monomer production. 

As a consequence of the particulate nature of reactants in mechanochemistry, ball 

mill depolymerization of PS must be regarded as a two-phase solid state reaction, with the 

second phase being the metal (or other material) surfaces that can serve as catalysts for 

monomer prodution.17 In such two-phase systems only heterogeneous phase contacts will 

lead to reaction, which means mechanical contact 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 desirable PS-catalyst 

surface contacts (i.e. particle mixing) that lead to depolymerization. This was done with 

PS90 and Fe powder under closed conditions, and the resultant styrene yields are plotted 

in Figure 2.4b. These results reveal that an optimal ratio of Fe to PS exists between 80-85% 

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 linear reduction 

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 Mechanical Energy 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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surfaces.60,68,77 This had been quantitatively demonstrated by Tricker et al. in 

depolymerization of PET with NaOH.112 From elementary mechanics, the instantaneous 

kinetic energy of a grinding sphere travelling inside the vibratory mill in between collisions 

is given by eqn. 2.2:  

where ά  is the mass of the sphere and ὺ its speed. When a sphere collides with another 

grinding body with kinetic energy Ὁ , a part of that energy can be used to drive chemical 

reactions in the material caught in between.68 Sphere motion expressed through ὺ  is 

imparted by motion of the vessel that is governed by the mill frequency ‫ . Except for the 

case of a single-ball reactor, the motion of grinding spheres is generally chaotic on the time 

scale of single periods of reactor motion, therefore analytical expressions for ὺ  as a 

function of ‫  are difficult to obtain for ball mills containing multiple spheres.78 

Nonetheless, ὺ (and by extension Ὁ ) is known to increase with ‫ : 

where ὧ π is an empirical constant. Therefore, Ὁ  can be tuned most directly by 

changing ‫  and by changing the sphere mass ὓ .135 Thus, the influence of mechanical 

energy supply on PS depolymerization kinetics was investigated by varying ‫  and using 

spheres of different sizes to adjust ὓ . 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 between ‫  and the styrene yield (Figure 2.5a) 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 higher ‫ . The 

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 (Figure 2.5b). 

 

  
Figure 2.5. Depolymerization of PS90 using 25 mL stainless steel reactor, eight 10 mm 

stainless steel balls and 1 g 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 styrene and benzaldehyde vs. ball mass, milling conducted using 1 ball. 

 

 

For experiments varying ὓ , one stainless steel sphere of different sizes was used, 

and the styrene yield in the closed vessel (Figure 2.5c) increased as ὓ  increased from 1.38 
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to 8.56 g, but it decreased from there to the 32.25 g sphere. 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 (63.1 g) sphere is the 

largest size that could be fit into the reactor. Based on these considerations it can be stated 

conclusively that styrene yield was optimal for ὓ  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 higher ὓ  of around 21.3 g instead of 

8.56 g for styrene. 

2.3.6. Conversion of Bimodal 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 determined by SEC) 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 Figure 2.6a-b. Although lower quantities of monomers were 

produced from PS50 compared to PS90, a constant monomer production rate was also 

observed for this sample, with cumulative styrene selectivity at around 70%. An increased 

yield of Ŭ-methylstyrene 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 and for PS50 + 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 (Figure 2.3, 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. The 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 measured by SEC for any duration of milling, and 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 (Figure 2.6c, 

entries 1ï4). A slight increase in styrene yield was observed going from N2 to air to O2 

flow. By contrast, although the addition of BA boosted styrene yield under closed 

conditions, a less impressive improvement was seen under any gas flow (Figure 2.6c, 

entries 6ï8). In fact, under gas flow BA appeared to lose all effectiveness at increasing the 

styrene yield, 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 

(Figure 2.6d). 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 

molecular mechanisms. For now it is sufficient to identify certain phenomena, such as the 

enhancement of monomer production in oxidizing versus inert N2
 atmosphere, as due to 

mechanistic differences in depolymerization kinetics brought on by the presence of O2. 
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Following a brief explanation of some reactor-scale 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, 2.3.5 and Figure 2.6d of Section 2.3.6.  

The most pervasive result across all sets of experiments conducted under fixed 

conditions with time (Figure 2.2a, 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 be interpreted as a 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 

(310ï395 °C136,137), 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 closed reactor 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 volatile 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 (Figure 2.3). 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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abrasion.30 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 

physical van der Waals interactions of the halves of the polymeric molecules with their 

environment.43 Indeed, in the case of the bimodal PS50 material, only the high MW fraction 

of PS50 underwent MW reduction (see Figure A3b,d), although the oligomeric fraction 

was not chemically inert in the presence of boric acid. 

2.4.1. Reactor-scale K inetic Phenomena 

 
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 size (10 mm) 

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, which is dependant on all the operating variables, 

including reactor geometry, number, size and density of gridning balls, milling frequency 

and reaction time.68,77,82 In Section 2.3.5, the influence of energy supply on kinetics was 

investigated by adjusting the milling frequency ‫ . Using data for styrene production and 

MW as functions of ‫  in Figures 2.5a and 2.5b, respectively. These experiments were 
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performed for a short milling time (40 min) when both scission and monomer production 

occurred simultaneously.  For each experiment, using the initial and final MN we 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 obtain the average number 

of styrene monomer yielded per chain. For different ‫ , we plot in Figure 2.7 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 on a per chain basis. Figure 

2.7 reveals a linear correlation, signifying that the energy input ï which is tuned by 

adjusting milling frequency ‫  ï serves as the driving force for both MW reduction and 

monomer production. As milling time increases, MW reduction becomes less prevalent (in 

Figure 2.7 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 different sphere masses ὓ  (Figure 2.5c) 

reveal another aspect of the kinetics at the reactor level based on the concept of energy 

supply. The data could be divided into three regimes. For spheres less than 8.56 g, the yield 

of either monomer increased approximately linearly with mass, a result that agrees with 

previous study on PET depolymerization.112 Increasing the sphere mass past the ñoptimal 

massò led to a decrease in yield, which stabilizes to a near-constant value by the third 

regime as the size of the grinding sphere was increased towards the cross section diameter 

of the reactor, rounded out by a final uptick in yield for the largest possible sphere that can 
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fit inside the reactor. The first regime at low sphere masses follows the expected behavior 

from the frequency results, where increasing Ὁ  by increasing ὓ  (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 highest sphere mass (largest sphere) can be 

rationalized as a geometric effect. Although the motion of a grinding sphere in 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 size of the sphere 

increases until finally the sphere fits snugly into the reactorôs cross section without 

significant clearance.135 At this point, the motion of the sphere is exactly synchronous with 

the motion of the reactor while simultaneously reactant particles are statistically unlikely 

to parry the sphereôs impacts due to the geometric constraints present. The result of these 

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 increasing sphere mass, 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 one 13.42 g sphere for 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 thermal hot spots formed during 
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collisions can reach temperature much higher than the bulk temperature in a ball mill.74 We 

can therefore deduce that greater heat accumulation occurs in the reactor with increasing 

mass of the sphere used in grinding, consistent with results from ball milling studies that 

have attempted to quantitatively estimate heat generation due to collisions.138,139 On 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 approaching and above the 

transition point it becomes soft and ductile.140 PS has its glass transition temperature range 

in the neighborhood of 100 °C141 which decreases with decreasing MW.142,143 Thus, 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 

pieces ï generating fresh surfaces ï if loaded above their ultimate strength.140 Meanwhile 

soft and ductile particles subjected to the same compression will fuse together and deform 

plastically.144 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 the 

material as a whole rather than just on its surfaces). Where liberation of volatile products 

are involved, mechanochemical reactions of particles constitute a predominantly surface 

or near-surface transformation,16,145 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 

heavier spheres creating 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 point where energy supply is optimal. Stabilization in monomer yield that occurs 

in the subsequent, highest ball mass regime can be regarded as a balance between the 

constructive geometric effect which makes collisions more efficient by impacting more 

particles and the detrimental temperature-induced mechanical softening effect rendering 

depolymerization less favorable. 

2.4.2. Particle-scale K inetic Phenomena 

Unlike ideal chemical reactors, such as the continuous-stirred 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 occur at interfaces 

between solid particles.16 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 species on their surfaces when coming into physical contact mechanochemically.17 

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, frequency, number of 

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 reactor conditions by 
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varying the relative amounts of reactants. This can be considered reactivity phenomena at 

an intermediate microscopic or ñparticle-scaleò in between reactor-level ñmacroscopicò 

effects and molecular kinetics. This microscopic kinetic scale is unique to the ball mill 

reactor and does not exist in homogeneous fluid phase reactors. 

The addition of Fe to PS90 (Figure 2.4b) and BA to PS50 (Figure 2.6d) 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 traditional heterogeneous 

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 transport-limited regime in a PBR. The reduction in monomer yields with 

increasing catalyst can be explained as a tradeoff between catalytic activity and two 

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 powder,146 which are functions of composition 

ï 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 like PS tend to possess relatively higher ductility compared 

to inorganic solids. When a particle of PS is surrounded by more numerous particles of a 

more brittle and hard material such as the inorganic catalysts Fe or BA, compression by 

grinding bodies of this heterogeneous 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 outcome ï as explained in Section 2.4.1 

ï is not conducive to monomer production. We may term this a population-induced 

mechanical integrity effect.  

The second effect is that in the ball mill, the probability of mechanical contact 

between two phases of particles is determined by the composition of the feedstock, more 

specifically, their absolute population numbers. Denoting catalyst particles as óAô, when 

the number of A particles increases, the 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 

constant). Each grinding surface collision can only act on a small portion of the total 

particle population, which exacerbates the likelihood of A-A contacts when A particles are 

in excess of PS particles. Therefore, even though the desired type of contact for monomer 

production is between A and PS particles, greater prevalence of A-A contacts caused by 

greater quantities of A in the reactor will at a certain point begin to hinder rather than 

enhance reaction rate. Hence, this is termed a particle dilution effect, where the desired 

type of particle-particle contact that induce depolymerization reactions is ñdilutedò by 

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 

plastic 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 can be systematically associated 

with three characteristic length scales of different magnitudes in the system.147 

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 Ångstroms to nanometers, on or near the surfaces of the reactant 

particles,20 and they are responsible for the identities of volatile products observed, 

including oxygenates when PS is milled in the presence of O2. The presence of 

repolymerization justifies implementing a flowing gas stream to continuously remove 

volatile monomers, which serves the dual purpose of replenishing O2 supply 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 statistics 

of heterogeneous particle-particle 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 activity and reactant 

composition-dependent 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 reactor-averaged parameters such as mechanical energy input (tuned through 
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parameters such as mill frequency, sphere mass, 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 production phenomena, with the two in proportion to each 

other when normalized on a per-polymer-chain basis during the early stages of milling. 

Increasing mechanical energy input increases depolymerization when competing 

temperature-induced mechanical effects are absent. Conditions that create increased 

collision energy dissipation led to greater temperature rise. When considered alongside the 

known temperature-dependent mechanical properties of solid PS in the vicinity of its glass 

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 reactor- and particle-scale kinetic phenomena were 

elaborated. It would also be desirable to carry out a thorough investigation on the 

molecular-scale 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 this chapter, grinding of PS powder in a shaker mill reactor with purge gas flow 

coupled with real-time downstream product analysis using gas chromatography (GC) is 

leveraged to elucidate the time evolution of PS depolymerization products. Electron spin 

resonance (ESR) spectroscopy and size-exclusion 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, the 

regimes are characterized by depolymerization from surface creation at short milling times, 

from friction between pairs of polymer 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 hydrogen-rich compounds among the volatile byproducts. 

 

3.2. MATERIALS AND METHODS  

 The chemicals used were identical to those detailed in Section 2.1.1. The same 

reactor vessel described in Section 2.1.2 was used to conduct experiments, and PS90 was 

used in all experiments described in this chapter, so henceforth it is referred to simply as 

ñPSò. SEC procedures for the analysis of solid residues were exactly as described in 

Section 2.4.4. 

3.2.1. Depolymerization Reactions with In -Line Product Analysis 

A vessel charged with 8 stainless steel grinding spheres 10 mm in diameter and 1 g 

of PS powder was mounted onto a Retsch MM500 Vario mixer mill, connected to 

poly(propylene) tubing and milled at a frequency of 30 Hz for a set amount of time. The 

purge gas flow rate was 60 mL/min of pure nitrogen (N2) or a synthetic air mixture 

consisting of 80% N2 and 20% oxygen (O2). Products generated inside the jar during 

grinding were carried by the purge gas to an in-line gas chromatograph (Global Analyser 

Solutions) downstream equipped with a 2 m × 0.32 mm Rtx-1, 3.0u and a 3 m × 0.32 mm 

Carboxen1010 column in series with a thermal conductivity detector for quantification of 

N2, and three parallel columns for the separation of C1ï3 (3 m x 0.32 mm Rtx-1 3u and 15 

m x 0.32 mm Al2O3/Na2SO4 columns), C4ï7 (2 m x 0.28 mm MXT-1 1u and 14 m x 0.28 

MXT-1 1u columns), C5ï10 (2 m x 0.28 mm MXT-1 0.5u and 15 m x 0.28 mm MXT-1 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 sampling injections occurred once every 1.05 

minutes on the N2 channel, 2.1 minutes on the C1ï3 channel and 4.2 minutes on the other 

two hydrocarbon channels. For the Ὥth injection, the constant purge gas flow rate Ὂ φπ 

mL/min was used as an internal standard to counter changes in total flow Ὂ ȟ due to 

formation of depolymerization products, with Ὂ ȟ calculated by comparing the N2 peak 

area ὃ ȟ of the Ὥth injection with the average from three blank injections (Ὥ ςȟρȟπ) 

preceding the start of milling. Molar flow Ὂȟ of each hydrocarbon product 0 detected in 

the Ὥth injection is then calculated from its peak area ὃȟ according to 

where ώ ȟ is the N2 molar fraction in pure purge gas and ὑ  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 adapted from Hergesell et al.131 

3.2.2. Electron Spin Resonance (ESR) Spectroscopy 

ESR spectroscopy analysis was conducted on residues recovered from milling. 

using a Bruker EMXplus instrument at an X-band microwave frequency of 9.4 GHz 

typically using a modulation amplitude of 1 Gauss and a modulation frequency of 100 kHz, 

at ambient temperature. A sharp signal around g = 2 at a magnetic field of ca. 3360 G 

represents a mixture of carbon- and oxygen-centered radicals. Four different analyses 

approaches (see Section A5 of the Appendix) were performed to assess the relative radical 

 Ὂȟ Ὂ
ὃ ȟ ὃ ȟ ὃ ȟ

σὃ ȟ
ẗ
ρ

ώ ȟ
ẗ
ὃȟ
ὑ

 (3.1) 
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amounts in the sample which yielded consistent results. Prior 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 conducted on residues 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 

chloroform-d (CDCl3) containing 0.03% (v/v) tetramethylsilane (TMS) and passed through 

two 0.2 ɛm PTFE syringe filters. Spectra were collected in the range -20 ppm < ŭC < 220 

ppm usually with 4096 scans per spectra and calibrated to the CDCl3 triplet centered at ŭC 

= 77.23 ppm. Full-range spectra are provided in Section A8 of the Appendix. 

3.2.4. Thermogravimetric Analysis (TGA) 

TGA experiments were conducted on residues recovered from milling using a 

Perkin Elmer TGA 8000 with alumina crucibles. Degradation curves were obtained using 

about 3ï6 mg of residue at a flow rate of 45 mL/min of either N2 or O2, with a temperature 

program starting at 50 °C and ramping up to 600 °C at a heating rate of 10 °C/min (for N2) 

or 1000 °C at a heating rate of 20 °C/min (for O2). 

Auxiliary TGA experiments were conducted on dried solid residue recovered from 

samples used in NMR experiments (see Figure A8c,d, Section A6 and Figure A9, 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 N2, 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. Real-time Kinetic Data 

The in-line GC analysis of the effluent stream confirmed the formation of styrene, 

benzene, toluene, ethylbenzene, cumene, allylbenzene, Ŭ-methylstyrene, and n-

propylbenzene under inert N2 flow and the additional formation of benzaldehyde and 

styrene oxide in the presence of O2. Small quantities of C1ïC3 hydrocarbon gases (methane, 

ethene, propene, trace amounts of ethane, propane) were also detected. The overall reaction 

scheme is once again summarized in Figure 2.1.  

 

  

  
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/min of gas. Cumulative yields of styrene 

(alongside data from Figure 2.2a indicating excellent agreement with a similar setup) (a) 

and C1ïC3 light gas (b) versus time for experiments under flowing N2 and air atmosphere; 

(c) styrene flow rate in effluent stream versus time for experiments under N2, air, and air 

switched to N2 at the 2-hour mark (denoted by asterisk); (d) ratio of instantaneous yield 

under air to that under N2 for the four most prominent aromatic hydrocarbon products. 
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The yields of styrene and light gases for experiments conducted with flowing N2 

(dashed lines) and air (dotted lines) atmospheres are depicted in Figure 3.1a-b. Figure 3.1a 

shows that the styrene yield under air was more than twice as high as under N2 for the first 

240 min of milling but slowed down subsequently. The yields of C1ïC3 hydrocarbon gases 

appeared unaffected by the presence of O2 in the purge gas until about 210 min, when 

yields under air gradually tapered off while yields under N2 continued unabated. 

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 Figure 3.1c for 

milling under N2 (dashed line) and under air (dotted line). These results reveal finer details 

in the depolymerization kinetics that cannot be discerned solely from a styrene yield curve 

like Figure 2.2a or Figure 2.6a. Under N2, the styrene flow increased linearly for about the 

first 210 min of grinding and plateaued at 1 mmol/min of styrene. This 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 under 3 ɛmol/min, before undergoing a more precipitous decline which 

only became apparent by 320 min in the corresponding yield curve in Figure 3.1a. This 

rate fell below the styrene flow under N2 after 320 min, although beyond 480 min the slope 

of the decline appeared to have settled to the same trend as the decline under N2. This is 

supported by the ratios of flows for four of the aromatic products under the two different 

atmospheres all approaching a nearly constant value (Figure 3.1d). Instantaneous yields of 

products depicted in Figure 2.1 ï which are the flow multiplied by sampling period of 4.2 

min ï are provided in Figure A5. 
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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 backbone carbons and (b), 

(d), (f) calculated with respect to pendant phenyl groups ïï for N2, air, and air then N2 flow 

respectively. White line under asterisk in (e) and (f) denotes instance when air was switched 

to N2. 
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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 N2 (Figure 3.1c, solid line). 

The timing of the switch to N2 atmosphere 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 system. Despite 

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 in N2 and under air. 

The instantaneous selectivities of depolymerization products with time are shown 

in Figures 3.2a-f. Selectivities were calculated via two different methods to understand the 

formation of different products: (i) the formation of aromatic products was referenced 

against phenyl groups of PS with one phenyl group counting as one unit of product. This 

neglects the formation of C1-C3 gases. (ii) the formation of all products was referenced 

against carbon atoms in the PS backbone where methane and toluene count for one unit of 

product; ethane, ethene, ethylbenzene and styrene count for two; benzene counts for zero, 

etc.  Under N2, the selectivity of styrene calculated with respect to the pendant phenyl 

group (Figure 3.2b) increased rapidly in the first 210 min of milling and then more 

gradually over the next four hours to eventually reach a steady-state value of 85 mol% at 

the expense of benzene, toluene and ethylbenzene. The same conclusion is reached from 

selectivities calculated with respect to backbone carbon atoms (Figure 3.2a).  

The time-evolution of selectivities was notably different under air (Figures 3.2c-d). 

Unlike the gradual evolution towards an apparent steady-state selectivity profile under N2, 
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there was a trend towards increasing selectivity for C7ïC9 aromatics. The C7 oxygenate 

benzaldehyde made up a majority of this selectivity fraction (see magnitudes of 

instantaneous yields in Figure A5b,g,h, Section A4). For the experiment where air was 

switched to N2 at 120 min, the trend of increasing selectivity for oxygenates followed the 

expected profile under air up to the point of the switch. The elevated C7-C9 selectivity 

persisted until 160 min before reversing and subsequently trending towards the steady-state 

selectivities observed under N2. This means that the response was delayed by 40 min in the 

selectivity profile from the elimination of O2 from the system. The production of 

oxygenates like benzaldehyde also persisted for up to 6 hours beyond the switch to N2 

(Figure A5b, 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 selectivities for C1ïC3 gases, benzene, 

toluene and ethylbenzene decreased more rapidly compared to milling in N2. With respect 

to absolute amounts of these products, instantaneous yields under N2 and air were 

approximately the same for the first 80ï120 min (see Figures A5a,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 of O2. Benzene was an exception 

(Figure A5d, 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 under N2 than air. 
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3.3.2. Characterizations of Residue 
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Figure 3.3 (contôd). (a) 13C 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 and N2 normalized to the highest amount measured 

across all samples. (c) differential number fraction molecular weight distributions in linear 

scale for PS residues recovered after milling under N2 or air atmosphere obtained from 

SEC calculated from PS standards. (d) TGA degradation curves for the same residues first 

under N2 atmosphere to thermally degrade the polymer followed by burn-off under O2 

atmosphere to combust leftover mass. 

 

 

Evidence of the chemical role of O2 was 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 when normalized by sample mass. The relative radical 

concentrations with milling time confirmed that a higher concentration of stable radicals 

was sustained under air compared to under N2 at all times (Figure 3.3b). Under air, the free 

radical population increased sharply until 240 min but appeared to plateau and by 480 min 

had decreased slightly. Under N2, the population of radicals increased more steadily until 

480 min 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 data, it was observed that in air or N2, the point of maximum monomer 

production (120 min under air and 210 min under N2) occurred at only around 30% of the 

peak radical population. In the styrene flows (Figure 3.1c) 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 under N2. 

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

depicted in Figure 3.1c under N2 and air. In both cases, significant shifts to lower MWs by 
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several orders of magnitude predominantly occurred while MN was higher than 10,000 

g/mol, which corresponds to a degree of polymerization of around 100.30 It is well known 

that below this characteristic MN 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-C bond energies in the backbone.43 Under both air and N2, 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.148,149 The shoulders had disappeared by 480 min with half of the 

distribution lying below the characteristic MN of 10,000 g/mol. 

 To assess chemical changes in PS residues, 13C NMR spectra were recorded on 

samples recovered after 720 min of milling under N2 and air atmospheres (Figure 3.3a). 

Compared to unmilled PS, the residue from milling under N2 does 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 addition, new peaks at 114 ppm and around 

126 ppm (in between the characteristic chemical shifts of the phenyl carbons of PS) were 

indicative of residual styrene monomer (see Figure A8b, Section A6). 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 BaeyerïVilliger mechanism as was 

reported in mechanochemical PE cracking.128 This 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, which again point to persistent styrene 

absorbed in the residue.  

Minor products such as toluene, ethylbenzene, allylbenzene and C1ïC3 

hydrocarbon gases whose hydrogen-to-carbon ratio is greater than that of styrene (H:C = 

1:1) were observed persistently, especially under N2. The 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 both N2 and air-milled residue.  

Degradation curves of the residues in TGA, depicted in Figure 3.3d, show earlier 

onset of degradation in both residues compared to unmilled PS. In 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 the air-milled sample, 

lower degradation temperatures were observed due to reduced thermal stability of oxidized 

linear PS compared to the regular polymer.150 Unmilled PS degraded completely under N2 

and left no residual mass. PS milled under N2 on the other hand formed a residue of as 

much as 8% of its initial mass, which can be combusted under O2 in a subsequent heating 

cycle, consistent with the behavior of coke.151,152 PS milled under O2 also had 5% residual 

mass during degradation under N2, and 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 reactor and grinding spheres could accumulate in the residue. To exclude 

the mass contribution of steel shavings, TGA of degradation under N2 was also conducted 
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on residue redried from the solution NMR samples (see Figure A9, Section A7), since 

preparation of NMR samples included filtering out insoluble shavings. The degradation 

curves obtained were similar to those in Figure 3.3d, and similar residual masses (4%) from 

both N2 and air-milled 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 residues (see Figure A12, 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 (Figure 3.4). However, because mechanochemical driving forces operate at the 

material rather than molecular scale,17 we 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. 

 

 
Figure 3.4. Illustrations 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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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 

mechanochemically 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. 
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3.4.1. Kinetic Stage 1: Breakage-coupled 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 (Figure 3.4a).132 This stage lasts from the start of milling to around 120 min, 

when styrene production reaches its peak under air, and minor hydrocarbon products (C1ï

C3 gases, benzene, toluene and ethylbenzene) all attain peak production under both air and 

N2. 

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 Figure 3.5.153 The frequency 

of this elementary reaction is expected to scale with fresh surface area created on any given 

particle from a grinding action.31,35 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 generated through surface creation is sufficiently numerous37ï39 to allow for the 

liberation of volatile small molecules by a single macroscopic mechanical action, such as 

slicing.40,41 It 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 phenomenon 

driving the formation of small hydrocarbon molecules other than styrene. This is depicted 

in the bottom half of Figure 3.5 involving representative radical intermediates (E1ï4).  

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

reaction networks involved in thermal or catalytic pyrolysis of PS.154ï156 Depolymerization 
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or ñunzippingò is a sequence of consecutive depropagation steps along a chain, proceeding 

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 polymerization. Under N2, (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 as (E1ï2), or hydrogen shift to form (E3).157  

For some of the hydrocarbon byproducts, an explicit reaction pathway to their 

formation can be constructed from mechanisms present at thermal pyrolysis conditions.158ï

163 For example, the formation of benzene and C1ïC3 hydrocarbon gases regardless of 

presence of O2 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 

molecules cannot be the sole production source of benzene and light gases because the ratio 

of carbon atoms of C1-C3 gases to benzene molecules in the products is expected to be 2 

for dealkylation, whereas the actual value was less than 1 at all instants (see Figures A5a 

versus A5d, Section A4). Instead, the presence of benzene points to elimination reactions 

involving the phenyl pendant groups on the PS chain161 that 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 360 °C.164 

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 

radical generated via chain scission. For example, methane results from a intramolecular 
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hydrogen abstraction step by primary scission radicals.157 Such 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 N2. 

For example, the 30 ppm peak in the 13C NMR spectra is consistent with carbon 

environments such as a tertiary ɓ-carbon on isobutylbenzene or secondary Ŭ-carbon on 

ethylbenzene.165  

On the other hand, new aliphatic carbon moieties were not present in measurable 

concentrations in the residue milled under air. The presence of O2 should 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 products. This is expected to occur through 

autooxidation166 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 Figure 3.5. These reactions are highly favored even at cryogenic conditions,35 so O2 can 

be seen as a reagent that prolongs the lifetime of radical species originating from chain 

scission reactions ï a radical trapping agent. The same milling duration at the same set of 

operating conditions should generate the same number of radical pairs from chain scission 

regardless of the atmosphere. Therefore, the higher concentration of radicals observed 

under air suggests that O2 stabilizes the secondary radical (B) and the primary radical (C), 

so that species (F) and (I) become sites of monomer production. Such mechanisms are 

consistent with those present at oxidative pyrolysis reactions.167 

O2 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 ends.167 As depicted in the top half of Figure 3.5, we 

suggest the peroxy radical chain ends (F) and (I) yield styrene. This could, for example, 

occur via concerted reactions involving a five-membered ring transition state instigated by 

single mechanochemical collisions. The similarity of the styrene flow curves under 

sustained air flow and air flow for only 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 beta-elimination reaction from species (G) formed via its 

peroxy precursor (F) by spontaneous disproportionation. One could also hypothesize a 

concerted mechanochemically induced step involving a highly reactive trioxyl radical 

intermediate168ï170 from species (G) going through the thematic five-membered ring 

transition state. Either way, mechanistic paths leading to the formation of benzaldehyde 

also funnels polymeric radicals towards the formation of the primary oxy radical species 

(J), which cannot react mechanochemically via beta-elimination or via a cyclic transition 

state. Thus species (J) is mechanochemically less active than its secondary counterpart (G) 

and is therefore prone to accumulation on the PS residue. This accounts for the larger 

radical population present under air detected by ESR which also does not sustain higher 

styrene production. 

The role of O2 can be extrapolated to depolymerization of other olefinic polymers. 

Jung et al.125 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 oxygen-free argon 

atmosphere. Due to the 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 high-ceiling temperature PS for which spontaneous 

depolymerization from a carbon-centered radical chain end is not thermodynamically 

favored at near ambient temperature, depolymerization from a peroxy radical chain end 

alleviates this deficiency. Since peroxyl radicals are chemically more stable than carbon 

radicals, O2 can be understood to serve the dual role of scission radical stabilizer by 

converting carbon-centered 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. Kinetic Stage 2: Depolymerization at Constant 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 limiting value, 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 still large.113,115 The second 

stage is characterized by an observed limit in particle size, which cannot be decreased 

further by more grinding (see microscopy images in Figure A1,Section A1). In this stage, 

nearly all byproduct flows slowed down (Figure 3.1a-b and Figure A5a-f 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 unchanged,132 we suggest particle breakages that create 

fresh surfaces are counterbalanced by viscoelastic sintering of particles that destroy 

existing surfaces.171 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 during collisions (Figure 

3.4b), which manifest as bond distortion on the molecular scale resulting in rupture. In 

addition, the compression of a singular particle due to sphere-wall or binary sphere 

collisions could result in similar molecular deformations leading to mechano-radical 

generation. 

Under N2, styrene flow reached a maximum and was sustained at this near-constant 

value starting around 210 min (see Figure 3.1c), and the steady state selectivity profile was 

established around the same time (see Figure 3.2a-b). Flows of all hydrocarbon byproducts 

reached their maxima early in this regime and then began to decline gradually thereafter 

(see Figure A5a-h, Section A4). These observations are consistent with continuation of the 

mechanisms illustrated in the bottom half of Figure 3.5. 

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 radical 

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 the case (see Figure A5a-h, Section 

A4)  

By contrast, going into the frictional stage under N2, there likely is a growing pool 

of persistent but still reactive secondary radical species like (B) and (E1ï4). Secondary 

radicals E1ï4 could be more favored to form as the likelihood of different polymer particles 

to meet increases with smaller particle sizes, 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 consecutive mechanochemical collisions, a 

radical generated during one impact may persist until the next impact on the same particle 

to yield monomers. These radicals can be viewed as the source of steady styrene production 

in the frictional stage, and among them species (B) is suggested to be the most important 

since it yields styrene directly via beta-elimination. Unlike what would be expected in the 

breakage stage, the observed gradual decline in the flow of byproducts such as benzene, 

toluene and ethylbenzene throughout 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 the radical species can persist to encounter multiple collisions. 

In the presence of O2 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 presence of O2 allows 

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 surfaces generated in the 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 N2. Subsequent particle breakage is therefore more likely to proceed along the 

previously closed surfaces, due to obvious chemical differences.  

Since the same oxidized surfaces are closed and re-exposed upon sintering and 

breakage, disproportionation of peroxy radicals (F) and (I) during breakage will transform 

them into oxy radicals (G) and (J),168 the former being the most likely precursor to 

prominent byproduct benzaldehyde. Reactions involving (G) all lead to the 

mechanochemically dormant 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 inert with progressive accumulation of species (J), so the greater yield of styrene seen 

in grinding in an oxidizing atmosphere is an inherently transient phenomenon. 

The accumulation of mechanochemically inactive radical species (J) ï and others 

like it ï does not require the continued presence of O2 in the 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 to O2 only in the first two hours of 

milling causes sustained flows of hydrocarbon monomers that all follow the same 

trajectory as continuous exposure to O2, even after benzaldehyde production had ceased. 

Some of the oxygen atoms are incorporated into the polymer irreversibly. 
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3.4.3. Kinetic State 3: L imiting 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 that a significant 

fraction of chains is shorter than the characteristic MN of 10,000 g/mol (Figure 3.4c). 

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 the chain to experience a 

significant localized, intra-chain strain for homolytic C-C cleavage.43 With respect to the 

mechanisms depicted in Figure 3.5, 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 monomer flow under both N2 and air commence 

a gradual decline at about the same rate (Figure 3.1c). Since this behavior is observed under 

both inert and oxidative atmospheres, it can be considered a distinct kinetic regime that 

occurs at extended milling times (beyond 480 min), when mechanochemical C-C cleavage 

ceases to be a significant source of new radical species regardless of whether these are 

carbon- or oxygen-centered 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 Section 3.4. Since 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 

continued accumulation of radicals shown in Figure 3.3b past the particle breakage regime, 

which consumes styrene monomers as they accumulate on the (now constant) available 

surface area. This justifies the critical importance of continuous monomer removal during 

reactor operation. 

In the mechanism proposed by Balema et al.124 a peroxy chain end radical 

complexes with an unspecified metal species to activate the chain for depolymerization. In 

Figure 2.4a, that metal species was demonstrated to be Fe and ï to a lesser extent ï Cr, 

since styrene the yield was enhanced by those two metals, while Ni appeared not to 

facilitate depolymerization via this oxygen-assisted mechanism as reflected in a reduced 

styrene yield. Fe and Cr may indeed be among the generic R. species depicted in Figure 

3.5 that converts peroxy radical species (F) and (I) 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 surface,172 which is inactive. Fe on the other hand does not form such a 

layer as readily173 and 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 

materials for depolymerization than their metals. For instance, iron oxide (Fe2O3) is 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 2.1a vs. Figure 2.6a) 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 O2 (Figure 7c), which suggests that unlike PS90, for 

depolymerization to proceed in this material the abundance of O2 is more important, likely 

due to a scarcity of scission radicals that a given O2 molecule in a gas phase of air can 

encounter on a per unit time basis. When the entire gas phase is pure O2, this scarcity 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 under any mechanochemical conditions (see Figure A3b,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 

(Figure 2.6c). 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 

oligomeric PS as chain transfer agents, which increases radical concentrations. The 
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detriment of combining BA with air or O2 flow for PS50 may also be rationalized as 

degradation of BA by O2 (i.e. calcination174). The closed reactor with finite and decreasing 

O2 content was insufficient to interfere with BAôs unique activity with PS50, but in the 

open reactor with constant O2 atmosphere 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 (Figures 2.6b). 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 chapter, ball milling of PS with purge gas flow coupled to in-line analysis 

of the effluent using GC-FID is leveraged to reveal three major kinetic regimes in the 

depolymerization reaction of this commodity polyolefin, in which the reaction is controlled 

by particle 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 styrene production 

alongside aromatic hydrocarbon (mainly benzene, toluene, ethylbenzene, allylbenzene) 

and C1ïC3 (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 O2 is the determining factor in styrene production throughout the 

first two regimes. Oxygen radical species facilitate the formation of monomers from chain 

ends, while under N2 the 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 under O2 is lower, a wider 

variety of byproducts is formed including oxygenated monoaromatics (mainly 

benzaldehyde) 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 substituted 

aromatics and C1ïC3 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 O2 compared to pure N2, consistent with the conversion of 

carbon-centered 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 gradually reduces the rate of formation of new 

radical species. These insights ï in particular the role of O2 in suppressing radical migration 

ï are also beneficial for understanding the depolymerization kinetics of other commodity 

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 state.52,82,175 This behavior exhibits the signature of autocatalysis or 

positive feedback kinetics.176 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 condensation177ï179 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 grinding sphere. The formation of this 

ñcohesiveò state coincides with a sudden rate acceleration and the reaction is driven rapidly 

to complete conversion.180ï184 Likewise, a cohesive state accompanied by rate acceleration 

has been observed in the depolymerization reaction between poly(ethylene terephthalate) 

and sodium hydroxide.111,112 

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 solid-state reactant. In this chapter we investigate the formation 
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of what may be termed a rate-enhancing 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 mechanochemical 

conditions,124,132 we 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 ï 

which enhances depolymerization in the powder state ï is 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 sampling. The 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 regular time intervals, usually every 10 min. Al l 

experiments were performed at 30 Hz operating frequency on a Retsch-manufactured 

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 pill-shaped 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 of pre-ground PS (PS90 in Chapter 2) 

were used in experiments. The reactor was connected to 1/8th inch poly(propylene) tubing 

using Swagelok unions, and gas (N2 or 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 air to achieve passive cooling and maintain the reactor 

exterior surface near ambient temperature. 

4.2.2. 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 (in 32-bit format). The 

microphone was placed 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 discrete sampling 
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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 

 When PS powder was shaker milled inside a 25 mL tungsten carbide (WC) jar with 

WC spheres and an atmosphere of air or N2, after an incubation period of 10ï30 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 over the grinding sphere 

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 spheres (c-d) contrasted 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 Figure 1a,c-d 

was attributed in part to depolymerization reactions and partly to fine WC particles 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 and ï in the absence of deliberate convective cooling by a 

stream of blowing air directed at the jar exterior ï asymptotically approached a steady state 

value at least 50 °C above ambient temperature, which occurred within one hour of 
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uninterrupted milling.185 This behavior is well documented with shaker mills,186,187 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 surfaces ï this temperature was found to be 

100±10 °C, which coincides with the glass transition range of PS.188 The measured 

temperature of the cohesive layer itself exceeded 100 °C, and 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 formation of 

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 the PS, the glassy particles 

became sufficiently softened and congealed into a continuous layer ï the cohesive state. 

Suppression of the cohesive state was achieved simply by the presence of air flow across 

the reactor exterior which carried off heat from collisions conducted thermally through the 

reactor wall, leading to a lower steady-state 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 ended up coating over the spheres because their surfaces 

tend to be the hottest inside the reactor environment189 and 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 Figure 4.1b-d. This 

hardened PS easily reverted back to the powder form depicted in Figure 4.1a by gentle 

mechanical agitation. Upon resumption of milling, the reverted powder could be brought 

into the cohesive state again within an incubation time 2ï5 min less than the initial duration 

required to bring fresh PS powder into the cohesive state. It is known that the glass 

transition temperature of PS asymptotically approaches 106°C with increasing number 

average MW (MN) above 100,000 g/mol.123 Meanwhile, MW degradation of PS by shaker 

milling from any starting MN is known to occur predominantly in the initial minutes of 

grinding132 and asymptotically approach the characteristic limiting MN = 10,000 g/mol at 

long milling times.30 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 than to 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 lower MN than fresh powder starting from a higher MN. 

 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. Figure 4.2 depicts the time-resolved 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 very short 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 periodically with the 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 Figure 4.2. 

  
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 attain the glass 

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 stagnant air could only reach 

a steady state internal temperature of 100°C from grinding PS with one large steel sphere 

(Ó 20 mm). Appearance of the cohesive state was indeed observed by milling PS in this 

configuration, keeping all other operating parameters identical to the WC milling 

(a) (b) 
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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 state was ever observed in 

previous experiments on PS degradation by shaker milling.132 

 

4.3.2. Depolymerization Rates and Discrete-Sampling Experiments 

  
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 milled in N2 and air atmospheres with and 

without formation of the cohesive state. (b) Various amounts of PS milled in N2 with 

formation of the cohesive state and results for powder milling for comparison. Asterisks 

denote real-time 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 with respect to milling time. Representative sets of yields versus time 

data are shown in Figure 4.3. Enhanced depolymerization of PS powder by grinding in the 

presence of O2 had been established in prior work using steel grinding spheres.132 In Figure 

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 N2 atmosphere up to 40ï50 mg/g PS, 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 in N2 and air, these initial rates were calculated in entries 

6 and 7 respectively in Table 4.1. The rate under air was found to be about 2.6 times the 

rate under N2.   

Compared to baseline yields for PS powder shown in Figure 3a, there was a 

dramatic boost in styrene production for milling in both air and N2 after the formation of 

the cohesive state between 10 and 20 minutes. Because 40ï50 mg/g PS of 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 the cohesive state. The rate of styrene 

production in the cohesive state ï one order of magnitude higher than that of PS milled 

under N2 ï was found to be nearly identical for milling under N2 and air (Table 4.1, 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 containing O2 makes to styrene production 

from PS powder. In the two previous chapters, the case had been made that 

mechanochemical depolymerization from PS powder is primarily a surface chemical 

phenomenon, as in, the depropagation reaction 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 mill. O2 alters the surface 



79 
 

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 inert N2. The fact that the rate of styrene production was about the 

same for milling in the cohesive state under air or N2 clearly 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. 

ID 
Number  

size (mm) of 

spheres 

Initial 

mass (g) 

of PS 

Gas 

phase 

Cooling Time (min) 

to cohesive 

state 

Initial cohesive 

rate (mg/g 

PS/min) 

1 ψ ρπ 1.0 N2 No 16 1.79 

2 ψ ρπ 1.5 N2 No 28 1.10 

3 ψ ρπ 2.0 N2 No 32 1.03 

4 ψ ρπ 3.0 N2 No Infinite ~0 

5 ψ ρπ 1.0 Air  No 17 1.85 

6 ψ ρπ 1.0 N2 Yes Infinite 0.14 

7 ψ ρπ 1.0 Air  Yes Infinite 0.36 

8 ρ ρω 1.0 N2 No 6 ~0 

 

Further evidence of this was seen in MW distributions (MWDs) of PS residues 

(Figure A4c-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 N2 exhibit greater similarity with each other (and powder residues milled for much 

longer times ï Figure A4a-b, Section A3) compared to distributions of the powder residues, 

which support the assertion that the gaseous atmosphere plays no significant role in 

depolymerization 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 formation is for the 

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 

order-of-magnitude difference in styrene flow. Using a simple model described in Section 

A8 of the Appendix, which treats the mechanochemical depropagation step yielding 

monomer from a secondary chain end radical as thermodynamically limited,190 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 containing either 

powder or cohesive states, the calculated activity values do differ by approximately one 

order of magnitude (eight-fold), and suggests that at least qualitatively, a reactor 

temperature difference of 50 °C is sufficient to cause an order-of-magnitude 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 temperature, there is an explicitly 

mechanochemical explanation for why PS exhibits more active depolymerization kinetics 

when ball-milled in the cohesive state compared to as a powder. Based on insights derived 

from depolymerization kinetics of PS powder detailed in Chapters 2 and 3, when 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 deformation. 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. Depolymerization during ball 

milling of PS powder is dominated by mechanisms that rely on the surface processes of 

fracture and friction.132 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 encompassed within 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 of O2 did not affect styrene 

production in the cohesive state, since O2 enhances depolymerization exclusively via a 

surface chemical pathway as described in Section 3.4.1.  

In Figure 4.3b, different initial amounts of PS (1.0, 1.5 and 2.0 g) were milled under 

the same set of conditions (Table 4.1, 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 (Table 4.1, 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,186 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 



82 
 

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 at its glass transition 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 unaltered between 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 (Table 4.1, entries 1 through 3) decreased non-linearly 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 (Table 4.1, 

entry 4). MWDs of PS residues in the cohesive state indicated slightly less advanced 

degradation with increasing reactor loading consistent with the trend in the 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 Figure 4.1c-d. 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 depolymerization reactions. The result is lower 

initial rates of depolymerization in the cohesive state with increasing loadings of PS. 
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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 (Table 4.1, 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 

enhanced depolymerization rates achieved for cohesive states formed over a congealed 

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 4.1b, 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 agitated in a shaker mill jar is well-characterized,74,191 and mostly consist 

of compressive, sometimes head-on 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 would is primarily subject to 

compressive forces in the contact region between sphere surface and wall during collisions, 

as depicted in the top schematic of Figure 4.4. Measurements of styrene production indicate 

this configuration of collisions to be ineffective 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 average kinematic 

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 well-defined contact region which experiences 

unidirectional compression during the contact time of collision, the loosely congealed body 

would deform in a more fluid-like 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 on the bottom schematic 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 state milling with 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 contribute negligibly to the production of 

styrene. 

 
Figure 4.4. Two-dimensional 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 shearing 

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 GC-FID, more detailed kinetic data was obtained for PS depolymerization in the 

cohesive state under N2 atmosphere. The findings confirm statements made in the previous 

sections. 

 

  

  
Figure 4.5. PS milled in a WC reactor with eight 10 mm diameter WC balls. (a) styrene 

monomer yields with milling time measured by in-line 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 cohesive state milling, 

consisting largely of benzene, toluene, ethylbenzene, allylbenzene, plus trace amounts of 

ὄ-methylstyrene, n-propylbenzene, cumene, and C1-C3 hydrocarbon gases (methane, 

ethene, ethane, propene, propane). This result strongly suggests a common set of 

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 from 

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 transformation on the detailed 

milling history experienced by PS particles in the powder state and temperature of the 

surrounding environment.  

In the second experiment, a continuous-feedback thermocouple was used to 

measure the reactor exterior temperature, leading to the red temperature progression curve 

depicted in Figure 4.2b, 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 rate. This corresponds (approximately) to the initial rate of styrene production in the 

cohesive state calculated in discrete-sampling experiments discussed in the previous 

section. The attainment of steady-state 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. 

Instantaneous product selectivities were calculated at each sampling point (spaced 

about 4 min apart) to give near-real time selectivity profiles (shown for experiment 2 in 

Figures 4.5c-d). Selectivities were calculated by the two different methods described in 

Section 3.3.1. Notably, styrene formation was heavily favored in the cohesive state at about 

90%. An interesting result is the observation of a spike in the relative abundance of C1-C3 

products at the time point closest to the transformation of PS powder to the cohesive state. 

These gases were also well-represented in the prior period of powder state milling 

alongside toluene and ethylbenzene. As discussed in Section 3.3.2, toluene, ethylbenzene 

and the light hydrocarbon gases all have a hydrogen-to-carbon 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 dehydrogenated, carbonaceous 

products, identified to be coke in Chapter 3. The formation of this coke early in the milling 

process is a suitable explanation for the almost black color of cohesive residues shown in 

Figure 4.1c-d. The lack of this black color in the residue formed using one 19 mm sphere 

(Figure 4.1b) 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 

 
Figure 4.6. Schematic of various cohesive state configurations and their relative 

reactivities. 

 

In this chapter, the 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 (Figure 4.6a, contrast entries 1 and 6 in Table 4.1). It 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 

difference of 50 °C between the cohesive and powder states of PS was qualitatively 

consistent with the order-of-magnitude difference in styrene production observed between 

these states, as predicted by a thermodynamically limited elementary 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 the small contact areas between rigid 

polymer particles during grinding collisions, whereas cohesive state depolymerization 
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occurs 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 milling equipment 

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 

depolymerization when ball milling in the cohesive state (Figure 4.6b, 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 (Figure 4.6c, entries 1 and 8 in Table 4.1), 

and that styrene production increases with increasing density of mechanical energy input 

per unit mass of polymer (Figure 4.6d, entries 1ï3 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 chapter is the formulation of a reactor theory suitable for 

describing certain mechanochemical reactions carried out in shaker or vibratory ball mills 

such as the Retsch MM400 mill used 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 product,99 including the mechanochemical 

depolymerization of PS, where a solid (usually powder) decomposes into a volatile gaseous 

product under the driving forces of mechanical action. The theory can also be applied to 

describe mechanocatalytic reactions where the grinding of a solid catalyst powder inside 

the mill facilitates reactions of reagent gases to product gases on the catalyst surface, such 

as in mechanochemical ammonia synthesis.105,192,193 

 Mechanochemical batch reactions involving only chemical transformations of bulk 

solids are described quantitatively through a phase-mixing kinetic theory,194 expounded 

primarily in the works of Delogu and Carta.145,178,195ï199 In such reactions conversion versus 

time relationships can be constructed simply by monitoring the composition of the reactor 

contents at different milling times. However, 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 
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(including milling time) as well as the initial properties of the solid reactant(s). Currently, 

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 in the mechanochemistry literature. 

Although many of the key ideas in the formulation of this theory were derived from 

observations and conclusions discovered in the study of PS depolymerization, the results 

are meant to describe a more general class of reaction phenomena. 

 The main idea of the theory is that for a single surface mechanochemical reaction 

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 grinding surfaces (such 

as reactor wall with grinding sphere) at the reactor scale compresses a plug of solid particles 

such as in a manner depicted in Figure 1.3. The surfaces of the compressed particles come 

into mechanical contact at the microscopic scale at a frequency according to the number 

density of particles inside the reactor. Finally, this mechanical contact bring surface 

chemical species 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 can be formulated in terms of the 

probability of collisions between grinding surfaces, the probability of mechanical contacts 

between particles per collision, and the intrinsic surface reaction rate of relevant species on 

the particles. The first two of these rates can be formulated in terms of parameters with 

intuitive and well-defined physical meaning which are accessible experimentally as 

empirical functions of the operating variables of the ball mill (mill frequency, sphere size, 

etc.) and the averaged physical properties of the solid reactant or catalyst particles. 



92 
 

In addition to the apparent rate equation for the shaker mill, a set of complimentary 

design equations are formulated to express the mass balance on a ball mill reactor. By 

fitting a design equation written using the apparent rate to experimental data, the intrinsic 

rate of a particular surface mechanochemical reaction can be elucidated. 

 

5.2. SUMMARY OF THEORY  

In a ball mill, there are many grinding spheres (charge) inside one reactor vessel 

and many more particles (substrate) than grinding spheres. The dimensions of the vessel 

are greater than the dimensions of a sphere, which is itself greater than the dimensions of 

a particle. Surface mechanochemical reactions occur at an even smaller molecular scale on 

the particles. This description suggests that we can identify a hierarchy of length scales and 

their associated dynamics:  

1. The macroscopic scale is defined by oscillatory motion of the mill vessel and 

movement of charge inside, and interactions between them. The laboratory 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 motion of substrate particles and their 

mutual interactions. Under ball milling conditions the substrate is usually a powder, 

so the obvious choice of length scale here is the population average particle size 

expressed by its equivalent sphere radius. In multicomponent powders, each 

chemically distinct phase of material has its own average size. 10-7 ï 10-4 m is a 

reasonable range of magnitudes for the microscopic scale. 

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

particles, which is expected to be on the order of magnitude of 10-10 ï 10-9 m. 
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By identifying relevant variables at each of these length scales, a reactor theory is 

formulated for a system consisting of the shaker mill, a reactor vessel with a pill-shaped 

interior volume, charge (grinding spheres) of uniform size, and an arbitrary number of solid 

particulate substrates made up of an arbitrary number of molecular species.  

 

 
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 scale (Section 5.3), we consider the simplified subsystem (A) 

from Figure 5.1 consisting of just the moving vessel and grinding spheres. Here we identify 

the relevant parameters required to describe the dynamics of motion pertinent to the 

function of the ball mill as a mechanochemical reactor. Using time-averaged quantities 

valid at the reactor time scale ὸ, four experimentally accessible types of intermediate 

parameters can be formulated as empirical functions of operating variables to describe the 

kinematic behavior of grinding: 

1. The frequency Ὢ of grinding surface collisions. 

2. The average fraction or probability — of sphere-wall collisions (— ) and the 

complimentary probability of binary sphere collisions (— ρ — ). 

3. The average speed ὺ of spheres (ὺ) and speed of the reactor vessel (ὺ). 
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4. A pair of collision angle parameters ɮ for binary sphere (ɮ ) and sphere-wall 

(ɮ ) collisions respectively. 

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 geometric and dynamical 

properties of single collisions such as the contact area ὃ of impact. These properties will 

also appear in the subsequent formulation of the reaction rate. 

 The microscopic scale (Section 5.4) is where mechanochemical changes manifest 

through changes in variables associated with the particle population. At this scale we 

consider the subsystem (B) containing only reactant particles, without the presence of 

grinding spheres. Here we postulate the following: 

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

ὶ for particles of material phase ‌. All particles are regarded as equivalent spheres. 

2. Particles of all chemically distinct phases are homogeneously mixed inside the 

entire reactor, so we can write a number density ὲ  for phase ‌. The total number 

of particles of phase ‌ inside the reactor, ὔ , is simply ὲ  times the volume ὠᶻ of 

the reactor where mechanochemical collisions occur. 

3. Chemical species ὭȟὮȣ are associated specifically with the material phase ‌ȟ‍ȣ 

on which they are found. The notation ‌ denotes the chemical species Ὥ located on 

material phase ‌. 

4. Each particle of a given phase ‌ is divided into a surface domain characterized by 

a finite or zero thickness parameter ‏ with surface mass density „ and a spherical 
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bulk domain of radius ὶ  with volume mass density ”. These total densities ‏

are sums of individual species mass densities. 

5. The total mass ά  of any given phase ‌ or total mass ά  of any chemical species 

Ὥ can 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 the motion of spheres is unaffected by motion of 

particles. Their mutual consistency allows for the derivation (Section 5.5) of a surface 

mechanochemical reaction rate expression ɩ  having units of L-2T-1, where L = length 

and T = time, for a reaction between molecular species Ὥ and Ὦ situated on the surfaces of 

material phases ‌ and ‍ respectively. The important properties of ɩ  are as follows: 

1. ɩ  is proportional to a more fundamental intrinsic reaction rate ″  having the 

same dimensions. ″  may be a characteristic constant for any pair of materials 

of specified surface chemistries. This concept is similar to the modification of the 

intrinsic reaction rate by an effectiveness factor parameter that accounts for 

transport limitations which is used in heterogeneous catalytic reactor design. 

2. The explicit expression for ɩ  with respect to species Ὥ on phase ‌ can be 

written in terms of material properties and geometric operating variables associated 

with the macroscopic scale, the intermediate parameters (Ὢȟὺȟɮȟ—), the particle 

number density ὲ of phase ‍, and ″ .  



96 
 

3. An extension of the theory postulates an explicit expression for ″  for an 

elementary reaction between species ‌  and ‍  in terms of their surface 

concentrations (Section 5.6).  

If we further accept that for surface mechanochemical reactions such as the 

depolymerization of PS, the dominant reaction mechanism is through a chemical attrition 

process where molecules situated on the particle surface desorb or chemisorb as instigated 

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

particle size ὶ with milling time ὸ. This gives an ordinary differential equation for ὶ as a 

function of ὸ, which can be solved. Subsequently, a mass balance on the reactive species Ὥ 

can be written where the conversion ὢ with respect to species Ὥ is expressed in terms of ὶ 

and its time derivative. This second ordinary differential equation can be solved to obtain 

the function ὢὸ, from which the intrinsic rate ″  can be determined by fitting to 

experimental data (Section 5.7). This procedure is demonstrated (in 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 

instantaneous dynamics in a variety of ball mill designs,54,200ï205 and it has also been 

adopted in ball mill mechanochemical applications,191 we shall endeavor to describe all the 

grinding dynamics pertinent to a mechanochemical reaction inside the shaker mill using 

only time-average parameters valid at the reactor time scale ὸ, which allows us to derive or 

construct analytical formulas without relying immediately on 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 ñPò indicate stationary pivot points. 

 

 

The Retsch MM400 shaker 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 

instantaneous position ίὸ of each jar along its arc of motion (as well as their 

instantaneous velocities and accelerations) is well-approximated by a sinusoidal function59 

 ίὸ ὒ‰ÓÉÎ‫ ὸ (5.3.1) 

where ‫  is the (angular) frequency of shaking ï one of the operating variables of the 

shaker mill, with ‰ ÓÉÎπȢρ πȢρ rad and ὒ ρσȢυ cm from the geometry of the 

shaker depicted in Figure 5.2. Outside its dynamical behavior during single collisions, the 

jar can be regarded as a rigid body whose instantaneous velocity ὺ is the time derivative 

of eqn. 5.3.1: 
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 ὺ ὸ ὒ‰‫ ÃÏÓ‫ ὸ (5.3.2) 

Vessels used on the Retsch MM400 shaker mill have an axisymmetric pill-shaped 

interior characterized by cross-section radius Ὑ  and a cylindrical section of length ὒ. 

These two geometric variables are often subsumed within a single variable: the reactor 

volume ὠ. Inside the reactor are placed ὔ  spheres of radius Ὑ . It is useful to define the 

volume fraction •  occupied by spheres as 

 • ḳ
τ“Ὑὔ

σὠ

Ὑ

Ὑ

ὔ

ρ σὒȾτὙ
 (5.3.3a) 

The largest free volume inside the reactor that is available to be occupied by particles is 

obviously ὠ ρ • . A further refinement is to introduce the volume fraction 

π ‰ ρ, which describes the fraction of reactor volume ὠᶻ where mechanochemical 

collision events occur during operation; in a shaker mill, this usually encompasses the 

entire vessel volume ὠ, but in other designs such as a planetary or rotating drum mill, 

‰ ḐρȾς is typical.61,206 The mechanochemical volume ὠᶻ is given by 

 ὠᶻ • ὠ ρ •  (5.3.3b) 

 To describe the average kinematic behavior of spheres inside the vessel during 

milling, we need to introduce several intermediate parameters as was conceptually 

discussed in Section 1.3. By examining videos of ball milling at different sets of operating 

variables in a transparent acrylic vessel (containing no substrates) filmed using a high-

speed camera, it was observed that for operating frequencies ‫ ρυ Hz 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 spheres and 

the kinematic behavior of the sphere(s) is about the same across many periods of vessel 

oscillation.74 This is not to say that the spheres are completely free of the influence of 
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gravity, but only that they assume a dynamic state where it is possible to distinguish 

between when a ball is engaged in a collision and when it is not. To describe this dynamical 

steady-state behavior in terms of time-averaged motion valid at the reactor time scale ὸḻ

‫ , three intermediate parameters are proposed: 

1. The collision frequency Ὢ (with units of T-1), 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 time. In a vessel containing no spheres, Ὢ π, 

while in a vessel containing close-packed spheres, Ὢ Њ. Ὢ can be obtained 

experimentally as an empirical function of operating variables (like ‫ , ὒ, ὔ , 

etc.) from video analysis of spheres agitated inside a transparent vessel, paired with 

DEM simulations.191 Sample data of Ὢ as a function of ‫  for various sets of 

grinding sphere configurations are depicted in Figure 5.3a. 

2. Average fraction of collisions between sphere and wall —  and the complimentary 

fraction of collisions between spheres — ρ — , both with dimension unity. 

These parameters represent the probability at the reactor time scale a given collision 

event will be of a certain type. In single-sphere reactors, it is obvious that — π 

and — ρ. For two and three spheres, sample data are depicted in Figure 5.3b, 

indicating that —  is roughly independent of ‫  for a given configuration of 

grinding spheres.  

3. The average speed ὺ of spheres during free flight, which is a parameter readily 

obtained from DEM simulations; it has the usual units of LT-1. 
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Figure 5.3. Empirical correlations of collision frequency (a) and sphere-wall collision 

probability (a) to mill frequency for a variety of simple operating conditions (steel spheres 

in a transparent acrylic vessel), obtained by counting impacts from high-speed videos of a 

vibratory ball mill in operation. 

 

 

Although ὔ Ḑρπ is possible even in a laboratory scale shaker mill, it is 

reasonable to assume that no collisions other than binary collisions between grinding 

surfaces need to be accounted for explicitly. The consequence of this assumption is that we 

can use a binary-collision theory from mechanics to describe any single-collision dynamics 

that involve spheres. The Hertzian theory of contact207 is 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 volume ὠ (eqn. 1.6) which 

characterizes the amount of material that can be processed mechanochemically in a single 

grinding collision.  

By using Hertzian theory, we assume any tangential force components during 

grinding collisions are irrelevant to the impact geometry. The rationale for this choice is 

based on Figure 1.3. Since the length scale of grinding spheres and particles differ by 
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several orders of magnitude for mechanochemical applications, rigid body forces at the 

macroscopic scale are not necessarily translated directly to the microscopic scale. Any 

contact force between two colliding bodies can be decomposed into a shear and a normal 

component with respect to the contact area formed during collision. It has been proposed 

that only the compressive, normal component of the macroscopic contact force determines 

the contact volume described by eqn. 1.6, so only this compressive component of the 

contact force has any significant bearing on the amount of chemical reactions that occur 

per collision.77,208,209 The shear component of macroscopic contact forces is assumed to not 

translate significantly to the microscopic scale because it arises from friction which is ill-

defined when discrete bodies of disparate length scales (say, a grinding sphere surface and 

a bed of particles) are interacting with each other. 

To clearly separate material properties from geometric parameters in the formulas 

of Hertzian theory, we introduce the reduced density ” :  

 
ρ

”

ρ

”

ρ

”
 (5.3.4) 

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

Hertzian theory as 

 ὓ
τ

σ
“Ὑ”‒ (5.3.5) 

where Ὑ  has been defined in eqn. 1.4, and ‒ is defined according to: 

 – ḳ
Ὑ

Ὑ
 (5.3.6a) – ḳ

”

”
 (5.3.6b) 

 ‒ḳ
ρ – ρ –

ρ ––
 (5.3.6c) 
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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 sphere-wall collisions the reactor 

density ” ” Њ and ‒ ρ – . Meanwhile, for collisions between two identical 

spheres with ” ” ” and Ὑ Ὑ Ὑ , we have ‒ φ. Inserting eqn. 5.3.5 into 

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

According to the Hertzian theory, the dynamical behavior during an impact is as 

follows: the surfaces of a pair of colliding bodies compress upon coming into contact and 

reach a maximum state of deformation ‏ within time † characterized by contact area ὃ, 

whereupon each body transitions from its pre-collision trajectory to its post-collision 

trajectory. Then the deformation of each body recedes until the objects return to their 

original shape, at which point they separate and depart on their post-collision trajectory. 

When a sphere collides with the reactor wall, both the sphere and the wall may undergo 

local deformation, but only the trajectory of the sphere changes because the driving force 

of the mill is assumed to be strong enough to overcome any momentum transferred to it 

from internal collisions. 

In addition to eqn. 5.3.7, two other useful formulas describing relevant properties 

of the collision are the maximum deformation depth ‏ and the time of compression †, 

given by 

 ὃ “Ὑ
υ“‒”ὶ

τὉ
 (5.3.7) 

‏  Ὑ
υ“‒”ὶ

τὉ
 (5.3.8) 
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With the introduction of the collision time scale †, the assumption of free-flying balls and 

the predominance of binary collisions stated earlier may be based on the relative order of 

magnitudes of † and the inverse of the collision frequency Ὢ: 

So far, we have not elaborated upon the quantity ὶ that appears in eqns. 5.3.7 to 

5.3.9, which is the relative speed of the two colliding bodies at the moment of impact. First, 

consider a collision between two spheres in terms of their average kinematic behavior, so 

each ball has speed ὺ. The relative speed of two balls ὶ  on impact is characterized by 

ὺ along with an average angle of collision π ‰ “, according to Figure 5.4: 

A head-on collision is described by ‰ π, so the approach speed of one ball with 

respect to the other is twice the average speed, as expected. When ‰ “, there is no 

collision as both balls are moving in the same direction in parallel. 

In a sphere-wall collision, the sphere still has average speed ὺ, while the speed ὺ 

of the reactor wall is governed by the reactorôs instantaneous path of motion according to 

eqn. 5.3.2. The speed of the reactor wall changes during one cycle of its periodic motion, 

and spheres are observed to collide preferentially with the wall at specific moments of the 

reactorôs motion cycle. In a shaker mill, the majority of sphere-wall collisions appear to 

occur when the vessel is near its maximum displacement amplitude, which is when ὺ Ḑπ 

as the vessel reverses direction. In any case, it is plausible to treat the reactor wall as a 

 † ρȢτχὙ
υ“‒”

τὉЍὶ

ρȢτχ‏

ὶ
 (5.3.9) 

 Ὢ ḻ† (5.3.10) 

 ὶ ḳὺɮ  (5.3.11a) 

 ɮ ḳ ρ ÃÏÓ‰  (5.3.11b) 
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second (virtual) type of sphere for the purpose of counting binary collisions. Let ‰  be 

the average incident angle of ball-wall collisions, and suppose ὺ is the speed of the vessel 

during the most common type of sphere-wall collisions, then: 

 In summary, we have in this section identified the intermediate parameters (Ὢ, — , 

ὺ , ὺ  and a pair of ‰ , ‰ ) 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 volume ὠ of a mechanochemical collision. 

 
Figure 5.4. Collision of two grinding spheres. 

 

 

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 

 ὶ ḳὺɮ  (5.3.12a) 

 ɮ ḳ
ὺ

ὺ
ÃÏÓ‰ ÃÏÓ‰  (5.3.12b) 
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description of each phase of material (and the total population of particles) is most 

accurately represented by population balance distribution functions,55,63,66,210ï212 

sometimes paired with DEM203,213 to model their instantaneous dynamics. However, for 

simplicity, we shall use an average particle size ὶ to describe the dimensions of each 

material phase ‌, and although particles adopt a variety of irregular shapes during milling, 

we take ὶ to be the radius of an equivalent sphere. 

The size of a particle population of phase ‌ is most straightforwardly represented 

by the number of particles ὔ . Since there are typically orders of magnitude more particles 

than grinding spheres inside the mill, the dynamics of individual particles are not especially 

important. It is more convenient to describe each phase ‌ by an ensemble characterized by 

a number density ὲ , which describes (on average) the number of particles of phase ‌ one 

expects to find within a given volume slice of the reactor. For a phase ‌ having average 

size ὶ, ὲ  is related to ὔ  via 

where ὠᶻ is the mechanochemical volume defined in eqn. 5.3.3b. The validity of eqn. 5.4.1 

rests on the assumption that for every phase ‌, ὲ  is not spatially dependent within the 

volume of the reactor where mechanochemical impacts occur, in other words, the particle 

phase is well-mixed.77,214 This is reasonable at typical laboratory conditions under which 

mechanochemical reactions are conducted,97 with ὔ ρπ particles for each phase ‌ 

contained inside a mL-scale reactor with ” ρπ g/cm3 denoting the mass density of 

phase ‌,  ὶḐρπ ρπ  cm and total mass loadings around 0.1ï1.0 g. 

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

count of discrete particles. If particles of a material adopt highly irregular or fractal-like 

 ὔ ὲὠᶻ (5.4.1) 
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shapes during milling, it may be more convenient to regard such a particle as an 

agglomeration of sub-particles, and the number density of ‌ should instead refer to the 

count of these sub-particles. This is a corollary to the assumption that all óparticlesô can be 

described as an equivalent sphere. With this introduction of number densities, it will prove 

useful to also define the total particle number density ὲ and the number fraction ‚ of each 

phase ‌, while taking eqn. 5.4.1 to be valid: 

 ὲḳ ὲȟ ’ ‌ȟ‍ȣ (5.4.2a) 

 ‚ḳ
ὔ

ὔ

ὲ

ὲ
 (5.4.2b) ‚ ρ (5.4.2c) 

 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 dynamics of the particle phase does not influence the dynamics of spheres during 

milling. There is a possibility that when the number density ὲ of particles is high enough, 

a wave of many particles can alter the motion and trajectory of a sphere. Suppose all the 

particles within a thin shell of volume τ“ὙɝὙ  around a sphere of radius Ὑ  stand in the 

way of the ballôs motion, with ɝὙ Ḑὶ for each phase ‌. A reasonable criterion to assess 

the validity of independence between particle and sphere motion is:191 

Steel spheres are typically used in mechanochemical reactors, and with ” Ḑρπ g/cm3, 

Ὑ Ḑρπ cm, ὲ ρπ cm-3, ” Ḑρπ g/cm3 and ὶḐρπ ρπ  cm, eqn. 5.4.3 is 

well-satisfied.132 

 
τ“

”Ὑ
ὲ”ὶ ρ (5.4.3) 
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5.4.2. Description of Species Concentrations 

 
Figure 5.5. Illustration of the division of particle to bulk and surface domains 

 

 

In homogeneous fluid-phase reactors such as the batch reactor or continuous stirred 

tank reactor, the amount of any chemical species Ὥ present can be associated with a 

volumetric molar concentration variable ὅ, such that the total mass ά  of species Ὥ is 

expressed by 

where ὠ is the reactor volume and ὓ  is the molar mass of species Ὥ. This convention 

cannot be applied directly to a ball mill reactor, which by contrast is a heterogeneous 

multiphase system. In such a dispersed heterogeneous system, to keep track of the chemical 

composition of the solid reactants, one can count the amount of a particular chemical 

species Ὥ at the molecular level, or the amount of a chemically distinct phase ‌ at the 

material level. 

To distinguish between chemically distinct substrate materials and distinct 

chemical species in a ball mill, we continue to use Greek letters ‌ȟ‍ȟȣ for phases but now 

add lower-case italic letters ὭȟὮȟȣ to denote chemical species. We introduce the notation 

 ά ὓ ὅὨὠ  
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‌ to denote a molecule or species Ὥ located (anywhere) on a particle of material ‌. For 

example, consider a CaO particle in a CO2-rich 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 CaCO3,
74 especially on the surface of the particle. 

Therefore, we use Ὥ to denote the molecular species of CaO and Ὦ to denote the molecular 

species of CaCO3, and so ‌ and ‌ would refer to a CaO molecular species and a CaCO3 

molecular species located on the óCaOô phase respectively. 

Using our notation system, there are now two distinct ways to express ά , the total 

mass of solids, by summing over the mass (ά ) of all chemical species Ὦ, or by summing 

over the mass (ά ) of all phases ’: 

ά  specifically denotes the mass of species Ὥ on phase ‌, which is in general a function 

of milling time. In eqn. 5.4.4b the sum is over all phases ’ that contain the species Ὥ, while 

in eqn. 5.4.4c the sum is over all chemically distinct species that can be found anywhere 

on a particle of material ‌, excluding the same species found on other phases. 

Now we divide a particle of phase ‌ particle into a bulk domain and a surface 

domain as illustrated in Figure 5.5. If  species Ὥ is in the bulk interior of particle ‌, we assign 

a volumetric concentration to Ὥ using ὅ ; if Ὥ is on the surface of ‌, we assign a surface 

 ά ά ά ȟ ’ ‌ȟ‍ȣ (5.4.4a) 

 ά ά ȟ ’ ‌ȟ‍ȣ (5.4.4b) 

 ά ά  (5.4.4c) 

 ά ά ὸ (5.4.4d) 
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concentration using ɜ . The mass ά  is defined as that of the sum of all species Ὥ inside 

the reactor, regardless of the type of particle or location on a particle where Ὥ is located. 

 To relate the total masses written in eqns. 5.4.4b-d to these concentration variables 

of molecular species, we use the average particle radii ὶ and population number ὔ , and 

take every single particle of every phase ‌ to be made up of a homogeneous a 

homogeneous surface domain of finite (or zero) thickness ‏ Ḻὶ and a bulk domain of 

radius ὶ  The mass of one particle of phase ‌ and of all species Ὥ located anywhere .‏

on one particle of phase ‌ are respectively given by 

 
σ

τ“
ά ḳ ὶ ‏ ” σὶ„ ὶ” (5.4.5a) 

 
σ

τ“
ά ḳ ὶ ‏ ” σὶ„  (5.4.5b) 

where we advanced an approximation in 5.4.5a on the basis of ὶḻ‏ and σ„ὶ ”, 

and the bulk ”  and surface „  mass densities are related to volumetric ὅ  and surface 

ɜ  molar concentrations through the species molar mass ὓ  via 

 ” ḳὓὅ  (5.4.6a) „ ḳὓɜ  (5.4.6b) 

 ” ḳ ”  (5.4.6c) „ ḳ „  (5.4.6d) 

Finally, the mass ά  of each phase ‌ and ά  of each species Ὥ are expressed by 

 ά ὔά  (5.4.7a) ά ὔά  (5.4.7b) 

 

5.5. THE SURFACE REACTION RATE  

We now examine the mechanochemical processes that occur in the course of a 

single impact on a cylindrical plug of particles (Figure 1.3), starting with the formulation 
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of the general surface reaction rate expression in terms of parameters from macroscopic 

through to molecular scales, followed by additional simplifications on the macroscopic and 

microscopic parameters. Conceptually important 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 surface-surface interactions, it is 

appropriate to express the reaction rate as a per unit area quantity. For the moment, we 

consider all chemical reactions that occur when two material phases ‌ and ‍ (including the 

case ‌ ‍) come into mechanical contact within the impacted plug of solid particles 

(depicted in Figure 1.3) during a grinding collision, regardless of the distinct chemical 

species participating in the reaction. We propose that the surface rate between these phases, 

denoted by ɩ , can be expressed as: 

In eqn. 5.5.1, ɩ  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 surface. In contrast to the surface 

reaction rate ɩ  which accounts for the start-and-stop nature of solid-state chemical 

reactions in the ball mill (mechanochemical reactions only occur during grinding 

collisions), ″  is the intrinsic or microscopic reaction rate between materials ‌ and ‍. 

Reaction rate 

between 

particle 

phases ‌  

and ‍ 
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phases ‌ 
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Contact time 

between 
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Frequency 
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phases ‌ 

and ‍ 

 

ɩ   ″   †   Ὢ  (5.5.1) 

(L-2T-1)  (L-2T-1)  (T)  (T-1)  
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″  can be understood as an intrinsic surface reaction rate at a hypothetical interface 

between phases ‌ and ‍ in indefinite mechanical contact and with no mass transfer 

limitations. This variable should be a function primarily of the intrinsic chemical properties 

of the reacting surfaces. 

Also appearing in eqn. 5.5.1 are a frequency parameter Ὢ  and a time parameter 

† . The former counts the number of driven micro-collisions occurring between ‌ and ‍ 

per unit time, and the latter accounts for the finite time of a mechanical contact between 

particles during which reactions may occur. Together, † Ὢ  can be interpreted as an 

effectiveness factor, conceptually similar to the one used in heterogeneous catalysis. 

 Now we need to connect † Ὢ  to quantities we have introduced prior. First, 

invoking the assumption of a well-mixed particle phase at each instant in time, we express 

Ὢ  as a fraction of the frequency of all particle-particle mechanical contacts Ὢ that occur 

during an impact, by introducing a particle-particle collision probability — : 

Ὢ is conceptually the same as Ὢ for grinding collisions extended down a length scale. —  

is the probability of mechanical contacts that occur between particles of material phases ‌ 

and ‍ across many grinding collisions. As an analogy, consider a bag containing a 

randomized ensemble of different colored balls (each 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 

Frequency of 

contacts between 

phases ‌ and ‍ 

 
Total frequency of 

particle contacts 
 

Probability of 

contacts between 

phases ‌ and ‍ 

 

Ὢ   Ὢ  —  (5.5.2) 

(T-1)  (T-1)  (1)  
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between balls of two specific colors (say, ‌ and ‍) as well as the total number of physical 

contacts, the fraction is the ratio of these two numbers for a single trial of this procedure. 

If we do this repeatedly and take the average across all trials, we obtain — . 

 Now we need to relate Ὢ 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 the particle population is assumed well-mixed) related to the total 

population density ὲ. We propose that during every collision, particles within a volume ὠ 

is trapped between the grinding surfaces and the number ὖ of particle-particle contacts is 

proportional to this volume: 

The validity of this equation depends critically on the assumption that at least one particle 

gets caught during the typical collision inside the mill: 

Eqn. 5.5.3b is not unreasonable as there are orders of magnitude more particles than 

grinding spheres. The packing factor ᾀ should be constant for a given range of magnitudes 

of ὲ; this factor counts the average number of particle neighbors a particle might be in 

contact with when caught by a collision. For coarse powders where individual particles are 

distinguishable by the naked eye, we might expect ᾀḐς, which means the particle is 

sandwiched between just the grinding surfaces. When ὲ is large, ᾀḐρς for close-packed 
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ὖ  ᾀȾς  ὲ  ὠ (5.5.3a) 
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 ὲὠ ρ (5.5.3b) 
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spheres is a plausible estimate. The factor of one half in eqn. 5.5.3a is included to eliminate 

double counting of binary particle-particle contacts.  

The size of particles does not factor into eqn. 5.5.3a due to the implicit assumption 

that all particle phases are on the same order of magnitude in size, but even when this is 

not true, treating the larger particles as aggregates of sub-particles solves the issue of 

homogenizing ᾀ to be the same for all particle types. 

Now we relate Ὢ to Ὢ by the product of the latter with ὖ from eqn. 5.5.3a, which 

is to say that the collision frequency is amplified from the perspective of particles by a 

factor ὖ: 

This is also not the entire picture; since there are binary sphere (BB) and sphere-wall (BR) 

collisions which have different dynamical behavior (as discussed in eqns. 5.3.4-12), the 

resultant average values of ὖ will also differ. Ὢz for the two types of collisions are given by 

 Combining eqns. 5.5.2-4 and substituting the result into eqn. 5.5.1, we have 

The asterisk accounts for the fact that we are now only considering reactions occurring as 

the result of one type of grinding collision (BB or BR). In eqn. 5.5.5 we grouped the 

parameters according to the length scale of the variables upon which these parameters are 

presumed to depend on, the first group (in square brackets) are parameters associated with 

the macroscopic scale, the second group (in round brackets) are microscopic scale 

Total frequency of 
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Ὢ  ὖ  Ὢ (5.5.4a) 
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 Ὢz ὖz—zὪ ᾀὲὠȟz—zὪȾςȟ ᶻ ὄὄȟὄὙ (5.5.4b) 

 ɩ ȟz ὠȟz—zὪ† ᾀὲ— Ⱦς ″ ȟz (5.5.5) 
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parameters, and finally ″ ȟz represent molecular-scale parameters. We 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 force field-dependent rate constant 

like in Bell theory (eqn. 1.1), to give a possible example. 

We have also not 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 particles. The specification of a particular surface species 

can only enter through ″ ȟz in eqn. 5.5.5. Let surface chemical species Ὥ located on a 

particle of material ‌ be denoted by ‌, its intrinsic reaction rate with species Ὦ located on 

a particle of material ‍ is denoted by ″ ȟz. Now ″ ȟz refers to the net (intrinsic) 

reaction rate for all reactive surface species located on either particle: 

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, species Ὥ on 

material ‌ and species Ὦ on material ‍, it is useful to write the surface reaction rate ɩ ȟz 

for the species ‌ explicitly. Using eqn. 5.5.6 to partition the rate ″  in eqn. 5.5.5 into 

distinct terms with respect to reactive species, we have 

Although eqn. 5.5.7 appears to be limited to describing binary reactions, this is not 

a severe constraint, since most elementary reactions involve only two chemical species, 

regardless of whether the transformation occurs in a homogeneous volume or on a solid 

surface. 

 ″ ȟz ″ ȟz

ȟ

  (5.5.6) 

 ɩ ȟzḳ ὠȟz—zὪ† ᾀὲ— Ⱦς ″ ȟz (5.5.7) 
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5.5.2. Macroscopic Simplifications 

 Among the first group of terms in eqn. 5.5.7, ὠ and †  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 compression time † of an average grinding 

collision given by eqn. 5.3.9. We make this association irrespective of the chemical identity 

of particle phases, because in our description of surface mechanochemical reactions at the 

microscopic scale, all particles caught between two grinding surfaces are regarded as 

essentially rigid bodies subjected to a macroscopic compressive force from the instant of 

mechanical contact between the bodies up to the moment of maximum compression. This 

picture is especially valid in the steady-state particle population stage of mechanochemical 

reactions such as observed for PS depolymerization (Chapter 3). In other words, we assume 

that the contact time for particle contacts is on the same order of magnitude as the contact 

time for the colliding grinding bodies: 

Since † is also different for BB and BR collisions, we revise the notation to write †  for 

binary sphere collisions and †  for sphere-wall collisions, and †z as a placeholder for 

either. 

 The second parameter we can give a more explicit expression for is ὠ, which is 

already given by eqn. 1.6 in which the Hertzian collision contact area ὃ  (eqn. 5.3.7) 

appears directly. This area parameter is also different for BB and BR collisions, so for 

convenience we update eqns. 5.3.7 and 5.3.8 to read 

 † †ȟÆÏÒ ÁÌÌ ‌ȟ‍ (5.5.8) 



116 
 

 z‏ Ὑz
υ“”z‒zὶz

τὉz
 (5.5.9a) ὃz “Ὑzz‏ (5.5.9b) 

where the asterisk has the same meaning as stated earlier and the parameters appearing in 

eqn. 5.5.9 are given by eqns. 1.3, 1.4, 5.3.4 and 5.3.6c for BB and BR collisions.  

 What we have not yet discussed is what form the impact volume height Ὤ (see 

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 surfaces,208,209 we can derive an expression starting 

from the consideration that the total mass of solid particles ά  is distributed over the 

available grinding surfaces ὃ : 

where we used eqns. 5.4.1, 5.4.2b, 5.4.4a, 5.4.7a and the approximate form of eqn. 5.4.5a 

to express ά  in terms of variables and properties associated with the particle population. 

Depending on whether the particles prefer to coat over the vessel wall, spheres or both, ὃ  

is given by the following expressions respectively: 

Now the mass of particles actually compressed in a single collision is ά ὃzὃ , 

this can be converted to a volume of particles if we divide by an average density ” 

associated with the (well-mixed) particle population. Since the particle population is 

characterized by number densities assigned to each phase, we introduce ” as the number 

fraction-weighted average density: 

 
ά

ὃ
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ὶ‚”  
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τ“Ὑὔ Ὑ ς“Ὑὒ
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The volume of particles compressed in the single impact is ά ὃz ὃ” ; we arrive at Ὤ 

by dividing that expression by the impact area ὃz, which finally gives 

 For free-flowing particles, the high mobility and chaotic dynamics of individual 

particles would seem to imply that impacts catching more than one layer of particle are 

rare. A single layer of particles composed of several well-mixed phases of material can be 

characterized by a number fraction-weighted average size ὶ defined analogously to eqn. 

5.5.11: 

So for free-flowing particles we shall simply take Ὤ to be 

 Finally, we substitute eqns. 1.6, 5.3.11a, 5.3.12a, 5.5.8 and 5.5.9a-b into the first 

parameter group in eqn. 5.5.7 to obtain 

where Ὤ (given by eqn. 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 redistribute Ὤ to the second parameter group in eqn. 

5.5.7 and rewrite that expression using eqn. 5.5.15 as 

 ”ḳ ‚” (5.5.11) 

 Ὤ
τ“ὠᶻὲ

σὃ
ẗ
Вὶ‚”

В‚”
 (5.5.12) 

 ὶḳ ‚ὶ (5.5.13) 

 Ὤ ςὶ (5.5.14) 

 ὠȟz—zὪ† ρȢτχ“Ὑz—zὪ ɮzὺ
υ“‒z”z

τὉz
Ὤ (5.5.15) 

 ɩ ȟz ὑz Ὤᾀὲ— Ⱦς ″ ȟz (5.5.16) 
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where we introduced the macroscopic mechanochemical rate constant ὑz, which can be 

shown via dimensional analysis to have units of L2: 

The derivation so far does rely on a few approximate arguments, but nonetheless 

we have demonstrated that a parameter which is only dependent on material and dynamic 

properties at the macroscopic scale can be separated from parameters at other length scales 

in a surface reaction rate expression. 

5.5.3. Microscopic Simplifications 

 
Figure 5.6. Example of a permutation of particle contacts involving two material phases 

(red and yellow), with the grinding surfaces depicted as a distinct phase of particles. 

 

 

The only parameter within the microscopic group in eqn. 5.5.16 that can be 

simplified is the collision probability —  for phase-specific particle contacts. We begin by 

considering the number of particles ὔ caught between two grinding surfaces during a 

collision: 

 ὑz ḳρȢτχ“Ὑz—zὪ ɮzὺ
υ“‒z”z

τὉz
 (5.5.17) 

 ὔ ὔ ὠὲ ὠ ὲ (5.5.18) 
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Due to the disparity in length scale between a grinding sphere and a particle, we would not 

expect the surface of the sphere to be smooth on the microscopic length scale of order ὶ 

(eqn. 5.5.13). We propose that the size of grinding surface roughness (asperities16) is on 

the same order of magnitude as particles, so when mechanical contact between a particle 

and grinding surface is considered, the particle actually interacts with an asperity of the 

grinding surface which can be treated as a virtual particle phase ï one that only factors into 

the mathematical expressions during a collision). This concept is illustrated in Figure 5.6 

with a two-phase 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 grinding surfaces are intentionally made 

chemically active)98 rather convenient. 

Let there be ὔ  asperity particles during the collision, so the total number of 

particles to consider is ὔ ὔ . We introduce the modified particle number fractions: 

 ‚ᶻḳ
ὔ

ὔ ὔ
 (5.5.19a) ‚ ḳ

ὔ

ὔ ὔ
 (5.5.19b) 

 ρ ‚ ‚ᶻ ‚ (5.5.19c) 

These expressions are simultaneously valid with the regular number fractions defined in 

eqns. 5.4.2b-c. Now consider the arrangement of ὔ particles during a grinding 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 one grinding surface, and all particles in the top layer in contact with the 

other.214 Even when particles on the same layer are not mechanical contact 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 below. The number of layers of particles, ‘, can be estimated by taking the 

ratio of the impact volume height Ὤ and the average particle size ὶ (eqn. 5.5.13): 

Here, ρ ὦ ς depends on the stacking configuration of the layers, and while ‘ should 

rigorously be an integer, because our analysis is approximate, non-integer values should 

not affect the final result too significantly. 

 Since the total number of particles caught in the grinding collision is ὔ and there 

are ‘ layers of particles, the number of particles per layer ὔ  is simply their quotient: 

where we used eqns. 1.6, 5.5.9b and 5.5.18. Since the top and bottom layers of particles 

are each in contact with one layer of asperity particles, we suppose that there is one asperity 

particle per available for each particle in the top and bottom layers, leading to the relation 

 With an explicit expression for ὔ , we can manipulate eqns. 5.5.19a-c to yield  

 
‚ᶻ

‚

ρ
ς
‘

 
(5.5.21a) ‚

ρ

ρ
‘
ς

 (5.5.21b) 

Now the number of nearest neighbors with which each particle is in mechanical contact 

with is, on average, ᾀ ï first introduced in eqn. 5.5.3. Let ἂὔἃ  be the average number of 

contacts between particles of type ‌ and ‍ (with respect to ‌). Since the particle phase is 

assumed well-mixed, we can intuitively propose that ἂὔἃ  θ‚. It is an obvious choice 

to select ᾀ as the proportionality constant. We are interested in the average number of two-

phase ‌‍ and also phase-asperity ‌ύ contacts across many collisions: 

 ‘
Ὤ

ὦὶ
 (5.5.20) 
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 ἂὔἃ ḳ
ρ

ς
ᾀ‚ᶻ (5.5.22a) ἂὔἃ ḳ

ρ

ς
ᾀ‚  (5.5.22b) 

Again, the factor of one half avoids double counting, since the choice of the reference 

particle type ‌ is arbitrary. Eqn. 5.5.22a applied to the case ‍ ‌ assumes that there are 

many particles, so picking out any one particle ‌ as the point of reference will not 

drastically alter the number fraction of ‌ (‚ᶻ) around it. In a single grinding collision, 

particles not located in the top or bottom layers of the ὔ-particle configuration are not in 

contact with any asperity particles, so eqn. 5.5.22b only makes sense when averaged across 

many collisions. 

 Evidently, the average total number of collisions for one particle of phase ‌ is 

and the collision probabilities —  and —  are simply the ratios of eqns. 5.5.22a-b with 

eqn. 5.5.23. Combining eqns. 5.5.21-23, we arrive at 

— ḳ
ἂὔἃ

ἂὔἃ
‚

‘

‘ ς
 (5.5.24a) — ḳ

ἂὔἃ

ἂὔἃ

ς

‘ ς
 (5.5.24b) 

which can be readily substituted into eqn. 5.5.16. For convenience, we introduce the 

lumped parameter 

We include ᾀ in this definition since the packing configuration of particles is closely 

related to the counting of particle contacts. Although it is not immediately obvious how 

experimentally accessible parameter ὄ is due to its dependence on the population average 

particle size ὶ and ᾀ, it is likely to be on the order of 1 and not exceed 10, since close 

 ἂὔἃ
ρ

ς
ᾀ ‚ᶻ ‚

ρ

ς
ᾀ (5.5.23) 

 ὄḳ
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 (5.5.25) 
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packing of spheres restricts ᾀ to a maximum value of 12 and the rest of the parameter is a 

fraction that cannot exceed 1.  

Substituting eqns. 5.5.24a and 5.5.25 into eqn. 5.5.16 and utilizing ὲ ‚ὲ, we 

have the surface rate given by 

For mechanocatalytic or other non-specific reactions caused by mechanical contact 

between species ‌ and grinding surfaces, eqn. 5.5.24b is used instead, and the surface rate 

can be written as 

If ‌ is a measurable chemical species that can be extracted from a continuous-flow shaker 

mill reactor, then eqn. 5.5.26 or 5.5.27 is sufficient to describe the mechanochemical 

reaction rate of species Ὥ. The integral rate ɭ (units of T-1) for species Ὥ is 

where the sum is over all material phases that contain species Ὥ in some capacity.  

 

5.6. THE INTRINSIC RATE  

Up to this point, the quantity that remains to be defined explicitly is the intrinsic 

reaction rate ″  between surface species ‌ and ‍ on particles ‌ and ‍ respectively. 

Formulating an explicit expression for this parameter is not absolutely necessary, since the 

rest of the theory can function just as well by setting this parameter as an unknown to be 

fitted to data. Presumably, obtaining this parameter for a specific mechanochemical 

reaction at different experimental conditions would give insights about the intrinsic nature 

 ɩ ȟz ὑz ὄὬὲ ″ ȟz (5.5.26) 

 ɩ ȟz ὑz ὄὦὶὲ″ ȟz (5.5.27) 

 ɭ τ“ὠᶻ ὲὶɩ  (5.5.28) 
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of mechanochemical reaction rates at solid-solid interfaces. The 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 and offer some conjectures regarding what known 

parameters of the model ″  should depend on. This requires some assumptions about 

what happens at the molecular scale when two particle surfaces come into mechanical 

contact during a grinding collision. We propose that: 

1. Reactive molecular sites exist on the surface of substrate particles which can be 

expressed as a surface molar density ɜ (first introduced in Section 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 particle ï as long as it is situated on the particle surface. 

2. A reaction event occurs when two surface reactive sites, one from each particle, are 

brought into physical proximity during mechanical contact. 

With these two conjectures, the following elementary rate expression is proposed: 

where the presence of Avogadroôs constant  ὔ  is to make the units of surface 

concentration (NL-2) consistent with the rest of the equation. We expect the intrinsic rate 

constant Ὧ  to have an Arrhenius form, perhaps with a force field contribution in the 

exponential such as from eqn. 1.1. 
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The microscopic area parameter ὥ  in eqn. 5.6.1 should in the most rigorous sense 

be a function of the material properties of the particles and their geometry, we can even 

apply Hertzian contact theory to mechanical contact between particles, but unlike with 

grinding collisions, there is far less justification in assuming elastic compression of 

material phases. Instead, it may be plausible to suggest that ὥ  should 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 eqn. 5.6.1 is for contact between a particle and a grinding surface 

asperity ï for example, a reaction on one particle that occurs solely due to molecular-level 

friction (such as bond rupture) rather than well-defined surface species. Since we regard 

asperities as virtual particles, it is easier when dealing with reactions between ‌ and 

grinding surface to write the reaction event rate simply by 

Here we absorbed the ὥ  (and ɜ) terms expected from the general eqn. 5.6.1 into the 

rate constant, since it is not necessary to meticulously define such properties for grinding 

surface asperities that are likely not chemically well-defined. 

Another interesting case pertains to surface species which are themselves formed 

mechanochemically, such as reactive intermediates found in multi-step mechanochemical 

reactions. An obvious example is the whole suite of mechanoradical intermediates in PS 

depolymerization, some of which are depicted in Figure 3.5. Suppose ‌ is a surface 

species mechanochemically generated from ‌ (this can be interpreted as a surface-site 

activation process) through particle-asperity contact whose rate is expressed by eqn. 5.6.2, 

such species tend to be transient, so we can assume that ‌ has a mean lifetime † . The 

 ″ Ὧ ὔɜ  (5.6.2) 



125 
 

product of the species mean lifetime with its generation rate ɩ  is then a suitable estimate 

of its surface concentration: 

Since ɩ  is in general given by eqn. 5.5.27, then if species ‌ participates in subsequent 

mechanochemical reactions, the theory predicts nonlinear dependence of the conversion 

on parameters like ὑz and ὄ. 

 

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 mechanochemistry.215,216 The instantaneous total mass ά inside the reactor is 

where ά  is the total mass of solid phases defined by eqn. 5.4.4a, and ά  is the mass of 

the gas phase (sum over chemical species Ὦ present in the phase) which we have written in 

eqn. 5.7.1b using the same convention as eqn. 5.4.4c for solids mass. The balance of total 

mass ά for the reactor is 

 ὔɜ †ɩ  (5.6.3) 

 ά ά ά  (5.7.1a) 

 ά ά  (5.7.1b) 

 
Ὠά

Ὠὸ
Ὅ ὕ ά  (5.7.2) 
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where Ὅ, ὕ are the rates of mass inflow and outflow respectively, which can be split into 

solid (S) and gas (G) phase streams: 

 Ὅ Ὅ Ὅ (5.7.3a) ὕ ὕ ὕ  (5.7.3b) 

and where ά  represents (for ball mills) mass contributions to the feed due to attrition 

of the grinding surfaces.217,218 The ideal mechanochemical ball mill has ά π. 

 We can split eqn. 5.7.2 into balances for the total solids and gas phase mass, and 

allow for possibility of interphase mass exchange inside the reactor using exchange rate 

terms ɝ, which cancel out in the total balance: 

 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 

ά  in eqn. 5.7.5, which is the time derivative of eqn. 5.4.7b. This expression is 

where the time derivative of single-particle mass ά  of species Ὥ on phase ’ is written 

out in full as the time derivative of eqn. 5.4.5b (exact form), without assuming any of the 

variables constant:  
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 Eqns. 5.7.6a-b are the equations most relevant for describing mechanochemical 

reactions of solids. The physical meaning of the five labeled time derivative terms on the 

right-hand sides are as follows: 

1. 
Ὠὔ

Ὠὸ
 

represents chemical changes on phase ‌ due to changes in the number of 

particles with time, such as through breakage and sintering. 

2. 
Ὠ”

Ὠὸ
 

represents chemical changes to material properties in the bulk domain of 

phase ‌. 

3. 
Ὠ„

Ὠὸ
 

represents chemical changes to material properties of the surface domain 

of phase ‌, such as through chemical functionalization.219 

4. 
Ὠ‏

Ὠὸ
 

represents chemical changes to geometric properties of the surface 

domain on phase ‌. 

5. 
Ὠὶ

Ὠὸ
 

represents chemical changes caused by continuous size changes of the 

particle. 

In general, aside from the governing eqns. 5.7.6a-b, we need five constitutive relations to 

define each of these five derivatives explicitly. 

 We may also translate the left-hand side of eqn. 5.7.6a into a time derivative of 

conversion ὢ. Consider the general chemical reaction described by 

ᾀ is the stoichiometric coefficient of species Ὦ participating in the reaction. Let ὔ denote 

the number of molecules of species Ὦ at some instant ὸ of reaction time, and ὔ  is the 

number of that species at the start of reaction (ὸ π), which is constant. We define the 

conversion ὢ with respect to the limiting reagent, reactant species Ὧ, which is related to 

ὔ , ὔ  by 

 ᾀὮ πȟ ᾀ
πȟ ÐÒÏÄÕÃÔÓ
πȟ ÒÅÁÃÔÁÎÔÓ

 (5.7.7) 

 ὢḳρ
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ὔ
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Since ὔ  is related to the mass ά  of species Ὧ according to ά ὔ ὓὔ , with initial 

mass ά ὔ ὓὔ , we can substitute in eqn. 5.7.8 to write a differential in ά  

according to: 

5.7.2. Simplifications to Mass Balances 

Eqns. 5.7.6a-b can be simplified by applying specific assumptions that are valid for 

particular reactive systems. For instance, we may introduce the homogeneous density 

approximations for a particle phase ‌ in which the bulk and surface domains are 

chemically (near) identical, and for a certain species ‌ in that phase: 

 σ‏” „ (5.7.10a) σ‏” „  (5.7.10b) 

Applying eqn. 5.7.10b to eqns. 5.4.5b and 5.7.6b, the entire particle mass is now 

characterized by a single material property ”  and term 3 in the differential equation is 

eliminated: 

 Alternatively, the zero surface thickness approximation can be introduced: 

This approximation treats the surface domain of phase ‌ as an idealized two-dimensional 

surface without physical depth. Applying eqn. 5.7.12 to eqns. 5.4.5b and 5.7.6b, we have: 

 Ὠά ḳ ά Ὠὢ (5.7.9) 
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 Substituting eqns. 5.7.13a-b into eqn. 5.7.6a and using Ὠὔ ὠᶻὨὲ according to 

eqn. 5.4.1, we obtain  

The most general hypothesis of how solid state chemical reactions occur is through 

mechanical contact of solid surfaces that allow the surface layer of reactant molecules to 

be in sufficiently close physical proximity to undergo chemical change.220ï222 In some 

models of solid-solid reactions species of one solid is also able to diffuse into the bulk of 

the other solid to react.223,224 In the ball mill, the surfaces of solid particles come into 

mechanical contact with each other when they are caught between colliding grinding 

surfaces. Because collisions are highly transient events, we propose that diffusion across 

solid-solid interfaces is negligible on the time scale † 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 bulk domain. With this assumption, the time 

derivative of ”  is expected to be negligible: 

This should be a reasonable assumption unless the temperature within the particle is high 

enough to cause thermochemical reactions in the bulk domain, or when gaseous species 

from the vapor phase are absorbed by the particle. These 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. 5.7.14 essentially 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 assumed to 

be negligible for quasi-steady state surface mechanochemical processes, where the surface 

chemistry of the particle does not change significantly with time: 

We expect this assumption to be reasonable for batch attrition processes where reactant 

particles are chemically worn down (such 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 layer. On the other hand, one type of 

mechanochemical reaction where we would not expect eqn. 5.7.15 to hold is in the 

mechanochemical activation of catalyst particles,88 where ball milling is purposefully used 

to generate or change the chemical nature of surface-active sites. 

 From shaker milling experiments with PS (Figure A1, Section A1), it was observed 

that when the starting material is a coarse powder, reduction in particle size through 

breakage mainly occurred during an initial induction period. Subsequently, once the 

particles have been reduced to a limiting size, further grinding does not lead to any further 

reduction in particle size on the reactor time scale.63 This is a general phenomenon well-

documented in the mechanochemical production of nanoparticles.92 Taking advantage of 

this observation, the particle number density ὲ of any phase ’ can be assumed to remain 

approximately constant with time past an initial induction period where particle breakage 

is dominant. We can therefore also express the derivative of ὲ not as a function of time ὸ 

but as a function of ὶ, which is experimentally easier to obtain:225 
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The partial derivative may be assessed using an empirical, possibly piecewise function 

where ὲ increases rapidly with particle size when ὶ is above a certain value characteristic 

of a given material in a given ball mill, but goes to zero once ὶ 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 time scale †  of 

individual collisions, so the partial derivative in eqn. 5.7.17 can still be approximated as 

zero once the dynamical steady state has been attained. 

 Applying eqns. 5.7.15 through 5.7.17 to eqn. 5.7.14, we arrive at a practically useful 

governing equation of surface mechanochemical reactions applicable to ball mill reactor 

systems: 

The first term inside the square brackets can be ignored entirely when reactant particles are 

too small for breakage to be a dominant phenomenon. 

 Rather than the five constitutive relations required in the general mass balance eqn. 

5.7.6, the simplified balance eqn. 5.7.18 only requires one constitutive relation for the time 

derivative of ὶ at steady state mechanochemical conditions due to the reasons given two 

paragraphs above. For surface mechanochemical reactions, we expect changes in ὶ with 

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 diffusion:112,226  
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where ὠ is the molar volume of phase ‌. The star above the summation indicates a 

conditional sum over all types of particle-particle contacts that result in a surface 

mechanochemical reaction which liberates a molecular species from phase ‌ or adds 

species to ‌. Reaction events (even mechanochemical ones) that convert intermediate 

species still chemically bound to the particle (such as formation of an active surface site 

from a previously inactive species, surface radicals, dangling bonds, etc.) are excluded. 

 

5.8. APPLICATION OF THEORY TO PS DEPOLYMERIZATION  

Mechanochemical styrene production from PS shares mechanistic similarities with 

mechanochemical reactions of gases,99 in the sense that most of the monomer production 

during impacts on the polymer particles occurs near the particle surfaces,105 with 

depolymerization instigated by surface chemical mechanisms such as particle fracture and 

microscopic friction between solid surfaces.17 In between impact events, monomers may 

freely volatilize into the gas phase in accordance with observations detailed 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 to write ὲ  for the number 

density of PS particles and ὶ  as the average particle size. We know that PS 

depolymerization in the shaker mill sustains for a long time at the limiting particle size 
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when ὲ  is constant. For simplicity, if we take the initial particle size ὶ  to be already at 

the limiting size and ά  as the initial mass of PS present in the reactor, then we have a 

constant ὲ  estimated by: 

Furthermore, because PS behaves as a free-flowing powder, we use eqn. 5.5.14 for the 

impact volume height Ὤ  which results in parameter ὄ defined in eqn. 5.5.25 being 

conveniently constant at constant ὲ , since there is only one phase of particles. For 

subsequent use we introduce a modified packing parameter ὄ which is estimated to be on 

the order of 10: 

We also proceed under the assumption that the intrinsic rates ″ are independent of 

macroscopic parameters so that we can introduce a total macroscopic rate constant ὑ as 

the sum of eqn. 5.5.17 for binary sphere (BB) and sphere-wall (BR) collisions: 

 

 
Figure 5.7. Simplified reaction network of PS depolymerization. 

 

 ὲ
σ

τ“ὠᶻ
ẗ
ά

”ὶ
 (5.8.1) 

 ὄḳὄὦḐρπ (5.8.2) 

 ὑḳὑ ὑ  (5.8.3) 



134 
 

Now we must reduce the reaction network depicted in Figure 3.5 to its most 

prominent styrene-yielding steps, shown in Figure 5.7. This network contains 7 elementary 

reactions, four of which (eqns. 5.8.1a, 5.8.1e-g) are deemed mechanochemical, and two 

(eqns. 5.8.1c-d) involve chemisorption of O2 from the gas phase onto 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 depolymerization, so for all 

mechanochemical steps we use eqn. 5.6.2 for the intrinsic surface rates ″ and eqn. 5.5.27 

for surface reaction rates ɩ: 

where M denotes the monomer styrene. Eqns. 5.8.4a-g represent surface reaction rates of 

elementary steps; we also introduce total surface reaction rates with respect to chemically 

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

!ᴼ" # ɩ ὔὑὄὲὶὯɜ (5.8.4a) 

" #O ! ɩ ὔὯɜɜ (5.8.4b) 

" / ᴼ& ɩ ὔὯɜὅ  (5.8.4c) 

# / ᴼ) ɩ ὔὯɜὅ  (5.8.4d) 

"ᴼ" - ɩ ὔὑὄὲὶὯɜ (5.8.4e) 

&O & - ɩ ὔὑὄὲὶὯɜ (5.8.4f) 

)O ) - ɩ ὔὑὄὲὶὯɜ (5.8.4g) 

 ɩ Ὧὔɜɜ ɩ  (5.8.5a) 

 ɩ ɩ Ὧὔɜὅ Ὧὔɜɜ (5.8.5b) 

 ɩ ɩ Ὧὔɜὅ Ὧὔɜɜ (5.8.5c) 

 ɩ ɩ Ὧὔɜὅ  (5.8.5d) 
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 Eqn. 5.8.5f is the rate that should appear on the right-hand side of eqn. 5.7.19, since 

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 

To solve this equation, we introduce the following non-dimensionalization scheme: 

 ὶǿḳ
ὶ

ὶ
 (5.8.7a) ὸǿḳ

ὸ

†
 (5.8.7b) 
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Using eqns. 5.8.7a-c, the non-dimensional form of eqn. 5.8.6 is 

And with the initial condition ὶǿὸǿ π ρ, the solution to eqn. 5.8.8a is just 

With these results we can also solve the mass balance eqn. 5.7.18, where, since we accept 

eqn. 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 eqn. 5.7.9 with respect to species A, Ὠά ά Ὠὢ. However, 

since A specifically refers to a surface PS chain segment, ” π. This gives the following 

ordinary differential equation and solution with ὢὸǿ π π: 
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 ɩ ɩ Ὧὔɜὅ  (5.8.5e) 
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 Since the reactor time scale † is defined with respect to surface concentrations of 

mechanoradical intermediates (like species F, I) which are not as accessible as the oxygen 

concentration ὅ , we can attempt a further simplification of eqn. 5.8.6. To clarify the 

surface concentration terms, we have good reason to invoke the assumption of eqn. 5.6.3 

to link the surface concentrations of radical species B, C, F and I to the mechanochemical 

rates (eqns. 5.8.5b-e respectively) at which they are generated via species lifetimes: 

 ὔɜ †ɩ  (5.8.10a) ὔɜ †ɩ  (5.8.10b) 

 ὔɜ †ɩ  (5.8.10c) ὔɜ †ɩ (5.8.10d) 

Eqns. 5.8.10c-d can be expressed in terms of eqns. 5.8.10a-b respectively, and by equating 

the latter pair of equations respectively to eqns. 5.8.5b-c, we obtain the following exact 

expressions for ɩ  and ɩ  in terms of ὅ , ɩ  (eqn. 5.8.4a) and an agglomeration of rate 

constants and species lifetimes: 

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 5.8.11a-b simplify to 

 ɩ
ὑὄὲὶὯὔɜ

ρ †Ὧὅ
 (5.8.12a) ɩ
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ρ †Ὧὅ
 (5.8.12b) 

Substituting eqns. 5.8.10 and 5.8.12 into eqn. 5.8.5f, we obtain an alternative to eqn. 5.8.6: 
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The non-dimensionalization scheme of eqns. 5.8.7a-b is still valid in this case, but instead 

of eqn. 5.8.7c, the reactor time scale † is defined by 
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 Using eqns. 5.8.7a-b and 5.8.14, eqn. 5.8.13 and its solution (using the same initial 

condition as for eqn. 5.8.8a) are expressed in non-dimensional form as: 
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And the expressions for the conversion ὢ (again with the same initial condition as for eqn. 

5.8.9a) are: 
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 We can use eqns. 5.8.9 and 5.8.16 to fit experimental data from Figures 3.1a and 

3.1c. The results are depicted in Figure 5.8 (a and b for conversion and conversion rate of 

change ï equivalent to styrene flow ï respectively), using σ„” ὶ πȢρυ for 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 under N2 at milling 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 for the chemical effect of O2. This is not surprising, 

since O2 slowly changes the surface chemistry of PS particles and causes concentrations of 

the surface species themselves to be time-dependent. 
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Figure 5.8. Curve fits of conversion and styrene flow data from Figure 3.1a,c using eqns. 

5.8.9 and 5.8.16 derived from the reactor theory.   
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS  

 

6.1. CONCLUSIONS 

 In this thesis, kinetics of the solid-state 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 elimination of one 

of these length scales in the reactor. The concept of these three characteristic length 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 mechanochemical depolymerization 

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 three characteristic length 

scales as a generalizable approach to classify and describe kinetic phenomena in solid-state 

poly(styrene) depolymerization with and without the addition of chemical catalysts such 

as iron powder. The length scales include the macroscopic reactor and molecular scales of 

conventional fluid-phase chemical reactors along with an intermediate or microscopic 

particle scale arising from the dispersed state of the reactant. 

 In Chapter 3, meticulous real-time monitoring of molecular-scale kinetics of small 

molecules production from ball mill grinding of poly(styrene) powder in oxidizing and 

inert atmospheres was paired with auxiliary characterization techniques on the powder 
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residue to elucidate a network of depolymerization mechanisms, and also to identify three 

important kinetic regimes in the depolymerization chemistry operative at short, 

intermediate and long milling times.  

 In Chapter 4, an order-of-magnitude increase in the rate of mechanochemical 

poly(styrene) depolymerization was demonstrated by eliminating intermediate particle 

scale kinetic phenomena through a temperature-induced physical transition of the reactant 

into a viscous ñcohesive stateò. 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 using experimentally 

accessible variables and intuitive mechanical parameters to 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 Chapters 2 and 3 through studying the 

kinetics of solid-state poly(styrene) depolymerization. The formulation of this theory is 

unprecedented in the current mechanochemistry literature and has the potential to be 

leveraged towards understanding and optimizing kinetics for any surface 

mechanochemical reaction conducted in a vibratory ball mill. 

In conclusion, deep understanding of the mechanochemical reactor environment 

was advanced along both the polymer chemistry front and the reactor engineering front. 

Solid state depolymerization of PS in the vibratory ball mill reactor revealed a rich tapestry 

of kinetic phenomena. The technological potential of mechanochemistry for the chemical 

recycling of poly(styrene) ï and by implication other olefinic polymers ï was explored as 

proof-of-concept. 
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6.2. RECOMMENDATIONS  

The systematic and arguably foundational nature of the work carried out in this 

thesis has not excluded the potential avenues for further investigation. On the contemporary 

academic scene, mechanochemistry remains something of an untamed frontier within the 

territories of the chemistry and chemical engineering empire. The operation of tools used 

to carry out mechanochemical reactions, the types of reactions and reagents amenable to 

mechanochemical treatment, and the fundamental physical phenomena behind mechanical 

contact-driven solid-state reactions are all broadly speaking still open 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 conditions and 

prevent repolymerization of monomer products. But nonetheless, ex-situ techniques 

showed that certain chemical properties of the reactant ï such as mechanoradical 

population and molecular weight distribution ï are slowly evolving functions of milling 

time. The simultaneous time-dependence of multiple reactant properties makes elucidation 

of fundamental kinetic phenomena a complicated task. Indeed, the reaction mechanisms 

proposed in Figure 3.5 were pieced together from a combination of real-time data of 

reaction products and ex-situ data on the polymer residue, so further understanding can be 

obtained on a system that allows for certain in-situ characterization of the residue directly, 

for example of particle size evolution and presence of certain functional groups. 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 custom-modifications of commercially available reactors to carry 

out50,184,227,228 ï this certainly applies to the work presented in this thesis. For example, 

laser spectroscopic techniques may only be practical on rotating drum mills and attritors 

where the reactor vessel operates with no translational motion. Hence, the importance of 

designing modular, customizable equipment towards the goal of studying 

mechanochemical reactions is highlighted. 

Regarding the cohesive state reported in Chapter 4, the observation of shear forces 

as the primary driver of depolymerization suggests the use of high-shear mechanochemical 

equipment such as the attritor or rotating drum milling or even the reactive extruder45 to 

scale up mechanochemical poly(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/upcycle, and this is especially true for high molecular weight feedstocks 

that are not suitable for pyrolysis chemistries. On the other hand, the molecular weight 

limiting effect discussed in Chapter 3 does imply pyrolysis to be the more effective 

approach for low molecular weight feedstocks. Further work may explore whether other 

polyolefins can form a cohesive state characterized by enhanced monomer production 

when ball milled near their glass transition range,126 or 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 theories based on 

principles of mass and energy balances are indispensable. The reactor theory exposited in 

Chapter 5 is a set of mass balances and accompanying constitutive equations applicable 
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specifically for the vibratory ball mill and specifically to powder reactants. The 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 reactive extruders, although 

the development of reactor-specific mathematical expressions (such as for a surface 

reaction rate) will have to proceed on a case-by-case basis.  

Further reactor model development can involve formulating a complimentary set 

of energy balance equations to the mass balances, which 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 literature.229,230 In the 

vibratory ball mill system can be modeled as follows: the driving machinery transfers 

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 endothermic, consume 

some of the heat dissipated by collisions. Since the mass balance equations assume surface 

reactions dominate, the model should account for the dominant modes of energy transfer 

across solid-solid (and possibly solid-gas) interfaces. Mathematical expressions for such 

modes of energy transfer have been utilized in computational models of temperature 

development in granular materials.231,232 Analysis of chemical transformations spatially 

resolved at the single-impact is also a promising approach that compliments development 

of reactor-scale energy balance.199 
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APPENDIX 

 

A1. MICROSCOPE IMAGES OF  POLY(STYRENE) RESIDUES 

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

   

   

   

   

Figure A1. Microscopy images of PS residue milled for various times. Each row contains 

three images of residue sampled from one experiment at one particular time and in one 

specific gas atmosphere. 
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N2; rows from top to bottom: residue at 60, 120, 240 and 480 min. 

   

   

   

   

Figure A1 (contôd). 
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A2. MASS SPECTRA OF DEPOLYMERIZATION PRODUCTS  

Toluene 

 

Ethylbenzene 

 

Styrene 
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[(1-

methylethyl)-

benzene] 

 
 

Allylbenzene 

[2-propenyl-

benzene] 

 

 

n-Propyl 

benzene 

 

 
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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Figure A2 (contôd). 
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A3. MOLECULAR WEIGHT AVERAGES AND DISTRIBUTIONS  

  

  

  
Figure A3. (a)ï(e) Molecular weight distributions of residues for different milling times 

and reactor conditions, with ñunmilledò denoting the pre-milled PS90 starting material, (f) 

molecular weight distributions of PS90 pellet and pre-milled starting material. dW = 

differential weight fraction; MW = molecular weight. 
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Figure A4. Molecular weight distributions of residues recovered from experiments 

discussed in Chapter 3 (a)-(b) and in Chapter 4 (c)-(d) in differential number fraction units 

versus logMW. 

 
 

Table A1. Number (MN) and weight (MW) average molecular weights and dispersion 

calculated from molecular weight distributions in Figure A4a-b 

 Nitrogen flow Air flow  

Time 

(min) 

MN MW Dispersity MN MW Dispersity 

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 from select numbered experiments 

detailed in Table 4.1, corresponding to distributions depicted in Figure A4c-d. 

Exp. ID Initial PS 

Loading (g) 

Gas 

phase 

Cooling MN MW Dispersion 

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  

  

  
Figure A5. Instantaneous molar yields (a)-(h) of individual and lumped products from PS 

powder ball milled under N2 and air atmospheres calculated from in-line GC downstream 

from reactor. 
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Figure A5 (contôd). 

 

 

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 combined in Figure A5b 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 that by switching from air to nitrogen 

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

(baseline) yield of allylbenzene under N2.  
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A5. ELECTRON SPIN RESONANCE ANALYSES 

 
(a) 

 
(b) 

 
(c) 

Figure A6. Mass-normalized ESR spectra obtained from residue of 1 g PS milled under N2 

atmosphere for (a) 240 min, (b) 120 min and (c) 60 min. 

 

ESR spectra of milled PS residue contain two main contributions: 

1. A sharp signal around g = 2 at a magnetic field of ca. 3360 G represents a mixture 

of carbon-centered radicals generated via mechanochemical scission of polystyrene 

chains and oxygen-centered radicals produced by oxidation of those carbon-

centered radicals.  

2. A broad signal spanning from 0 to 6000 G is observed in some cases. The most 

extreme case is depicted in Figure A6a. In addition, a smaller broad signal with a 

peak close to 3200 G is observed in some cases (see Figure A6b), which also 
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overlaps with the sharp signal of organic radicals at g = 2. 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, 

nanometer-sized oxidized iron structures in the enzyme ferritin feature very broad 

ESR signals spanning over several thousands of G.233 

We performed iron-free reference experiments with ZrO2 grinding spheres in a WC 

jar and confirmed a virtually flat baseline with a single organic signal around g = 2 (see 

Figure A6c). 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 values plotted in 

Figure 3.3b in the main text, all leading to similar results in terms of radical amounts vs. 

time. Data processed using the 5 methods individually are plotted in Figure 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 

and 3380 G. This approach is denoted as ñintensityò. 

2. We baseline-corrected the spectra to remove only the very broad contribution (see 

Figure S9). To this end, we fitted a 5th degree polynomial baseline to the data at 

2600ï3000 G and 3430ï4000 G 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 baseline-corrected intensity in a 
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magnetic field window between 3320 and 3380 G. This approach is denoted as 

ñintensity (broad baseline)ò. 

3. We baseline-corrected the spectra in a narrower region to remove both the very 

broad (see Figure A6a) and the less broad (see Figure A6b) background 

contributions. To this end, we fitted a 5th degree polynomial baseline to the data at 

3230ï3280 G and 3430ï3500 G 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 baseline-corrected intensity in a 

magnetic field window between 3320 and 3380 G. This approach is denoted as 

ñintensity (narrow baseline)ò. 

4. We first integrated the spectra to obtain microwave absorption signals. These were 

baseline-corrected by fitting a 5th 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 signals. For spectra recorded after 60 min 

of milling, the baseline was fitted to data at 3230ï3325 G and 3385ï3500 G, and 

the second integration was performed between 3325 and 3385 G. For spectra 

recorded after 120 min of milling, the baseline was fit to the data at 3230ï3295 G 

and 3410ï3500 G, and the second integration was performed between 3295 and 

3410 G. For spectra recorded after 240 and 480 min of milling, the baseline was 

fitted to data at 3230ï3280 G and 3430ï3500 G, and the second integration was 

performed between 3280 and 3430 G. This approach is denoted as ñintegratedò. 
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5. We first baseline-corrected the data to remove both the very broad and the less 

broad background contributions as described in the ñintensity (narrow baseline)ò 

procedure. Subsequently, we used the Python EPRsim package to simulate the 

resulting spectra in the regions between 3300 and 3400 G. To this end, we manually 

assigned an appropriate g 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 simulation two-fold between 3250 and 3450 G to 

obtain a measure for radical amounts. This approach is denoted as ñsimulationò. 

 
Figure A7. Relative radical concentrations versus time when milling under air or N2 -

according to different methods: Signal amplitude (intensity), two-fold integrated signal, 

signal amplitude after broad and narrow baseline correction, and fitting of a simulated 

spectrum to experimental data and two-fold integration. 




















