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Abstract  

!
The increasing number of non-degradable waste plastics is currently a common problem. 

Therefore, degrading recyclable plastics is essential to environmental engineering research. 

This experiment attempted to degrade three types of plastics: PET, PE, and PP. For decades, 

researchers have applied several methods like photo, chemical degradation, and 

biodegradation. Some studies have recently applied mechanical methods to degrade PET, 

while biochemists have utilised cultivated specific enzymes to degrade PE and PP. After 

reading relevant research, we planned to use a ball mill to hydrolyse PET and apply 

commercial enzyme preparations to degrade PE and PP. Likewise, we intended to select a 

suitable one amongst several methods like ultraviolet irradiation and microwave treatment as 

the pretreatment method of the reaction and determine the pretreatment effect on plastic 

degradation. 

 

In this thesis, some creative methods have been used, including ball milling with enzyme, 

microwave treatment with oxidation. Additionally, a new wet aging method has been 

established in the experiment. The results indicate that PET can undergo hydrolysis by ball 

milling with Novozym® 51032 and aging. Shifting the aging method to wet aging can 

significantly improve degradation yield; meanwhile, when using PET pretreated by 

microwave for hydrolysis reaction, the yield can reach 65%. In addition, the experiment 

verified that an enzyme laccase from aspergillus sp. can realise PE degradation through direct 

soaking. 
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Glossary  
 
°C                   Celsius 

PET                Polyethylene terephthalate 

PE                  Polyethylene 

LDPE             Low Density Polyethylene 

HDPE            High Density Polyethylene   

LLDPE          Linear Low Density Polyethylene   

PP                  Polypropylene  

PVC               Polyvinyl Chloride 

UV                 Ultra Violet  

TPA               Terephthalic acid  

BHET            Bi- hydroxyethyl terephthalate 

MHET           Mono-hydroxyethyl terephthalate 

EG                 Ethylene glycol 

FTIR              Fourier-transform infrared spectroscopy 

ATR              Attenuated total reflectance 

HPLC            High-performance liquid chromatography 

SEM              Scanning electron microscope 

RAging          Reactive Aging 
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Chapter 1: literature review 
 

1.1 Plastics 

Plastic is the most significant component globally, accounting for 50–80% of debris polluting 

marine habitats (Barnes, Galgani, Thompson & Barlaz, 2009). Once the plastic waste is 

released into the environment, it should be classified as hazardous waste (Rochman, C. M., 

2013). Research results (wasteMINZ,2020) show that the average Kiwi household uses 941 

plastic containers or bottles per year (extrapolated, this suggests an estimated 1.76 billion 

container per annum from all households). Of these, 41 per cent by item count could be 

recycled but instead, end up in landfill. The reasons for this are myriad and complex (2021). 

Most plastics, including PET, are difficult to degrade and accumulate in the environment 

after use, causing severe environmental damage called "plastic pollution." In particular, the 

leakage of tiny plastic fragments (called microplastics) into the ocean can threaten marine life 

(Lebreton et al., 2017). It is estimated that New Zealanders throw away 159 grams of plastic 

waste per person per day, making New Zealand one of the countries with the highest amount 

of waste in the world. This causes New Zealand to remove more than 2 billion single-use 

plastic products from landfills and the environment every year, which will have a significant 

impact on our seabirds and fish. ("Taking on problem plastics", 2021). A recent report by the 

Ellen MacArthur Foundation warned that at least 8 million tons of plastic leak into the sea 

every year, and the current burden is 150 million tons (Ellen Macathur Foundation, 2019). 

The economic impact of waste plastics is another major issue. Since plastics are almost 

disposable, the value of plastic packaging materials will lose 95% after a short period of first 

use. (Ellen Macathur Foundation, 2019) As a result of this depreciation, the total loss caused 

every year is as high as 8 to 120 billion US dollars. Various recycling programs have been 

launched in the past few decades, including recycling and reusing plastic materials to solve 

these problems.  

On 27th June 2021, the New Zealand Labor Party proposed a plan to phase out plastic food 

and beverage packaging and disposable plastic products that are difficult to recycle in the 

next four years. ("Taking on problem plastics", 2021). These plastics persist in the 

environment (Pegram & Andrady, 1989), absorb pollutants (Karapanagioti, Endo, Ogata & 

Takada, 2011). When cut into small pieces, they will be absorbed from the atmosphere, 

seawater, and sediments (Graca, Bełdowska, Wrzesień & Zgrundo, 2013). The most widely 
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used plastics are polyethylene [PE; high density (HDPE), low density (LDPE) and linear low 

density (LLDPE)], polypropylene (PP), PET, and polyvinyl chloride (PVC). 

 

1.2 Degradation  
 

Any changes in physical or chemical properties are called degradation. Degradation may be 

caused by chemical, physicochemical (photodegradation, thermal degradation, and 

mechanical degradation), or biological processes (Figure 1). Due to chemical or biological 

reasons, the primary polymer degradation mechanism is hydrolysis and oxidation (Pastorelli 

et al., 2014). 

 
Figure 1. Degradation pathways 

Photodegradation is a process in which materials decompose under light, which is considered 

one of the main sources of damage exerted on the polymer substrate under environmental 

conditions. Most synthetic polymers are susceptible to degradation caused by ultraviolet 

(UV) and visible light. Generally, near-ultraviolet radiation (400-290 nm) under sunlight 

determines the life of polymer materials in outdoor applications. The energy of near-

ultraviolet light quantum (400-290 nm) is between 3.1 and 4.3 eV, which is equivalent to 72-

97 kcal/mol. This means that these UV quanta have the energy to break most chemical bonds 

(Rånby, 1989). Under normal conditions, photodegradation and thermal degradation are 

similar (Singh & Sharma, 2008). 

 

Biodegradation is controlled by many factors, including the polymer's characteristics, the 

type of organism, and the pretreatment ways. The polymer's features, include mobility, 
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stereoregularity, crystallinity, molecular weight, functional groups and substituents present in 

the structure, and the plasticizers or additives added to the polymer. These are all in their 

degradation play an important role (Artham & Doble, 2007). The initial decomposition of the 

polymer may be caused by a variety of physical and biological forces. Biodegradation is 

defined by several steps, which can be determined by specific terminology (François-Heude, 

Richaud, Desnoux & Colin, 2014). The first step of biodegradation is biodeterioration, which 

includes the joint action of microbial communities. Deterioration is a surface degradation that 

changes the mechanical, physical, and chemical properties of a given material (Lucas et al., 

2008). The second step is depolymerization, characterized by polymer molecules' cleavage 

into oligomers, dimers, or monomers by a catalyst secreted by microorganisms. The next step 

is assimilation, and the last step is mineralization. Assimilation refers to integrating 

molecules transported in the cytoplasm during microbial metabolism to produce energy, new 

biomass, storage vesicles, and many primary and secondary metabolites. Mineralization 

refers to different and straightforward salts and complex metabolites excreted into the 

extracellular environment (François-Heude, Richaud, Desnoux & Colin, 2014). 

 

1.3 PET  
 

Polyethylene terephthalate (sometimes written poly(ethylene terephthalate)), commonly 

abbreviated PET, PETE, or the obsolete PETP or PET-P, is the most common thermoplastic 

polymer resin of the polyester family and is used in fibres for clothing, containers for liquids 

and foods, and thermoforming for manufacturing, and in combination with glass fibre for 

engineering resins. 

 

The first step in the production of PET is ethylene glycol's reaction with terephthalic acid 

(TPA) or dimethyl terephthalate (Webb, Arnott, Crawford & Ivanova, 2012). After the initial 

reaction, depending on the desired molecular weight, two or three polymerization steps can 

then be carried out. The chemical structure of PET consists of repeating units, as shown in 

Figure 2. Each unit's physical length is about 1.09 nm, and the molecular weight is about 200 

(Al-Salem & Khan, 2014). As shown in the figure, PET monomers are composed of aromatic 

rings connected to short aliphatic chains. Compared with other aliphatic polymers (such as 

polyolefins or polyamides), PET makes them rigid molecules. The lack of segment mobility 

in the polymer chain results in relatively high thermal stability. Textile grade polymers have 
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an average of 100 repeating units per molecule, so a typical polymer chain has an extended 

length of about 100 nm and a molecular weight of about 20,000. A higher degree of 

polymerization will produce higher-strength fibers. Still, the melt's viscosity and the melt's 

stability to a minimal amount of moisture will lead to hydrolytic degradation (Webb, Arnott, 

Crawford & Ivanova, 2012). 

 
Figure 2. PET monomer 

 

It was observed that in most cases, polymers with a pure carbon backbone have extraordinary 

resistance to most degradation methods, but polymers containing heteroatoms in the main 

chain (for example, polyesters and polyamines) show higher degradation sensitivity. 

Although this is usually correct, in the latter case, there is an additional qualifier. Despite the 

presence of bonds that are generally prone to hydrolysis, aromatic polymers still resist 

degradation (Lee, Chae, Kim, Jung & Lee, 2012). PET is a classic example of this type of 

polymer; although the ester bond that is part of PET can be easily broken, PET is resistant to 

its aromatic group. 

 

1.3.1 PET attacked by UV light 

 

PET undergoes photodegradation after exposure to near ultraviolet light, leading to chain 

cutting in Norrish I and II reactions. Cross-bonding also occurs, and the polymer becomes 

brittle, discolored and has uneven surfaces (Edge et al., 1991). PET degrades rapidly when 

exposed to ultraviolet light, resulting in deterioration of physical and mechanical properties 

and a strong yellow color  (Lee, Chae, Kim, Jung & Lee, 2012). It has been proposed that 

PET photoxidation involves the formation of hydroperoxide species through the oxidation of 

CH2 groups adjacent to the ester bond, and hydrogen peroxide species involve the formation 

of photoproducts through several routes. The ester moiety of the terephthalate moiety and the 

CH2 group are closely related to the photodegradation of PET (Chen, Hay & Jenkins, 2013). 

The end of the vinyl ester also acts as a binder and gelling agent. They polymerize, the 
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polymer is thermally degraded and a yellow or brown polyene is produced, which whitens the 

final polymer. The formation of highly conjugated substances is catalyzed by carboxyl 

groups. The formation of colored substances is followed by the growth of more carboxylic 

thermal substances. Therefore, products with higher carboxyl values are more likely to 

change color (Botelho, Queirós, Liberal & Gijsman, 2001). In addition, as the content of 

carboxyl groups increases, the stability of thermal oxidation decreases. The carboxyl terminal 

group acts as a catalyst for further degradation (Bikiaris & Karayannidis, 1999). 

Venkata Charam et al. (2012) showed that the initial stage of thermal degradation is the 

random fragmentation of the lactone bond, leading to the formation of vinyl and carboxyl 

ester terminal groups. Transesterification of vinyl esters is then done to obtain vinyl alcohol, 

which is immediately converted to acetaldehyde. Limited studies on the environmental 

degradation of PET have been conducted. Jebala and others. (Chen, Hay & Jenkins, 2013) 

Study of PET after MeV He + radiation. They noticed that the colorless sample became brittle 

and observed yellow as a function of radiation. It has been observed that the natural bonds of 

the polymer decrease after irradiation. 

 

1.3.2 PET degraded by Nitric Acid 

 

Regarding the degradation of PET, similar to other objects, people first think of using acid for 

reaction. PET is no exception, and can also react with many acids. The most widely used and 

most effective is nitric acid. Many teams used nitric acid to explain PET. Yoshioka et al. 

(1998) used 7-13M nitric acid to react the PET powder at 70-100 °C for 72 hours, which can 

degrade the PET completely. Terephthalic acid (TPA) and ethylene glycol (EG) were 

produced by the acid- catalyzed heterogeneous hydrolysis of PET in nitric acid, and the 

resulting EG was simultaneously oxidized to oxalic acid. The activation energy of the 

reaction was 101.3 kJ/mol. In subsequent studies, the researchers replaced the PET with a 

different shape and used different The concentration of nitric acid even uses nitric acid vapor 

(nitric acid atmosphere) to degrade PET. Experiments show that nitric acid with a 

concentration below 10% cannot degrade PET, and nitric acid with a concentration of 10%-

30% can cause the reaction to occur, but the conditions are demanding and the reaction is not 

easy to proceed. When the concentration is greater than 30%, samples will become extremely 

vulnerable to attack and degradation becomes much easier. 
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Among the many reactions, temperature and duration are the most controlled conditions. 

Taken together, 80-120 °C is relatively easy for the reaction to proceed. The reaction time 

can vary from a few hours to a few days. 

 

In this method, nitric acid with a concentration greater than 30% has a certain degree of 

difficulty in the subsequent waste treatment and environmental impact after the reaction, and 

it is also a safety hazard in the reaction, but it is compared with the reaction conditions of 

other acid solutions such as sulfuric acid and phosphoric acid. , This is a relatively efficient 

and simple operation. 

 

1.3.3 Mechanical degradation of PET 

 

There are many traditional methods for PET degradation, such as temperature aging, 

ultraviolet rays, etc. Among the many pet degradation methods, there is a new type of method 

(Kaabel et al., n.d.) They use a ball mill and use specific enzymes for wet grinding at a 

certain temperature. The aging was carried out, and the result was calculated with the yield of 

TPA. After 5 days of aging, the yield of TPA can reach 15 ± 4%. The project team also used 

another similar method, Reactive Aging reactions (RAging). The method is to put the PET in 

a jar and wet ground with enzymes for 5 minutes, and then seal the entire tank in an oven for 

24 hours. After that, the process of grinding and aging was repeated 7 times, and finally, the 

yield of TPA was about 21%. 

 

Another method uses a ball mill to do the same operation and get the degradation 

results(Štrukil, 2020). They used 0.1M sodium hydroxide solution instead of the enzyme and 

buffer used in the previous method. After only a period of grinding, it can be The yield of 

TPA is 99%. The results of this research are remarkable. 

 

All in all, these two methods are to allow PET to undergo hydrolysis reaction with the 

internal solution under the external power of the ball mill, whether it is sodium hydroxide or 

an enzyme and its buffer. The mechanism of PET hydrolysis is not fully understood, and at 

least four different kinetic schemes have been proposed. It is believed that water diffuses into 

the amorphous regions of the polymer, and hydrolysis occurs there. The rate depends on the 

polymer's morphology, crystallinity, and relative humidity, and temperature (Taniguchi et al., 



 19 

2019). There are few studies on the hydrolytic degradation of PET. Kint et al. (2019) studied 

the hydrolytic degradation of PET copolymers containing nitrated units. Experiments show 

that PET copolymers' degradation rate containing nitrated units is faster than semi-crystalline 

and amorphous PET. The degradation rate increases with the increase of the content of 

nitrated units. Sammon et al. (2017) study the effect of hydrolytic degradation on the 

structure of PET. They observed that the v(C–H) band changed dramatically due to 

degradation. It can be considered that this is due to the increase in the number of hydrophilic 

end groups, the change of the aliphatic methyl cluster environment, and the subsequent 

extensive hydrogen bonding. 

 

1.3.4 Enzymes can attack PET 

 

Compared with C-C bonds, ester bonds in the polymer backbone are generally more 

biodegradable (Webb, Arnott, Crawford & Ivanova, 2012). However, PET contains a high 

proportion of aromatic terephthalate units, which reduces the chain mobility, resulting in 

extremely low hydrolysis of the main chain ester bond. (Wei & Zimmermann, 2017). In 

addition, most petroleum-based plastics, including PET, are semi-crystalline, consisting of 

crystalline domains and amorphous domains. Since these enzymes can usually attack flexible 

undeveloped domains, plastics' biodegradation rate will decrease with increasing crystallinity. 

Therefore, previous work focused on identifying hydrolases to cleave ester bonds in the 

unstructured environment of PET. Based on the same concept, a microorganism that can 

directly degrade PET is also sought. 

 

To date, many PET hydrolases (PHE) have been identified. (Wei & Zimmermann, 2017), 

(Yoshida et al., 2016). Table 1 summarizes the biochemically characterized PHE. Most of 

this enzyme contains cutinase, capable of hydrolyzing cutin, an insoluble aliphatic polyester 

excreted from the plant cuticle. It is worth noting that the substrate specificity of cutinase is 

extensive. These enzymes have hydrolytic activity on both insoluble triglycerides (a typical 

substrate for lipase) and soluble esters (a substrate for esterases). Although several lipases can 

also hydrolyze PET, their activity is very low. 
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Table 1. Biochemically Characterized PET Hydrolytic Enzymes (PHEs) 

Enzyme Organism Temp. range Ref. 

PETase Ideonella sakaiensis 201-F6 20-45 

(Yoshida et al., 

2016) 

TfH Thermobifida fusca DSM43793 30-60 

(Yoshida et al., 

2016) 

LCC uncultured bacterium 30-80 

(Yoshida et al., 

2016) 

FsC Fusarium solani pisi 30-60 

(Yoshida et al., 

2016) 

HiC Humicola insolens 30-85 (Hromic et al., 2014) 

PET2 uncultures bacterium 50 (Danso et al., 2018) 

PET5 Oleispira antarctica RB-8 50 (Danso et al., 2018) 

PET6 Vibrio gazogens 50 (Danso et al., 2018) 

Tcur0390 

Thermomonospora curvata DSM 

43183 50 (Wei et al., 2014) 

Tcur1278 

Thermomonospora curvata DSM 

43183 50-60 (Wei et al., 2014) 

 

Contrary to recent progress on PHEs, there are few reports on specific PET degradation of 

bioPET. Microorganisms known to have this degradation activity include filamentous fungi 

Fusarium oxydans and Fusarium solani, which can grow on a mineral medium containing 

PET yarn (Taniguchi et al., 2019). However, there is no enzyme system capable of 

hydrolyzing PET by these microorganisms. It's well explained. 

 

In the end, what needs to be mentioned is the enzyme, Novozym® 51032 used in the ball mill 

above(Kaabel et al., n.d.). Novozym® 51032 is a lipase originating from the Aspergillus 

microorganism. It is an effective catalyst for the hydrolysis of triglycerides, as well as a 

variety of molecules containing ester linkages. The reaction kinetics of this enzyme attacking 

the ester bond are shown in Figure 3. 
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Figure 3. Kinetic resolution by hydrolysis of racemic carboxylic ester 

 

The mechanism of PET hydrolysis is not fully understood, and at least four different kinetic 

schemes have been proposed. It is believed that water diffuses into the amorphous regions of 

the polymer, and hydrolysis occurs there. The rate depends on the polymer's morphology, 

crystallinity, and relative humidity, and temperature (Taniguchi et al., 2019). There are few 

studies on the hydrolytic degradation of PET. Kint et al. (2019) studied the hydrolytic 

degradation of PET copolymers containing nitrated units. Experiments show that PET 

copolymers' degradation rate containing nitrated units is faster than semi-crystalline and 

amorphous PET. The degradation rate increases with the increase of the content of nitrated 

units. Sammon et al. (2017) study the effect of hydrolytic degradation on the structure of 

PET. They observed that the v(C–H) band changed dramatically due to degradation. It can be 

considered that this is due to the increase in the number of hydrophilic end groups, the 

change of the aliphatic methyl cluster environment, and the subsequent extensive hydrogen 

bonding. 

 

1.3.5 Comparison of methods  

 

There are many ways to degrade PET. Here we have selected several types of methods for 

comparison, see Table 2. Through comparison, it can be found that the fastest method is to 

use a ball mill with other solutions for mechanical grinding, but the added liquid is different, 

and the results obtained are different. This almost complete degradation needs to be verified. 

The easiest operation should be UV irradiation, but this method takes too long and is not an 

ideal method to degrade PET. The method of using nitric acid for degradation seems to be 
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more practical, but how to deal with high-concentration acid waste and safe operation are 

things worth considering. 
 

Table 2. Comparison of methods to degrade PET 

Methods Additives Duration Temperature Results 

UV radiation  none More than 

1000 hr 

Room 

temperature 

Yellowing 

(partly 

degraded) 

Nitric Acid High concentration 

HNO3 

Average 12 hr 80-100 °C Completely 

degraded 

Ball Mill 

 

NaOH  Up to 3 hr Room 

temperature 

99% 

degraded  

Ball Mill 

plus aging 

Novozyme with 

buffer 

Results show 

from day 3 
Aging at 55 °C 23% 

degraded 

Enzymatic Lipase/PETase Average 72 hr 30-60 °C partly degraded 

 

 

1.4 Polyolefin 

 
Polyolefins are the largest category of thermoplastic materials. They are polymers of simple 

olefins such as ethylene, propylene and butene. Polyolefins consist only of carbon and 

hydrogen atoms, and they are non-aromatic. The two most important and common 

polyolefins are polyethylene and polypropylene. According to ANON 

(2020), Approximately 252,000 tonnes of plastic waste is disposed of to NZ landfills each 

year,  polyolefin are nearly 32% of them, 80,640 tonnes. 

 

The photodegradation of polyolefins is caused by a variety of impurities. These impurities 

can be carbonyl and hydroperoxide groups formed during the manufacture or processing of 

polyolefin products (Samarasekara & Jayasuriya, 2014). The sensitivity to photodegradation 

depends on the nature of the absorption of impurities and therefore on the wavelength. The 



 23 

oxidation sensitivity of polyolefins can be listed as follows: (isostatic pressure) iPP> LDPE> 

LLDPE> HDPE (Chiellini, Corti, D'Antone & Baciu, 2006).  

 

The first oxidation product is a hydroperoxide group that is thermally and photolytically 

unstable. Decomposition produces two free radicals, each of which can participate in a chain 

reaction process. The presence of carbonyl groups in the degraded polymer indicates that 

oxidation has occurred, and it also means that the material is prone to further degradation, 

because these groups are photolabile (Albertsson, Andersson & Karlsson, 1987). 

 

It has been reported that there is a synergistic interaction between photooxidation and 

biodegradation (Albertsson, Andersson & Karlsson, 1987).Photographic oxidation of 

polyolefins turns highly hydrophobic surfaces into low hydrophobicity, reduces molecular 

weight, and reduces tensile strength, which is beneficial to biodegradation. On the other hand, 

since the surface of polyolefin is hydrophobic in nature, it has been suggested that the more 

hydrophobic the bacterial cell surface, the higher the interaction with polyolefin (Orr), Hadar 

& Sivan, 2004). 

 

1.4.1 Degradation of polyethylene (PE) 

 

Polyethylene (PE) is a thermoplastic polymer composed of long hydrocarbon chains. PE is 

used in many applications, including flexible film packaging produced by the blown film 

process. Linear low-density polyethylene (LLDPE), low-density polyethylene (LDPE), and 

high-density polyethylene (HDPE) blown films have significant differences in physical 

properties. Structural parameters such as density/crystallinity, molecular weight and its 

distribution, the length and number of short-chain branching (SCB)/long-chain branching 

(LCB), and crystal morphology are the key factors that control performance. HDPE is the 

most crystalline PE because its chains are linear and have almost no branches (Harshvardhan 

& Jha, 2013). Many internal factors affect polymer degradation. These factors include the 

branching number of the polymer, molecular weight, hydrophobicity/hydrophilicity ratio, 

crystallinity, and polymer morphology (Lucas et al., 2008). Several publications have studied 

the degradation of PE (Restrepo-Flórez, Bassi & Thompson, 2014) and the changes on 

plastics' surface under controlled conditions in the laboratory or the field (Pastorelli et al., 

2014). 
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1.4.2 PE effect by UV light 

 

At present, the photodegradation mechanism of the main pathway of PE degradation is well 

understood, which can be summarized as shown in Figure 5. The absorption of light by color 

defects leads to the formation of free radicals. Free radicals can react differently: extract 

hydrogen atoms from macromolecular chains, add them to unsaturated groups (crosslinking 

reactions), or add to oxygen (Carpentieri et al., 2011). Hydroperoxide is formed as the main 

light product. Once formed, they can be broken down by breaking the weak O-O bond, 

resulting in large alkoxy and hydroxyl radical H-O. The alkoxy radical is the key 

intermediate in the reaction. This free radical can react in several ways: b breaks, the main 

chain breaks to form an aldehyde; the hydrogen atom is abstracted without being broken to 

form a hydroxyl group; a cage reaction between pairs of free radicals, that is, a large alkoxy 

group and a hydroxyl group are free Base H-O. It is worth recalling that it has recently been 

proposed that ketones can be formed through reactions that do not involve the decomposition 

of hydroperoxides. Ketones undergo photochemical reactions through Norrish Type I or Type 

II reactions (Carpentieri et al., 2011). 

 

 
Figure 4. Degradation pathways of PE 
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1.4.3 Enzymes can attack PE 

 

The biodegradation of plastics is a complex process involving various non-biological and 

biological factors (Harshvardhan & Jha, 2013), (Tribedi & Sil, 2012), (Lobelle & Cunliffe, 

2011), (Fontanella et al., 2010). Abiotic factors and microorganisms' synergistic effect causes 

the bulk polymer to fragment, thereby increasing the biodegradable accessible surface. Some 

extracellular enzymes further destroy the polymer (Fontanella et al., 2010). Several lignin-

degrading enzymes are also involved in the decomposition of PE thermoplastics. After the 

polymer is initially cleaved into oligomers with 10-50 carbon atoms, it can be transported to 

the cell for further metabolism (Fontanella et al., 2010). The biodegradation of PE is limited 

by the absence of hydrolyzable functional groups in the backbone (Taniguchi et al., 2019). 

The carbonyl and hydroxyl groups formed by various pretreatments (such as heat-ultraviolet 

radiation or the addition of oxidants) can be used to stimulate biodegradation further 

(Taniguchi et al., 2019). Therefore, most studies on the biodegradation of PE are carried out 

using substrate peroxidation. Microbial enzymes capable of degrading lignin polymers 

containing oxidizable C-C bonds (Gardette et al., 2013) have participated in the 

biodegradation of PE. These include manganese peroxidase (MnP, EC 1.11.1.13), lignin 

peroxidase (LiP, EC 1.11.1.14), and laccase (EC 1.10.3.2.) (Wei & Zimmermann, 2017). It is 

reported that the copper-dependent laccase from R. ruber strain C208 can degrade PE film 

pretreated with ultraviolet light (Santo, Weitsman & Sivan, 2013). Laccase-mediated 

oxidative cleavage of the amorphous regions of the PE film leads to the formation of easily 

accessible carbonyl groups and significantly reduces the weight of the PE film. (Carpentieri 

et al., 2011) showed that in the presence of 1-hydroxybenzotriazole as a mediator, the 

molecular weight of the PE film decreased after treatment with Yunzhi Trametes laccase. The 

degradation effect of Staphylococcus aureus ME-446 and isolate IZU-154 on high-molecular-

weight PE membranes has been described. It has been found that the MnP of this white-rot 

fungus is the key enzyme leading to PE degradation (Lu, Li & Gao, 2011). Similarly, it is 

reported that after 15 days of treatment with Staphylococcus aureus strain MTCC-787, the 

pre-oxidized high molecular weight PE sample degrades up to 70%. Extracellular peroxidase 

plays a vital role in the biodegradation of PE by this strain (Mukherjee & Kundu, 2014). In 

Shritama Mukherjee's article (2014), the team used Lignin Peroxidases and Manganese 

Peroxidases, soaked polyethylene in an environment full of lignin, and finally got a positive 

result. However, the detailed mechanism of some enzymes has not been studied. 
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According to the above article, the characteristics of three enzymes are more in line with the 

conditions for polyethylene degradation. Laccase from Aspergillus sp. and Laccase from 

Trametes Versicolor ("Sigma-Aldrich," 2021), laccase oxidizes aromatic and nonaromatic 

compounds. Various compounds are used for detecting laccase production. These include 

guaiacol, syringaldazine, and polymeric dyes like remazol brilliant blue-R. Laccase is 

involved in lignin degradation and thereby has industrial as well as food applications. 

Laccase is commonly used for delignification, dye bleaching, paper processing, waste 

detoxification, textile dye transformation, plant fiber modification, and ethanol production. 

The other enzyme is manganese peroxidase catalyzes the oxidation of Mn2+ to Mn3+. Mn3+ is 

then in complex with oxalate, which is able to oxidize lignin.  
 

 
Figure 5.  Mechanism of degradation of PE (Ghatge, Yang, Ahn & Hur, 2020) 
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1.4.4 Degradation of polypropylene (PP) 

 

PP is a thermoplastic material that can be used in various applications, including packaging, 

labels, textiles, etc. Due to its strong processability and low cost, PP is one of the most widely 

produced polymers, especially in the automotive industry. The original PP is resistant to 

photo-oxidation and thermal oxidation at moderate temperatures. However, PP is sensitive to 

various external aging environments (such as heat, light, and radiation), so it has a relatively 

low operating temperature. When PP is exposed to a high temperature or radiation 

environment, the tertiary hydrogen atoms existing in the PP chain are easily attacked by 

oxygen (Wanasekara, Chalivendra & Calvert, 2011). As we all know, PP's oxidation depends 

on the light and temperature under outdoor aging conditions. PP can also be degraded by the 

light because several molecular chains are affected in the wavelength range of 310 to 350 nm. 

 

 

1.4.5 PP reacted with UV light 

 

PP has photo-oxidation resistance at moderate temperatures. However, PP is sensitive to 

various external aging environments (such as heat, light, and radiation), so the use 

temperature is relatively low. When PP is exposed to a high temperature or radiation 

environment, the tertiary hydrogen atoms existing in the PP chain are easily attacked by 

oxygen (Fontanella et al., 2013). The wavelength of sunlight on the ground exceeds 290 nm, 

which is sufficient to initiate degradation and cause discoloration, chalking, and 

embrittlement of PP. Therefore, it is an effective method to evaluate PP's service life in the 

natural environment (François-Heude, Richaud, Desnoux & Colin, 2014). There are many 

studies showing the accelerated degradation conditions of PP. Ultraviolet (UV) radiation can 

cause serious degradation of the material, so its strength will be weakened when it is exposed 

to direct sunlight. In order to provide a good estimate of the long-term use performance of the 

material, many attempts have been made to study the photo-oxidation results of the material.  

 

1.4.6 Enzymes can attack PP 

 

The degradation of polyolefins in nature is a very slow process, firstly caused by 

environmental factors and secondly by microorganisms (Jeyakumar, Chirsteen & Doble, 
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2013). PP has high hydrophobicity, high molecular weight, lack of active functional groups, 

and continuous chains with continuous methylene units, showing resistance to biodegradation 

(Bajer & Braun, 2014). The formation of biofilm on PP or the adhesion of microorganisms is 

very poor (Jeyakumar, Chirsteen & Doble, 2013). In order to make polyolefin biodegradable, 

it is necessary to increase the level of hydrophilicity or reduce its polymer chain length 

through oxidation for microbial degradation. Several studies have been conducted to improve 

these characteristics and determine the role of additives in the biodegradation process 

(Singhania, Christophe, Perchet, Troquet & Larroche, 2012). Treatments including UV, heat, 

and chemicals will cause the polymer's surface to oxidize and form carbonyl, carboxyl, and 

ester, functional groups. This reduces the hydrophobicity of the surface and therefore 

facilitates biodegradation. For the biodegradation of PP, limited research has been conducted.  

 

 

1.5 Degradation analysis method 

1.5.1 Qualitative analysis 

In many studies, Scanning Electron Microscope (SEM) and Fourier-transform infrared 

spectroscopy (FTIR) are mainly used to determine plastic degradation. (Lee, Chae, Kim, Jung 

& Lee, 2012)  (Mukherjee & Kundu, 2014) (Sandra, n.d.) (Kaabel et al., n.d.) Firstly, by 

comparing the imaging of the plastic before and after the reaction, it can be intuitively judged 

whether the plastic surface is broken/deformed. Through FTIR analysis, compare the samples 

before and after the reaction whether new peaks are generated at different wavelength 

positions, the old peaks disappear, or the peaks at the same position are enhanced or 

weakened, to determine whether the structure of the sample has changed, new functional 

groups are added, or the old functional group disappears. 
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Table 3. Functional group changes analysed by FTIR 

wavenumber 
cm-1 

Functional 
group Degradation mode Type of Plastics 

1,733-1743 

Aldehydes or 
ester UV-Xenon lamb  

HDPE,LDPE.LLDP
E 

 Carbonyl band  Xenon lamb  LLDPE 
Ester  Electron beam and gamma HDPE. 
Ketones and acid  Natural  HDPE 

Aldehydes  
Accelerated environ- mental 
conditions LDPE,LLDPE 

Esters and 
lactones  

 Photo-oxidation thermo-
oxidation PE with vinyl groups 

Esters   Environment  PE 

1,712-1,723 

Ketones  UV-Xenon lamb  
HDPE,LDPE.LLDP
E 

Acid  Xenon lamb  LLDPE 
Ketones  Electron beam and gamma HDPE. 
Ketones and acid  Natural  HDPE 
Carbonyl  Natural  LDPE,LLDPE 

Ketones  
 Photo-oxidation thermo-
oxidation PE with vinyl groups 

 

1.5.2 Quantitative analysis 

For PET, its degradation mechanism and reaction are very clear, and PET will be degraded 

into TPA monomer and ethylene glycol, so HPLC is often used for analysis in research. By 

adding DMSO to the reaction system to dissolve and then extract the supernatant after 

centrifugation and add MeOH to dilute, the filtered solution enters HPLC, using the flow rate 

of 0.6ml min-1 is used for 40 minutes of separation. The separated product was detected at 

UV 240nm. This method is a general method for pet degradation analysis, but it also has the 

disadvantage of a too long time. 

 

For PE and PP, because of their different degradation methods, the resulting degradation 

products are not the same, so specific methods cannot be used for targeted analysis. 

Gravimetric analysis is usually used to determine the dry weight before and after the reaction. 

Contrast to analyze whether there are by-products produced and released. However, this 

method has great limitations and is only a reference for the degradation analysis of PE and 

PP. 
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1.6 Introduction  

1.6.1 Literature Summary and Objectives 

 

According to numerous pieces of literature and methods used by researchers, whether it is 

mechanical or biological methods, one can find a way to degrade plastics, such as using 

ultraviolet light, grinding with a ball mill, or using enzymes for degradation. The effects of 

some reactions are very good, but these approaches have some limitations, such as the use of 

ultraviolet light for a very long time, and most of the enzymes used need to be cultured, 

which is not suitable for widespread use. 

 

How to improve the degradation methods of plastics so that they can be more rapid; can the 

two methods be combined to enhance the degradation efficiency of plastics through a means 

of pretreatment; can we find other kinds of enzymes that are easier to obtain for plastics 

effective degradation. These issues should be considered by researchers in the future of 

plastic degradation. 

 

1.6.2 Research objectives and aim 

Previous studies have shown that using a ball mill with a specific enzyme Novozym® 51032 

can degrade PET well with a yield of 20%; one method is to use a ball mill with NaOH, 

which can degrade 99% of PET; some studies have shown that, Nitric acid can degrade PET. 

First, we will repeat the mechanical method, observe the experimental results, and make 

improvements where possible to increase the degradation rate. We will also explore whether 

pretreatment of PET raw materials before mechanical degradation of plastics can increase the 

reaction rate and yield.  

For PE and PP, some articles mention that laccase can be used for degradation, and most of 

them use special enzymes after directional induction incubation. How to use unmodified 

enzymes to degrade PE and PP is also one of our research goals. 

In general, the first step is repeat the experiment on the basis of the existing methods and 

propose some methods that can improve the efficiency of the reaction. At the same time, we 

will study the pretreatment methods of plastics, such as ultraviolet irradiation or microwave 

reaction, and the promotion of various experiments by pretreatment methods. 
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1.6.3 Research plan 

First, select suitable experimental methods from many articles, and repeat these methods in 

practice is the priority of all, observe the results of these reactions, and get inspiration from 

the experiments and results, as well as propose new methods that can promote the reaction, 

such as how to operate a ball mill with different details or adding additives can increase the 

mechanical degradation efficiency of PET and increase the yield.  

 

Secondly, according to hundreds of methods from different researchers, choose some 

operation from them as the basic method, such as ultraviolet irradiation or micro-processing, 

etc., on the basis of repeated experiments, reduce or increase the degree of these reactions, 

and then regard these methods as a pretreatment method to study the effect of pretreatment on 

the degradation of plastics. significance.  

 

Finally, select some commercial enzyme preparations directly for degradation reactions of PE 

and PP, and will also study the effect of pretreatment on such reactions. 

 

 

 

 
Figure 6.  Prospect plan. 
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Chapter 2: Experimental Methodology 
 

First of all, we will carry out the pretreatment of plastics. We will use ultraviolet irradiation 

(Cai, Wang, Peng, Wu & Tan, 2018), microwave digestion (Srimachai, Thonglimp & O-

Thong, 2014) , and acid soaking operations (Kulyukhin, Gordeev & Seliverstov, 2020). After 

determining the pretreatment method, among many methods, we will use mechanical 

grinding to degrade PET, and mill it with Novozym® 51032 (Kaabel et al., n.d.) and NaOH 

(Štrukil, 2020), observe the reaction results, and based on these results, explore the influence 

of some different reaction conditions and sample pretreatment. Finally, we will explore the 

degradation of PE and PP by commercial enzymes based on the research of Mukherjee & 

Kundu (2014). 

 

2.1  Materials  
Unless specified otherwise, water was from a MilliQ system with a specific resistance of 18.2 

MΩ∙cm at 25°C. And all solvents used in product analysis (ACN, MeOH, DMSO, formic 

acid) were of HPLC grade, purchased from Merck Pty Limited (New Zealand), Sigma-

Aldrich (New Zealand), and Thermo Fisher Scientific New Zealand Ltd.  

 

Nitric Acid, 70% (Sigma-Aldrich New Zealand), Hydrogen peroxide 35% (Merck Pty 

Limited New Zealand), Sulfuric acid solution 98% (Sigma-Aldrich New Zealand), Methanol 

(reagent grade, Merck Pty Limited New Zealand), and Sodium hydrolysis (Merck Pty 

Limited New Zealand) aqueous solution were used for product extraction.  

 

Sodium phosphate buffer was prepared from NaH2PO4 and Na2HPO4 (Sigma-Aldrich New 

Zealand), Acetate buffer was prepared from Sodium Acetate and Acetic Acid (Merck Pty 

Limited New Zealand). 

 

The Novozym® 51032 enzyme used in this study was purchased from Strem Chemicals, Inc. 

(Newburyport, MA, US). Novozymes report the source organism as Humicola insolens, with 

the enzyme expressed in an Aspergillus microorganism and is sold as a liquid solution.  

Laccase from aspergillus sp., Manganese peroxidase from white-rot fungus (Phanerochaete 

chrysosporium), powder, light brown, and Laccase from Trametes versicolor, powder, light 
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brown were purchased from Sigma-Aldrich New Zealand. Unless noted otherwise, the 

commercial enzyme solution was used directly in reactions.  

 

Poly (ethylene terephthalate), granule, Polypropylene (PP), granule, 5 mm nominal granule 

size, Polyethylene - High Density (HDPE), granule, 5 mm nominal granule size, 

Polyethylene - Low Density (LDPE), granule, 5 mm nominal granule size, was purchased 

from Sigma-Aldrich (New Zealand Ltd.). In addition, the recycled plastic used in the 

experiment comes from discarded plastic bottles (PET), magazine packaging bags (LDPE), 

and supermarket commodity trays (PP). All post-consumer materials are thoroughly washed 

with detergent, rinsed with MilliQ water, and dried in an oven at 55°C overnight. 

 

Standards for terephthalic acid (TPA), was purchased from Sigma-Aldrich (New Zealand 

Ltd.).  

 

2.2  Equipment 
 

Shimadzu AUW220 analytical balance (max 220g, min 10mg, linearity 0.1 mg, readability 

0.01 mg/0.1 mg), Mwttler-Toledo GmbH NewClassic MF analytical balance (linearity 0.15 

mg, readability 0.01 mg/0.1 mg), and Thermo Scientific pre-calibrated pipettors were used 

for measuring out the reaction components.  

 

UV radiation box and radiation detector were purchased from Opsytec Dr. Gröbel GmbH, 

Ettlingen, Germany. The. Reaction UV light was selected as 340nm UV-A light,15W, the 

lamps were provided by Opsytec Dr. Gröbel GmbH company.  

  

Microwave pretreatment procedure was operated by ETHOS One, High Performance 

Microwave Digestion System, Millstone, Italy. The instrument is matched with a hard plastic 

digestion vessel, the sealing cover, safety lid and container are provided by millstone. This 

set of equipment needs to be sealed with a machine, Twister, Vessel Handling Module was 

purchased from Millstone as well. 
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Ball milling was carried out using a Retsch PM 100 Ball mill machine, which is a convenient 

benchtop model with 1 grinding station. set at frequency 400 RPM, equipped 50 mL 

stainless-steel jar, all provided by Retsch company, and charged with stainless-steel balls.  

 

Aging steps of the experiments or heating at 55°C were performed in a LabServâ overlay27 

Oven, for the higher temperature drying or aging were performed in a MicroAnalytix Pty Ltd. 

oven. 

 

For the common use, ultrasonic cleaner (sonicator) was using S100 elmasonic, Elma New 

Zealand Ltd. Use low-speed centrifuge Heraeus Multifuge X1R by Thermo Scientific New 

Zealand for all centrifuges. A Thermo Scientific Haake S 49 water bath is used for all water 

baths. 

 

For sample analysis, FTIR-ATR spectra were obtained in the 400 cm−1 to 4000 cm−1 range on 

a Bruker FTIR INVENIO R spectrometer with an integrated Platinum ATR unit. Shimadzu 

Py-GCMS, and Shimadzu FRC-10A HPLC were used in analysis part. 

  

 

2.3  UV radiation methods 
In a typical ultraviolet light irradiation experiment, cut out 1cm*1cm size waste plastic, put 

the sample on the center of a clean glass petri dish, and decide whether to add different liquid 

according to the environment. The added liquid needs to ensure that the surface of the sample 

is completely covered so that the sample is completely immersed in the liquid (about 3 drops, 

about 0.6ml). Then use another clean glass petri dish with a diameter smaller than the bottom 

one to buckle upside down on the sample while ensuring that the petri dish does not touch the 

sample and liquid. Then put the entire sample system into the UV irradiation box smoothly, 

the distance from the lamp to the sample is about 30cm. Install 8 the matching UVA 340nm 

ultraviolet light tubes, link an ultraviolet light detector inside the box, and close the door. Set 

the instrument to time control for 24hr and start the instrument. Take out the sample every 24 

hours and perform the FTIR test on the irradiated side. After the test is over, add liquid again 

to the surface of the sample to keep the liquid fresh and concentrated. The instrument needs 

to be turned off or suspended before taking out the sample or observing the sample. 
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2.4  PET grinding operation 
For granular PET samples, fine powder PET can be obtained by grinding. Just use an 

ordinary household coffee bean grinder, pour the granular PET 30g, and start the grinder 

repeatedly. After about 30 minutes, pour all the samples into a series of stainless-steel sieves 

and shake to obtain PET powder with a diameter of less than 200 mesh. After this set of 

operations, about 10g of powder PET can be obtained. 

 

2.5  Microwave pre-treatment conditions 
Use a microwave digestion system as a microwave pretreatment instrument. Put the weighed 

sample into the digestion vessel, generally 1g, add 10ml of reaction liquid, close the lid, put 

on the pressure relief ring, add the safety gasket, put it into the container, and use the twister 

machine to tighten the entire device, Put it into the reaction instrument after completion. Set 

up a blank control group in the series of samples, add the same volume of water as the liquid, 

add a detector, and close the instrument door after connecting the detector. Set the heating 

temperature T1 and heating time t1, as well as the holding temperature T2 and holding time t2 

in the settings, all temperatures do not exceed the melting point of the added sample, 

microwave power set as 800W. Ensure that the equipment is running well and then turn on 

the instrument. 

 

After the operation is over, take out the vessel, pour the contents into the filter paper, and 

repeatedly wash with pure water until the filtrate is neutral, then transfer the sample to the 

filter paper into the 100°C oven, and collect the sample for subsequent use after 3hr drying. 

 

2.6  Method of PET Mechanical degradation  
The ball milling experiment is divided into two parts, one is PET and commercial enzyme 

preparation for grinding and aging, the other is PET and sodium hydroxide for grinding. 

 

2.6.1 Pre-milling conditions  

The ground powdered PET sample was pre-ground in a 50 mL stainless steel tank at a 

frequency of 400 rpm, and ten 10 mm stainless steel balls were used to obtain the pre-ground 

powder (Kaabel et al., n.d.). 
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2.6.2 Method for the mechanochemical + aging with enzyme reactions 

In a typical reaction (Kaabel et al., n.d.), PET (300 mg, 1.58 mmol) was weighed into a 50 

mL stainless-steel jar, charged with 10´10mm in diameter stainless-steel balls, to which the 

commercial enzyme preparation (300 μL, 1.95 mg protein) and buffer (150 μL) were added. 

The liquid-to-solid ratio is defined as η and expressed in μL mg−1. The jar was then set to mill 

at a set frequency (generally 400RPM) for 30 minutes. The resulting solids were aliquoted 

into three parts, 10–50 mg each, for analysis of the reaction products by HPLC at three time 

points: after milling, after 3 days of aging at 55°C, and after 5 days of aging at 55°C. For 

FTIR analysis, dry part of the samples in 100°C oven for 3hr. 

 

2.6.3 Method for the mechanochemical with NaOH reactions 

In a typical reaction (Štrukil, 2020), PET (300 mg, 1.58 mmol) was weighed into a 50 mL 

stainless-steel jar, charged with 10´10mm in diameter stainless-steel balls, to which the 500 

μL 1M NaOH solution were added. The jar was then set to mill at a set frequency (generally 

400RPM) for 120 minutes. The resulting solids were collected for analysis of the reaction 

products by HPLC. For FTIR analysis, dry part of the samples in 100°C oven for 3hr. 

 

2.6.4 Wet aging conditions 

Different from the ordinary aging method, wet aging is to collect the sample in a clean glass 

with a sealed lid after removing the sample from the ball mill jar, and then add a certain 

amount of buffer solution to it so that the liquid completely covers the sample, about 3ml. 

Keep the glass bottle in a 55°C oven and let it stand still. 

 

2.6.5 Method for the Reactive Aging reactions (RAging) 

In a typical RAging reaction (Kaabel et al., n.d.), PET (300 mg, 1.58 mmol) was weighed 

into a 50 mL stainless-steel jar, charged with 10´10mm in diameter stainless-steel balls, to 

which the commercial enzyme preparation (300 μL, 1.95 mg protein) and buffer (150 μL) 

were added. A cycle of RAging typically consisted of: ball milling at 400RPM for 10 minutes 

followed by aging at 55°C for 24 hours. These cycles were repeated up to 7 times, with an 

aliquot (10–20 mg) collected at each cycle for analysis of the reaction products by HPLC. 

Sealing tape proved to be necessary to ensure that the jars remain closed during the aging 

step.  
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2.6.6 HPLC separation and characterization of PET hydrolysis products 

The hydrolysis products from a typical PET hydrolysis reaction after milling or aging were 

extracted by adding a corresponding amount of DMSO to the reaction aliquot (to a 20 or 25 

mg mL−1 solution). The dissolution of all hydrolysis products from the reaction mixture was 

ensured by sonicating the mixture for 15 minutes at room temperature. The suspension was 

thereafter centrifuged at 1500RPM for 5 minutes to separate the remaining PET from the 

solution. An appropriate volume of the supernatant was diluted 10- to 40-fold in MeOH to 

prepare for HPLC analysis. All samples were syringe filtered using a 0.22 μm nylon filter 

(Micro Science, New Zealand) to remove any fine particles prior to HPLC analysis. Samples 

from reaction mixtures straight after milling (at low TPA conversion) were suspended in 

MeOH to a concentration of 20 mg mL−1 solids, with the supernatant directly analyzed by 

HPLC after sonication, centrifugation, and filtration. 

 

Hydrolysis products of PET were quantified using HPLC equipped with a quaternary pump, 

autosampler, and multiwavelength UV–vis detector (provide by Shimadzu). Separation was 

achieved on a Phenomenex Luna® 5 μm C18(2) 100 Å, 4.6 × 150 mm column using a 14-

minute gradient elution from 90(A):10(B) to 60(A):40(B), where A is 0.1% formic acid in 

water and B is acetonitrile. The injection volume was set to 10 μL, the flow rate used was 1.0 

mL min−1 and UV detection was performed at 238 nm. 

 

TPA standard were prepared at a 10 mg mL−1 stock in DMSO and were diluted to 200, 150, 

100, 75, 50, 25 and 10 μg mL−1 in MeOH. Samples were syringe filtered using a 0.22 μm 

nylon filter (Micro Science, New Zealand) to remove any fine particles. The areas under the 

peaks were used to construct the calibration curves, which were then used to calculate the 

concentration of TPA in the samples. 

 

2.6.7 Method of calculating the yield of TPA (% of theoretical)  

The percent TPA yields reported in this paper are calculated by dividing the experimentally 

determined yield of TPA (mg), extrapolated from the content of TPA in solids as determined 

by the HPLC analysis, with the theoretical yield at 100% conversion. Assuming a 100% pure 

polyethylene terephthalate material, complete hydrolysis of for example 300 mg (1.58 mmol) 
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of PET would yield 259.3 mg (1.58 mmol) of TPA and 96.9 mg (1.58 mmol) of ethylene 

glycol. 

2.7  Method for enzymatic reaction of PE and PP 
In a typical enzymatic reaction, the granular plastic sample is first placed in a 55°C oven to 

dry overnight. After taking it out, weigh 1.0g of the dry granular plastic sample into an 

Erlenmeyer flask, and record the weight of the sample (accurate to 0.1mg). Add 200ml of 

buffer corresponding to the enzyme to be added, and then add 2ml of commercial enzyme 

(liquid) or 1mg of commercial enzyme (powder) to it. If the enzyme was chosen as 

peroxidase, add 0.2g of manganese sulfate powder to it. For the blank group, add same 

weight pure water instead. Shake the liquid well and seal the conical flask with paper film. 

Store at different temperature conditions (room temperature, 30°C water bath, 55°C oven) in 

the dark for 5 days. After five days, take out the Erlenmeyer flask, open the sealing 

membrane, pass the contents through filter paper, and wash with pure water until the filtrate 

is neutral, and put the sample in a 55 °C oven to dry overnight. After drying, the sample was 

taken out and weighed again. Use part of the sample to perform FTIR-ATR analysis test on 

its surface. 

 

Correspondence between enzyme and buffer and buffer preparation recipe: Laccase from 

aspergillus sp., use 0.1M phosphate buffer with a pH of 7.5, 20.214 g of Na2HPO4•7H2O 

and 3.394 g of NaH2PO4•H2O to the 1000ml pure water. Manganese peroxidase from white-

rot fungus (Phanerochaete chrysosporium), using pH of 4.5, 0.1M acetic acid buffer, 3.326 g 

of Sodium Acetate and 3.57 g of Acetic Acid to the 1000ml pure water. Laccase from 

Trametes versicolor uses 0.1M acetate buffer with a pH of 5.0, 5.524 g of Sodium Acetate 

and 1.961 g of Acetic Acid to the 1000ml pure water. 

 

2.8  Pyrolysis GC-MS conditions 
The experiment involves the use of pyrolysis GC-MS, and the reaction temperature is 300 °C. 

 

2.9  FTIR analysis conditions 
Unless otherwise specified, all FTIR analysis tests in the experiment are tested using ATR, 

with the range selected as the range from 400- 4,000 cm-1, the x-axis is the wave number, 

and the y-axis is the absorbance. The number of scans is 16 times. In the preparation of 
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analytical samples, the powdered samples are all dried powders, the film-like samples are all 

facing the reaction surface of the diamond, and the granular samples are all divided with a 

knife, with the outer surface of the sample facing the diamond. Decide whether to use 

external pressure depending on the sample and the spectrum. 
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Chapter 3: Experiment Results and Discussion 
 

Following the experiment steps, we initially carried out UV irradiation experiment of plastic, 

then applied the combined-use experiment of microwave and acid solution to deal with 

plastics. The next step involved mechanical degradation of PET, before eventually 

implementing the enzymatic reaction of PE and PP. 

 
3.1 Degradation of plastics using ultraviolet radiation 
This part of the experiment relies on the research on various extents of degradation or 

structural changes that different plastic types can achieve under UV irradiation. According to 

literature, PET should be the most easily degraded plastic under this condition; therefore, we 

initially experimented on PET. 

 

3.1.1 Results of 168-hour irradiation of PET 

To study the results of PET subjected to ultraviolet radiation in various environments, we set 

up three groups in the experiment—dry environment (no liquid added), pure water 

environment, and hydrogen peroxide (H2O2) environment. Since hydrogen peroxide can 

generate free oxygen at room temperature, changes in the hydrogen peroxide group should 

probably occur more quickly. After 168 hours of continuous irradiation, the surfaces of the 

three PET groups did not change, based on the FTIR-ATR spectrum as shown in Figure 7. 
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Figure 7. PET after 168hr irradiation with 3 different environment 

 

Notably, in the test results every 12 hours, in the hydrogen peroxide environment group of 

the third test (36 hours of exposure), the PET surface exhibited some slight changes. There 

was a slight increase at 3,500 cm-1, three peaks at 2,900 cm-1 were relatively enhanced, and 

the peaks located in the 1,480-1,400 cm-1 range. See Figure 8. 
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Figure 8. Small changes happened on 36hr, PET withH2O2 group (red line) mentioned in black circle. 

 

Table 4 indicates the functional groups that may occur to enhance and change the peak at this 

position. 

 
Table 4. Functional groups associated with the changes observed in the FTIR spectra (Figure 8.) 

Absorption (cm-1) Group 
Compound 

Class Comments 

3,200-2,700 O-H stretching alcohol intramolecular bonded 
3,100-3,000 C-H stretching alkene  
3,000-2,840 C-H stretching alkane  

1,471 C-H bending alkane  
1,454 C-H bending alkane  

 

 

In summary, PET did not significantly change under 168 hours of UV irradiation, while 

slightly changing after 36 hours of irradiation. This change disappeared in subsequent 

experiments. 

 

Relevant literature has discussed such significant changes in PET under UV irradiation 

require at least 1,000 hours of continuous irradiation. 
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3.1.2 Results of PE and PP irradiation 

We replaced PET with waste LDPE film slices and waste PP plastic tray slices. We used UV-

A 340-nm light to irradiate for 72 hours, then performed FTIR analysis and made 

comparisons. Figures S1 and S2 in the Appendix illustrate the FTIR-ATR spectra of PE and 

PP. The spectrogram results depicted that the irradiation method did not cause any change in 

the plastic. 

 
3.1.3 Selection of UV wavelength 

Throughout the experiment, we first selected the easiest UV irradiation method. Specifically, 

we selected the ultraviolet lamp with a wavelength of UVA-340nm. The luminous spectrum 

energy of a UVA-340 lamp is mainly concentrated around the 340nm wavelength, with a 

peak value of 340nm. The UVA-340nm ultraviolet lamp simulates the sunlight at noon 

during summer. This situation is relatively consistent with the effect of outdoor sunlight 

ultraviolet radiation. Therefore, we designated the ultraviolet part that can very well simulate 

sunlight as a UVA-340nm ultraviolet lamp. 

 

3.1.4 Possible reasons for the non-occurrence of the reaction 

The experiment results indicated that after 168 hours of exposure to waste PET and 72 hours 

of exposure to waste PE and PP, no structural change occurred on the sample’s surface. 

According to the experiment of Sørensen et al. (2021), PET degradation will reach a 

maximum surface morphology change after 14 days of irradiation. In a study of PE and PP 

(Gijsman, Meijers & Vitarelli, 1999), the duration for degradation to occur was at least 700 

hours. Since the experiment had a too short reaction time, it obtained no relevant results. 

 

Although long-term exposure can degrade or change, such an exposure cannot provide 

efficient help for subsequent experiments that apply other plastic degradation methods. 

 

3.1.5 Conclusion 

In this part of the experiment, we utilised ultraviolet light to irradiate the surface of three 

kinds of waste plastics: PET, LDPE, and PP. The analysis results depicted that whether it was 

a dry environment, a pure water humid environment, or an environment where hydrogen 

peroxide provided an oxidant, irradiation was in a short period, and the plastic surface did not 
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change. Moreover, from the analysis of relevant literature, photodegradable plastics degrade 

relatively long, and the required energy is more significant. 

 

In this part of the experiment, we used only UV-A 340nm light for irradiation. We neither 

used other types or wavelengths of ultraviolet light, nor simulated natural ultraviolet light. 

 

This part of the experiment is doable, but the required duration is too long, and the change is 

not apparent, which cannot provide much help for follow-up experiments. Hence, the 

irradiation experiment was stopped, as it is not a considerable pretreatment method for 

follow-up experiments. 
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3.2 Pretreatment of plastic using microwave 
Microwaves have intense energy and can provide an energy basis for plastic degradation. 

Since PET contains ester bonds, it is relatively prone to degradation. The experiment began 

with the reaction of PET with nitric acid, sulfuric acid, or hydrogen peroxide. 

 

3.2.1 Microwave pretreatment PET with HNO3, H2SO4, and H2O2 

Firstly, we used ground PET powder in the experiment. The acid solution used was the 

highest concentration of undiluted commercial solution. The concentration of nitric acid was 

70%, the concentration of sulfuric acid was 98%, and the concentration of hydrogen peroxide 

was 30%. The melting point of PET is 260°C. For safety reasons and the instrument’s 

maximum use temperature, the microwave reaction conditions were as follows: T1 - 160°C, 

T2 - 160°C, time t1 from room temperature to T1 - five minutes, and holding time t2 - 25 

minutes. 

 

After the reaction was finished and cooled, the samples were obtained and sent to a 100°C 

oven for drying. After drying, we took out the sample. The PET powder that reacted with 

HNO3 changed its appearance from original grey rough powder to fine white powder, as 

shown in Figure 9. We used FTIR-ATR for qualitative analysis, and the resulting spectrum is 

as Figure 10 below. 

 

 
Figure 9. Comparison of samples. (A): Original PET sample; (B):PET powder after MW with HNO3  

A 
B 
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(A) 

 
Figure 10. FTIR-ATR spectrums of PET reactions:  

(A) PET with HNO3; (B) PET with H2SO4; (C) PET with H2O2; (D) PET blank. 

 
Table 5. Functional groups associated with the changes observed in the FTIR spectra (Figure 10.) 

Absorption (cm-1) Group Compound Class Comments 

2,880-2,335 O-H stretching carboxylic acid -COOH in TPA 
1,675-1,659 C-H bending Aromatic compounds  

1,421 O-H stretching carboxylic acid  
892       C-H bending      1,3-disubstituted 

 

Based on the spectrum, in the 3,500-2,000 cm-1 interval, the spectrum of PET with HNO3 had 

three new prominent peaks from 2,880-2,335 cm-1. The solid and broad peaks in this section 

were due to the O-H bond in the carboxylic acid. Such characteristic peaks could prove that 

PET and nitric acid were hydrolysed and split into monomers to generate terephthalic acid, 

and carboxylic acid emerged on the molecule. PET with H2SO4 also had the same trend, and 

a series of peaks had also been generated, but the peaks were relatively small. It indicated that 

PET and sulfuric acid also underwent hydrolysis, and the reaction degree was relatively 

small. Looking at the red peak at 1,421cm-1, it had increased relative to the PET blank spectra 

peak. The possible reason was that this was a characteristic peak of carboxylic acid O-H 

bending, and the production of monomers led to an increase in carboxyl groups. Combining 
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the increase of multiple peaks and the generation of new peaks, 70% nitric acid could 

hydrolyse PET to much extent, and 98% sulfuric acid could also cause hydrolysis, but the 

efficiency was low. Meanwhile, PET with hydrogen peroxide did not exhibit any change. 

 

3.2.2 MW pretreatment of PET with different concentrations of nitric acid 

Based on the experiment in Section 3.2.1, we decided to continue to use nitric acid as the 

reactant in the hydrolysis reaction because the efficiency of nitric acid reaction was relatively 

high. However, determining the nitric acid concentration that could cause the reaction to 

occur entailed a new problem. We utilised different nitric acid concentration for repeated 

experiments. The concentrations of nitric acid in the experimental group were 10%, 15%, 

20%, 30%, 35%, and 50%. Reaction temperatures T1 and T2 were 160°C, and the respective 

times were still 5 minutes and 25 minutes. After drying, we analysed the powder using FTIR. 

 

Figure S3 in the Appendix presents the spectrum obtained from 10%-35% nitric acid 

reaction, while Figure 11 illustrates the spectrum obtained from 50% nitric acid reaction. 

 
Figure 11. FTIR spectrum of PET powder reacts with 50% nitric acid. 

Figure 11 indicates that the FTIR spectrum of PET powder obtained using 50% nitric acid 

was similar to the reaction spectrum of 70% nitric acid in Section 3.2.1, signifying PET 

hydrolysis. 

2807.48402661.47982535.6915 1511.4156

1670.8971

1414.8281

500100015002000250030003500
Wavenumber cm-1

0.
00

0.
05

0.
10

0.
15

Ab
so

rb
an

ce
 U

ni
ts

 D:\FTIR data\Glenn\Data\20201014\PET.0          PET           ATR

 D:\FTIR data\Glenn\Data\20201216\pet powder HNO3.0          pet powder HNO3          ATR

14/10/2020

16/12/2020

 Page 1/1

--- red line (A): PET with 50%HNO3 
--- black line (B): PET blank 

(A) 

(B) 

(A) 

(B) 



 48 

 

Therefore, 50% nitric acid can undergo a hydrolysis reaction, deemed usable for the 

subsequent pretreatment. 

 

3.2.3 MW pretreatment of PE with HNO3/H2SO4 

Similarly, we continued to use HDPE for microwave experiments and compared the reaction 

efficiency of 70% nitric acid and 98% sulfuric acid. Hydrogen peroxide could not let the 

reaction to occur, so we gave up on using it. The melting point of HDPE is 142°C. We set the 

reaction temperatures T1 and T2 as 130 °C, while the reaction times remained unchanged. We 

performed the same operation and used FTIR for qualitative analysis. Figure 12 presents the 

analysis spectrum. 

 
Figure 12. FTIR spectrums of HDPE reactions in MW:  

(A) HDPE with HNO3; (B) HDPE with H2SO4; (C) Original HDPE 

 

Analysing the spectrum, the reaction of HDPE with HNO3 produced several new peaks. The 

new peak produced at 1,712cm-1 was a characteristic peak of the C=O bond. Although it was 

impossible to determine which functional group it belonged to, we knew that PE chains and 

monomers contain neither oxygen atoms nor C=O bonds. Thus, we could determine that 

changes occurred; the new peak at 1,638cm-1 was a C=C bond, a sign of double bonds 
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generated by the cleavage of polyethylene. Another new peak was at 1,560cm-1; there might 

be a sign of an N-O bond, and it might be that the nitrogen in nitric acid linked itself to the 

newly-formed molecule. 

 

The spectrum of HDPE with H2SO4 was more like an enhanced version of the original HDPE 

spectrum. The peak at 1,160cm-1 was an enhancement of the same peak of the original line. 

Treating it as a new peak, it might be the S=O bond. However, the possibility of this situation 

was not significant; thus, the reaction efficiency of PE and sulfuric acid was not as great as 

that of nitric acid. 

 

We used the database for comparative analysis; see Figure 13. The spectral structure of PE 

treated with nitric acid and microwave was relatively similar to that of Vaseline, which 

proved that PE might degrade to Vaseline with 70% nitric acid in a microwave setting. 

 

 

 
Figure 13. Comparison the spectra of PE react with HNO3  and the database. 
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3.2.4 MW pretreatment of PE with different concentrations of nitric acid 

Like PET, we tried different nitric acid and HDPE concentrations. Figure 14 illustrates the 

FTIR spectrum. Similarly, nitric acid with a concentration lower than 50% could not make 

the reaction to occur. 

 
Figure 14. PE react with different concentrations of HNO3 

 
 
Table 6. Functional groups associated with the changes observed in the FTIR spectra (Figure 14.) 

Absorption (cm-1) Group Compound Class Comments 

1,715 C=O stretching carboxylic acid  

 C=O stretching 
aliphatic ketone 

 

or cyclohexanone 
or cyclopentenone 

 
1,618 C=C stretching alkene  

1,548 N-O stretching 
nitro compound 

  
1,358-1,268 C-N stretching Aromatic amine  

947-859 C=C bonding alkene  
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3.2.5 MW pretreatment of PP with HNO3/H2SO4 

We continued to use PP for microwave experiments to compare the reaction efficiencies of 

70% nitric acid and 98% sulfuric acid. The melting point of PP is 160°C. We set the reaction 

temperatures T1 and T2 as 150°C, while the reaction times remained unchanged. We 

performed the same operation and used FTIR for qualitative analysis. Figure 15 illustrates the 

analysis spectrum. 

 
Figure 15. FTIR spectrum of PP react with HNO3(red)/H2SO4(blue)/original PP(black) 

 

This time, the spectra of the two experimental groups are similar to the enlargement of the 

original spectrum. The only thing of discussion is the new peak at around 1,551cm-1, 

representing the generation of the C=O bond or the N-O bond. Nevertheless, both methods 

produced this new peak, and the N-O bond represented by nitric acid was less likely. 

However, the mechanism of generating only a new double-bonded oxygen in the original 

structure remained unclear. Considerably, the current results had not changed much. 

 

3.2.6 MW pretreatment of PP with different concentrations of nitric acid 

Similar to PET and PE, we tried different concentrations of nitric acid with PP. The FTIR 

spectrum is shown in Figure S4 in the Appendix. The results indicated that nitric acid with a 

concentration lower than 70% could not make the reaction to occur. 
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3.2.7 Pretreatment of plastic using microwave 

In the studies of various researchers, it has been common to use acid to degrade PET and PE. 

However, whether high-concentration nitric acid or nitric acid atmosphere was used, the 

reaction time was at least several hours. In this experiment, we introduced high-energy 

microwaves to accelerate the reaction. We utilised only a total of 30 minutes to degrade the 

plastic. Conversely, the limitation of this experiment was that we performed only qualitative 

analysis on the sample before and after the reaction. 

 

The results proved that using 50% nitric acid and 800W microwave could degrade PET and 

PE in 25 minutes, and that degraded plastic is applicable in deep reactions. Hence, 

microwave treatment of plastics can be a pretreatment operation for other reactions. 

 

3.2.8 Influence of temperature on microwave response 

Regarding the reaction condition of temperature, the temperature in the final experiment was 

10°C below the melting point of each plastic (not more than 180°C). It was not only for the 

sake of experimental safety; more significantly, if the reaction temperature would be too 

close to the melting point, it would cause the sample to melt and re-solidify. During the pre-

experiment, this situation occurred, causing the sample to solidify into a whole group, and the 

hardness was more significant than the original sample and the formal experimental group. In 

subsequent analysis, it was impossible to calculate or determine whether the temperature or 

the nitric acid caused the degradation. 

 

3.2.9 Influence of reaction time 

We tried to extend or shorten the reaction time. Several experiments have determined that a 

maximum temperature holding time of fewer than 25 minutes may cause the hydrolysis 

reaction of a sample to be incomplete. It can manifest from the appearance; for instance, the 

PET powder does not turn into a fine white powder completely, or the sample sticks to the 

inner wall of the reaction tube. We tried to use a long reaction time and determined that 25 

minutes was sufficient for the reaction to complete, and any longer time would not aid the 

reaction. 
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3.2.10 Selection of analysis method 

For qualitative analysis of the samples, we used only FTIR-ATR as the method, as it was 

sufficient to assess the change in the samples’ molecular structure. We directly measured 

powder and film samples in the experiments, but we cut and measured the surface for 

granular samples. This method might cause some deviations, including internal changes in 

granular samples. As observed in other methods, researchers typically employed a scanning 

electron microscope (SEM) for analysis, but the photos from SEM were similar to FTIR. The 

apparatus analysed the samples’ microstructure, used as an auxiliary analysis method of 

FTIR, but it was not a decisive analysis method. 

 

As for quantitative analysis of the samples, we did not perform it, but instead measured it in 

the subsequent mechanical reaction for the microwave experiment of PET. When calculating 

only the TPA to the yield, the degradation efficiency of the microwave reaction can be up to 

50%. However, PET degradation produces not only TPA but also BHET (Bis-(2-

hydroxyethyl) terephthalic acid) and MHET (Mono-(2-hydroxyethyl) terephthalic acid). The 

FTIR spectra of these two substances are similar to TPA, so they cannot be assessed through 

qualitative analysis. Moreover, in quantitative analysis, we used only the TPA standard 

solution to separate the other two substances; hence, the degradation efficiency value was not 

the final value. If we simultaneously calculated the yields of MHET and BHET , the reaction 

efficiency might be much greater than 50%. 

 

3.2.11 Conclusion 

This step used concentrated nitric acid and sulfuric acid to experiment with three plastic types 

under microwave energy. The experimental results indicated that concentrated nitric acid was 

more prone to hydrolysis of plastics than concentrated sulfuric acid. Various concentrations 

of nitric acid for comparative experiments proved that nitric acid with a concentration lower 

than 50% was not easy to make the reaction proceed with PET and PE. Meanwhile, for PP, 

concentrated nitric acid did not also seem to have a significant effect. 
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3.3  PET degradation caused by mechanical milling 
In some recent studies, researchers have employed ball mills as instruments to degrade PET 

mechanically. Following related methods, we also used ball mills to conduct the experiment; 

moreover, we explored more effective PET degradation methods based on verifying related 

approaches. 

 

3.3.1 Dry PET milling 

Before verifying other methods, we intended to determine the kinds of results that would be 

caused by mechanical grinding alone without introducing any liquid. 

 

Dry ball milling is similar to the typical method. We weighed 300 mg of the cut waste PET 

sample into a stainless-steel tank without adding any liquid, put ten 10-mm diameter stainless 

steel balls, and ground the mixture for 30 minutes at 400 rpm. 

 

The final sample powder was a fine black powder, as shown in Figure 16. 

 

 
Figure 16. Comparison of samples. (A): Original PET sample; (B):PET powder after 30min dry milling. 

 

We used FTIR to analyse the structure of the black powder. As presented in Figure 17, there 

is a massive wild peak at 1,066cm-1 and a sharp peak at 778cm-1, with no other peaks in other 

positions of the spectrum. This scenario proved the primarily inorganic chemical composition 

of the black powder. 

A 
B 
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Figure 17. FTIR spectrum of PET after dry milling 

 

Pyrolysis GC-MS analysed the PET initial powder sample and the black powder; Figures S5 

and S6 in the Appendix present the resulting spectrum. A comparative analysis of the 

combustion components further proved that, during dry ball milling, the PET sample and the 

stainless steel ball exhibited violent friction, causing the temperature to rise and making the 

sample appear “burnt”. The final product was inorganic carbon after high-temperature 

combustion. 

 

3.3.2 PET hydrolysis with NaOH 

We repeated the experiment to verify the conclusion that PET and sodium hydroxide could 

degrade 99% by milling together. After two hours of ball milling, we took a part of the dried 

sample for structural analysis by FTIR. The spectrum shows (see Figure S7 in the Appendix) 

that the sample after ball milling with NaOH was no different from the original PET sample. 

The remaining dry sample was 257.8mg. After ten-fold dilution, we performed TPA presence 

detection and concentration determination by HPLC. As shown in Figure 18, the peak at a 

retention time of 5.76 min is the characteristic peak TPA. The peak height of the TPA 

standard solution with a concentration of 10 ppm was 209,674, while the peak height of the 

sample milled with NaOH was 34,949. We made a calibration curve for the peak height of 

500100015002000250030003500
Wavenumber cm-1

0.
00

0.
05

0.
10

0.
15

0.
20

0.
25

Ab
so

rb
an

ce
 U

ni
ts

 D:\FTIR data\Glenn\Data\20201111\PET black powder.0          PET black powder          ATR

 D:\FTIR data\Glenn\Data\20201111\PET piece blank.0          PET piece blank          ATR

11/11/2020

11/11/2020

 Page 1/1

 
 

 

 
Black line (A): original PET powder 

Blue line (B): PET after dry milling 

(A) 

(B) 

(B) 



 56 

the TPA series of concentration standard solutions and brought in the peak height of the 

sample. The curve’s parameters (see Figure S8 in the Appendix) were as follows: 

R=0.9997829; %RSD=9.5481; R^2=0.9995659. The PET sample powder, which was milled 

together with 1 M sodium hydroxide solution for two hours, eventually producing a TPA 

concentration of 122.95 ppm and a yield of 0.04%. 

 

 
Figure 18. HPLC spectrum of PET with NaOH and the TPA 10ppm standard 

 

3.3.3 PET hydrolysis with Novozym® 51032 + five-day aging 

We repeated the experiment to verify the hydrolysis experiment of PET and Novozym® 

51032 under mechanical grinding. After 30 minutes of grinding, we obtained as many 

samples as possible and placed them in an oven for five days of aging. Ultimately, we 

obtained the aged dry sample, taking a small portion for FTIR-ATR analysis. Figure S9 in the 

Appendix presents the analysis spectrum. The remaining 238.67 mg sample was dissolved 

and diluted 100 times and analysed by HPLC. Figure S10 in the Appendix illustrates the TPA 

concentration calibration curve; the R^2 value was 0.9485, bringing in the peak height of the 

sample, while the concentration of TPA after dilution was 42.59 ppm. The total concentration 
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of TPA in the original sample was 4,259 ppm. After calculation, the final TPA yield of PET 

milling and hydrolysis reaction after five days of aging was 2%. 

 

We repeated the same experiment to verify the effect of the aging reaction on the entire 

hydrolysis process, but omitted the aging operation. After grinding, the sample was obtained 

and dried immediately. We obtained a dried sample of 272.68 mg, which was dissolved and 

diluted 50 times. The total concentration of TPA in the original sample was 919.5 ppm; 

calculations indicated that the yield of the reaction TPA was 0.3%. 

 

The HPLC data is in Table 7. For all HPLC spectra, please see Figures S11, S12, and S13 in 

the Appendix. 
 

Table 7. HPLC data of standard solutions and samples by aging and no aging methods 

Sample name Ret. Time Area Height Conc. 
TPA 10ppm 5.815 668181 147672 14.4 
TPA 25ppm 5.801 2446010 540796 30.3 
TPA 50ppm 5.796 4607368 1012669 49.8 
TPA 100ppm 5.791 8638605 1899873 86.0 
TPA 150ppm 5.798 14957276 3647110 142.8 
TPA 200ppm 5.781 22589907 3979943 211.4 
5days aging 1 5.74 3801214 841793 42.5 
5days aging 2 5.736 3803973 835213 42.5 
5days aging 3 5.735 3805990 836601 42.6 

5days aging average 5.737 3803725.67 837869 42.5 
no aging1 5.761 1447590 218103 18.6 
no aging2 5.755 1423234 216970 18.3 
no aging3 5.761 1416225 216213 18.2 

no aging average 5.759 1429016.33 217095.333 18.3 
 

 

3.3.4 PET enzymatic hydrolysis with wet aging 

After repeated hydrolysis experiments, the results proved that the aging reaction was 

significant in the entire process, but the results were not perfect. If we added a little buffer 

during the aging process to provide an enzymatic reaction environment, we put forward this 

hypothesis: could the hydrolysis reaction continue? Out of this consideration, we changed the 
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aging method, adding a little buffer to the sample and sealing the system. After five days of 

aging, we measured the reaction yield. 

 

The samples were taken out and dried, and a small portion was analysed using FTIR-ATR. 

Figure 19 illustrates the spectrum. The remaining 259.3 mg of dried sample was dissolved 

and diluted 200 times and sent to HPLC for quantitative analysis. The analysis results 

signified that the total TPA concentration in the original sample was 30303.2 ppm. After 

calculation, the total reaction yield after five days of wet aging was 13.5%. 

 
Figure 19. The comparison of FTIR spectrums: (A) PET after wet aging; (B) pure TPA; (C)pure PET. 

 
From the comparison of the spectra, the blue line is pure PET, the pink line is pure TPA, and 

the green line is PET powder. Generally, the part where the spectrum of PET wet aging is 

below 2,000 cm-1 tends to overlap with the spectrum of TPA. It entails that the composition 

of the ground and wet-aged samples leaned toward TPA. From the peak’s area and intensity, 

at the peak of 1,720cm-1, the intensities of (A) and (B) are similar. Additionally, the height of 

the line of PET is relatively low. This area may depict the stretching of C=O. Such an 

increase may be due to the occurrence of hydrolysis. The TPA dropped from the PET chain, 

and more free C=O bonds emerged; the C=O bond on the PET was inside the long-chain, 

with other PET monomers connected on both ends, resulting in limited bond stretching. The 
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peak at 1,258 cm-1 denotes the C-O bond stretching, the characteristic peak of aromatic 

esters. In this region, the peak heights of green and pink lines are significantly higher than 

that of the blue line, validating TPA’s appearance. In the 3,300-2,500cm-1 region, it is the O-

H characteristic region of carboxylic acid. Compared to the pure blue PET, the green line 

starts to become high in this region, signifying a small amount of TPA in the sample. 
 

Table 8. Functional groups associated with the changes observed in the FTIR spectra (Figure 19.) 

Absorption (cm-1) Group Compound Class Comments 

3,300-2,500 O-H stretching carboxylic acid -COOH in TPA 
1,720 C=O stretching   

1,672-1,645 C-H bending Aromatic compounds  
1,258 C-O stretching Aromatic esters  

 

3.3.5 PET hydrolysis with reactive aging (RAging) 

Another aging method, reactive aging (RAging), was also worth attempting. Using the same 

sample and operation method, we took out the stainless-steel jar for every seven minutes of 

milling, sealed it with paper film and tape, put it in the oven, and took it out after 24 hours. 

We took out the 10-mg sample and milled it again for seven minutes. We repeated the entire 

process four times, collecting all samples for drying after 5*24hr RAging. The samples on the 

first, second, third, and fourth days were around 10 mg each, while the sample on the fifth 

day was 205.8 mg. We dissolved all the samples. For the sake of concentration, we diluted 

the sample for the first two days 100 times, the sample for the third day 150 times, the sample 

for the fourth day 200 times, and the sample for the fifth day 250 times. We applied HPLC to 

analyse the TPA concentration in the sample; Table 9 presents the obtained data. 
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Table 9. HPLC data of standard solutions and samples by RAging method 

Sample name Ret. Time  Area  Height Conc. Weight of sample 
TPA 10ppm 5.741 1057424 223235 7.2  
TPA 25ppm 5.728 2650847 563638 26.8  
TPA 50ppm 5.728 4771034 1010428 52.4  
TPA 75ppm 5.728 6770718 1443109 77.2  
TPA 100ppm 5.728 8834791 1871821 101.8  
TPA 150ppm 5.798 11509141 2496199 137.5  
TPA 200ppm 5.722 16007717 3704790 206.8  
RAging day1 5.72 303375 58596 0.7 9.118 
RAging day2 5.73 357529 77702 1.8 11.874 
RAging day3 5.715 495666 103268 0.4 10.342 
RAging day4 5.715 485239 102163 0.3 8.736 

RAging day5.1 5.765 11077167 2371175 130.4 205.8 
RAging day5.2 5.755 11062602 2340322 128.6  
RAging day5.3 5.758 11103841 2398023 131.9  
RAging day5 

average 5.759 11081203.3 2369840 130.3 
 

 

We analysed the obtained data and drew a calibration curve for the TPA series of standard 

solutions. See Figure S14 in the Appendix, R^2=0.9921. Data linearity is good. We then 

brought the peak height of the sample into the curve to obtain the corresponding diluted 

concentration; see Table 9. We calculated the original TPA concentration and yield of the 

corresponding sample before dilution; the TPA yields for the first four days were 0.70%, 

1.60%, 6.80%, and 9.20%. Furthermore, we calculated the average concentration on the fifth 

day; the final reaction yield was 18.3%. Figure 20 presents the trend curve of the yield. 

 
Based on the trend line, the hydrolysis efficiency of the RAging reaction increased on the 

third day, while the yield obtained by only one cycle was minimal. 

 



 61 

 
Figure 20. Trend curve of the yield of days 

 

3.3.6 MW pretreatment before mechanical milling 

After obtaining the hydrolysis reaction result, we began to consider how to increase the final 

reaction yield—whether to introduce a pretreatment method to allow partial PET degradation 

before the hydrolysis reaction, or to make the PET structure more prone to degradation. We 

knew that the position attacked by Novozym® 51032 was the ester bond. As such, PET 

degradation can expose more ester bonds and facilitate the reaction. Considering the previous 

step of the experiment, we selected the microwave and nitric acid experiment as the 

pretreatment approach. 

 

First, the PET powder reacted with 50% nitric acid in a microwave, and the sample was 

washed and dried. We took 300 mg of pretreated dried powder for the ball milling 

experiment. As for the choice of aging response, we selected the more efficient five-day wet 

aging. Eventually, we took out part of the dried sample and the pretreated powder for FTIR-

ATR qualitative analysis. Figures 21 and 22 illustrate the spectrum. We dissolved and diluted 

the 279.64 mg of dry powder 700 times. Meanwhile, another 300 mg of powder pretreated by 

microwave was dissolved and diluted 600 times. Both sample solutions were quantitatively 

analysed using HPLC. Table 10 provides the final data. 
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Figure 21. FTIR spectrum of PET pre-treated by MW with 50% HNO3 (A) compare with TPA (B) and PET (C). 

 

Figure 22. The spectrum of Pre-treated PET milled and wet aging compare with TPA and PET 
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Table 10. HPLC data of standard solutions and samples for pretreatment method 

Sample name Ret. Time Area Height Conc. 
TPA 10ppm 5.741 1057424 223235 7.2 
TPA 25ppm 5.728 2650847 563638 26.8 
TPA 50ppm 5.728 4771034 1010428 52.4 
TPA 75ppm 5.728 6770718 1443109 77.2 
TPA 100ppm 5.728 8834791 1871821 101.8 
TPA 150ppm 5.798 11509141 2496199 137.5 
TPA 200ppm 5.722 16007717 3704790 206.8 
pre-treated 1 5.77 14943110 3458461 192.7 
pre-treated 2 5.755 14910104 3344333 186.2 

pre-treated average 5.7625 14926607 3401397 189.4 
final powder 1 5.767 20202919 3972892 222.2 
final powder 2 5.757 20374033 3978792 222.5 
final powder 3 5.757 20345856 3978017 222.5 

final powder average 5.76033333 20307602.7 3976567 222.4 
 

Upon calculation, the hydrolysis yield of the PET powder after microwave pretreatment was 

43.85%. After the pretreatment, we employed mechanical grinding enzymatic hydrolysis 

reaction; after five days of wet aging, the final TPA yield of the PET powder was 64.43%. 

 

As observed in the FTIR-ATR spectrum (Figure 21), the structure of the PET powder that 

had undergone only microwave pretreatment was roughly similar to that of pure TPA, and the 

characteristics of pure PET were removed. However, there were still a few C-O bond peaks 

between PET and TPA at 1,200-1,000cm-1. Considering the hydrolysis yield of HPLC, there 

was still a tiny amount of PET in the powder at this time; hence, the C-O bond on the long 

chain of this polymer still existed at the same time as the C-O bond of TPA. Since the three 

test objects were in powder form, the contact deviation between the sample and the diamond 

was relatively tiny. The line of PET sample was located in the middle of the three, indicating 

a particular gap between the TPA content in the pretreated powder and 100%. 

 

We analysed the comparison between a series of processed PET sample powder, pure PET, 

and pure TPA in Figure 22. Apparently, the sample powder was pretreated by microwave and 

nitric acid and then moved into mechanical hydrolysis with an enzyme. After another five 

days of wet aging, the spectra overlapped with pure TPA, proving that most of the powder 

was TPA at this time. There was no correlation between the spectra of the sample and TPA, 

indicating that PET underwent hydrolysis to TPA after a series of reactions. 
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Furthermore, we compared the PET spectrum after microwave pretreatment with the 

database. The result signified that the powder after pretreatment was more likely a TPA 

compound, as illustrated in Figure 23. 

 

 
Figure 23. The comparison of Pretreated powder and database. 

 

In HPLC analysis, the sample dilution factor was tried 100 times, 300 times, and 500 times; 

the results exceeded the upper limit of detection. The reason for the final selection of the 

dilution factor at 700 was that too much dilution would cause relatively large errors. 

Following the guidance of other researchers, the maximum dilution factor should not exceed 

700 times. Although the final result exceeded the maximum standard concentration, it was 

still within the detection limit; thus, we could utilise the result. 

 

3.3.7 PET milling with laccase from aspergillus sp. 

Whether another commercial enzyme can replace the lipase to perform the above reaction is a 

new question. From the entire experiment, we selected an enzyme laccase from aspergillus 

sp. aimed at both aromatic and non-aromatic groups to degrade PE, added the same volume 
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for commercial enzyme preparation, and repeated the ball milling and wet aging procedures. 

After obtaining 228.67 mg of dried sample powder and diluting 100 times, we repeated 

HPLC quantitative analysis to obtain the HPLC spectrum as shown in Figure 24. Based on 

the figure, the TPA peak at the same retention time was minimal. After calculation, the total 

TPA concentration in the powder was 3.37 ppm, and the TPA recovery rate was less than 

0.01%. Indicatively, laccase could not undergo hydrolysis reaction with PET and TPA due to 

the mechanical procedure. 

 

 
Figure 24. HPLC spectrum of PET reacted with laccase from aspergillus sp. compare with TPA 10ppm standard. 

 
3.3.8 Mechanical considerations 

To ensure that the mechanical conditions were suitable for the experiment and determine if 

the changes in physical conditions would lead to better results, we tried to use a 500-mg 

sample instead of 300 mg, different jar sizes, different numbers of balls, and different milling 

durations. We eventually found that a 300-mg sample and the ratio of added liquid and 

sample as h=1.5 were better parameters. On the other hand, 15-ml stainless-steel jar and one 

15-mm ball would yield the same results, while a longer ball mill running time did not aid the 

results. Please see Table 11 for further information. 
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Table 11. Conditions varied and results for the reactions[a] 

PET 

(mg) 
h (µL 

mg-1) 

Volume 

of jar (mL) 

Ball size 

(mm) 

Amount of 

balls 

 

Milling 

duration (min) 

Yield of 

TPA (%) 

300 1.5 50 10 10 30 13.5 

500 1.5 50 10 10 30 3.8 

300 1.0 50 10 10 30 1.2 

300 2.0 50 10 10 30 2.0 

300 1.5 15 15 1 30 12.8 

300 1.5 15 15 2 30 12.6 

300 1.5 50 10 10 60 11.5 

300 1.5 50 10 10 120 12.2 

[a]: All the conditions are operated with PET powder, phosphate buffer pH=7.4, and wet aging method. 

 
3.3.9 Success of sodium hydroxide did not repeat 

In this part, we noted that using sodium hydroxide as the wet milling liquid did not achieve a 

99% degradation rate like the results of other researchers (Štrukil, 2020). Contrarily, we 

obtained only a yield of less than 0.1%, which was beyond our expectations (Štrukil, 2020). 

Although we might have problems with varied operational details, we repeated the method, 

and the results should not have such a significant deviation theoretically. 

 

Upon comparison of the methods, the study employed a vapour aging method. In this sense, 

we doubted whether it was the aging method that provided more degradation. The size and 

number of stainless-steel balls used in our repeated experiments were inconsistent with the 

original method, which might also be a reason for the varied results. 

 

3.3.10 Aging is a vital step 

Although we did not reproduce the results of mechanical degradation using enzymes in our 

experiments, we could perceive the significance of the aging operation in our comparative 
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experiments. The results after ball milling indicated that the degradation reaction rarely 

occurred, and after aging, degradation reaction began to occur extensively. 

 

3.3.11 Wet grinding is relatively efficient 

After learning the significance of the aging reaction, we attempted various aging methods. 

The wet aging method provided more degradation yield. However, we compared only the 

yields and did not examine what had happened during wet aging. There were two 

conjectures; the first was that, in a wet and aging environment, the presence of the solution 

provided a way to help the degraded part of the PET surface fall off (Mukherjee & Kundu, 

2014). For instance, PET degradation produced TPA and ethylene glycol (EG), which could 

be soluble in water (Taniguchi et al., 2019). This environment might help TPA drop off from 

the PET and expose the unreacted PET toward further degradation, thus increasing the yield. 

Another possibility was that we added a buffer that matched the pH of the enzymatic 

reaction, which might cause the enzymatic reaction to continue to occur during wet aging and 

degrade the PET. 

 

3.3.12 RAging provides a new idea 

We also repeated another aging method, reactive aging, and the obtained results were higher 

than the expected aging results, which were consistent with the results of previous studies. 

This grinding-aging-activation-aging method further improved the activity of enzymes. 

Perhaps, trying more aging methods or applying the RAging method to other enzymatic 

reactions can be a future research trend. 

 

3.3.13 MW pretreatment promoted degradation 

Based on the previous part, we introduced a pretreatment method—the partially degraded 

PET reacted with nitric acid in the microwave underwent mechanical degradation and aging 

reactions. The yield of this method was substantial, and the change in the sample could be 

easily distinguished from the appearance, as presented in Figure 25. Almost all degraded PET 

manifested a milky white paste after milling, while the samples after ordinary milling were 

granular grey. 
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Figure 25. The sample after milling. (L: Pretreated; R: non pretreated) 

 

In various respects, pretreatment combined with mechanical degradation was a successful 

method in terms of productivity and in operational difficulty and appearance analyses. 

 

3.3.14 Improvements in analysis methods 

We also improved the quantitative analysis of degradation yield. In other methods, the 

researchers applied a flow rate of 0.6mL min-1. We increased this to 1.0mL min-1 to hasten 

the separation speed and enhance analysis efficiency. We shortened the analysis time for each 

sample from 40 to 14 minutes. Moreover, the peak intensity was outstanding. As the 

sensitivity was high, it is a viable method to measure the TPA concentration quickly. 

 

3.3.15 Conclusion 

In this step, we used a ball mill for mechanical reaction to hydrolyse PET. We tried dry 

milling. The result was that PET was “burned” into an inorganic substance. We used sodium 

hydroxide solution for wet milling, but hydrolysis reaction could not occur. Combining PET 

with commercial enzyme Novozym® 51032 for wet milling and five-day wet aging could 

make the hydrolysis rate of PET reach 13.5%. Had we performed the RAging operation, the 

hydrolysis rate of each cycle would gradually increase, and the hydrolysis rate would 

eventually reach 18.3% after five cycles. The experiment validated the significance of the 

aging operation for hydrolysis reaction and tried other kinds of enzymes and mechanical 

conditions. Notably, when we pretreated the PET powder with microwave and 50% nitric 

acid prior to the experiment, the final hydrolysis yield reached 64.43%, which was much 

larger than in similar methods. 
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In this step, we enhanced a method for the mechanical degradation of PET. Researchers used 

a ball milling machine and a commercial lipase called Novozym® 51032 to degrade PET 

after days of aging. This time, we tried the wet aging method to improve this method, 

inserting a pretreatment procedure before the mechanical method. Consequently, wet aging 

provided a larger yield of around 5% of TPA (produced by PET degradation reaction) than 

the traditional aging method. 

 

We could not explain whether sample aging or the wet environment that let the enzymatic 

reaction keep going for the wet aging method resulted in yield improvement. 

 

From the results, we could regard the microwave experiment as a pretreatment approach, but 

the yield after the microwave was 44%; this yield was higher than that of the mechanical 

method. Hence, we could deem the mechanical procedure a “followed” treatment for 

microwaves. 

 

However, in any case, it is an effective and efficient method for the mechanical PET 

degradation. Compared to other methods, its response speed is fast, its operation is relatively 

straightforward, and its results are easy to observe. 
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3.4  Enzymatic degradation of PE and PP 
In the current research, most of the enzymes used in PE and PP degradation were specific 

enzymes cultivated by researchers through directed induction and cultivation. Thus, we 

conducted this experiment to examine whether there were commercial enzymes that could 

cause degradation. We selected three enzymes in this experiment: Laccase from aspergillus 

sp., Manganese peroxidase from white-rot fungus (Phanerochaete chrysosporium) (MP), and 

Laccase from Trametes versicolor. Since the monomer structures of PE and PP were similar, 

we subjected them to the same experiment. 

 
3.4.1 Enzymatic reactions of PE and PP by different enzymes 

First, we placed the two kinds of plastic particles into the three enzymes and their 

corresponding pH buffers. From the conclusions of other researchers and our experience in 

the previous step, we put the PE sample and 50% nitric acid, and PP sample and 70% nitric 

acid, into the microwave for pretreatment. We used washed, dried, and pretreated samples in 

the procedure. We recorded the dry sample weights before and after soaking; see Table 12.  
 

Table 12. Weight loss of samples in different enzymes environment. 

Sample type Enzyme name Weight before. g Weight after. g Weight loss. g 

PE L.A 1.0261 1.0112 0.0149 
PE L.T 1.0462 1.0465 -0.0003 
PE M.P 1.0251 1.0028 0.0223 
PE buffer pH=7.5 0.8056 0.8056 0 
PE buffer pH=4.5 0.9322 0.9321 0.0001 
PP L.A 1.0354 1.0357 -0.0003 
PP L.T 1.0301 1.0299 0.0002 
PP M.P 1.0394 1.0115 0.0279 
PP buffer pH=7.5 1.4553 1.4596 -0.0043 
PP buffer pH=4.5 0.8943 0.8946 -0.0003 

 

From Table 12, the two groups that used Laccase from aspergillus sp. to soak PE and the two 

groups that used MP to soak PE and PP had exhibited some weight loss. From a gravimetric 

perspective, some reactions might have occurred in these three groups. All dry samples were 

qualitatively analysed using FTIR-ATR. Figure 26 shows the spectrum. 
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Figure 26. FTIR spectrum of PE soaking in different enzymes. 

 

Compared to other groups, the red line (PE with Laccase from aspergillus sp.) manifests a 

more significant change. In the 3,400-3,200cm-1 range, the red line of PE reacting with 

Laccase from aspergillus sp.  shows an upward trend, which may entail O-H expansion. The 

peak at 1,640cm-1 was a possible peak of a carbon-carbon double bond, while C-O stretching 

caused the peak at 1,083 cm-1. 

 

Although the functional group represented by each peak was not absolute, it was inevitable 

that, after being soaked with Laccase from aspergillus sp.  for five days, the PE surface 

underwent some changes. The formation of new compounds caused this change due to the 

rupture of the PE chain.  
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For PP, after the FTIR test, the spectrum of each group exhibited no significant change from 

the pretreated PP sample, as depicted in Figure 27. 

 
Figure 27. FTIR spectrum of PP soaking in different enzymes. 

 
 

3.4.2 Enzymatic degradation of PE by laccase from aspergillus sp. 

In the result of Section 3.4.1, free water stuck on the sample’s surface might have caused the 

peak of 3,400-3,200 cm-1. To avoid this error, we put the PE sample from the previous step 

into a 55°C oven again for two-day drying, then performed the FTIR test again. 

Unexpectedly, this time, the FTIR spectrum of PE underwent a more significant change, as 

illustrated in Figure 28. 
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Figure 28. FTIR spectrum of PE with Laccase from aspergillus sp.  after drying, compared with no-drying and blank 

conditions. 

 
Based on the spectrum, after two dryings, the peaks that had initially appeared had increased 

again; particularly in the 1,600-800cm-1 range, more peaks emerged. These peaks are likely to 

be alkanes or alcohols; see Figure 29. Although we could not assess the degradation products 

of polyethylene, it could be known through measurement that degradation reaction had 

occurred in this experiment. 

 

Compared to the FTIR spectrum of PE react with Laccase from aspergillus sp. and two-day 

extra drying in the database, 1-decanol was the most similar structure that the sample had, as 

depicted in Figure 30. 
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Figure 29. Functional groups associated with the changes observed in the FTIR spectra figure 28. 

 

 
Figure 30. The comparison of PE reacting with Laccase from aspergillus sp.  and extra drying in the database. 
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3.4.3 Pretreatment and temperature considerations 

Since the second drying caused the sample to change, we suspected that the reaction would 

occur due to the temperature. At the same time, to examine whether microwave pretreatment 

had a positive feedback on the reaction, we established a controlled experiment. We divided 

the PE samples into two groups; we pretreated the first group, then divided the two groups of 

samples into a 30°C group and a 50°C group. We also set a blank group immersed in the 

buffer at 50°C in each group. After the first drying, we performed the second two-day drying. 

Table 13 records the weight losses of the samples. 

 
Table 13. Weight loss of samples under different conditions. 

Conditions Temp. °C 
Weight 

before. g 
Weight 
after. g 

Weight 
loss. g 

Loss 
percentage% 

MW 30 1.0282 1.0081 0.0201 1.95 
MW 50 0.9879 0.963 0.0249 2.52 

MW+ buffer 50 1.0083 1.0083 0 0 
original 30 1.0176 0.9457 0.0719 7.07 
original 50 1.0199 1.0142 0.0057 0.56 

original+ buffer 50 0.9764 0.9764 0 0 
 

In the weight records, each group reacting with the enzyme had varying degrees of weight 

loss. Combined with FTIR spectrum analysis (Figure 31), the weight loss percentage and the 

reaction degree reflected by the FTIR were inconsistent; thus, the weight loss percentage did 

not represent the reaction levels. 

 

From the analysis of the peaks’ intensity in the FTIR-ATR spectrum, the sample without 

microwave pretreatment had a more robust reaction. Under 30°C and 50°C conditions, PE 

could react with Laccase from aspergillus sp., and the reaction effect was equivalent. 
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Figure 31. FTIR spectrum of PE under different conditions. 

 

3.4.4 Enzymatic degradation of PE and PP 
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3.4.6 Laccase from aspergillus sp. can degrade PE 

The enzyme used in the experiment (Laccase from aspergillus sp.) was not specific for PE 

degradation reaction. The bonds attacked by the said enzyme included aromatic and non-

aromatic groups, making it extensively used. In another study (Mukherjee & Kundu, 2014), 

the researchers found that this enzyme and manganese peroxidase could degrade lignin, and 

in black water containing lignin, PE could likewise undergo degradation. In this experiment, 

we took out the enzyme separately to verify its reaction with PE. Eventually, the reaction was 

favourably surprising. 

 

3.4.7 Pretreatment inhibits the reaction 

Unlike mechanical degradation with PET, pretreatment did not promote the enzymatic 

reaction of PE, but instead had an inhibitory effect on it. The reason might be that pretreated 

PE produced unmeasured new products. These products could contain carbon-carbon double 

bonds, C=O bonds, or nitro groups; these functional groups were not the reaction sites of the 

enzyme. It resulted in the reaction to fail to occur, thus inhibiting the overall reaction. 

 

3.4.8 Flaws of the analysis methods 

Admittedly, for the enzymatic reaction of PE, the analysis methods were relatively simple. 

Considering various degradation reactions of PE kinds of products, we could not 

quantitatively analyse a specific product like PET. It entailed a lack of analytical methods in 

this experiment. Nonetheless, the analysis type was sufficient to prove the occurrence of the 

reaction. 

 

3.4.9 Conclusion 

In this experiment, we utilised various enzymes to process PE and PP. The results signified 

that laccase from aspergillus sp. could undergo a hydrolysis reaction with PE at 30-50°C, 

leading to PE depolymerisation to form new compounds containing alkanes and alcohols. 

Furthermore, microwave pretreatment had an inhibitory effect on this reaction. Meanwhile, 

PP could not react with these three enzyme groups. 
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Chapter 4: Conclusion 
 

Through a series of experiments, this thesis aimed to degrade three types of recyclable 

plastics: polyethylene terephthalate (PET), polyethylene (PE), and polypropylene (PP). After 

reading relevant literature, we determined the three significant parts of plastic degradation 

experiment. The first part involved the pretreatment experiment of plastic degradation. In this 

part, we attempted the ultraviolet irradiation method and used an oxidant in a microwave 

setting. The purpose was to determine a suitable pretreatment method conducive to further 

plastic degradation. In the second part, the degradation experiment of PET, we decided to 

refer to mechanical milling and utilised PET with commercial enzyme or hydrogen peroxide 

for ball milling to hydrolyse PET. The third part involved the degradation experiment of PE 

and PP. Since it would take a long time to produce specific enzymes artificially, and the 

operation was cumbersome, we decided to apply some existing commercial enzyme 

preparations for PE and PP degradation. 

 

Although some experiments led to no relevant results, we still developed or improved several 

methods to degrade the plastics, including mechanical methods to degrade PET, and 

commercial enzyme preparation (laccase from Aspergillus sp.) to degrade PE. 

 

First, we used acid to degrade plastics. Since plastic is a polymer, the required energy for 

degradation is relatively large, so we used microwaves to increase the reaction energy. The 

results proved that PET and PE can undergo degradation by reacting with nitric acid with a 

concentration of more than 50% under 800W microwave energy for 25 minutes. This reaction 

result is evident in the FTIR-ATR spectrum. Compared to another method (Kulyukhin, 

Gordeev & Seliverstov, 2020) that used a nitric acid atmosphere to degrade PET at a high 

temperature of 130-180 °C, which is the same temperature as ours, the said method requires a 

reaction time of 5-24hr. In this thesis, the step took only 30 minutes. 

 

After perusing various researchers' methods, we tried to degrade PET with sodium hydroxide 

and a ball mill, but the results were inconsistent with a related study (Štrukil, 2020). The 

hydrolysis ratio of PET obtained by Štrukil’s (2020) method was 99%; however, after 

repeated experiments, the hydrolysis yield of PET was less than 1%, and the same or similar 

results were not obtainable. We switched to another method, this time using a ball mill and 

commercial enzyme preparations to grind and age PET (Sandra, n.d.), utilising PET powder 
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and enzymes milling in a ball mill for 30 minutes and performing the aging process. The 

results indicated that such a method was feasible. On this basis, we improved the previous 

traditional aging reaction to wet aging in a solution environment. The ground sample was put 

into a 55°C oven for direct aging in the original method; however, we changed this step by 

placing the ground sample into a closed system and adding a little buffer, before placing into 

a 55°C oven. The results signified that the hydrolysis reaction yield of PET under wet aging 

operation was 13.5%, an increase of 13.2% compared with the yield of our repeated simple 

aging mode. We changed the aging method again, this time using RAging (Reactive Aging). 

The yield was 18.3%, which was similar to the experimental results of Sandra et al. (20%-

25%). We have verified that the relevant mechanical conditions, including the presence or 

absence of aging reaction, solid-liquid ratio, mill jar volume, stainless steel ball size, and 

number, could affect the reaction through dozens of repeated experiments. 

 

Considering with the previous microwave experiment, we repeated the mechanical 

degradation reaction several times with the PET sample pretreated by microwave. We used 

PET powder and 50% nitric acid to react in an 800w microwave for 30 minutes, then added 

Novozym® 51032 with buffer into the pretreated PET powder and repeated the mechanical 

hydrolysis. The remarkable result was that, after microwave pretreatment, the mechanical 

degradation reaction yield of PET could reach 65%. It is a new method that combines 

microwave pretreatment with mechanical milling, which can significantly degrade PET. The 

method did not take a long operation time and had a high yield. It is an improved method 

based on mechanically degrading PET. 

 

For PE and PP, we selected three commercial enzyme preparations, including laccase from 

aspergillus sp. and Manganese peroxidase from white-rot fungus (Phanerochaete 

chrysosporium). Laccase from Trametes versicolor may be targeted to polyolefins, and we 

screened out a commercial enzyme preparation for Laccase from aspergillus sp. that had a 

relatively noticeable degradation effect on PE. It could undergo degradation after only a few 

days of soaking. Compared to the experimental operation of Mukherjee & Kundu (2014), 

they mixed PE and black liquor containing lignin and produced a weight loss of PE under the 

co-soaking action of Laccase from aspergillus sp. and Manganese peroxidase. Our method 

only immersed PE in Laccase from aspergillus sp. and buffer; in this case, the PE sample 

could undergo degradation. This method did not require artificial induction of proteins or 
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bacteria to cultivate specific enzymes and had economic advantages. In future research, this 

method can be optimised and applied universally. 

 

In the entire experiment, we also irradiated the plastic with ultraviolet rays. After 168 hours 

of UV light irradiation at UVA-340nm, PET did not exhibit any significant change. Similarly, 

PE and PP did not change after three days of irradiation. Although the experiment had no 

apparent results, it still depicted that the UV irradiation time was long, and changes occurred 

only after 1,000 hours of continuous irradiation (Cai, Wang, Peng, Wu & Tan, 2018). This 

reaction was not efficient and was not suitable as a pretreatment operation for plastic 

degradation. 

 

In future studies, researchers can use microwave pretreatment and other methods to process 

the plastic first and then react, and the yield may be higher. For waste PET, it can 

significantly undergo degradation by grinding. At the same time, we propose the feasibility of 

using existing commercially available enzyme preparations to degrade PE. For the research 

of existing commercial enzymes, appropriate simple methods can significantly degrade waste 

PE. 
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Figure S 1. PE after 72hr irradiation with 3 different environments 

 

 
Figure S 2. PP after 72hr irradiation with 3 different environment 
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Figure S 3. FTIR spectrum obtained from 10%-35% nitric acid reaction with PET 

 
Figure S 4. FTIR spectrum obtained from 10%-35% nitric acid reaction with PP 
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Figure S 5. pyrolysis GC-MS spectrum of PET 

 
 

 
Figure S 6. The comparison of PET and PET after dry milling 
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Figure S 7. FTIR spectrum of PET powder milling with NaOH compare with PET blank 

 
 
 
 

 
Figure S 8. calibration curve of TPA standards operate by HPLC system 
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Figure S 9. FTIR spectrum of  PET hydrolysis with Novozym® 51032 + 5days aging 

 
 
 

 
Figure S 10. Calibration curve of TPA standard for aging sample test,  operate by Microsoft Excel 
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Figure S 11. HPLC spectrum about TPA standards and aging samples (1 of 3) 
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Figure S 12.  HPLC spectrum about TPA standards and aging samples (2 of 3) 
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Figure S 13. HPLC spectrum about TPA standards and aging samples (3 of 3) 

 
 
 
 
 
 
 
 

 
Figure S 14. Calibration curve of TPA standard for RAging  sample test,  operate by Microsoft Excel 
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