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Abstract 

Continual reduction of landfill space, rising CO2 levels, and plastic pollution are global issues 

that will only grow in time if not correctly addressed. The opportunity exists to replace 

petroleum-derived plastics with bioplastics. This, in conjunction with mechanical and chemical 

recycling, is a potential remedy that enables a circular economy. PLA is a leading bioplastic; 

its growing production capacity means its end-of-life treatment is becoming increasingly 

important. One beneficial disposal route for PLA is its chemical recycling via alcoholysis. The 

alcoholysis of PLA leads to the generation of value-added products alkyl lactates; this route 

also has potential for a circular economy. In this work, the alcoholysis of PLA was studied in a 

autoclave reactor. A range of alcohols were used as reactants to generate various alkyl lactates. 

Discrete synthesised catalysts and commercially available catalysts were investigated, as well 

as dual catalysis systems. Three kinetic models were applied to the experimental data: a simple 

first order model that only considers the initial degradation of PLA, a two-step consecutive 

model with irreversible second step, and a two-step consecutive model with the second step in 

equilibrium.  

This work concluded that increasing the nucleophilic alcohol chain length decreases alcoholysis 

reaction rate; the increased steric hinderance of a larger alcohol inhibits coordination to the 

catalyst and PLA ester groups. This work also concluded that dual catalyst synergy is only 

present if there is a great enough difference in pKa for each catalyst in addition to having both 

acid and base character. Further research is needed to fully explore synergistic Lewis acids-

base pairs; an understanding of their coordination and mechanism is required in order to fully 

exploit dual-catalysts systems for enhanced chemical recycling. The chemical recycling of PLA 

via alcoholysis is a promising end-of-life solution, adding value to the PLA supply chain 

through the generation of value-added ALs. 
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1 Chapter 1 – Introduction 

1.1 Background and Motivation 

Plastics (man-made polymers) are a group of relatively modern materials that have become 

ubiquitous in everyday life. They are utilized globally in a diverse range of applications: textile 

fibres, medical sutures, cosmetic enhancers, packaging materials and in the construction sector. 

Since their industrialisation in the 1950’s plastic production has grown at an extraordinary rate. 

By 2050 it is estimated that annual plastic production will reach 1.1 Gt, consuming 20% of 

global oil production [1,2]. Plastic’s astonishing growth has surpassed most other man-made 

materials with notable exceptions such as steel and cement [1].    

The excellent mechanical and barrier properties of plastics, coupled with a low bulk density, 

often make them the superior choice of material for an application. Further in their favour is the 

fact that traditional plastics have relatively cheap production costs when synthesised from 

petroleum, even when accounting for rising crude oil prices. The issues surrounding plastics 

arise at end-of-life, their robust mechanical properties lead to extremely long biodegradation 

times in the natural environment. The majority of postconsumer plastic is disposed of in landfill 

or the ocean, causing environmental damage as well as an economic loss [1–3].  Plastics are 

now so ubiquitous in the environment they can be found in every location on earth and have 

been suggested as a geological indicator of the proposed Anthropocene era [1,4]. Plastic 

pollution is an alarming issue, considering its production growth this problem is only set to 

increase in the future.  

The problems associated with plastic pollution could be mitigated by implementing a circular 

economy. In theory all thermoplastics can be collected and recycled at end-of-life. A circular 

plastic economy would reuse and mechanically recycle waste plastics when possible. Reuse 

and mechanical recycling have the lowest environmental impacts in comparison to other 
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disposal routes. The downside to mechanical recycling is that the recycled plastic will have 

diminished mechanical properties, furthermore the material will be of a lower quality in 

comparison to virgin polymer. During mechanical recycling polymer chains are exposed to 

thermo-mechanical degradation, the combination of mechanical stresses and high temperatures 

causes chain scissions reactions that shorten the polymer chains [5]. Each mechanical cycle will 

degrade the polymer chains further and diminish the final material properties, the mechanical 

recycling of PLA is discussed further in section § 2.5.4. To combat this plastics are often 

mechanically recycled alongside virgin polymer. Once recyclate polymer material becomes 

low-grade, mechanical recycling is no longer possible. While disposal routes such as landfill or 

incineration are still possible, chemical recycling exists as a third option that offers many 

advantages [3,6].  Chemical recycling routes are numerous, with many different strategies that 

generate either a value-added product or monomeric units of the recycled plastic. Recovered 

monomer could be used as a feedstock for new polymer synthesis, thus lowering the 

requirement for fossil fuels [7]. Chemical recycling offers the potential to reduce global 

warming impacts and fossil resource depletion [8].  

A leading bioplastic is poly(lactic acid) (PLA), which makes up a growing 13.9% of the 

bioplastic market; it is considered a bioplastic as it is both bio-based and biodegradable [9]. 

PLA is limited by its more expensive cost and brittleness in comparison to fossil-based plastics. 

Despite this, its main potential could be to replace poly(styrene) (PS) (6% of the total plastic 

production) as a more environmentally friendly polymer [1]. At end-of-life PLA should be 

chemically recycled instead of composted to recover the embedded energy of its molecular 

chains. Although it is possible to chemically recycle PLA via hydrolysis to generate its 

monomer lactic acid (LA), a more desirable recycling route from an environmental perspective 

is alcoholysis. LCAs have reported alcoholysis of PLA to have the most environment benefits 
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across impact categories, such as global warming, acidification, eutrophication, resource use, 

and photochemical ozone formation [10]. Alcoholysis provides the opportunity to generate 

value-added products alkyl lactates (AL) in addition to having a smaller activation energy (Ea) 

than hydrolysis. In comparison to end-of-life (EoL) treatments of other polyesters such as PET 

(Poly(ethylene terephthalate)), EoL of PLA is relatively under researched. A simple search of 

the terms ‘PET chemical recycling’, and ‘PLA chemical recycling’, on the web of science 

generated 1054 and 188 results respectively. Likewise, a search for these terms on google 

scholar generated 160000 and 47500 results respectively. PLA’s production capacity is 

expected to significantly increase in the future making its lack of literature around EoL 

treatment critical. Thus, PLA and specifically its chemical recycling via alcoholysis was 

investigated for this thesis. 

The work presented in this thesis focuses on the chemical recycling of PLA, specifically 

recycling is achieved via alcoholysis to generate AL. This depolymerisation process is 

considered a transesterification reaction; where an alcoholic nucleophile selectively cleaves 

PLA’s ester linkages, where the R group of the alcohol nucleophile swaps with the R group of 

the ester. The specific AL produced depends on the alcohol used: methanol (MeOH) will result 

in methyl lactate (MeLa), ethanol (EtOH) will result in ethyl lactate (EtLa), etc. These different 

alcoholysis reactions were optimised in terms of reactor parameters; additionally different 

catalysts were explored as well as the synergistic utilization of dual-catalyst systems. The 

specific details are addressed in the objectives below.  

1.2 Objectives of the Present Study  

After surveying the range of information about plastic pollution and the literature reported for 

PLA alcoholysis, the following objectives were set for the present study to address prior 

knowledge gaps: 
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i) To evaluate PLA alcoholysis and the kinetics of AL formation, using collaboration Zn 

(II) complexes, synthesised by the University of Bath  

a) To investigate different alcohol chain lengths and their effects on AL formation, to 

interpret reaction results and establish a kinetic model for the experimental data.  

b) To compare the catalytic performance of the two synthesised Zn (II) complexes and 

optimise their reactivity towards PLA transesterification.  

Work carried out in Objective (i) was part of an EPSRC project (EP/P016405/1) and 

collaboration with University of Bath.  The discrete Zn complexes were developed and prepared 

by the research group of Prof. Matthew Jones in the School of Chemistry at the University of 

Bath. The synthesis of these discrete Zn complexes is detailed in section §3.3.  The experimental 

data were fitted to kinetic model in MATLAB, the MATLAB script was provided by Dr. Luis 

A. Román-Ramírez from the School of Chemical Engineering University of Birmingham and 

is detailed in section §3.6. 

ii) To compare the catalytic performance of commercially available catalysts: zinc acetate 

dihydrate (Zn(OAc)2), and 4-(dimethylamino)pyridine (DMAP), on the rate of PLA 

alcoholysis.  

a) To explore catalyst mixtures and Lewis acid-base synergy and investigate the enhanced 

reactivity towards PLA depolymerisation.  

b) To investigate and compare the effect of MeOH and EtOH towards PLA 

depolymerisation. 

c) To establish a simplified kinetic model and fit the experimental data.  

iii) To evaluate and optimise PLA methanolysis and MeLa formation, using a range of 

commercially available catalysts: Zn(OAc)2, magnesium acetate tetrahydrate (Mg(OAc)2), 

DMAP and triazabicyclodecene (TBD).   
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a) To explore catalyst mixtures and acid-base synergies further exploiting enhanced 

reactivity for PLA depolymerisation.  

b) To investigate the molar equivalent of MeOH on the production rate of MeLa. 

c) To investigate the kinetics of catalyst mixtures using three kinetic models: a first order 

model that only considers the initial degradation of PLA, a two-step consecutive model with 

the second step being irreversible, a two-step consecutive model with the second step being in 

equilibrium. To compare resulting activation energies from these different kinetic models. 

1.3 Thesis Layout  

Given the range of objectives stated above the structure of this thesis is set as the following 8 

chapters.  

Chapter 1 provides a brief introduction and background information about current work as well 

as providing the objectives of this project.   

Chapter 2 presents an in-depth literature review discussing the background of plastics as well 

as its market share, pollution, motivation for recycling, and different recycling routes. 

Bioplastics are then introduced along with biodegradation. PLA is then discussed, covering its 

synthesis, mechanical properties, and its potential to mitigate climate change. PLA recycling 

routes are discussed, including mechanical recycling and various chemical recycling routes. 

One route alcoholysis is discussed in depth as this is the focus of the thesis; different catalysts 

are presented as well as the exploration of synergistic catalyst pairs. Issues associated with PLA 

on the already well-established mechanical recycling of PET are discussed, as well as a brief 

discussion of reactor types and plastic separation. This chapter includes parts from the 

publication, Recycling of Bioplastics: Routes and Benefits [11]. This paper comprises of work 

entirely from the thesis author. 
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Chapter 3 is a compilation of the list of materials and instruments used in this project, 

descriptions of the collaboration catalyst synthesis, the experimental set up, operating 

procedures, and analytical methods are described. Detailed information regarding the reactor 

and characterisation techniques are provided.  

Chapter 4 presents the investigation of alcohol chain length and its effect on the alcoholysis of 

PLA, collaboration synthesised catalysts were utilized here. This chapter is based on the 

publication, Kinetics of Alkyl Lactate Formation from the Alcoholysis of Poly(lactic Acid) 

[12]. While the catalyst synthesis and model were provided by colleagues on this collaboration, 

this paper comprises of work entirely from the thesis author. 

Chapter 5 reports the investigation of two commercially available catalysts Zn(OAc)2 and 

DMAP on the alcoholysis of PLA using both MeOH and EtOH.  This chapter is based on the 

publication, Synergistic Dual Catalytic System and Kinetics for the Alcoholysis of Poly(Lactic 

Acid) [13]. Prof. Andrew Dove provided help in the original discussion of dual catalysis. This 

paper comprises of work entirely from the thesis author. 

Chapter 6 presents the study of four commercially available catalysts Zn(OAc)2, Mg(OAc)2, 

DMAP and TBD, comparing their catalytic reactivity towards alcoholysis of PLA. This chapter 

is based on the publication, Methanolysis of Polylactic acid Using Catalyst Mixtures and the 

Kinetics of Methyl Lactate Production [14]. While this paper utilized the model provided by 

Dr. Luis A. Román-Ramírez, the work comprises entirely from the thesis author. 

Chapter 7 brings the results of the previous 3 chapters together into final conclusions. Important 

questions that should be addressed in future work are identified.  

Chapter 8 appendices such as experimental data, instrument calibrations, material 

characterisations, example calculations and MATLAB kinetic modelling scripts.  
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2 Chapter 2 – Literature Review 

2.1 Plastic Background 

Polymers have existed in nature long before the formation of the first cellular structures. A 

living cell is comprised of multiple organic polymer structures, such as cells walls, proteins, 

enzymes, and DNA, to name a few [15,16]. While the term ‘polymer’ was originally coined in 

1827 by Berzelius its modern definition differs significantly from its inception [17,18]. We now 

think of polymers as substances that are comprised of macromolecular chains, a macromolecule 

being defined as a structure comprised of multiple repeating units of low relative molecular 

mass (Mr) [16]. The macromolecular structure of polymers was not recognised until the 

landmark paper published by Staudinger in 1920, who was eventually awarded a Nobel Prize 

in 1953 [16,18,19].  

One of the earliest accounts of natural polymer usage was by the Ancient Mesoamericans. By 

1600 B.C they were producing rubber by mixing latex from Castilla elastica trees with juice 

from Ipomoea alba vines [20,21]. Similar to material chemists today, Mesoamericans could 

tailor the final properties of the polymer by changing initial reaction conditions [20,21]. By 

using different ratios of latex and I.alba juice they were able to make rubber balls with high 

elasticity that bounce, high wear resistance rubber sandal soles, and rubber bands used in tool 

making [21]. Over two millennia later in 1839 Goodyear discovered natural rubber 

(polyisoprene) can be vulcanized with sulphur. This process crosslinks the polymer chains and 

hardens the final rubber material [16,20]. Many developments relating to natural rubber and 

cellulose were made during the 19th at the start of the 20th century. 

The next major development was carried out by Baekeland in the years 1905 to 1909, where he 

discovered a phenol-formaldehyde resin (Bakelite) [16]. The commercialisation of Bakelite is 

significant as it is considered to be the first completely synthetic thermosetting plastic [17,18].  
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The success of Bakelite led to the rapid development of many other types of polymers, notably 

PET was developed by ICI in 1943 [18]. The true commercialisation of plastics began in the 

1950’s with the discoveries of Ziegler’s organometallic catalyst systems and Natta’s 

stereoselective olefin polymerisation [22]. Their combined efforts won them the 1963 Nobel 

prize in chemistry, and their discoveries led to the application of Ziegler-Natta catalysts for 

olefin polymerisation ushering in the “age of plastics” [23]. The ensuing rapid growth in plastic 

production is extraordinary surpassing most other man-made materials [1].  

2.2 Plastic Definition  

Plastics can be made with a near limitless variety of structures and can be tailored in terms of 

both their repeating monomer units and the way their polymer chains are linked together. Based 

solely on chain linkage, polymers can be separated into four distinct groups: thermoset, 

thermoplastic, elastomer, and thermoplastic elastomer [3]. A thermoset polymer undergoes 

irreversible polymerisation from a liquid to solid state when heated, forming a highly cross-

linked molecular structure that cannot easily be melted and therefore is difficult to recycle 

[24,25]. (A special class of thermosets known as vitrimers have dynamic covalent bonds so can 

easily be recycled [26]). Elastomers, like thermosets, also consist of cross-linked polymer 

chains but can undergo elastic deformation when exposed to a load, and will return to their 

original shape once the load is removed [27]. Unlike thermosets, a thermoplastic can be 

repeatedly softened upon heating and will harden when cooled, opening up the potential to be 

recycled. A thermoplastic has an internal structure consisting of linear macromolecular chains 

held together by relatively weak intermolecular forces, such as Van der Waals forces, dipole-

dipole interactions, and hydrogen bonding, to name just a few [25,27]. Thermoplastic 

elastomers are polymers that exhibit both thermoplastic and elastomeric properties [28]. 
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Tacticity is the relative stereochemistry of adjacent chiral centres within a macromolecule. The 

tacticity of a thermoplastic is significant as it determines the physical properties of the material. 

The regularity of polymer chains in addition to substituent steric effects, determines the degree 

of crystalline long-range order and amorphous long-range disorder. The tacticity of a 

thermoplastic determines its crystallinity, typical range of crystallinity can be defined as 

completely amorphous (0%) to highly crystalline (>90%). An amorphous thermoplastic, such 

as poly(vinylchloride) (PVC), and polystyrene (PS), has random arrangements of molecular 

chains [29–31]. Due to long-range disorder amorphous thermoplastics lack a sharp melting 

point and will soften gradually as temperature increases. Semi-crystalline thermoplastics, such 

as polypropylene (PP), and high-density polyethylene (HDPE), have both crystalline regions of 

molecular chains in addition to amorphous regions [29–31]. Semi-crystalline thermoplastics 

have a sharp melting point and will quickly change state into a low viscosity liquid above its 

melting temperature (Tm).  

2.3 Plastic Market Share and Application   

The global plastic market size was valued at £432 billion in 2020 [32].  The proportion (by 

mass) of different polymer types that make up the plastic production year 2017 was as follows: 

PP 17%, LDPE 16%, HDPE 13%, PVC 9%, PET 8%, poly(urethane) (PUR) 7%, PS 6%, other 

4%, additives 6% and PP&A 14%. PP&A is fibre production which consists primary of 

poly(ester), poly(amide) and poly(acrylic) fibre with PET accounting for 70%. These eight 

polymer groups and their additives made up 96% of plastic production that year [1,33]. 

Packaging applications used 42% of all nonfibre plastics (mostly PP, LDPE, HDPE, and PET); 

the next largest consuming sector is building and construction which used 69% of all PVC and 

19% of the total nonfibre plastics [1]. 
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In general plastics have excellent mechanical and barrier properties as well as relatively cheap 

production costs; this has allowed them to replace classic materials (metal, paper, glass) in many 

applications as the superior choice. Using plastic components in vehicles results in a lower 

environmental impact, HDPE fuel tanks have a smaller life cycle energy consumption of 3.6 

GJ per tank in comparison to steel at 4.9 GJ per tank [34]. Comparing the life cycle assessment 

(LCA) for beverage-packaging materials made out of glass, aluminium cans, PET, and PLA, 

PLA followed by PET displayed the smallest greenhouse gas (GHG) emissions [35].  Another 

LCA study reported recycled PET bottles has the smallest Global Warming Potential (GWP) 

followed by virgin PET, then glass [36]. HDPE bags have been reported to have a 2.5× smaller 

environmental impact than paper bags [37]. Another study compared the LCA for single use 

bags and reusable bags. The study concluded after 50 instances of reuse PP non-woven bags 

have the smallest GWP, followed by HDPE, biodegradable plastic, cotton woven, and kraft 

paper bags at 14, 16, 17 and 81 times higher GWP impacts respectively [38]. Despite public 

perception, plastics are often the more environmentally friendly material in comparison to 

classic materials.    

2.3.1 Recycling Motivation 

Plastics have revolutionised global sectors such as transportation, healthcare and 

communications, greatly improving the quality of human life [39]. Despite the advantages of 

plastic materials their production from fossil-fuels and lack of EoL treatment is unsustainable. 

In 2014 plastic production reached 311 Mt, 26% by volume (approximately 81 Mt) was used 

in packaging applications [2]. Only 5% of the 81 Mt of plastic packaging was collected and 

recycled for subsequent use. This means a staggering 95% of packaging material was lost after 

short/single use which had an estimated value of £59 – 90 billion [2]. The unsustainability is 

attributed to the lack of a circular economy; as of 2015 it was estimated that only 9% of all 
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plastic ever produced was recycled; 12% was incinerated, and alarmingly 79% has accumulated 

in landfills or the natural environment [1]. 

In the year 2010 an estimated 5-13 Mt of plastic waste entered the ocean [40]. An estimated 

100 Mt of plastic waste will end up disposed of in the oceans in just a 15 year period after 2010 

[41]. Approximately 30% of this is HDPE and PP; these polyolefins have been reported to have 

a maximum weight loss of only 0.8% and 0.6% respectively after six months in the ocean [1,42]. 

Once plastic enters the ocean it will slowly degrade and fragment into increasingly smaller sizes 

ranging from: macro >5 mm, micro <5 mm, and nano <100 nm. At all sizes plastics have been 

reported to negatively impact marine organisms causing widespread contamination of ocean 

ecosystems [43,44]. It is well reported that microplastics ingested by zooplankton and 

phytoplankton/algae inhibit growth and cause other negative impacts on their health and 

function [43–46]. Considering that approximately 70% of the world’s oxygen is produced from 

photosynthesizing marine plants, microplastic pollution could have serious consequences for 

climate change and global warming [43,47]. Ultimately microplastics bioaccumulate up the 

food chain and enter the human body, annual microplastic consumption in humans ranges from 

74,000 – 121,000 particles [48]. Once inside the body, constituent monomers, additives, and 

toxins are released, causing physiological harm ranging from oxidative stress to carcinogenic 

behaviour [49]. Ingestion of microplastics have also been reported to act as endocrine 

disrupters,  causing disruption of spermatogenesis and sperm maturation which could lead to 

male infertility [50,51].       

2.3.2 Recycling Methods 

Before plastic waste can be recycled several key steps are required: collection, sorting, cleaning, 

size reduction, and separation by polymer types [52]. Collection of postconsumer plastic largely 

depends on governmental legislation and regional collection schemes [53]. After size reduction 
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a range of separation techniques can be applied to separate plastic flakes into polymer type. 

One commonly used technique is sink/float separation which separates polymers based on their 

density.  Using water allows for the easy separation of the polyolefins (PP, HDPE, and LDPE) 

from the other commodity plastics (PVC, PET and PS) [52].  Using different solvents can allow 

for the separation of PS from PET; however, this technique is limited and cannot separate PLA 

or PVC from PET as they have too similar densities [52]. Other techniques such as X-ray 

detection or Fourier-transform near-infrared, are capable of characterising similar density 

polymers allowing for separation [52]. One practical (low cost and simple to use) separation 

technique is froth flotation which is able to separate PVC and PLA from PET [54,55]. Another 

promising characterisation technique is triboelectric separation. This technique works by 

applying electrostatic charge to mixed plastics, by measuring the rate of charge relaxation it is 

possible to separate into polymer groups such as PP, PET/ PS, PVC, and HDPE [56,57].  

Once separated into polymer type there are four possible recycling routes as shown in                               

Figure 2.1. Reuse and primary recycling (closed-loop mechanical), secondary recycling (open-

loop mechanical), tertiary recycling (chemical), and quaternary recycling (energy recovery). 

Primary and secondary recycling are both mechanical recycling techniques. These methods 

reprocess plastic waste material into new plastic products e.g the manufacturing of plastic 

bottles from used plastic bottles. Tertiary recycling is the reprocessing of waste plastic by 

chemical means into basic chemicals and monomers. Quaternary recycling are methods that 

recover energy through combustion of plastic turning the waste into energy for power and 

heating [58]. 
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Figure 2.1 Different plastic waste treatment options and associated plastic quality. 

A) Primary recycling is a closed loop recycling method that can only be carried out on high 

quality plastic scrap of known history. It refers to either the reuse of the material or the closed 

loop mechanical recycling of scrap plastic to produce products with the original structure 

[59,60]. An example of this is the recycling of scrap PET that arises during PET bottle 

production; the scrap PET is remelted with virgin PET to generate new bottles. This is the most 

efficient and cost-effective type of recycling, a market for the recycled material is certain and 

it reduces the need for virgin material. However, only a clean uncontaminated single type of 

plastic can be recycled and there is still a limit on the number of cycles of the material. 

B) Secondary recycling refers to the transformation/downgrading of waste plastic into a less 

demanding product via mechanical means (screw extrusion, injection moulding, blow 

moulding, etc.) [25,58–60]. Mechanical recycling offers the following advantages over 

chemical recycling: a lower processing cost, lower global warming potential, less non-

renewable energy use, and less acidification and eutrophication [61]. Secondary recycling is 

considered downgrading because the final product will have diminished properties that 

deteriorate with each cycle. Deterioration is due to a build-up of contaminates, water, and 

impurities, that cause chain-scission reactions along the polymer chains. These scission 
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reactions lower the mass average molecular weight (Mw) of the polymer and decrease its 

mechanical properties [25,62]. To combat this, plastics are often mechanically recycled 

alongside their virgin polymer. For example, the mechanical recycling of poly(ethylene 

terephthalate) (PET) bottles often has a virgin to recyclate ratio of 7 : 3 [6]. While this partially 

improves some mechanical properties, overall downgrading still occurs, meaning mechanical 

recycling alone it is not a long-term solution to the global plastic waste problem [63].  

C) Tertiary recycling (chemical recycling) is used to describe chemical processes which 

depolymerise and degrade plastic waste into monomeric units or directly into other useful 

materials. Chemical recycling methods are diverse and numerous, and depending on the 

polymer type each technique will have its advantages and disadvantages. Some of the more 

common methods are: pyrolysis, alcoholysis, glycolysis, hydrogenation, gasification, and 

hydrolysis [60,64]. Once the monomer has been obtained it can be used as a feedstock for the 

production of virgin plastic resulting in a closed loop circular economy [58,63,64]. Chemical 

recycling has  the following advantages over mechanical recycling: the opportunity to produce 

value-added material, and a truly circular economy as polymers can be chemically recycled for 

an indefinite amount of cycles [52,63]. Even though chemical recycling techniques have been 

long established and offer clear advantages over mechanical recycling, widespread utilization 

has been limited. This is mainly due to high start-up and processing costs relative to cheap 

petrochemical feedstocks. 

D) Quaternary recycling Quaternary recycling refers to the process of energy recovery from 

the incineration of plastic waste. Plastics are high-yielding energy sources; when they are 

burned the resulting heat energy is used to generate steam, turn a turbine and generate electricity 

[59,60,65]. As plastic waste is mechanically recycled via primary and secondary techniques its 

material properties are downgraded with each cycle [62]. Low-grade plastic material is not 
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suitable for mechanical recycling so the majority of low-grade plastic is discarded in landfills; 

this is tremendously unstainable and leads to the contamination of ecosystems [58]. Quaternary 

recycling is beneficial since it helps to reduce the plastic volume in landfills and is obtaining 

value from waste material. However, during combustion, hazardous substances such as 

halogenated additives and dioxins can be released into the atmosphere [65,66]. Usage of 

quaternary recycling has increased because of higher levels of efficiency of new incinerators 

[65]. Although the incineration of low-grade plastic is better than landfilling it should only be 

undertaken when other methods of recycling are no longer possible. This type of recycling 

should only be carried out as a last resort as it completely destroys the polymer, meaning any 

intrinsic valve imbedded in the polymers’ molecular structure is lost. Other recycling methods 

such as chemical recycling retain the molecular structure, thus making better use of the 

embedded energy [59,66]. 

2.4 Bioplastics 

A bioplastic is defined as either bio-based, biodegradable, or a combination of both [9,67,68]. 

A polymer is considered bio-based if its feedstock is a renewable biomass source such as 

vegetable fats, cellulose, and corn starch. A polymer can be either fully or partially bio-based 

[69]. Bio-based plastics are more sustainable materials than fossil-based plastics. The plants 

which provide the biomass feedstocks for biopolymers absorbed CO2 as they grew, and in this 

way the net carbon footprint of bioplastic production is reduced [70]. There is an important 

distinction between first- and second-generation biomass; the first refers to food biomass (e.g. 

sugar cane) whereas the latter refers to inedible biomass (lignocellulosic material) [71]. Using 

a second-generation biomass such as forest residues to synthesize bioplastics, would mitigate 

climate change effects due to smaller carbon footprints than first generation [72,73]. For 

bioplastics to replace conventional fossil-based plastics several issues need to be addressed. 
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There needs to be a cost reduction in their production, a need to improve their 

thermomechanical and barrier properties, improved speed of biodegradability, and a wider 

availability [67]. As the bioplastic market continues its rapid growth, its total production 

capacity increases and so its production prices will fall [74]. The key issue then is if the 

properties of bioplastics can be improved to become competitive with fossil-based plastics. 

While bioplastics are a solution to fossil-based commodity plastic it is entirely possible to 

synthesise fossil-based plastics such as PE, PET, and PP, from 100% biomass sources and thus 

make bioplastics.   

To limit the scope of this discussion only bio-PET is discussed. The majority of bio-based PET 

currently in circulation is only 30% partially bio-based where only one of its monomers, 

ethylene glycol (EG), is produced from biomass [75]. Technical constraints have limited 

terephthalic acid (TA) production from fossil fuels [76]. A possible solution is to use abundant 

lignocellulosic biomass from forest residues to generate bio-based TA [72,77]. Yeast 

microorganisms can be used to convert lignocellulosic biomass into isobutanol, isobutanol can 

be further processed into paraxylene a precursor to TA [78,79]. While a variety of biomass 

sources can be used to generate bio-versions of TA and EG, different sources will have different 

environmental impacts. Bio-PET bottles with precursor TA obtained from forest residues have 

a CO2 emission of 4.14 – 4.92 kg CO2 equivalent per kg PET bottle. This is 27% lower than 

bio-PET with precursor TA derived from corn stover, and 21% lower than bio-PET with fossil 

derived TA [77]. This highlights that synthesis from a renewable resource does not necessarily 

mean a lower environmental impact than synthesis from fossil fuels [77,80,81]. 

Bio-PET, bio-PE, and bio-PP, have identical properties to their fossil-based versions but have 

significantly lower carbon footprints (when the biomass source is second generation). However, 

sourcing monomers from biomass is typically more expensive than obtaining monomers from 
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fossil fuels; thus, production of these bioplastics has been limited. If the majority of PET, PE, 

and PP in circulation was sourced from biomass it would make PLA less attractive as a 

bioplastic. However, PLA’s biggest potential is to replace PS in its applications as a lower 

carbon footprint material. While bio-based functional styrene monomers and copolymers have 

been produced, 100% Bio-PS has not yet been synthesised [82,83].    

2.4.1 Biodegradation  

When a polymer biodegrades it is a combination of abiotic reactions (photodegradation, 

oxidation, hydrolysis) and enzymatic cleavage of polymer chains into metabolic products (H2O, 

CO2, biomass, etc.) [84,85]. Microbial characteristics affecting the biodegradation rate include: 

the type of microorganism  present, the microorganisms distribution, the growth conditions of 

the microbes (pH, temperature, moisture content, oxygen, nutrients), and the types of enzymes 

used by the microbes (intracellular, extracellular) [84,86–88]. Plastic characteristics that affect 

the biodegradation rate include the surface conditions (hydrophilic, hydrophobic), the first order 

structure (chemical structure, molecular weight) and the high order structure (Glass transition 

temperature (Tg), Tm, crystallinity) [87,88].  

Biodegradation occurs in two discrete stages. In the first stage polymer chains are degraded and 

shortened by both abiotic reactions and extracellular enzymatic attack. Enzymes preferentially 

degrade the less-ordered amorphous regions of a plastic. During biodegradation amorphous 

regions rapidly decrease, while the proportion of crystalline regions increases and level off near 

100% [88]. The second stage occurs when the polymer chains have reached a sufficiently small 

size, allowing for transportation into the cells of the microorganisms where they can 

bioassimilate and mineralize [85]. There are several international standards which define the 

biodegradability of bioplastics, each under specific conditions. The standard EN 13432:2000, 

for instance, states that for bioplastics to be compostable they must decompose by 90% and 
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mineralize within 3 months in an industrial composter between 50 – 60 °C [89]. In principle, it 

is not necessary to collect biodegradable plastics since they can be left to biodegrade in the 

environment which offers several advantages: increased soil fertility, lower accumulation of 

plastic in landfills, and a reduction in the cost of waste management [67,86,90]. Depending on 

the type of bioplastic and the conditions of the compost its rate of degradation may be 

significantly less than desired. Another disadvantage of biodegradation is that any value 

imbedded in the polymer’s molecular structure is lost.  

It should be noted that composting in oxygen is considered aerobic digestion, while anaerobic 

digestion involves composting in the absence of oxygen and produces biogas. While anaerobic 

digestion is slower is it considered better for the environment. One study found that anaerobic 

digestion of PLA cups performs better in the majority of impact categories in comparison to 

aerobic composting and incineration [91]. While anaerobic digestion has potential for energy 

recovery it is still more beneficial to recycle postconsumer PLA mechanically, and once low-

grade recycle chemically to recapture more material value [63,92,93].  

2.5 Poly(lactic acid)   

PLA is a polyester thermoplastic that makes up a growing 13.9% of the bioplastic market [9].  

It is considered a bioplastic as it is biodegradable and its feedstock is a renewable biomass 

resource. Depending on its tacticity it can have semi-crystalline or even completely amorphous 

characteristics. Traditionally PLA has been manufactured through the inexpensive 

polycondensation of its monomer lactic acid (LA). This condensation reaction only yields low 

molecular weight (Mw) PLA due to: a viscous polymer melt, the liberation of water, and 

intramolecular transesterification (“backbiting”) reactions that form lactide [63,94–97]. The 

industrially preferred method of synthesis is the catalytic ring-opening polymerisation (ROP) 

of lactide (cyclic dimer of LA), via the coordination-insertion of tin(II) octoate, Figure 2.2 
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[23,63,94,98]. Other ROP pathways are possible such as anionic, cationic and organocatalytic; 

however, coordination-insertion has been accepted as the most effective method in terms of 

high Mw (Mw >100,000 g/mol) and microstructure of PLA [99]. Although the ROP of lactide is 

unfavourable entropically, the relief of its ring strain acts as the thermodynamic driving force 

for the reaction [99].  

 

Figure 2.2. Coordination insertion ring opening polymerisation. H+ represents a proton source. 

The mechanical properties of PLA depend on both the Mw and the degree of crystallinity 

(dictated by its tacticity), Table 2.1  [29,100,101]. A higher Mw will increase the glass transition 

temperature (Tg) and the melting temperature (Tm) as well as the tensile strength and the elastic 

modulus. PLA is limited by its inferior barrier properties and its relative brittleness compared 

to existing fossil-based plastics, Table 2.2 [102]. PLA’s brittleness can be improved by blending 

with tough polymers or via plasticization block copolymerisation, which has been shown to 

increase the strain at break but reduces the material’s tensile strength [103].  

Table 2.1. Thermomechanical properties of different PLA tacticities vs other and fossil-based plastics. 

Properties PLA PLLA PDLLA PET LDPE HDPE PP 

Tensile strength (MPa) 21 - 60 15.5 - 150 27.6 - 50 31.9 10 155 38 

Tensile modulus (GPa) 0.35 - 3.5 2.7 - 4.14 1 - 3.45 1.98 0.2 7.5 1.7 

Ultimate strain % 2.5 - 6 3 - 10 2 - 10 1.7 620 65 400 

Tg (°C) 45 - 60 55 - 65 50 - 60 67 - 80 -30 - -10 

Tm (°C) 150 - 162 170 - 200 Am 168 - 182 130 130 176 

Am = amorphous thus no melting point. 
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Table 2.2. Barrier properties of PLA in comparison to other fossil-based plastics at 30°C. 

Permeation gas 

[x10-10 cm3 (STP)· cm 

cm-2 s-1 cmHg-1] 

PLA LDPE PS PET 

N2 1.3 1.9 2.2 0.008 

CO2 10.2 28 10.5 0.2 

O2 3.3 6.9 2.6 0.04 

CH4 1 4 2.3 0.004 

 

Despite these limitations PLA is still a promising bioplastic; its main potential could be to 

replace PS in its applications (6% of the total plastic production) as a more environmentally 

friendly polymer [1]. Using blowing agents such as CO2 it is possible to manufacture low-

density expanded PLA (EPLA); this material is a sustainable alternative to expanded PS (EPS) 

[104]. Despite having similar mechanical properties, EPLA has some drawbacks in comparison 

to EPS. EPLA is limited by its relatively low Tg (50 – 60 °C) in comparison to EPS which has 

a higher Tg (100 °C). The low Tg results in poor heat resistance so EPLA may deform when 

used at temperatures in the vicinity of its Tg. This is particularly problematic during storage or 

transportation where EPLA could be exposed to relatively high temperatures [105]. EPLA’s 

poor heat resistance is improved by increasing the degree of crystallinity; however, EPLA 

suffers from very slow crystallization kinetics [106]. Finally EPLA is also limited by its low 

melt strength which causes a smaller expansion ratio; this results in a foam that is less light 

weight, has a lower cushioning and heat insulating ability [105,106].   

2.5.1 Production of Lactic Acid  

While it is possible to produce LA directly from chemical synthesise the majority in circulation 

has been produced via microbial fermentation of carbohydrates [95,107,108]. A fermentation 

broth contains a complex mixture of impurities (nutrients and cell debris) which makes the 

purification of LA a costly and crucial step [109]. In fact, the complexities associated with 

fermentation and separating LA from mixtures accounts for 50% of the overall costs for PLA 
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synthesis [23,109,110]. A further 30% of the overall cost is attributed to lactide synthesis. 

Typically, industry synthesises lactide via a two-step process: first polymerisation of LA to low 

Mw PLA, followed by thermal degradation and backbiting reactions of low Mw PLA to generate 

lactide. Depending on the optical properties of the low Mw PLA will determine the yields of L-

lactide, D-lactide and meso-lactide  [95,110]. Only 20% of the overall cost of PLA synthesis is 

due to the ROP step; these additional costs make PLA less competitive with fossil-based plastics 

[23,111].  Instead, these extra costs could be avoided by recovering LA or lactide directly from 

the chemical recycling of postconsumer PLA. LA has been identified as one of the top 30 

building blocks to access a large variety of commodity chemicals shown in Figure 2.3. LA 

production is projected to increase annually by 5 – 8% [112,113]. The versatility of LA along 

with growing climate change pressures has caused a significant increase in PLA and PLA 

depolymerisation research.  

 

Figure 2.3. The versatility of LA as a platform chemical. 
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Depending on the bacteria used, fermentation processes are classified as either 

homofermentative or heterofermentative. Homofermentative bacteria generate two molecules 

of LA per molecule of glucose, whereas heterofermentative bacteria generate only one molecule 

of LA per molecule of glucose, as well as EtOH and CO2. Industrial fermentation typically 

utilise homofermentative bacteria; most often a genus of Lactobacilli is used which produces a 

high yield/rate of lactic acid [95]. Industrial fermentation is carried out in large-scale batch 

reactors with conditions: pH (5.4 – 6.4), temperature (38 – 42 °C), low oxygen concentration, 

and a simple carbohydrate such as glucose [108]. Fermentation offers numerous advantages 

such as: utilisation of second generation biomass, low energy consumption, and the generation 

of optically pure D-lactic acid (D-LA), or L-lactic acid (L-LA) [107,114]. Since a LA molecule 

has only one chiral carbon there are two optically active forms D-LA and L-LA, shown in 

Figure 2.4 [69]. Lactide is the cyclic dimer of LA so contains two stereocenters, it exists in 

three possible stereoisomeric forms: a pair of enantiomers L-LA (S,S), and D-LA (R,R), or as 

meso-lactide. Meso-lactide refers to a lactide molecule with both (S) and (R) chiral carbons, 

whereas rac-lactide refers to a racemic mixture of the enantiomers L-LA and D-LA [69,96,108].  

 

Figure 2.4. Stereoisomeric forms of lactic acid and lactide. 
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2.5.2 Stereoisomerism 

The polymerisation of three lactide stereoisomers and rac-lactide leads to 5 possible tacticities 

for PLA: isotactic, isotactic stereoblock, syndiotactic, heterotactic, and atactic, Figure 2.5 

[63,69,96,115,116]. Isotactic PLA is semi-crystalline and is synthesized via ROP of either 

enantiopure monomer L-lactide or D-lactide, to produce PLLA and PDLA respectively. The 

stereocenters of the repeat unit either (S) or (R) are maintained along the whole PLA chain 

[117].  

 

Figure 2.5. Stereochemical configurations of PLA. 
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This regularity means isotactic PLA chains pack well so exhibit higher crystallinity and have 

stronger intermolecular forces compared other tacticities. This is reflected in its well defined 

high melting point (Tm =180 °C) [69,96]. Isotactic stereoblock is also semi-crystalline but is 

synthesized via ROP of rac-lactide utilizing a racemic catalyst [69,96,118]. Syndiotactic PLA 

is also semi-crystalline and is produced via ROP of meso-lactide to produce PDLLA; the 

stereocenter of the repeat unit will alternate along the polymer backbone.  Heterotactic PLA is 

amorphous and is produced via ROP of meso-lactide using a racemic catalyst. This tacticity can 

also be produced via ROP of rac-lactate where the insertion of D- and L-lactide alternates, 

producing linkages of –(R)(R)(S)(S)– along the polymer backbone. Atactic PLA is also 

amorphous and its polymer backbone consists of a random arrangement of stereocenters (S)/(R), 

impairing any long range order, which explains its undefined melting point and a low glass 

transition temperature (Tg) [27,63,69,96,117]. 

2.5.3 Biodegradation 

It is important to define the environmental conditions needed to decompose a biodegradable 

polymer. PLA biodegradation only occurs in a favourable environment of high temperature and 

humidity when appropriate microbes are present [119,120]. While PLA fully decomposes into 

CO2 and H2O in a large scale composter at 50 – 60 °C in 90 days, its biodegradation in land 

littering or seawater is less than desired [87,94]. PLA degrading microorganisms occur 

significantly less in the environment compared to other polyester degraders. The percentage of 

PLA degrading microbes in soil is only 0 – 0.04%, whereas degrading microbes for another 

biopolymer poly(3-hydroxybutyrate) (PHB) is between 0.2 – 11.4% [121]. After one year in a 

marine environment at 30 °C PLA only biodegrades by about 8%, whereas biopolymer poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) biodegrades by about 80%, Table 2.3 [122]. 

PLA composites have been reported to increases PLA biodegradability. In soil, the rate of 
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weight loss of pure PLA is ≈ 0% annually, whereas starch/PLA composites have a weight loss 

of 0 – 15% annually, and a starch/poly(hydroxyester-ether)/PLA composites have a weight loss 

of 4 – 50% /year [123]. The anaerobic biodegradability of PCL, PHB, and PLA was studied in 

soil at an average temperature of 10 °C , the biodegradability was 90% in 9 days, 29 – 49% in 

277 days, and 3 – 22% in 277 days respectively [124]. 

Table 2.3. Marine biodegradation for PLA, LDPE and PHA after 1 year. 

Polymer 
% Biodegradation after 1 

year 

PLA 8.41 

LDPE 5.63 

PHBV 81.81 

 

2.5.4 Mechanical Recycling  

Comparing the LCA of different disposal routes, mechanical recycling shows the lowest 

environment impact, followed by chemical recycling, and composting [125]. Mechanical 

recycling offers several advantages such as relative simplicity, a low investment, and controlled  

technological parameters [59,126]. On the other hand, mechanical recycling causes unavoidable 

downgrading of the polymer material, limiting the number of cycles possible [125]. During the 

mechanical recycling of a PLA its polymer chains are exposed to thermo-mechanical 

degradation. The combination of mechanical stresses and high temperatures causes chain 

scissions reactions that shorten the polymer chains [5].  The service life of the plastic also 

exposes it to degrading sources such as: oxygen, light, and water. Degradation causes physical 

and chemical changes to the polymer’s molecular structure, increasing structural heterogeneity 

and changing the thermal, viscoelastic, and mechanical properties of the polymer [5,126,127]. 

The following mechanistic routes occur during the thermal degradation of PLA: (i) hydrolysis, 

which forms hydroxyl and carboxyl linear oligomers with a shorter chain length; (ii) 

esterification; (iii) intramolecular transesterification, ‘backbiting’ reactions occurring both from 
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the chain ends and the middle of the chain, forming cyclic oligomers and linear species with 

shorter lengths; (iv) intermolecular transesterification, where ester units of different polymer 

chains interchange; (v) chain scission reactions, consisting of acyl-oxygen, alkyl-oxygen, and 

β-scission homolysis at temperature above melting; (vi) other radical reactions, which produce 

random chain cleavage forming linear hydroxyl and carboxyl terminated species [126,127]. 

Beltrán et al. simulated the effects of mechanical recycling processes on the structure and 

properties of PLA [128]. Attenuated total reflectance infrared (FTIR-ATR) spectroscopy and 

differential scanning calorimetry (DSC) revealed that after one melt reprocess recycled PLA 

displayed insignificant change in optical, mechanical, and gas barrier properties compared to 

with virgin PLA [128].  

Karasiewicz et al. studied the effect of multiple (10 times) extrusion cycles on PLA and its 

effect on its mechanical properties [129]. After 10 extrusion cycles there was no significant 

effect on the Tg, the crystallisation temperature decreased with each extrusion cycle, and the Tm 

only slightly decreased after 10 cycles [129]. The mechanical properties of PLA decreased with 

each extrusion cycle: after 10 cycles the tensile strength displayed a 5.2% reduction, the 

ultimate strain at break had a 8.3% reduction, the impact strength had a 20.2% reduction, the 

permeability of water vapour and oxygen had increased in transmission rate by 39% and 18% 

respectively [129]. These results highlight the mechanical recycling of PLA up to 10 times 

causes only a small reduction in mechanical and gas barrier properties. However, the reduction 

in properties is enough to prevent the utilization of the recycled material from the same 

application as its virgin counterpart.  

One way to counteract the material downgrading that comes with mechanical recycling PLA is 

to add a chain extender during the extrusion cycle. This helps partially recover the diminished 

Mn and other mechanical properties, making the recycled PLA more comparable with virgin 
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PLA [130]. Another way to combat downgrading is to mechanically recycle postconsumer PLA 

alongside virgin PLA, similarly to PET mechanical recycling that uses a recyclate to virgin ratio 

of 3:7 [6]. This is useful as it generates a ‘recycled’ PLA material that still has sufficient 

mechanical properties to meet the same application as the virgin PLA. A downside to 

mechanically recycling with virgin polymer is production is still somewhat linear; a truly 

circular economy is only possible using chemical recycling routes. Taking this all into account 

the mechanical recycling of postconsumer PLA is a promising recycling route. It has been 

estimated that in order for postconsumer PLA mechanical recycling to be profitable, there needs 

to be a global production of at least 200 kt and the recycling facility should  be able to process 

at least 5 – 18 kt annually [131,132]. PLA makes up 13.9% (293 kt) of the bioplastic market 

(2.11 Mt), so there is enough PLA in global circulation to make its mechanical recycling 

profitable [9]. Since PLA production is predicted to increase in the future its mechanical 

recycling becomes even more feasible.  

2.5.5 Chemical Recycling Routes 

Chemical recycling offers up a unique opportunity for a circular plastic economy, gaining value 

from waste plastics generating either monomeric units or value-added products. Depending on 

the polymer type being recycled, each chemical recycling route will have its advantages and 

disadvantages. Chemical recycling is an excellent option when dealing with the disposal of low-

grade plastics that can no longer be mechanically recycled. LCAs have shown the chemical 

recycling of PLA to have clear environmental benefits when compared to composting or 

incineration [10,125]. The most common chemical recycling routes for PLA include hydrolysis, 

pyrolysis, and alcoholysis. A simple search of the terms ‘PLA hydrolysis’, ‘PLA pyrolysis’, 

and ‘PLA alcoholysis’ on the web of science generated 1866, 218, and 32 results respectively. 

Likewise, a search for these terms on google scholar generated 127000, 19400, and 1830 results 
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respectively. As alcoholysis is relatively under researched it is important to cover both 

hydrolysis and pyrolysis as catalysts and catalytic mechanisms for these two routes could have 

overlap with alcoholysis. Despite having the least amount of research alcoholysis is a promising 

depolymerisation route and allows for the generation of value-added product ALs. 

2.5.5.1 Hydrolysis 

The hydrolysis of PLA is its most researched chemical recycling route.  The rate of hydrolytic 

degradation of PLA depends on several factors such as temperature, pH, molecular weight, and 

the degree of crystallinity [133,134]. Hydrolysis of PLA arises when water diffuses into the 

material and cleaves its polymer chains. Ester bonds are cleaved to yield carboxyl and hydroxyl 

end groups. The carboxyl end groups are capable of catalysing the reaction causing additional 

cleavage of ester bonds; this effect is called autocatalysis [135]. Hydrolysis should be thought 

of as two components occurring simultaneously: the rate of water diffusion into polymer mass 

and the rate of hydrolysis. Depending on the rate of diffusion and rate of hydrolysis three 

different erosion mechanisms are possible: surface erosion (heterogeneous erosion), bulk 

erosion (homogeneous erosion), and autocatalytic bulk erosion [136].  If water diffusion is 

slower compared to rate of hydrolysis, degradation and mass loss of the polymer occurs 

primarily on the surface, which is known as surface erosion. If water diffusion is faster 

compared to the rate of hydrolysis, degradation and uniform mass loss of the polymer occurs 

through the bulk, which is known as bulk erosion [137]. However, if the hydrolysis products 

LA and LA oligomers cannot diffuse out of the polymer mass quickly enough, their carboxyl 

end groups catalyst the reaction, known as autocatalytic bulk erosion [135,136].  

Hydrolysis of PLA occurs preferentially in amorphous regions due to lower resistance, 

crystalline rises to 99% before hydrolysis ensues in crystalline regions [133]. The hydrolysis 

mechanism is determined by the acidity of the solution. The use of acids and bases provide 
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different catalysed mechanisms for the reaction, shown in Figure 2.6. Acid-catalysed 

hydrolysis primarily occurs through chain-end scissions where terminal hydroxyl groups are 

protonated and then hydrolysed directly to LA; the rate of degradation is independent of chain 

length [134,138]. Base-catalysed and neutral hydrolysis occurs through random chain scissions 

via backbiting reactions that generate lactide; the lactide is subsequently hydrolysed to LA 

[134,138]. Basic conditions greatly enhance the hydrolysis rate so that degradation occurs via 

surface erosion, while bulk erosion is observed for acidic and neutral conditions [139].  

 

Figure 2.6. Acidic and basic mechanisms for PLA hydrolysis. 

One clear example of the potential of chemical recycling is in the recovery of LA through the 

hydrolysis of PLA. This route of LA production avoids the costs associated with LA 

purification after glucose fermentation. Furthermore, LA production from the hydrolysis of 

PLA has a lower carbon footprint. The energy required to generate LA from the fermentation 

of corn glucose has been estimated as 55 MJ∙kg-1 of LA produced, versus only 14 MJ∙kg-1 of 

LA produced via hydrolysis [137]. Tsuji et al. studied the hydrolysis of PLLA (Mn 170,000 

g∙mol-1) in the melt at high temperature and pressure [140]. Hydrolysis at 250 °C produced the 

best results, achieving a LA yield of 90% in 20 min [140]. Significant racemization of LA 

occurs at temperatures ≥ 240 °C, while hydrolysis at 350 °C caused decomposition of LA and 

reduced the maximum LA yield to 30%. In the temperature range 180 – 250 °C the activation 
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energy (Ea) for PLLA in the melt was calculated to be Ea = 51.04 kJ∙mol-1. In the temperature 

range 21 – 45 °C for solid PLLA the Ea = 83.68 kJ∙mol-1, whereas for PDLLA the Ea = 83.26 

kJ∙mol-1  [140]. Tsuji et al. again studied the hydrolysis of PLLA in solid state vs melt but at a 

different temperature range. At the temperature range 170 – 250 °C the Ea was evaluated to be 

49.6 kJ∙mol-1 for PLLA in the melt, the Ea for the solid phase temperature range 120 – 160 °C 

was evaluated to be 69.6 kJ∙mol-1 [141].  

Another group studied the kinetics for the PLA hydrolysis using high pressure steam in the 

temperature range 100 – 130 °C [142]. Degradation proceeded through the auto-catalytic 

mechanism with the Ea estimated to be 87.2 kJ∙mol-1  [142]. Piemonte and Gironi studied the 

kinetics of PLA hydrolysis and proposed a model that accounts for both the autocatalytic 

mechanism and a two-reaction phase theory [143]. Two activation energies were estimated: the 

first 53.23 kJ∙mol-1 is assigned to the two-phase theory and the second 36.85 kJ∙mol-1   is 

assigned to the autocatalytic mechanism. A range of PLA concentrations 5 – 50 wt% were 

hydrolysed. 95% conversion of PLA to MeLa was achieved in 120 min at the temperature range 

160 – 180 °C; the reaction rate was not dependent on PLA concentration [143].  Hirao et al. 

carried out the hydrolysis of PLLA using conventional heating and microwave irradiation [144].   

In both cases the reaction temperature was 170 °C and weight ratio of PLLA:H2O was 3:1 [144]. 

Using conventional heating, a maximum LA yield of 45% was attained in 800 min, whereas the 

same yield of LA was reached in only 120 min using microwave irradiation. When the 

maximum LA yield was reached using conventional heating, the optical purity had decreased 

to 94% enantiomeric excess (ee), whereas microwave irradiation attained the same yield while 

maintaining a higher optical purity of 98% ee [144]. 

Soto-Valdez et al. studied H2O / EtOH mixtures for PLA hydrolysis [145,146].  PLA films were 

immersed in either pure H2O, 50% EtOH, or a 95% EtOH solution for 180 days at 40 °C; 
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changes in molecular weight, LA release, and the sorption of water and EtOH were monitored. 

Hydrolysis of PLA film and LA production was most accelerated by immersion in 50% EtOH, 

in comparison to both 95% EtOH and pure H2O [145]. EtOH acts to swell the polymer which 

helps facilitate the sorption of water, allowing for hydrolytic degradation. The kinetics were 

then investigated for a 50% EtOH solution in comparison to pure H2O. Hydrolysis was                        

carried out in 50% EtOH in the temperature range 40 – 80 °C and the Ea was estimated to be 

93.41 kJ∙mol-1 [146].  in pure H2O in the temperature range 60 – 90 °C the Ea was estimated to 

be 101.43 kJ∙mol-1 [146]. Song et al. employed a range of ionic liquids (IL) for the hydrolysis 

of PLA. After hydrolysis, calcium carbonate was added to precipitate the product [147]. Out of 

the tested ILs, 1-butyl- 3-methylimidazolium acetate ([Bmim][OAc]) displayed the best results, 

achieving a PLA conversion of 93.93% and calcium lactate yield of 76.08% in 2 h at 130 °C. 

Other notable ILs are [HSO3-pmim][HSO4], and [Emim][OAc], which achieved PLA 

conversions of 85.21% and 90.86%, respectively under the same reaction conditions [147]. 

Hydrolysis using [Bmim][OAc] in the temperature range 120 – 135 °C proceeded via first-order 

kinetics with an estimated Ea of 133.9 kJ∙mol-1. The IL was reused 7 times and showed no 

significant reduction in PLA conversion or yield of calcium lactate.    

2.5.5.2 Pyrolysis  

The chemical recycling of PLA via pyrolysis is less researched than hydrolysis but there is still 

substantial literature. Pyrolysis is the thermal degradation of a polymer by heating in an inert 

environment with or without catalysts [60]. The thermal degradation of PLA is a complex 

process that produces a range of products. Additionally, the Ea for PLA pyrolysis has been 

reported to vary irregularly as the reaction progresses. Early work on catalyst-free pyrolysis of 

PLA was carried out by McNeil et al. [148]. They reported that PLA broke down in a single 

stage between 250 – 450 °C, and more than 50% (by weight) of the degradation products were 
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cyclic oligomers [148].  L-lactide was also produced, along with meso-lactide and D-lactide 

due to racemization at high temperatures. In another paper they demonstrated that temperature 

had a significant effect on the product composition [149]. Ethylene and propylene were only 

observed at high temperatures ≥ 362 °C, while the proportion of acetaldehyde was greatest at 

230 °C. From pyrolysis experiments at 240 – 270 °C the Ea  was estimated to be 119 kJ∙mol-1 

[149]. Various pyrolysis degradation mechanisms for PLA have been proposed, consisting of: 

random homolytic chain scissions, unzipping depolymerisation, hydrolysis, oxidative 

degradation, cis-elimination, backbiting, and intermolecular transesterification, as shown in 

Figure 2.7 [134,149–153].  

 

Figure 2.7. Thermal degradation mechanisms. M = metal salt = Sn(II), Mg(II), Zn(II), Fe(III), Al(III). 
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Backbiting reactions occur at both chain ends forming a range of cyclic oligomers, linear 

species with shorter lengths, acetaldehyde, and CO [149]. At higher temperatures (≥ 270 °C), 

radical reactions consisting of alkyl-oxygen homolysis or acyl-oxygen homolysis dominate, 

generating carbon dioxide and methylketene respectively [149]. The thermal degradation 

mechanisms for PLA pyrolysis can be controlled to selectively produce L-lactide, this is 

extremely useful as enantiopure L-lactide is the precursor for industrial ROP to commercial 

grade PLLA. The factors that influence the thermal degradation mechanism are: molecular 

weight, moisture, residual monomer, oligomer, and most importantly residual metals [151]. In 

fact residual metals or the addition of metal salts during pyrolysis can help control product 

selectivity, as well as decreasing a polymer’s thermal stability. Noda et al. studied the activity 

of a series of metals as intramolecular transesterification catalysts for the pyrolysis of PLLA 

oligomer [154]. They reported the activity of each metal was in the following order Sn > Zn > 

Zr > Ti > Al [154]. Sn complexes are typically utilized as catalysts for commercial ROP of 

lactide to PLLA, so residual Sn content can often be found in the material.  

Nishida et al. carried out the pyrolysis of PLLA in the temperature range 40 – 400 °C, using 

PLA samples ranging in Sn content from 20 to 607 ppm [155]. The pyrolysis of PLLA with Sn 

content 607 ppm selectively produced L-lactide as the degradation product, whereas pyrolysis 

with Sn content 20 ppm produced cyclic oligomers as the main product. Moreover, the higher 

Sn content decreased the Ea, from 185 kJ∙mol-1 to 119 kJ∙mol-1 [155]. To clarify the pyrolysis 

mechanism, three PLLA samples with different chain end structures and Sn amount were 

thermally degraded. Pyrolysis was carried out on two PLLA samples with Sn content 1006 ppm 

and 689 ppm; they exhibited a zero-order weight loss with an estimated Ea of 80 – 90 kJ∙mol-1 

and 120 – 130 kJ∙mol-1 respectively [156]. Both PLLA samples selectively produced L-lactide, 

implying repeated backbiting reactions and an unzipping depolymerisation that selectively 
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produces lactide. Pyrolysis was also carried out on PLLA samples with Sn content 23 ppm; 

these samples exhibited a random weight degradation with an estimated Ea of 176 kJ∙mol-1, 

forming a large amount of diastereoisomers and cyclic oligomers [156]. A further study was 

carried out using calcium end capped PLLA in the temperature range 280 – 370 °C [157].  These 

samples displayed first order weight loss with an estimated Ea of 98 kJ∙mol-1, the dominating 

reaction mechanism proceeding by unzipping transesterification generating mostly lactides 

[157]. The effect of calcium oxide (CaO) and magnesium oxide (MgO) on the pyrolysis of PLA 

was also explored; both metal oxides caused the pyrolysis mechanism to proceed via unzipping 

transesterification and lowered the Ea [158].  

2.5.5.3 Alcoholysis 

In general, alcoholysis requires milder operating conditions and a thus lower Ea than pyrolysis 

and hydrolysis. Alcoholysis leads to the formation of value-added ALs. A circular economy 

can be achieved by first converting AL to lactide, which can then be converted into PLA via 

ROP, shown in Figure 2.8 [159–162].   

 

Figure 2.8. General scheme for the circular economy of PLA via alcoholysis of postconsumer PLA. 
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Arguably alcoholysis is the most beneficial recycling route as it offers several advantages, such 

as a high yield of industrially valuable AL from waste, simple product purification, and lower 

environment impacts [10,163]. ALs are versatile green solvents that are biodegradable and have 

a low toxicity. They have the potential to replace many fossil-based chemicals in applications, 

such as pharmaceuticals, agriculture, food, coating, cosmetic industries, plasticizers, and 

solvents [23,164,165]. The specific AL produced depends on the alcohol used: MeOH results 

in MeLa, EtOH results in EtLa, etc. A transesterification catalyst is also required for sufficient 

depolymerisation with relatively mild reaction conditions. Alcoholysis adds value to the PLA 

supply chain; the market price for EtLa is almost double that of PLA [166,167]. 

One of the earliest reports of PLA alcoholysis was in 1945, in which methanolysis was carried 

out using H2SO4 as the catalyst; high conversions of MeLa were achieved (75 – 80%) at 150 °C 

within 4 h [168].  The same study also carried out ethanolysis achieving an conversion to EtLa 

of 57% at 100°C within 4h. A patented process by DuPont in 1993 depolymerised PLA via 

alcoholysis to various ALs (MeLa, EtLa and butyl lactate (BuLa)) using H2SO4 as the catalyst; 

high conversions of ALs were attained (69 - 87%) at 150 – 190 °C within 2 h [169]. Despite 

both these studies achieving high conversions of AL at a moderate temperature and time, both 

processes are limited by using H2SO4 due to its high corrosivity and toxicity. Literature has 

since explored many other catalysts for the alcoholysis of PLA: commercial metal salts, ionic 

liquids, organocatalysts, and discrete metal complexes.   

2.5.5.3.1 Catalyst-Free  

Catalytic alcoholysis offers advantages such as faster reaction rates and greater product 

selectivity. However, possible downsides include increased cost, increased toxicity, and more 

complicated downstream separation. Catalyst-free alcoholysis is a simple alternative that avoids 

these problems. One study carried out the catalyst-free alcoholysis of PLA using EtOH at 140 
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– 190 °C, BuOH at 130 – 190 °C, and BuOH at  170 – 210 °C,  both with and without microwave 

assistance [170]. The Ea values for each were estimated to be 112.97, 58.88, and                              

108.78 kJ∙mol-1 respectively. The Ea was unchanged if microwave or conventional heating was 

used. Surprisingly alcoholysis using BuOH at the lower temperature range had the smallest Ea. 

The paper inferred that around 170 °C the mechanism for BuOH alcoholysis changes. 

Microwave irradiation was found to increase the reaction rate by increasing the reaction 

frequency factor, but had no effect on the Ea or racemization of AL [170]. 

Petrus et al. also carried out catalyst-free PLA ethanolysis [171]. The standard procedure 

involved heating PLA and EtOH in a reactor to 180 – 260 °C for 1 h using EtOH / PLA (per 

ester unit) ratios ranging from 1 to 10 [171]. In all the experiments conversion of PLA to EtLa 

increased with increasing temperature. The amount of alcohol was found to significantly 

influence the reaction kinetics. When the EtOH / PLA ratio was 1:1 after 1 h at 260 °C EtLa 

conversion reached 50%. At the same conditions but changing the ratio to 2:1, 4:1, and 10:1, 

the conversions increased to 77%, 96%, and 99% respectively. The paper recommends using 

an EtOH / PLA ratio of 4:1 at 220 – 260 °C; this way a smaller excess of alcohol must be 

removed while still gaining the increased reactivity from a higher EtOH / PLA ratio [171]. 

2.5.5.3.2 Commercial Metal Salts 

Metal salts that are active towards transesterification can be used as catalysts for PLA 

alcoholysis. Their main advantages as catalysts are they are relatively cheap, simple to use, and 

have a large variety available. A range of studies has been performed using commercially 

available metal salts for PLA alcoholysis. One study reported Zn(OAc)2 as an effective catalyst 

for PLA alcoholysis using either MeOH or EtOH at their respective boiling points [172]. Using 

MeOH attained a MeLa yield of 70% in 15 h at 65 °C, while EtOH attained a EtLa yield of only 

21% in 15 h at 78 °C [172]. The authors noted a IR spectroscopy peak at 1600 cm-1 which was 
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identified as a chelate complex of Zn(lactate)2 resulting from Zn(OAc)2 and MeLa. The 

methanolysis of mixed waste PLA / PET was also carried out; a MeLa yield of 65% was attained 

in 15 h at 65 °C while the PET remained unreacted and was recovered by filtration [172]. The 

pre-treatment of PLA / PET waste with a mild alcoholysis method is uniquely useful and is 

discussed further in section § 2.5.6.  

A series of commercially available metal salts (ZnCl2, AlCl3, FeCl3, Zn(OAc)2, Na(OAc)2, 

NaOH and zinc octoate) was investigated for the methanolysis of PLA [173]. All these catalysts 

achieved a high PLA conversion and AL yield, but FeCl3 produced the best results. Using FeCl3, 

solventless methanolysis was carried out at 130 °C and achieved a PLA conversion of 96% and 

MeLa yield of 87.2% within 4 h [173]. FeCl3 was reused directly as a catalyst without any 

treatment; PLA conversion and MeLa yield was maintained up to six instances of reuse. The 

reaction was determined to proceed by a first-order kinetics with an Ea of 32.41 kJ∙mol-1 [173].  

Petrus et al. used metal alkoxides synthesized in situ for the alcoholysis of PLLA [171].  

Mg(OEt)2 was prepared in situ from MgBu2 and EtOH, using an EtOH / Mg / PLA (per ester 

unit) ratio of 4 : 0.01 : 1, an EtLa conversion of 95% was achieved at 140 °C in 1 h. Following 

this procedure a wide range of ALs were generated using a range of alcohols (MeOH, PrOH, 

BuOH, sec-butyl alcohol, isobutyl alcohol, pentanol, isopentyl alcohol and hexanol) and 

Mg(Bu)2 as a precatalyst. Despite all the alcohols displaying effective PLA alcoholysis; it was 

concluded that the alcohol reactivity decreases with an increasing number of carbon atoms in 

the main chain [171].  The activities of a range of catalysts (metal halides, hydroxides, 

carboxylates, alkoxides, metallic chips and organometallic compounds) for the ethanolysis of 

PLLA at 200°C was also examined. Mg and Ca alkoxides generated in situ had the highest 

catalytic activities attaining a EtLa conversion of 89% and 91% in 1 h respectively. Good 
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catalytic activates were also observed for SnCl2, ZnCl2, and TBD,  reaching EtLa conversions 

of 86%, 85%, and 81% in 1 h respectively [171].  

2.5.5.3.3 Ionic Liquids 

Song et al. reported the methanolysis of PLA using a range of ILs as catalysts [174]. Out of the 

investigated ILs only 1-butyl-3-methylimidazolium acetate ([Bmim][OAc]), and 

[Bmim][HSO4] exhibited catalytic activity. Using these ILs produced a PLA conversion of 

97.2% and 90.2%, and a MeLa yield of 92.5% and 87.9% respectively, at 115 °C using 6 molar 

equivalents of MeOH in 3h. [Bmim][OAc] was explored further for PLA methanolysis at 90 – 

115 °C; the reaction was considered to proceed by first-order kinetics with an Ea of 38.29 

kJ∙mol-1 [174]. Additionally [Bmim][OAc] was recycled 6 times without a reduction in catalytic 

activity. 

More recently Song et al. reported methanolysis of PLA using IL [Bmim][OAc] coupled with 

metal salts Zn(OAc)2, Cu(OAc)2, and FeCl3, at 110 °C using 5 molar equivalents of MeOH 

[175,176]. Using either 1 mol% 2[Bmim][OAc]-Zn(OAc)2 or 1 mol% 2[Bmim][OAc]-

Cu(OAc)2 resulted in PLA conversions of 79.20% and 48.32%, and  MeLa yields of 73.35% 

and 44.22% respectively after 1 h [175]. Using 2 mol% [Bmim][Ac]-FeCl3 resulted in the 

greatest catalytic activity, reaching a PLA conversion of 92.83% and a MeLa yield of 87.50% 

within 3 h [176]. Although [Bmim][OAc]-FeCl3 had the greatest conversion and yield it should 

be noted that it was at a higher catalyst loading and the reaction ran for longer. In all the studied 

experiments the combination of an IL with a metal salt resulted in an enhanced reactivity when 

compared to the IL or metal salt alone. The synergistic effect can be explained by the IL 

solubilising PLA, allowing for easier access to its carbonyls. The Lewis acid metal then 

coordinates to the carbonyl, increasing its electrophilicity and susceptibility to nucleophilic 

attack by the alcohol [23,134,175]. 2[Bmim][OAc]-Zn(OAc)2 was explored further for PLA 
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methanolysis at 90 – 110 °C. The reactions were considered to proceed by pseudo-first order 

kinetics with a small Ea of 20.96 kJ∙mol-1 [175]. Likewise [Bmim][OAc]-FeCl3 was tested for 

PLA methanolysis at 100 – 125 °C; the reactions were determined to proceed by first order 

kinetics with an Ea of 21.28 kJ∙mol-1  [176]. Both IL were reused up to 5 times without a 

significant decrease in catalyst performance. Despite excellent activity and recyclability their 

industrial use is limited by their high costs and intrinsic viscosity [23,175,176].  

DBU-based protic ILs consisting of protonated DBU cations and anions such as acetate, lactate, 

and propionate, have been studied for the methanolysis of PLA [177]. The best performance 

was seen with 5 mol% [HDBU][OAc] achieving a PLA conversion of 100% and MeLa yield 

of 91%, at 100 °C and 5 molar equivalents of MeOH in 5 h [177]. In all the studied experiments 

the combination [HDBU] with an anion resulted in increased reactivity compared to DBU 

alone. A range of alcohols were investigated (MeOH, EtOH, PrOH, BuOH, isopropyl alcohol 

and isobutyl alcohol) the 1-alkanols displayed a better reactivity than iso-alcohols as the 

increased steric hindrance obstructs nucleophilic attack [177]. The proposed mechanism 

involves [HDBU] cation coordinating to the PLA carbonyl through hydrogen bonding 

increasing its electrophilicity making it more susceptible to attack. The [OAc] anion coordinates 

to the alcohol through hydrogen bonding making the oxygen atom more nucleophilic; the 

alcohol then attacks the PLA carbonyl through a transesterification reaction [177]. The use of 

[HDBU] coupled with an imidazole anion for PLA methanolysis showed excellent catalytic 

activity, achieving 100% PLA conversion and a MeLa yield of 87% at only 70 °C using 5 molar 

equivalents of MeOH in 1 h [178]. 

2.5.5.3.4 Organocatalysts 

Organocatalysts (DMAP, DBN, DBU and TBD) have successfully been applied to the 

alcoholysis of PET, as this is another polyester these catalysts could also be applied to PLA 
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alcoholysis [179]. Both organocatalysts DMAP and TBD can be considered bifunctional 

hydrogen bonding catalysts; both have previously shown to be effective catalysts for 

transesterification reactions [179–182]. TBD is an effective catalyst as its bifunctional acid/base 

character simultaneously coordinates to the nucleophilic alcohol, while also activating the ester 

carbonyl via hydrogen bonding [179]. In a similar way DMAP acts as a bifunctional catalyst. 

Its base character coordinates to the nucleophilic alcohol bringing it closer for attack, while its 

proton in the ortho-position activates the ester carbonyl making it more prone to nucleophilic 

attack [182]. Figure 2.9 shows the proposed TBD and DMAP transition states during PLA 

methanolysis. 

 

Figure 2.9. Proposed transition state for TBD and DMAP catalysed PLA methanolysis. 

Leibfarth et al. explored using organocatalyst TBD for alcoholysis of PLA, various alcohols 

ranging in length from MeOH to BuOH as well as allylic alcohols and branching alcohols were 

tested [163]. 1 mol% of TBD and 3 equivalents of alcohol provided fast and efficient 
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depolymerisation at room temperature. The allylic and branching alcohols required longer 

reaction times to achieve complete depolymerisation. Additionally, the amount of TBD was 

found to significantly affect alcoholysis rate. Using 1 mol% of TBD and 3 equivalents of EtOH 

resulted in 100% conversion of PLA in 2 min producing a mixture of EtLa to dimer 1:5 (After 

10 min a 90% yield of EtLa was observed). Increasing the TBD amount to 2.5 mol% resulted 

in 100% conversion of PLA and a 95% yield of EtLa in only 2 min [163]. The transesterification 

of the EtLa dimer was slower than expected, the authors postulated that the dimer’s 

intramolecular alcohol outcompetes intermolecular alcohols in hydrogen bonding to TBD 

[163]. Although these are outstanding results at room temperature and resulted in retention of 

stereochemistry, the amount of PLA in each experiment was only 0.3 g so these results might 

not reflect larger scale experiments.   

Organocatalysts 4-pyrrolidinopyridine (PPY) and DMAP have been used as effective 

transesterification catalysts for the controlled alcoholysis of PLA [183]. PLA molecular weight 

(Mn 100,000) and degree of polymerisation (DP) (approximately 1388) was reduced to an 

average DP of 53, 23, and 55, through alcoholysis using benzyl alcohol, pentaerythritol, and 

poly(ethylene glycol) respectively at 185 °C in only 30 min [183]. Alberti et al. also studied a 

range of organocatalysts for PLA methanolysis using microwave heating at 180 °C [184]. 

DMAP, DBU, DABCO, and TBD showed effective transesterification, resulting in MeLa yields 

of 97%, 99%, 61%, and 99% respectively, at 5 mol% loading using 23 equivalents of MeOH 

in only 10 min [184]. Decreasing catalyst loading resulted in decreased activity, 2.5 mol% 

DMAP attained a MeLa yield of 74%, whereas 1 mol% DMAP attained a MeLa yield of only 

4% under the same conditions. Increasing the MeOH equivalents to 46 and decreasing the 

MeOH equivalents to 3 both resulted in reduced activities and reduced MeLa yields of 68% and 



42 
  

11% respectively [184]. Although these are excellent results the amount of PLA in each 

experiment was only 0.1 g. 

2.5.5.3.5 Discrete Metal Complexes 

Discrete metal complexes are not commercially available and must be synthesised before they 

can be utilized for PLA alcoholysis. While this is considered a disadvantage, discrete metal 

complexes have the potential to be tailored and modified. There is a huge variety of metals and 

ligands that are active towards transesterification. The ligands themselves can be tailored by 

adding or removing functional groups. The way the ligands and metals coordinate together can 

also be tailored to attain complexes with different coordination number and structure (e.g. 

tetrahedral, octahedral, etc). Whitelaw et al. reported the use of group 4 salalen complexes for 

both the production of PLA and its degradation by methanolysis [185]. Hafnium (IV) salalen 

complexes were able to depolymerise PLA samples to MeLa with a moderate conversion of 

75% after 24 h at room temperature [185]. Little difference was observed between the 

degradation of either atactic or isotactic PLA. Payne et al. reported the use of mono and dimeric 

Zn(II) complexes for both the production of PLA and its degradation by methanolysis [186]. 

All the Zn(II)-complexes were able to facilitate PLA methanolysis, however, the mono Zn(2-

3)2 complexes outperformed the rest reaching 100% conversion of PLA to MeLa within 8 h at 

80 °C [186].  

Román-Ramírez et al. reported the use of Zn (II) ethylenediamine Schiff-based complexes 

(Zn(1Et)2) as effective catalysts for the methanolysis of PLA, Figure 2.10a [187]. Results 

revealed that the main parameters affecting methanolysis are temperature and catalyst 

concentration; there was no dependence on the PLA type/molecular weight. Different solvents 

(THF, 2-MeTHF, acetone) were investigated for methanolysis at 40 °C; THF generated the best 

results in terms of PLA conversion and MeLa yield [187]. The kinetic model was proposed as 
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two consecutive first-order reactions; the experimental data was fitted to this model in 

MATLAB. The first step consists of a PLA ester group undergoing transesterification forming 

two chain end oligomers, the second step consists of a chain end oligomer being converted to 

MeLa through a reversible reaction. The activation energies for the first step were determined 

at different catalyst concentrations, the Ea values were estimated to be 65 , 44, and 39 kJ∙mol-1 

at catalyst concentrations 4, 8, and 16 wt% respectively [187]. The MATLAB script provided 

by Román-Ramírez was used in Chapter 4 and 6, the script is detailed in appendix §8.1.3 

[12,14]. 

 

Figure 2.10. Zn(II) complexes for PLA alcoholysis: A) Ethylenediamine Zn(II) complex (Zn(1Et)2, B) 

Propylamine Zn(II) complex (Zn(2Pr)2). 

 

McKeown et al. made a minor variation to the ligand backbone of the octahedral Zn(1Et)2 

complex, increasing the chain length by one carbon and changing the anime R group [188].  

This led to the generation of Zn(2Pr)2 complexes that demonstrated high activity, shown in 

Figure 2.10b. Using Zn(2Pr)2 (R = NMe2) a scaled up (12.5 g) PLA methanolysis reaction was 

carried out achieving a PLA conversion of 97% and a MeLa yield of 77% within 1 h at only 50 

°C. The same catalyst was used for ethanolysis and took a longer reaction time to reach similar 
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PLA conversion and MeLa yield. Zn(2Pr)2 (R = NMe2) was also used for mixed PLA / PET 

waste methanolysis and found the rate of degradation of PLA was not impaired by the addition 

of PET [188]. Comparing the different Zn(2Pr)2 complexes for methanolysis at 50 °C, R = 

N(H)Me took 30 min for a PLA conversion of 100% and MeLa yield of 81%, and R = NMe2 

took 1 h for a PLA conversion of 100% and MeLa yield of 84% [188]. While using R = H took 

3 h to reach a PLA conversion of 29% and a MeLa yield of only 5%, the reduced activity implies 

the additional amine group has a significant role in the reaction mechanism. Similar to the 

bifunctional organcatalysts previously mentioned, the additional nitrogen uses its lone pair to 

form hydrogen bonds with the nucleophilic alcohol, while the Zn(II) centre simultaneously 

activates the PLA carbonyl group [188]. As to why R=N(H)Me produces better results than 

R=NMe2, NMe2 has more electron density to form hydrogen bonds but the additional Me group 

sterically impedes coordination to the alcohol.  Both Zn(1Et)2 and Zn(2Pr)2 R=NMe2 provided 

by McKeown et al., were used in Chapter 4; their synthesis is detailed in section §3.3 [12]. 

Román-Ramírez et al. investigated the kinetics of PLA methanolysis using these complexes, 

Zn(1Et)2, Zn(2Pr)2 R=NMe2, and Zn(2Pr)2 R = N(H)Me [189]. The experimental data were 

modelled to a two-step constitutive reaction with a second step in equilibrium. The activation 

energies for Zn(1Et)2 and Zn(2Pr)2 R = NMe2 were calculated to be Ea1 = 37.89 and                                     

−5.7  kJ mol-1, Ea2 = 39.6 and 10.5 kJ mol-1, Ea-2 = 37.2 and -17.1 kJ mol-1, respectively [189]. 

Unlike previous literature the complex Zn(2Pr)2 R=NMe2 was more active towards methanolysis 

than Zn(2Pr)2 R=N(H)Me.  At 90 °C after 1 h using R=NMe2 attained a PLA conversion of 72% 

and MeLa yield of 21%, whereas under the same conditions R=N(H)Me attained a PLA 

conversion of 63% and MeLa yield of 16% [188,189]. Interestingly Zn(2Pr)2 exhibited unusual 

behaviour depolymerising PLA at -20 °C producing a curved Arrhenius plot and barrierless Ea1. 
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Despite the achievement of a barrierless Ea1, Zn(2Pr)2 is limited by its susceptibility to oxygen 

and moisture when in solution.  

2.5.6 Issues with PLA Contamination during PET Recycling 

Arguably, PET has the most established infrastructure for mechanical recycling; in particular 

PET bottles are often mechanically recycled for subsequent use. One report estimated that 500 

kt of plastics was collected at the kerbside in the UK in 2016, 202 kt of which was PET, 57.9% 

was bottles (148 kt) and 40.1% (54 kt) was rigid packaging [190].  The mechanical recycling 

of PET bottles is so well established in part due to: a large enough and constant supply of 

material, reprocessing techniques such as solid-state post-condensation and the addition of 

chain extenders to counter the reduction in Mw, and the reprocessing of postconsumer PET to 

virgin PET ratio of 3:7 [6,132]. The growing production and application of PLA is a 

controversial issue; specifically, PLA causes  major issues if it is present during PET 

mechanical recycling [131]. PLA content as low as 1000 ppm causes significant hazing and 

degradation of the recycled PET during melt reprocessing, the yield of recycled PET is greatly 

diminished and the quality is impaired [131,132]. As PLA and PET are both polyesters with 

similar densities, they are not separated using conventional sorting techniques such as density 

floating. Furthermore, the production capacity of PLA is predicted to increase which will result 

in a larger proportion of PLA in waste circulation, which could have large consequence for PET 

mechanical recycling.  

PLA as a contaminant can easily be addressed using chemical recycling as the solution, shown 

in Figure 2.11. It is possible to pretreat PET waste with a mild chemical recycling method such 

as alcoholysis; no PET will be depolymerised, but any PLA will depolymerise to generate AL. 

Two literature examples show the methanolysis of mixed PLA / PET results in the 

depolymerisation of PLA while leaving PET unreacted [172,188]. These routes provide a 
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strategy to selectively recycle PLA from mixed PET waste by converting PLA to a AL and 

recovering the unreacted PET by filtration [172,188]. Chemical recycling of PLA first not only 

ensures a purer PET stream for its mechanically recycling, but also makes the whole process 

more feasible due to the generation of valuable AL which can be sold for an additional profit 

[191]. It is thus suggested that the methods reported here for PLA alcoholysis could be extended 

to PLA / PET mixtures in future research. 

 

Figure 2.11. Chemical recycling of PLA / PET mixed waste. A) Mixed PLA / PET waste placed in a 

solvent. B) Mild alcoholysis conditions depolymerise PLA and leave PET unreacted. C) Unreacted 

PET is then removed for mechanical recycling. 

 

2.5.7 Incineration  

Incineration and heat energy recovery is defined as a quaternary recycling method. Since 

plastics are high-yield energy sources when they are incinerated the resulting heat energy can 
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be used to generate electricity. Based on current European infrastructure municipal solid waste 

(MSW) incineration has an assumed average heat efficiency of 22%. Furthermore, only 60% 

of European incineration plants are equipped with energy recovery units recovering 15% 

electricity for every GJ of waste incinerated [192]. If the electric production efficiency of a 

waste incineration plant is assumed to be about 30% then 20 kWh of electric energy will be 

generated from the incineration of 1000 PLA bottles [193]. From an energy recovery 

perspective it is more beneficial to incinerate low-grade PLA over composting, generating 

electricity from waste materials [91,192,193]. However, if the incineration plant is not equipped 

with an energy recovery unit, then composting waste PLA becomes the better disposal option 

as it still offers some benefits such as: increased soil fertility, and a reduction in the cost of 

waste management [67,86,90]. 

LCAs have shown that other recycling routes for PLA, such as mechanical and chemical 

recycling perform much better from an environmental perspective compared to incineration 

[10,194]. While benefits of incineration include a reduction of plastic volume in landfill and 

easy application to a mixed waste stream, incineration should only be carried out as a last resort 

when chemical recycling is not possible. This is because the embedded energy of the polymer’s 

molecular structure is lost and harmful chemicals are released into the atmosphere [65,66]. For 

each tonne of MSW that is incinerated 15 – 40 kg of hazardous waste is produced which requires 

further treatment [195].  

2.5.8 Chemical Recycling Scale up 

The majority of the literature for PLA chemical recycling discussed in § 2.5.5 was carried out 

on a small laboratory scale. In order for these results to be applicable to industry, reaction scale 

up should be considered. When scaling up a reaction, heat and mass transfer become 

increasingly important [196]. Large vessels may contain variations in both temperature and 
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reactant composition; understanding this is critical for reactor design. Moreover, many 

industrial reactions will contain complex mixtures of products, reactants, intermediates, and 

side products. This makes downstream processing and product separation equally important 

when considering a scaled-up reaction. The scope for reactor type and separation is extremely 

varied so only a few of the more common techniques are discussed here. Additional, only a 

small amount of literature exists that explores rector and separation design for PLA chemical 

recycling, so the following discussion is generic.  

2.5.8.1 Reactor types 

The three classic ideal chemical reactors are batch reactors, plug flow reactors (PFR), and 

continuous stirred-tank reactors (CSTR). However, there are many other reactor types; each 

type has unique characteristics, advantages, and disadvantages [197–199]. A reactor type 

should be carefully selected for each specific application. On a smaller scale, most reactors can 

be assumed to behave isothermally. It can also be assumed that the system is homogeneous and 

fluid properties such as density are constant throughout the reaction. While these assumptions 

will hold true for some industrial reactions, for others it is completely unrealistic [197–199].   

The batch reactor – is an unsteady-state system where reactants are charged in the vessel and 

sealed before initiating the reaction [197,199]. Batch reactors are operated discontinuously, 

with periods for charging, reaction, and discharging/cleaning. Mixing is typically carried out 

using a mechanical agitator, while temperature is regulated using external coils or a vessel 

jacket for heating and using a condenser and refrigerated circulator for cooling. Batch reactors 

are the most common type of industrial rector and can have volumes exceeding 10000 L. The 

larger the reactor volume the more likely heat and mass transfer limitations will emerge, 

resulting in  internal variations in temperature and composition [196,198]. Batch reactors are 

typically utilized for small-volume speciality chemicals, e.g. most pharmaceutical products are 



49 
  

produced in batch processes. While batch systems can match the volume productivity of flow 

reactors this is only achieved while the reactor is in operation; the cyclical nature of charging 

and discharging means flow reactors have the greater overall productivity [196–198]. Other 

disadvantages include: more difficult product separation, greater labour costs, and greater mass 

transfer limitations [200].  

Continuous flow reactors – are usually preferred for long production runs of high-volume 

chemicals. These reactors are typically utilized in the petrochemical industry; their continuous 

nature leads to greater productivities and greater economies of scale in comparison to batch 

reactors. Continuous reactors offer several advantages; improved heat and mass transfer, 

production cost for the same annual capacity is lower, a uniform quality of product, and easier 

scale up and control for industrial-scale production [197,200]. Continuous flow reactors come 

in two types, PFR and CSTR. These reactors different significantly with respect to conversion 

and selectivity. The reaction rate throughout the CSTR is lower than in a PFR at any point at 

the same reaction conditions. PFR is substantially better than the CSTR for obtaining higher 

conversions and product selectivity [197]. Both PFR and CSTR are designed to operate at a 

steady state while reactants are continuously charged and products removed. Both PFR and 

CSTR have good potential to be utilized for PLA chemical recycling; their continuous nature 

leads to better economics [199]. Especially when considered the plastic pollution problem as a 

whole, the large volumes are such that batch operation is much less feasible than continuous 

operation. When comparing these two types of reactors, reactions that have low conversion are 

better performed in a CSTR while high conversion reactions get better results in a PFR [199]. 

The results later in this chapter show all the alcoholysis reactions to have relatively high 

conversions, particularly at higher temperatures; it would then be recommend to use a PFR for 

the scaled up alcoholysis of PLA.        
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A fixed bed reactor – (FBR) is a vessel filled with catalyst pellets packed in a static bed. 

Typically these reactors are used with gas-phase reactions but FBR can also be used with liquid 

phase reactants [201]. The main advantage of a FBR is that the catalyst is heterogeneous, 

meaning no separation process is required and product purification is simplified [200,201]. By 

having the catalyst modules immobilized on pellets decreases catalyst deactivation. This in turn 

reduces production costs and is useful when the catalyst is expensive to manufacture [200–202]. 

A catalytic membrane reactor – (CMR) incorporates catalysts onto membranes to produce a 

unit that simultaneously acts as a separator and a reactor. Combining the reaction and separation 

into a single step can improve yield, reaction selectivity and also decrease downstream 

separation costs [203]. For equilibrium limited reactions, the membrane selectively removes a 

reaction product from equilibrium in order to increase the yield compared to conventional 

membranes [204]. The continuous extraction of products enhances yield by shifting the 

equilibrium; these reactions include dehydrogenation and esterification [205]. A key area of 

research for this field is the uniform distribution of nanosized clusters throughout a polymeric 

matrix. Precise preparation and distribution of the catalytic clusters is crucial for high 

performance of the membrane in terms of turn over and permselectivity. When used for liquid 

phase reactions, the catalyst can either be inorganic (metal, zeolites) or metalorganic 

complexes. The membranes are usually made from polydimethylsiloxane (PDMS) since the 

polymer offers mechanical, chemical and thermal stability with a high permeability [206]. 

2.5.8.2 Separation 

 As previously mentioned, the majority of LA in circulation is generated from fermentation 

mixtures, and downstream processing and purification of LA accounts for 50% of the overall 

cost of PLA synthesis [109,110]. Product separation remains a significant challenge in 

biorefinery reactors, and the growth of the bioplastic industry has led to an increased demand 
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for separation processes. These separation technologies are already utilized in the biorefinery 

and petrochemical industrials, and their utilization will be critical for the developing chemical 

recycling industries. There are several membrane separation processes, which can be defined 

as concentration driven membrane separation, pressure driven membrane separation, and 

electrically driven membrane separation.  

Concentration driven membrane separation – this form of separation functions on the 

difference in concentration between the feed and permeate, causing mass transport across the 

membrane. Two types of concentration driven separation include membrane extraction and 

pervaporation.  Both of these techniques are well established as industrial processes and are 

used for both the recovery of alcohols from fermentation broths and for alcohol dehydration 

[207].  Membrane extraction functions on the transfer of low concentrated solutes across a 

membrane when two immiscible liquids are in contact. Either a flat sheet membrane or a hollow 

fibre membrane is used. Typically hollow fibre membranes are chosen as they offer advantages 

such as high membrane area and self-supporting structure [208,209]. Pervaporation functions 

in the same way as membrane extraction but it has an additional phase change where the feed 

fluid is partially vaporized at the permeate side of the membrane [210]. Pervaporation systems 

are typically used for the recovery of liquid alcohols from diluted fermentation broths; these 

systems have been used as early as 1986 where polymeric silicone rubber membranes were 

used to recover ethanol, i-propanol, and n-propanol from solutions with alcohol mass fractions 

of 5 wt% [211].   

Pressure driven membrane separation – is used in fermentation processes to recover the 

product and simultaneously reject microorganisms, recovering valuable side products from 

spent fermentation broth [207]. Colón et al. reported the removal of volatile fatty acids from an 

anaerobic bioreactor using a 10 kDa tubular ceramic membrane; it was found that permeate flux 
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linearly increased with increasing pressure [212]. Timmer et al. tested several reverse osmosis 

and nanofiltration membranes for the separation of lactic acid from a fermentation broth 

[213,214]. A broth containing 4 wt% of lactic acid was fed through the membranes at pressures 

of 10-40 bar; all the membranes partially rejected lactic acid. NF membranes fared better that 

RO membranes in terms of lactic acid rejection of about 50% while RO membranes had much 

higher rejection of about 80%. The permeability of the membranes rapidly dropped within a 

few hours of operation due to fouling affecting the membrane [213]. 

Electrically driven membrane separation – or electrodialysis (ED) has applications in 

multiple processes for biomass conversion and can use a variety of membrane configurations 

[207]. A large focus of research is for the recovery of valuable organic acids from fermentation 

broths; one of the most investigated recoveries is for lactic acid since it is already industrially 

produced on a large scale. By 1986 an electrically driven membrane separation process had 

already been used to recover lactic acid from a fermentation broth [215]. Wang et al. used 

conventional ED processes to recover lactic acid from a fermentation broth [216]. Interestingly 

the feed for the broth was not glucose but kitchen garbage, the garbage containing 95% organic 

components consisting of bread, vegetables and fruits; once fermentation finished ammonia 

lactate was recovered as lactic acid with a yield of 90% [216]. 

Distillation separation –is a simpler method than the use of membranes and has been utilized 

in industry for decades. Distillation is simple and cost effective but can only be used to separate 

products from systems that have different and clearly defined boiling points [217,218]. A 

superior distillation method is reactive distillation which shares similarities with the catalytic 

membrane reactor; a reactive distillation combines product separation with the reaction itself 

[217,219,220]. There are two further distillation methods: azeotropic distillation (AD) and 

extractive distillation (ExD) [221]. AD involves adding a third volatile component called an 
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entrainer, which forms an azeotrope with the two components, changing their relative 

volatilities and altering their separation factor. Cyclohexane is commonly used as an entrainer 

for separation of ethanol from an azeotropic mixture with water [221,222]. ExD also involves 

the addition of a third component, typically a high boiling solvent, which alters the activity 

coefficients of the distillation mixture, increasing the separation factor [221]. Out of these 

separation techniques, reactive distillation is best suited for scaled up alcoholysis of PLA; 

combining the reaction and separation into a single step can improve yield, and reaction 

selectivity. Moreover the product of alcoholysis AL has a much higher boiling point than the 

alcohols used for alcoholysis, making distillation possible.  

2.5.9 Dual Catalyst Systems  

Chemical recycling offers beneficial disposal routes for postconsumer plastic waste, and a wide 

variety of catalysts can be used for each of these methods. Over the past two decades, the use 

of dual catalyst systems, consisting of transition metal complexes coupled with organocatalysts 

or simple acid-base mixtures, has received increasing attention [223–225]. Careful selection of 

synergistic catalysts can cause unprecedented reactivities, which would not be accessible using 

either catalyst alone. While this is a relatively new field, synergistic catalysis has always existed 

in nature as many enzymes function through cooperative mechanisms with two or more 

catalysts to afford a specific transformation  [226]. The enhanced reactivity of synergistic 

catalysts could be utilized in industrial chemical recycling making the process more 

economically viable. The concept of dual catalysis generally falls into the categories of 

cooperative synergistic catalysis or cascade catalysis, and is related to the chemistry of 

frustrated Lewis pairs [226–229]. Synergistic dual catalysis is defined as both the activation of 

the nucleophile and the electrophile using two distinct catalysts. The activated species have a 

higher HOMO (highest occupied molecular orbital) and lower LUMO (lowest unoccupied 



54 
  

molecular orbital) in comparison to the respective ground state starting materials, Figure 2.12 

[226]. When considering the reaction between the two activated species the HOMO-LUMO 

gap is smaller in comparison to only one activated species; a smaller HOMO-LUMO gap means 

a smaller Ea and thus greater rate constant at the same temperature [226].  

 

 

Figure 2.12. The concept of synergistic catalysis. 1) Shows the HOMO/LUMO for traditional 

catalysis. 2) Shows the HOMO/LUMO for synergistic catalysis. 

 

Romiti et al. discussed the four types of synergistic dual catalytic reactions [225]. Type I is for 

fully cooperative catalysts where each catalyst reacts exclusively with only one substrate. Type 

II is for partially cooperative catalysts where using either of the catalysts alone would result in 

the formation of the desired product, but at a significantly slower rate and/or with lower 

stereoselectivity compared to using both catalysts. Type III is for partially cooperative catalysts 

but in this case one of the catalysts used alone would result in slow and/or minimally 

enantioselective reaction, while the other catalyst alone would cause substrate decomposition 
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and formation of undesirable side products. Type IV is for non-cooperative catalysts that require 

correct synchronization in order to be useful [225].  

One of the earliest dual catalyst systems for polyesters was reported by Del Monte et al., they 

used acid-base organocatalysts methanesulfonic acid (MSA) and TBD for the enhanced ROP 

of of ε-caprolactone [230]. In order for an enhancing dual catalyst complex to form there needs 

to be a great enough difference in pKa between the two catalysts; a sufficient difference leads 

to proton transfer and the formation of a stable acid-base complex [231]. One potential problem 

with synergistic dual catalysis is self-quenching. Careful selection of the two catalysts is 

necessary to prevent self-quenching; appropriate catalysts will form labile bonds with reversible 

binding [226]. The strength of the acid-base interaction has a significant effect on the activity 

and stability of the catalyst complex. If the coordination between the Lewis acid and base is too 

strong, both catalysts can become inactive. Additionally, redox events could occur which render 

the catalyst inactive. If the catalysts bind too weakly then the catalyst complex will be too 

unstable so no activity enhancement is observed [226,232]. Recent literature has reported the 

use of synergistic dual catalysis for polyester recycling and found it outperformed single 

catalysis [231–234]. These Lewis acid-base pairs were prepared by simple physical 

interactions, allowing for dual catalyst systems to be a scalable process relevant for industry 

[231]. Dove et al. reported a synergistic effect for Zn(OAc)2 coupled with DMAP resulting in 

an increased PET depolymerisation rate [232]. These catalysts were provided by Dove and used 

in the work reported in Chapter 5 and 6 [13,14]. 

2.5.10 Market Size of PLA, AL, LA, and L-lactide 

The three most common chemical recycling methods for PLA are pyrolysis, hydrolysis, and 

alcoholysis, which produce lactide, LA, and AL respectively. It is important to know the market 

size for each of these products and of PLA. Data for market sizes is provided from market 
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research groups instead of traditional literature. Even so, there are gaps in the data and 

conflicting estimates of different market values. One group reported the global market values 

of PLA and LA will reach $2.31 billion and $2.43 billion by 2028, with compound growth rates 

(CAGR) of 16.3% and 9.6% [235,236]. Another group predicted market values for PLA an LA 

to reach $1.98 billion and $2.7 billion by 2028, with CAGR of 18.1% and 8% [237,238]. 

Another group predicted the market size for PLA, LA, and L-lactide to reach $1.7 billion, $4 .9 

billion, and $2.4 billion respectively by 2027 [239–241]. Representing CAGR of 13.86%, 

8.92%, and 12.6%. This group also predicted the global market for AL to reach $109 million 

by 2028 with a CAGR of 2.3% [242]. With EtLa making up the largest proportion of the AL 

market estimated at $92 million by 2024 [243]. Summarising the data, LA has the greatest 

market value followed by PLA, L-lactide, and AL; PLA has the greatest market growth, 

followed by, L-lactide, LA, and LA.  

2.5.11 Optimal Chemical Recycling Route 

Determining which chemical recycling route is optimal on an industrial scale depends on many 

factors. Some of the key factors that should be considered are: the LCA for each route, the 

reaction rate, the reagents and catalysts, the product yield and selectivity, the Ea of reaction, the 

operating conditions (heat, pressure, and stirring), as well as the reactor type/size. The level of 

research of each method should also be considered when deciding which chemical recycling 

route to utilize in industry. Alcoholysis being the least researched depolymerisation route means 

there is a large potential for investigation. Three chemical recycling routes are compared in 

Table 2.4. Hydrolysis has clear advantages: its product LA has a significantly greater market 

size than lactide or AL, its reaction has a relatively low Ea 49.6 kJ∙mol-1 at moderate 

temperatures 170 – 250 °C, and high conversions of PLA can be achieved without catalysts. 

Pyrolysis could be considered the best route for a direct circular economy. Its product, lactide, 
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is the precursor for ROP to generate virgin PLA. Pyrolysis avoids the environmental and 

economic costs of first having to convert AL or LA to lactide. Although high conversions of 

PLA can also be achieved without catalysts this reaction requires high temperatures ≥ 270 °C 

and has the greatest Ea 119 kJ∙mol-1. The presence of Sn (1006 ppm) or calcium (121 ppm) 

lowers the Ea to 80 – 90 kJ∙mol-1 and 98 kJ∙mol-1 respectively. However, it is still greater than 

the Ea for hydrolysis or alcoholysis routes. Alcoholysis is favoured by having the smallest Ea 

39 kJ∙mol-1 at mild reaction temperatures 40 – 130 °C while attaining high conversions of PLA. 

Arguably this makes alcoholysis the best disposal route for the postconsumer PLA from an 

environmental perspective. LCAs have reported alcoholysis of PLA to have the most 

environment benefits across impact categories such as global warming, acidification, 

eutrophication, resource use, and photochemical ozone formation [10]. Hydrolysis of PLA 

shows the highest benefit concerning land use and water scarcity [10]. The lowest PLA 

depolymerisation Ea values are all alcoholysis routes; the lowest Ea being -5.7 kJ∙mol-1 was 

accomplished via methanolysis using Zn(2Pr)2 [189]. Like other discrete metal complexes, a 

downside is this catalyst must first be synthesised and is not commercially available. 

Additionally Zn(2Pr)2 is also limited by its sensitivity as it easily becomes deactivated. The next 

lowest Ea (20.96 kJ∙mol-1) belongs to the ionic liquid 2[Bmim][OAc]:Zn(OAc)2 [175]. The 

synergistic effect of the IL combined with the Zn(OAc)2 salt explains why [Bmim][OAc] alone 

has a greater Ea (38.29 kJ∙mol-1) [174]. Despite IL exhibiting superior activity its scalability 

remains limited by their high cost and intrinsic viscosity [23]. Interestingly, when 

[Bmim][OAc] was used for methanolysis at only 2 wt% and 90 – 115 °C the Ea                                        

(38.29 kJ∙mol-1) was significantly lower than the Ea for hydrolysis (133.9 kJ∙mol-1 ); despite the 

hydrolysis reaction using 50 wt% of [Bmim][OAc] and a higher temperature of 120 – 135 °C 
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[147,175]. This result implied that catalysts that are effective for PLA hydrolysis might be even 

more active towards PLA alcoholysis.  

Table 2.4. The activation energies (Ea) of different chemical recycling routes for PLA. 

Degradation route Catalyst 
Ea (kJ∙mol-

1) 

Temperature 

(°C) 
Ref. 

Hydrolysis - 83.68 21 – 45 [140] 

Hydrolysis (PLLA in melt) - 49.6 170 – 250 [141] 

Hydrolysis (PLLA in solid) - 69.6 120 – 160 [141] 

Hydrolysis - 53.23 ± 6.81 140 – 180 [143] 

Hydrolysis - 51.04 180 – 250 [140] 

Hydrolysis - 101.4 40 – 80 [146] 

Hydrolysis EtOH, 50% by volume 93.41 60 – 90 [146] 

Hydrolysis [Bmim][OAc], 50 wt% 133.9 120 – 135 [147] 

Pyrolysis - 119 240 – 270 [149] 

Pyrolysis Sn 1006 ppm 80 – 90 40 – 400 [156] 

Pyrolysis Sn 689 ppm 120 – 130 40 – 400 [156] 

Pyrolysis Sn 23 ppm 176 40 – 400 [156] 

Pyrolysis Ca 121 ppm 98 280 – 370 [157] 

Methanolysis FeCl3, 1 wt% 32.41 110 – 135 [173] 

Methanolysis [Bmim][OAc], 2 wt% 38.29 90 – 115 [174] 

Methanolysis 
2[Bmim][OAc]-

Zn(OAc)2, 1 wt% 
20.96 90 – 110 [175] 

Methanolysis 
2[Bmim][OAc]-FeCl2, 

0.25 wt% 
21.28 100 – 125 [176] 

Methanolysis 
Zn(1Et)2, 

4 – 16 wt% 
39 – 65 40 – 130 [187] 

Methanolysis 
Zn(2Pr)2, 

4 wt% 
−5.7 50 – 70 [189] 

Ethanolysis - 112.97 140 – 190 [170] 

Butanolysis - 58.88 130 – 190 [170] 

Butanolysis - 108.78 170 – 210 [170] 

Bmim = 1-butyl-3-methylimidazolium, Et = Ethylenediamine, Pr = Propylamine 
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Considering that alcoholysis routes are the least researched but already have the lowest Ea 

means there is enormous potential for their development. Discovery of different catalytic 

mechanisms could lead to an even smaller Ea for PLA alcoholysis. As Ea decreases further the 

overall process of alcoholysis recycling becomes more economically feasible and 

environmentally friendly, meaning that less energy is required to generate products from waste 

material. 

2.6 Conclusions and Rationale for Current Studies 

Some of the following conclusions can be made from the above discussion: 

• Current levels of plastic pollution are unsustainable, so that the transition from a linear 

single use plastic economy to a circular economy is critical. A circular approach offers both a 

financial incentive and climate change mitigation. 

• Bioplastics and in particular bio-based plastics, represent an emerging market of 

polymers capable of replacing fossil-based plastics as more environmentally friendly materials.  

• PLA is a leading bioplastic with mechanical and barrier properties competitive with PS, 

and its market size (13.9% of the bioplastic market) is projected to increase in the future. The 

limitations of PLA in comparison to fossil-based plastics are: its inferior barrier properties, its 

relative brittleness, and its relatively expensive synthesis. In addition, PLA causes a large 

disruption during the mechanical recycling of PET. 

• Chemical recycling routes such as pyrolysis, hydrolysis, and alcoholysis, serve as ideal 

recycling routes for low-grade postconsumer PLA that can no longer be mechanically recycled. 

Each of these routes offers pros and cons: pyrolysis allows for the most direct circular economy 

but requires the greatest Ea, hydrolysis generates LA which has the largest market size but 

requires a moderate Ea, alcoholysis has the lowest impact LCA and requires the smallest Ea but 

its product AL has the smallest market value.  
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• Both hydrolysis and alcoholysis directly make PLA a more competitive material. 

Hydrolysis avoids the expensive costs associated with LA generation from fermentation, 

making the overall cost of PLA much cheaper. Alcoholysis can easily be applied to mixed PLA 

/ PET waste to selectively depolymerise PLA to AL; unreacted PET is then suitable for 

mechanical recycling. 

• A large variety of catalysts and alcohols can be applied to PLA alcoholysis to generate 

a range of ALs. The use of synergistic dual catalysts is a developing field; early literature shows 

promising results applying synergistic catalysts to the alcoholysis of polyesters.  

 

Based on the literature review provided, the transition from a linear plastic economy to a 

circular economy is paramount to combat plastic pollution and climate change. The bioplastics 

market is emerging as a replacement to fossil-based plastics to decrease usage of fossil fuels. 

PLA is a crucial biopolymer with an EOL that is particularly important because of the issues 

related to PET mechanical recycling. The work in this thesis deals with the alcoholysis of PLA 

using a semi batch reactor. The first part of this work examines the use of discrete metal 

complexes Zn(1Et)2 and Zn(2Pr)2 (R = NMe2), testing the effect of increasing alcohol chain 

length. The second part of this work focuses on the synergistic interaction of Zn(OAc)2 and 

DMAP investigating the effect of different ratios of the two catalysts. This is expanded in the 

third part of this work; where mixtures of four catalysts Zn(OAc)2, Mg(OAc)2, DMAP, and 

TBD, are explored to find any synergetic relationships, in addition to testing the effect of MeOH 

equivalents on the methanolysis rate. Detailed kinetics were estimated for each experimental 

section of this thesis. The reaction kinetics aid in understanding the depolymerisation 

mechanism for PLA alcoholysis.  
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3 Chapter 3 – Experimental Setup and Analytical Methods 

3.1 Chapter Overview 

This chapter describes the experimental procedures and methods that were used in this thesis, 

broken down into the following sections: i) materials and equipment, ii) zinc complex synthesis 

and characterisation, iii) the apparatus and procedures used in each publication, and iv) the 

methodologies and techniques for sample analysis. Section §3.2 provides a full list of the 

commercial materials and a brief specification of the instruments used in this project. This is 

followed by Section §3.3 which details the synthesis of Zn(1Et)2 and Zn(2Pr)2 complexes. This 

was part of an ESPRC project collaboration with the University of Bath. McKeown et al. 

synthesised the Zn(1Et)2 and Zn(2Pr)2 complexes and they were tested for PLA alcoholysis at 

the University of Birmingham. The setup of a Parr batch autoclave is then described in detail 

in Section §3.4, also specifying the operating procedure, reagent charging and sampling 

method. The analytical methods used during this study include gas chromatography (GC) and 

proton nuclear magnetic resonance (1H NMR) spectroscopy, described in Section §3.5.1 and 

§3.5.2 respectively. Both techniques were used to identify and quantify the reaction products 

from PLA alcoholysis. GC was primarily used as quick and convenient screening to monitor 

reaction progress, whereas 1H NMR provided more detail regarding the relative concentrations 

of PLA, oligomers, and AL. These data were used to carry out a model fitting procedure in 

MATLAB to calculate the reaction kinetics. The MATLAB script used during this project was 

provided by Román-Ramírez from the School of Chemical Engineering University of 

Birmingham and is detailed in detailed in Appendix §8.1.3.   

3.2 Materials and Equipment  

A full list of commercial chemicals and materials used in this study is provided in Table 3.1. A 

full list of the instruments used during the project for is provided in Table 3.2. 
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Table 3.1. Commercial chemicals and materials used in this study. 

Material Supplier Specification 

For Alcoholysis Reactions   

Methanol 
Fisher Scientific, 

Loughborough UK 

99.8% (Methanolysis 

reactant) 

Methyl (S)-lactate 
Fisher Scientific, 

Loughborough UK 
97% (GC analytical standard) 

Ethanol 
Fisher Scientific, 

Loughborough UK 
99.8% (Ethanolysis reactant) 

Ethyl (S)-lactate 
Fisher Scientific, 

Loughborough UK 
97% (GC analytical standard) 

Propan-1-ol 
Fisher Scientific, 

Loughborough UK 

99% (Propanolysis 

reactant) 

Butan-1-ol 
Fisher Scientific, 

Loughborough UK 

99% (Butanolysis 

reactant) 

Butyl (S)-lactate 
Sigma-Aldrich, Gillingham 

UK 
97% (GC analytical standard) 

Tetrahydrofuran 
Fisher Scientific, 

Loughborough UK 
99.8% (Alcoholysis  solvent) 

Zinc acetate dihydrate 
Sigma-Aldrich, Gillingham 

UK 
99.9% (Alcoholysis catalyst) 

Magnesium acetate 

tetrahydrate 

 

Sigma-Aldrich, Gillingham 

UK 
99.9% (Alcoholysis catalyst) 

Triazabicyclodecene 
Sigma-Aldrich, Gillingham 

UK 
98% (Alcoholysis catalyst) 

4-(dimethylamino)pyridine 
Sigma-Aldrich, Gillingham 

UK 
99.9% (Alcoholysis catalyst) 

Gas   

Compressed air zero grade BOC, UK 99.9% 

Hydrogen BOC, UK 99.9% 

Nitrogen BOC, UK 99.9% 

Helium BOC, UK 99.9%) 

For Zn(1Et)2 and Zn(2Pr)2 

Synthesis 
  

3,5-Di-tert-butyl-2-

hydroxybenzaldehyde 

Sigma-Aldrich, Gillingham 

UK 

99% (Zn (II) complex 

synthesis) 

N-Methylethylenediamine 
Sigma-Aldrich, Gillingham 

UK 

95% (Zn (II) complex 

synthesis) 

3-(Dimethylamino)-1-

propylamine 

 

Sigma-Aldrich, Gillingham 

UK 

99% (Zn (II) complex 

synthesis) 

Hexane 
Sigma-Aldrich, Gillingham 

UK 

95% (Zn (II) complex 

synthesis) 

Diethylzinc 
Sigma-Aldrich, Gillingham 

UK 

≥52 wt% Zn basis (Zn (II) 

complex synthesis) 
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Table 3.2. Instruments involved in this study 

Instrument Manufacturer Note 

A&D analytical balance A&D Instruments Ltd. Series: HR-200 

Agilent 6890N Network Gas 

Chromatography 
Agilent Technologies Inc 

Flame Ionisation Detector 

(FID), column: Agilent HP-5 

Oil Bath heating circulator IKA 

CBC 5 Control 
IKA England Ltd. - 

CORIO CP-600F refrigerated / 

heating circulator 
Julabo UK Ltd. - 

400 MHz Bruker Avance II 

spectrometer 
Bruker Inc - 

HPLC PUMP - - 

 

3.3 Discrete Zn(1Et)2 and Zn(2Pr)2 synthesis  

Synthesis of these complexes was carried out and provided by Prof. Matthew Jones and Dr. 

Paul Mckeown from the School of Chemistry, University of Bath. For Zn(1Et)2 synthesis, the 

required ligand was made directly prior to complexation with Zn(II). The ligand was first 

prepared in a Schlenk tube via a simple condensation reaction. 3,5-Di-tert-butyl-2-

hydroxybenzaldehyde (2 mmol) dissolved in methanol (3 mL) and N-Methylethylenediamine 

(2mmol) was added dropwise. After complete addition the solution was left at 25 °C for 16 h, 

after which the solvent was removed in vacuo. The solid ligand was added to toluene (10 mL) 

along with diethylzinc (1 mmol) and stirred for an hour before solvent removal. The desired 

complex was purified by via washing or recrystallisation from hexane. For Zn(2Pr)2 synthesis, 

the required ligand was made directly prior to complexation with Zn(II). The ligand was first 

prepared in a Schlenk flask via a simple condensation reaction. 3,5-di-tert-butyl-2-

hydroxybenzaldehyde (2 mmol) was dissolved in methanol (5 mL), and 3-(dimethylamino)-1-

propylamine (2 mmol) was added dropwise. After complete addition the solution was stirred 

for 3 h, after which the solvent was removed in vacuo and the product dried at 40 °C under a 

dynamic vacuum.  The solid ligand was added to hexane (10 mL) along with diethylzinc (1 

https://www.julabo.com/en-gb/products/refrigerated-circulators/refrigerated-heating-circulators/corio-cp-600f
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mmol) added dropwise and stirred for 3 hour before the complex was purified and isolated. 

Both Zn(1Et)2 and Zn(2Pr)2 complexes were stable in ambient conditions.  

3.4 Parr Reactor for Alcoholysis Reactions  

 Figure 3.1 shows a schematic diagram of the Parr reactor used in this study.  

 

Valves: Indicators 

V1 Gas cylinder regulator TS Temperature sensor 

V2 Gas inlet control valve PS Pressure Sensor 

V3 Sampling valve PG Mechanical pressure gauge 

V4 Gas release valve   

Others: 

SR1 Relief valve (set at 40 bar) 

SR2 Safety rupture disc (set at 20 bar) 

C Condenser 

 

Figure 3.1 Schematic of the Parr autoclave reactor used for alcoholysis experiments. 
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Alcoholysis reactions were conducted in a stainless-steel semi-batch autoclave reactor (max 

pressure 200 bar, temperature range from -10 to 350 °C) manufactured by Parr Instrument 

Company, Illinois, US. This 300 mL autoclave is a cylindrical and flat-bottomed vessel with 

the inside dimensions of 6.4 cm (diameter) × 11 cm (height).  The liquid sampling valve (V4) 

is attached to the same fitting as the gas inlet valve (V3) connected to the same line (2). Incoming 

gas is always introduced below the surface of the liquid and the operator is provided with a 

means for clearing the line to be sure that any sample taken during a run will be representative. 

3.4.1 Procedure used in Chapter 4  

For each experiment, 12.5 g of PLA, 250 mL of THF and 1 g of Zn(1Et)2 (8 wt% ≈ 9 mol%) 

were charged to the reactor. The autoclave was then sealed and degassed with N2 for 20 min 

before bringing the reactor to the desired working temperature (50 – 130 °C) at a stirring speed 

of 300 rpm. The reactor was left at the desired temperature for a further 20 min to ensure all the 

PLA pellets were dissolved. The reactions were initiated in a semi-batch manner with the 

addition of 50 mL of alcohol (either EtOH ≈ 5 molar equivalents relative to ester groups, PrOH 

≈ 4 equivalents, or BuOH ≈ 3 equivalents) fed into the reactor via an HPLC pump at a rate of 

10 mL∙min-1. The calculation of molar equivalent is detailed in appendix §8.3.1. Reaction 

samples were taken periodically throughout each experiment and analysed by GC and 1H NMR 

analysis. Multiple reactions were carried out at each temperature and results were averaged. 

The protocol was identical for Zn(2Pr)2 experiments except the stirring speed was 800 rpm since 

Zn(2Pr)2 displayed mass transport limitations at 300 rpm. A range of concentrations of EtLa and 

BuLa were injected into the GC to determine a calibration plot, detailed in appendix §8.2.1. 

The gradient of these plots allowed for the quantitative analysis and calculation of EtLa and 

BuLa concentration during the reactions. At the time of experiments, propyl lactate (PrLa) was 
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not available to be purchased. Therefore, it was not possible to determine a calibration plot for 

this component, so GC analysis for propanolysis was only qualitative.  

More specifically the ethanolysis Zn(1Et)2 and Zn(2Pr)2 experiments in Section §4.2, were 

carried out at in temperatures 50 – 110 °C. The propanolysis Zn(1Et)2 experiments in Section 

§4.3, were carried out at in temperatures in the range 90 – 130 °C. The Zn(2Pr)2 experiments 

were carried out at in temperatures in the range 50 – 110 °C. The butanolysis Zn(1Et)2 

experiments in Section §4.4, were carried out at in temperatures in the range 50 – 130 °C. The 

Zn(2Pr)2 experiments were carried out at temperatures in the range 50 – 110 °C. 

3.4.2 Procedure used in Chapter 5  

 For the preliminary mixed catalyst methanolysis experiments in Section §5.2, 2 g of PLA, 

10 mL of MeOH (≈ 9 molar equivalents relative to ester groups), 40 mL of THF, and a various 

amounts of Zn(OAc)2 and DMAP (total = 0.1 g, 5 wt%) were charged in the reactor. Various 

stirring speeds ranging from 0 to 700 rpm were also investigated. Once the reactor was charged, 

the autoclave was sealed and degassed with N2 for at least 10 min before bringing the reactor 

to the desired working temperature (130 °C) at stirring speed ranging from 0 to 700 rpm. The 

reactor was left at 130 °C for a further 10 min to ensure all the PLA pellets were dissolved 

before 10 mL of MeOH was fed into the reactor via an HPLC pump at a rate of 10 mL∙min-1. 

Samples were taken periodically and tested by gas chromatograph (GC).  

For the dual catalyst alcoholysis experiments in Section §5.3, in each of the methanolysis 

experiments, 2 g of PLA, 40 mL of THF, and 0.05 g Zn(OAc)2 + 0.05 g DMAP (0.8 mol% / 

1.5 mol%) were charged in the reactor. In each ethanolysis experiment, 2 g of PLA, 35.5 mL 

THF, and 0.05 g Zn(OAc)2 + 0.05 g DMAP were charged in the reactor. Once the reactor was 

charged, the autoclave was sealed and degassed with N2 for at least 10 min before bringing the 

reactor to the desired working temperature (100 – 130 °C) at a stirring speed of 300 rpm. The 
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reactor was left at the desired temperature for a further 10 min to ensure that all the PLA pellets 

were dissolved. Then, either 10 mL of MeOH or 14.5 mL EtOH was fed into the reactor via an 

HPLC pump at a rate of 10 mL∙min-1. The volumes of the two alcohols were varied to ensure 

both MeOH and EtOH experiments had approximately 9 equivalents of alcohol per ester bond 

of PLA. Then, the volume of THF was adjusted to ensure the same concentration of PLA in 

both MeOH and EtOH experiments. Samples were taken periodically and tested by GC. For the 

dual methanolysis reactions in Section §5.3.2 the same protocol was followed but samples 

were also analysed by 1H NMR. 

3.4.3 Procedure used in Chapter 6  

For the preliminary methanolysis Zn(OAc)2 experiments in Section §6.2, the procedure was 

as follows: 2 g of PLA, 2 mol% of Zn(OAc)2 (relative to mol of PLA), and THF were added to 

the autoclave, which was then sealed and degassed with N2 for 5 min. The amount of THF 

depended on the amount of MeOH; enough THF was added so that each reaction volume was 

50 mL total. Afterward, the temperature was brought to 130 °C for a further 10 min to ensure 

that all the PLA pellets had dissolved. Several stirring speeds were tested (0 rpm, 300 rpm, 600 

rpm). Various amounts of MeOH (5.6 mL ≈ 5 equivalents, 10 mL ≈ 9 equivalents, 15 mL ≈ 13 

equivalents or 19 mL ≈ 17 equivalents) in different runs were then fed into the reactor via an 

HPLC pump at a rate of 10 mL∙min-1. Reaction samples were taken periodically and tested via 

Agilent 6890N gas chromatograph. 

For the single and mixed catalyst methanolysis experiments in Section §6.3 and §6.4, the 

procedure was as follows: 2 g PLA, various ratios of catalysts (Zn(OAc)2, Mg(OAc)2, TBD, 

and DMAP) always totalling 2 mol%, and either 40 mL or 31 mL of THF (depending on MeOH 

amount, total volume = 50 mL), was added to the autoclave, which was then sealed and 

degassed with N2 for 5 min. Afterwards, the temperature was brought to 130 °C for a further 
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10 min to ensure that all the PLA pellets had dissolved. Two stirring speeds were tested: 300 

rpm or 600 rpm. Two MeOH amounts were tested: 10 mL ≈ 9 equivalents and 19 mL ≈ 17 

equivalents, which were fed into the reactor via an HPLC pump at a rate of 10 mL∙min-1. 

Reaction samples were taken periodically and tested via gas chromatograph (GC). 

For the final methanolysis Zn(OAc)2  and dual Zn(OAc)2  / TBD experiments in section 

§6.4.2, the procedure was as follows: 2 g of PLA, 2 mol% of Zn(OAc)2, and 31 mL of THF 

were added to the autoclave, which was then sealed and degassed with N2 for 5 min. A stirring 

speed of 600 rpm was used. A range of temperatures were investigated 100 – 130 °C. Once the 

reactor had reached the desired temperature, 19 mL ≈ 17 equivalents of MeOH were fed into 

the reactor via an HPLC pump at a rate of 10 mL∙min-1. Reaction samples were taken 

periodically and tested by 1H NMR spectroscopy.   

3.5 Analytical methods 

3.5.1 Gas chromatography (GC) 

The reaction mixtures used throughout this project were analysed using an Agilent 6890N 

Network Gas Chromatography equipped with an Flame Ionisation Detector (FID), a simplified 

schematic shown in Figure 3.2. An FID uses flame fuelled by hydrogen and zero air to ionize 

organic compounds that are carried by an inert gas through a retention column. Liquid sample 

is injected into the GC and vaporized; its components are then separated in the retention column, 

and each analyte then passes through the flame becoming ionized. These ions are detected by 

FID and their current is converted to an electrical signal. Signals appear at different retention 

times corresponding to each analyte. Signal intensity is proportional to the quantity of each 

analyte injected into the GC. An inert make-up gas is required to ensure that sufficient gas flow 

is provided throughout the column and FID, typically helium or nitrogen are used. It is 

important that the gas contains minimal impurities as they could interfere with the analysis.  
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Figure 3.2 Simplified schematic of the Agilent 6890N Network Gas Chromatography system. 

Optimised separation of reaction mixture analytes depends largely on the correct selection of a 

capillary column – the stationary phase (match polarity of sample), the column I.D. (dependent 

on the size of the sample), the film thickness (dependent on the volatility of the sample), and 

the column length (to increase the resolution when needed). An appropriate oven method is also 

critical and needs to be developed. A good method holds the column at a certain temperature 

with or without a temperature ramp that allows for each analyte to sufficiently separate. A good 

method will result in distinct signal peaks but still within a reasonable time frame. Once a proper 

method has been developed, chemical standards at a series of known concentrations are 

injected, and the corresponding retention time is used to identify similar compounds in reaction 

mixtures. As the intensity of a GC signal is related to the amount of analyte injected, a 

calibration plot can be generated from the known concentrations. This allows for the 

quantitative analysis of similar chemicals in a reaction mixture. 

The specific column and oven method used during this study is summarised: the GC was 

coupled with a Flame-Ionization Detector (FID) (Agilent Technologies, 6890N, Cheadle, UK), 

samples were injected by an autosampler (Agilent Technologies, 7683B. Cheadle, UK), to a 30 

m × 0.32 mm ID, 0.25 µm film thickness HP-5 Agilent capillary column. Helium was used as 
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a carrier and make-up gas with the following conditions: inlet temperature of 150 ◦C, 1 µL 

injection volume, 1:400 split ratio, 250 °C detector temperature, with an initial oven 

temperature of 65 °C (held for 4 min), then 100 °C·min-1 ramp to 195 °C (held for 1 min), 

followed by 100 °C·min-1 ramp to 230 °C (held for 5 min). The initial flow rate was 0.8         

mL·min-1 (held for 5 min), then 100 mL·min-1 ramp to 3 mL·min-1 (held for 5 min). A multiple 

point external standard calibration curve was prepared using standard solutions covering the 

range of AL concentrations, detailed in Appendix §8.2.1. A linear response of the detector was 

determined for MeLa, EtLa, and BuLa (R2 = 0.9998, 0.9998, and 0.9969 respectively). For PrLa 

the GC analysis was only qualitative.  

3.5.2 Proton nuclear magnetic resonance (1H NMR) spectroscopy 

The Stern – Gerlach experiment in 1921 shot a beam of Ag atoms through an inhomogeneous 

magnetic field; the result was discrete bands of silver atoms. This result was significant as it 

implied the silver atoms behaved like tiny magnets interacting with the external field [244,245]. 

NMR was co-discovered in 1946, nuclei such as 1H, and 31P were able to absorb radio frequency 

(RF) energy when place in an external magnetic field at specific strength [245]. Different nuclei 

within a molecule resonated at different frequencies which allows for the detailed analysis of 

the molecule structure. Nuclei that have an even number of protons and neutrons have zero 

spin. All other nuclei have either half integer or integer spin and can be imaged as spinning on 

their axes. Quantum mechanics tells us that the orientation of angular momentum is quantized; 

thus the subsequent magnetic moment has discrete orientations. Nuclei with spin can be 

described by an angular momentum quantum number (I), and the magnetic moment may lie in 

2I +1 different orientations relative to an axis [244]. A hydrogen proton has I = ½ so its spin 

adopts either of two orientations; in the absence of an external magnetic field both these 

orientations are of equal energy. When a magnetic field is applied the spin states align with 
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(lower energy – α spin state) or against (higher energy – β spin state) the external field. The 

initial populations of spin energy levels are determined by thermodynamics and the Boltzmann 

distribution. Lower energy levels contain slightly more nuclei than the higher levels. In an 

applied magnetic field (B0) the protons undergo a motion called precession as they twist round 

the direction of the field. The rate of precession termed the Larmor frequency (ω0) is 

proportional to the field strength of B0, described by the Larmor equation (3.1), 

  𝜔0  =  𝛾𝐵0                                                                                             (3.1) 

where the gyromagnetic ratio (γ) is a proportionality constant related to the internal structure of 

a nucleus. Resonance absorption of spin ½ nuclei occurs when the ω0 is the same as the applied 

electromagnetic field. If an applied RF signal matches ω0, then a proton in the lower energy 

absorbs energy so its angle of precession ‘flips’ to the higher energy level. It is possible to 

excite all the lower energy nuclei so no further RF can be absorbed; the spin system is then 

saturated. As the proton realigns with the applied field it emits energy at the Larmor frequency. 

Relaxation processes take place as nuclei return to a lower energy state. There are two major 

relaxation processes: spin – lattice longitudinal relaxation (T1), and spin – spin transverse 

relaxation (T2). T1 describes the return to equilibrium in the direction of the magnetic field. T2 

describes the decay of excited magnetization perpendicular to the applied magnetic field.  

The precise resonant frequency of the energy transition is dependent on the effective magnetic 

field of the nuclei. This is affected by electron shielding which depends on the chemical 

environment. In general, increasing electronegativity deshields a proton so that they experience 

a greater effective magnetic field. This means a greater energy gap between α and β spin states, 

thus a higher frequency of radiation absorbed and higher chemical shift for the proton. The 

difference between the resonance frequency and that of a reference standard is known as the 

chemical shift. Typically for 1H NMR, tetramethylsilane (TMS) is used as the reference 
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standard as all its hydrogens share identical environments. Chemical shifts are reported on the 

δ scale which is defined by the equation (3.2),   

 

                                                𝛿 = (𝑣− 𝑣 °

𝑣 ° ) × 106                                                        (3.2) 

 

where ν° is the resonance frequency of the standard (TMS chemical shift of zero). The 

advantage of δ scale is that shifts reported are independent of the applied field and is convenient 

to express in ppm. It is also important to consider spin-spin coupling which causes signals to 

split depending on neighbouring protons. The number of splitting indicates the number of 

chemically bonded nuclei in the vicinity of the observed nucleus.  

Throughout this project 1H NMR analysis using a 400 MHz Bruker Avance II spectrometer 

(Bruker Coventry UK) was utilized to determine the alcoholysis reaction mixtures. The NMR 

was equipped with a Bruker 9.39 T Ultrashield magnet, a Bruker Avance NEO console (2018), 

and 5 mm BBFO “smart” probe.  Reaction samples were withdrawn and analysed at various 

intervals and 1H NMR analysis used to determine the relative concentrations of PLA, oligomers, 

and the AL product. Each of these had specific proton resonances. According to equation (3) 

there are three possible environments for methine functional groups: internal methine protons 

along the PLA chains (Int) (δ = 5.09 – 5.21 ppm), two types of chain end methine protons 

belonging to oligomer fragments (CE) (δ = 4.30 – 4.39 ppm / 5.09 – 5.21 ppm), or methine 

protons belonging to an alkyl lactate molecule (AL) (δ = 4.23 – 4.29 ppm), detailed in Appendix 

§8.2.2. This enables the determination of the reaction progress, by monitoring the relative 

concentration of each methine environment via 1H NMR spectroscopy. Reaction samples were 

dissolved in CDCl3 and chemical shifts were referenced against TMS.  
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3.6 Alcoholysis Rate Equations  

The experimental data for Chapters 4 and 6 were modelled using the reaction mechanism shown 

in Equations (3.3 – 3.6), proposed by Román-Ramírez, et al [187]. The alcohol nucleophile was 

in excess so was not included in the model.  

 

                                                         𝐼𝑛𝑡 
𝑘1
→  𝐶𝐸 ⇄

𝑘−2

𝑘2

  𝐴𝐿                                                     (3.3) 

                                                           
𝑑[𝐼𝑛𝑡]

𝑑𝑡
 =  −𝑘1[𝐼𝑛𝑡]                                                      (3.4) 

                                          
𝑑[𝐶𝐸]

𝑑𝑡
 =  𝑘1[𝐼𝑛𝑡] −  𝑘2[𝐶𝐸] +  𝑘−2[𝐴𝐿]                                      (3.5) 

                                                    
𝑑[𝐴𝐿]

𝑑𝑡
 =  𝑘2[𝐶𝐸] − 𝑘−2[𝐴𝐿]                                              (3.6) 

 

In the overall rate equation (3.3), the internal methine protons along the PLA chains are 

represented by (Int), the chain-end methine protons of the oligomer fragments are represented 

by (CE), and the alkyl lactate methine protons of the product are represented by (AL). PLA was 

depolymerized through a two-step reaction, with the second step being reversible. The 

coefficient k1 represents the random attack of an ester linkage by a MeOH nucleophile; each 

cleavage results in the generation of two CE oligomers. The coefficient k2 represents the 

forward equilibrium step, which is the formation of the product AL from CE oligomers; this 

step occurs when MeOH attacks an ester linkage of an oligomer adjacent to its CE. The reverse 

equilibrium step represented by coefficient k-2, occurs when the alcohol group of AL attacks an 

ester linkage of the CE oligomer, and itself becomes a larger oligomer. The differential 

Equations (3.3 – 3.6) were solved in MATLAB according to the script detailed in Appendix 

§8.1.3. Using a minimisation of least squares fitting procedure in MATLAB, the rate constants 

were estimated from the experimental 1H NMR data. The rate constants were estimated for the 

same reaction over a range of temperatures and used to generate Arrhenius plots to obtain Ea 
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for the reaction. The experimental data for Chapter 5 were modelled using the simplified two 

step reaction mechanism shown below in equation (3.7).  

 

                                                       𝐼𝑛𝑡 
𝑘1
→  𝐶𝐸 

𝑘2
→   𝐴𝐿                                                           (3.7) 

                                                       
𝑑[𝐼𝑛𝑡]

𝑑𝑡
 =  −𝑘1[𝐼𝑛𝑡]                                                          (3.8) 

                                          
𝑑[𝐶𝐸]

𝑑𝑡
 =  𝑘1[𝐼𝑛𝑡] −  𝑘2[𝐶𝐸]                                                   (3.9) 

                                                        
𝑑[𝐴𝐿]

𝑑𝑡
 =  𝑘2[𝐶𝐸]                                                           (3.10) 

                                  [𝐶𝐸] =  
𝑘1

𝑘2−𝑘1
[exp(−𝑘1𝑡) − exp(−𝑘2𝑡)][𝐼𝑛𝑡]0                                    (3.11) 

 

The model is simplified from the previous model by not assuming an equilibrium for the second 

step. This was carried out to investigate if there was a significant difference in estimated Ea for 

each mechanism. The alcohol in excess was not included in the model. Int represents the 

internal methines along the PLA chains, CE represents the chain end methines of the oligomer 

fragments from cleaved PLA chains and, AL represents the alkyl lactate methines of the 

product. Equations (8 – 10) were solved by sequential integration and substitution (work shown 

in appendix §8.2.2) to produce equation (11). The 1H NMR data were then fitted to equation 

(11) using SigmaPlot which enabled for the determination of k1 and k2. 
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4 Chapter 4 – Kinetics of Alkyl Lactate Formation from the 

Alcoholysis of Poly(lactic Acid) 

4.1 Chapter Overview 

This Chapter describes the investigation of two discrete Zn complexes and their effect on the 

alcoholysis of PLA. A range of alcohols were also explored to see the effect of alcohol chain 

length on the rate of PLA alcoholysis. All the experiments were carried out in the 300 ml Parr 

autoclave reactor in a semi-batch manner through the addition of alcohol, as described in 

Section §3.4.1. The catalysts (Zn(1Et)2 and Zn(2Pr)2) were synthesised by McKeown et al. (the 

School of Chemistry at the University of Bath), using the synthesis detailed in Section §3.3. 

The experimental data were fitted to a kinetic model in MATLAB proposed by Román-

Ramírez, detailed in Section §3.6. This chapter is based on the publication, Kinetics of Alkyl 

Lactate Formation from the Alcoholysis of Poly(lactic Acid) [12].  

There are several studies that have investigated the methanolysis of PLA using a range of 

catalysts such as metal salts and ILs [173–176]. Only one previous study was found that 

investigated the kinetics of PLA alcoholysis using other alcohols such as EtOH and BuOH 

[170].  Several studies on PLA alcoholysis have been published by collaboration group 

members. The MATLAB script and kinetic model were originally proposed for PLA 

methanolysis [187]. McKeown et al. developed a range of Zn complexes that were applied to 

the ROP of L-lactide to PLA, and the subsequent alcoholysis of PLA using MeOH or EtOH 

[188]. The work reported here extends these studies by using Zn(1Et)2 and Zn(2Pr)2 for PLA 

alcoholysis, investigating a greater range of alcohols while also studying the reaction kinetics. 

Different alcohols were used at a fixed volume; in each case the alcohol is in excess relative to 

the PLA ester groups. For the depolymerisation reaction to occur, the catalyst must coordinate 

to both PLA and the nucleophilic alcohol. The working hypothesis is that longer chain alcohols 



76 
  

will sterically hinder this coordination, resulting in slower reaction rates. The results for PLA 

alcoholysis using EtOH, PrOH, and BuOH, are divided into Sections §4.2, §4.3, and §4.4. Each 

section is subdivided into the reporting of GC results, 1H NMR results, and activation energies 

(Ea). A comparison and discussion of the data are then presented in Section §4.5. Finally, 

Section §4.6 summaries this investigation and establishes a conclusion.   

4.2 Ethanolysis and Kinetics of Ethyl Lactate Formation  

The ethanolysis of PLA is a particularly useful recycling method as its product EtLa has the 

largest market share and demand out of all the ALs [243]. The protocol for these experiments 

is detailed in Section §3.4.1. PLA ethanolysis was modelled as a two-step reversible reaction 

detailed in Section §3.6. 

4.2.1 GC Results  

Samples were taken throughout each experiment and analysed by GC to determine the 

concentration of EtLa. Figure 4.1 shows the EtLa concentration (g·mL-1) vs time (min) for the 

ethanolysis of PLA using Zn(1Et)2 in the temperature range 50 – 110 °C. Experiments were 

repeated (2 – 3 times) at each temperature and results averaged. A higher temperature resulted 

in greater concentrations of EtLa in shorter times. The times taken to reach an EtLa 

concentration of 0.06 g·mL-1 are: 174 min (110 °C), 313 min (90 °C), 1160 min (70 °C), and 

4097 min (50 °C). This trend is expected as the average kinetic energy is increased at the higher 

temperatures, so a larger proportion of molecules overcome the activation energy. There is only 

a small reduction in the EtLa production rate between 110 °C to 90 °C, with a greater reduction 

from 90 °C to 70 °C, and the greatest reduction from 70 °C to 50 °C. When considering the 

ethanolysis of PLA on an industrial scale, a compromise should be made, using higher 

temperatures generates faster production rates while using lower temperatures leads to lower 

operating costs. The lower operating temperature of 90 °C still has a relatively high EtLa 
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production rate while also benefiting from a lower operating cost and smaller GWP. Despite 

ethanolysis at 70 °C and 50 °C having lower operating costs they may not be viable for 

industrial production as the EtLa production rate is too slow.  

 

Figure 4.1. Ethanolysis of 12.5 g of PLA at 50 – 130 °C, 300 rpm and 1 g Zn(1Et)2. 
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Figure 4.2 shows the EtLa concentration (g·mL-1) vs time (min) for the ethanolysis of PLA 

using Zn(2Pr)2 across the temperature range 50 – 110 °C. Experiments were repeated (2 – 4 

times) at each temperature and results were averaged (excluding 70 °C and 90 °C). For the most 

part a higher temperature resulted in a greater EtLa production rate. However, Zn(2Pr)2 exhibited 

non-Arrhenius behaviour at temperatures ≤ 70 °C resulting in enhanced initial reaction rates as 

temperature decreases. The phenomenon of non-Arrhenius behaviour and variable activation 

energies has received considerable attention in the literature. A myriad of factors can be 

considered such as: quantum-mechanical tunnelling effects, the dielectric properties and 

viscosity of the solvent, quasi-thermodynamic effects, and multi-step mechanisms such as 

reversible and consecutive reactions which have differing activation energies [246,247]. 

According to Carvalho-Silva et al. non-Arrhenius behaviour can be divided into super-

Arrhenius kinetics (convex Arrhenius plot) or sub-Arrhenius kinetics (concave Arrhenius plot) 

[248,249]. Super-Arrhenius kinetics refer to transport phenomena that increase reactivity as the 

temperature increases, whereas sub-Arrhenius refers to quantum tunnelling effects that increase 

reactivity as temperature decreases [248,249]. McKeown et al. showed evidence that at 50 °C 

Zn(2Pr)2 undergoes ligand dissociation in addition to the formation of a new species [188]. 

Román-Ramírez et al. used Zn(2Pr)2 for the methanolysis of PLA and observed non-Arrhenius 

behaviour only at low temperatures; a concave Arrhenius plot was obtained [189]. A concave 

Arrhenius plot (sub-Arrhenius kinetics) implies that quantum tunnelling effects are responsible 

for the increase in reactivity as temperature decreases [189,248,249]. This phenomenon was 

observed for Zn(2Pr)2 reactions but not Zn(1Et)2 reactions. One explanation is that Zn(2Pr)2 ligand 

dissociation and formation of a new species facilitates quantum tunnelling effects, resulting in 

sub-Arrhenius kinetics that accelerate the reaction as temperature decreases. 
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Remarkably, ethanolysis at 50 °C had the greatest initial EtLa production rate. The times taken 

to reach an EtLa concentration of 0.06 g·mL-1 at each temperature are: 664 min (50 °C), 762 

min (110 °C), 2020 min (90 °C), and 5384 min (70 °C). A small reduction in the EtLa 

production rate was observed between 110 °C and 90 °C, with a greater reduction between 90 

°C and 70 °C. Despite 50 °C exhibiting the greatest initial production rate it also plateaued at a 

lower EtLa concentration in comparison to 110 °C. This implies the equilibrium in equation 

(3.3) lies more to the left at 50 °C in comparison to 110 °C, favouring the formation of CE and 

resulting in a lower concentration of EtLa. Ethanolysis of PLA utilizing Zn(2Pr)2 appears 

promising for industrial scale-up. This is because a relatively high EtLa production can be 

achieved at the low temperature 50 °C. Lowering operating temperatures makes the chemical 

recycling of PLA more economically feasible, in addition to having a smaller environmental 

impact, for example through lower energy use.    
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Figure 4.2 Ethanolysis of 12.5 g of PLA at 110 – 50 °C, 800 rpm and 1 g Zn(2Pr)2. 

Table 4.1 presents the EtLa concentrations and rates determined by GC for both catalysts 

Zn(1Et)2 and Zn(2Pr)2 to allow for comparison. Initial rate of EtLa production was determined 

at 60 min, since at this time the concentration vs time graph is relatively linear. Zn(1Et)2 follows 

a clear trend that a higher temperature results in a greater initial rate of EtLa production. Zn(2Pr)2 
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follows the opposite trend, its non-Arrhenius behaviour resulting in higher rates of EtLa 

production at lower temperatures. The greatest initial rate of EtLa production 5.18 x 10-4              

(g·mL-1·min-1) was achieved by Zn(1Et)2 at 110 °C, just over double what the catalyst could 

achieve at 90 °C. Surprisingly Zn(2Pr)2 at 50 °C exhibited a maximum rate of 2.51 x 10-4 (g·mL-

1·min-1), while this is half the rate of Zn(1Et)2 at 110 °C it was achieved at a significantly lower 

temperature.  

Table 4.1. Ethanolysis of 12.5 g PLA at 50 – 110 °C, using 9 mol% of either Zn(1Et)2 (300 rpm) or 

Zn(2Pr)2 (800 rpm), using 5 equivalents of EtOH. The data representative averages of repeat 

experiments (2-4 repeats, excluding Zn(2Pr)2 70 °C and 90 °C). 

Catalyst 

(1 g, 8 wt%) 

Temperature 

(°C) 

Final time 

(min) 

Final 

EtLa concentration 

(g·mL-1) 

Initial rate of EtLa 

production (g·mL-1·min-1) 

Zn(1Et)2 

110 317 0.0727 5.18 x 10-4 

90 450 0.0689 2.39 x 10-4 

70 1740 0.0745 5.83 x 10-5 

50 4485 0.0616 6.73 x 10-6 

Zn(2Pr)2 

110 834 0.0533 7.46 x 10-5 

90 3090 0.0718 8.83 x 10-5 

70 8700 0.0694 9.50 x 10-5 

50 1031 0.0719 2.51 x 10-4 

 

4.2.2 1H NMR Results  

Reaction samples were taken periodically throughout each experiment and analysed by 1H 

NMR, detailed in section §3.5.2. The relative concentrations of Int, CE, and AL were fitted to 

the kinetic model described in equation (3.3) and the resulting rate equations were solved in 

MATLAB. By comparing integrals of interest 1H NMR can be used to determine the ratios of 

compounds in a reaction mixture; this allows for a relative concentration of each compound to 

be determined.  Since the theoretical maximum concentration of the product is known, the 

relative concentration can be used to determine its exact concentration (e.g. an 86% relative 

concentration of AL would be 86% of the theoretical maximum concentration). Relative 

concentration versus time profiles using Zn(1Et)2 at each temperature are shown in Figure 4.3. 
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At 110 °C, a maximum concentration of 50% for CE intermediates was reached at 35 min, 

while 100% conversion of Int groups was reached at 160 min. At 90 °C a maximum 

concentration of 46% for CE intermediates was reached at 90 min, while 100% conversion of 

Int groups was reached at 300 min. At 70 °C, a maximum concentration of 49% for CE 

intermediates occurred at 300 min, while 100% conversion of Int groups was reached at 1500 

min. At 50 °C, a maximum concentration of 44% for CE intermediates was reached at 810 min, 

100% conversion of Int groups was only reached at 4320 min. The reaction profiles show good 

fits for the experimental data to the kinetic model. As Zn(2Pr)2 exhibited non-Arrhenius 

behaviour at the tested temperature range it was not possible to obtain reliable fits. 

 

Figure 4.3. Zn(1Et)2 ethanolysis reaction profiles obtained from 1H NMR data fitted in MATLAB. (A) 

= 110 °C, (B) = 90 °C, (C) = 70 °C, (D) = 50 °C. 
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Conversion of Int groups (XInt), AL selectivity (SAL), and AL yield (YAL) were calculated 

according to equations 4.1 – 4.3, 

                                                           𝑋𝐼𝑛𝑡 =  
𝐼𝑛𝑡0−𝐼𝑛𝑡

𝐼𝑛𝑡0
                                                        (4.1) 

                                                              𝑆𝐴𝐿  =  
𝐴𝐿

𝐼𝑛𝑡0−𝐼𝑛𝑡
                                                         (4.2) 

                                                              𝑌𝐴𝐿  =  𝑆𝐴𝐿𝑋𝐼𝑛𝑡                                                         (4.3) 

 

Int0 is the initial concentration of the PLA Int groups (100%). Conversion selectivity and yield 

of AL were calculated at 60 min for both sets of experiments using Zn(1Et)2 or Zn(2Pr)2 catalysts. 

Averages for XInt, SAL, and YAL, at each temperature were determined to allow for easier 

comparison, shown in Table 4.2. Zn(1Et)2 exhibited a clear trend that a higher temperature 

resulted in a higher, XInt, SAL, and YAL. For Zn(1Et)2 at 110 °C the average values of XInt, SAL, 

and YAL, were 85%, 43%, and 37%, whereas for Zn(2Pr)2 the values were only 47%, 15%, and 

7% respectively. At high temperatures Zn(2Pr)2 exhibits a lower rate of AL production than 

Zn(1Et)2, resulting in a smaller yield of AL in a given time. However, at lower temperature the 

non-Arrhenius behaviour of Zn(2Pr)2 leads to an increase of activity. At both 70 °C and 50 °C, 

Zn(2Pr)2 displayed a significantly higher activity than Zn(1Et)2, producing a greater conversion 

of Int and greater yield of AL. Remarkably, Zn(2Pr)2 at 50 °C outperformed Zn(1Et)2 at 110 °C, 

achieving average XInt, SAL, and YAL values, of 86%, 68%, and 85%, respectively.  

 

 

 



84 
  

Table 4.2. PLA ethanolysis using Zn(1Et)2 (300 rpm) or Zn(2Pr)2 (800 rpm) at 50 – 110°C. Conversion 

of Int groups, AL selectivity, and AL yield, calculated at 60 min. The data represent averaged repeat 

experiments (2-4 repeats, excluding Zn(2Pr)2 70 °C, 90 °C, and 110 °C). 

Catalyst 

(1 g, 8 wt%) 

Temperature 

(°C) 

Average 

XInt (%) 

Average 

SAL (%) 

Average 

YAL (%) 

Zn(1Et)2 

 

110 85 43 37 

90 61 27 17 

70 33 13 4 

50 12 3 1 

Zn(2Pr)2 

110 47 15 7 

90 42 12 5 

70 51 18 9 

50 86 68 58 

XInt, SAL, YAL, are determined at 60 min of reaction. 

4.2.3 Activation Energy 

The relative concentrations determined in Section §4.2.2 were fitted to the experimental model, 

equation (3.3) described in Section §3.6. The rate equations (3.4 – 3.6) were solved in 

MATLAB, generating estimates of rate coefficients for the fitted experimental data at different 

temperatures, shown in Table 4.3. The greatest difference between values for k between two 

repeats was k-2 at 90 °C. Over the temperature range 50 – 110 °C there was a greater range in 

values for k2 and k-2 in comparison to k1. This implies the equilibrium step in equation (3.3) is 

more sensitive to the specific reaction conditions than the first step.  

Table 4.3. Estimated rate coefficients for each ethanolysis experiment. 

Catalyst 

(1 g, 8 wt%) 

Temperature 

(°C) 

k1 

(min-1) 

k2 

(min-1) 

k-2 

(min-1) 

 

 

Zn(1Et)2 

 

110 3.85 x 10-2 1.74 x 10-2 2.25 x 10-3 

110 2.74 x 10-2 1.46 x 10-2 2.42 x 10-3 

90 1.48 x 10-2 8.86 x 10-3 2.07 x 10-3 

90 1.68 x 10-2 9.05 x 10-3 7.01 x 10-4 

70 5.59 x 10-3 2.71 x 10-3 1.68 x 10-4 

70 5.09 x 10-3 2.62 x 10-3 5.14 x 10-4 

50 1.05 x 10-3 7.21 x 10-4 9.87 x 10-5 

50 1.46 x 10-3 8.39 x 10-4 9.82 x 10-5 
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The estimated rate coefficients were used to generate Arrhenius plots for PLA ethanolysis using 

Zn(1Et)2. According to equation (3.3), alcoholysis of PLA occurs in three steps. Therefore, there 

are three sets of rate coefficients (k1, k2, and k-2) which correspond to three different activation 

energies (Ea1, Ea2, and Ea-2). The Arrhenius plot for Zn(1Et)2 is shown in Figure 4.4. The resulting 

activation energies are: Ea1 = 56.3 ± 8.0 kJ∙mol-1, Ea2 = 53.1 ± 6.4 kJ∙mol-1, and Ea-2 = 56.2 ± 

18.9 kJ∙mol-1. One study estimated the Ea for catalyst free PLA ethanolysis in the temperature 

range 140 – 190 °C to be 112.97 kJ∙mol-1 [170]. The value for Ea1 found in this thesis is 

significantly lower in addition to being determined at a lower temperature range of 50 – 110 

°C. The experimental data show a good fit; each Arrhenius plot has R2 ≥ 0.098. The estimated 

activation energies highlight that Ea-2 has the greatest range in upper and lower bound values ± 

18.9 kJ∙mol-1. The activation energy for ethanolysis was also determined according to first order 

kinetics. First order kinetics only considers the initial cleavage of PLA Int groups. The 

integrated rate equation was plotted, resulting in a linear graph with a negative gradient, detailed 

in Appendix §8.1.1. The first order Ea was calculated to be 55.1 ± 10.0 kJ∙mol-1, which is similar 

to the value for Ea1 (56.3 ± 8.0 kJ∙mol-1). The Ea value for first order ethanolysis in literature 

was reported as 112.97 kJ∙mol-1, which significantly greater than Ea1 and the first order Ea 

determined in this project  [170]. As Zn(2Pr)2 exhibited non-Arrhenius behaviour at the tested 

temperature range it was not possible to obtain reliable fits. 
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Figure 4.4. Arrhenius plots for ethanolysis of 12.5 g PLA, at 300 rpm, 5 equivalents of EtOH, 9 mol% 

of Zn(1Et)2. (A) k1 y = -6778.39x + 14.40 R2 = 0.980, (B) k2 y = -6393.33x + 12.69 R2 = 0.986, (C) k-2 

y = -6767.64x + 11.71 R2 = 0.8986. 

 

4.3 Propanolysis and Kinetics of Propyl Lactate Formation  

The propanolysis of PLA is  less useful then ethanolysis as its product PrLa has a smaller market 

share and demand [242].  Nevertheless, PrLa has some uses such as fragrance enhancement in 

alcoholic beverages [250,251]. PrLa production from the chemical recycling of PLA has 

environmental benefits in comparison to synthesis from fossil-based sources. The protocol for 

these experiments is detailed in Section §3.4.1. PLA propanolysis was modelled as a two-step 

reversible reaction, detailed in Section §3.6.  k-1 

4.3.1 GC Results  

Samples were taken throughout each experiment and analysed by GC. Despite this analysis 

being only qualitative, a higher GC peak area in a shorter time can be extrapolated to mean a 
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greater production rate of PrLa. Figure 4.5 shows the GC peak area vs time (min) for the 

propanolysis of PLA using Zn(1Et)2 at the temperature range 90 – 130 °C. A clear trend shows 

a higher temperature resulting in a faster production of PrLa. The times taken to reach a PrLa 

peak area of 2000 are: 260 min (130 °C), 412 min (110 °C), and 1950 min (90 °C). There is 

only a small reduction in the rate of PrLa production going from 130 °C to 110 °C, with a 

significant reduction between 110 °C and 90 °C. The lower operating temperature of 110 °C 

results in a relatively high PrLa production rate, while also benefiting from lower operating 

costs and carbon footprint. Despite operation at 90 °C benefiting from lower operating costs the 

PrLa production rate is likely to be too slow to be viable for industry.  

 

Figure 4.5. Propanolysis of 12.5 g of PLA at 90 – 130 °C, 300 rpm and 1 g Zn(1Et)2. 

Figure 4.6 shows the GC peak area vs time (min) for the propanolysis of PLA using Zn(2Pr)2 at 

temperature range 50 – 110 °C. For the most part a higher temperature results in a greater 

production of PrLa. However, the catalyst Zn(2Pr)2 displays non-Arrhenius behaviour at 

temperatures ≤ 70 °C resulting in enhanced initial reaction rates as temperature decreases. 

Remarkably propanolysis at 50 °C had the greatest PrLa production rate. The reaction times 

taken to reach a GC peak area of 1000 at each reactor operating temperature are: 194 min (50 
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°C), 861 min (110 °C), 4250 min (90 °C), and 7999 min (70 °C). There is a significant reduction 

in the rate of PrLa production between 110 °C to 90 °C, with a smaller reduction between 90 

°C to 70 °C. The reduction in rate between 90 °C to 70 °C is smaller than expected. This can 

be attributed to the non-Arrhenius behaviour exhibited around and below 70 °C. Similarly to 

Zn(2Pr)2 ethanolysis, an operating temperature of 50 °C produced the greatest amount of AL in 

the shortest time. As previously mentioned, quantum tunnelling effects result in sub-Arrhenius 

kinetics that accelerate the reaction as temperature decreases [189,248,249].  

 

Figure 4.6. Propanolysis of 12.5 g of PLA at 130 – 90 °C, 800 rpm and 1 g Zn(2Pr)2. 

4.3.2 1H NMR Results  

Reaction samples were taken periodically throughout each experiment and analysed by 1H 

NMR, detailed in Section §3.5.2. The relative concentrations of Int, CE, and AL were fitted to 

the kinetic model described in equation (3.3) and the resulting rate equations were solved in 

MATLAB. Reaction profiles using Zn(1Et)2 at each temperature are shown below in Figure 4.7. 

At 130 °C a maximum concentration of 51% for CE intermediates was reached at 145 min, and 

100% conversion of Int groups was reached at 360 min. At 110 °C a maximum CE 
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concentration of 50% occurred at 90 min, while 100% conversion of Int groups was reached at 

1320 min. At 90 °C a maximum CE concentration of 43% occurred at 120 min, and 100% 

conversion of Int groups was reached at 2058 min. The reaction profiles show good fits for the 

experimental data to the kinetic model.  

 

Figure 4.7. Zn(1Et)2 propanolysis reaction profiles obtained from 1H NMR data fitted in MATLAB. 

(A) = 130 °C, (B) = 110 °C, (C) = 90 °C. 

 

Conversion selectivity and yield of AL were calculated at 60 min for both sets of experiments 

using Zn(1Et)2 or Zn(2Pr)2. Averages for XInt, SAL and YAL, at each temperature were determined 

to allow for easier comparison, as shown in Table 4.4. Comparing the averages for Zn(1Et)2 

there is a clear trend that a higher temperature resulted in higher values of XInt, SAL, and YAL. For 

Zn(1Et)2 at 130 °C the average XInt, SAL, and YAL values were 66%, 70%, and 46% respectively. 

In comparison, for Zn(2Pr)2 at 130 °C the average XInt, SAL, and YAL, were only 24%, 7%, and 

2% respectively. Zn(2Pr)2 exhibits a lower rate of AL production than Zn(1Et)2 at high 
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temperatures, generating smaller yields of AL at 110 °C and 90 °C. At 50 °C Zn(2Pr)2 

outperformed Zn(1Et)2 at 110 °C, achieving average XInt, SAL, and YAL values of 78%, 56%, and 

44% respectively. In comparison to Zn(1Et)2 at 130 °C, Zn(2Pr)2 at 50 °C generated a greater XInt 

but smaller SAL and YAL. As previously stated, the equilibrium from Zn(2Pr)2 at 50 °C appears to 

lie more to the left, favouring the formation of CE over the formation of AL. 

Table 4.4. PLA propanolysis using Zn(1Et)2 (300 rpm 90 – 130 °C ) or Zn(2Pr)2 (800 rpm 50 – 110 °C). 

Conversion of PLA Int groups, AL selectivity, and AL yield, calculated at 60 min. The data represents 

averaged repeat experiments (2-3 repeats, excluding Zn(1Et)2 90 °C, and Zn(2Pr)2 90 °C). 

Catalyst 

(1 g, 8 wt%) 

Temperature 

(°C) 

Average 

XInt (%) 

Average 

SAL (%) 

Average 

YAL (%) 

Zn(1Et)2 

130 66 70 46 

110 62 28 18 

90 34 15 5 

Zn(2Pr)2 

 

110 24 7 2 

90 17 6 1 

70 42 13 6 

50 78 56 44 

XInt, SAL, YAL, are determined at 60 min of reaction. 

4.3.3 Activation Energy 

The relative concentrations determined in Section §4.3.2 were fitted to the experimental model, 

equation (3.3) described in Section §3.6. The rate equations (3.4 – 3.6) were solved in 

MATLAB generating estimates of rate coefficients for the fitted experimental data at different 

temperatures, shown in Table 4.5. 

Table 4.5. Estimated rate coefficients for each propanolysis experiment. 

Catalyst 

(1 g, 8 wt%) 

Temperature 

(°C) 

k1 

(min-1) 

k2 

(min-1) 

k-2 

(min-1) 

 

Zn(1Et)2 

 

130 1.91 x 10-2 7.98 x 10-3 7.86 x 10-4 

130 1.50 x 10-2 7.60 x 10-3 7.64 x 10-4 

110 1.37 x 10-2 5.01 x 10-3 5.64 x 10-4 

110 1.50 x 10-2 6.83 x 10-3 5.17 x 10-4 

90 6.38 x 10-3 2.32 x 10-3 4.14 x 10-4 
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The estimated rate coefficients were used to generate Arrhenius plots for PLA propanolysis 

using Zn(1Et)2, shown in Figure 4.8. These reactions were carried out in the temperature range 

90 – 130 °C. The resulting activation energies are: Ea1 = 27.5 ± 24.7 kJ∙mol-1, Ea2 = 34.7 ± 25.6 

kJ∙mol-1, and Ea-2 = 19.5 ± 6.4 kJ∙mol-1. The experimental data shows a reasonable fit, with each 

Arrhenius plot having R2 ≥ 0.807. The estimated activation energies highlight that Ea2 has the 

greatest range, with upper and lower bound values ± 25.6 kJ∙mol-1. The activation energy for 

propanolysis was also determined according to first order kinetics, where only the initial cleave 

of Int groups was considered. The integrated rate equation was plotted resulting in a linear graph 

with a negative gradient, detailed in Appendix §8.2.1. The first order Ea was calculated to be 

37.3 ± 23.6 kJ∙mol-1. While this value is slightly greater than the value for Ea1 (27.5 ± 24.7 

kJ∙mol-1) they overlap within their confidence intervals. The first order kinetics was calculated 

to allow for comparison with reported literature activation energies for PLA alcoholysis which 

all assumed first order kinetics.  
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Figure 4.8. Arrhenius plots for propanolysis of 12.5 g PLA, at 300 rpm, 4 equivalents of PrOH, 9 

mol% of Zn(1Et)2. (A) k1 y = -3307.33x + 4.22 R2 = 0.8075, (B) k2 y = -4177.86x + 5.60 R2 = 0.8614, 

(C) k-2 y = -2351.96x - 1.35 R2 = 0.9696. 

 

4.4 Butanolysis and Kinetics of Butyl Lactate Formation  

The butanolysis of PLA is a less useful than ethanolysis as its product BuLa has a smaller 

market share and demand [242].   Nevertheless, BuLa has some uses such as solvent for ethyl 

cellulose, gums, oils, dyes, and paints [252]. Producing BuLa from the chemical recycling of 

PLA has a lower global warming potential (GWP), in comparison to the synthesis of BuLa from 

fossil-based sources. The protocol for these experiments is detailed in Section §3.4.1. PLA 

butanolysis was modelled as a two-step reversible reaction detailed in Section §3.6.  

4.4.1 GC Results  

Samples were taken throughout each experiment and analysed by GC to determine the 

concentration of BuLa. Figure 4.9 shows the BuLa concentration (g·mL-1) vs time (min) for the 
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butanolysis of PLA using Zn(1Et)2 at 50 – 130 °C. Experiments were repeated (2 – 4 times) at 

each temperature and results averaged. A higher temperature resulted in a faster production of 

BuLa. The times taken to reach an BuLa concentration of 0.04 g·mL-1 are: 144 min (130 °C), 

301 min (110 °C), 500 min (90 °C), 1519 min (70 °C), and 10096 (50 °C). Initially, there is 

only a minor reduction in rate of BuLa production decreasing the temperature from 130 °C to 

110 °C. However, as the temperature continues to decrease the reduction in production rate 

increases significantly.  The greatest reduction in the rate of BuLa production occurs from 70 

°C to 50 °C.  
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Figure 4.9. Butanolysis of 12.5 g of PLA at 50 – 130 °C, 300 rpm and 1 g Zn(1Et)2. 

Figure 4.10 shows the EtLa concentration (g·mL-1) vs time (min) for the butanolysis of PLA 

using Zn(2Pr)2 at 50 – 110 °C. A higher temperature resulted in a greater production rate of 

BuLa. The times taken to reach an BuLa concentration of 0.04 g·mL-1 are: 632 min (110 °C), 

1459 min (90 °C), 3045 min (50 °C), and 3337 min (70 °C). There is only a small reduction in 

the BuLa production rate between 110 °C to 90 °C, with a similar reduction from 90 °C to 70 
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°C. While reaction at 50 °C displayed an initial production rate greater than at 70 °C its final 

BuLa concentration plateaued at a lower value. The initial production of BuLa at 70 °C and 50 

°C is competitive with 110 °C but quickly falls off past 200 min.  While it is evident non-

Arrhenius behaviour is taking place at 50 °C, the increase in reaction rate is minor. This is a 

different result in comparison to ethanolysis and propanolysis at 50 °C. This difference implies 

that the non-Arrhenius behaviour of the catalyst is affected by its coordination to the alcohol 

nucleophile. A larger alcohol limits the catalyst’s coordination and thus limits its non-Arrhenius 

effect and increase in activity.  

 

Figure 4.10. Butanolysis of 12.5 g of PLA at 50 – 110 °C, 800 rpm and 1 g Zn(2Pr)2. 

 

Table 4.6 presents GC data for both catalysts Zn(1Et)2 and Zn(2Pr)2 to allow for comparison. 

Initial rate of BuLa production was determined at 60 min. Zn(1Et)2 follows a clear trend that a 

higher temperature results in a higher initial rate of BuLa production. The greatest initial rate 

of BuLa production 2.85 x 10-4 (g·mL-1·min-1) was achieved by Zn(1Et)2 at 130 °C. The rate of 

BuLa production approximately doubles with every 20 °C increase in temperature. Zn(2Pr)2 

follows an opposite trend, lower temperatures result in higher rates of BuLa production.  
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Table 4.6. Butanolysis of 12.5 g PLA, using 9 mol% of either Zn(1Et)2 (300 rpm 50 – 130 °C) or 

Zn(2Pr)2 (800 rpm 50 – 110 °C), using 3 equivalents of BuOH. The data representative averages of 

repeat experiments (2-4 repeats, excluding Zn(1Et)2 70 °C and Zn(2Pr)2). 

Catalyst 

(1 g, 8 wt%) 

Temperature 

(°C) 

Final time 

(min) 

Final 

EtLa concentration 

(g·mL-1) 

Initial rate of BuLa 

production (g·mL-1·min-1) 

Zn(1Et)2 

130 1062 0.0943 2.85 x 10-4 

110 2312 0.0685 1.40 x 10-4 

90 2978 0.0793 9.24 x 10-5 

70 6066 0.0731 4.24 x 10-5 

50 4590 0.0173 8.30 x 10-6 

Zn(2Pr)2 

110 2898 0.0754 4.42 x 10-5 

90 3306 0.0645 5.78 x 10-5 

70 8670 0.0674 1.56 x 10-4 

50 8160 0..0550 1.26 x 10-4 

 

4.4.2 1H NMR Results  

Reaction samples were taken periodically throughout each experiment and analysed by 1H 

NMR, detailed in Section §3.5.2. The relative concentrations of Int, CE, and AL were fitted to 

the kinetic model described in equation (3.3) and the resulting rate equations were solved in 

MATLAB. Reaction concentration versus time profiles using Zn(1Et)2 at each temperature are 

shown in Figure 4.11. At 130 °C a maximum CE concentration of 47% occurred at 120 min; 

100% conversion of Int groups was reached at 240 min. A maximum CE concentration of 48% 

occurred at 120 min for 110 °C; 100% conversion of Int groups was reached at 1143 min. A 

maximum CE concentration of 44% was reached at 582 min for 90 °C; 100% conversion of Int 

groups was reached at 2862 min.  At 70 °C a maximum CE concentration of 48% occurred at 

2760 min; 87% conversion of Int groups was reached at 6066 min. At 50 °C a maximum CE 

concentration of 41% was reached at 5730 min, while 70% conversion of Int groups was 

reached at 5730 min (not shown in figure). The reaction profiles at 130 °C, 110 °C, and 90 °C, 

show good fits for the experimental data to the kinetic model. While 70 °C shows a poor fits, 
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this is likely due to the time scale of the reaction. At 70 °C the reactions are extremely slow, 

necessitating long reaction times of many hours. These reactions should have been run for 

longer to capture the reaction completion. Running the reaction to completion and taking fewer 

samples at the start would allow for better spacing of the sample intervals which should produce 

better fitting graphs.   

 

Figure 4.11. Zn(1Et)2 butanolysis reaction profiles obtained from 1H NMR data fitted in MATLAB. 

(A) = 130 °C, (B) = 110 °C, (C) = 90 °C, (D) = 70 °C. 

 

Conversion selectivity and yield of AL were calculated at 60 min for both sets of experiments 

using Zn(1Et)2 or Zn(2Pr)2. Averages for XInt, SAL, and YAL, at each temperature were determined 

to allow for easier comparison, as shown in Table 4.7. Comparing the averages for Zn(1Et)2 

there is a clear trend that a higher temperature results in higher values of XInt, SAL, and YAL. At 

110 °C the average values of XInt, SAL, and YAL, were 34%, 19%, and 7% respectively. In 
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comparison for Zn(2Pr)2 at 110 °C the average XInt, SAL, and YAL, were only 25%, 4%, and 1% 

respectively. While Zn(2Pr)2 exhibits a lower rate of AL production than Zn(1Et)2 at high 

temperatures, its non-Arrhenius behaviour produces higher reaction rates at lower temperatures. 

Zn(2Pr)2 at 50 °C outperformed Zn(2Pr)2 at 110 °C, achieving average values of XInt, SAL, and 

YAL, of 54%, 17%, and 9%, respectively.  

Table 4.7. PLA butanolysis using Zn(1Et)2 (300 rpm 50 – 130 °C ) or Zn(2Pr)2 (800 rpm 50 – 110 °C). 

Conversion of PLA Int groups, AL selectivity, and AL yield, calculated at 60 min. The data represents 

averaged repeat experiments (2-4 times, excluding Zn(1Et)2 70 °C, and Zn(2Pr)2). 

Catalyst 

(1 g, 8 wt%) 

Temperature 

(°C) 

Average 

XInt (%) 

Average 

SAL (%) 

Average 

YAL (%) 

Zn(1Et)2 

130 59 29 17 

110 34 19 7 

90 29 15 5 

70 19 11 2 

50 2 0 0 

Zn(2Pr)2 

 

110 25 4 1 

90 27 7 2 

70 53 19 10 

50 54 17 9 

XInt, SAL, YAL, are determined at 60 min of reaction. 

4.4.3 Activation Energy 

The relative concentrations determined in Section §4.4.2 were fitted to the experimental model 

equation (3.3) described in Section §3.6. The rate equations (3.4 – 3.6) were solved in 

MATLAB, generating estimates of rate coefficients for the fitted experimental data at different 

temperatures, shown in Table 4.8. 
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Table 4.8. Estimated rate coefficients for each butanolysis experiment. 

Catalyst 

(1 g, 8 wt%) 

Temperature 

(°C) 

k1 

(min-1) 

k2 

(min-1) 

k-2 

(min-1) 

 

 

Zn(1Et)2 

 

130 1.11 x 10-2 6.85 x 10-3 1.29 x 10-3 

130 1.65 x 10-2 7.17 x 10-3 9.26 x 10-4 

110 7.39 x 10-3 3.50 x 10-3 1.50 x 10-3 

110 2.92 x 10-3 1.79 x 10-3 9.79 x 10-4 

110 3.05 x 10-3 1.94 x 10-3 1.12 x 10-3 

110 9.93 x 10-3 5.57 x 10-3 8.36 x 10-4 

90 3.44 x 10-3 2.29 x 10-3 7.32 x 10-4 

90 3.49 x 10-3 1.83 x 10-3 8.23 x 10-4 

90 7.96 x 10-3 4.34 x 10-3 1.15 x 10-3 

70 1.33 x 10-3 9.55 x 10-4 1.01 x 10-3 

50 2.20 x 10-4 2.74 x 10-4 2.24 x 10-4 

50 2.19 x 10-4 2.64 x 10-4 2.35 x 10-4 

 

The estimated rate coefficients were used to generate Arrhenius plots for PLA butanolysis using 

Zn(1Et)2, shown in Figure 4.12.  

 

Figure 4.12. Arrhenius plots for butanolysis of 12.5 g PLA, at 300 rpm, 3 equivalents of BuOH, 9 

mol% of Zn(1Et)2. (A) k1 y = -6264.44x + 11.32 R2 = 0.8550, (B) k2 y = -4918.42x + 7.22 R2 = 0.8508, 

(C) k-2 y = -2403.92x – 0.5779 R2 = 0.6793. 
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These reactions were carried out in the temperature range 50 – 130 °C. The resulting Ea are: Ea1 

= 52.0 ± 15.1 kJ∙mol-1, Ea2 = 40.9 ± 12.1 kJ∙mol-1, and Ea-2 = 20.0 ± 9.7 kJ∙mol-1. The 

experimental data for k1 and k2 show a reasonable fit; each Arrhenius plot has R2 ≥ 0.8508. k-2 

has only a moderate fit with its coefficient of regression, R2 = 0.6793. Ea1 has the greatest range, 

with upper and lower bound values ± 15.104 kJ∙mol-1. The lower R2 values in comparison to 

ethanolysis and propanolysis are likely due to the incomplete conversion in the low temperature 

butanolysis experiments, leading to a less comprehensive dataset than the faster reactions with 

shorter chain alcohols. Similarly to the previous sections, first order kinetics were also 

calculated for butanolysis where only the initial cleavage of Int groups is considered. The first 

order Ea was calculated to be 52.7 ± 17.7 kJ∙mol-1, which is similar to the value determined for 

Ea1 (52.0 ± 15.1 kJ∙mol-1). The Ea value for first order butanolysis in literature was reported to 

be 58.88 kJ∙mol-1, which is in line with both Ea1 and the first order Ea determined in this                        

project  [170]. 

4.5 Comparison of Alcoholysis using EtOH, PrOH, and BuOH   

Reaction samples were analysed by 1H NMR allowing for the calculation of relative 

concentrations of Int, CE, and AL groups during each reaction. The relative concentration of 

AL formed during Zn(1Et)2 catalysed alcoholysis of PLA is shown in Figure 4.13. The figure 

shows the comparison of using either EtOH, PrOH, or BuOH, at 110 °C. Regardless of the 

alcohol used, each reaction reaches a final relative concentration of around 90%. At this 

concentration the reaction has reached equilibrium. EtOH displayed the fastest reaction, 

generating AL concentration of 90% in the shortest time. The next fastest was PrOH, followed 

by BuOH. These data support the working hypothesis that longer chain alcohols sterically 

hinder alcoholysis reactions.  
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Figure 4.13.  Alcoholysis of 12.5 g of PLA at 110 °C, using 50 mL of either EtOH, PrOH, or BuOH, 

and 1 g Zn(1Et)2 (300 rpm). Relative concentration of each AL was determined by 1H NMR. 

 

The relative concentration of AL formed during Zn(2Pr)2 catalysed alcoholysis of PLA is shown 

in Figure 4.14. Comparing the different alcohol reactions at 110 °C, EtOH displayed the fastest 

reaction while PrOH and BuOH displayed similar production rate. Comparing the different 

alcohol reactions at 50 °C, EtOH displayed the faster production rate followed by PrOH and 

BuOH.  

 

Figure 4.14. Alcoholysis of 12.5 g of PLA at 50 °C and 110 °C, using 50 mL of either EtOH, PrOH, 

or BuOH, and 1 g Zn(2Pr)2 (800 rpm). Relative concentration of AL was determined by 1H NMR. 
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The rates observed with Zn(2Pr)2 catalysed alcoholysis support the working hypothesis that 

longer chain alcohols results in slower alcoholysis. EtOH and PrOH reactions at 50 °C 

performed better than their counterparts at 110 °C, reaching a higher concentration of AL in a 

shorter time. BuOH showed the opposite trend: a higher concentration of AL was reached in a 

shorter time at 110 °C instead of 50 °C. As previously discussed, Zn(2Pr)2 exhibits non-

Arrhenius behaviour at temperatures ≤ 70 °C. For both EtOH and PrOH reactions at 50 °C, the 

Zn(2Pr)2 non-Arrhenius behaviour causes a significant increase in the reaction rate compared 

with the higher temperatures studied. Interestingly, EtOH and PrOH at 50 °C have very similar 

initial rates of AL production. PrLa relative concentration levels off at 70% whereas EtLa 

relative concentration levels off at around 90%. BuOH at 50 °C had a similar initial rate of AL 

production but by 30 min the rate had decreased significantly.  The relative concentration for 

BuOH levels off around 60%. To explain why significant non-Arrhenius behaviour is not 

observed with BuOH at 50 °C, as discussed earlier it could be that its larger molecular size 

sterically hinders its coordination with the catalyst intermediate.  

The activation energies for EtOH, PrOH, and BuOH alcoholysis using Zn(1Et)2 are shown in 

Table 4.9. Comparing Ea1 for each alcohol, EtOH displayed the greatest value followed by 

BuOH, and PrOH. This seems counter to the results of Figure 4.13, where ethanolysis generated 

a greater relative concentration of AL in a shorter time in comparison to propanolysis and 

butanolysis. This can be explained by the value for Ea2 and Ea-2. For both PrOH and BuOH the 

value for Ea-2 is lower than Ea2. A smaller value for Ea-2 means the equilibrium lies to the left, 

favouring the transformation of AL to CE intermediate. While a lower value of Ea1 means initial 

cleavage of the PLA chains occurs quicker in PrOH and BuOH, their equilibrium step favours 

CE formation which explains why a greater AL production rate is seen using EtOH. Alcoholysis 

using EtOH had an Ea-2 greater than Ea2 favouring AL formation, whereas PrOH and BuOH had 
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a Ea-2 smaller than Ea2. This is reflected in their average yields of AL: at 110 °C the YAL was 

37%, 18% and 7% respectively (Table 4.2, Table 4.4, and Table 4.7). 

Table 4.9. The activation energies for each step of PLA alcoholysis. 

Alcoholysis Ea1 (kJ∙mol-1) Ea2 (kJ∙mol-1) Ea-2 (kJ∙mol-1) 

EtOH 56.33 ± 8.04 53.13 ± 6.43 56.24 ± 18.88 

PrOH 27.48 ± 24.66 34.71 ± 25.6 19.54 ± 6.36 

BuOH 52.06 ± 15.104 40.87 ± 12.06 19.97 ± 9.68 

 

4.6 Conclusions 

In this chapter, a reliable system was designed for the alcoholysis of PLA using two synthesised 

catalysts Zn(1Et)2 and Zn(2Pr)2. EtOH, PrOH, and BuOH, were used as reactants to generate 

various AL products. The Zn(1Et)2 reactions followed the trend that a higher temperature 

resulted in a higher AL production rate. The Zn(2Pr)2 reactions followed a similar trend at higher 

temperatures ≥ 90 °C; however, at lower temperatures Zn(2Pr)2 displayed non-Arrhenius 

behaviour, where the reaction rate coefficients increase as temperature decreases. This non-

Arrhenius phenomenon was observed only in Zn(2Pr)2 reactions but not Zn(1Et)2 reactions.  

McKeown et al. reported Zn(2Pr)2 undergoes ligand dissociation and formation of a new species, 

this new species facilitates quantum tunnelling effects accelerating the reaction as temperature 

decreases [188]. According to Table 4.1 and Table 4.6, Zn(1Et)2 had the greatest initial 

production of AL at all temperatures ≥ 90 °C. At temperatures ≤ 70 °C, Zn(2Pr)2 displayed the 

greatest initial production of AL. For both catalysts, increasing the alcohol chain length 

decreased the AL production rate. The remarkable non-Arrhenius behaviour of Zn(2Pr)2 allows 

for relatively high rates of AL production to be achieved at temperatures as low as 50 °C. 

However, the catalyst is less stable, and its reactions are less reproducible in comparison to 

Zn(1Et)2.    

Two kinetic models were successfully applied to fit the relative concentration of the reaction 

mixtures. A simple first order model was considered as well as a consecutive reaction model 
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with the second step being in equilibrium. Activation energies were determined using both 

kinetic models for ethanolysis, propanolysis, and butanolysis using Zn(1Et)2. The activation 

energy for the initial cleavage of PLA during ethanolysis was determined to be Ea1 = 56.3 ± 8.0 

kJ∙mol-1, this value is significantly lower than what was found in literature Ea = 112.97       

kJ∙mol-1 [170]. However, the activation energy for butanolysis Ea1 = 52.0 ± 15.1 kJ∙mol-1, is 

similar to what was reported in literature Ea = 58.88 1 kJ∙mol-1 [170]. The activation energy for 

propanolysis was determined to be Ea1 = 27.5 ± 24.7 kJ∙mol-1; the lack of literature means a 

comparison cannot be made. Zn(1Et)2 has potential in industry as a robust and active catalyst for 

the chemical recycling (alcoholysis) of PLA to generate a range of ALs.  
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5 Chapter 5 – Synergistic Dual Catalytic System and Kinetics for 

the Alcoholysis of Poly(Lactic Acid) 

5.1 Chapter Overview 

This Chapter describes the investigation of two commercially available catalysts and their 

synergistic effect on the alcoholysis of PLA. The catalysts Zn(OAc)2 and DMAP were tested 

both individually and in mixtures. Both MeOH and EtOH were tested but methanolysis was 

explored further to determine its activation energies. Prof. Andrew Dove (the School of 

Chemistry at the University of Birmingham) provided help in the original discussion of 

synergistic dual catalysis. The experimental data were fitted to a simplified kinetic model 

(equation 7 – 10) detailed in Section §3.6. This chapter is based on the publication, Synergistic 

Dual Catalytic System and Kinetics for the Alcoholysis of Poly(Lactic Acid) [13].   

There are several studies that have investigated the use of dual catalysts, exploiting synergistic 

effects to obtain enhanced reaction rates [223–225]. Synergistic catalysts can lead to 

unprecedented reactivities which are not possible using either catalyst alone. This enhanced 

reactivity has potential to be utilized in chemical recycling, increasing product yield, thus 

making the overall process more economically viable [223–226]. Typically, dual catalyst 

systems consist of a transition metal complex coupled with an organocatalyst. A synergistic 

catalyst complex will only form if there is a great enough difference in pKa between the two 

catalysts. Dual catalysis has recently been applied to the chemical recycling of polyesters [231]. 

Dove et al. reported a synergistic effect for Zn(OAc)2 coupled with DMAP resulting in an 

increased PET depolymerisation rate [232]. There is no prior published literature concerning 

dual catalysis for the chemical recycling of PLA. The work reported here extends these studies 

by using mixtures of Zn(OAc)2 and DMAP for PLA alcoholysis. As Zn(OAc)2 and DMAP are 

commercially available they have the advantage over Zn(1Et)2 and Zn(2Pr)2 as they do not need 
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to be synthesised, moreover they would be easier to add to a scaled up reaction. The experiments 

were carried out in the 300 mL Parr autoclave reactor in a semi-batch manner through the 

addition of alcohol, described in Section §3.4.2. This chapter is structured first by the 

preliminary methanolysis experiments in Section §5.2 that tested different catalyst mixtures. 

This is followed by dual catalyst alcoholysis in Section §5.3, which is subdivided into GC 

results,1H NMR results, and activation energy (Ea). Finally, Section §5.4 summaries this 

investigation and establishes a conclusion.   

5.2 Preliminary Mixed Catalyst Methanolysis  

Preliminary methanolysis experiments were carried out that tested mixtures of Zn(OAc)2 and 

DMAP in addition to single catalyst reactions. If a synergistic relationship between the catalysts 

exists, then the dual catalyst experiments would have enhanced reaction rates in comparison to 

single catalyst experiments. Mixtures of each catalyst (always totalling 0.1 g, 5 wt%) and single 

catalyst (0.1 g) methanolysis reactions were carried out and analysed by GC, described in 

Section §3.5.1. Table 5.1 shows the results of each reaction and the initial rate of MeLa 

production (determined at 60 min). Comparing both single catalyst reactions, methanolysis 

using 0.1 g Zn(OAc)2 outperformed 0.1 g DMAP by more than double the production rate (5.53 

x 10-4    vs 2.45 x 10-4  g·mL-1·min-1). Zn(OAc)2 appears to be the superior catalyst in addition to 

being cheaper than DMAP. Furthermore, Zn(OAc)2 is significantly less toxic than DMAP 

displaying a much smaller LD50 [253,254].  
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Table 5.1. Methanolysis of PLA at 130 °C and 300 rpm, effect of different amounts of catalyst on; 

final time (min), final MeLa concentration (%), initial rate of production of MeLa (g·mL-1·min-1). 

Catalyst 

(total 0.1 g, 5 wt%) 

Catalyst 

(mol%) 

Final 

time 

(min) 

Final MeLa 

concentration 

(g·mL-1) 

Initial Rate of 

Production of 

MeLa                   

(g·mL-1·min-1) Zn(OAc)2 DMAP Zn(OAc)2 DMAP 

0 0.1 0 2.9 300 0.0498 2.45 x 10-4 

0.025 0.075 0.4 2.2 80 0.0543 8.20 x 10-4 

0.05 0.05 0.8 1.5 80 0.0563 8.50 x 10-4 

0.075 0.025 1.2 0.8 120 0.0574 8.38 x 10-4 

0.1 0 1.6 0 180 0.0516 5.53 x 10-4 

 

Converting each catalyst into mol% (relative to PLA ester groups) 0.1 g of Zn(OAc)2 = 1.6 

mol% and 0.1 g of DMAP = 2.9 mol%, detailed in Appendix §8.3.2. This means superior rates 

were achieved with 0.1 g Zn(OAc)2 despite the PLA ester groups effectively seeing fewer 

Zn(OAc)2 molecules than in the 0.1 g DMAP experiment. The 0.075 g Zn(OAc)2 / 0.025 g 

DMAP experiment had a higher initial rate of production of MeLa than the 0.025 g Zn(OAc)2 / 

0.075 g DMAP experiment (8.38 x 10-4 and 8.2 x 10-4 g·mL-1·min-1 respectively). This result 

along with the single catalyst reactions further confirms that Zn(OAc)2 is a more active catalyst 

towards PLA methanolysis than DMAP.  The greatest production rate was exhibited by the 

0.05g Zn(OAc)2 / 0.05 g DMAP experiment (8.50 x 10-4 g·mL-1·min-1). In terms of catalyst 

mechanisms DMAP coordinates to the nucleophilic alcohol bringing it closer for attack, while 

its proton in the ortho-position activates the ester carbonyl [182]. Zn(OAc)2 initiates 

transesterification through initial coordination to the alcohol nucleophile followed by a 

carboxylate shift and coordination to the ester carbonyl [255]. A proposed mechanism for both 

catalysts is shown in Figure 5.1.  
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Figure 5.1. Proposed mechanism showing PLA ester electrophilic activation and alcohol nucleophilic 

activation for A) DMAP, and B) Zn(OAc)2. 

If DMAP is used alongside Zn(OAc)2 the reaction rate increases significantly in comparison to 

Zn(OAc)2 alone. This implies there is a synergetic effect between the catalysts that enhances 

the overall reaction rate. This is considered a type II transformation as either of the catalysts 

alone will lead to the formation of the final product but at a slower rate [225]. Using an equal 

mass of both catalysts elicited the highest initial rate of production of MeLa, suggesting that a 

synergetic effect is strongest when there is an equal weight of both catalysts. Both catalysts 

work by coordinating with the nucleophilic alcohol and PLA ester groups. They are partially 

cooperative as they both compete to coordinate with the alcohol and ester groups. As there is 

an excess of alcohol and ester groups in comparison to catalyst molecules their competition to 

coordinate becomes negligible.  

Different stirring speeds were investigated for dual catalysis to see if it influenced their 

synergistic relationship. Table 5.2 shows the GC results obtained from PLA methanolysis using 

0.075 g Zn(OAc)2 / 0.025 g DMAP, at 130°C, and at different stirring speeds. The slowest 

MeLa production rate was exhibited at stirring speeds 200 and 400 rpm (4.95 x 10-4 and 6.27 x 

10-4 g·mL-1·min-1 respectively). A stirring speed of 0 rpm generated a greater production rate 

(7.15 x 10-4 g·mL-1·min-1). While increasing the stirring speed to 700 rpm slightly increased the 
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production rate (7.3 x 10-4 g·mL-1·min-1), the greatest production rate was displayed at 300 rpm 

(8.38 x 10-4 g·mL-1·min-1). There was no clear trend with the effect of stirring speed on the 

reaction. The lack of a clear trend could be explained by one catalyst exhibiting a higher activity 

at slower stirring speeds, whereas the other catalyst displays a higher activity at faster stirring 

speeds. (This was explored further in Chapter 6 section §6.3.) Since 300 rpm resulted in the 

greatest production rate this speed was selected for the proceeding experiments. 

Table 5.2. Methanolysis of PLA at 130 °C, 0.075 g Zn(OAc)2 / 0.025 g DMAP, effect of different 

stirring speeds on; final time (min), final MeLa concentration (%), initial rate of production of MeLa 

(g·mL-1·min-1) at 60 min. 

Stirring speed 

(rpm) 
Final time (min) 

Final MeLa 

concentration 

(g·mL-1) 

Initial Rate of 

Production of MeLa 

(g·mL-1·min-1) 

0 120 0.0536 7.15 x 10-4 

200 180 0.0502 4.95 x 10-4 

300 120 0.0574 8.38 x 10-4 

400 120 0.0551 6.27 x 10-4 

700 90 0.0536 7.30 x 10-4 

 

5.3 Dual catalyst alcoholysis   

The preliminary methanolysis reactions produced the greatest MeLa production rate when an 

equal weight of Zn(OAc)2 and DMAP was used as well as a stirring speed of 300 rpm. These 

conditions were selected for dual catalysis alcoholysis using both MeOH and EtOH at a range 

of temperatures 100 – 130 °C. 

5.3.1 GC Results  

Samples were taken throughout each methanolysis reaction and analysed by GC. Figure 5.2 

shows MeLa concentration (g·mL-1) vs time (min) using an equal mass of Zn(OAc)2 and DMAP 

at the temperature range 100 – 130 °C. Experiments were repeated (3 – 5 times) at each 

temperature and results averaged. As expected, a greater temperature resulted in a greater 

concentration of MeLa in shorter times. The times taken to reach an MeLa concentration of 
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0.04 g·mL-1 were: 50 min (130 °C), 68 min (120 °C), 101 min (110 °C), and 200 min (100 °C). 

As the temperature decreases the production rate decreases more sharply in magnitude. 

Furthermore, the lower temperature reactions plateau at a lower final MeLa concentration than 

the higher temperature reactions.  

 

Figure 5.2. Methanolysis of 2 g of PLA at 100 – 130 °C, 300 rpm, using 0.05 g Zn(OAc)2 / 0.05 g 

DMAP. 

 

Samples were taken throughout each ethanolysis reaction and analysed by GC. Figure 5.3 

shows EtLa concentration (g·mL-1) vs time (min) for the ethanolysis of PLA using Zn(OAc)2 

and DMAP at the temperature range 110 – 130 °C. Experiments were repeated (2 – 4 times, 

excluding 110 °C) at each temperature and results averaged. The times taken to reach an EtLa 

concentration of 0.04 g·mL-1 are: 83 min (130 °C), 111 min (120 °C), and 258 min (110 °C).  

Very similar production rates of EtLa were attained at 120 °C and 130 °C, while decreasing the 

temperature to 110 °C significantly reduced the production rate.    
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Figure 5.3. Ethanolysis of 2 g of PLA at 100 – 130 °C, 300 rpm, using 0.05 g Zn(OAc)2 / 0.05 g 

DMAP. 

 

Table 5.3 shows the GC results for the previous two figures to allow for better comparison. The 

initial rate of production of AL was calculated from the concentration of AL at 60 min. 

Comparing MeOH and EtOH at 130 °C, methanolysis resulted in a greater initial AL 

production. The same trend can be seen at 120 °C and 110 °C. The lower reactivity of EtOH 

can be explained by its increased steric hinderance of its nucleophilic attack in comparison to 

MeOH [171,177]. There is also a clear relationship in both types of alcoholysis reaction that a 

higher temperature results in a higher initial rate of AL production. This can simply be 

explained by the increased kinetic energy of the molecules at a higher temperature, so greater 

rates of successful collisions between molecules so a faster overall reaction.  

A comparison can be made with ethanolysis at 110 °C in Table 4.1 using Zn(1Et)2 and Zn(2Pr)2. 

Zn(1Et)2 displayed a greater AL production rate in comparison to dual catalysis using Zn(OAc)2 

/ DMAP (5.18 x 10-4 and 1.82 x 10-4 g·mL-1·min-1 respectively). Although Zn(OAc)2 / DMAP 
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showed a greater AL production rate than Zn(2Pr)2 at 110 °C (1.82 x 10-4  vs 7.46 x 10-5                 

g·mL-1·min-1), the non-Arrhenius behaviour of Zn(2Pr)2 led to a greater AL production rate at 

50 °C  (2.51 x 10-4  g·mL-1·min-1). Despite Zn(1Et)2 displaying greater activity at 110 °C and 

Zn(2Pr)2 a greater activity at 50 °C, their disadvantage is their required synthesis. It should also 

be noted that Zn(1Et)2 and Zn(2Pr)2 was used at 9 mol% loading whereas Zn(OAc)2 / DMAP 

was used at 1.6 mol% / 2.9 mol% loading. A greater catalyst loading for the dual experiments 

would be expected to increase its activity and is investigated further in Chapter 6 Sections §6.2 

and §6.3.  

Table 5.3. PLA alcoholysis using MeOH and EtOH, 0.05 g of Zn(OAc)2 and 0.05g of DMAP at 300 

rpm. The data represents averages of repeat experiments (2 – 5, excluding EtOH 110 °C). 

Alcohol Temperature (°C) 
Final time 

(min) 

Final AL 

concentration 

(g·mL-1) 

Initial rate of AL 

production 

(g·mL-1·min-1) 

MeOH 

 

130 93 0.0543 7.52 x 10-4 

120 127 0.0564 6.33 x 10-4 

110 188 0.0523 4.47 x 10-4 

100 372 0.0484 2.75 x 10-4 

 

EtOH 

 

130 240 0.0676 4.58 x 10-4 

120 240 0.0651 4.53 x 10-4 

110 420 0.0509 1.82 x 10-4 

 

5.3.2 1H NMR Results 

The GC results for dual catalyst methanolysis showed a greater rate of AL production at any 

given temperature in comparison to ethanolysis. 1H NMR experiments were only carried out on 

the methanolysis reactions. Reaction samples were taken periodically throughout each 

experiment and analysed by 1H NMR, detailed in Section §3.5.2. A simplified kinetic model 

(equations 3.7 – 3.10) consisting of two consecutive steps was solved by sequential integration 

and substitution, detailed in Section §3.6. The solution (equation 3.11) was used in SigmaPlot 

which allowed for the fitting of 1H NMR data (relative concentrations of Int, CE, and AL 

methine groups) for the determination of k1 and k2. It was concluded in Chapter 4 that the 
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equilibrium step in equation (3.3) only becomes significant at lower temperatures ≤ 70 °C. As 

this work is in the temperature range 100 – 130 °C it was decided to use a simplified model 

(equation 3.7) that ignores the equilibrium step. The only literature on PLA alcoholysis kinetics 

assumes a first order model only considering the initial cleavage of PLA ester groups (Table 

2.4). Relative concentrations of methine groups versus time profiles at each temperature are 

shown in Figure 5.4.  

 

Figure 5.4. Zn(OAc)2 / DMAP methanolysis reaction profiles obtained from 1H NMR data fitted in 

SigmaPlot. (A) = 130 °C R2 = 0.9384, (B) = 120 °C R2 = 0.9954, (C) = 110 °C R2 = 0.9394, (D) = 100 

°C R2 = 0.9403. 

 

At 130 °C a maximum concentration of 51% for CE intermediates was reached at 15 min, while 

100% conversion of Int groups was reached at 150 min. At 120 °C a maximum concentration 



114 
  

of 48% for CE intermediates was reached at 30 min, while 100% conversion of Int groups was 

reached at 90 min. At 110 °C a maximum concentration of 47% for CE intermediates occurred 

at 40 min, while 100% conversion of Int groups was reached at 120 min. At 100 °C a maximum 

concentration of 49% for CE intermediates was reached at 60 min, 100% conversion of Int 

groups was only reached at 240 min. The reaction profiles show good fits for the experimental 

data to the kinetic model. 

Conversion of Int groups (XInt), MeLa selectivity (SMeLa), and AL yield (YMeLa) were calculated 

according to equations 4.1 – 4.3 (AL was substituted by MeLa). Averages for XInt, SMeLa and 

YMeLa, at each temperature were determined to allow for easier comparison, shown in Table 5.4. 

There is a clear trend that a higher temperature resulted in a higher value for, XInt, SMeLa, and 

YMeLa. A higher temperature raises the average kinetic energy of the reactant molecules, thus a 

greater proportion of molecules will have sufficient energy to overcome the activation energy 

barrier to form the product AL. By 130 °C conversion of Int methine groups of the PLA chains 

into oligomers with chain end methines had reached ≈ 100%. The selectivity and yield of MeLa 

is 70% at 130 °C, meaning the remaining 30% is chain end methine oligomers. The biggest 

decrease in XInt was seen going from 110 °C to 100 °C; a lower temperature results in a slower 

reaction so fewer PLA Int groups will be cleaved by 60 min. The biggest decrease in SMeLa, and 

YMeLa, was seen going from 130 °C to 120 °C.  

Table 5.4. PLA methanolysis at 300 rpm with 0.05 g Zn(OAc)2 and 0.05 g DMAP, conversion of Int 

groups, MeLa selectivity and MeLa yield at different reaction temperatures. 

Temperature (°C) 
Average 

XInt (%) 

Average 

SMeLa (%) 

Average 

YMeLa (%) 

130 100 70 70 

120 95 57 54 

110 90 47 43 

100 79 40 32 

XInt, SMeLa, YMeLa, are determined at 60 min of reaction. 
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5.3.3 Activation Energy 

The 1H NMR relative concentrations of Int, CE, and AL methine groups determined in Section 

§5.3.2 were fitted to the simplified experimental model, equations (3.7 – 3.11). The solution 

equation (3.11) was used in SigmaPlot, enabling the determination of the rate coefficients for 

the fitted experimental data at different temperatures, shown in Table 5.5. The greatest 

difference between values for k between two repeats was k1 (4.13 x 10-2 min-1) at 130 °C.  

Table 5.5. Estimated rate coefficients for Zn(OAc)2 / DMAP methanolysis experiments at different 

temperatures. 

Temperature 

(°C) 

k1 

(min-1) 

k2 

(min-1) 

130 8.58 x 10-2 2.74 x 10-2 

130 4.45 x 10-2 2.75 x 10-2 

120 7.17 x 10-2 1.75 x 10-2 

120 3.78 x 10-2 2.03 x 10-2 

110 2.89 x 10-2 1.43 x 10-2 

110 2.24 x 10-2 1.11 x 10-2 

110 2.17 x 10-2 1.22 x 10-2 

100 1.14 x 10-2 7.90 x 10-3 

100 1.52 x 10-2 1.03 x 10-2 

100 1.38 x 10-2 7.01 x 10-3 

 

The estimated rate coefficients were used to generate Arrhenius plots for PLA methanolysis 

using Zn(OAc)2 / DMAP, shown in Figure 5.5. According to equation (3.7), alcoholysis of PLA 

occurs in two consecutive steps. Therefore, there are two rate coefficients (k1, k2) corresponding 

to two activation energies (Ea1 and Ea2). The resulting activation energies are: Ea1 = 67.99 ± 

23.42 kJ∙mol-1and Ea2 = 50.04 ± 10.21 kJ∙mol-1. The experimental data show a good fit; each 

Arrhenius plot has R2 ≥ 0.85. The estimated activation energies show that Ea1 has the greatest 

range with upper and lower bound values ± 23.42 kJ∙mol-1. The activation energy for dual 

catalysis methanolysis was also determined according to first order kinetics, where only the 

initial cleavage of PLA Int groups was considered. The integrated rate equation was plotted, 
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resulting in a linear graph with a negative gradient. The first order Ea was calculated to be 48.32 

± 26.09 kJ∙mol-1, which is significantly lower than the value for Ea1 (67.99  ± 23.42 kJ∙mol-1).  

 

Figure 5.5. Arrhenius plots for methanolysis of 2 g PLA, at 300 rpm, 9 equivalents of MeOH, 0.05 g 

of Zn(OAc)2 and 0.05g of DMAP. (A) k1 y = -8182.3x + 17.65 R2 = 0.8486, (B) k2 y = -6021.7x + 

11.34 R2 = 0.941. 

 

A comparison can be made with the activation energies determined in chapter 4.  Table 5.6 is a 

comparison of the activation energies from two different kinetic models and catalysts. 

Ethanolysis, propanolysis, and butanolysis activation energies were determined according to 

the kinetic model of two consecutive reaction steps with the second step being in equilibrium 

(equation 3.4). Methanolysis activation energies were determined according to the kinetic 

model of two consecutive reaction second step being irreversible (equation 3.7). Methanolysis 

displayed the greatest Ea1 = 67.99 kJ∙mol-1. Methanolysis showed a large range in the upper and 

lower bound values for both Ea1 and Ea2 (± 23.42 and ± 10.21 kJ∙mol-1 respectively). While the 

large range in upper and lower bound values for propanolysis and butanolysis was due to a lack 

of repeat experiments, methanolysis had enough repeats. The large confidence interval 

therefore reflects that the kinetic model is less accurate that the one used in chapter 4.    
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Table 5.6. The activation energies for each step of PLA alcoholysis. 

Alcoholysis Ea1 (kJ∙mol-1) Ea2 (kJ∙mol-1) Ea-2 (kJ∙mol-1) 

EtOH1 56.33 ± 8.04 53.13 ± 6.43 56.24 ± 18.88 

PrOH1 27.48 ± 24.66 34.71 ± 25.6 19.54 ± 6.36 

BuOH1 52.06 ± 15.104 40.87 ± 12.06 19.97 ± 9.68 

MeOH2 67.99 ± 23.42 50.04 ± 10.21 - 
1Zn(1Et)2 at 9 mol%, 2 Zn(OAc)2 / DMAP at 1.6 mol% / 2.9 mol% 

 

Good results were obtained with the dual catalyst system of Zn(OAc)2 and DMAP. The 

hypothesis is that a sufficient difference in pKa is required for enhanced activity. Despite 

Zn(OAc)2 and DMAP agreeing with the hypothesis, only two catalysts were tested, it is difficult 

to confirm or disprove this hypothesis. Therefore, further exploration is required to test the 

effect of pKa on enhancing catalyst complexes. In Chapter 6 a greater number of catalysts and 

mixtures are investigated. 

5.4 Conclusion  

In this chapter a reliable system was designed for the alcoholysis of PLA using an equal mass 

of Zn(OAc)2 and DMAP. Preliminary methanolysis experiments investigated different mixtures 

of these catalysts and found dual catalysis experiments resulted in a greater concentration of 

MeLa in a shorter time in comparison to single catalysis experiments. In addition an equal 

weight of both Zn(OAc)2 and DMAP resulted in the greatest MeLa production rate in 

comparison to other mixtures. Dual catalyst alcoholysis was tested in both MeOH and EtOH. 

Methanolysis resulted in a greater MeLa production rate in comparison to ethanolysis at the 

same temperature. This result agrees with the conclusion of chapter 4 that a longer carbon chain 

alcohol leads to a slower alcoholysis reaction by sterically hindering coordination to the 

catalyst. Both methanolysis and ethanolysis followed the trend that a higher temperature 

resulted in a greater AL production rate.  



118 
  

A simplified kinetic model consisting of a two-step consecutive reaction was applied to dual 

catalysis methanolysis. The resulting activation energies were estimated to be: Ea1 = 67.99 ± 

23.42 kJ∙mol-1 and Ea2 = 50.04 ± 10.21 kJ∙mol-1. Despite a sufficient number of repeats the 

activation energies have large confidence intervals. Therefore the simplified kinetic model is 

less accurate than the one used in chapter 4, including an equilibrium step better represents the 

alcoholysis reaction. A first order model was also established which only considers the initial 

cleavage of PLA Int groups. According to this kinetic model the activation energy was 

calculated to be Ea = 48.32 ± 26.09 kJ∙mol-1. The use of dual catalysis for the chemical recycling 

of PLA requires further research. Early results indicate a synergistic effect that enhances the 

reaction rate. The synergy between cheap readily available catalysts could be utilized in 

industrial chemical recycling, to attain unprecedented reactivities which are not accessible 

using either catalyst alone. Increasing PLA depolymerision reaction rates makes the overall 

process more economically feasible.  
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6 Chapter 6 – Methanolysis of Poly(lactic acid) Using Catalyst 

Mixtures and the Kinetics of Methyl Lactate Production 

6.1 Chapter Overview 

This Chapter describes the investigation of four commercially available catalysts for the 

alcoholysis of PLA. The catalysts investigated include: Zn(OAc)2, magnesium acetate 

tetrahydrate (Mg(OAc)2),  DMAP, and triazabicyclodecene (TBD). The catalysts were also 

tested in mixtures to investigate any synergistic effects. This chapter is based on the publication, 

Methanolysis of Poly(lactic Acid) Using Catalyst Mixtures and the Kinetics of Methyl Lactate 

Production [14].  

As previously mentioned there are several studies that explore the use of dual catalysis [223–

226]. Synergistic dual catalysis can lead to unprecedented reactivities; this enhanced reactivity 

has potential to be utilized in many industries including the chemical recycling of PLA.  A dual 

catalyst complex will only occur if there is a sufficient difference in pKa leading to proton 

transfer and the formation of a stable complex [231]. Since these synergistic complexes function 

on simple proton transfer, the two catalysts can simply be added to a reaction; if they dissolve 

homogenously then the complex will form in situ [225,226,232]. More recently Dove et al. 

reported dual catalysis for the enhanced depolymerisation of PET [232–234]. The work here 

builds on our previous publication by testing a larger range of catalysts, and tests the hypothesis 

that a sufficient difference in pKa is required for enhanced activity [13]. The experiments were 

carried out in the 300 mL Parr autoclave reactor in a semi-batch manner through the addition 

of alcohol, described in Section §3.4.3. This chapter is structured as follows: methanolysis 

optimisation using Zn(OAc)2 in Section §6.2, single catalyst methanolysis in Section §6.3, 

mixed catalyst methanolysis in Section §6.4, which is subdivided into GC results,1H NMR 



120 
  

results, and activation energy. Finally, Section §6.5 summaries this investigation and 

establishes a conclusion.   

6.2 Methanolysis Optimisation using Zn(OAc)2 

These experiments were carried out to understand the effect of parameters such as catalyst 

loading, stirring speed, and MeOH molar equivalents, on the methanolysis of PLA. Developing 

an understanding of these variables would allow for reaction optimisation in terms of reaction 

rate and product selectivity. It was decided to use Zn(OAc)2 for these initial optimisation 

experiments. Zn(OAc)2 is reported to have the best performance among metal acetates, 

generating the greatest reaction rates [256]. In addition, the results of chapter 5 showed 

Zn(OAc)2 to have superior activity to DMAP even at a lower mol%. Samples were taken 

throughout each experiment and analysed by GC to determine the concentration of MeLa 

(detailed in Section §3.5.1). 

Figure 6.1, shows the effect of catalyst loading on MeLa concentration during the methanolysis 

of PLA at 130 °C. Experiments were repeated (2 – 4 times) at each MeOH equivalent and results 

averaged. A higher mol% of Zn(OAc)2 resulted in shorter reaction times in order to reach a 

MeLa concentration of > 0.05 g∙mL-1. Increasing the catalyst loading from 1 mol% to 2 mol% 

resulted in the largest increase of MeLa concentration. Increasing the catalyst loading from 2 

mol% to 3 mol% also increased the MeLa concentration but less so, while changing the loading 

from 3 mol% to 4 mol% resulted in only a minor increase in MeLa concentration. A higher 

mol% of Zn(OAc)2 resulted in a smaller standard error between the repeats for each experiment, 

likely due to human error associated with weighing out smaller amounts of catalyst. For the 

mixed catalyst experiments it was therefore decided to use 2 mol% of catalyst; it was assumed 

the other catalysts would behave similarly in terms of catalyst loading and their effect on 
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reactivity. 2 mol% loading of Zn(OAc)2 was a balance between using the least amount of 

catalyst while still obtaining the higher MeLa production rate from higher loadings.  

 

Figure 6.1. Methanolysis of 2 g of PLA at 130 °C, 300 rpm and 9 equivalents of MeOH. Effect of 

mol% of Zn(OAc)2 (Relative to mol of PLA) on the MeLa concentration (g∙mL-1) vs. time (min). 

 

Figure 6.2 shows the effect of stirring speed on MeLa concentration during methanolysis at 130 

°C. Experiments were repeated (2 – 4 times) at each speed and results averaged. A higher 

stirring speed of 600 rpm resulted in a MeLa concentration of > 0.05 g∙mL-1 in shortest times, 

likely owing to better dispersion of catalyst throughout the vessel, improved rates of mixing, 

and mass transfer. A higher stirring speed also resulted in a smaller standard error between the 

repeats for each experiment. Even without stirring (at 0 rpm) the reaction reached completion 

at 4 h. It was assumed the other catalysts would behave similarly in terms of stirring speed and 

its effect on activity. 
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Figure 6.2. Methanolysis of 2 g of PLA at 130 °C, 9 equivalents of MeOH, 2 mol% Zn(OAc)2. Effect 

of stirring speed (rpm) on the MeLa concentration (g∙mL-1) vs. Time (min). 

 

The final parameter investigated to optimise the reaction was the molar equivalent of MeOH. 

Figure 6.3 shows the effect of stirring speed on MeLa concentration during methanolysis using 

2 mol% Zn(OAc)2 at 130 °C. A higher equivalent of MeOH resulted in shorter reaction times 

in order to reach a MeLa concentration of > 0.05 g∙mL-1. Increasing the molar equivalents of 

MeOH from 5 to 9 resulted in the largest increase of MeLa production rate. Increasing the 

equivalents from 9 to 13 also increased the MeLa production rate but by a smaller amount, 

while increasing the equivalents from 13 to 15 increased the MeLa production rate the least. 

The classic Lewis acid mechanism for transesterification using Zn(OAc)2 involves the 

polarization of an ester carbonyl group to the Zn2+ centre which helps facilitate nucleophilic 

attack [257]. Another study reported that Zn(OAc)2 initiates transesterification through a 

mechanism that involves the initial coordination of the alcohol nucleophile to the metal centre, 

followed by a carboxylate shift and coordination to the ester group [255].  
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The latter study could help explain the result that a higher equivalent of MeOH causes greater 

reaction rates. A higher equivalent of MeOH will result in more MeOH molecules in closer 

proximity to Zn(OAc)2. Since the catalytic mechanism involves Zn(OAc)2 coordinating to the 

alcohol nucleophile it could be reasoned that, more MeOH molecules in close proximity to 

Zn(OAc)2 increases the probability of coordination and thus overall reactivity [197]. This 

reasoning could also be used to explain why increasing the equivalents of MeOH up to 17 

causes the increase in MeLa concentration to plateau. At 17 equivalents, Zn(OAc)2 is becoming 

fully saturated with MeOH molecules in close proximity; increasing the equivalents of MeOH 

molecules beyond this limit only marginally increases the probability of coordination.  

 

Figure 6.3. Methanolysis of 2 g of PLA at 130 °C, 300 rpm, 2 mol% Zn(OAc)2. Effect of MeOH 

molar equivalent on the MeLa concentration (g∙mL-1) vs. time (min). 

 

6.3 Single catalyst methanolysis   

It was decided to test the four commercial catalysts for the methanolysis of PLA using the 

optimised parameters. Mg(OAc)2 was selected as it would allow for a good comparison with 
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Zn(OAc)2. DMAP and TBD were also chosen as both organocatalysts have been reported to be 

effective for transesterification. As previously discussed in Section §2.5.5.3.4, both DMAP and 

TBD are considered bifunctional hydrogen bonding catalysts, and though this mechanism they 

are effective catalysts for transesterification reactions [179–182]. Table 6.1 shows the results 

for the methanolysis of PLA using the selected catalysts. Each catalyst was tested at both 9 and 

17 equivalents of MeOH and stirring speeds of 300 and 600 rpm.  

Table 6.1. Methanolysis of 2 g PLA at 130 °C. The data represents averages of repeat experiments (3-

4 repeats). 

2 mol% 

Catalyst 

Speed 

(rpm) 

Molar 

Equivalents 

of MeOH 

Final 

time 

(min) 

Final MeLa 

concentration 

(g∙mL-1) 

Initial rate of 

MeLa production 

at 40 min 

(g∙mL-1∙min-1) 

Zn(OAc)2 300 9 173 0.0538 5.37 x 10-4 

Zn(OAc)2 300 17 48 0.0593 1.42 x 10-3 

Zn(OAc)2 600 17 70 0.0577 1.19 x 10-3 

Mg(OAc)2 300 9 360 0.0449 5.39 x 10-5 

Mg(OAc)2 300 17 107 0.0562 9.09 x 10-5 

Mg(OAc)2 600 17 83 0.0624 1.09 x 10-3 

DMAP 300 9 360 0.0437 3.09 x 10-5 

DMAP 300 17 340 0.0510 4.65 x 10-5 

DMAP 600 17 200 0.0257 2.03 x 10-5 

TBD 300 9 160 0.0501 5.37 x 10-4 

TBD 300 17 140 0.0534 5.27 x 10-4 

TBD 600 17 135 0.0557 6.43 x 10-4 

 

Comparing the catalysts at 9 equivalents of MeOH: Zn(OAc)2 and TBD displayed the highest 

initial rate of MeLa production (both 5.37 x 10-4 g∙mL-1∙min-1), followed by Mg(OAc)2 (5.39 x 

10-5 g∙mL-1∙min-1), and then DMAP (3.09 x 10-5 g∙mL-1∙min-1). Comparing the catalysts at 17 

equivalents of MeOH and 300 rpm: Zn(OAc)2 again displayed the highest average initial rate 

of MeLa production (1.42 x 10-3 g∙mL-1∙min-1), followed by TBD (5.27 x 10-4 g∙mL-1∙min-1), 

Mg(OAc)2 (9.09 x 10-5 g∙mL-1∙min-1), and DMAP (4.65 x 10-5 g∙mL-1∙min-1). TBD is the only 

catalyst that did not display an increase in rate of MeLa production when the equivalent of 
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MeOH was increased. Of the four catalysts. Zn(OAc)2 exhibited the largest increase in                            

rate of MeLa production when the equivalent of MeOH was increased. At 600 rpm and 17 

equivalents of MeOH Zn(OAc)2 again displayed the highest rate of MeLa production (1.19 x 

10-3 g∙mL-1∙min-1), closely followed by Mg(OAc)2 (1.09 x 10-3 g∙mL-1∙min-1), then TBD (6.43 

x 10-4 g∙mL-1∙min-1), and DMAP significantly slower (2.03 x 10-5 g∙mL-1∙min-1).  

When increasing the stirring speed from 300 to 600 rpm at 17 equivalents of MeOH Zn(OAc)2 

displayed a decrease in rate of MeLa production. However, Figure 6.2 showed Zn(OAc)2 at 9 

equivalents of MeOH to increase in MeLa production when stirring was increased from 300 to 

600 rpm. A possible explanation is that at a 9 equivalents of MeOH there are fewer MeOH 

molecules in close proximity to Zn(OAc)2, so mass transfer and stirring speed are more 

important.  At 17 equivalents of MeOH, Zn(OAc)2 becomes surrounded with MeOH molecules, 

mass transfer and stirring speed become less important. DMAP also displayed a decrease in rate 

of MeLa production when stirring speed was increased. Similarly, the dual Zn(OAc)2 / DMAP 

experiment in Table 5.2, exhibited a decrease in MeLa production rate when stirring was 

increased from 300 to 600 rpm.  

On the other hand both Mg(OAc)2 and TBD showed an increase in rate of MeLa production at 

600 rpm. As Mg(OAc)2 has a larger size than Zn(OAc)2 it could be argued that it will require a 

higher equivalent of MeOH to become fully saturated with MeOH in close proximity [197]. 

Thus, increasing the stirring speed will still increase the mass transfer and reaction rates. As 

TBD is larger than DMAP the same explanation can be applied. Changing the stirring speed 

from 300 to 600 rpm caused Mg(OAc)2 to exhibit the most significant difference in production 

rate (9.99 x 10-4 g∙mL-1∙min-1) out of all tested catalyst and conditions. The second most 

significant difference in production rate (8.83 x 10-4 g∙mL-1∙min-1) was displayed by Zn(OAc)2 

when MeOH equlivent was increased from 9 to 17.  
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6.4 Mixed catalyst methanolysis   

It was decided to test the four commercial catalysts while using the optimised parameters 600 

rpm and 17 equivalents of MeOH, to investigate the effect of catalyst mixtures on the rate of 

methanolysis. The motivation for this was to find catalyst synergies that have enhanced 

reactivity in comparison to either catalyst alone. This would unlock the potential for dual 

catalysis to be used in the chemical recycling of PLA. A faster rate of MeLa production makes 

industrial PLA alcoholysis more economically feasible. 

6.4.1 GC Results  

Methanolysis was carried out using the four catalysts in different ratios. If one of these mixtures 

exhibited a MeLa production rate greater than those in Table 6.1 (at the same conditions), it 

would imply a synergistic interaction between the catalysts. Samples were taken throughout the 

reactions and analysed by GC. Experiments were repeated (2 – 4 times) and the results 

averaged, shown in Table 6.2. In each reaction only 2 mol% total of catalyst was used; all 

catalysts were dissolved homogenously in the solvent. The greatest initial rate of MeLa 

production (1.36 x 10-3 g∙mL-1∙min-1) was displayed by the dual catalyst Mg(OAc)2 / TBD 

experiment. The rate was greater than the single catalyst Mg(OAc)2  or single catalyst TBD rate 

(1.09 x 10-3 and 6.43 x 10-4 g∙mL-1∙min-1 respectively) in Table 6.1 at the same conditions. The 

enhanced reactivity implies a synergistic effect between Mg(OAc)2 and TBD. If the pKa 

difference between the two catalysts is great enough then proton transfer occurs, forming a 

stable acid-base complex capable of enhancing the reaction [231]. Mg(OAc)2 and TBD have a 

great enough difference in pKa (8 and 15.2, respectively) to form a stable acid-base complex. 

The catalysts Mg(OAc)2 / TBD are considered type II partially cooperative; either catalyst alone 

results in the formation of the product but at a slower rate compared to dual catalysis [225]. As 

previously discussed in Section §2.5.9: type I are defined as fully cooperative catalysts; type III 
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are also defined as partially cooperative catalysts (in this case one of the catalysts alone would 

result in substrate decomposition and formation of side products); and type IV are defined as 

non-cooperative catalysts [225]. 

Table 6.2. Methanolysis of 2 g PLA at 130°C, 600 rpm, 17 eq MeOH, and catalyst mixtures 2 mol% 

total. The data represents averages of repeat experiments (2-4 repeats). 

Catalyst 

(2 mol% total) 

Final time 

(min) 

Final MeLa 

concentration 

(g∙mL-1) 

Initial rate of MeLa       

production at 40 min 

(g∙mL-1∙min-1) 

Zn(OAc)2 / TBD 

(1 : 1) 
60 0.0584 1.34 x 10-3 

Zn(OAc)2 / DMAP 

(1 : 1) 
80 0.0608 1.29 x 10-3 

Mg(OAc)2 / TBD 

(1 : 1) 
80 0.0617 1.36 x 10-3 

Mg(OAc)2 / DMAP 

(1 : 1) 
110 0.0602 8.44 x 10-4 

TBD / DMAP 

(1 : 1) 
180 0.0531 2.84 x 10-4 

Zn(OAc)2 / Mg(OAc)2 

(1 : 1) 
120 0.0561 6.87 x 10-4 

Zn(OAc)2 / TBD / DMAP 

(1 : 0.5 : 0.5) 
90 0.0600 1.27 x 10-3 

Mg(OAc)2 / TBD / DMAP 

(1 : 0.5 : 0.5) 
105 0.0591 8.72 x 10-4 

TBD / Zn(OAc)2 / Mg(OAc)2 

(1 : 0.5 : 0.5) 
120 0.0529 5.46 x 10-4 

DMAP /Zn(OAc)2 / 

Mg(OAc)2 

(1 : 0.5 : 0.5) 

90 0.0581 9.22 x 10-4 

Zn(OAc)2 / Mg(OAc)2 / TBD 

/ DMAP 

(1 : 1 : 1 : 1) 

120 0.0626 7.41 x 10-4 

 

On the other hand, the Mg(OAc)2 / DMAP experiment resulted in a slower production rate (8.44 

x 10-4 g∙mL-1∙min-1) than Mg(OAc)2 alone. Mg(OAc)2 and DMAP have a similar pKa (8 and 9.6 

respectively) so no stable catalyst complex forms. Likewise, a synergistic interaction is not 

present for the dual Mg(OAc)2 / Zn(OAc)2 experiment, resulting in a slower MeLa production 

rate (6.87 x 10-4 g∙mL-1∙min-1) than for Zn(OAc)2 alone (1.19 x 10-3 g∙mL-1∙min-1), or Mg(OAc)2 
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alone (1.09 x 10-3 g∙mL-1∙min-1). As Zn(OAc)2 and Mg(OAc)2 have a similar pKa (8 and 4.54 

respectively) no stable complex forms. The MeLa concentration of Mg(OAc)2  dual catalyst 

experiments are shown in Figure 6.4. Only Mg(OAc)2 / TBD produced a greater concentration 

of MeLa in shorter times in comparison to 2 mol% Mg(OAc)2. The experiments showed an 

initial delay in rate of MeLa production at 15 min with a MeLa significantly lower than the 

other experiments. The delay was consistent among the 3 repeats but there is no clear 

explanation. Despite the initial delay, Mg(OAc)2 / TBD exhibited the greatest concentration of 

MeLa after 40 min. 

 

Figure 6.4. Dual catalysts methanolysis of 2 g PLA using Mg(OAc)2 based catalyst mixtures, at 

130°C, 600 rpm, and 17 eq MeOH. 

 

Zn(OAc)2 is capable of forming a catalyst complex with both TBD and DMAP due to great 

enough difference in pKa (4.54, 15.2, and 9.6 respectively). A sufficient difference in pKa  is 

necessary for proton transfer to occur forming a stable acid-base complex [231]. If a catalyst 

pair exhibits a greater activity than either catalyst alone (at the same total mol%) then a catalytic 
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synergy is present. The Zn(OAc)2 / TBD experiments displayed greater rates of MeLa 

production (1.34 x 10-3 g∙mL-1∙min-1) than the 2 mol% Zn(OAc)2 experiments (1.19 x 10-3                     

g∙mL-1∙min-1) in Table 6.1 at the same conditions. Faster rates were also observed for the dual 

catalyst Zn(OAc)2 / DMAP experiments (1.29 x 10-3 g∙mL-1∙min-1), the faster rate than 2 mol% 

Zn(OAc)2 again supports the idea of dual catalyst synergy that aids the reaction. The higher 

rates could be explained by synergistic interactions between the two catalysts, increasing the 

activation of PLA ester carbonyls facilitating the nucleophilic attack needed for 

depolymerisation [232]. Synergistic dual catalysis enhances reaction rates by activating both 

the nucleophile and electrophile. These activated species have a lower HOMO and higher 

LUMO in comparison to the same species nonactivated [226]. Activation of the nucleophile 

and electrophile results in a smaller HOMO-LUMO gap and smaller Ea, and this leads to greater 

reaction rates in comparison to nonactivated species at the same reaction conditions [226].  

The MeLa concentration of Zn(OAc)2  dual catalyst experiments are shown in Figure 6.5. Both 

Zn(OAc)2 / TBD and Zn(OAc)2 / DMAP dual catalyst experiments had faster rates of MeLa 

production than Zn(OAc)2 alone, while Zn(OAc)2 / Mg(OAc)2 experiments exhibited 

significantly lower rates. The enhanced rates seen in some dual experiments is not simply the 

sum of each catalyst’s activity but likely a result of a synergistic acid-base complexation. 

According to Table 6.1 the different rates of MeLa production for 2 mol% of each catalyst are 

as follows: Zn(OAc)2 (1.19 x 10-3 g∙mL-1∙min-1), Mg(OAc)2 (1.09 x 10-3 g∙mL-1∙min-1), TBD 

(6.43 x 10-4 g∙mL-1∙min-1) and DMAP (2.03 x 10-5 g∙mL-1∙min-1). Both metal acetates were 

magnitudes faster than the organocatalysts, yet their combination was the slowest of the dual 

catalyst experiments.  
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Figure 6.5. Dual catalysts methanolysis of 2 g PLA using Zn(OAc)2 based catalyst mixtures, at 

130°C, 600 rpm, and 17 eq MeOH. 

 

Similarly, enhanced reaction rates were not exhibited for the dual TBD / DMAP experiments. 

These experiments exhibited a MeLa production rate (2.84 x 10-4 g∙mL-1∙min-1) that was slower 

than the rate for 2 mol% TBD (6.43 x 10-4 g∙mL-1∙min-1). Unlike Zn(OAc)2 and Mg(OAc)2, 

TBD and DMAP have a great enough difference in pKa (15.2 and 9.6 respectively) yet no 

enhancing synergy was exhibited. As both TBD and DMAP are bases it can be inferred that 

catalyst synergy requires both a great enough difference in pKa and both acid / base components. 

None of the experiments that use three or four catalysts displayed higher rates when compared 

to dual catalyst experiments.  

6.4.2 1H NMR Results 

According to the GC results, the greatest MeLa production rates were exhibited by the dual 

catalyst experiments Mg(OAc)2 / TBD (1.36 x 10-3 g∙mL-1∙min-1) and Zn(OAc)2 / TBD (1.34 x 

10-3 g∙mL-1∙min-1). Both single catalyst Zn(OAc)2 and Mg(OAc)2 experiments demonstrated 



131 
  

relatively fast production rates (1.19 x 10-3 and 1.09 x 10-3 g∙mL-1∙min-1 respectively). Time 

constraints limited which catalyst/s could be tested further via 1H NMR. The single Zn(OAc)2 

and dual Zn(OAc)2 / TBD experiments were selected to determine their activation energies.  

Reaction samples were taken periodically throughout each experiment and analysed by 1H 

NMR (detailed in Section §3.5.2), to determine the relative concentrations of Int, CE, and AL 

methine groups. The relative concentrations of the methine groups were fitted to two kinetic 

models. Both models consist of two consecutive steps only differing in the second step, detailed 

in §3.6.  One model considers the second step to be in equilibrium (equations 3.3 – 3.6); the 

other considers the second step as irreversible (equations 3.7 – 3.11). The first step (rate 

coefficient k1) relates to the initial cleavage of PLA ester groups via a transesterification 

reaction with an alcohol nucleophile, resulting in two distinct chain end oligomers for each 

cleavage. The second step (rate coefficient k2) refers to the nucleophilic attack of a chain end 

ester group resulting in the formation of MeLa. The reverse step (rate coefficient k-2) represents 

when the MeLa alcohol group acts as the nucleophile, attacking the ester carbonyl of a chain 

end to form a larger oligomer.  

Equilibrium model - The rate equations (3.4 – 3.6) were solved in MATLAB using a nonlinear 

square fitting procedure. The relative concentration of methine groups were fitted using this 

procedure, generating estimates for the rate coefficients (k1, k2, k-2). Reaction profiles for the 

single catalyst Zn(OAc)2 experiments are shown below in Figure 6.6. At 130 °C a maximum 

concentration of 40% for CE was reached at 15 min, while 100% conversion of Int groups was 

reached at 60 min. At 120 °C a maximum concentration of 38% for CE intermediates was 

reached at 15 min, while 100% conversion of Int groups was reached at 90 min. At 110 °C a 

maximum concentration of 38% for CE intermediates was reached at 15 min, while 100% 

conversion of Int groups was reached at 90 min. At 100 °C a maximum concentration of 40% 
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for CE intermediates occurred at 40 min, while 100% conversion of Int groups was reached at 

240 min. This procedure was also carried out for the dual Zn(OAc)2 / TBD experiments. 

 

Figure 6.6. Zn(OAc)2  methanolysis reaction profiles obtained from 1H NMR data fitted in MATLAB. 

(A) = 130 °C, (B) = 120 °C, (C) = 110 °C, (D) = 100 °C. 

 

Irreversible model – the rate equations (3.8 – 3.10) were solved by sequential integration and 

substitution. The relative concentration of methine groups was fitted to the solution (equation 

3.11) using SigmaPlot which enabled for the determination of k1 and k2. Reaction profiles for 

the dual catalyst Zn(OAc)2  / TBD experiments are shown below in Figure 6.7. At 130 °C a 

maximum concentration of 45% for CE was reached at 15 min, while 100% conversion of Int 

groups was reached at 25 min. At 120 °C a maximum concentration of 46% for CE 
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intermediates was reached at 15 min, while 100% conversion of Int groups was reached at 40 

min. At 110 °C a maximum concentration of 46% for CE intermediates was reached at 40 min, 

while 100% conversion of Int groups was reached at 90 min. At 100 °C a maximum 

concentration of 47% for CE intermediates occurred at 40 min, while 100% conversion of Int 

groups was reached at 90 min. This procedure was also carried out for the single catalyst 

Zn(OAc)2 experiments. 

 

Figure 6.7. Zn(OAc)2 / TBD methanolysis reaction profiles obtained from 1H NMR data fitted in 

SigmaPlot. (A) = 130 °C R2 = 0.9764, (B) = 120 °C R2 = 0.9957, (C) = 110 °C R2 = 0.9957, (D) = 100 

°C R2 = 0.9853. 

 

Conversion of Int groups (XInt), MeLa selectivity (SMeLa), and MeLa yield (YMeLa) were 

calculated according to equations 4.1 – 4.3. Averages for XInt, SMeLa and YMeLa, at each 



134 
  

temperature were determined to allow for easier comparison, shown in Table 6.3. There is a 

clear trend that a higher temperature results in a greater XInt, SMeLa and YMeLa. At 130 °C both 

catalyst experiments had XInt 100%. However Zn(OAc)2 resulted in a smaller SMeLa and YMeLa of 

81%, while using Zn(OAc)2 / TBD resulted in SMeLa and YMeLa of 93%. These 1H NMR results 

add further confirmation to the previous GC results at 130 °C, showing that dual catalyst 

Zn(OAc)2 / TBD experiments result in a greater production rate of MeLa than either catalyst 

alone. Interestingly the catalytic performance of Zn(OAc)2 / TBD significantly decreases at 

lower temperatures. Using Zn(OAc)2 / TBD at 100 °C resulted in an SMeLa and YMeLa of 53% and 

49%. Using Zn(OAc)2 resulted in a greater SMeLa and YMeLa of 65% and 59%. One explanation 

is that the enhancing synergistic interaction between Zn(OAc)2 / TBD only comes into effect at 

temperatures ≥ 120 °C. 

Table 6.3. Single catalyst vs. Dual catalyst methanolysis, at 600 rpm, 17 eq MeOH, and a range of 

temperatures. The data represents averaged repeat experiments (2 repeats). 

Catalyst 

(2 mol% total) 
Temperature (°C) 

Average 

XInt (%) 

Average 

SMeLa (%) 

Average 

YMeLa (%) 

Zn(OAc)2 

 

130 100 81 81 

120 100 72 72 

110 96 73 70 

100 91 65 59 

Zn(OAc)2 / TBD 

(1 : 1) 

130 100 93 93 

120 100 87 87 

110 99 63 62 

100 93 53 49 

XInt, SMeLa, YMeLa, determined at 60 min of reaction. 

 

6.4.3 Activation Energy 

The relative concentrations determined in Section §6.4.2 were fitted to both kinetic models, the 

equilibrium model (equations 3.3 – 3.6), and the irreversible model (equations 3.7 – 3.11) 

detailed in Section §3.6. Table 6.4 shows the estimates of rate coefficients for the fitted 

experimental data using MATLAB and the equilibrium model. At 120 and 130 °C the 
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Zn(OAc)2 experiments displayed a smaller k1, a larger k2, and a significantly larger k-2. k-2 

represents the reverse equilibrium step where the alcohol group of MeLa undergoes 

transesterification with an CE carbonyl to form a larger oligomer. The significantly larger k-2 

means MeLa was being converted back to CE oligomers at a much faster rate. As MeLa is being 

converted back to CE at a higher rate, a lower selectivity and yield for MeLa is observed. The 

GC results in Table 6.3 confirm this; comparing Zn(OAc)2 and Zn(OAc)2 / TBD at 120 – 130 

°C the reactions displayed 100% XInt, but Zn(OAc)2 experiments exhibited a significantly 

smaller SMeLa and YMeLa. At 100 and 110 °C both catalyst experiments displayed similar values 

for k1, but Zn(OAc)2  had a larger k2 and k-2. A larger k2 means there was a greater driving force 

for MeLa formation, which explains the GC results Table 6.3, as Zn(OAc)2 exhibited larger 

SMeLa and YMeLa. At 100 and 110 °C both catalyst experiments exhibited a significantly larger k2 

than k-2. In both cases k2 was a magnitude greater than k-2, favouring MeLa formation.   

Table 6.4. Estimated rate coefficients for each methanolysis experiment, using either Zn(OAc)2 or  

Zn(OAc)2 / TBD. Rate coefficients were generated using MATLAB and an equilibrium kinetic model. 

Catalyst 

(2 mol% total) 
Temperature 

(°C) 

k1 

(min-1) 

k2 

(min-1) 

k-2 

(min-1) 

 

 

Zn(OAc)2 

 

 

130 8.97 x 10-2 9.14 x 10-2 1.34 x 10-2 

130 8.43 x 10-2 6.75 x 10-2 1.18 x 10-2 

120 6.33 x 10-2 5.37 x 10-2 1.57 x 10-2 

120 6.67 x 10-2 6.49 x 10-2 1.04 x 10-2 

110 5.06 x 10-2 5.19 x 10-2 5.95 x 10-3 

110 4.96 x 10-2 4.27 x 10-2 5.42 x 10-3 

100 3.70 x 10-2 3.66 x 10-2 4.22 x 10-3 

100 4.58 x 10-2 3.18 x 10-2 5.04 x 10-3 

Zn(OAc)2 / TBD 

(1 : 1) 

130 1.16 x 10-1 7.20 x 10-2 2.50 x 10-3 

130 1.38 x 10-1 7.04 x 10-2 3.62 x 10-3 

120 8.90 x 10-2 7.71 x 10-2 6.84 x 10-3 

120 7.54 x 10-2 4.46 x 10-2 9.18 x 10-4 

110 5.25 x 10-2 2.83 x 10-2 2.93 x 10-3 

110 4.42 x 10-2 2.54 x 10-2 1.13 x 10-3 

100 3.64 x 10-2 1.98 x 10-2 2.42 x 10-3 

100 3.86 x 10-2 2.06 x 10-2 1.57 x 10-3 
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Table 6.5 shows the estimates of rate coefficients for the fitted experimental data using 

SigmaPlot and the irreversible model. Considering the rate coefficient values at 120 – 130 °C 

Zn(OAc)2 experiments resulted in a much smaller k1, and smaller k2. A smaller k2 means CE 

was being converted to MeLa at a slower rate than the Zn(OAc)2 / TBD experiments. Table 6.3 

supports this idea as Zn(OAc)2  at 120 – 130 °C exhibited a significantly smaller value for SMeLa 

and YMeLa. Considering the rate coefficient values at 100 – 110 °C, Zn(OAc)2 experiments had 

a smaller k1 but larger k2, in comparison to Zn(OAc)2 / TBD experiments. A smaller k1 means 

PLA ester groups are cleaved at a slower rate, but the larger k2 means CE was converted to 

MeLa at a greater rate. Justifying Table 6.3 Zn(OAc)2 at 100 – 110 °C which resulted in a 

slightly smaller XInt, but much larger SMeLa and YMeLa.  

Table 6.5. Estimated rate coefficients for each methanolysis experiment, using either Zn(OAc)2 or  

Zn(OAc)2 / TBD. Rate coefficients were generated using SigmaPlot and a Irreversible kinetic model. 

Catalyst 

(2 mol% total) 

Temperature 

(°C) 

k1 

(min-1) 

k2 

(min-1) 

 

 

Zn(OAc)2 

 

 

130 5.21 x 10-2 5.65 x 10-2 

130 6.29 x 10-2 4.34 x 10-2 

120 3.30 x 10-2 2.62 x 10-2 

120 4.40 x 10-2 3.80 x 10-2 

110 3.37 x 10-2 3.38 x 10-2 

110 3.75 x 10-2 2.91 x 10-2 

100 2.50 x 10-2 2.46 x 10-2 

100 3.04 x 10-2 1.84 x 10-2 

Zn(OAc)2 / TBD 

(1 : 1) 

130 1.06 x 10-1 6.59 x 10-2 

130 1.23 x 10-1 6.32 x 10-2 

120 7.30 x 10-2 6.28 x 10-2 

120 6.95 x 10-2 4.18 x 10-2 

110 4.62 x 10-2 2.36 x 10-2 

110 4.01 x 10-2 2.30 x 10-2 

100 3.08 x 10-2 1.61 x 10-2 

100 3.38 x 10-2 1.77 x 10-2 

 

The estimated rate coefficients from both kinetic models were used to generate two types of 

Arrhenius plots. The equilibrium model (equations 3.3 – 3.6), alcoholysis occurs in three steps, 
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which corresponds to three different Arrhenius plots and activation energies (Ea1, Ea2, and Ea-

2). The equilibrium Arrhenius plots for 2 mol% Zn(OAc)2 are shown in Figure 6.8. The 

resulting activation energies are: Ea1 = 31.20 ± 7.25 kJ∙mol-1, Ea2 = 34.16 ± 12.2 kJ∙mol-1 and 

Ea-2 = 47.93 ± 22.84 kJ∙mol-1. The experimental data k1 and k2 shows a good fit, with each 

Arrhenius plot showing an R2 ≥ 0.089. On the other hand, k-2 show a poorer fit with its R2 = 

0.8147. Its associated activation energy Ea-2 has the greatest range in upper and lower bound values 

± 22.84 kJ∙mol-1. This procedure was also carried out for the dual Zn(OAc)2 / TBD experiments; 

its resulting activation energies are: Ea1 = 51.12 ± 12.51 kJ∙mol-1, Ea2 = 57.08 ± 20.82                            

kJ∙mol-1and Ea-2 = 20.06 ± 64.85 kJ∙mol-1. The large range in the values for k-2 means its 

associated activation energy Ea-2 has a large confidence interval.  

 

Figure 6.8. Arrhenius plots for methanolysis of 2 g PLA, 2 mol% Zn(OAc)2, 600 rpm, 17 equivalents 

of MeOH. Values for rate coefficients were obtained from the equilibrium model. (A) k1 y = -

3754.76x + 6.84 R2 = 0.9486, (B) k2 y = -4111.22x + 7.65 R2 = 0.8867, (C) k-2 y = -5767.58x + 10.05 

R2 = 0.8147. 
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The irreversible model (equations 3.7 – 3.11), alcoholysis occurs in two consecutive steps, 

which corresponds to two different Arrhenius plots and activation energies (Ea1 and Ea2).  The 

irreversible Arrhenius plots for 1 mol% Zn(OAc)2 / 1 mol% TBD are shown in Figure 6.9. The 

resulting activation energies are: Ea1 = 53.64 ± 9.65 kJ∙mol-1 and Ea2 = 60.18 ± 17.45                                 

kJ∙mol-1. The experimental data k1 and k2 show a good fit with each Arrhenius plot having an 

R2 ≥ 0.92. In Table 6.5, k2 had a greater range in values between repeats in comparison k1, its 

associated activation energy Ea2 has the greatest range in upper and lower bound values ± 17.45 

kJ∙mol-1. This procedure was also carried out for the Zn(OAc)2 experiments; its resulting 

activation energies are: Ea1 = 28.17 ± 14.05 kJ∙mol-1 and Ea-2 = 31.72 ± 18.91 kJ∙mol-1.  

 

Figure 6.9. Arrhenius plots for methanolysis of 2 g PLA, 1 mol% Zn(OAc)2 / 1 mol% TBD, 600 rpm, 

17 equivalents of MeOH. Values for rate coefficients were obtained from the irreversible model. (A) 

k1 y = -6454.97x + 13.80 R2 = 0.9686, (B) k2 y = -7242.22x + 15.29 R2 = 0.9223. 

 

The activation energies obtained from the equilibrium model are shown in Table 6.6 (including 

chapter 4 activation energies). As discussed in Section §4.5, when Ea-2 is smaller than Ea2 the 

equilibrium lies to the left, favouring the transformation of AL to CE oligomer. The opposite is 

also true: when Ea-2 is greater than Ea2, the equilibrium lies to the right favouring AL formation. 

Alcoholysis using MeOH2 had an Ea-2 greater than Ea2. The greater energy barrier for the reverse 

step means its equilibrium favours the formation of AL. In comparison, alcoholysis using 

EtOH1 displayed an Ea-2 only slighter larger than Ea2. This implies AL formation is favoured in 
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alcoholysis using MeOH2 instead of EtOH1. This can also been seen when comparing their 

average yield of AL; at 110 °C the YAL was 70% and 37% respectively (Table 6.3 and Table 

4.2). Alcoholysis using MeOH3 showed the greatest range in the upper and lower bound values 

for Ea-2 (± 64.85). MeOH3 is omitted from the discussion as its standard error is too large.  

Table 6.6. The activation energies for each step of PLA alcoholysis, using an equilibrium kinetic 

model. 

Alcoholysis Ea1 (kJ∙mol-1) Ea2 (kJ∙mol-1) Ea-2 (kJ∙mol-1) 

EtOH1 56.33 ± 8.04 53.13 ± 6.43 56.24 ± 18.88 

BuOH1 52.06 ± 15.104 40.87 ± 12.06 19.97 ± 9.68 

MeOH2 31.20 ± 7.25 34.16 ± 12.2 47.93 ± 22.84 

MeOH3 51.12 ± 12.51 57.08 ± 20.82 20.06 ± 64.85 

1 Zn(1Et)2 at 9 mol%, 2 Zn(OAc)2 at 2 mol% , 3 Zn(OAc)2 / TBD at 1 mol% each. 

The activation energies obtained from the irreversible kinetic model are shown in Table 6.7 

(Including chapter 5 activation energies). MeOH3 displayed the smallest activation energy for 

Ea1 (28.17 kJ∙mol-1), followed by MeOH2 with a larger Ea1 (53.69 kJ∙mol-1), and MeOH4 with 

the largest Ea1 (67.99 kJ∙mol-1). A smaller activation energy for the initial cleavage of PLA ester 

groups would result in a higher conversion of Int groups. At 110 °C the XInt was 99%, 96%, and 

85% for MeOH3, MeOH2, and MeOH4. (Table 6.3, and Table 5.4). A lower activation energy 

for the initial step leads to a build-up of CE oligomers during the reaction. Since MeOH3 had 

the smaller activation for the Ea1 there was a greater build-up of CE oligomers, and thus a lower 

selectivity and yield for AL in comparison to MeOH2. At 110 °C the SAL was 63% and 73%, 

and the YAL was 62% and 70% respectively (Table 6.3).  

Table 6.7. The activation energies for each step of PLA alcoholysis, considering a irreversible kinetic 

model. 

Alcoholysis Ea1 (kJ∙mol-1) Ea2 (kJ∙mol-1) 

MeOH4 67.99 ± 23.42 50.04 ± 10.21 

MeOH2 53.64 ± 9.65 60.18 ± 17.45 

MeOH3 28.17 ± 14.05 31.72 ± 18.91 

4 Zn(OAc)2 / DMAP at 1.6 mol% / 2.9 mol%, 2 Zn(OAc)2 at 2 mol% / , 3 Zn(OAc)2 / TBD at 1 mol% 

each. 
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The activation energies were also estimated using a first order kinetic model where only the 

initial cleavage of PLA was considered, shown in Table 6.8. The first order Ea for MeOH2 and 

MeOH3 was estimated to be 46.57 ± 18.76 kJ∙mol-1 and 44.12 ± 9.19 kJ∙mol-1, shown in Table 

6.8 (including chapter  4 / 5 activation energies). MeOH3 displayed the smallest activation 

energy Ea (44.12 kJ∙mol-1), followed by MeOH2 with a slightly larger Ea (46.57kJ∙mol-1). Both 

experiments had a lower Ea than the other alcoholysis experiments (MeOH4, EtOH1, and 

BuOH1). MeOH2 and MeOH3 exhibited a lower Ea despite having lower catalyst loadings than 

the other alcoholysis experiments.  

Table 6.8. The activation energies for each step of PLA alcoholysis, considering a first order kinetic 

model. 

Alcoholysis Ea (kJ∙mol-1) 

EtOH1 55.1 ± 10.1 

BuOH1 52.7 ± 17.7 

MeOH4 48.32 ± 17.7 

MeOH2 46.57 ± 18.76 

MeOH3 44.12 ± 9.19 

1 Zn(1Et)2 at 9 mol%, 2 Zn(OAc)2 at 2 mol%,3 Zn(OAc)2 / TBD at 1 mol% each, 4 Zn(OAc)2 / DMAP at 

1.6 / 2.9 mol%. 

 

When comparing the activation energies of MeOH2 and MeOH3 in Table 6.6, Table 6.7, and 

Table 6.8, the values are significantly different. For example MeOH2 displayed the smaller 

value for Ea1 and Ea2 in Table 6.6, whereas, in Table 6.7, MeOH2 displayed the greater value 

for Ea1 and Ea2. The choice of kinetic model used has a large effect on the resulting activation 

energies. Comparisons between activation energies should only be made between values 

obtained from the same kinetic model. Table 6.8 only considers the initial cleavage of PLA 

ester groups, assuming first order kinetics. All the literature activation energies for PLA 

chemical recycling in Table 2.4 also only considered this initial step, which makes the values 

in Table 6.8 particularly useful. The Ea values in Table 6.8  for MeOH2, MeOH3, MeOH4, are 

lower than all the literature Ea values for hydrolysis, and pyrolysis. This supports the conclusion 
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that alcoholysis is the superior chemical recycling method from an environmental perspective, 

as it requires the mildest operating conditions to achieve complete PLA depolymerisation. The 

only literature Ea values for alcoholysis that were lower than the Ea values in Table 6.8 were 

achieved using an IL as the catalyst [174–176]. Out of the reported ILs the lowest activation 

energies were achieved when the IL was coupled with a metal salt, exploiting a synergic effect 

between the two catalysts, leading to the small activation energies of Ea = 20.96 kJ∙mol-1 and 

21.28 kJ∙mol-1 [175,176]. Despite excellent activity and recyclability their industrial use is 

limited by their high costs and intrinsic viscosity. One other publication reported a smaller Ea 

values than those in Table 6.8. FeCl3 was used resulting in an Ea of 32.41 kJ∙mol-1 [173]. 

However, the paper never disclosed the PLA mass that was depolymerised. It could be possible 

that this was a small scale experiment ≤ 0.1 g PLA, so the reported Ea might not reflect larger 

scale experiments. 

6.5 Conclusion  

In this chapter further studies build upon the previous dual catalyst system by investigating a 

larger range of commercial catalysts. Four catalysts were tested in different mixtures to explore 

possible synergistic interactions. Preliminary experiments were carried out using only 

Zn(OAc)2 in order to optimise other reaction conditions, such as mol%, MeOH equivalents, and 

stirring speed. A range of mol% were tested, and while 4 mol% exhibited the greatest 

concentration of MeLa in the shortest time, 2 mol% was selected as a compromise between 

using the least amount of catalyst possible while still obtaining the enhanced reactivity of a 

higher mol%. A range of MeOH molar equivalents was tested; increasing the MeOH drastically 

increased the MeLa production rate. By 17 equivalents the increase in MeLa production rate 

had plateaued. A range of stirring speeds was tested at 9 equivalents of MeOH and 2 mol% 

Zn(OAc)2. 600 rpm resulted in the greatest concentration of MeLa in the shortest time. These 
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optimised parameters were explored for each catalyst Zn(OAc)2, Mg(OAc)2, DMAP, and TBD. 

TBD was the only catalyst that did not exhibit an increase in MeLa production rate when the 

molar equivalent of MeOH was increased. Both Zn(OAc)2 and DMAP displayed a slower 

MeOH production rate when stirring speed was increased from 300 to 600 rpm at 17 equivalents 

of MeOH. A possible explanation is that at 17 equivalents of MeOH, Zn(OAc)2 or DMAP 

become saturated with MeOH molecules in close proximity, so mass transfer and stirring speed 

become less important. On the other hand Mg(OAc)2 is larger than Zn(OAc)2 and TBD is larger 

than DMAP. The larger sizes mean Mg(OAc)2 and TBD will only become saturated with 

MeOH molecules in close proximity at a higher equivalents of MeOH, which is why both these 

catalysts exhibited an increase in MeLa production rate when stirring was increased from 300 

to 600 rpm at 17 equivalents of MeOH.  

Out of the tested mixed catalyst experiments, a synergistic interaction was present for 

Mg(OAc)2 / TBD, Zn(OAc)2 / TBD, and Zn(OAc)2 / DMAP. These dual catalyst experiments 

generated a greater rate of MeLa in comparison to their single catalyst counterparts. For 

example Mg(OAc)2 / TBD displayed a greater MeLa production rate (1.36 x 10-3 g∙mL-1∙min-1) 

then Mg(OAc)2 alone (1.09 x 10-3 g∙mL-1∙min-1). Zn(OAc)2 / TBD, and Zn(OAc)2 / DMAP 

exhibited greater MeLa production rates (1.34 x 10-3 and  1.29 x 10-3 g∙mL-1∙min-1 respectively) 

than Zn(OAc)2 alone (1.19 x 10-3 g∙mL-1∙min-1). These dual catalysts are considered type II 

partially cooperative, as either catalyst alone results in the formation of the product but at a 

slower rate compared to dual catalysis [225]. In order for a synergistic interaction to occur there 

needs to be great enough difference in pKa between the two catalysts in addition to having both 

acid and base character.  

The relative concentrations of Int, CE, and MeLa methine groups were calculated for the 1H 

NMR experiments. The relative concentrations were fitted to three kinetic models: an 
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equilibrium model consisting of two consecutive steps with the second step being in 

equilibrium, a non-reversable model consisting of two consecutive steps, and a first order model 

that only considers the initial cleavage of PLA. For the equilibrium kinetic model Zn(OAc)2 

had estimated activation energies of  Ea1 = 31.20 ± 7.25 kJ∙mol-1,  Ea2 = 34.16 ± 12.2 kJ∙mol-1,  

and  Ea-2 = 47.93 ± 22.84 kJ∙mol-1. Zn(OAc)2 / TBD had estimated activation energies of                    

Ea1 = 51.12 ± 12.51 kJ∙mol-1, Ea2 = 57.08 ± 20.82 kJ∙mol-1,  and  Ea-2 = 20.06 ± 64.85 kJ∙mol-1. 

For the non-reversable kinetic model Zn(OAc)2 had estimated activation energies of                                

Ea1 = 53.64 ± 7.25 kJ∙mol-1,  and Ea2 = 60.18 ± 17.45 kJ∙mol-1. Zn(OAc)2 / TBD had estimated 

activation energies of  Ea1 = 28.17 ± 14.05 kJ∙mol-1,  and  Ea2 = 31.72 ± 18.91 kJ∙mol-1. Finally 

for the first order kinetic model Zn(OAc)2 had estimated activation energies of                                                              

Ea = 46.57 ± 18.76 kJ∙mol-1, and Zn(OAc)2 / TBD had estimated activation energies of  Ea = 

44.12 ± 9.19 kJ∙mol-1.   
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7 Chapter 7 – Conclusions and Future Work Recommendations 

7.1 Conclusions  

The chemical recycling of PLA via alcoholysis has successfully been carried out, exploring 

various alcohols, catalysts, as well as other reaction parameters. Dual catalysis has also been 

explored, gaining an understanding of synergistic effects that enhance reaction rates. These 

studies have investigated different kinetic models to best describe PLA alcoholysis. The key 

strengths and limitations of this project are listed as follows: 

Chapter 4 - Kinetics of Alkyl Lactate Formation from the Alcoholysis of Poly(lactic acid) 

• Ethanolysis of 12.5 g PLA using 1 g = 9 mol% of Zn(1Et)2 (50 mL EtOH, 250 mL THF 

as the solvent) at T = 110 °C, 300 rpm, complete depolymerisation of PLA was observed within 

317 min. The calculated yield of EtLa at 60 min was 37%. Ethanolysis of 12.5 g PLA using 1 

g = 9 mol% Zn(2Pr)2 (50 mL EtOH, 250 mL THF as the solvent) at T = 50 °C, 800 rpm, complete 

depolymerisation of PLA was observed within 1031 min. The calculated yield of EtLa at 60 

min was 58%. As Zn(2Pr)2 exhibited non-Arrhenius behaviour at the tested temperature range 

it was not possible to obtain reliable fits. 

• Propanolysis of 12.5 g PLA using 1 g = 9 mol% Zn(1Et)2 (50 mL PrOH, 250 mL THF 

as the solvent) at T = 130 °C, 300 rpm, complete depolymerisation of PLA was observed within 

616 min. The calculated yield of PrLa at 60 min was 46%. Propanolysis of 12.5 g PLA using 1 

g = 9 mol% Zn(2Pr)2 (50 mL PrOH, 250 mL THF as the solvent) at T = 50 °C, 800 rpm, complete 

depolymerisation of PLA was observed within 1509 min. The calculated yield of PrLa at 60 

min was 44%. 

• Butanolysis of 12.5 g PLA using 1 g = 9 mol% Zn(1Et)2 (50 mL BuOH, 250 mL THF 

as the solvent) at T = 130 °C, 300 rpm, complete depolymerisation of PLA was observed within 

1062 min. The calculated yield of BuLa at 60 min was 17%. Butanolysis of 12.5 g PLA using 
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1 g = 9 mol% Zn(2Pr)2 (50 mL BuOH, 250 mL THF as the solvent) at T = 50 °C, 800 rpm, 

complete depolymerisation of PLA was observed within 8160 min. The calculated yield of 

BuLa at 60 min was 9%. 

• The working hypothesis was that longer chain alcohols would sterically hinder catalyst 

coordination, resulting in slower reaction rates. It was observed for both catalysts Zn(1Et)2 and 

Zn(2Pr)2 that increasing the alcohol chain length resulted in a slower reaction. The catalytic 

performance of Zn(1Et)2 and Zn(2Pr)2, at all temperatures ≥ 90 °C Zn(1Et)2 exhibited the greater 

initial production of AL, whereas, at temperature ≤ 70 °C Zn(2Pr)2 the reaction displayed non-

Arrhenius behaviour and exhibited the greatest initial production of AL.  

• A kinetic model was established and applied to the Zn(1Et)2 experimental data. The 

model assumed a two-step consecutive reaction with the second step being in equilibrium. The 

resulting rate equations were solved in MATLAB, using a minimisation of least squares fitting 

procedure and estimated rate constants were generated from the experimental 1H NMR data. 

The rate constants were estimated over a range of temperatures and used to generate Arrhenius 

plots. A simple first order model only considering the initial cleavage of PLA ester groups was 

also determined and used to generate an Arrhenius plot.  

• The equilibrium model was used to estimate the activation energies for each step of the 

ethanolysis, propanolysis, and butanolysis reactions. The estimated activation energies for 

ethanolysis are: Ea1 = 56.3 ± 8.0 kJ∙mol-1, Ea2 = 53.1 ± 6.4 kJ∙mol-1, and Ea-2 = 56.2 ± 18.9 

kJ∙mol-1. 

• Limitations of these studies: although the non-Arrhenius behaviour of Zn(2Pr)2 allows 

for relatively high rates of AL production to be achieved at 50 °C, the catalyst is less stable and 

its reactions are less reproducible in comparison to Zn(1Et)2; different alcoholysis reactions used 

50 mL of alcohol (either EtOH ≈ 5 molar equivalents relative to ester groups, PrOH ≈ 4 
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equivalents, or BuOH ≈ 3 equivalents) however, should have used the same molar equivalent 

of each. 

Chapter 5 - Synergistic Dual Catalytic System and Kinetics for the Alcoholysis of 

Poly(lactic acid) 

• Preliminary methanolysis experiments investigated different mixtures of Zn(OAc)2 and 

DMAP and found that dual catalysis resulted in greater concentrations of MeLa in shorter time 

in comparison to single catalysis. The working hypothesis was that a sufficient difference in 

pKa is required for a synergistic dual catalyst complex to occur and result in enhanced activity. 

• Methanolysis of 2 g PLA using 0.5 g = 0.8 mol% of Zn(OAc)2 and 0.5 g = 1.5 mol%  

of DMAP (10 mL MeOH, 40 mL THF as the solvent) at T = 130 °C, 300 rpm, complete 

depolymerisation of PLA was observed within 93 min. The calculated yield of MeLa at 60 min 

was 70%. Ethanolysis of 2 g PLA using 0.5 g = 0.8 mol% of Zn(OAc)2 and 0.5 g = 1.5 mol% 

of DMAP (14.5 mL EtOH, 35.5 mL THF as the solvent) at T = 130 °C, 300 rpm, complete 

depolymerisation of PLA was observed within 240 min.  

• A simplified kinetic model was established and applied to the dual catalysis 

experimental data. The model assumed a two-step consecutive reaction with the second step 

being irreversible. The rate equations were solved by sequential integration and substitution, 

SigmaPlot was used to fit the 1H NMR data to the resulting solution allowing for the 

determination of the rate constants. The rate constants were estimated over a range of 

temperatures and used to generate Arrhenius plots. A simple first order model only considering 

the initial cleavage of PLA ester groups was also determined and used to generate an Arrhenius 

plot.  

• The irreversible model was used to estimate the activation energies for each step of the 

methanolysis reaction. The resulting activation energies were estimated to be: Ea1 = 67.99 ± 
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23.42 kJ∙mol-1 and Ea2 = 50.04 ± 10.21 kJ∙mol-1. The first order model estimated the activation 

energy to be Ea = 48.32 ± 26.09 kJ∙mol-1. 

• Limitations of these studies: although mixtures of Zn(OAc)2 / DMAP were explored 

there were used in an equal weight ratio, they should have been tested in an equal molar ratio. 

Chapter 6 - Methanolysis of Poly(lactic acid) Using Catalyst Mixtures and the Kinetics of 

Methyl Lactate Production  

• Preliminary methanolysis experiments were carried out using Zn(OAc)2; variables such 

as catalyst loading, MeOH molar equivalents, and stirring speed were explored. Out of the 

tested variables, catalyst loading and MeOH equivalents had the most significant effect on the 

reaction rate. Catalyst loading was tested in the range from 1 mol% to 4 mol%. The 4 mol% 

experiment showed the greatest reaction rates although 2 mol% was only slightly slower while 

also saving resources. MeOH equivalents were tested from 5 equivalents to 17 equivalents. 

Increasing the MeOH equivalent significantly increased the reaction rate; by 17 equivalents the 

increase in MeLa production rate had plateaued.  

• Methanolysis was carried out using a range of catalysts. Methanolysis of 2 g PLA using 

2 mol% of either Zn(OAc)2, Mg(OAc)2, DMAP, or TBD (19 mL MeOH, 31 mL THF as the 

solvent) at T = 130 °C, 600 rpm, complete depolymerisation of PLA was observed at 70, 83, 

200, and 135 min respectively.  

• Dual catalysis methanolysis was carried out using various mixtures of these catalysts. 

The dual catalysis experiments using Mg(OAc)2 / TBD, Zn(OAc)2 / DMAP, Zn(OAc)2 / TBD, 

all exhibited enhanced reaction rates in comparison to either catalyst alone. The enhanced 

reactivity was due to a synergistic complex between the two catalysts. The working hypothesis 

was that a dual catalyst complex only occurs if there is a sufficient difference in pKa between 

the two catalysts, leading to proton transfer and the formation of a stable complex. However, 
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the dual catalysis TBD / DMAP experiment did not exhibit enhanced reaction rates despite 

having a great enough difference in pKa (15.2 and 9.6 respectively). It was then concluded that 

synergetic complexes only occur if there is both a sufficient pKa difference and both acid and 

base components.  

• Methanolysis using Zn(OAc)2 and dual Zn(OAc)2 / TBD was explored further. 

Methanolysis of 2 g PLA using either 2 mol% Zn(OAc)2 or 1 mol% Zn(OAc)2 / 1 mol% TBD 

(19 mL MeOH, 31 mL THF as the solvent) at T = 130 °C, 600 rpm, complete depolymerisation 

of PLA was observed at 70 min and 60 min. The calculated yield of MeLa at 60 min was 81% 

and 93% respectively. 

• The previously established kinetic models were applied to Zn(OAc)2 and dual Zn(OAc)2 

/ TBD methanolysis to determine Arrhenius plots and activation energies for each reaction step. 

The equilibrium kinetic model estimated the dual catalysis Zn(OAc)2 / TBD to have activation 

energies of  Ea1 = 51.12 ± 12.51,  Ea2 = 57.08 ± 20.82, and  Ea-2 = 20.06 ± 64.85.  

• Limitations of these studies: although the dual catalysis of Zn(OAc)2 / TBD was 

explored further by 1H  NMR and activation energy calculated, the other synergistic dual 

experiments Zn(OAc)2 / DMAP and Mg(OAc)2 / TBD was not tested due to time constraints. 

7.2 Future Work Recommendations 

This thesis has clearly demonstrated the depolymerision of PLA via alcoholysis using a range 

of catalysts. Due to financial, equipment and time constraint, several experiments/analysis 

could not be performed in the scope of this work and hence are recommended as future work. 

They are as follows: 

• The economic scaled-up chemical recycling of PLA via alcoholysis needs to be 

addressed. A profitable recycling facility should be able to process at least 5 – 18 kt annually. 

Several reactor types should be explored, including continuous flow reactors and fixed bed 
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reactors. Different separation techniques should also be investigated. Overall operating costs as 

well as environmental impact and profitability should all be considered. 

• The catalysts investigated in these alcoholysis studies should be explored for other 

chemical recycling methods for PLA such as pyrolysis and hydrolysis. Hydrolysis in particular 

should be explored as its product LA has the largest market share. 

• The optimised alcoholysis reactions should also explored for PET. PET has a much 

larger market share and application than PLA so its chemical recycling is more critical in 

mitigating plastic pollution. While both PLA and PET are polyesters, PLA has less liable bonds 

and will require harsher conditions such as a higher working temperature.  

• Having established the utility of commercial catalysts for dual catalysis systems with 

enhanced reactivity, these dual systems should be explored further to gain a deeper 

understanding of their synergistic mechanisms. Furthermore, if these dual catalysis systems 

could be immobilized in a fixed bed reactor it would solve several issues with downstream 

processing and product purification.   

• The depolymerision of PLA from mixed plastic sources should be carried out. In 

particular the mild alcoholysis of PLA from PET sources should be addressed as PLA causes 

significant issues in PET mechanical recycling facilities.    
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8 Chapter 8 – Appendices 

Additional information not covered elsewhere in the thesis, and parts of work not ready for 

publication are presented as a series of Appendices 

8.1 Kinetic Models 

Throughout this thesis kinetic models have been used to estimate rate constants, Arrhenius plots 

and activation energies for each reaction step.   

8.1.1 First order PLA degradation model 

Throughout this thesis a first order kinetic model has been used that only considers the initial 

cleavage of PLA ester groups. The resulting activation energy Ea is particularly useful as it 

allows for comparison with the literature values for Ea which also only consider the initial 

degradation of PLA. 

Consider the following elementary reaction  

𝐼𝑛𝑡 
𝑘
→  𝐶𝐸 

The corresponding rate law for this reaction is 

𝑑[𝐼𝑛𝑡]

𝑑𝑡
 =  −𝑘1[𝐼𝑛𝑡] 

which can be rewritten as  

𝑑[𝐼𝑛𝑡]

[𝐼𝑛𝑡]
 = −𝑘𝑡 

Integrating this differential equation gives  

∫
1

[𝐼𝑛𝑡]
𝑑[𝐼𝑛𝑡] = −𝑘 ∫ 𝑑𝑡     →     ln[𝐼𝑛𝑡] =  −𝑘𝑡 + 𝐶 

Considering t = 0 and t = t 

∫
1

[𝐼𝑛𝑡]

𝑡

0

𝑑[𝐼𝑛𝑡] = −𝑘 ∫ 𝑑𝑡
𝑡

0

    →     ln[𝐼𝑛𝑡]𝑡 −  ln[𝐼𝑛𝑡]0 = −𝑘𝑡 
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Upon rearranging  

ln[𝐼𝑛𝑡]𝑡 =  ln[𝐼𝑛𝑡]0 − 𝑘𝑡   or   [𝐼𝑛𝑡]𝑡 =  [𝐼𝑛𝑡]0exp (−𝑘𝑡) 

 

The above equation is in the form of y = c + mx. The concentration of Int gradually falls as the 

reaction progresses. Plotting ln[Int] vs time results in plots of the form shown in Figure 8.1. 

The gradient of this plot is -k. Replotting the data for a range of temperatures enables an 

Arrhenius plot to be generated, shown in Figure 8.2. The first order Ea was calculated to be 55.1 

± 10.0 kJ∙mol-1 in this case. 

 

 

Figure 8.1. ln[Int] vs time for ethanolysis of 12.5 g PLA, at 130 °C, 300 rpm, 5 equivalents of EtOH, 

9 mol% of Zn(1Et)2.  k1 y = -0.0297x + 4.45 R2 = 0.9607. 
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Figure 8.2. Arrhenius plots for ethanolysis of 12.5 g PLA, at 130 °C, 300 rpm, 5 equivalents of EtOH, 

9 mol% of Zn(1Et)2.  y = -6634.83x + 13.76 R2 = 0.9684. 

 

8.1.2 Consecutive second step irreversible model 

The equations (3.8 – 3.10) were solved by sequential integration and substitution to produce 

equation (3.11). The 1H NMR data was then fitted to equation (3.11) using SigmaPlot which 

enabled for the determination of k1 and k2. 

                                                       𝐼𝑛𝑡 
𝑘1
→  𝐶𝐸 

𝑘2
→   𝐴𝐿                                                           (3.7) 

                                                       
𝑑[𝐼𝑛𝑡]

𝑑𝑡
 =  −𝑘1[𝐼𝑛𝑡]                                                          (3.8) 

                                                  
𝑑[𝐶𝐸]

𝑑𝑡
 =  𝑘1[𝐼𝑛𝑡] −  𝑘2[𝐶𝐸]                                                 (3.9) 

                                                        
𝑑[𝐴𝐿]

𝑑𝑡
 =  𝑘2[𝐶𝐸]                                                           (3.10) 

                   [𝐶𝐸] =  
𝑘1

𝑘2−𝑘1
[exp(−𝑘1𝑡) − exp(−𝑘2𝑡)][𝐼𝑛𝑡]0                              (3.11) 

 

Integrating (3.8) directly gives  

[𝐼𝑛𝑡]𝑡 =  [𝐼𝑛𝑡]0exp (−𝑘𝑡) 
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Substituting this results into (3.9) gives the differential equation 

𝑑[𝐶𝐸]

𝑑𝑡
+ 𝑘2[𝐶𝐸]  =  𝑘1[𝐼𝑛𝑡]0exp (−𝑘1𝑡) 

This is a first order differential equation of the form 

𝑑𝑓

𝑑𝑥
+ 𝑎𝑓 = 𝑏 

This has a solution of the form  

𝑓(𝑥) exp (∫ 𝑎𝑑𝑥) = ∫ 𝑒𝑥𝑝 (∫ 𝑎𝑑𝑥) 𝑏𝑑𝑥 + 𝐶 

We need to find f(x), i.e. [CE](t). Substitute kinetic parameters into the above solution 

[𝐶𝐸](𝑡) exp (∫ 𝑘2𝑑𝑡) = ∫ 𝑒𝑥𝑝 (∫ 𝑘2𝑑𝑡) 𝑘1[𝐼𝑛𝑡]0 exp(−𝑘1𝑡) 𝑑𝑡 + 𝐶 

Carrying out the integrations gives  

[𝐶𝐸](𝑡) exp (∫ 𝑘2𝑑𝑡) = ∫ 𝑒𝑥𝑝 ((𝑘2 − 𝑘1)𝑡)𝑘1[𝐼𝑛𝑡]0𝑑𝑡 + 𝐶 

[𝐶𝐸](𝑡) exp (∫ 𝑘2𝑑𝑡) = [𝐼𝑛𝑡]0

𝑘1

𝑘2 − 𝑘1
𝑒𝑥𝑝((𝑘2 − 𝑘1)𝑡) + 𝐶 

[𝐶𝐸](𝑡) = exp( −𝑘2𝑡) [[𝐼𝑛𝑡]0

𝑘1

𝑘2 − 𝑘1
𝑒𝑥𝑝((𝑘2 − 𝑘1)𝑡) + 𝐶] 

To evaluate the constant C we note that at t=0 [CE] = 0 which gives  

0 = [[𝐼𝑛𝑡]0
𝑘1

𝑘2−𝑘1
+ 𝐶]   or   𝐶 = − [𝐼𝑛𝑡]0(

𝑘1

𝑘2−𝑘1
) 

Substituting C into the expression for [CE](t) gives 

[𝐶𝐸](𝑡) = exp( −𝑘2𝑡) [[𝐼𝑛𝑡]0

𝑘1

𝑘2 − 𝑘1
𝑒𝑥𝑝((𝑘2 − 𝑘1)𝑡) + − [𝐼𝑛𝑡]0(

𝑘1

𝑘2 − 𝑘1
)] 

Simplifying this expression give the solution equation  

[𝐶𝐸] =  
𝑘1

𝑘2−𝑘1
[exp(−𝑘1𝑡) − exp(−𝑘2𝑡)][𝐼𝑛𝑡]0                                 (3.11) 
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8.1.3 Consecutive second step in equilibrium model 

The experimental data for Chapter 4 and 6 was modelled using the reaction mechanism shown 

in Equation (3.3 – 3.6), proposed by Román-Ramírez, et al [187]. The differential Equations 

(3.4 – 3.6) were solved in MATLAB according to the script shown below. The minimisation of 

least squares fitting procedure in MATLAB estimated the rate constants from the experimental 

1H NMR data. The rate constants were estimated for the same reaction over a range of 

temperatures and used to generate Arrhenius plots to obtain Ea for the reaction. 

% Script to calculate the rate coefficients 

% Prepared by Luis Roman, Sept. 2021. 

 

clear all 

clc 

format long 

global tExp CaExp CbExp CcExp Ca0 Cb0 Cc0 

%-------------------------------------------------------------------------- 

%Input 

% Use either: 

%prompt = 'Input Experimental Data: t, Int, CE, Lact, inside [  ]\n'; 

%Exp_data = input(prompt) 

% or 

Exp_data = [] 

%-------------------------------------------------------------------------- 

%Initial conditions 

Ca0 = Exp_data(1,2); 

Cb0 = Exp_data(1,3); 

Cc0 = Exp_data(1,4); 

%-------------------------------------------------------------------------- 

%Vectors of experimental data 

tExp = Exp_data(:,1); 

CaExp = Exp_data(:,2); 

CbExp = Exp_data(:,3); 

CcExp = Exp_data(:,4); 

%-------------------------------------------------------------------------- 

%Initial estimates 

k_ini = [0.05 0.01 0.01]; 

%-------------------------------------------------------------------------- 

%Minimisation function routine 

[k,resnorm,residual,exitflag,output] = lsqnonlin(@fmin_routine,k_ini); 

%-------------------------------------------------------------------------- 

%Display results 

%-------------------------------------------------------------------------- 

k_ = k' 

%-------------------------------------------------------------------------- 

%Computation with fitted values 

%final time, min 
tf = tExp(length(tExp)); 
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%time, min 

t = linspace(0,tf,50)'; 

%-------------------------------------------------------------------------- 

%Concentrations with differential equations solution 

Ci0=[Ca0 Cb0 Cc0]; %Initial values 

[t Ci]=ode15s(@(t,Ci) diffEqs(t,Ci,k), t,Ci0); 

%-------------------------------------------------------------------------- 

%Conversion, selectivity and yield 

Conv=(1-Ci(end,1)/Ca0)*100 

Select=Ci(end,3)/Conv*100 

Yield= Conv*Select/100 

%-------------------------------------------------------------------------- 

%Graphs    

plot(tExp,CaExp,'b*','MarkerFaceColor','b'), hold on    

plot(tExp,CbExp,'mo','MarkerFaceColor','m') 

plot(tExp,CcExp,'g^','MarkerFaceColor','g') 

plot(t,Ci(:,1),'b-',t,Ci(:,2),'m-',t,Ci(:,3),'g-') 

xlabel ('time / min'),ylabel ('Concentration / % ') 

legend ({'Int','CE','MeLa'},'fontsize',11) 

legend boxoff 

set(legend,'Location','best'); 

hold off 

%Routine with the function to be minimised 

function f = fmin_routine(k) 

global tExp CaExp CbExp CcExp Ca0 Cb0 Cc0 

 

% Concentration computation 

Ci0=[Ca0 Cb0 Cc0]; %Initial values 

[t Ci]=ode15s(@(t,Ci) diffEqs(t,Ci,k), tExp,Ci0); 

%function to be minimised 

f = [(Ci(:,1)-CaExp)/CaExp (Ci(:,2)-CbExp)/CbExp (Ci(:,3)-CcExp)/CcExp]; 

end 

function dCdt = diffEqs(t,Ci,k) 

%-------------------------------------------------------------------------- 

dCadt = -k(1)*Ci(1); 

dCbdt = k(1)*Ci(1) - k(2)*Ci(2) + k(3)*Ci(3); 

dCcdt = k(2)*Ci(2) - k(3)*Ci(3);     

 

dCdt = [dCadt dCbdt dCcdt]'; 

end 

 

8.2 Analytical methods 

8.2.1 Gas chromatography (GC) 

A multiple point external standard calibration curve was prepared using standard solutions 

covering the range of AL concentrations. A linear response of the detector was determined for 

MeLa, EtLa, and BuLa (R2 = 0.9998, 0.9998, and 0.9969 respectively). For PrLa the GC 

analysis was only qualitative. The calibration curve for EtLa is shown below Figure 8.3. 
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Figure 8.3. GC calibration curve for EtLa. y = 23010.65x -5.056 R2 = 0.9998. 

 

8.2.2 Proton nuclear magnetic resonance (1H NMR) 

According to equation (3.3) there are three possible environments for methine functional 

groups: internal methine protons along the PLA chains (Int) (δ = 5.09 – 5.21 ppm), two types 

of chain end methine protons belonging to oligomer fragments (CE) (δ = 4.30 – 4.39 ppm / 5.09 

– 5.21 ppm), or methine protons belongs to an alkyl lactate molecule (AL) (δ = 4.23 – 4.29 

ppm), shown below in Figure 8.4. By comparing integrals of interest, 1H NMR can be used to 

determine the ratios of compounds in a reaction mixture. This allows for a relative concentration 

of each compound to be determined. Reaction samples were dissolved in CDCl3 and chemical 

shifts were referenced against tetramethylsilane (TMS).  
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Figure 8.4. 1H NMR (CDCl3, 400 MHz) stacked spectra of a methanolysis reaction at 120 ◦C and the 

relative percentage of each methine proton Int, CE and MeLa. (Blue spectrum 10 min, Red spectrum 

40 min, Green spectrum 90 min). 
 

8.3 Calculations 

8.3.1 Calculations in Chapter 4 

The mol of ester groups  

12.5 𝑔

72 𝑔 ∙ 𝑚𝑜𝑙−1
 =  0.1736 𝑚𝑜𝑙 

The mol of EtOH   

50 𝑚𝐿 × 0.789 𝑔 ∙ 𝑚𝐿−1  =  39.45 𝑔 

39.45 𝑔

46.07𝑔 ∙ 𝑚𝑜𝑙−1 
= 0.8563 𝑚𝑜𝑙 

The molar equivalent of EtOH   

0.8563 𝑚𝑜𝑙

0.1736 𝑚𝑜𝑙 
= 4.932 𝑒𝑞 
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The mol of PrOH   

50 𝑚𝐿 × 0.803 𝑔 ∙ 𝑚𝐿−1  =  40.15 𝑔 

40.15 𝑔

60.096𝑔 ∙ 𝑚𝑜𝑙−1 
= 0.6681 𝑚𝑜𝑙 

The molar equivalent of PrOH   

0.6681 𝑚𝑜𝑙

0.1736 𝑚𝑜𝑙 
= 3.849 𝑒𝑞 

The mol of BuOH   

50 𝑚𝐿 × 0.81 𝑔 ∙ 𝑚𝐿−1  =  40.5 𝑔 

40.5 𝑔

74.123 𝑔 ∙ 𝑚𝑜𝑙−1 
= 0.5464 𝑚𝑜𝑙 

The molar equivalent of BuOH   

0.5464 𝑚𝑜𝑙

0.1736 𝑚𝑜𝑙 
= 3.148 𝑒𝑞 

The mol of Zn(1Et)2 

1 𝑔

644.27 𝑔 ∙ 𝑚𝑜𝑙−1 
= 1.55 × 10−3 𝑚𝑜𝑙 

The mol% of Zn(1Et)2  

1.55 × 10−3 𝑚𝑜𝑙

0.1736 𝑚𝑜𝑙 
= (8.93 × 10−3 )  × 100 = 8.93 𝑚𝑜𝑙 % 

The mol of Zn(1Et)2 

1 𝑔

672.32 𝑔 ∙ 𝑚𝑜𝑙−1 
= 1.487 × 10−3 𝑚𝑜𝑙 

The mol% of Zn(2Pr)2 

1.487 × 10−3 𝑚𝑜𝑙

0.1736 𝑚𝑜𝑙 
= (8.57 × 10−3 )  × 100 = 8.57 𝑚𝑜𝑙 % 
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8.3.2 Calculations in Chapter 5 

The mol of ester groups  

2 𝑔

72 𝑔 ∙ 𝑚𝑜𝑙−1
 =  0.02778 𝑚𝑜𝑙 

The mol of MeOH   

10 𝑚𝐿 × 0.792 𝑔 ∙ 𝑚𝐿−1  =  7.92 𝑔 

7.92 𝑔

32.04𝑔 ∙ 𝑚𝑜𝑙−1 
= 0.247 𝑚𝑜𝑙 

The molar equivalent of MeOH   

0.247 𝑚𝑜𝑙

0.02778 𝑚𝑜𝑙 
= 8.89 𝑒𝑞 

The mol of EtOH   

14.5 𝑚𝐿 × 0.789 𝑔 ∙ 𝑚𝐿−1  =  11.44 𝑔 

11.44 𝑔

46.07𝑔 ∙ 𝑚𝑜𝑙−1 
= 0.248 𝑚𝑜𝑙 

The molar equivalent of EtOH   

0.248 𝑚𝑜𝑙

0.02778 𝑚𝑜𝑙 
= 8.93 𝑒𝑞 

The mol of Zn(OAc)2 

0.5 𝑔

219.51 𝑔 ∙ 𝑚𝑜𝑙−1 
= 2.279 × 10−4 𝑚𝑜𝑙 

The mol% of Zn(OAc)2 

2.279 × 10−4 𝑚𝑜𝑙

0.02778 𝑚𝑜𝑙 
= (8.204 × 10−4 )  × 100 = 0.8 𝑚𝑜𝑙 % 

The mol of DMAP 

0.5 𝑔

122.17 𝑔 ∙ 𝑚𝑜𝑙−1 
= 4.0927 × 10−4 𝑚𝑜𝑙 

The mol% of DMAP 
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4.0927 × 10−4 𝑚𝑜𝑙

0.02778 𝑚𝑜𝑙 
= (1.4734 × 10−3 ) × 100 = 1.5 𝑚𝑜𝑙 % 

 

8.3.3 Calculations in Chapter 6 

The mol of ester groups  

2 𝑔

72 𝑔 ∙ 𝑚𝑜𝑙−1
 =  0.02778 𝑚𝑜𝑙 

The mol of MeOH   

19 𝑚𝐿 × 0.792 𝑔 ∙ 𝑚𝐿−1  =  15.048 𝑔 

15.048 𝑔

32.04𝑔 ∙ 𝑚𝑜𝑙−1 
= 0.4697 𝑚𝑜𝑙 

The molar equivalent of EtOH   

0.4697 𝑚𝑜𝑙

0.02778 𝑚𝑜𝑙 
= 16.91 𝑒𝑞 

The mol of Zn(OAc)2 

0.122 𝑔

219.51 𝑔 ∙ 𝑚𝑜𝑙−1 
= 5.56 × 10−4 𝑚𝑜𝑙 

The mol% of Zn(OAc)2 

5.56 × 10−4 𝑚𝑜𝑙

0.02778 𝑚𝑜𝑙 
= (2.001 × 10−2 )  × 100 = 2 𝑚𝑜𝑙 % 

The mol of Mg(OAc)2 

0.119 𝑔

214.45 𝑔 ∙ 𝑚𝑜𝑙−1 
= 5.55 × 10−4 𝑚𝑜𝑙 

The mol% of Mg(OAc)2 

5.55 × 10−4 𝑚𝑜𝑙

0.02778 𝑚𝑜𝑙 
= (1.99 × 10−2 )  × 100 = 0.8 𝑚𝑜𝑙 % 

The mol of DMAP 
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0.0679 𝑔

122.17 𝑔 ∙ 𝑚𝑜𝑙−1 
= 5.56 × 10−4 𝑚𝑜𝑙 

The mol% of DMAP 

5.56 × 10−4 𝑚𝑜𝑙

0.02778 𝑚𝑜𝑙 
= (2.001 × 10−2 )  × 100 = 2 𝑚𝑜𝑙 % 

The mol of TBD 

0.0774 𝑔

139.2 𝑔 ∙ 𝑚𝑜𝑙−1 
= 5.56 × 10−4 𝑚𝑜𝑙 

The mol% of Zn(OAc)2 

5.56 × 10−4 𝑚𝑜𝑙

0.02778 𝑚𝑜𝑙 
= (2.001 × 10−2 )  × 100 = 2 𝑚𝑜𝑙 % 
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