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Abstract 
 The global waste PET treatment has been highly dependent on exporting of waste 
PET to recycling sites situated in developing countries, which had caused dire 

environmental problems including terrestrial and marine pollution. The reason for this 
dependency is due to the lack of domestic recycling facilities in the exporting countries 

as a result of expensive and inconvenient treatment of non-recyclable PET. This study 
identified the issues of current waste PET treatments and initiated carbonization as an 

alternative treatment method. The main objectives of this study is to provide a new 
method for the effective utilization of non-recyclable PET through the “waste-treats-

waste” approach by (i) studying the fundamental experimental investigation and the 
mechanism of char formation of carbonization of PET, (ii) studying the applicability of 

the process on non-recyclable PET in the state closest to the “real-world”, and (iii) 
studying the gas adsorption ability of activated char obtained from PET carbonization. 

 
 Carbonization was chosen as the method for treatment of non-recyclable PET due to 

the valorization of waste PET and its potential of producing valuable carbon-based 

materials for various applications. The carbonization process of PET was studied 
comprehensively by conducting experimental studies in a laboratory scale batch 

reactor under varying conditions and conducting thorough analysis on the char, wax 
and gaseous product obtained from each operating parameter in variance. Findings 

showed that the physical properties of feedstock did not affect the product 
composition and char characteristics due to the singularity of the polymer in feedstock, 

which proves the advantages of carbonization of PET as a treatment method for 
feedstock with physical irregularity. Complete carbonization of PET was obtained at 

400-480°C to produce char with high carbon content. Based on the experimental 
results, the phase behavior of PET carbonization and the mechanism of char formation 

were clarified to reveal the decomposition of PET in which the release of CO due to 
decarbonylation leads to the formation of char whereas the release of CO2 due to 

decarboxylation leads to the formation of aromatic compounds in wax. 
 

 The applicability of carbonization on feedstocks in the state closest to the “real-world” 
was studied, in which UV degraded PET, colored PET and multilayer PET were chosen 
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as the study target due to the inapplicability of current recycling technologies to treat 

these materials. UV degraded PET was prepared based on the accelerated weathering 
test method and carbonization experiments were conducted in constant operating 

parameters. Results showed increasing fixed-carbon yield when PET was exposed to 
UV degradation. Carbonization of the colored PET showed slight decrease in fixed-

carbon yield compared to clear PET due to the presence of colorant additives whereas 
carbonization of multilayer PET showed no apparent change in char yield and fixed-

carbon yield in char. The findings indicated the potential benefits and applicability of 
carbonization on non-recyclable PET. 

 
 In order to evaluate the performance of non-recyclable PET through the “waste-

treats-waste” approach, char obtained from PET carbonization was activated using the 
conventional physical activation method to determine its CO2 adsorption ability. 

Findings showed that the maximum CO2 uptake in equilibrium and CO2 separation 
ability from stream of the activated char was comparable to commercial adsorbents 

and that temperature change had little to no effects on the adsorption of CO2 on the 
adsorbent. All experimental findings were summarized, and assessment based on the 

energy consumption and CO2 emission were conducted in order to determine the 
feasibility of PET carbonization in the realization of domestic circulation of waste PET. 

Results concluded that replacement of incineration with carbonization resulted in 

drastic cut in annual CO2 emission without causing a drastic decrease in economic 
value, which further affirms the advantage of carbonization in the treatment of waste 

PET. 
 

 This study was able to effectively treat non-recyclable PET by overcoming the issues 
of current treatments through carbonization to produce valuable carbon material, in 

addition to understanding the mechanism of char formation and evaluate the 
applicability of carbonized product through the “waste-treats-waste” approach. The 

outcomes of this study will be highly beneficial for the development of new materials 
from waste to encourage the improvement of the material value of other plastic wastes 

as a solution for the global plastic problems. 
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Chapter 1: Introduction 

1.1 Background and essentials of the research 
 The global PET bottle recycling is highly dependent on overseas factories, especially 

factories situated in China (Brooks et al., 2018). However, in 2018, China refused to 
import plastic waste, PET bottles included, due to environmental concerns. In 

response to the sudden ban, PET bottles are now being relocated to Southeast Asian 
countries, which had caused environmental problems including terrestrial and marine 

pollution, and health impacts due to the insufficient recycling capability of these 
countries (Parker, 2018). As a result, stricter regulation and import bans have been 

implemented, which prevents the export of PET bottles to other countries (Wang et 
al., 2020). It is now evident that exporting countries needs to decrease its dependency 

of overseas recycling factories and that domestic circulation of PET bottle recycling in 

exporting countries needs to be reinforced to ensure the sustainability of PET bottles. 
 

 The fact that domestic recycling industry in exporting countries are facing challenges 
such as expensive labor, vast land usage, and inability to provide cheap energy and 

water supply led to the dependency on overseas recycling factories. Another main 
reason for the diminishing PET recycling business in exporting countries is the 

treatment of non-recyclable PET bottles (Terazono and Oguchi, 2019).  
 

 Non-recyclable PET bottles include bottles with colored pigments, UV degraded 
bottles, bottles with multilayer structure and bottles with impurities on the surface. 

They are difficult to purify and separate; therefore, usually disposed of as combustible 
waste, thus causing the loss of profit in the recycling industry (NAPCOR, 2018). 

Incentives need to be taken to improve the material value of waste PET in order to 
boost up profit in the domestic recycling industry which leads to the decrease of 

dependency on exporting waste bottles to other countries. 
 

 In addition to non-recyclable PET bottles, items manufactured from post-recycled PET 
are often not recyclable. In most cases, PET bottles are downcycled into polyester 

fibers, sheet and molded product through conventional material recycling. Post-

recycled PET is used to manufacture plastic items such as disposable cups, clothing 
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wear, cushion, carpeting, etc. For example, it takes approximately 10 PET bottles to 

produce the total fibers needed to make a T-shirt (American Chemistry Council, Inc., 
2020). However, due to additives such as coloring and reinforcing agents, items 

produced from post-recycled PET are difficult to be recycled and are usually left for 
incineration or landfill. 

 
 Given the limitation of conventional recycling methods, non-conventional recycling 

methods should be reconsidered for the efficient recycling of waste PET. For one, 
carbonization should be considered as a new approach to improve the material quality 

of non-recyclable PET. Carbonization, or slow pyrolysis, is the thermal process for 
conversion of organic material to produce carbon-rich material known as char. 

Carbonization is widely used for solid waste treatment due to the temperature range 
sufficient for sterilization of waste, simplicity of the method, ease for bulk treatment 

and low energy input compared to thermal recycling. Char is a valuable precursor for 
activated carbon due to the high carbon content and absence of mineral matter. 

 
 Despite the numbers of researches on pyrolysis and carbonization of PET available, 

the inconsistency in temperature, residence time and reactor type indicate the 
complexity of carbonization process of PET for char formation and should be 

investigated in depth in order to obtain the conditions suitable for carbonization of 

PET for high char formation. Furthermore, current research lacks information 
concerning the mechanism of char formation from PET carbonization. In addition to 

the carbonization of non-recyclable PET, the effects of structural change due to long-
term exposure of UV light and the effects of dye pigment in the PET structure on the 

carbonization products are not known. 
 

1.2 Objectives of this study 
 The ultimate objective of this research is to improve the material value of non-

recyclable PET for the realization of domestic circular economy for PET recycling 
through carbonization of PET followed by activation into activated carbon as an 

effective adsorbent for carbon dioxide. Japan was chosen as the country of study due 
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to the high collection rate of post-consumed PET but high dependency on overseas 

recycling, thus exhibiting high potential for the realization of domestic PET recycling. 
 

 The current study aims to resolve five research questions (RQs):  
(RQ1:) What are the conditions needed for high char formation?  

(RQ2:) What is the mechanism for char formation?  
(RQ3:) How applicable is the method to actual feedstock?  

(RQ4:) How efficient is the method for carbon capture and sequestration? 
(RQ5:) Is carbonization a potential method for treatment of non-recyclable PET? 

 
 These unresolved problems motivated this research and it has five objectives: 

1) To investigate the effects of operating parameters, namely feedstock properties, 
reaction medium, temperature and residence time, on the carbonization of 

commercial clear PET as model feedstock in a laboratory scale batch reactor. 
2) To clarify the mechanism of char formation based on the product composition 

and properties to predict the extent of carbonization at specified conditions.  
3) To investigate the effects of carbonization of non-recyclable PET (UV degraded 

PET, colored PET and multilayer structured PET) on the product composition, 
namely char yield. 

4) To conduct activation of char and to study the gas adsorption ability of product 

in order to evaluate the capacity of carbon dioxide adsorption. 
5) To assess the contribution of this process to the environment in terms of energy 

consumption and carbon dioxide emission. 
 

 The contribution of this work is to provide a new method for the effective utilization 
of non-recyclable PET through the “waste-treats-waste” approach, a method of 

developing new materials from waste for the purpose of solving environmental 
concerns. This will help mitigate the dependency of thermal treatment, leading to the 

decrease of greenhouse gas emission and also prevent illegal dumping of plastic 
wastes which consequently contributes to solving microplastic pollution. The 

clarification of the carbonized products and the study of the carbonization process are 
expected to significantly contribute to the understanding of char formation, which 
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includes improving the char yield of product composition for the future development 

of efficient carbon utilization technologies. This study will potentially become an 
incentive to encourage the improvement of the material value of other plastic wastes 

as a solution for the global plastic problems. 
 

1.3 Structure of the dissertation 
 The scope of this research covers the fundamental experimental investigation on PET 

carbonization, the clarification of char formation mechanisms, the effect of non-
recyclable PET on the carbonized product and the investigation of gas adsorption 

properties of activated char and the assessment of environmental and economic 
aspects. The overall structure of this dissertation is shown in Figure 1-1.  

 
 Chapter 1 contains the general information in brief, background of the research and 

the essentials of this research, where the current situation and problems of PET bottle 
recycling are highlighted. Information of carbonization reaction is briefly introduced in 

Chapter 1. Research objectives are explained under 5 specified objectives.  

 
 Chapter 2 provides the intensive insight of the global plastic waste generation, its 

impacts on the environment, the current PET bottle recycling technologies and the 
current issues of PET recycling. This chapter also gives an in-depth review on the 

fundamental knowledge of carbonization of PET, its current challenges, the potential 
utilization of carbonized product as activated carbon and the prospects of the method.  

 
 Chapter 3 introduces all consumed materials, experimental methodologies and 

analytical methodologies applied in the study for each sub-section in detail. Procedures 
of carbonization reaction, activation reaction and gas adsorption experiment are 

explained including schematic diagrams. Chapter 3 is referred for the other chapters 
for describing the methodology applied in each chapter. All analytical procedures 

followed in the study are also explained. This chapter provides information that is vital 
as a guidance for the follow up of future research of current study.  
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 Chapter 4 is the experimental investigation under controlled conditions. The step of 

investigation is described. This chapter focuses on effects of feedstock variance, 
operating temperature, holding time and reaction medium on carbonization 

performance. The effects of each parameter on the properties and characteristics of 
carbonized product were also studied in depth and reported.  

 
 Chapter 5 describes the reactions and char formation mechanisms involved in the 

process based on theory and experimental results obtained from Chapter 4, specifically, 
through the visualization of reaction pathways using the van Krevelen diagram and 

proposing a new theory of cross-linking behavior. In this chapter, the derivation of 
equations was presented, and the cross-linking analysis based on the experimental 

results was conducted.  
 

 Chapter 6 is the extension of experimental investigation of Chapter 4 using feedstock 
in the state closest to the “real-world” feedstock, namely feedstock with dye pigments, 

UV degraded feedstock and feedstock with multilayered structure. This chapter 
focuses on the effects of the “real-world” feedstock on carbonization performance and 

the properties of product composition.  
 

 Chapter 7 is the experimental activation of char products obtained from Chapter 4 

under controlled conditions. This chapter focuses on the adsorption studies of different 
types of gas components in order to determine the adsorption capacity and selectivity 

of the activated char. This chapter reports the char surface properties before and after 
activation, the CO2 adsorption isotherm of activated char based on the bench-scale 

static adsorption method, and the CO2 breakthrough curves of activated char were 
obtained based on the bench-scaled dynamic adsorption method. A simple 

mathematical model was applied to predict the CO2 breakthrough curves and to obtain 
the overall mass-transfer coefficient and effective diffusivity.   

 
 Chapter 8 focuses on the contribution of carbonization as an alternative method for 

treatment of non-recyclable PET to the environment based on estimations of energy 
consumption and CO2 emission of the PET recycling system through a simple 
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estimation study. The results in Chapter 4 and 7 were applied to estimate the 

theoretical expense and energy consumption for an assumed industrial scale 
carbonization facility. The economic assessment and CO2 emission estimation were 

conducted based on the life-cycle assessment method. This chapter also described 
the boundary conditions and limitations such as maximum capacity of the processes. 

 
 Finally, Chapter 9 shows the overall conclusions of the present study. The 

recommendations for the future studies were provided by considering the overall 
outcomes of the studies from this research.  
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Figure 1-1: Structure of the dissertation. 
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Chapter 2: The challenges for domestic circulation of PET bottle 

recycling 
2.1 Introduction 
 In waste management, four basic approaches: reduce, reuse, recycle of material and 
recover of energy are used in order to control environmental impacts. However, 

current issues involving plastic pollution have yet to be resolved despite the available 
management and waste flow of plastic. This chapter gives an insight on the current 

plastic waste problem, types of approaches for plastic waste management, the current 
technologies of recycling PET bottles and their limitations. This chapter also describes 

the process carbonization, as a new approach for managing non-recyclable PET 

through utilization of the carbon product, the potential and limitation of the process. 
 

2.2 Plastic waste generation and the environmental impacts 
2.2.1 Global plastic generation 

 Plastic products have substituted materials such as paper and wood in various 
manufacturing industries because of their advantages including high durability, light 

weight, high insulation properties, low cost and ease of mass production. As shown in 
Figure 2-1, the annual production of plastics globally reached 359 million tons by 

2018. Asia accounts for more than half of the plastic production, where China is the 
largest plastic producer (30%), followed by North America (18%), Europe (17%) and 

the rest of Asia (17%). Japan is producing 4% of the global plastic product. Overall, 
annual growth rate of the world’s plastic production is approximately 4%. 

 
Figure 2-1: Global plastic production in 2018 (Plasticseurope, 2019). 
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2.2.2 Types of plastics and their uses 

 The main types of plastic products are low-density polyethylene (LDPE), high-density 
polyethylene (HDPE), polypropylene (PP), poly(ethylene) terephthalate (PET), 

polyvinyl chloride (PVC) and polystyrene (PS). 
 

 LDPE is made from the monomer ethylene with density range of 917-930 kg/m3 
(Malpass, 2010). LDPE is mainly used to make thin film products such as product 

packaging, grocery bags, agricultural film etc. LDPE has the lowest tensile strength 
and durability compared to other plastics on the current market.  

 
 HDPE is also made of the monomer ethylene with higher degree of branching 

compared to LDPE. HDPE has a density range of 930-970 kg/m3 (Malpass, 2010), 
therefore is slightly more durable and stretchable than LDPE. It is widely used in 

manufacturing ropes, fishing nets, toys and liquid packaging. 
 

 PP is made of the monomer propylene with density range of 895-920 kg/m3 (Tripathi, 
2001). It is durable, flexible, heat and acid resistant, and is used to make laboratory 

equipment, automotive parts, medical devices and food containers. 
 

 PET consists of polymerized units of the monomer ethylene terephthalate, with 

repeating (C10H8O4) units. It has high transparency and durability; and is non-toxic, 
therefore, widely used in beverage and food packaging. Density of PET is 1380 kg/m3, 

which makes mechanical separation such as froth floatation difficult (Zhao et al., 
2018a). 

 
 PVC consists of polymerized units of the monomer vinyl chloride and has the highest 

durability and heat resistance properties compared to all plastic products and is widely 
used in building construction and automotive interiors (Chanda and Roy, 2006). PVC 

comes in two basic forms: rigid (density range 1300-1450 kg/m3) and flexible (1100-
1350 kg/m3). 
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 PS is made of monomer styrene with density range 960-1050 kg/m3 (Scheirs and 

Duane, 2003). PS is heat resilient and light weight and is widely used in food packaging, 
construction and medical appliances. 

 
 According to the World Wide Fund (WWF, 2018), plastic waste takes hundreds of 

years to naturally decompose. Figure 2-2 shows the examples of plastic waste and 
their consequent lifetime in the nature. Plastic bags and disposable coffee cups made 

up of LDPE take approximately 20 to 30 years to decompose. The decomposition time 
increase to 200 years for plastic straws made up of PP, 400 years for plastic rings 

made up of HDPE and 450 years for plastic cup lids made up of PS. It takes 500 years 
for coffee pods and plastic bottles made up of PET to decompose naturally. The WWF 

also estimated that the annual production of waste plastic for an individual is roughly 
130 kg, in which approximately 30 kg of the waste plastic ends up in the ocean. 

Measures need to be taken to minimize the amount of plastic wastes from entering 
the terrestrial and marine environment which will cause inevitable damage to the 

ecosystem. 
 

 
Figure 2-2: Examples of plastic waste and their consequent lifetime to naturally 

decompose (WWF, 2018). 
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2.2.3 Management of plastic wastes  

 Figure 2-3 shows the waste management hierarchy enacted by the United States 
Environmental Protection Agency for the purpose of focusing industry, government 

and the public on source reduction rather than treatment and disposal. In the order 
from the most preferable waste management methods to the least preferable waste 

management methods, is source reduction, recycling, energy recovery, treatment 
(without energy recovery) and disposal or landfill. 

 
Figure 2-3: Waste management hierarchy (EPA, 2011). 

 
 In the management of plastic waste, Prata et al. (2019) also stated that reducing 

plastic litter inputs by source-reduction and proper management of plastic waste are 
vital solutions to restore the oceans. However, the continual increase of plastic 

production and consumption indicates that there is still lack of public awareness in the 
importance of reducing plastic litter and management of plastic waste still needs 

improvements to completely tackle terrestrial and ocean pollution. On the other hand, 
landfill of plastic waste is generally considered to be the least desired approach in 

plastic waste management (Zhu et al., 2016a; Chirayil et al., 2019) due to the potential 

of leachate and waste accumulation in both terrestrial and marine environment. As a 
result, recycling of plastic waste is currently the most frequently used approach in the 

management of waste plastic. 
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 There are four main approaches for recycling of plastic wastes as shown in Figure 

2-4. They are primary, secondary, tertiary and quaternary recycling (ASTM, 2000). 
Primary, secondary and quaternary recycling are the well-established, currently 

available conventional recycling methods, whereas tertiary recycling is the new or less 
conventional method in the recycling industry. 

 
Figure 2-4: Various approaches for recycling of plastic waste (Singh et al., 2017). 

 

Conventional recycling methods 
 Primary recycling is the recycling of clean, uncontaminated, single-type waste, and it 

remains the most popular due to the simplicity and low cost of operation. However, 
one of the biggest challenges of primary recycling is the selection and segregation of 

wastes. Therefore, unused plastic products, or factory rejects are the most common 

feedstock in primary recycling. Products converted from waste plastic is expected to 
have performance level comparable to that of original products made from virgin 

plastics. (Al-Salem et al., 2009) 
 

 Secondary recycling is the conversion of waste plastics into product having less 
demanding performance requirements than the original material. For example, PET 



 14 

bottles are recycled into fibers and sheets with less durability to be used as new plastic 

product. Primary and secondary recycling is directly related to reducing the cost and 
environmental impacts of production and extraction of natural resources.  

 
 Quaternary recycling is the incineration of a plastic to reclaim heat energy, in which 

some scientists do not consider this method of approach as recycling. (Kumar et al., 
2011; Lamberti et al., 2020) 

 
Non-conventional recycling methods 
 The non-conventional recycling methods in tertiary recycling include pyrolysis, 
cracking, gasification and chemolysis. Chemical and thermal recycling are the main 

approaches of the available tertiary recycling technologies. In chemical recycling, 
chemolysis and gasification have been studied to extract raw materials and fuel gas 

(Hahladakis et al., 2020). In thermal recycling, pyrolysis or carbonization have been 
studied mainly for the extraction of oil product. 

 
 Despite the numbers of available solutions and alternatives, plastic waste problem is 

yet to be resolved and has been causing harm to the ecosystem. 
 

2.2.4 Terrestrial and marine pollution due to plastic wastes 

 The plastic waste in the marine ecosystem has led to the newly emerging issue of 
microplastic. Since the recent 10 years, scientists are focusing on the source of 

microplastic emissions and their characterization.  
 

 Wagner et al. (2014) had estimated that approximately 80% of the marine plastics 
originate from inland sources and are emitted by rivers to the oceans. Karbalaei et al. 

(2018) had also stated that a wide range of microplastics are found in terrestrial 
ecosystems owing to a plethora of anthropogenic activities. Under environmental 

conditions, larger plastic items degrade to microplastics, fragments defined to be 
smaller than 5 mm in diameter (Thompson et al., 2004). Microplastics are of special 

concern due to the increase in bioaccumulation potential with decreasing fragment 
size. Microplastics may be ingested by various organisms of different sizes ranging 
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from plankton to fish, followed by fish to birds and mammals, and accumulate 

throughout the food web (Wright et al., 2013). The ingested microplastics will cause 
contamination due to chemical additives and organic pollutants, leading to negative 

impacts on the public health (Oehlmann et al., 2009; Bakir at al., 2012). Avery-Gomm 
et al. (2019) had pressed on the importance of reducing waste generation at land-

based source and that the current waste management system needs to be improved. 
 

 A global voluntary ocean clean-up association, Ocean Conservancy (2019) has 
reported the quantity of ocean wastes collected in a global scale as seen in Figure 2-

5. Based on the report, the top 5 ocean plastic waste collected were cigarette butts, 
plastic food wrapper, beverage PET bottle, plastic straw and beverage bottle cap. 

Based on the reported numbers, the weight of each ocean plastic waste was estimated 
and the weight distribution is shown in the same figure. Based on the results, beverage 

PET bottle, with average weight of 26 g per bottle, accounted for more than 50% of 
the total plastic waste found in the ocean. Note that the items are calculated based 

on the reported weight as shown in Table 2-1. 

 
Figure 2-5: Global ocean clean-up result reported by Ocean Conservancy (2019) 

and estimated weight distribution of the top 10 reported ocean plastic wastes. 
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Table 2-1: Estimated weight of targeted items. 

Items Weight Reference/Notes 

Cigarette butt 0.31 g Slaughter et al. (2011) 

Food wrapper* 5.0 g - 
Beverage bottle (500 mL) 18.71 g Islam et al. (2018) 

Straw 0.42 g Borenstein (2018) 
Bottle cap 2.62 g Current study 

Grocery bag 5.0 g EPA (2011) 
Plastic utensil 5.2 g BKS Plastics Ltd. (2020) 

Other plastic bag* 5.0 g - 
Coffee Lid 3.23 g Rodden (2010) 

Plastic cup 18.0 g Knox (2019) 

*Estimated using the weight of grocery bag. 
 

 Based on the data presented, beverage bottles or PET bottles make up more than 
half of the total weight of the top 10 plastic waste found in the ocean. This has led to 

serious marine pollution due to the long span PET bottles need to degrade naturally. 
The current management of waste PET bottles needs to be studied in depth in order 

to determine the issues of current waste PET bottle management and find a suitable 
solution to the problem. 

 

2.3 PET bottle recycling and the current issues 
2.3.1 Conventional PET bottle recycling 
 In conventional recycling of PET bottles, PET bottles undergo separation and cleaning 

process as shown in Figure 2-6 to obtain processed products in the form of flakes or 

pallets. The separation process includes separating materials other than PET such as 
vinyl chloride bottles and colored bottles followed by intensive cleaning process to 

remove any foreign contamination from entering the recycling process. This is to 
ensure the high-quality production of recycled PET materials. Flakes are obtained after 

thorough cleaning and drying process while pellets are formed by melt granulation of 
flakes. Flakes and pallets are used as raw materials in the manufacturing of new plastic 

products such as fabrics and plastic sheets. In conventional material recycling 
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processes, it is inevitable that frequent recycling of PET will decrease the quality of 

PET resin due to contamination by additive compounds and degradation of PET 
polymer chains. The complete removal of contamination and intensive quality check 

is essential to produce new plastic products, especially for processes like the Bottle-
to-Bottle (BtoB) mechanical recycling, a process in which waste PET bottles are 

recycled into new bottles. Bottle-to-Fiber (BtoF) mechanical recycling, on the other 
hand, is the conventional material recycling approach of waste PET bottles. 

 
 Pellets obtained from recycling PET bottle are popular raw material for manufacturing 

various plastic products. However, among the PET bottles collected, colored PET 
bottles and bottles with visible surface damage due to natural weathering are 

considered to be a nuisance among recyclers due to the limited end use of the material 
(Hahladakis et al., 2020). For example, in the manufacture of fabric for clothing or 

fillers for bedding items, mixing of small traces of colored fibers will largely decrease 
the trading value of the item (Kojima, 2018). On the other hand, bottles with visible 

surface damage will decrease the quality of PET resin due to the degradation of PET 
polymer chains (Venkatachalam et al., 2012). In the separation line of most recycling 

factories, recyclers will separate and remove colored PET bottles and bottles with 
visible surface damage before entering the pulverization process. And these rejected 

PET bottles will either be incinerated or disposed in landfills.  
 

 
Figure 2-6: Main processes in a conventional PET bottle recycling. 
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2.3.2 Global dependency of China’s PET bottle recycling factories 

 Waste PET bottles are recognized as one potential source of resource supply to the 
modern society compared to other plastic wastes due to the singularity of the material. 

PET recycling created businesses for various entities in the global trading market, 
where one of the largest PET recycling businesses was focused in China (Velis, 2014). 

China needs affordable post-consumer PET products over expensive virgin PET resin 
in order to be recycled into new plastic products to meet the increasing demand for 

plastic products. On the other hand, bottle exporters such as Japan, America, Canada 
and some European countries needed exporting destination in which countries with 

lower environmental standard is preferred to export the countries’ PET wastes (Furfari, 
2016; Huang et al., 2020). And conveniently, China provided the necessities for PET 

recycling and resource utilization due to the ability of the country to provide cheap 
labor, inexpensive energy and water source, and also vast land usage (Hoornweg et 

al., 2005). For decades, exporting countries have been over-dependent on exporting 
their PET waste to China (Naustdalslid, 2014; Qi et al., 2016). For instance, Japan has 

reported a high recycling rate of 84.5% for PET bottles in 2017. However, out of 500 
thousand tons of PET bottles recycled, approximately 201 thousand tons of PET bottle 

were sent to overseas recycling factory for recycling, where most of the recycling 
factories were situated in China. An overturn event in 2018, China refused to import 

plastic wastes, PET bottles included, due to environmental concerns (Brooks et al., 

2018). In response to the sudden ban on import of plastic wastes, plastic wastes in 
exporting countries stockpiled due to the lack of ability to treat plastic wastes locally. 

As a result of saturation of local recycling and collecting sites, rich countries are now 
facing major problems in managing their plastic wastes (Wang et al., 2019). 

 
2.3.3 Global response to China’s ban on plastic waste imports 

 On December 31, 2018, China had implemented new policies for import restriction of 
plastic waste, including plastic scraps from daily life to promote the effective use of  

environmental-friendly resource and to improve the solid waste management for the 
prevention of environmental pollution that would consequently affect the health of 

people in China (Ministry of Ecology and Environment, 2018). One of the factors for 
the change in policy was reported to be due to the detection of foreign contaminants 
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in plastic scraps by the custom officials in China that may pose a danger to the public 

health and also the detection of use of false import permits by illegal importers (Japan-
China Environment Service Center, 2017).  

 
 This restriction has prevented countries from exporting any waste PET bottle to China, 

even if the bottles are processed, separated and cleaned properly. Although China 
restricted the import of flakes and bales, the import of processed plastic material such 

as pellets is still permitted. As a result, bottle collectors and flake processors migrated 
their material to countries in East Asia and Southeast Asia to be processed into pellets 

before importing them back into China. Morita and Hayashi (2018) confirmed that the 
route for trading plastic scraps and material recycling transitioned from route between 

Japan and China to route between Japan and China via Southeast Asian countries. 
 

 In response to the transition of recycling route, authorities in Southeast Asian 
countries warned on the sudden increase of plastic waste import, including PET bottles 

along with increasing numbers of illegal plastic waste recycling plants (The Edge 
Malaysia, 2019). However, countries such as Thailand and Malaysia have temporarily 

halted the import of waste PET bottle due to concerns over the environmental issues 
related to possible illegal dumping of low quality and non-recyclable PET bottles.  

 

 Some countries have taken measures to reduce plastic waste production and improve 
domestic recycling towards circular economy solutions. For example, in Germany, a 

new law that focuses on reducing packaging waste was enforced to reach a target of 
70% reusable beverage packaging. In France, a penalty system for non-recyclable 

plastic will be introduced and only recycled plastic will be used for packaging by 2025. 
 

 However, others have maintained their stance in exporting plastic waste and shifted 
to export plastic waste to other countries. In the UK, China’s ban on plastic waste has 

forced the country to shift its waste export to other Asian countries, especially Malaysia 
and Indonesia. (Wang et al., 2019). For the US, exportation of plastic wastes has also 

shifted from China to Malaysia and Thailand. 
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 In Japan, as of now, export destinations have shifted from China to Southeast Asian 

countries such as Malaysia and Vietnam (Figure 2-7). It is inevitable to say that Japan 
has reached the maximum capacity of recycling their own waste, not just PET bottles 

but also other plastic scraps. An official statement was made by the Japanese 
authorities to permit municipals to incinerate plastic scraps, including PET bottles due 

to the accumulation of the waste as a temporary measure to curb the increase volume 
of plastic waste (The Containers and Packaging Recycling Law, 2019; Mainichishinbun, 

2019). This could cause potential harm to the environment due to the increase of CO2 
emission from incinerators.  

 
 Furthermore, regulations are now in place for the trade of mixed plastic scrap 

between countries, as agreed in the latest Basel Convention signed by over 180 
countries, thus further reducing the ability to export plastic waste and increasing the 

need for local solutions. Countries are now facing challenges to prevent, minimize and 
properly manage plastic waste for the benefit of the environment and human health, 

and needs to be conducted through domestic circular economy. The development of 
a domestic circular economy will ensure the reduction of production of new plastics 

and the replacement of virgin resin using recycled resin, which will ultimately lead to 
the prevention of plastic pollution in addition to curbing CO2 and greenhouse gas 

emissions (Avery-Gomm, 2019). Incentives need to be taken to shift PET bottle 

recycling to domestic circulation.  

 
Figure 2-7: Amount of export PET flakes from Japan categorized by different 

countries (The Council for PET bottle recycling, 2019). 
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2.3.4 Domestic circulation of PET recycling in Japan 

 As mentioned, waste PET bottles are the most highly demanded resource and it is 
high time that countries should secure the resource and provide the most efficient and 

reliable recycling system in the nation without relying on other counties through the 
domestic circulation of PET. This section gives an insight on Japan’s unique PET bottle 

recycling system. 

 
Figure 2-8: Estimated recycling flow of PET bottles from collection to regeneration 

in Japan in 2018 (The Council for PET Bottle Recycling, 2019). 
 

 In Japan local municipalities and private collectors each play vital parts in recycling 
PET bottles. Based on the data collected by the Council for PET Bottle Recycling in 

2018, an estimated material flow of PET bottle is summarized in Figure 2-8. Note 

that the mass balance was not conserved due to the weight which may include labels 
and caps of the bottles. Total post-consumer PET bottles were estimated to be 572 

kton based on the collection rate. Bottles collected by both local municipals and private 
collectors were sorted based on the Classification Standard (refer to Appendix A) 

and handed over to local recycling factories either handed directly or handed through 
the Japan Containers and Packaging Recycling Association, a government-designated 

organization to consign a specified recycler to conduct recycling of designated PET 
bottles. The total amount of PET bottles exported was unclear, however, was 

estimated to be 85 thousand tons. Approximately 74% of PET bottles recycled either 
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overseas or locally were estimated to be sent to China as raw material due to the high 

demand of plastic products.  
 

 One of the reasons that some bottles are not collected by registered designated 
bodies is that PET bottles disposed in public places such as convenience stores and 

public trash bins near vending machines are not separated and cleaned properly, thus 
losing its recycling value (Takahasi et al., 2013). To avoid loss and extra payment for 

proper treatment, some entities turn to hand over these PET bottles to non-registered 
private collectors. These non-registered collectors will then send the PET bottles to 

overseas recycling factories through unknown route to make profit, thus resulting in 
the environmental pollution of the import country (Terazono and Oguchi, 2019). 

 
2.3.5 Challenges and improvements 

 In Japan, domestic circulation of PET recycling should be reviewed and reinforced in 
order to improve the current PET bottle recycling system. A major problem in the 

conventional recycling system that needs to be addressed is the lack of proper 
treatment of non-recyclable PET. Non-recyclable PET such as colored bottles, dirty 

bottles and bottles exposed to UV degradation have no recycle value and are usually 
processed as waste in Japan (Terazono et al., 2011). Since Japan has very limited 

landfill, normally, thermal management treatment or exportation to other countries 

are expected for non-recyclable PET. Incinerating non-recyclable PET are cost and 
energy intensive, not to mention causing environmental impact due to emission of 
toxic Polycyclic Aromatic Hydrocarbon, PAH gases (4000 𝜇g-PAH/g for 1 g of PET 

incinerated, Zhou et al., 2015) and greenhouse gases. Exportation of bottles to other 
countries will cause leachate to the terrestrial and marine environment. Development 

for a better and more appropriate method for processing non-recyclable PET is still 
needed to improve the recycling routes of both recyclable and non-recyclable PET.  

 

 Given the limitation of conventional recycling methods, non-conventional recycling 
methods should be reconsidered for the efficient recycling of waste PET. For one, 

carbonization should be considered as a new approach to improve the material quality 
of non-recyclable PET. 
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2.4 Carbonization of PET: Challenges and limitations of current 

technologies  
2.4.1 Tertiary recycling of PET 

 Tertiary recycling is usually used to convert plastic wastes into smaller molecules, 
usually liquid or gases. Here, an advanced thermo-chemical treatment method, 

namely pyrolysis will be discussed (Al-Salem et al., 2017).  
 

 Pyrolysis is defined as the process where thermal degradation of long chain organic 
materials occurs in inert atmospheres. Products of pyrolysis are typically categorized 

as gases, tars or wax, and char. Tar or wax is a mixture of aromatic hydrocarbons 
with molecular weight greater than benzene. The production of combustible gases or 

oil with high calorific values through pyrolysis adds advantage to the reduction of 

landfilling of plastic wastes. (Yoshioka et al., 2004; Anuar Sharuddin et al., 2016). 
 

 Pyrolysis of PET has been studied widely by various scientists (Vouvoudi and Dimitris, 
2019; Ding et al., 2020). For one, Cepeliogullar and Putun (2013) have explored the 

potential of PET in pyrolysis process to produce liquid oil, known as wax using fixed-
bed reactor at 500°C with continuous flow of nitrogen gas. It was reported that the 

wax and gaseous product were the main product of PET pyrolysis. The main 
component of wax, benzoic acid was a general sublime with deteriorated fuel quality 

that clogs pipes and heat exchanger, thus resulting in serious problems in industrial 
scale (Wan Ho, 2015; Anuar Sharuddin et al., 2017). Furthermore, the high oxygen 

content in PET attributes to the high CO2 formation during pyrolysis, thus decreasing 
the heating value of combustible gas. Compared to its plastic counterparts such as PE 

or PP which can be effectively converted into high quality pyrolysis liquid oil (Williams 
and Slaney, 2007; Rehan et al., 2017; Sogancioglu et al., 2017), pyrolysis and 

liquefaction of PET produced mainly gaseous products consisting of carbon dioxide 
and carbon monoxide, wax with high corrosive properties and low fuel quality, and 

solid residue.  
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 Up till now, solid residue, or also known as char, from PET pyrolysis is considered a 

by-product which can only be utilized as alternative fuel source. However, most recent 
studies have reported the potential of producing carbon-based materials from PET for 

various applications (Djahed et al., 2016; Moura et al., 2018; Wen et al., 2019). 
Despite the recent trend of the numbers of possibilities of utilizing char, solid product 

from pyrolysis has yet to be explored intensively. The process of producing char 
through pyrolysis, also known as carbonization, will be discussed. 

 
2.4.2 Carbonization of PET  

 Carbonization, or slow pyrolysis is the thermal process for conversion of organic 
material to produce carbon material, or better known as char, which can be used as 

reductant in metallurgical processes, soil amendment and precursor of active carbon 
(Skreiberg et al., 2018). The carbon products include amorphous carbons, also known 

as non-graphitic carbon, and graphitic carbon (Zhuo and Levendis, 2014; Zhou et al., 
2020; Chen et al., 2020). Different from pyrolysis, the primary target product of 

carbonization is char whereas liquid and gaseous products are defined as by-products.  
 

 The char yield and extent of carbonization is largely dependent on the feedstock 
properties and operating conditions. Operational factors include type of reactor, 

residence time, temperature and pressure of operation, and experimental conditions 

such as heating rate of the process.  
 

Types of reactor 
 There are numbers of studies on the thermal degradation study of plastic materials 

conducted using lab or pilot scale reactors such as the fluidized bed reactors, fixed 
bed reactors, batch and semi-batch reactors, and conical spouted bed reactors. Mostly 

pyrolysis studies have intensively focused on the extraction of oil and non-condensable 
gas (Blazsó et al., 2002; Saha et al., 2008; Hujuri et al., 2010; Kaminsky and Kim, 

1999; Kaminsky et al., 2004). Micropyrolyzers and thermogravimetric analysers (TGA) 
are usually used for laboratory-scale pyrolysis studies to determine the decomposition 

behavior and kinetic parameters of plastics (Blazsó et al., 2002; Saha et al., 2008; 
Hujuri et al., 2010). On the other hand, medium to large scale plants such as the 
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fluidized bed units are used to study the feasibility of the pyrolysis process on plastic 

material for the implementation of method in industrial scale (Kaminsky and Kim, 
1999; Kaminsky et al., 2004).  

 
 On the other hand, batch reactors have been reported as non-cost effective as the 

frequent charging of the feedstock is required, increasing labor cost of the process 
(Fogler, 2010). Although batch reactors can suffer from various set-backs such as cost 

energy requirements and feedstock supply, batch reactors have been used to a great 
extent in lab-scale applications, since they are usually easier to design and operate. 

Furthermore, they enable to work with samples with variance in sample types and 
particle sizes, which are closer conditions to those of potential industrial applications. 

 
Residence time 
 The residence time of the feedstock material in the reactor is one of the main 
governing factors that affect carbonization. Al-Salem and Lettieri (2010) and Ludlow-

Palafox and Chase (2001) both reported that during HDPE thermal degradation in TGA 
setups, longer residence time resulted in the increase of non-condensable gases. On 

the other hand, according to Onwudili et al. (2009), the effect of residence time on 
the degradation of LDPE and PS was studied and it was observed that long residence 

time was sufficient for secondary reactions to occur and crack oil for gas and char 

production. Overall, residence time is one important factor in the carbonization 
process of plastic materials. 

 
Temperature 
 Temperature controls the main decomposition behavior of plastic material (Al-Salem 
et al., 2017). Temperature is an important operating parameter as it is highly 

associated with the cracking reaction of the polymer where the carbon molecule bonds 
dissociate and volatilize from the surface of the polymer (López et al., 2011). 

Westerhout et al. (1997) had studied thermal degradation process on various 
polymers such as PE, PP and PS and reported that at higher temperatures the 

influence of product concentration, polymer type and residence time on product 
distribution were insignificant compared to the influence of temperature. Scott et al. 
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(1990) conducted thermal degradation process of PVC, PS and PE and observed that 

at temperatures lower than 700°C the major part of the product yielded was solid, 
whereas at higher temperatures the main product was gas. The degradation profile of 

material based on the TGA analysis is often used in determining the suitable operating 
temperature of thermal degradation process of materials. 

 
Reaction medium 
 Carbonization or pyrolysis process is normally conducted in nitrogen atmosphere 
(Vivero et al., 2005; Encinar and González, 2008; Çit et al., 2010; Dimitrov et al., 

2013; Cepeliogullar and Putun, 2013; Fakhrhoseini and Dastanian, 2013; Ko et al., 
2014). This is due to the reasons that nitrogen is an inert and conductive medium in 

the reaction which leads to less energy input requirement as compared to other gases 
such as CO2 and CO (Huang et al., 2018). On the other hand, pyrolysis reaction in 

steam medium had been reported to produce promising carbon adsorbents due to the 
high penetration of steam into the carbon structure, which leads to the formation of 

micropores in the adsorbents (Warhurst et al., 1997; Alkhatib et al., 2011; Lam et al., 
2019). This suggests the potential of formation of adsorbents with high porosity from 

PET through carbonization using steam medium. However, this is in contradiction with 
the fact that pyrolysis in steam atmosphere leads to higher oil yield (lower char yield) 

of PET due to the progression of hydrolysis reaction (Kumagai et al., 2014; 2015). 

Clarification and comparison of characteristics of char products obtained through 
carbonization using nitrogen and steam medium is needed. 

 
Pressure 
 Pressure of reactor is often altered in the thermal degradation of polymer for the 
gasification process. It has been reported in the past that the average molecular 

weight of the gaseous products decreases along with the increase in operating 
pressure (Murata et al., 2004). Most research on carbonization are conducted at 

atmospheric pressure to avoid secondary cracking of char and wax which leads to the 
gasification of product. Antal’s group (Mok and Antal, 1983; Antal et al., 2000; Wang 

et al., 2011;), however, had intensively studied the effect of pressure on pyrolysis 
product, and had discussed that high yields of char were obtained when pyrolysis of 
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biomass feedstock was conducted at elevated pressure in a closed vessel. Maintaining 

the pressure in the closed vessel is a vital factor for the formation of char in 
carbonization. 

 
Heating rate  
 In most cases of thermal degradation of plastic material, as the heating rate increases, 
the yield of char and the yield of wax decrease whereas the yield of gases increases 

(Encinar and González, 2008; Fakhrhoseini and Dastanian, 2013; Ko et al., 2014). One 
of the reasons is the fact that higher heating rate increases the degradation process 

of feedstock, resulting in the increased production of gaseous product. Yield of char 
can be maximized by conducting carbonization at low heating rates. 

 
 Table 2-2 lists the reviews from past researches on the operating conditions and 

product composition of PET pyrolysis. These studies were carried out using TGA and/or 
electric furnace where external heat was provided throughout the process under 

controlled heating rate and temperature.  
 

 Based on the past researches, low heating rate evidently contributes to the high yield 
of char compared with other operating parameters. Despite the numbers of researches 

on pyrolysis and carbonization of PET available, the inconsistency in reaction medium, 

temperature, residence time and reactor type indicate the complexity of carbonization 
process of PET for char formation. In addition, as far as what had been reviewed, the 

effects of these parameters on char characteristics are not available. Therefore, it is 
of great interest to investigate the conditions suitable for carbonization of PET for high 

char formation and the properties of char produced. 
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Table 2-2: Operating conditions and product composition of thermal degradation of 

PET from past researches.  

Reactor 
Type 

Tempe-

rature 
[°C] 

Heating 

Rate 
[°C /min] 

Product Composition 
[wt%] 

REF 

TGA, 

nitrogen 
flow 

600 3 Char: 18 
Vivero et 
al. (2005) 

TGA,  

nitrogen 
flow 

800 

5 
10 

15 

20 

Char: 9.37; Wax: 39.02; Gas: 51.61 
Char: 8.28; Wax: 35.40; Gas: 56.32 

Char: 5.75; Wax: 29.71; Gas: 64.54 

Char: 5.63; Wax: 29.16; Gas: 65.21 

Encinar 
and 

González 

(2008) 

TGA, 

nitrogen 
gas flow 

600 

 
5 Char: 12.0 

Dimitrov 

et al. 
(2013) 

TGA, 
nitrogen 

flow 

850 
3 
5 

8 

Char: 24 
Char: 22 

Char: 21 

Ko et al. 

(2014) 

Fixed bed 

reactor, 

nitrogen 
flow 

400 

500 

600 
700 

10 

Char: 13; Wax: 62; Gas: 25 

Char: 7; Wax: 65; Gas: 28 

Char: 5; Wax: 60; Gas: 35 
Char: 5; Wax: 50; Gas: 45 

Çit et al. 

(2010) 

Fixed bed 
reactor, 

nitrogen 
flow 

500 10 Char: ≅0; Wax: 23.1; Gas: 76.9 

Cepeliogu
llar and 

Putun 
(2013) 

Fixed bed 

reactor, 
nitrogen 

flow 

500 

6 
8 

10 
12 

14 

Char: 9.0; Wax: 38.9; Gas: 52.1 
Char: 8.1; Wax: 34.2; Gas: 57.7 

Char: 7.5; Wax: 32.1; Gas: 60.2 
Char: 6.6; Wax: 30.3; Gas: 63.1 

Char: 5.7; Wax: 29.2; Gas: 65.1 

Fakhrhos

eini and 
Dastanian 

(2013) 

Note that liquid product, tar and other condensable volatiles are all defined as wax 
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2.4.3 Mechanism of PET carbonization 

 In the formation of char, several processes are included. They are (a) cross-linking, 
(b) aromatization, (c) fusion of aromatics, (d) turbostratic char formation and (e) 

graphitization.  
 

 In cross-linking, H2O molecule forms from the scission of OH group from the feedstock. 
For example, in the pyrolysis of cellulose (Chaiwat et al., 2009), H2O molecule 

produced by dehydration forms cross-linking in the cellulose structure at 
approximately 300ºC.  

 
 Aromatization is the fusion of aliphatic carbons to form polycyclic aromatic 

hydrocarbons. The formation of char through aromatization is complex and usually 
conducted in the presence of catalysts. An example of method for aromatization is the 

Diels-Alder reaction.  
 

 In fusion of aromatics, light aromatic compound can combine directly with H2 
abstraction-C2H2 addition to produce PAH. An example of fusion of aromatics is shown 

in Figure 2-9, where benzene phenyl is converted to pyrene through the H2 
abstraction-C2H2 addition. 

    

 
Figure 2-9: Molecular mass growth processes to PAH through H2 abstraction-C2H2 

addition (Zhao et al., 2018b). 
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 Turbostratic and graphitic carbon structures are shown in Figure 2-10. Turbostratic 

char refers to incomplete process of graphitization, where solid spheroids appear in 
the molten carbonaceous material, typically at 500-700ºC (Dasgupta and 

Sathiyamoorthy, 2013; Schimmelpfennig and Glaser, 2001). Most of the char formed 
during combustion of polymeric materials is reported to have similar traits to the 

turbostratic char.  
 

 
Figure 2-10: Schematic illustration of turbostratic and graphitic carbon structures 

(Adapted from Dasgupta and Sathiyamoorthy, 2013). 
 

 Aromatic rings are the building blocks from which char is produced. Feedstock with 
large numbers of aromatic rings will give a high char yield (van Krevelen, 1975). 

Thermal decomposition of materials usually begins with the elimination of small 
molecules (H2O, CO2, CO, CH4) to form unsaturation in the feedstock chain, which can 

lead to cross-linking (Kovarskaya et al., 1975), and subsequently, progression of 
carbonization.  

 
 In the case of PET, it is often described as a polymer that undergoes random chain 

scission and volatilization of low molecular weight fragments such as benzoic acid, 

acetaldehyde, CO, CO2, ethylene and methane. The theory and product of thermal 
degradation of PET are discussion in several studies (Çit et al., 2007, 2010; Brems et 

al., 2011; Dimitrov et al., 2013). However, up till today, there are no clarification on 
the structure of the char product, or the subsequent carbonization mechanism to form 

char. The study of the carbonization process of PET is vital for the understanding of 
char formation from thermal decomposition of PET in order to improve the yield of 

char for the development of efficient carbon utilization technologies. 
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2.5 Waste PET-derived activated carbon and its uses  
2.5.1 Activation of carbon 
 Basically, there are two main steps for the preparation and manufacture of activated 

carbon, firstly, the carbonization of carbonaceous material at approximately 800°C in 
the absence of oxygen to obtain solids with high carbon content, followed by the 

activation of the carbonized product (char), which is either physical or chemical. 
 

 Physical activation is a two-step process which involves the carbonization of a 
carbonaceous material followed by the activation of the resulting char at elevated 

temperature in the presence of suitable oxidizing gases such as CO2, steam, air or 
their mixtures. CO2 is usually used as the activation gas due to the reasons that it is 

clean, easy to handle and it facilitates control of the activation process due to the slow 
reaction rate at temperatures around 800°C (Zhang et al., 2014). However, most 

researchers reported that the activated carbons produced by physical activation did 
not have satisfactory characteristics in order to be used as adsorbents or as filters 

(Haykiri-Acma et al., 2005; Ioannidou and Zabaniotou, 2007). 

 
 In the chemical activation process, the carbonization and activation steps are usually 

carried out simultaneously. The precursor mixed with chemical activating agents, as 
dehydrating agents and oxidants followed by pyrolyzing/activating of the material. 

Chemical activation offers several advantages since it is carried out in a single step, 
combining carbonization and activation, performed at lower temperatures and 

therefore resulting in the development of a better porous structure, although there 
are reported environmental concerns of using the chemical agents for activation. 

 
2.5.2 Utilization of waste PET-derived activated carbon 

 Up until recently, char derived from PET carbonization has been reported to have 
high potential of producing carbon-based materials for various applications (Djahed et 

al., 2016; Wen et al., 2019; Moura et al., 2018). For one, researchers worldwide have 
been focusing on the “waste-treats-waste” method, a novel approach for the 

development of new materials from waste for the purpose of solving environmental 
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concerns. Table 2-3 shows the most recent studies in chronological order that have 

described the uses of activated carbon derived from waste PET. 
 

Table 2-3: Past researches on the uses of activated carbon derived from waste PET. 

Precursor 
Activation 

method 
Target adsorbate/absorbate REF 

Waste PET bottle KOH activation Methylene blue dye from 

aqueous solution 

Djahed et al. 

(2016) 

Waste PET bottle KOH activation 

Steam activation 

p-nitrophenol and Fe(III) 

from aqueous solution 

Mendoza-

Carrasco et 

al. (2016) 

Char from PET 

carbonization 

N/A Methylene blue and acid blue 

25 

El Essawy et 

al. (2017) 

Char from PET 

carbonization 

CO2 activation Cephalexin from aqueous 

solution 

Rai and Singh 

(2018) 

Waste PET 

powder 

ZnCl2 activation 

K2CO3 activation 

Methylene blue and victoria 

blue B dye from aqueous 
solution 

De Castro et 

al. (2018) 

Char from PET 

carbonization 

CO2 activation CO2 from flue gas Moura et al. 

(2018) 

Char from PET 

carbonization 

KOH activation CO2 from flue gas Kaur et al. 

(2019a,b) 

 

 The production of activated carbon from waste PET is most advantageous in terms 
of low to zero cost of the raw material. The valorization of waste PET is also beneficial 

in terms of providing a new usage to the waste and omitting the need for costly 
conventional treatment (Coelho et al., 2011; Singh et al., 2017; Wang et al., 2019). 

In addition to providing an alternative usage to the material, producing activated 

carbon from waste PET can consequently provide better waste treatment method with 
contrast to the conventional waste treatment method which includes landfilling and 

thermal treatment. This is highly attractive as an incentive to solve environmental 
problems caused by plastic waste.  
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2.5.3 Carbon capture through waste PET-derived activated carbon 

 The production of carbon-based adsorbents from char derived from PET carbonization 
is highly promising for the separation of CO2 from gas source due to the high content 

of carbon and negligible ash content in its chemical structure (Mendoza-Carrasco et 
al., 2016). Owing to their hydrophobic nature, carbon-based materials are not strongly 

affected by moisture compared to alumina-silicate based adsorbents such as zeolites 
(Xu et al., 2013). 

 
 CO2 capture from power plants is considered a leading candidate for helping mitigate 

global climate change caused by anthropogenic CO2 emissions. This can be achieved 
through cyclic adsorption in fixed beds, or also known as Pressure Swing Adsorption 

(PSA), which is now a relatively mature technology, and is advantageous in terms of 
flexibility to be retrofitted to any CO2 source given the optimization of adsorption 

column to ensure acceptable energy demand and cost (Shen et al., 2012; Bui et al., 
2018). PSA process consists of numbers of cycle steps – adsorption, co- and counter-

current pressurization, co- and counter-current depressurization, purge, etc. (Kuroda 
et al., 2018), which enables the selective separation of components from gas stream 

onto an adsorbent at elevated pressure and desorption at low pressure (Aaron and 
Tsouris, 2005; Ho et al., 2008; Li et al., 2011). 

 

 Utilization of carbon-based adsorbents from char derived from PET carbonization is 
highly beneficial in terms of cost reduction in the manufacturing of adsorbents, which 

is essential for the realization of highly efficient, low-cost and wide usage of PSA 
system for CO2 capture.  

 
2.5.4 Domestic PET recycling with carbon capture   

 Figure 2-11 shows the schematic of the domestic PET recycling with carbon 
reduction and integrated biomass power plant proposed in this study. In the proposed 

ideal design, biomass power plant with energy recovery from waste plastic is 
integrated with PET recycling plant in order to maximize the efficiency of energy usage 

and carbon capture capability, in addition to minimize transportation frequency of 
plastic waste (PE, PP, PS and PET). PET recycling plant, which recycles PET into new 
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plastic product will be incorporated with carbonization and activation plant to produce 

activated carbon from non-recyclable PET. This allows the treatment of all collected 
PET wastes and prevents any possible outflow of PET waste from the system. PSA 

system is proposed for post-combustion CO2 capture in this study due to the maturity 
of the technology and the capability of utilizing waste PET-derived activated carbon 

produced in this cycle. The exhausted activated carbon is sent to permanent storage 
in order to minimize the emission of carbon into the atmosphere. 

 

 
Figure 2-11: Schematic of the domestic PET recycling with carbon reduction and 

integrated biomass power plant. 

 
 In most cases, industries and policy makers are hesitant to increase installment of 

carbon capture facilities due to the general perspective of perceiving captured CO2 as 
having negative economic value. In fact, captured CO2 can be used for various 

positive-value applications though the approach known as CO2 capture and utilization 
(CCU) (Aresta and Dibenedetto, 2010; Li et al., 2016a,b). There are numbers of 

facilities that utilize CO2 for various applications including food and beverage industry 
and some in chemical production for example urea and methanol (GCCSI, 2017a). 

Other CO2 utilization includes mineral carbonation, cultivation of crops and algae 
(GCCSI, 2016) and industrial processes such as fertilizer production, ammonia 

production and ethylene glycol plants. CO2 is also a popular, non-toxic solvent for 

extraction (Peters et al., 2011). CO2 utilization is a potential resource conservation 

CO2-PSA
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strategy, in which the captured CO2 displaces fresh CO2 that would otherwise have to 

be extracted from natural sources (Bruhn et al., 2016). 
 

 Carbon Capture and Sequestration (CCS) or Carbon Capture and Utilization (CCU) 
plays an important role in decarbonizing the industry sector in order to meet the 

climate change commitment of limiting warming to less than 2°C, based on the 21st 
Conference of Parties (COP21) or the Paris Agreement, which had set a reduction 

target of 60% for CO2 emissions (UNFCCC, 2016). Numbers of integrated assessment 
models have been conducted and conclude that CCS or CCU is vital to the long-term 

solution of climate change. Although there are currently only 37 CCS projects at 
various stages in the Americas, Europe, Middle East and Asia-Pacific (GCCSI, 2017b), 

these numbers of projects are expected to increase due to the speculation of 
implementation for carbon taxes and economic incentives under the principle of the 

polluter pays in a global scale (Grimaud and Rouge, 2014). These incentives are 
expected to add increased financial value to the domestic PET recycling and carbon 

capture cycle proposed in this study. 
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2.6 Chapter summary 
 This chapter highlights the continuing plastic waste problem and the resulting 
pollution to the ecosystem despite the numbers of available solutions and alternatives. 

Based on previous studies and data provided by scientific and non-governmental 
community, marine pollution due to waste PET bottle is a drastic matter and it is clear 

that the current management of waste PET bottles needs to be improved and domestic 
circulation of PET recycling needs to be reinforced in order to ensure the sustainability 

of PET usage and improve the marine and terrestrial environment. A major problem 
in the conventional PET recycling system is addressed – that is, the lack of proper 

treatment of non-recyclable PET. Subsequently, carbonization of PET was suggested 
as a new approach to improve the material quality of non-recyclable PET and the 

overall PET recycling system. Carbonization – a thermal degradation process, similar 
to pyrolysis for the production of carbon-based material was reviewed in depth. The 

operating parameters of different plastic materials including type of reactor, residence 
time, temperature and pressure of operation and heating rate of the process based 

on previous studies were studied and summarized. It is known that low heating rate 

and using batch type reactor (sealed reactor) contributes to the high yield of char. 
However, due to the inconsistency of available researches, the effects of feedstock 

properties, residence time and temperature on char formation are unknown. 
Furthermore, the effects of the operating parameters on the properties of char and 

the mechanism of char formation are not well understood. Moreover, so far, there are 
no researches on the carbonization of the real feedstock, that is, non-recyclable PET 

such as colored PET and UV degraded material. Therefore, the experimental work was 
conducted in this study to determine the product distribution and properties of product, 

and to clarify the mechanism of char formation in PET carbonization. 
 

 The final section of this chapter summarized the potential of waste PET-derived 
activated carbon from most recent studies. The utilization of waste PET-derived 

activated carbon was focused in the carbon capture using PSA system. The section 
gives an insight on the possibility of developing current method for the realization of 

domestic PET recycling with negative CO2 emission from environmental, social and 
economic aspect. 
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Chapter 3: Experimental methodology 
 This chapter describes the experimental equipment and procedures for carbonization, 
activation and gas adsorption experiment. The fundamental analysis of feedstock and 

products from the process (char, wax and gas) are also included in this chapter. 
 

3.1 Materials and reagents 
3.1.1 Types of feedstock 

 Feedstock used in this study consisted of commercial PET bottle with variance in 
structure, color and feedstock preparation. Table 3-1 lists the label, description and 

treatment of feedstock. Carbonated drink bottle was employed in this study as a 
representative material which is closest and most abundant material in PET bottle 

recycling. The representative material was treated with various methods such as UV 

exposure to imitate the waste material in the “real-world”. The details of feedstock 
preparation and characterization are further explained in Chapter 6. 

   
Table 3-1: Label of feedstock used for each chapter. 

Chapter Description 
Feedstock 
treatment 

4 

Carbonated Drink bottle, Asahi Soft Drinks Co., Ltd. Minimal treatment 
Drink bottle, Coca-Cola Central Japan Co., Ltd. Minimal treatment 

Mineral Water bottle, Suntory Beverage & Food Ltd. Minimal treatment 

Carbonated Drink bottle, Asahi Soft Drinks Co., Ltd. 
Compressed into 

small bulk 

Carbonated Drink bottle, Asahi Soft Drinks Co., Ltd. 
Cut in uniform 

pieces 

6 

Carbonated Drink bottle, Asahi Soft Drinks Co., Ltd. Minimal treatment 

Carbonated Drink bottle, Asahi Soft Drinks Co., Ltd. 
UV exposure, 

Minimal treatment 

Carbonated Drink bottle, Nestlé Waters Co., Ltd. 

Separation of 

layer, Compressed 
into small bulk 
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(a) Carbonated 

Drink bottle, Asahi 

Soft Drinks Co., 
Ltd.  

(𝑑( = 0.40 mm) 

(b) Carbonated Drink 
bottle, Coca-Cola 

Central Japan Co., 
Ltd 

(𝑑( = 0.40 mm) 

(c) Mineral Water 
bottle, Suntory 

Beverage & Food 
Ltd 

(𝑑( = 0.15 mm) 

(d) Carbonated 
Drink bottle, 

Nestlé Waters 
Co., Ltd. 

(𝑑( = N/A) 

Figure 3-1: Types of commercial bottles used (𝑑( denotes as wall thickness). 

 

   
Minimal treatment Compressed into small bulk Cut into uniform pieces 

Figure 3-2: Types of feedstock treatment. 

 
3.1.2 Preparation of UV degraded PET 

 For the preparation of UV degraded PET, accelerated weathering test was conducted 
based on the ASTM D 4329-05 (ASTM, 2005) using 500 mL commercial PET bottles 

as shown in Figure 3-3.  

 
Figure 3-3: Schematic diagram of accelerated weathering test. 

Power 
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Plug-in 
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 A UVA lamp (18.2 W/m2 at 365 nm) was placed inside a test chamber which was 

filled with hot vapor of water. PET bottles were exposed to repeated cycles of 8 hr 
exposure to UV radiation at 60ºC followed by 4 hr water condensation at 50ºC. Note 

that radiant dosage for 1 year accelerated weathering was calculated based on the 
annual mean UV exposure in Japan which was reported to be 9111 kJ/m2 in 2018 

(CGER/NIESS, 2018). The following assumptions are considered to determine the total 
years for natural weathering of PET:  

(i) The annual mean UV radiant exposure (UVA: 315-400 nm) in Tsukuba, Japan 
for 2018 reported by Center for Global Environment Research, National 

Institute for Environmental Studies (CGER/NIESS, 2018) is 9111 kJ/m2. 
(ii) The irradiance is controlled at a narrow wavelength range using a UVA-365 

lamp with artificial weathering test being conducted at 18.2 W/m2 at 5 cm at 
365 nm. 

(iii) Variation due to time-of-day, seasonal change and geographical variations are 
neglected for ease of calculation. 

 
 Based on the fundamental principle that UV intensity and distance from light source 

follow the inverse square law, the intensity of exposure by UVA-365 lamp (18.2 W/m2 

at 0.05 m) can be expressed as 

 𝐼 =
0.0455
𝑟<  (3-1) 

 
 Therefore, the average intensity of exposure from UVA-365 lamp to the surface of 

PET can be expressed as 
 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 =
∫ 𝐼	𝑑𝜃<A
'

∫ 𝑑𝜃<A
'

=
0.0455
𝑑< − 𝑟< (3-2) 

, where 𝑑 is the distance of the center of PET bottle from light source whereas 𝑟 is 

the radius of PET bottle. Detailed derivation of equation is presented in Appendix B.  
 

 The accelerated weathering will then be calculated using the equation below, and 
Table 3-2 shows the total UV exposure and total years in accelerated weathering. 
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𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒	𝑏𝑦	𝑈𝑉𝐴
𝐴𝑛𝑛𝑢𝑎𝑙	𝑚𝑒𝑎𝑛	𝑈𝑉	𝑟𝑎𝑑𝑖𝑎𝑛𝑡	𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒	(𝑇𝑠𝑢𝑘𝑢𝑏𝑎)	 =

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑒𝑑	𝑤𝑒𝑎𝑡ℎ𝑒𝑟𝑖𝑛𝑔	𝑖𝑛	𝑑𝑎𝑦𝑠
𝐷𝑎𝑦𝑠	𝑖𝑛	𝑎	𝑦𝑒𝑎𝑟  (3-3) 

 
Table 3-2: Summary of accelerated weathering test expressed in total hours in UV 

exposure and total years in accelerated weathering. 

Distance of sample 

from UVA lamp* 

Total UV 

exposure 

Accelerated 

weathering 
Label 

[m] [hours] [years]  

0.084 – 0.15 144 0.21 UV0.2 

0.084 – 0.15 416 0.59 UV0.6 
0.084 – 0.15 1640 2.34 UV2.3 

0.025 – 0.091 528 4.17 UV4.2 
0.025 – 0.091 816 6.45 UV6.5 

0.025 – 0.091 1088 8.60 UV8.6 

*Measured from the top surface to the bottom surface of bottle. 

 
3.1.3 Reagents 

 For sampling and analysis, acetonitrile (HPLC standard), benzoic acid, acetophenone, 

benzene, toluene, biphenyl and fluorene, all obtained from Fujifilm Wako Co., Japan 
were used in present study. Ultrapure water was prepared from Direct-Q 3UV water 

purification system (Merck Ltd.).  
 

 For comparison study in the gas adsorption experiment, commercial activated carbon 
(AC-GH2x, Osaka Gas Chemicals Co. Ltd., Japan) and zeolite (Zeolite 5A, Fujifilm Wako 

Co., Japan) were prepared. AC-GH2x is steam activated charcoal made from coconut 
shell. Zeolite 5A is an alkali metal aluminosilicate with calcium form of A crystal 

structure. All adsorbents were kept at dry condition at 373 K. 
 

 Gas components used in this study were CO2 (99.5%), N2 (99.99%), CO2-N2 (20 CO2-
vol%, N2 balance), and CO2-CO-CH4 (20 CO2-vol%, 20 CO-vol%, 20 CH4-vol%, N2 

balance), in which all were provided by Suzuki Shokan Co., Ltd., Japan. 
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3.2 Carbonization experiment 
3.2.1 Reactor set-up 
 Experimental study focuses on carbonization of feedstock in laboratory-scale reactor. 

The carbonization system is shown in Figure 3-4 and Figure 3-5. The reactor was 
employed to investigate the effects of operating parameters in Chapter 4 and to 

investigate the effects of different feedstock in Chapter 6. 
 

 The autoclave reactor with inner volume of 1.95 L was made of stainless steel 
(SUS316). The reactor was equipped with an inlet for N2 displacement and an outlet 

for gaseous products. The outlet was connected to a heat exchanger followed by a 
gas-liquid separator, back pressure regulator and to a gas bag for collection of gaseous 

products. A ceramic crucible (φ90) to hold the feedstock was placed inside the reactor. 
A band heater was supplied with 200 V, providing maximum heating power of 2.6 kW. 

Two type-K thermocouples were installed, where the thermocouples were positioned 
at the center and at the outer wall of the autoclave reactor. Maximum temperature is 

preset as 500°C for outer wall as safety measures. Pressure transducer (Keyence AP-

10S) was equipped to measure the reactor pressure. The autoclave reactor was 
covered with heat resistant jacket for insulation. According to the safety regulation, 

the autoclave reactor can withstand pressure up to 10 MPa, which covers for the safety 
operating limits of this study. 

 
Figure 3-4: Experimental set-up of carbonization system. 
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Figure 3-5: Photo of carbonization system. 

 

3.2.2 Experimental procedure 
 Experimental operations for PET carbonization were conducted as follows. Batch 

mode runs (Valve 1 and 2 closed) were initiated by heating the reactor from room 
temperature to set temperature under heating rate of 1ºC/min. After reaching the set 

temperature, the condition was kept constant until the predefined time. Note that 

holding time was set to start when temperature reaches the set temperature. 
Parameter selection was based on the decomposition profile of PET as shown in 

Appendix C. In this study, three experimental points were taken for the temperature 
ranges of 320-400°C as low operating temperature, 360-440°C as moderate operating 

temperature, and 400-480°C as high operating temperature. The operating 
temperatures are expressed in the temperature range between the inner reactor and 

the band heater. For example, 400-480°C indicates the target temperature of reactor 
to reach 400°C using a band heater set at 480°C. The temperature distribution of the 

inner reactor in equilibrium is shown in Appendix D. After the reaction, gaseous 
products were collected in aluminum gas bags (GL Sciences Inc., Japan) while wax 

was collected from the gas-liquid separator. Char was collected from the reactor after 
cooling overnight. Char and wax were weighed and stored in airtight containers before 

subjected to analyzation. Mass of gas was calculated based on the reactor pressure 
and composition in the gaseous product. Note that wax was taken as the balance from 

char and gas due to the large amount of residual wax that was solidified in the pipes 
of the reactor. For char, calorific value, ultimate and proximate analysis, FT/IR spectra 

were obtained. For wax, calorific value and ultimate analysis were obtained, while 
GC/MS and HPLC analysis were used for qualification and quantification of the 

compounds. Gaseous products were analyzed using GC/TCD and GC/FID. 
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3.3 Activation experiment 
3.3.1 Reactor set-up 
 The experimental equipment for physical activation of char is shown in Figure 3-6. 

The experimental set-up was fabricated using Swagelok fittings (SUS316, Swagelok 
Co., Japan) and leak proof tested. The experimental set-up was placed in a muffled 

furnace (NEW-2C, Hayashi Denko Co. Ltd, Japan), and connected to the gas supply 
chain. The carrier gas used were pure N2 (99.99%, 47 L) and CO2 (99.5%, 40 L), both 

provided by Suzuki Shokan Co., Ltd., Japan. Char used for activation was obtained 
from carbonization under condition reported in Chapter 4.  

 
Figure 3-6: Experimental set-up of activation operation. 

 
3.3.2 Experimental procedure 

 The furnace was heated up from room temperature to 900ºC in 100 mL/min-STP N2 
flow. After reaching 900ºC, N2 was replaced with CO2 at flow of 100 mL/min-STP to 

allow burn-off of char for 120 min. The yield of activated char after burn-off was 
calculated. The change in CHN composition was also analyzed. Surface properties of 

activated char was analyzed through the BET/BJH method and morphology changes 

was observed through SEM analyzation. Activated char obtained were applied in 
consequent gas adsorption experiment. 
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3.4 Analysis of feedstock and product 
3.4.1 Sample analysis 
3.4.1.1 Fourier transform infrared spectroscopy 

 Infrared spectroscopy by attenuated total reflection, ATR-FT/IR (FT/IR-6800, Jasco, 
Japan) was conducted for the structural analysis of sample surface. The analysis was 

conducted in the Department of Applied Chemistry, the University of Tokyo.  
 

3.4.1.2 Microscopic analysis  
 Surface of PET with variance in UV exposure was examined using a Zeiss Axioskop 2 

(Carl Zeiss, Germany) microscope to observe the formation of microcracks formed due 
to UV degradation. The analysis was conducted in the Laboratory of Aquatic Biology 

and Environmental Science, the University of Tokyo. 
 

3.4.1.3 Tensile test  
 Tensile strength was obtained using an EZ test tensile tester (Shimadzu, Japan) to 

determine the extent of degradation of PET. The analysis was conducted in the 

Laboratory of Polymeric Materials, the University of Tokyo. Tensile test was conducted 
by applying force to sample with both ends clamped in fixed position and pulled slowly 

at constant extension rate until it breaks. Based on the extent of stretching, the force-
extension curve was plotted, where properties such as yield stress, elongation of the 

material at yield, stress at break and elongation at break were determined.  
 

3.4.2 Solid product analysis 
3.4.2.1 Proximate analysis 

 Proximate analysis is conducted to the determination of moisture, ash, volatile matter 
and fixed carbon in char. The analysis follows the standard method for analysis of coal 

and coke, ASTM D271-46 (ASTM, 1970). In the preparatory step, char was crushed 
using a grinder to pass through an 840 𝜇m sieve. The moisture of char was determined 

by placing 5 g of char contained in a porcelain crucible into an isothermal oven heated 
at 105ºC for 1.5 hr. The percentage of moisture in the char was calculated and used 

to obtain other results at dry basis. After drying, the porcelain crucible containing the 
dried char was placed in a muffle furnace at room temperature and heated to 750ºC 
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for 2 hours. The porcelain crucible with the remains from char was then placed to cool 

in desiccator and weighed to obtain the percentage of ash.  
 

 On the other hand, the volatile matter was determined by placing 1 g of dried char 
contained in a sealed porcelain crucible into a heated furnace chamber at 950ºC for 7 

min. After heating, the crucible was removed from the furnace and cooled in a 
desiccator. The loss of weight is the volatile matter.  

 
 The fixed carbon content was calculated by difference as below equation. 

 %𝑓𝐶 = 100 −%𝑉𝑀 −%𝐴𝑠ℎ(𝐶ℎ𝑎𝑟) (3-4) 
, where %𝑓𝐶: fixed carbon content; %𝑉𝑀: volatile matter content; %𝐴𝑠ℎ(𝐶ℎ𝑎𝑟): ash 

content in char. The fixed carbon content is presented on ash-free basis, whereas 
others are reported in whole dry sample basis. The representation of char yield is 

often misleading because the chemical composition of char is not defined. As a 
response, fixed-carbon yield of char was calculated based on the equation, which was 

defined by Antal et al. (2000), given as  
 𝑦>/ = 𝑦,=)7 a

%𝑓𝐶
100 −%𝐴𝑠ℎ(𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘)b (3-5) 

, where 𝑦>/: fixed-carbon yield; 𝑦,=)7: yield of char; %𝐴𝑠ℎ(𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘): ash content 

in feedstock. In many cases, fixed-carbon yield is a more significant parameter to 
indicate the carbonization efficiency because the parameter represents the efficiency 

realized by the pyrolytic conversion of ash-free organic matter in the feedstock into a 
relatively pure, ash-free carbon (Antal and Gronli, 2003). 

 
3.4.2.2 Ultimate analysis 

 Ultimate analysis was conducted through an Elemental Analyzer (CE-440F, Sci Globe, 
Japan) to obtain the elemental composition in the Department of Applied Chemistry, 

the University of Tokyo. Approximately 2 mg of sample dried overnight were placed 
in an alumina crucible, sealed lightly and fixed into the auto sampler. The equipment 

was operated at 980ºC for the combustion oven and 620ºC for the reduction oven. 
Calibration of equipment was conducted using Acetanilide to give 71.09% Carbon, 

6.71% Hydrogen, 10.36% Nitrogen and 11.84% Oxygen. 
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3.4.2.3 Heating value analysis 

 The higher heating value (HHV) of the product was determined using a calorimeter 
(1013-J, Yoshida Seisakusho Co., Ltd.). The calorimeter was based on ASTM D271-46 

and was equipped with a combustion bomb, covered in a water-jacket kept at 25ºC 
to protect the calorimeter from atmospheric temporal change. Approximately 1 g of 

sample, dried overnight, was covered in tissue paper held up with ignition wire and 
was set in the combustion bomb. The combustion bomb was filled with oxygen to 2 

MPa to allow sufficient burning of samples. Standardization of the equipment was 
conducted for each run by using a tablet of benzoic acid to give approximately 26.454 

MJ/kg. The value obtained was recorded as the HHV. Note that HHV is calculated with 
the product of water being in liquid form while lower heating value (LHV) is calculated 

with the product of water being in vapor form. 
 
3.4.2.4 Fourier transform infrared spectroscopy 
 Fourier transform infrared spectroscopy, FT/IR (FT/IR-6800, Jasco, Japan) was 

conducted for the structural analysis of solid surface. The analysis was conducted in 
the Department of Applied Chemistry, the University of Tokyo. Note that FT/IR using 

KBr method was used for char samples. 
 

3.4.2.5 Scanning electron microscope 
 Scanning electron microscope, SEM (IT100SEM, JEOL Ltd., Japan) was used to 

investigate the surface morphology changes of char before and after activation. The 
analysis was conducted with the assistance of electron microscope laboratory of the 

Institute for Solid State Physics, the University of Tokyo. 
 

3.4.2.6 Powder X-ray diffraction analysis 

 The chemical composition of ash was examined using XRD (SmartLab, Rigaku, Corp.). 
The instrument was conducted with the assistance of X-ray analysis laboratory of the 

Institute for Solid State Physics, the University of Tokyo. The analysis was carried out 
with a voltage of 40 kV, an electrical current of 30.0 mA, degree range of 10º to 90º, 

and the analysis rate of 4°/min. 
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3.4.2.7 BET/BJH analysis 

 The surface area, total pore volume, and pore size distribution of PET-AC were 
determined using a Belsorp-mini II device (MicrotracBEL, Japan) based on the 

Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH) 
adsorption/desorption methods. The analysis was conducted in Otomo Laboratory, the 

University of Tokyo. 
 

3.4.3 Wax product analysis 
3.4.3.1 Ultimate analysis and heating value analysis 

 The ultimate value and HHV of wax were obtained with similar methods presented in 
char analysis.  

 
3.4.3.2 Gas chromatography mass spectroscopy 

For identification, the wax obtained was extracted using dichloromethane and 
analyzed using GC/MS (GC-2010; Shimadzu, Capillary Column: Aquatic, 60 m × 0.32 

mm; GL Science) to identify the components. High purity helium was used as carrier 
gas (9 mL/min); the injector temperature was 180ºC with splitless injection of 1 μL; 

the temperature program for GC oven started at 40ºC holding for 2 min, then raised 
at 5ºC/min to 180ºC and held for 15 min. Peaks were identified by using NIST02 Mass 

Spectral Library (Shimadzu) of the GC/MS system. 

 
3.4.3.3 High performance liquid chromatography 

 For quantification, wax was extracted using acetonitrile, filtered and analyzed through 
high-performance liquid chromatography (HPLC). The eluent (acetonitrile:deionized 

water=4:1) was delivered at a flowrate of 1.5 mL/min to an Inertsil ODS-3 column 
(GL Science) heated to 40ºC and detected at 254 nm using the UV detector (UV-2070; 

Jasco, Japan). 
 

3.4.4 Gas product analysis 
3.4.4.1 Gas chromatography with thermal conductivity detector 

 Gases were analyzed using gas chromatography with thermal conductivity detector, 
GC/TCD (GC-2014, Packed Column: Shincarbon ST, 4.0 m ×3 mm; Shimadzu, Japan). 
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Argon was supplied as the carrier gas at a flow rate of 30 mL/min. The analytical 

conditions were as follows: both injection part temperature and detection part 
temperature were set constant at 170ºC. Column temperature was held at 60ºC for 7 

min and increased at the rate of 20ºC/min to 160ºC and held for 5 min. Data of 
retention time, peak area and percent of substance was printed out by Chromatopac 

integrator (Shimadzu C-R8A) connected to the gas chromatograph. 
 

 The GC/TCD was routinely calibrated for analysis of H2, N2, CO, CO2 and CH4 using 
standard gas mixture containing 20 CO2-vol%, 15 CO-vol%, 4 CH4-vol%, 6 H2-vol% 

(balance N2) provided by Tatsuoka Co., Ltd. Standard gas mixture was released into 
250 mL aluminum gas bag with Teflon valve and port (GL Science, Japan) and the gas 

was drawn using a gas tight syringe (Sigma-Aldrich Co. Ltd). 
 

3.4.4.2 Gas chromatography with flame ionization detector 
 Hydrocarbons were analyzed using gas chromatography with flame ionization 

detector, GC/FID (GC-2014, Packed Column: Shincarbon ST, 2.0 m ×3 mm; Shimadzu, 
Japan). Helium and hydrogen were supplied as carrier gas at a flow rate of 60 mL/min. 

The analytical conditions were as follows: injection part temperature was set constant 
at 230ºC and detection part temperature was set constant at 300ºC. Column 

temperature was held at 200ºC for 20 min and increased at the rate of 10ºC/min to 

300ºC and held for 10 min. Data of retention time, peak area and percent of substance 
was printed out by Chromatopac integrator (Shimadzu C-R8A). 

 
 The GC/FID was routinely calibrated for analysis of CH4, C2H4, C2H6, C3H6 and C3H8, 

using standard gas mixture containing 20 CO2-vol%, 15 CO-vol%, 4 CH4-vol%, 6 H2-
vol% (balance N2) provided by Tatsuoka Co., Ltd. and canned gas mixture containing 

1 vol% each for C2H4, C2H6, C3H8, C3H6, n-C4H10 and iso-C4H10 (balance N2) provided 
by GL Science, Japan. Standard gas mixtures were released into 250 mL aluminum 

gas bags with Teflon valve and port (GL Science, Japan) and the gas were drawn 
using a gas tight syringe (Sigma-Aldrich Co. Ltd). Based on the gas composition and 

the gas yield from analysis, the HHV of gaseous product was calculated. 
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3.5 Gas adsorption experiment 
3.5.1 Adsorption isotherm measurement 
 Figure 3-7a shows a static volumetric gas adsorption system which consisted of a 

pending tank and an adsorbent tank (SUS316, 0.15 L, Swagelok Co., Japan). The 
pending tank was equipped with an interchangeable gas inlet for argon gas and 

sample gas, and a vacuum channel for outgas. A mass flow controller (CMS9500, Azbil 
Co., Japan) was installed to control the flow of gas in between the pending tank and 

adsorbent tank. The adsorbent tank was packed with adsorbent and connected to an 
outgas channel. Both the tanks were equipped with type-K thermocouple (Sakaguchi 

E.H VOC Corp, Japan) and pressure indicator (AP-13S, Keyence Co., Japan), which 
were connected to a data logger (GS-4VT, Graphtec Co., Japan). A rotary vacuum 

pump (DAP-15, AS ONE Co., Japan) was used for the outgas channel to allow the 
regeneration of the spent adsorbents and evacuate any unwanted gas held by the 

adsorbent tank prior to the experiments. The system was assembled using Swagelok 
fittings and was tested to be leak proof. Prior to each run, the system was purged 

with argon gas before supply of sample gas. All experimental runs were operated at 

20°C and 35°C. Operation was set to hold for 5 min after the mass flow controller 
indicates zero to allow sufficient time of system to achieve equilibrium gas adsorption.  

 
3.5.2 Breakthrough experiments 

 Figure 3-7b shows a dynamic gas adsorption system. As opposed to the static gas 
adsorption system, the outlet of the adsorbent tank was connected to a back-pressure 

regulator to maintain the pressure in the system and provide constant outlet flow of 
gas. The outlet gas flow was monitored by a flow indicator which was connected to a 

three-way valve for gas collection. The effluent was collected in gas bags (GL sciences 
Inc., Japan) in between intervals and analyzed by GC/TCD. The pressure indicators, 

thermocouple and flow indicator were connected to a data logger to monitor the rate 
and amount of gaseous compound being transferred between the two tanks. The 

experimental parameters used to measure the breakthrough curves of sample gas 
were summarized in Table 3-3. Prior to each run, the system was purged with argon 

gas to allow the adjustment of gas flow rate and pressure in the adsorbent tank before 
the supply of sample gas. All experimental runs were operated at 20°C. 



 50 

   
(a) Static adsorption system 

 
(b) Dynamic adsorption system 

Figure 3-7: Experimental set-up for gas adsorption experiments. 

 
Table 3-3: Experimental parameters used for static adsorption experiments and 

dynamic adsorption experiments. 

Adsorbent  PET-AC AC-GH2x Zeolite 5A 
Adsorbate partial pressure MPa 0.1 
Adsorbate flow rate mL/min 27 
Mass adsorbent kg 6.83´10-3 5.17´10-3 6.43´10-3 
Bed height m 0.15 
Bed volume  m3 6.04´10-6 
Bed porosity - 0.435 0.571 0.102 
Mean adsorbent diameter m 1.25´10-3 4.05´10-3 4.75´10-3 
Bulk density kg/m3 1131 856 1065 
Solid density kg/m3 2000a 2000b 1185c 

Single gas component: 
100 CO2-vol% 
100 N2-vol% 

Binary gas component: 20 CO2-vol% (N2 balance) 
Multiple gas component: 20 CO2-vol%, 20 CO-vol%, 20 CH4-vol% (N2 balance) 

aDetermined using tap density method; bPatil et al. (2014); cDelgado et al. (2015) 
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Chapter 4: Effect of parameters on carbonization of PET 

4.1 Introduction 
 Carbonization of PET is a complex process with multiple reactions occurring 

simultaneously. Thus, the process performance can be influenced by several 
parameters, and these parameters need to be manipulated in order to improve the 

efficiency of the process. Numerous studies of thermal degradation of plastic material 
had reported the increase of char yield due to the slow heating rate in the operation 

(Encinar and González, 2008; Fakhrhoseini and Dastanian, 2013; Ko et al., 2014). On 
the other hand, despite the numbers of researches on pyrolysis and carbonization of 

PET available, there has been inconsistency in reaction medium, temperature, 
residence time, feedstock and reactor type, thus indicating the complexity of the 

process for char formation. The aim of this chapter is to investigate the effects of 

operating parameters, namely feedstock treatment and properties, operating 
temperature, holding time and medium type on the products of carbonization. The 

main interest is on the effects of temperature, holding time and medium type on the 
char yield and its characteristics, which has been unclear and not reported in past 

studies. The experiments were carried out under controlled conditions according to 
the study scheme as shown in Figure 4-1.  

 

 
Figure 4-1: Study scheme of Chapter 4 to investigate the effects of operating 

parameters. 

Objective Parameters in constant Parameters in variance Observation and analysis

Study effects of 
feedstock orientation

• Medium type
• Heating rate
• Feedstock loading
• Operating temperature
• Holding time

• Feedstock type
• Feedstock treatment

Ø Change in pressure
Ø Product yield and 

composition

Study effects of 
operating parameters

• Heating rate
• Feedstock loading

• Operating temperature
• Holding time
• Medium type

Ø Change in pressure
Ø Product yield and 

composition
Ø Characteristics study

ü Determine appropriate operating conditions for maximum yield of char
ü Describe effects of each parameter on char characteristics

ü Specify appropriate feedstock variance for further investigation
ü Determine the reproducibility of data
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4.2 Effect of feedstock variance on carbonization of PET 
 A preliminary study was conducted to investigate the effects of feedstock variance on 
carbonization of PET. Different types and treatments of feedstock were prepared for 

carbonization under constant operating temperature and holding time. Prior to the 
study, a reproducibility test was conducted with same samples and constant operating 

conditions as reported in Appendix E which confirms the viability of current study. 
 

4.2.1 Experimental set-up and feedstock preparation 
 The reactor configuration and experimental procedures are described in detail in 

Chapter 3. In this study, parameters in constant are as shown in Table 4-1. The 
variance in bottle thickness, bottle type/shape and feedstock treatment was studied. 

Table 4-2 lists the label, description and treatment of feedstock.  
 

Table 4-1: Parameters used in determining the effect of feedstock on carbonization. 

Variables in operation Units Operating parameter 

Medium type [-] Nitrogen displacement 

Heating rate [°C/min] 1.0 
Feedstock loading [g] 70-75 

Operating temperature [°C] 400-480 
Holding time [min] 120 

 
Table 4-2: Label of feedstock with variance in bottle thickness, bottle type/shape and 

feedstock treatment. 
Label Description Feedstock treatment 

A Carbonated Drink bottle, Asahi Soft Drinks Co., Ltd. Minimal treatment 

B 
Carbonated Drink bottle, Coca-Cola Central Japan Co., 
Ltd. 

Minimal treatment 

C 
Mineral Water bottle from Suntory Beverage & Food 
Limited 

Minimal treatment 

D Carbonated Drink bottle, Asahi Soft Drinks Co., Ltd. 
Compressed into small 
bulk 

E Carbonated Drink bottle, Asahi Soft Drinks Co., Ltd Cut in uniform pieces 
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4.2.2 Results and discussion 

4.2.2.1 Visual observation of product 
 Samples were carbonized using the parameters shown previously. Char, wax and 

gaseous products were obtained as the carbonized products. Figure 4-2 shows the 
image of char and wax after operation at 400-480°C and 120 min. Char was collected 

in the crucible after the reactor was cooled overnight to room temperature. Char 
obtained from PET carbonization was hard and brittle, with no smell. On the other 

hand, wax was collected from the liquid-gas separation after the operation. Wax was 
soft and had pungent smell similar to gasoline during collection but hardened under 

exposure to low temperature at approximately 10°C. 
 

  
(a) Char (b) Wax 

Figure 4-2: Photo of char and wax obtained from PET carbonization at 400-480°C 
and 120 min. 

 
4.2.2.2 Effects of feedstock variance on carbonized product 

Product composition and char characteristics 
 Figure 4-3 shows the composition of product after carbonization of PET with 

variance in bottle thickness, bottle type/shape and feedstock treatment. The 
composition of product was obtained in the range as follows: Char 27.1-29.6%; Wax 

36.5-41.3%; Gas 30.2-36.1%. Note that wax was taken as the balance from char and 

gas due to the large amount of residual wax that was solidified in the pipes of the 
reactor. Wax and gaseous product make up most of the product composition, which 

is the typical result from thermal decomposition of PET as shown in Table 2-2. (Encinar 
and González, 2008). However, in this study, the char obtained was higher than 

reported results (Encinar and González, 2008; Çit et al., 2010; Fakhrhoseini and 
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Dastanian, 2013). This is due to the reason that the heating rate in this study is set 

to operate at the lowest rate so far that has never been reported. When energy input 
is high, the polymer chains will be subjected to rapid chain scission, thus leading to 

rapid volatilization of gas and wax. When energy input is low, the chain scission occurs 
to form cross-linking before volatilization, thus leading to char formation. Overall, the 

product composition from the thermal decomposition of PET shows good consistency 
regardless of starting feedstock state. 

 
 Figure 4-4 shows the proximate value and fixed-carbon yield of char. The fixed-

carbon content was 71.8±1.1% for char obtained from all operations, whereas overall 
fixed-carbon yield was 20.3±0.7%. Fixed-carbon content and fixed-carbon yield in 

char also showed good consistency regardless of initial feedstock treatment. 
 

 Table 4-3 shows the elemental distribution and calorific value of char, where %C 
refers to carbon content, %H refers to hydrogen content, %N refers to nitrogen 

content and %O refers to oxygen content. HHV was obtained using the methods 
described in Chapter 3. The elemental distribution of char obtained was as follows: %C 

87.9±1.7%; %H 4.5±0.3%; %O 7.1±1.7%; and HHV 35.8±0.5 MJ/kg. The high 
carbon content in char indicates that PET was successfully carbonized. The high 

carbon content of char contributes to the high HHV which was obtained from 

analyzation of calorific value. Overall, it can be seen that the elemental distribution 
and calorific value (HHV) of char obtained from PET carbonization of different 

feedstock treatment showed good consistency. A simple statistical analysis based on 
the analysis of variance, ANOVA, was also reported in Appendix F.1, which further 

proves that there was no statistically significant difference between the data. 
 

 As a conclusion, the product composition of carbonized product and characteristics of 
char showed no evident changes regardless of the starting feedstock state. The good 

consistency in carbonization results may be due to the singularity of polymeric material 
of feedstock, where variance in bottle shapes, types and preparation methods did not 

alter the composition of polymers in the starting feedstock. Thus, carbonization of 
singular polymeric material, PET shows consistent carbonized product and properties.  
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Figure 4-3: Composition of product after carbonization of PET with variance in 

bottle thickness, bottle type/shape and feedstock treatment. 

  
Figure 4-4: Proximate value of char obtained from PET carbonization with variance in 

bottle thickness, bottle type/shape and feedstock treatment. 
 

Table 4-3: Elemental composition of char obtained from PET carbonization with 
variance in bottle thickness, bottle type/shape and feedstock treatment. 

  Ultimate Analysisa [wt%] HHVa 
[MJ/kg] C% H% N% O% 

Raw PET (A) 61.8 4.0 0.3 33.9 23.61 

A 89.3 4.4 0.4 5.8 35.69 
B 87.3 4.3 0.3 8.1 35.54 

C 89.5 5.0 0.4 5.1 36.58 
D 85.4 4.3 1.1 9.2 35.69 

E 87.9 4.2 0.4 7.5 35.40 
a: Dry basis; Data obtained from CHN analysis had 0.3% error 
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4.2.3 Conclusions: Effect of feedstock variance on carbonization of PET 

 Based on the experimental results, the conclusions were drawn as follows: 
1) Carbonization of PET was able to produce product composition and char 

characteristics with high consistency as demonstrated by the reproducibility test 
(Appendix E). 

2) Feedstock size and initial treatment methods did not have distinct effect on the 
product composition and char characteristics due to the singularity of the polymer 

in feedstock. 
3) Results are reproducible and produced similar product composition regardless of 

physical variance of feedstock due to the singularity of polymer in feedstock.  
 

 Considering the overall results, the feedstock will be prepared with minimal treatment 
for the ease of sample preparation in further studies. The influences of operating 

parameters were investigated in the next section. 
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4.3 Effect of operating conditions on carbonization of PET 
 Based on the preliminary study to investigate the effects of feedstock variance on 
carbonization of PET, physical properties of feedstock and sample preparation had no 

evident effects on the product yield and its properties. In this section, operating 
conditions were investigated to identify the product composition of char, wax and gas. 

 
4.3.1 Experimental set-up 

 Clear PET bottle purchased from Asahi Soft Drinks Co., Ltd were prepared with 
minimal treatment. The experimental parameters are shown in Table 4-4, where 

parameter selection was based on the decomposition profile of PET. The parameters 
under variable are the operating temperature and holding time. Operating 

temperature was set to vary in the range of low heating temperature at 320-400°C, 
moderate heating temperature at 360-440°C and high heating temperature at 400-

480°C. On the other hand, holding time was set to vary in the range of short holding 
time of 30 min to long holding time of 240 min. Analyzation methods are described in 

Chapter 3. 

 
Table 4-4: Parameters used in determining the effects of operating temperature and 

holding time on PET carbonization. 

Variables in operation Units Operating parameter 

Medium type [-] Nitrogen displacement 
Heating rate [°C/min] 1.0 

Feedstock loading [g] 70-75 
Operating temperature [°C] 320-400 360-440 400-480 

Holding time [min] 30 60 120 240 
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4.3.2 Results and discussion 

4.3.2.1 Effect of operating temperature on carbonized product 
Product composition 

 Figure 4-5 shows the yield of char, wax and gas for operations under different 
temperatures at constant holding time of 120 min. Note that wax was taken as the 

balance from char and gas due to the large amount of residual wax that was solidified 
in the pipes of the reactor. In a series of temperature difference, char yield decreased 
from 93 wt% in low operating temperature of 320-400°C to 28 wt% in high operating 

temperature of 400-480°C. Wax yield increased from 6 wt% in low operating 

temperature of 320-400°C to 38 wt% in high operating temperature of 400-480°C. 

Gas yield increased from 1 wt% in low operating temperature of 320-400°C to 34 wt% 

in high operating temperature of 400-480°C. Further analyzation was conducted to 

determine the properties of product and to indicate the extent of carbonization.  

 

 
Figure 4-5: Composition of char, wax and gas for operations under different 

temperatures at constant holding time of 120 min. 
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Characteristics of char 

 Figure 4-6 shows the photo of char obtained from PET carbonization at low 
operating temperature of 320-400°C and high operating temperature of 400-480°C at 

constant holding time 120 min. From the physical appearance, it is evident that char 
obtained at 320-400°C did not undergo carbonization due to the low operating 

temperature. It was also recognized that carbonization of PET proceeded through a 
distinct melt phase during the operation despite the initial starting preparation of 

feedstock. The product also had a corrosive and pungent smell. On the other hand, 
char obtained at 400-480°C was brittle and hard. In addition, no fragment of raw PET 

was observed.  
 

  
(a) 320-400°C (b) 400-480°C 

Figure 4-6: Photo of char obtained from PET carbonization at 320-400°C and 400-

480°C at constant holding time 120 min. 
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 Figure 4-7 shows the proximate value of char and the fixed-carbon yield for each 

condition. From the results, it can be seen that char from all runs had little to almost 
no moisture and ash due to the low moisture and ash content in PET. However, the 

fixed carbon content increased rapidly compared to the original PET material with 
6.4% to 8.6% for low operating temperature 320-400°C, 43.1% for moderate 

operating temperature 360-440°C and 72.6% for high operating temperature 400-

480°C. The fixed-carbon yield was calculated to give 8.0% for low operating 

temperature 320-400°C, 16.0% for moderate operating temperature 360-440°C and 

20.7% for high operating temperature 400-480°C.  

 
 Table 4-5 shows the elemental composition and the higher heating value of char for 

each condition. From the results, it can be seen that %C increased drastically from 
61.8% of raw PET to 81.1% for char from moderate operating temperature 360-440°C 

and 89.3% for char from high operating temperature 400-480°C. In addition, evident 

decrease of %O can be seen for char from moderate operating temperature 360-
440°C and high operating temperature 400-480°C. The HHV increased with increasing 

operating temperature due to the increase of carbon content in char.  

 
 From the results obtained, although low operating temperature 320-400°C gave the 

highest composition of char, further analyzation of proximate analysis and ultimate 

analysis suggested that most of the char was composed of highly volatile by-product 
due to low operating temperature. This explains the large mass fraction of volatile 
matter in char from low operating temperature 320-400°C, which was comparable to 

the raw PET. The high fixed carbon content and fixed-carbon yield of char from high 
operating temperature 400-480°C show that high temperature is favored for the 

carbonization of PET to produce char with low volatile matter and high fixed-carbon 

yield. A study by Aworn et al. (2008) reported that 17 to 25% of volatile matter in 
carbon material is suitable to achieve the highest surface area during activation, 

indicating that high operating temperature produces material appropriate for 
activation. In order to assess the extent of carbonization, FT/IR analyzation, a 

technique that provides information about chemical bonding and chemical composition 
of material, was conducted for char obtained from PET carbonization.  
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Figure 4-7: Proximate value of char obtained from PET carbonization at 320-400°C, 

360-440°C and 400-480°C at constant holding time 120 min. 
 

Table 4-5: Elemental composition of char obtained from PET carbonization at 320-
400°C, 360-440°C and 400-480°C at constant holding time 120 min. 

 Ultimate Analysisa [wt%] HHVa 
[MJ/kg] C% H% N% O% 

Raw PET 61.8 4.0 0.3 33.9 23.61 

320-400°C 67.1 3.9 0.4 28.6 25.62 
360-440°C 81.1 4.5 0.5 13.9 32.64 

400-480°C 89.3 4.4 0.4 5.8 35.70 
a:Dry basis; Data obtained from CHN analysis had 0.3% error. 
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 The absorption bands and corresponding vibrational modes from FT/IR spectrum of 

PET samples are summarized in Table 4-6. The IR absorption spectrum of PET is as 
follows: The adsorption peak at wave number 2969 cm-1 (②) shows the asymmetry 

stretching of C-H of the methylene in ethylene glycol segment. Carbonyl group (C=O) 
is located at wave number 1730 cm-1 (④) and is one of the strongest IR absorption, 

making it most suitable for the indication of conversion of PET to char. The absorption 
peak at wave number 1577 cm-1 (⑤) shows the stretching vibration of phenyl ring 

(C=C) while absorption peak at wave number 1504 cm-1 (⑤) shows the bending 

vibration of phenyl ring (C=C). The absorption peaks at wave numbers 1453 cm-1 and 
1342 cm-1 (⑥) show the bending and wagging vibration of methylene (C-H) in the 

ethylene glycol segment while absorption peak at wave number 1410 cm-1 (⑥) shows 

the stretching and bending vibration of C-C of aromatic skeleton. Absorption peak at 
1240 cm-1 (⑦) shows the stretching vibration of C-O of carboxylic acid in 

terephthalate group. The absorption peak at 1096 cm-1 (⑧) shows the symmetric 

stretching vibration of C-O of ethylene glycol.  
 

 FT/IR spectra of char obtained from PET carbonization at 320-400°C, 360-440°C and 
400-480°C at constant holding time 120 min are shown in Figure 4-8. From the 

results, it can be seen that char obtained from low operating temperature at 320-
400°C shows similar FT/IR spectra as PET, indicating the lack of progression of 

carbonization reaction due to insufficient heat and energy supply, thus retaining most 
of the PET structure in the char residue. The increase of operating temperature shows 

rapid change in FT/IR spectra. In moderate operating temperature at 360-440°C, C=O 
and C-O of carboxylic group slightly retained in the structure (#④, #⑥ and #⑦) 

while no peak was shown for C-H of the methylene in ethylene glycol segment (#②). 

This explains the detection of CO, CO2 and methane gas during gas analyzation, which 

will be discussed later in this section. Char obtained from PET carbonization at high 
operating temperature 400-480°C had little to almost no remaining structure of PET. 

From here on, char with no remaining structure of PET based on the FT/IR spectra as 
well as high fixed-carbon content (%𝑓𝐶 > 70%) indicates the complete carbonization 

of PET. 
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Table 4-6: A summary of the absorption bands and the corresponding vibrational 

modes from FT/IR spectrum of PET. 

# Absorption bands 

(cm-1) 

Bands for PET 

① 3432 O-H group (hydroxyl) 
② 3054, 2969, 2908 Asymmetrical stretch of C-H 
③ 2350 Axial symmetrical deformation of CO2 
④ 1730 Stretching of C=O of carboxylic acid group 
⑤ 1577, 1504 Vibrations aromatic skeleton with stretching C=C 
⑥ 1453, 1410, 1342 Stretching of the C-O group deformation of the O-H 

group and bending/wagging vibration modes of the 

ethylene glycol segment 
⑦ 1240, 1124 Terephthalate group (OOCC6H4-COO) 
⑧ 1096, 1050 Methylene group and vibrations of the ester C-O bond 
⑨ 972, 872, 848 Aromatic rings, 1,2,4,5; Tetra replaced 
⑩ 1960, 795 Vibrations of adjacent 2 aromatic H in p-substituted 

compounds and aromatic bands 
⑪ 712 Interaction of polar ester groups and benzene rings 

 

 
Figure 4-8: Overlay of FT/IR spectra of char obtained from different operating 

temperatures. 
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Characteristics of wax 

 Table 4-7 shows the ultimate value and the HHV of wax residue for each condition. 
It can be seen that %C, %H and %O for wax obtained from all three runs show the 

same composition; average 71.5% for %C, 5.6% for %H and 22.6% for %O. Based 
on the results obtained, it can be speculated that oxygen from PET polymer had 

volatilized to form oxygenated chemical compounds in the wax phase, as seen in the 
high concentration of %O in wax compared to char. One of the reasons for this is that 

in the thermal decomposition of PET, PET decomposes into 2 same radicals through 
the C-C homolytic cleavage to be converted into benzoic acid methyl ester, as detected 

in the wax with GC/MS. The high viscosity and solidification of wax at low temperature 
(<200°C) leads to complication of reactor operation due to the clogging of pipes and 

heat exchanger (Shioya et al., 2005; Wan Ho, 2015). However, the high HHV of wax 
may be applicable for use as fuel during the carbonization process, which was 

assessed and discussed further in Chapter 8. 
 

Table 4-7: Elemental composition of wax residue obtained from PET carbonization at 
320-400°C, 360-440°C and 400-480°C at constant holding time 120 min. 

 Ultimate Analysisa [wt%] HHVa 

[MJ/kg] C% H% N% O% 

320-400°C 71.0 5.8 0.4 22.8 27.06 
360-440°C 71.1 5.5 0.3 23.1 27.13 

400-480°C 72.2 5.6 0.3 21.9 26.62 
a:Dry basis; Data obtained from CHN analysis had 0.3% error. 

 
 Figure 4-9 shows the GC/MS spectra of wax product obtained from different 

operating temperatures at 320-400°C, 360-440°C and 400-480°C with constant 
holding time at 120 min. The main organic compounds of wax identified using GC/MS 

include aromatic compounds: benzene, toluene, ethylbenzene, p-xylene, biphenyl, 

fluorene; aromatic ketone: acetophenone, benzaldehyde; and carboxylic acids: 
benzoic acid, 4-methylbenzoic acid, 4-ethylbenzoic acid. It was observed that benzoic 

acid is the main component of wax. In addition, PAH compounds such as biphenyl and 
fluorene were detected for wax obtained from carbonization at higher temperatures. 
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(a) 320-400°C, 120 min 

 
(b) 360-440°C, 120 min 

 
(c) 400-480°C, 120 min 

Figure 4-9: GC/MS spectra of wax product obtained from different operating 

temperatures at 320-400°C, 360-440°C and 400-480°C with constant holding time. 
 

 
 
 

0

20

40

60

80

100

120

7 17 27 37 47 57
Retention time [min]

Re
la

tiv
e 

In
te

ns
ity

 [
-]

1. Benzene
2. Furan, 2,3-dihydro
3. Toluene
4. Ethylbenzene
5. Benzaldehyde
6. Benzaldehyde, 2-methyl-
7. Benzoic Acid
8. Benzoic acid, 4-methyl-
9. 4-Ethylbenzoic acid

1
2

3 4 5 6

7

8

9

0

20

40

60

80

100

120

7 17 27 37 47 57

1. Benzene
2. Toluene
3. Ethylbenzene
4. p-Xylene
5. n-Propylbenzene
6. o-Ethylmethylbenzene
7. Benzaldehyde
8. Benzamide
9. 1-Phenyl-1,2-propanediol
10. Benzaldehyde, 4-methyl
11. Benzaldehyde, 4-methyl 
12. o-Ethylphenol
13. Benzoic Acid1

2 3
4 56 7 8 9

11,
12

10

13

14

15, 
16

17

18
19,
20

21,
22

23
24

14. Benzoic Acid, 4-methyl
15. Naphthalene, 2-methyl
16. Naphthalene, 2-methyl
17. p-Ethylbenzoic acid
18. Biphenyl
19. Benzamide
20. Benzoic acid, 4-propyl-
21. 1,1’-Biphenyl, 4-methyl
22. 1,1’-Biphenyl, 4-methyl
23. Fluorene
24. 9H-Fluorene

Retention time [min]

Re
la

tiv
e 

In
te

ns
ity

 [
-]

0

20

40

60

80

100

120

7 17 27 37 47 57

1. Benzene
2. Toluene
3. Ethylbenzene
4. p-Xylene
5. Acetophenone
6. Benzaldehyde
7. Acetophenone
8. Benzaldehyde, 4-methyl
9. Benzoic Acid
10. Benzoic acid,4-methyl
11. Naphthalene, 1-methyl
12. p-Ethylbenzoic acid
13. Biphenyl

1

Retention time [min]

Re
la

tiv
e 

In
te

ns
ity

 [
-]

14. Diphenylmethane
15. 1,1’-Biphenyl, 3-methyl
16. 1,1’-Biphenyl, 4-methyl
17. Fluorene
18. 9-Benzylfluorene

2

3
4 5 6 7,8

9

10

11
12

13

14

15,
16 17

18



 66 

Properties of gaseous product 

 Figure 4-10 shows the gas composition whereas Figure 4-11 shows the 
hydrocarbon composition of gaseous products obtained from PET carbonization under 

operating temperatures 320-400°C, 360-440°C and 400-480°C at constant holding 
time 120 min, respectively. Note that the unit is in grams of gaseous component per 

grams of initial feedstock.  
 

 Comparing the composition of gas collected for low operating temperature at 320-
400°C to high operating temperature at 400-480°C, it was observed that the total gas 

collected increased with increasing operating temperature. For low operating 
temperature at 320-400°C, little to almost no gas was emitted due to the lack of 

decomposition of feedstock. For all runs, CO2 makes up the most gas emitted, followed 
by CO. In all cases, little to almost no hydrogen was detected.  

 
 In the case of hydrocarbons emitted, it can be seen that total hydrocarbon was 

approximately 4.0 wt% for moderate operating temperature at 360-440°C and 3.8 
wt% for high operating temperature at 400-480°C. One interesting finding about this 

result is that the composition of methane, ethylene and ethane was completely 
different for gaseous products obtained from moderate operating temperature at 360-

440°C and high operating temperature at 400-480°C. For moderate operating 

temperature at 360-440°C, ethylene makes up most of the total hydrocarbons emitted, 
with 3.0 wt% ethylene, followed by 0.9 wt% methane and 0.1 wt% ethane. On the 

other hand, for high operating temperature at 400-480°C, methane makes up most of 
the total hydrocarbons emitted, with 2.1 wt% methane, 1.3 wt% of ethylene and 0.4 

wt% of ethane. This indicates the progression of thermal cracking of hydrocarbons C2 
and above to methane at high operating temperature. 

 
 Overall, the progression of carbonization of PET leads to the production of CO2 and 

CO, which makes up most of the gas emitted.  
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Figure 4-10: Gas composition of gaseous products obtained from PET carbonization 

at 320-400°C, 360-440°C and 400-480°C at constant holding time 120 min. 
 

 
Figure 4-11: Hydrocarbon composition of gaseous products obtained from PET 
carbonization at 320-400°C, 360-440°C and 400-480°C at constant holding time. 
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4.3.3.2 Effect of holding time on carbonized product 

Product composition 
 Figure 4-12 shows the composition yield of char, wax and gas for operations under 
different holding times at constant temperature of 360-440°C and 400-480°C. Note 

that wax was taken as the balance from char and gas due to the large amount of 

residual wax that was solidified in the pipes of the reactor. In a series of different 
holding time at moderate operating temperature 360-440°C, char yield was obtained 

as follows: 37 wt% at holding time 120 min and 34 wt% at holding time 240 min. On 

the other hand, in a series of different holding time at high operating temperature 
400-480°C, char yield was obtained in the range 28-30 wt% for all holding time. No 

evident difference for the composition of product was observed under different holding 

time for both operating temperatures. 
 

Characteristics of char  
 Figure 4-13 shows the proximate value of char and the fixed-carbon yield for 

operations under different holding times, at moderate operating temperature of 360-
440°C and high operating temperature of 400-480°C. Similar to previous findings, char 

from all runs had little to almost no moisture and ash. At moderate operating 
temperature of 360-440°C, increase of fixed carbon content and consequent decrease 

of volatile matter was observed when holding time was prolonged. This indicates that 
under moderate operating temperature, the heat supply was insufficient at holding 

time 120 min and carbonization progressed during increased holding time. As a result, 
fixed-carbon yield increased from 16 wt% to 18 wt%. On the other hand, at high 
operating temperature of 400-480°C, slight increase in fixed carbon content whereas 

slight decrease in volatile matter was observed. However, the fixed-carbon yield 
showed no evident changes and was approximately 21 wt% for all runs. This indicates 

that, at high operating temperature, carbonization was complete at holding time as 
short as 30 min and increase of holding time had no evident effect on the composition 

of product. 
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Figure 4-12: Composition of char, wax and gas for operations under different 

holding times, at constant temperatures of 360-440°C and 400-480°C. 

 

 
Figure 4-13: Proximate value of char obtained from operations under different 

holding times, at constant temperatures of 360-440°C and 400-480°C. 
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 Table 4-8 shows the elemental composition and the HHV of char for each condition.  
At moderate operating temperature of 360-440°C, continual increase of %C from 75.5 

wt% at 120 min to 81.1 wt% at 240 min was observed. Inversely, continual decrease 

of %O from 20.2 wt% at 120 min to 13.9 wt% at 240 min was observed. %H had no 
evident changes. The HHV increased with increasing %C and decreasing %O. This 

indicates that under moderate operating temperature, the carbonization process 

continues to progress at prolonged holding time until carbonization is completed. At 
high operating temperature of 400-480°C, it was observed that %C drastically 

increased from 61.8 wt% of raw PET to 87.9 wt% at 30 min, followed by slight 
increase to reach 90.6% at 240 min. Inversely, %O drastically decreased from 33.9 

wt% of raw PET to 7.5 wt% at 30 min, followed by slight decrease to reach 4.6 wt% 
at 240 min. The minimum %O was observed for char obtained from 400-480°C at 

holding time 240 min, with corresponding maximum measured HHV of 36.20 MJ/kg. 

The results further confirm that, at high operating temperature, complete 
carbonization was achieved at holding time as short as 30 min to obtain high carbon 

content char and increase of holding time had no evident effect on the composition of 

product obtained. 
 

 Figure 4-14 shows the FT/IR spectra of char obtained from PET carbonization at 
high operating temperature of 400-480°C at holding time of 60 min, 120 min and 240 

min. From the results, slight peaks for vibration of C-H of the methylene in ethylene 
glycol segment (#②) and interaction C-H of benzene ring and ester group (#⑪) was 

observed for char obtained at holding time 60 min. For chars obtained at holding time 

120 min and 240 min, functional groups of PET were not detected. Although char with 

high carbon content was produced at holding time as short as 30 min, increasing 
holding time of operation produces char with no functional groups detected on the 

surface. 
 

 Overall, as for the carbonization at 400-480°C, increasing the retention time of 
operation had no significant effect on the char yield, indicating the complete 

carbonization of feedstock at the early stage of the operation at holding time as short 
as 30 min. 
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Table 4-8: Ultimate value of char obtained from operations under different holding 
times, at constant temperatures of 360-440°C and 400-480°C. 

 Ultimate Analysisa [wt%] HHVa  

[MJ/kg] C% H% N% O% 

Raw PET 61.8 4.0 0.3 33.9 23.61 
360-440°C      

     120 min 75.5 4.0 0.3 20.2 28.94 
     240 min 81.1 4.5 0.5 13.9 32.64 
400-480°C      

     30 min 87.9 4.2 0.4 7.5 35.40 

     60 min 88.4 4.4 0.5 6.7 35.85 

     120 min 89.3 4.4 0.4 5.8 35.69 
     240 min 90.6 4.2 0.6 4.6 36.20 

a:Dry basis; Data obtained from CHN analysis had 0.3% error. 
 

 
Figure 4-14: Overlay of FT/IR spectra of char obtained from different holding times 
at 60 min, 120 min and 240 min with constant operating temperature at 400-480°C. 
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Characteristics of wax  

 Table 4-9 shows the elemental composition and the HHV of wax obtained from 
operations under different holding time, at constant temperature of 360-440°C and 

400-480°C. The %C, %H and %O for wax obtained from all operation were 

approximately constant, ranging from 61.9 wt% to 72.2 wt% for %C, 4.6 wt% to 5.8 
wt% for %H, and 21.9 wt% to 33.1 wt% for %O. Additionally, the HHV of wax 

measured was high, indicating the possibility of usage of wax as fuel. From the results, 
it is evident that the increase of holding time did not affect the composition and yield 

of wax. 
 

Table 4-9: Ultimate value of wax obtained from operations under different holding 
times, at constant temperatures of 360-440°C and 400-480°C. 

 Ultimate Analysisa [wt%] HHVa 

[MJ/kg] C% H% N% O% 

360-440°C      

     120 min 71.1 5.5 0.3 23.1 27.13 
     240 min 70.1 5.3 0.3 24.3 28.15 
400-480°C      

     30 min 69.9 5.2 0.4 24.5 28.74 
     60 min 71.1 5.4 0.3 23.2 26.77 

     120 min 72.2 5.6 0.3 21.9 27.62 
     240 min 61.9 4.6 0.3 33.1 22.53 

a:Dry basis; Data obtained from CHN analysis had 0.3% error. 
 
 Figure 4-15 shows the GC/MS spectra of wax product obtained from different 
operating temperature at 320-400°C, 360-440°C and 400-480°C with constant holding 

time at 120 min. The main organic compounds of wax identified did not differ much 

from that of section 4.3.2.1. This indicates that prolongation of holding time does not 
largely affect the product of wax.  
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(a) 60 min 

 
(b) 120 min 

 
(c) 240 min 

Figure 4-15: GC/MS spectra of wax product obtained from different holding times, 

at constant temperature of 400-480°C. 
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Properties of gaseous product 

 Figure 4-16 shows the gas composition whereas Figure 4-17 shows the 
hydrocarbon composition of gaseous products obtained from PET carbonization under 
different holding times, at constant temperature of 360-440°C and 400-480°C, 

respectively. Note that the unit is in grams of gaseous component per grams of initial 
feedstock. At moderate operating temperature of 360-440°C, the composition of gas 

collected remained unchanged when holding time was prolonged, where CO2 makes 
up the most gas emitted, followed by CO and hydrocarbons. No hydrogen was 

detected. On the other hand, the total gas collected was higher at high operating 
temperature of 400-480°C, and the composition of gas collected remained constant 

when holding time was prolonged. Similarly, no hydrogen was detected.  

 
 In the case of hydrocarbons emitted, at moderate operating temperature of 360-
440°C, total hydrocarbons were the highest at approximately 4.0 wt% at holding time 

120 min, where ethylene was the main composition of hydrocarbons. At prolonged 
holding time of 240 min, evident decrease of ethylene and increase of methane were 

observed. This indicates that, with prolonged holding time, thermal cracking of C2 
hydrocarbons and above has progressed. The final product of thermal cracking of C2 

hydrocarbons and above was not confirmed. However, it was speculated that the 
thermal cracking of C2 hydrocarbons and above reacted with low molecular weight 

volatile fragments, and that formation of methane was dominant with the progression 
of reaction. At high operating temperature of 400-440°C, composition of hydrocarbon 

showed no evident changes under prolonged holding time, where methane was the 

main component, followed by ethylene and ethane.  
 

 Based on the overall results obtained, the relationship between thermal cracking of 
hydrocarbons and char formation was unclear. In other words, despite the increased 

formation of methane from ethylene with prolonged retention time, there was no 
significant increase of char. Therefore, based on the current findings, thermal cracking 

of hydrocarbons might only have little to no contribution to the deposition of carbon 
on solid surface for aromatic formation of char.  
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Figure 4-16: Gas composition of gaseous products obtained from PET carbonization 

under different holding times, at constant temperatures of 360-440°C and 400-

480°C. 

 
  

 
Figure 4-17: Hydrocarbon composition of gaseous products obtained from PET 

carbonization under different holding times, at constant temperatures of 360-440°C 

and 400-480°C. 
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4.3.3 Conclusions: Effect of operating conditions on carbonization of PET 

 The effects of operating temperature on carbonization of PET were studied and based 
on the experimental results, the conclusions were drawn as follows: 

1) Carbonization of PET at operating temperature as high as 400-480°C produced 
char with high carbon content.  

2) PET proceeded through a distinct melt phase during the operation, and char 
produced was brittle and hard whereas wax produced hardens at low 

temperature.  
3) CO and CO2 were the main components of gaseous product of PET 

carbonization. 
4) Char with high carbon content showed no remaining structure of PET based on 

the FT/IR spectra. 
5) Complete carbonization of PET was described to produce high fixed-carbon 

content (%𝑓𝐶 > 70%) char with no remaining structure of PET.  

 

 The effects of holding time on carbonization of PET were studied and summarized as 
follows: 

1) At moderate operating temperature (360-440°C), carbonization of PET 
progressed with increasing holding time from 120 min to 240 min, indicating 

the progress of carbonization. 
2) At high operating temperature (400-480°C), increasing of holding time above 

30 min had no evident effect on the composition and characteristics of char, 
wax and gaseous product.  

3) Prolongation of holding time of operation had no evident effect on the product 
composition once the carbonization was complete. 
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4.4 Effect of steam as medium on carbonization of PET 
 In this study, experiments in steam condition were conducted. Water was chosen as 
the added solvent in this study due to the condition of the “real-world” feedstock, in 

which water residue is often found in the insides of waste PET bottles. The findings of 
this section determine the necessity to dry the feedstock prior to carbonization. 

 
4.4.1 Experimental set-up and feedstock preparation 

 Clear PET bottles purchased from Asahi Soft Drinks Co., Ltd were prepared with 
minimal treatment. Here, deionized water was introduced into the carbonization 

system at the initial stage of the experiment to be heated into steam. Water was 
supplied in the ceramic crucible and was in direct contact with the feed sample as 

shown in Figure 4-18 before heated up to desired temperature. Table 4-10 shows 
the detailed experimental conditions. Analyzation methods are described in detail in 

Chapter 3.  

 
Figure 4-18: Schematic layout of autoclave batch reactor for carbonization under 

steam medium. 
 

Table 4-10: Parameters used in determining the effects of reaction medium and 
holding time on PET carbonization. 

Variables in operation Units Operating parameter 

Medium type [-] Water heated to steam 
Heating rate [°C/min] 1.0 

Feedstock loading [g] 70-75 
Water to feedstock ratio [wt%] 0.12:1 0.25:1 0.5:1 

Operating temperature [°C] 400-480 
Holding time [min] 30 60 120 240 

Ceramic crucible

Compressed PET 

Water
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4.4.2 Results and discussion 

4.4.2.1 Effect of water to feedstock ratio on carbonized product 
Product composition 

 Figure 4-19 shows the composition yield of char, wax and gas for operations under 
different water to feedstock ratio at constant holding time of 120 min. Note that wax 

was taken as the balance from char and gas due to the large amount of residual wax 
that was solidified in the pipes of the reactor. Also, the results of carbonization at 
nitrogen medium, 400-480°C and holding time of 120 min from section 4.3.2 was used 

as comparison data for water to feedstock ratio 0:1. In a series of water to feedstock 
ratio, it can be seen that composition of product differed in the presence of steam. 

Char yield exhibited sharp decrease when water was introduced into the reaction, 
however, it gradually increased with increasing water to feedstock ratio. It is well 

noted that gas yield decreased drastically whereas wax composition increased when 
water was introduced into the carbonization reaction. 
 
Characteristics of char 

 Figure 4-20 shows the magnification using SEM of char surface obtained from 
carbonization of PET at nitrogen and steam medium (water:feedstock=0.25:1) at 

operating temperature of 400-480°C and holding time 120 min. From the surface 
observations, it is evident that there are large differences of surface morphology of 

char carbonized at nitrogen medium compared to steam medium. Char produced 
under nitrogen condition shows flaky surface close to ceramic material. This explains 

the brittle nature and glassy appearance of char produced under this condition. 
Additionally, the distinctive shape of char may have been due to the rapid volatilization 

of volatile matter (gas/wax), leaving carbon residue in the form of char. On the other 
hand, char produced under steam condition showed aggregation of fiber-like or 

needle-like particles, similar to woody biomass. The reason for the needle-like 
structure in char may be due to the hydrolysis of PET when steam was present in the 

reaction. 
 



 79 

 
Figure 4-19: Composition of char, wax and gas for operations under different 

water to feedstock ratios at constant holding time of 120 min. 

 

  
(a) Nitrogen (x50) (b) Nitrogen (x100) 

  
(c) Steam (x50) 

(water:feedstock=0.25:1) 

(d) Steam (x100) 

(water:feedstock=0.25:1) 
Figure 4-20: SEM images of char surface obtained from carbonization of PET at 

(a,b) nitrogen and (c,d) steam medium. 
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 Figure 4-21 shows the proximate value of char and the fixed-carbon yield for each 

condition. Char obtained from all operating conditions had little to almost no moisture, 
indicating the hydrophobicity of the material. However, compared to carbonization of 

PET under nitrogen displacement, conducting experiment with steam drastically 
increased the volatile matter of char. As a result, the fixed-carbon yield sharply 

decreased from 20.7 wt% at nitrogen condition to 4.9 wt% at water to feedstock ratio 
0.5:1. The presence of steam during pyrolysis was reported to significantly increase 

the hydrolysis reaction of PET to produce low molecular weight volatile compounds 
such as terephthalic acid and benzoic acid (Grause et al., 2004; Diaz-Silvarrey et al., 

2018). It is now speculated that the PET hydrolysis is the main factor for the hindrance 
of progress of carbonization, thus forming char with high volatile matter. 

 
 Table 4-11 shows the elemental composition and the higher heating value of char 

for each condition. It was observed that HHV of char decreased with increasing water 
to feedstock ratio. The presence of steam in the operation led to the lack of 

carbonization due to the progression of hydrolysis, thus forming char with high volatile 
matter. As a result, the high %O and %H content led to the decrease of HHV of char.  

 
 FT/IR analyzation was conducted for char obtained from PET carbonization under 

water to feedstock 0.25:1 and 0.5:1 in order to assess the extent of carbonization as 

shown in Figure 4-22. Unlike the FT/IR spectra of char obtained from nitrogen 
condition, FT/IR spectra of char obtained from steam condition showed similar FT/IR 

spectra as raw PET, even though the carbonized char showed blackish carbon residue. 
This indicates that in the presence of steam, hydrolysis reaction was dominant so that 

the chemical structures of PET retain in the char. This explains the high volatile content 
and high oxygen content of char. 

 
 As a summary, carbonization of PET in the presence of steam hinders the progression 

of carbonization due to the dominance of hydrolysis reaction, thus producing char with 
high volatile content, in addition to retaining most of the chemical structures of PET 

in char. 
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Figure 4-21: Proximate value of char obtained from PET carbonization under different 

water to feedstock ratios at constant holding time of 120 min. 

 
Table 4-11: Elemental composition of char obtained from PET carbonization under 

different water to feedstock ratios at constant holding time of 120 min. 

 Ultimate Analysisa [wt%] HHVa 

[MJ/kg] C% H% N% O% 

Raw PET 61.8 4.0 0.3 33.9 23.61 

0:1 89.3 4.4 0.4 5.8 35.69 
0.12:1 90.7 4.4 1.1 3.8 36.19 

0.25:1 73.1 4.0 0.3 22.6 28.22 
0.5:1 63.0 3.8 0.3 32.9 23.38 

a:Dry basis; Data obtained from CHN analysis had 0.3% error. 

 

 
Figure 4-22: FT/IR spectra of char obtained from PET carbonization under water to 

feedstock ratios 0.25:1 and 0.5:1. 
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Characteristics of wax 

 GC/MS results of wax obtained from carbonization in steam medium showed no 
distinct difference from that of carbonization in nitrogen medium; that is benzoic acid, 

4-methylbenzoic acid (p-toluic acid), biphenyl and fluorene were mostly detected. In 
order to examine the extent of hydrolysis of PET in the presence of steam, HPLC 

analysis of wax was conducted and presented in Figure 4-23. 
 

 High composition of benzoic acid was obtained during carbonization of PET in steam 
condition. This further affirms the effect of steam which led to the hydrolysis reaction 

of PET during carbonization. Yoshioka’s group (Kumagai et al., 2013; 2014; 2015) has 
intensively studied the effects of steam on the decomposition of PET. For one, 

Kumagai et al. (2013) had studied the dominance between pyrolysis and hydrolysis 
reaction during thermal degradation of PET with gas flow at different steam 

concentration. They presented the schemes of pyrolysis and hydrolysis reactions as:  

 
 They reported that, by using an 18O-labeled steam atmosphere (H218O) at 100 vol% 

steam concentration and 400°C, PET was decomposed in which 74% of the ester 
bonds were pyrolyzed while 26% were hydrolyzed (Kumagai et al., 2013). In addition, 

terephthalic acid (TPA) was the main product of the steam reaction. This differs from 
current result, in which benzoic acid was the main product. One of the reasons is that 

Kumagai et al. (2013) had conducted their experiments in an open flow reactor with 
rapid heating rate, while current study was conducted in a closed batch reactor with 

slow heating rate of 1°C/min. It is speculated that the slow heating rate and closed 
system of current study led to the further decomposition of terephthalic acid to form 

low molecular weight volatile compound, that is benzoic acid. On the other hand, in a 
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flow reactor, terephthalic acid formation is highly associated with the C-O scission in 

the ester bond and also C-C bond in the PET structure. Therefore, the rapid thermal 
decomposition occurs to form terephthalic acid, and due to the rapid gas flow, 

terephthalic acid did not undergo demethanation to form methane and benzene. 

 
Figure 4-23: Composition of wax obtained using HPLC analysis from carbonization 

of PET under different water to feedstock ratios. 

 
Properties of Gaseous Product 

 Figure 4-24 shows the composition of gaseous product obtained from PET 
carbonization under different water to feedstock ratio. The composition of CO and CO2 

decreased when steam was present in the system. It is highly speculated that the 
presence of steam may have prevented the rapid scission of C-O bonds in the ester 

group of PET to form CO and CO2, which instead, led to the progression of benzoic 
acid production, leading to the decrease of CO and CO2.  

 
Figure 4-24: Composition of gaseous product obtained from PET carbonization 

under different water to feedstock ratios. 
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4.4.2.2 Effect of holding time under constant water to feedstock ratio 

Product composition 
 Figure 4-25 shows the composition yield of char, wax and gas for operations 

conducted at different holding times under constant water to feedstock ratio of 0.25:1. 
Note that wax was taken as the balance from char and gas due to the large amount 

of residual wax that was solidified in the pipes of the reactor. It is well noted that 
increase of wax yield whereas decrease of char yield was evident during the increase 

of holding time when water was introduced into the carbonization reaction.  
 

Characteristics of char 
 Figure 4-26 shows the proximate value of char and the fixed-carbon yield for 

operations under different holding times, under constant water to feedstock ratio of 
0.25:1 at constant temperature of 400-480°C. It was observed that during 

carbonization under steam condition, increase of holding time led to the increase of 

fixed carbon content. As reported by Kumagai et al. (2013), hydrolysis and pyrolysis 
reaction progressed simultaneously during the thermal decomposition of PET in the 

presence of steam. In current case, it was speculated that hydrolysis reaction was 
dominant over carbonization (or pyrolysis) reaction in a closed batch reactor. 

Therefore, the presence of steam led to the hydrolysis of PET to produce benzoic acid, 
and consequently hindered the progression of carbonization. However, prolongation 

of holding time contributed to the progression of carbonization process, thus 
increasing the fixed carbon content of char, and consequently increased the fixed-

carbon yield. 
 

 Table 4-12 shows the elemental composition and the HHV of char for each condition. 

It was observed that HHV of char increased with holding time due to the increasing 
carbon content of char when holding time was prolonged. 
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Figure 4-25: Composition of char, wax and gas for operations under different 

holding times, under constant water to feedstock ratio and temperature. 

 
Figure 4-26: Proximate value of char and the fixed-carbon yield for operations 

under different holding times, constant water to feedstock ratio and temperature. 

 
Table 4-12: Elemental composition of char obtained from PET carbonization different 

holding times, under constant water to feedstock ratio and temperature. 

 Ultimate Analysisa [wt%] HHVa 
[MJ/kg] C% H% N% O% 

Raw PET 61.8 4.0 0.3 33.9 23.61 

30 min 68.9 3.9 0.3 26.9 25.19 
60 min 70.8 4.2 0.3 24.7 25.92 

120 min 73.1 4.0 0.3 22.6 28.22 
240 min 89.6 4.4 0.4 5.6 35.69 

a:Dry basis; Data obtained from CHN analysis had 0.3% error. 
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 FT/IR analyzation was conducted for char obtained from PET carbonization under 

holding time 120 min and 240 min at constant water to feedstock 0.25:1 as shown in 
Figure 4-27. For FT/IR spectra of char obtained from carbonization under steam 

condition at 120 min, FT/IR spectrum was similar to that of raw PET, indicating the 
incomplete carbonization of PET. However, with prolonged holding time of 240 min, it 

was observed that little to almost no remaining structure of PET was obtained, thus 
indicating the complete carbonization of char. This result agrees well with the results 

obtained from proximate analyzation and ultimate analyzation. Although presence of 
steam hindered the progression of carbonization, under prolonged reaction time, 

carbonization of PET progressed to form high fixed-carbon yield char with high carbon 
content. 

 
Characteristics of wax 

 Figure 4-28 shows the composition of wax obtained using HPLC analysis from 
carbonization of PET under steam condition at different holding time. Similarly, with 

reference to the composition of wax from carbonization under nitrogen condition, 
benzoic acid, p-toluic acid, biphenyl and fluorene were the main components detected 

and quantified. Based on the results, high composition of benzoic acid was obtained 
in wax during carbonization of PET under steam condition. Under prolonged holding 

time, composition of benzoic acid increased from 35 wt% at 30 min holding time to 

54 wt% at 240 min holding time, indicating the progress of hydrolysis reaction in the 
wax phase.  

 
Properties of Gaseous Product 

 Figure 4-29 shows the composition of gaseous product obtained from PET 
carbonization under steam condition at different holding time. Similarly, CO and CO2 

are the main components of gaseous product under steam condition and prolongation 
of holding time had no evident effect on the gaseous product.  
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Figure 4-27: FT/IR spectra of char obtained from PET carbonization under holding 

times 120 min and 240 min. 

 

Figure 4-28: Composition of wax obtained using HPLC analysis from carbonization 
of PET under steam condition at different holding times. 

 
Figure 4-29: Composition of gaseous product obtained from PET carbonization 

under steam condition at different holding times. 
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4.4.3 Conclusions: Effect of steam as medium on carbonization of PET 

 The effects of water to feedstock ratio on carbonization of PET were studied and 
based on the experimental results, the conclusions were drawn as follows: 

1) Gas yield decreased drastically whereas wax composition increased at 
increasing water to feedstock ratio. 

2) Char produced under steam condition showed aggregation of fiber-like or 
needle-like particles when steam was present in the reaction. 

3) Fixed-carbon yield of char sharply decreased in the presence of steam due to 
the hydrolysis reaction of PET to produce low molecular weight volatile 

compounds such as terephthalic acid and benzoic acid.  
4) High composition of benzoic acid in wax while low composition of CO and CO2 

in gaseous product were obtained during carbonization of PET in steam 
condition. 

 
 The effects of holding time on carbonization of PET in the presence of steam were 

studied and summarized as follows: 
1) Prolongation of holding time of operation under steam condition led to the 

decrease of char yield and increase of wax yield. 
2) Hydrolysis reaction was dominant over carbonization reaction in the presence 

of steam. Therefore, prolonged reaction time is required for the progression of 

carbonization to produce char with high carbon content.  
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4.5 Chapter summary 
 In this chapter, the effects of operating parameters, namely feedstock treatment and 
properties, operating temperature, holding time and medium type on the products of 

carbonization were investigated. The effects of temperature, holding time and medium 
type on the char yield and its characteristics were studied in depth and summarized.  

 
 Firstly, the effects of feedstock variance on carbonization of PET were investigated 

by carbonizing different types and treatments of feedstock under constant operating 
conditions. Results demonstrated that feedstock size and treatment method had no 

evident effects on the product composition and char characteristics due to the 
singularity of the polymer in feedstock. The results also showed reproducibility and no 

statistically significant difference regardless of feedstock types from different bottle 
makers. Therefore, it was evident that physical properties of feedstock and sample 

preparation had no evident effects on the carbonized product.  
 

 Next, the effects of operating temperature and holding time were investigated to 

identify and characterize the product of PET carbonization. Carbonization of PET at 
400-480°C produced char with high carbon content due to the complete carbonization 

of feedstock and holding time of operation had no evident effect on the product 
composition once the carbonization was complete. Results also showed that CO and 

CO2 are the main components of gaseous product of PET carbonization. 
 

 Finally, the effects of steam as medium on carbonization of PET were investigated. 
Under steam condition, char with low fixed carbon content was produced due to the 

progress of hydrolysis reaction which hindered the carbonization reaction. Based on 
the morphological observation, char obtained from carbonization under nitrogen and 

steam condition showed distinct structures, indicating the difference in decomposition 
reaction. Carbonization of PET under steam condition did not contribute to the 

production of carbonaceous product with porous structure, rather, char produced 
under steam condition showed aggregation of fiber-like or needle-like particles. 
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Chapter 5: Mechanism of char formation based on carbonized 

product 
5.1 Introduction 
 Previous chapter showed the fundamental studies of carbonization and provided 
results for carbonized product obtained from all phases. However, the thermal 

degradation reaction of polymer involves multiple series of complex reaction pathways 
and the formation of char has not been clarified. In this chapter, the phase behavior 

of PET carbonization and the mechanism of char formation was studied in detail by 
utilizing the results obtained from the previous chapter. The mechanism study for char 

formation aims to significantly contribute to the understanding of char formation from 

thermal decomposition of polymer and to better understand the carbonization 
operation, which includes improving the char yield of PET carbonization for the future 

development of efficient carbon utilization technologies. The detailed study scheme 
and method of approach are shown in Figure 5-1. Firstly, the van Krevelen diagram 

was applied to identify the reaction pathways of phase changes during carbonization 
of PET. Then, a study on the analysis of cross-linking behavior was conducted to 

identify the relationship between parameters and variables based on the experimental 
operation. 

 

 
 

Figure 5-1: Study scheme of Chapter 5 to investigate the mechanism of char 

formation based on carbonized product. 
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• Product composition
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5.2 Theory of thermal degradation of PET from past researches  
 In early studies, the theory of thermal degradation of PET was studied and proposed 
by various scientists. Çit et al. (2007; 2010) conducted thermal degradation of PET 

reagent to study the effect of temperature at range of 400-700°C, and based on the 
product yield and structure of decomposition products, they had suggested that PET 

degradation occurs through primary and secondary degradation. Primary degradation 
of PET is highly associated with the random scission of ester link to form carboxylic 

acid and olefinic end groups. On the other hand, secondary degradation is associated 
with the rapid production of low molecular weight volatile compounds such as benzoic 

acid, acetaldehyde, CO, CO2, ethylene and methane. 
 

 Similarly, Brems et al. (2011) had explained that among the thermally weak linkages, 
the C-O bonds along the polymer chains of the ester group are most likely to be 

subjected to thermal cleavage with further degradation to phthalic and benzoic acid, 
and possibly to benzene and CO2 release as shown in Figure 5-2. 

 
Figure 5-2: PET and its most likely thermal cleavage mechanisms to various 

products (Brems et al., 2011). 
 

 Dimitrov et al. (2013) had also suggested a decomposition mechanism based on the 
products obtained from the thermal decomposition of PET samples at 400°C. They 

argued that pyrolysis of PET in acidic medium at 400°C leads to the decomposition of 
PET to form vinyloxycarbonyl benzoic acid, benzoic acid, and acetaldehyde/CO2. 
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 Huang et al. (2018) used density functional theory methods to calculate the bond 

dissociation enthalpies of PET and proposed a possible pathway for the thermal 
degradation of PET as shown in Figure 5-3. Based on their findings, PET can 

decompose into two same radicals through the C-C homolytic cleavage, and the radical 
can be further converted into benzoic acid methyl ester (Pathway 1). PET can also 

decompose into various radicals through the C-O homolytic cleavage, and these 
radicals can further decompose into various products such as CO2, CO, benzene, 

benzoic acid, acetophenone, 1-hydroxyl ethyl benzoate, vinyl benzoate (Pathway 2 & 
Pathway 3).  

 

 
Figure 5-3: Proposed degradation pathways in the pyrolysis process of model 

compound PET (Huang et al., 2018). 
 

 Based on the mentioned, PET degradation occurs through the cleavage of thermally 
weak linkages along the ester group of the polymer to form low molecular weight 

fragments. However, based on the reviewed researches, so far, there are no available 
studies on the mechanism or degradation pathways of PET to form char during 

carbonization. The results and findings in this chapter aim to mend the research gaps 

and provide clarification to the mechanism of formation of char.  

Pathway (1)

Pathway (2)

Pathway (3)
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5.3 Phase behavior based on the van Krevelen diagram 
5.3.1 Background 
 The van Krevelen diagram was developed in the 1950s, as a graphical representation 

of macroelemental ratios to evaluate the origin and chemical evolution of petroleum 
and kerogen samples (van Krevelen, 1950). The diagram represents the relationship 

between atomic O/C and atomic H/C ratios of organic compounds (Tang and Bacon, 
1964; Bacon and Tang, 1964). It has become an important tool for characterizing 

organic matter extending well beyond petrochemical applications and has been used 
in numerous studies to elucidate chemical reactions (Berge et al., 2011; Wilk et al., 

2019). Figure 5-4 shows the condensation of woody biomass to coal during 
torrefaction shown by the van Krevelen diagram. 

 
Figure 5-4: van Krevelen diagram of wood-derived char (Heidenreich, 2016). 

 
5.3.2 Results and discussion 

 Figure 5-5 shows the relationship between atomic H/C and O/C of solid (char) and 
wax plotted based on the van Krevelen diagram. The elemental composition of char 

and wax from Chapter 4 was used to obtain atomic H/C ratio and O/C ratio. The solid 
arrow, dotted arrow, dashed arrow and split arrow represent the decarboxylation, 

decarbonylation, dehydration and demethanation processes, respectively. 
Decarboxylation and decarbonylation are chemical reactions where carboxyl group 

from a compound is removed to release carbon dioxide molecule and carbon monoxide 

molecule, respectively (Ehlers et al., 1969; Santillan-Jimenez and Crocker, 2012; Lu 
et al., 2013). Dehydration reaction associates with the removal of water molecule from 

a compound, while demethanation involves the conversion of methane to COx through 
dehydrogenation (Schnitzer and Hoffman, 1965; van Krevelen, 1984). 
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 Based on the results, solid phase was obtained in the orange region whereas wax 

was obtained in the yellow region. It is evident that rapid decomposition of PET 
occurred through decarbonylation to form char and decarboxylation to form wax. In 

the solid phase, PET decomposes to form char with high fixed-carbon yield under high 
temperature, as shown by the red indicators. The chars obtained from complete 

carbonization in the plot are in similar position to those associated with bituminous 
and lignite coals (Heidenreich et al., 2016). Char obtained in this region was recorded 

to have high calorific value (approximately 35.8 MJ/kg) compared to the calorific value 
of raw PET (approximately 23.6 MJ/kg) due to the high carbon content and high 

aromaticity of product (McBeath et al. 2011; Wiedemeier et al., 2015). In the wax 
phase, PET decomposed to form wax with high atomic H/C and O/C ratio. As a 

summary, the van Krevelen diagram shows the decomposition pathway of PET as 
accordingly: first, PET undergoes decarbonylation and decarboxylation to produce 

solid and wax, respectively due to rapid thermal decomposition. In solid phase, C=O 
group dissociates from the PET structure to form high carbon content char. In wax 

phase, wax with high oxygen and hydrogen content forms. 
 

 
Figure 5-5: Relationship between atomic H/C and atomic O/C of char and wax. 
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5.4 Degree of cross-linking, Xcross-link, indicator for char formation 
5.4.1 Theory of cross-linking 
 Cross-linking has been widely studied as the most important reaction for the 

formation of char (Zhang et al., 2019). Levchik (2000) had first discussed the cross-
linking reaction during the thermal decomposition of polymers, where aromatic cross-

linking usually begins with the elimination of small molecules (H2O, CO2, CO, CH4). 
The elimination of low molecular weight volatile matter leads to the formation of 

unsaturation in the polymer chain which subsequently leads to cross-linking. Chaiwat 
et al. (2008; 2009) had intensively reported the behavior of cross-linking reaction 

during cellulose pyrolysis through investigating the relationship between pyrolysis 
behavior and cross-linking formation in cellulose. Based on their findings, the 

dehydration reaction is highly associated with the formation of char, where formation 
of one water molecule from two molecules of -OH group contributes to the formation 

of cross-linking in the cellulose structure. On the other hand, Marongiu et al. (2003) 
and Mehl et al. (2004) had reported the behavior of cross-linking reactions during PVC 

pyrolysis. It was reported that dehydrochlorination to form HCl leads to the 

condensation of polyacrylic aromatic hydrocarbon, thus leading to the formation of 
benzene, naphthalene and phenanthrene. They had further confirmed this relation 

through quantitative analysis of chloride bond, where the release of chlorine leads to 
the cyclization and cross-linking reaction in the polyene molecules to form alkyl 

aromatic hydrocarbons and char residues. Yang et al. (2000) have discussed that in 
the case of thermal decomposition of polymer, polymer having side groups has higher 

chemical reactivity in which the chemical structure of the polymer changes through 
intra- and interchain reaction in the side groups, resulting in cross-linking reaction. 

Based on past researches, the theory of cross-linking in PET was intensively studied. 
 

5.4.2 Derivation and assumptions of equations 
5.4.2.1 The relationship between CO2 and CO 

 Firstly, it was assumed that in the case of PET decomposition, scission of C-O bond 
leads to cross-linking reaction to form char. Based on the degradation pathway of PET 

presented by Huang et al. (2018), the thermal decomposition mechanism and pathway 
of PET is simplified as Figure 5-6.  



 97 

    
Figure 5-6: Simplified degradation pathways in the pyrolysis process of model 

compound PET. 
 

 Pathways (5-1) and (5-2) were derived from C-O bond scission at site [a] of the ester 
group to form benzene, acetophenone, CO and CO2, whereas pathways (5-3) and (5-

4) were derived from C-O bond scission at site [b] of the ester group to form benzene, 

CO and CO2. This can be confirmed from the high CO and CO2 yield that was detected 
in the gaseous product. Based on both pathways, 1 molecule of CO and 1 molecule of 

CO2 are formed per 1 PET monomer due to the scission of C-O bond. Also, based on 
both pathways, benzoic acid is the intermediate compound during the decomposition 

reaction. Here, it was assumed that scission of C-O bond to release CO and CO2 leads 
to the formation of char. Consequently, the highest yield of CO and CO2 is denoted 
as	 

 1	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒	𝑜𝑓	𝐶𝑂 + 1	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒	𝑜𝑓	𝐶𝑂<
1	𝑃𝐸𝑇	𝑚𝑜𝑛𝑜𝑚𝑒𝑟 =

28 + 44
192 = 37.5	𝑤𝑡% (5-5) 

[a]

[b]

(5-1)

(5-2)

(5-3)

(5-4)
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 Next, the relationship between CO2 and CO produced from carbonization operations 

in terms of mol/mol-monomer was plotted as shown in Figure 5-7. The statistical 
significance of the relationship between CO2 produced and CO produced was also 

proven and reported in Appendix F.2. Based on the results, there is a significant 
correlation between the CO2 produced and CO produced. Therefore, it can be deduced 

that the thermal degradation of PET produces CO and CO2 with a molar ratio nearly 
equal to 1:1, indicating that 1 mol of CO2 is produced per 1 mol CO. Additionally, both 

CO and CO2 produced are shown to be under 1.0 mol/mol-feedstock for all 
experimental conditions. This indicates that thermal decomposition of 1 PET monomer 

produces no more than 1 molecule of CO and 1 molecule of CO2.  

  

Figure 5-7: Relationship between CO2 and CO obtained from PET carbonization. 

 

5.4.2.2 Degree of cross-linking, Xcross-link as a function of CO and CO2 
 Based on the assumptions that (i) maximum 1 molecule CO and 1 molecule CO2 can 

be produced from 1 PET monomer; and (ii) CO and CO2 produced by scission of C-O 
bond form cross-linking in the PET structure during carbonization, the degree of cross-

linking in PET carbonization Xcross-link was now defined as a function of CO and CO2, as  

𝑋,7866-9#:; =
𝑌𝑖𝑒𝑙𝑑	𝑜𝑓	𝐶𝑂	[g/g-feedstock] + 𝑌𝑖𝑒𝑙𝑑	𝑜𝑓	𝐶𝑂<[g/g-feedstock]

𝑀𝑎𝑥𝑖𝑚𝑢𝑚	𝑦𝑖𝑒𝑙𝑑	𝑜𝑓	𝐶𝑂	 + 	𝑀𝑎𝑥𝑖𝑚𝑢𝑚	𝑦𝑖𝑒𝑙𝑑	𝑜𝑓	𝐶𝑂<	

=
𝑦/? + 𝑦/?!
0.375  

(5-6) 
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 Here, the relationship between Xcross-link and dependent parameters was considered 

for further understanding of char formation mechanism. Figure 5-8 shows Xcross-link 
plotted with increasing holding time under different operating temperature. It was 

observed that Xcross-link was low under low operating temperature and increases under 
increasing holding time, while Xcross-link was relatively high at the start of holding time 

under higher operating temperature at 400-480ºC, reaching the maximum Xcross-link of 
80% at 60 min. The results confirmed that cross-linking reaction to form char proceeds 

at higher operating temperature, and that increasing the holding time promotes the 
cross-linking in PET for char formation. Note that Xcross-link was over 50% when the 

holding time was 0 min at 400-480°C, due to the holding time of operation which was 
set to start when the temperature had reached the set temperature. At 400-480°C, 

the holding time was set to start at the time when a fraction of the feedstock had 
decomposed, therefore, the drastic increase of CO and CO2 can be seen at holding 

time 0 min, resulting in Xcross-link over 50% at the start of reaction. 
 

 
Figure 5-8: Relationship between Xcross-link and temperature change of PET 

carbonization under different holding time. 

 
 Figure 5-9 shows the relationship between Xcross-link and the dimensionless ratio of 

the amount of carbonyl groups in char to that in feedstock, C=O/C=O0. Note that this 
ratio was obtained by taking C=O as the absorbance of peak at 1700 cm-1 from the 

FT/IR spectra of char and C=O0 as that of raw PET. The statistical significance of the 
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relationship between C=O/C=O0 and Xcross-link was also proven and reported in 

Appendix F.3. Based on the results, there is a significant correlation between 
C=O/C=O0 and Xcross-link. Therefore, it can be deduced that C=O/C=O0 decreased with 

increasing Xcross-link. This shows that loss of C=O in the PET structure led to the 
formation of CO and CO2. In other words, this suggests that cross-linking formation 

in char was highly related to the loss of C=O in the PET structure.  
 

   
Figure 5-9: Relationship between Xcross-link and the dimensionless ratio of carbonyl 

groups for char obtained from PET carbonization. 

 
5.4.3 Distribution of Xcross-link in char and wax 

 To this point, the degree of cross-linking during carbonization of PET was defined to 
be Xcross-link as a function of CO and CO2. However, in order to further clarify the 

mechanism of carbonization of PET, it is necessary to analyze the ratio of cross-linking 
structure distributed in both char and wax. Figure 5-10 suggests the possible phase 

transition of PET during carbonization.  
 

 
Figure 5-10: Phase transition of PET carbonization. 
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 Based on this, it can be assumed that char residue denoted as Char 1 is a result of 

cross-linking reaction due to the release of CO during decarbonylation. The degree of 
cross-linking in terms of CO, Xcross-link(CO) is newly expressed as 

𝑋,7866-9#:;(𝐶𝑂) =
𝑌𝑖𝑒𝑙𝑑	𝑜𝑓	𝐶𝑂	[g/g-feedstock]

𝑀𝑎𝑥𝑖𝑚𝑢𝑚	𝑦𝑖𝑒𝑙𝑑	𝑜𝑓	𝐶𝑂	 + 	𝑀𝑎𝑥𝑖𝑚𝑢𝑚	𝑦𝑖𝑒𝑙𝑑	𝑜𝑓	𝐶𝑂<	
=

𝑦/?
0.375 (5-7) 

 
 On the other hand, the rapid decomposition of PET also resulted in the production of 

active volatile oligomer which was in transition state. Here, the composition of active 
volatile oligomer was unknown, however, it is assumed to mainly compose of benzoic 

acid, as discussed in the previous section. Active volatile oligomer was a result of 
volatilization due to high operating temperature. As the reaction progressed, the active 

volatile oligomer decomposed through decarboxylation to release CO2 and formed 
decomposition product which was collected as wax at the end of the operation. Here, 

the decomposition product of active volatile oligomer is denoted as Char 2, which is 
mainly composed of aromatic compounds such as benzene, acetophenone, and 

biphenyl as reported in Chapter 4. Based on this, the degree of cross-linking in terms 
of CO2, Xcross-link(CO2) is newly expressed as 

𝑋,7866-9#:;(𝐶𝑂<) =
𝑌𝑖𝑒𝑙𝑑	𝑜𝑓	𝐶𝑂<	[g/g-feedstock]

𝑀𝑎𝑥𝑖𝑚𝑢𝑚	𝑦𝑖𝑒𝑙𝑑	𝑜𝑓	𝐶𝑂 +𝑀𝑎𝑥𝑖𝑚𝑢𝑚	𝑦𝑖𝑒𝑙𝑑	𝑜𝑓	𝐶𝑂<	
=

𝑦/?!
0.375 (5-8) 

 

 Here, two newly defined parameters, degree of decarbonylation to form Char 1, Xc, 
and degree of decarboxylation to form Char 2, Xw are presented as: 

𝐷𝑒𝑔𝑟𝑒𝑒	𝑜𝑓	𝐷𝑒𝑐𝑎𝑟𝑏𝑜𝑛𝑦𝑙𝑎𝑡𝑖𝑜𝑛, 𝑋, 	

= 	𝐶=𝑂	𝑙𝑜𝑠𝑠	𝑖𝑛	𝑃𝐸𝑇	 × 𝐶ℎ𝑎𝑟	𝑦𝑖𝑒𝑙𝑑	[𝑤𝑡%]	

= a1 −
𝐶=𝑂
𝐶=𝑂'

b × 𝑦,=)7 

 
 

(5-9) 

 𝐷𝑒𝑔𝑟𝑒𝑒	𝑜𝑓	𝐷𝑒𝑐𝑎𝑟𝑏𝑜𝑥𝑦𝑙𝑎𝑡𝑖𝑜𝑛, 𝑋( 	

= 𝐷𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛	𝑜𝑓	𝐵𝑒𝑛𝑧𝑜𝑖𝑐	𝑎𝑐𝑖𝑑 × 	𝑊𝑎𝑥	𝑦𝑖𝑒𝑙𝑑	[𝑤𝑡%]	

= }1 −
𝐵𝐴[𝑔]
𝐵𝐴'[𝑔]

~ × 𝑦()@ 

 
 

(5-10) 

, where Xc is defined as the loss of the amount of carbonyl group in PET contained in 
char, whereas Xw is defined as the decomposition of benzoic acid contained in wax. 
Note that 𝐵𝐴' is assumed as the mass of wax used during HPLC analyzation. 
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 Based on the newly defined equations, the relationship between the degree of cross-

linking in terms of CO, Xcross-link(CO) and the degree of decarbonylation, Xc; and the 
relationship between degree of cross-linking in terms of CO2, Xcross-link(CO2) and the 

degree of decarboxylation, Xw are plotted as shown in Figure 5-11. As seen from the 
results, good linear relationships between Xc and Xcross-link(CO) ; and Xw and Xcross-

link(CO2) were observed. This indicates that the decarbonylation reaction to release CO 
is highly associated with the formation of cross-linking to form char in the solid residue, 

whereas the decarboxylation reaction to release CO2 is highly associated with the 
formation of cross-linking to form aromatic compound in the wax residue. The 

statistical significance of the relationships was proven and reported in Appendix F.4.  
 

 For further investigation, wax collected from carbonization of PET at 400-480°C, 120 
min was set as feedstock and a pyrolytic reaction under the operating condition as 

described in Chapter 3 for carbonization at 400-480°C, 120 min was repeated. It was 
observed that the white fluffy wax turned into blackish liquified tar. On the other hand, 

no CO could be detected while only CO2 was produced in the operation, indicating the 
decomposition of wax produces CO2 to form aromatic compounds and carbon (tar) 

which confirms the validity of equations. 

  
Figure 5-11: Relationship between Xcross-link(CO) and Xc; and the relationship 

between Xcross-link(CO2) and Xw. 
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5.5 Chapter Summary 
 In this chapter, the phase behavior of PET carbonization was investigated, and the 
mechanism of char formation was clarified based on the results obtained from 

carbonization of PET in the previous chapter. 
 

 Firstly, the van Krevelen diagram was applied to identify the reaction pathways of 
phase changes during carbonization of PET. It was observed that, during carbonization, 

PET undergoes decarbonylation to produce char and decarboxylation to form wax due 
to rapid thermal decomposition. It was clear that in solid phase, C=O group dissociates 

from PET structure to form high carbon content char, whereas in wax phase, wax with 
high oxygen and hydrogen content forms.  

 
 Next, a study on the analysis of cross-linking behavior was conducted to identify the 

relationship between parameters and variables based on the experimental operation. 
A new parameter index, the degree of cross-linking, Xcross-link was proposed to 

investigate the cross-linking behavior in char. Results showed that the release of CO 

and CO2 due to the scission of C-O bond leads to the formation of char in solid residue. 
Further investigation on the distribution of cross-linking behavior in char and wax 

confirmed the release of CO due to decarbonylation to form char while the release of 
CO2 due to decarboxylation to form aromatic compounds in wax. Overall, the degree 

of cross-linking was proven to be a suitable indicator for the formation of char during 
PET carbonization.  

 
 This chapter had provided valuable results and findings which contributed to mending 

of the research gaps and provided clarification to the mechanism of formation of char. 
The mechanism study for char formation is expected to significantly contribute on 

better understanding of the carbonization operation, which includes improving the 
yield of char of PET carbonization for the future development of efficient carbon 

utilization technologies.  
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Chapter 6: Effect of contaminants in non-recyclable PET on 

carbonized product 
6.1 Introduction 
 The major factor affecting the suitability of PET for recycling is the level and nature 
of contaminants present. There are strict requirements for PET to be reprocessed, 

which include dye content, yellowing index, metal content and PVC content (Awaja 
and Dumitru, 2005). Contamination of PET is the major cause of deterioration of its 

physical and chemical structure during re-processing. It is vital to minimize the amount 
of contaminants in order to ensure the quality of recycled PET (Giannotta et al., 1994; 

Pawlak et al., 2000; Welle, 2011). The main contaminants include water, coloring 

contaminants, acetaldehyde, PVC and polyolefins. In the case of water contamination, 
water reduces molecular weight of PET during PET recycling through hydrolysis 

reaction as has been described in Chapter 4. However, proper drying during the 
recycling process helps prevent water contamination. Fragments of colored bottles 

and printed ink labels cause undesirable contamination during processing. Therefore, 
colored bottles are sorted before the recycling process to reduce coloring 

contaminants. On the other hand, PET degradation reactions lead to molecular weight 
loss, yellowing reactions and production of acetaldehyde, which decreases the quality 

of recycled PET. Collected PET which does not satisfy the conditions for recycling 
usually ends up in incineration. This chapter focuses on colored PET, multilayer PET 

and PET exposed to UV degradation. Study scheme is shown in Figure 6-1. 

 
Figure 6-1: Study scheme of Chapter 6 to investigate the effects of contaminants in 

PET on carbonized product. 
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6.2 Effect of UV degraded PET on carbonized product 
6.2.1 Background of UV degradation on PET 
 The solar spectrum reaching the earth's surface is in the range from 290 nm to 3000 

nm with a composition of 8.3% of ultraviolet, 42.3% of visible light and 49.4% of 
infrared light (EPA, 2012). The wavelength of light which has the most harmful effect 

on polymers is in the 290 to 400 nm range of the UV spectrum. Although UV light 
makes up only approximately 8% of sunlight reaching the surface of earth, it is 

responsible for most material damage that are exposed to the outdoor environment. 
In the case of PET, UV exposure leads to the photolysis of PET molecule, which is the 

breaking of chemical bonds in the polymer chains that subsequently causes a large 
decrease in molecular weight. The chain scission process in PET will result in serious 

deterioration in mechanical properties of PET products. UV degradation on PET is 
observed and reported in PET bottles collected in marine environment (Ioakeimidis et 

al., 2016) and terrestrial environment (Furusawa, 2019), in addition to PET products 
such as pails and textiles used in outdoor environment (Davis and Sims, 1983). 

Degraded PET material becomes a problem in the recycling industry due to the 

deterioration in mechanical property and decreased molecular weight. For fibers and 
films produced from PET exposed to UV degradation, the materials tend to lose their 

elasticity, are brittle and break easily (Ranby and Rabek, 1975; Mascia, 1974; Pappas 
and Winslow, 1981).  

 
6.2.2 Mechanism of UV degradation of PET 

 Waste PET bottles exposed to long-term UV degradation are not suitable for material 
recycling to produce films and fibers. The reason for this is that photodegradation of 

PET causes chain scission by analogues of Norrish types I and II reaction of the ester 
group (Pearce et al., 1983), where the formation of carboxylic group by Norrish type 

II is dominant over Norrish type I in the UV degradation of PET (Al-Azzawi, 2015). As 
shown in Figure 6-2, the Norrish type II pathway, through a six-member ring 

transition state due to sufficient UV radiation, leads to the scission of C-O of the ester 
group in the main chain of the polymer to form carboxyl end-groups. The generation 

of carboxyl end-groups is the main cause for the loss of mechanical strength of the 
polymer.  
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Figure 6-2: Chemical reactions undergone by PET during UV exposure leading to 

carboxyl end-groups (Adapted from Fechine et al., 2004). 
 

 On the other hand, for the thermal decomposition mechanism of PET, Huang et al. 
(2018) had calculated the thermal decomposition mechanism of PET polymers and 

proposed a possible pathway for the thermal degradation of model compound PET as 
shown in Figure 5-3 in Chapter 5. With reference to Figure 5-3, pathways (2) and (3) 

had been studied in depth in the previous chapter, where it was suggested that the 
release of CO is highly associated with char formation in the solid phase whereas the 

release of CO2 is highly associated with formation of aromatic compound in the wax 
phase. However, pathway (1), which is the thermal decomposition of PET into 2 same 

radicals through the C-C homolytic cleavage to be converted into benzoic acid methyl 
ester has yet to be discussed in depth. It is highly expected that the scission of C-C 

bond in pathway (1) leads to the volatilization of aromatic compounds as collected in 
the form wax, and that the scission of C-C bond leads to the formation of methane 

and low ethylene or ethane yield in the gas product. In other words, when PET 
polymer is exposed to UV radiation to an extent, it is expected that in the carbonization 

reaction, char yield is higher whereas wax yield is lower than the carbonization of non-

exposed PET due to the increased carboxylic end-group in the main polymer structure. 
In addition, due to the absence of C-C homolytic cleavage, higher ethylene/ethane 

yield and lower methane yield are expected in the gaseous products of carbonization 
of UV degraded PET. 

 
 

2



 108 

 As a summary, the following hypotheses were suggested: 

(i) Higher char yield and lower wax yield are expected in the carbonization of UV 
degraded PET; 

(ii) Higher CO2 yield than CO (in unit mol/mol-feedstock) are expected due to the 
increase of carboxylic end-group in the main polymer structure;  

(iii) Higher ethylene/ethane yield and lower methane yield due to the decrease of 
C-C homolytic cleavage during thermal decomposition of PET.   

 
 In order to investigate these hypotheses, thorough sample preparation and 

carbonization of UV degraded PET were conducted. Therefore, the aim of this study 
is to investigate the influence of the extent of UV degradation of PET on the properties 

of product obtained from carbonization. PET bottles were exposed in a weathering 
chamber for various intervals, and then analyzed and monitored for surface change. 

The PET samples were then carbonized to obtain products for discussion. 
 

6.2.3 Preparation of sample 
 UV degraded PET was prepared using the accelerated weathering test method as 

described in Chapter 3. Infrared spectroscopy by attenuated total reflection (ATR-
FT/IR), microscopic analysis and tensile test were conducted to determine the extent 

of UV degradation of PET. For tensile test, the stress at break was determined and 

compared. 
 

6.2.4 Characteristics of UV degraded PET 
 Figure 6-3 shows the magnified surface morphology of PET without UV irradiation, 

PET with 0.2-year accelerated weathering and PET with 8.6-year accelerated 
weathering. From the figure, uniform surface structure of PET without UV irradiation 

can be seen. However, slight distortion on the surface can be seen for PET exposed 
to 0.2-year accelerated weathering. The distortion of surface structure was more 

evident in PET exposed to 8.6-year accelerated weathering.  
 



 109 

   
(a) Raw PET (b) PET with 0.2-year 

accelerated weathering 
(c) PET with 8.6-year 

accelerated weathering 

Figure 6-3: Magnified surface morphology of PET. 
 

 Figure 6-4 shows the FT/IR spectra of PET samples around 1700 cm-1 which 
indicates the absorption band of C=O stretching in the carboxylic acid group of PET 

structure. The absorption intensity increased with increasing accelerated weathering. 
This is due to the formation of carboxylic acid group (-COOH) through Norrish II which 

consequently magnified the intensity of absorption band of C=O. This confirms that 
degradation of PET occurred due to chain scission in PET. 

 

 
Figure 6-4: FT/IR spectra of raw PET, 0.2-year accelerated weathering and 8.6-

year accelerated weathering. 
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 Tensile test was conducted for PET samples and Figure 6-5 shows the breakage of 

PET strip before the material was fully elongated. In addition to the fracture of material, 
PET strip was dissasociated into multiple layers during the tensile test. The edge of 

the breakage was also observed using a microscopic analysis. 
 

  
(a) Strain test using EZ test (b) Appearance of PET after strain test 

Figure 6-5: Photo of strain test using EZ test and PET after strain test. 

 
 Figure 6-6 shows the magnified surface morphology of teared edge of PET from 

tensile test. It was observed that there was no evident sign of pits on the surface of 
raw PET whereas wide and deep cracks in both vertical and horizontal direction existed 

on the surface of accelerated weathering samples. When PET is exposed with UV 

radiation, chain scission in the polymer occurs, leading to shorter chain lengths and 
formation of microvoids or microcracks on the surface. The microvoids are also the 

reason for the discoloration of PET bottle. When tensile stress is applied, the polymer 
stretches and orientates in a very localized area, thus widening the microvoids and 

forming a craze. The oriented chains will continue to stretch until reaching break point, 
thus creating voids which elongated in the normal direction to the applied stress as 

shown in Figure 6-7. The voids will grow until cracks are formed to leading to failure 
(tearing of material). 

 
 

Direction of strain

Observation of teared edge
using microscopic analysis

Before strain testAfter strain test
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(a) Raw PET 

 
(b) PET after 8.6-year accelerated weathering 

Figure 6-6: Magnified surface morphology of teared edge of PET from tensile test. 
  

 
Figure 6-7: Formation of crack and craze during tensile stress (Al-Azzawi, 2015). 
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 Figure 6-8 shows the stress-strain curves for raw PET and PET exposed to 8.6-year 

accelerated weathering. As seen from the results, the strain, which is the ability of 
material to deform plastically under tensile stress before fracture, decreased when 

PET was exposed to UV degradation.  
 

 Figure 6-9 shows the relationship between the amount of UV degradation and the 
strength at break of PET exposed to UV at different period. The stress at break 

significantly decreased with the extent of exposure. This indicates that the formation 
of microcracks due to surface degradation leads to the initiation of failure (breakage) 

of PET under the least required tension applied. The decrease of stress at break also 
indicates the decrease of elongation ability of PET exposed to UV radiation. 

 
 Based on the sample preparation of UV degraded PET, when the time for accelerated 

weathering test for PET was prolonged, the progression of UV degradation was 
observed. UV degradation of PET was confirmed via: 

1) The increase of intensity of absorption band of C=O for the formation of 
carboxylic acid group (-COOH) through the FT/IR analysis; 

2) The observation of microcracks on PET surface through microscopic 
analyzation; 

3) The decrease of tensile properties of UV degraded PET through the tensile test.  

 
 The samples prepared were loaded into the carbonizing reactor for reaction. Results 

are reported in the next section. 
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Figure 6-8: Stress-strain curves for raw PET and PET exposed to 8.6-year 

accelerated weathering. 
 

 

   
Figure 6-9: Relationship between the amount of UV degradation and the stress at 

break of PET. 
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6.2.5 Carbonization of UV degraded PET 

6.2.5.1 Experimental procedures 
 Carbonization experiments were conducted based on methods described in Chapter 

3. All experiments were conducted at 400-480°C and 120 min. Analyzation was also 
conducted using the methods described in Chapter 3, which include proximate analysis, 

ultimate analysis for char; and GC/TCD and GC/FID for gas.  
 

6.2.5.2 Results and discussions 
Product composition 

 Figure 6-10 shows the composition of products obtained from carbonization of PET 
exposed to different accelerated weathering tests. Note that wax was taken as the 

balance from char and gas due to the large amount of residual wax that was solidified 
in the pipes of the reactor. It can be seen that the average yield for char was 27.9 

wt% (±1.4%), that for wax was 36.0 wt% (±2.1%) and that for gas was 36.1 wt% 
(±2.4%) for all products obtained from carbonization of PET exposed to different 

accelerated weathering tests. However, slight increase in the fixed-carbon yield can 
be seen, where increase from 18.2 wt% of carbonization of raw PET to 19.6 wt% for 

carbonization of PET exposed to 6.5-year acceleration was observed. Although not 
apparent, it can be deduced that the exposure to UV on PET surface contributes to 

the increase of fixed-carbon yield during PET carbonization. It can also be speculated 

that due to the chain scission and formation of carboxylic group by Norrish type II 
reaction caused by UV radiation, the tendency of C-C homolytic cleavage during 

thermal decomposition decreased. This results in the increase of frequency of C-O 
chain scisison in the carboxylic group of the main chain of the sample, thus increasing 

the fixation of carbon in the solid for char formation during carbonization reaction. In 
order to determine the statistical significance of assumption based on the results, a 

one-sample t-test was conducted to obtain the significance of difference in fixed-
carbon yield due to UV degradation in PET. The null hypothesis is now given as: The 

fixed-carbon yield from carbonization of UV degraded PET is the same as the fixed-
carbon yield from carbonization of PET without UV degradation, which is 18.2 wt% in 

UV0. Using a t-test for independent samples (1-tailed), the results are presented in 
Table 6-1. 
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Figure 6-10: Composition of product obtained from carbonization of PET exposed 
to different accelerated weathering tests, where the following are denoted; UV0: 0 

year, UV0.2: 0.2 year, UV0.6: 0.6 year, UV2.3: 2.3 years, UV6.5: 6.5 years, UV8.6: 
8.6 years. 

  
Table 6-1: Results of one sample t-test for the fixed-carbon yield. 

 With UV exposure Notes 

Mean, M 0.194  
Variance 6.08E-06  

Observations, n 6  
Hypothesized mean 0.182 Fixed-carbon yield from UV0 

df 5  
t Stat 11.538  

P(T<=t) one-tail 4.29E-05 P < 0.05 
t Critical one-tail 2.015 t stat > t crit 
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 Based on the statistical analysis, the null hypothesis was rejected based on t stat > t 

crit. Therefore, the following can be derived based on the results. The fixed-carbon 
yield of char from carbonization of PET exposed to UV degradation (M = 0.194, n = 

6) had significant difference than that of carbonization of PET without UV exposure 
(M = 0.182). This difference was significant due to t(6) = 11.538, p = 4.29E-05 (one 

tail). There is enough evidence to conclude that there was statistically significant 
difference between the samples, in which it can be addressed that the fixed-carbon 

yield is relatively higher when PET is exposed to UV degradation. As a conclusion, 
during carbonization of UV degraded PET, higher fixed-carbon yield can be obtained. 

 
Properties of Gaseous Product  

 Figures 6-11 and 6-12 show the composition of gaseous products and composition 
of hydrocarbons in gaseous product obtained from carbonization of PET exposed to 

different accelerated weathering tests, respectively.  
 

 For all experimental runs, CO2 was the main gaseous compound at average 20.8 wt% 
(±2.0%), followed by CO at average 12.0 wt% (±1.5%) and hydrocarbons at average 

3.3 wt% (±0.3%). Little to almost no hydrogen was detected. Due to the high CO and 
hydrocarbon concentration, the HHV of gas was calculated to be at average 8.4 MJ/kg 

(±0.4). On the other hand, the hydrocarbon composition from UV0 to UV0.6 showed 

good consistency in product. However, at prolonged accelerated weathering, ethylene 
and ethane yield increased while methane yield decreased. The increasing tendency 

was most evident for hydrocarbons collected at UV8.6, where ethane yield increased 
from 0.2 wt% to 0.6 wt%, and ethylene yield increased from 0.3 wt% to 1.0 wt%. As 

initially suggested, higher ethylene and/or ethane yield and lower methane yield was 
expected due to the decreased C-C homolytic cleavage during thermal decomposition 

of PET. This tendency was evident with the prolongation of accelerated weathering 
test, where ethylene and/or ethane yield was higher at UV8.6 compared to PET 

without or with less UV exposure. It is now speculated that accelerated weathering at 
2.3 years and above leads to the higher production of ethylene and ethane. Statistical 

analysis was conducted to determine the accuracy of this statement.  
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Figure 6-11: Composition of gaseous products obtained from carbonization of PET 

exposed to different accelerated weathering tests. 
 

 
Figure 6-12: Hydrocarbon composition of gaseous products obtained from 

carbonization of PET exposed to different accelerated weathering tests. 
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 In order to determine the statistical significance of the assumption that, accelerated 

weathering at 2.3 years and above leads to the higher production of ethylene and 
ethane, a one-sample t-test was conducted to obtain the significance of difference in 

ethylene and ethane production due to UV degradation in PET.  
 

 The null hypothesis is now given as: the total ethane and ethylene produced due to 
UV degradation of PET is the same as the total ethane and ethylene produced without 

UV degradation, which is 3.9 wt% in UV0. Using a t-test for independent samples (1-
tailed), the results are presented in Table 6-2. 

 
Table 6-2: Results of one sample t-test for total ethane and ethylene produced. 

 With UV exposure Notes 
Mean, M 0.014  

Variance 2.62E-05  
Observations, n 4  
Hypothesized mean 0.005 Total ethane and ethylene from UV0 

to UV0.6 
df 5  
t Stat 9.191  

P(T<=t) one-tail 1.28E-04 P < 0.05 
t Critical one-tail 2.571 t stat > t crit 

 
 Based on the statistical analysis, the null hypothesis was rejected based on t stat > t 

crit. Therefore, the following can be derived based on the results. The total ethane 

and ethylene produced from carbonization of PET exposed to UV degradation 2.3 years 
and above (M = 0.014, SD = 2.62E-05, n = 4) had significant difference than that of 

carbonization of PET without or with less UV exposure (M = 0.005). This difference 
was significant due to t(4) = 9.19, p = 1.28E-04 (one tail). There is enough evidence 

to conclude that there was statistically significant difference between the samples, in 
which it can be addressed that total ethane and ethylene produced was relatively 

higher when PET was exposed to 2.3 years and above of UV degradation. As a 
conclusion, UV degradation of PET for 2.3 years and above of PET produces higher 

ethylene and/or ethane yield. 
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 Figure 6-13 shows the relationship between CO2 and CO in unit mol/mol-feedstock 

obtained from PET carbonization. In most cases of PET carbonization, it is known that 
1 mol of CO2 is produced per 1 mol CO for PET (as discussed in Chapter 5). In the 

case of carbonization of PET exposed to UV degradation, it can be seen that CO2 
produced was slightly higher than CO produced in most cases. In addition, it can be 

seen that there was no significant correlation found between the CO and CO2 of 
carbonization of UV degraded PET, due to p = 0.8291 (𝛼 = 0.05). This may be due to 

the reason that during the UV degradation of PET, carboxylic group was formed in the 

main chain of the polymer. The increase of carboxylic group led to the higher tendency 

of C-O scission in the main chain, thus leading to higher production of CO2 and higher 
fixed-carbon yield in char. 

 

 
Figure 6-13: Relationship between CO2 and CO obtained from carbonization of PET 

without exposure (denoted by blue markers) and PET with UV exposure (denoted by 

grey markers). 
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 In order to determine the statistical significance of Figure 6-13, a Student’s t-test was 

conducted on the two groups of data sets, they are, carbonization of PET without UV 
exposure (expressed as Control) and carbonization of PET with UV exposure 

(expressed as UV) as shown in Figure 6-14. Note that the y-axis is expressed as 
(CO2 produced) – (CO produced). 

 
 The null hypothesis is now given as: the difference of CO2 produced and CO produced 

in UV is the same as that in Control. Using a t-test for independent samples (1-tailed), 
the results are presented in Table 6-3. 

 
 Based on the statistical analysis, the null hypothesis was rejected based on t stat > t 

crit. Therefore, the following can be derived based on the results. The difference of 
CO2 produced and CO produced in UV (M = 0.16, SD = 0.12, n = 6) had significant 

difference than that in Control (M = 0.06, SD = 0.08, n =20). This difference was 
significant due to t(6) = 1.975, p = 0.049 (one tail). There is enough evidence to 

conclude that there was statistically significant difference between the samples. On 
the other hand, it was discussed previously in Chapter 5, that 1 mol of CO2 is produced 

per 1 mol CO for the case of Control. This implies that the difference of CO2 produced 
and CO produced in Control is approximately equal to 0. Based on this, it can now be 

speculated that the difference of CO2 produced and CO produced in UV is more than 

0, which consequently means that the CO2 produced is more than the CO produced in 
UV. Therefore, it can be addressed that CO2 is relatively higher than CO produced 

during carbonization when PET is exposed to UV degradation. 
 

As a conclusion, effects of UV degradation of PET on the product of carbonization 
were obtained as follows: 

1) Increase in fixed-carbon yield was statistically significant when PET was 
exposed to UV degradation; 

2) Increase of ethylene/ethane yield during carbonization was statistically 
significant for PET exposed to UV degradation for 2.3 years and above; 

3) CO2 yield was slightly higher than CO yield. 
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Figure 6-14: Comparison of carbonization of PET without UV exposure (expressed 

as control) and carbonization of PET with UV exposure (expressed as UV) using 

student’s t-test. 
 

Table 6-3: Results of t-test for independent samples for Control and UV. 

 Control UV Notes 

Mean, M 0.057 0.161  
Standard Deviation, SD 0.079 0.124  

Variance 0.006 0.015  
Observations, n 20 6  

df 6   
t Stat 1.975   

P(T<=t) one-tail 0.049  P < 0.05 

t Critical one-tail 1.943  t stat > t crit 
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6.2.6 Conclusions: Effect of UV degraded PET on carbonized product 

 In the study of carbonization of UV degraded PET, sample preparation was conducted 
using the accelerated weathering test. The following is the summary based on the 

method for preparing UV degraded PET: 
1) Microcracks were formed when PET was exposed to accelerated weathering. 

The observations of microcracks were evident during prolonged exposure to 
accelerated weathering. 

2) Increase of absorption intensity of C=O stretching in the carboxylic acid group 
of PET structure was observed in the FT/IR spectra when PET was exposed to 

accelerated weathering. This is due to the formation of carboxylic acid group 
(-COOH) through Norrish II which consequently magnified the intensity of 

absorption band of C=O during the degradation of PET. 
3) The stress at break of PET during tensile test significantly decreased with the 

extent of UV exposure. 
 

 Using the samples obtained from accelerated weathering tests, carbonization was 
conducted to determine the effects of UV degraded PET on carbonized product. The 

following is the summary based on current findings:  
1) Although initial hypothesis suggested that higher char yield and lower wax yield 

were expected in the carbonization of UV degraded PET, results only showed 

that increase in fixed-carbon yield was statistically significant when PET was 
exposed to UV degradation.  

2) Increase of ethylene/ethane yield was observed and was statistically significant 
for PET exposed to UV degradation for 2.3 years and longer, due to the 

decrease of C-C homolytic cleavage during thermal decomposition of PET.   
3) Although not evident, it was observed that CO2 yield was slightly higher than 

CO yield due to the increase of carboxylic end-group in the polymer structure.  
 

 Although a distinct difference in surface characteristics between PET with and without 
UV degradation was observed, the carbonized product showed otherwise. This is due 

to the singularity of the PET polymer, as discussed in Chapter 4, which produces 
consistent product composition and char characteristics during carbonization. 
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6.3 Effects of colored and multilayer PET on carbonized product 
6.3.1 Background of colored and multilayer PET 
 Non-colored and lightly tinted blue PET bottles offer recyclers a high value in today’s 

market. However, colored PET bottles such as green and red PET bottles, have 
limitations for their reuse and therefore, have much lower value as recycled materials. 

This is due to the problem in additives, that is, dyes which will contaminate the 
recycled PET materials and decrease polymer quality (Schloss, 2017). Dye pigments 

used in PET bottles are mainly organic dyes from phthalocyanine and anthraquinone 
families as shown in Figure 6-15. Phthalocyanine gives blue and green color to the 

resin while anthraquinone is the base for different dyes where color differs with 
different chemical group (Ambrogi et al., 2017). Pigments are applied in the form of 

discrete crystalline particles and are well dispersed in the resin (Hao and Iqbal, 1997). 
Due to the uniform dispersion of pigment in PET resin, removal of dye pigment from 

PET through mechanical separation is impossible. 
 

 
 

Phthalocyanine Anthraquinone 
Figure 6-15: Chemical structure of phthalocyanine and anthraquinone. 

 
 On the other hand, multilayer bottles composed of combined multiple materials have 

been implemented to reduce oxygen permeability for the purpose of protecting 
beverages from oxidation and extending product shelf life (Morris, 2017). The 

combination of materials includes employing a core layer which is high in gas barrier 
properties, called oxygen barrier layer (from here on, denoted as OBL), sandwiched 

between PET layers. Table 6-4 shows the summary of types of OBL generally used 
in PET bottle production. 
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Table 6-4: Major types of oxygen barrier used in multilayer PET bottles. 

Type of Oxygen 
Barrier Layer 

Description REF 

Metallized film with 
SiOx (Silicon oxide) 

coating 

Inorganic barrier layer 
Often used in the form of PET/Metallized 

film/polyolefins* 

Patterson 
and Utas 

(2002) 

MXD6 Nylon 

Organic barrier layer 

Encapsulated in the inner barrier between 5% 
and 10% of the bottle weight. 

Often used in Japan for monolayer, single-

serve, green-tea packages in the form of 
PET/MXD6/PET* 

GVM 

(2017) 

Copolymer of 
ethylene and vinyl 

alcohol (EVOH) 

Organic barrier layer 
Encapsulated in the inner barrier between 5% 

and 10% of the bottle weight. 
Often used in the form of plastic/EVOH/plastic* 

Shifman 

(2012) 

*Outer layer/Middle layer/Inner layer 
 

 Due to the multilayer structure of the bottles, mechanical recycling of the multilayer 
PET bottle becomes a challenge in the recycling industry (Beeva et al., 2015; Messin 

et al., 2017). It was reported that conventional float separation tank is ineffective in 
the removal of OBL (Rujnic-Sokele et al., 2008) and that intense mechanical 

separation is necessary to separate the layers (Kaiser et al., 2018). Therefore, in the 

recycling industry, multilayer bottles are widely considered as non-recyclable and are 
usually incinerated or landfilled.  

 
 Although both colored PET bottles and multilayer bottles have zero value in the 

recycling market, they have great potential in the synthesis of carbon-based 
adsorbents. It is of great interest to investigate the effects of additives, specifically 

dyes and OBL on the carbonized product. To date, there have been no reports on the 
effects of dyes and OBL in the PET feedstock on the product of carbonization. 

Additionally, the effects of added mass percentage of OBL in PET layers on the 
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carbonized product are also unknown. Studying these effects will give clarity to the 

compatibility of carbonization as a method to treat the non-recyclable colored and 
multilayer PET bottle. 

 
 This section discusses the yield and characterization of carbonized products obtained 

from carbonization of colored PET and carbonization of single PET with combination 
of OBL added at various mass percentage. The solid, liquid and gaseous products were 

obtained in the form of char, wax and gas. For char, surface analyzation and elemental 
analyzation were conducted to study its characteristics. For wax, liquid analysis and 

elemental analyzation were conducted, while for gaseous product, quantification of 
compounds was conducted. The effects of colored PET and OBL on the product yield 

and product characteristics were studied and discussed. 
 

6.3.2 Preparation and characterization of feedstock 
6.3.2.1 Preparation of samples 

 Samples were prepared from commercial 500 mL carbonated drink bottles, which 
were washed and dried overnight with their caps removed. The bottle layers were 

separated to give 3 different layers – thick outer layer (67.1 wt%), transparent middle 
layer (7.3 wt%) and thin inner layer (25.6 wt%) as shown in Figure 6-16.  

 

 
Figure 6-16: Separated layers of commercial PET bottle sample. 

 

Commercial PET bottle sample

Inner layer Middle layer Outer layer
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6.3.2.2 Characterization of samples 

 Infrared spectroscopy by attenuated total reflection (ATR-FT/IR) analyzation and 
elemental analysis were conducted for each separated layer to determine the polymer 

characteristics of the commercial PET bottle samples. Analyzation methods are 
described in Chapter 3.  

 
 Based on the elemental analysis of separated layers of commercial PET bottle samples, 

elemental compositions of layers were obtained as shown in Table 6-5. Notice that 
N% obtained was relatively high in the middle layer. 

 
Table 6-5: Elemental composition of separated layers of commercial PET bottle 

samples. 

 Ultimate Analysisa [wt%] 

 C% H% N% O% 

Outer layer 62.1 4.1 0.2 33.6 
Middle layer 65.9 7.1 11.0 16.0 

Inner layer 62.0 4.0 0.2 33.8 
a:Dry basis; Data obtained from CHN analysis had 0.3% error. 

 
 Figure 6-17 shows the FT/IR spectra of layers of commercial PET bottle samples. 

FT/IR spectra of outer layer and inner layer showed typical polyethylene terephthalate 
peaks: 1730 cm-1 refers to C=O stretching of carboxylic acid group, 1453 cm-1 and 

1342 cm-1 indicate C-H bending and wagging of ethylene glycol segment, 1240 cm-1 
shows C-O stretching of carboxylic acid, and 712 cm-1 is the interaction of benzene 

rings (Pereira et al., 2017). Therefore, this confirms that the outer layer and inner 
layer were made from PET polymer. Note that the FT/IR spectra did not show any 

indications of peak characterization from dye pigments. The reason for this might most 
possibly be that the concentration of colorant additives in the outer and inner layer 

were low enough to be undetected by the FT/IR analyzation as colorant additives are 

usually added at 1 wt% to 2 wt% of the total polymer weight (Sipe, 2016).  
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 On the other hand, FT/IR spectra of middle layer showed typical polyamide peaks: 

1635 cm-1 shows C=O stretching of amide I, 1541 cm-1 indicates N-H bending of amide 
II, 959 cm-1 is the C-C stretching, 755 cm-1 refers to N-H wagging and 712 cm-1 is the 

interaction of benzene rings (Charles et al., 2009; Zhu et al., 2016b). This explains 
the high N% obtained from the middle layer of the bottle. The polyamide peaks are 

often seen in typical nylon such as Nylon-6 and Nylon-66. However, the presence of 
benzene ring at 712 cm-1 in the polyamide structure identifies the polymer as MXD6 

nylon (Harada et al., 1991). Additional verifications were conducted and reported in 
Appendix G and results confirmed that the middle layer of PET sample was MXD6 

nylon layer. Therefore, this indicates that the OBL in the commercial PET bottle sample 
used in this study was MXD6 nylon. 

 
Figure 6-17: FT/IR spectra of layers of commercial PET bottle samples. 

 

6.3.3 Carbonization of colored PET 
6.3.3.1 Experimental procedures 

 Carbonization experiment of colored PET layer was conducted based on methods 
described in Chapter 3. Experiment condition was set to operate at 400-480°C and 

120 min. Analyzation was also conducted using the methods described in Chapter 3, 
which includes proximate analysis and ultimate analysis for char; ultimate analysis for 

wax; and GC/TCD and GC/FID for gaseous product.  
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6.3.3.2 Results and discussions 

Product Composition 
 The product distribution of carbonization of outer PET (colored PET) and inner PET 

(colored PET) were obtained and compared with the results of product distribution of 
carbonization of clear PET from Chapter 4 as shown in Figure 6-18. Note that wax 

was taken as the balance from char and gas due to the large amount of residual wax 
that was solidified in the pipes of the reactor. Char yield decreased from 28.4 wt% of 

clear PET to 21.4 wt% for outer PET and 22.5 wt% for inner PET. Wax yield was 
slightly higher for colored PET layers while no evident changes were observed for gas 

yield. On the other hand, evident decrease of fixed-carbon yield for the colored PET 
layers was observed compared with clear PET. The reason for the decrease of char 

yield and fixed-carbon yield may be due to the presence of colorant additives that is 
well-dispersed in the polymer structure. The colorant additives prevented and 

disrupted the formation of cross-link in char, while stimulated the release of volatile 
matter to form wax. Nevertheless, char yield and fixed-carbon yield of carbonization 

of PET with colorant additives are relatively high compared to carbonization of other 
plastic counterparts; that is, LDPE: 𝑦,=)7 = 0 wt% (Batch, 550°C, 5°C/min; Marcilla et 

al., 2009), HDPE: 𝑦,=)7 = 0 wt% (Batch, 550°C, 5°C/min; Marcilla et al., 2009), and 

PP: 𝑦,=)7 = 13.3 wt% (Batch, 380°C, 3°C/min; Sakata et al., 1999). 

 

Characteristics of wax 
 Results for elemental analysis of wax is presented in Table 6-6. Overall, wax 

obtained from carbonization showed no evident difference in wax properties for clear 
PET and PET with colored additives. 

 

Properties of Gaseous Product 
 Figure 6-19 shows the composition of gaseous products obtained from 

carbonization of clear PET, outer PET layer and inner PET layer. Similar to previously 
discussed, CO2 makes up the main gaseous compound, followed by CO and 

hydrocarbons. Little to almost no hydrogen was detected. Overall, gaseous products 
showed no evident difference in composition for clear PET and PET with colored 

additives. 
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Figure 6-18: Comparison of product distribution and fixed-carbon yield obtained 
from carbonization of clear PET layer (from Chapter 4), outer PET and inner PET. 

 
Table 6-6: Characteristics of wax obtained from carbonization of clear PET layer 

(from Chapter 4), outer PET layer and inner PET layer. 

 Ultimate Analysisa [wt%] HHVa 
[MJ/kg] C% H% N% O% 

Clear PET 62.3 5.2 0.3 32.2 26.6 
Outer PET 70.1 5.1 0.5 24.3 28.0 

Inner PET 65.7 4.4 0.4 29.5 24.6 
a:Dry basis; Data obtained from CHN analysis had 0.3% error. 

 

 
Figure 6-19: Comparison of gas composition obtained from carbonization of clear 

PET layer (from Chapter 4), outer PET and inner PET. 
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6.3.4 Carbonization of multilayer PET 

6.3.4.1 Experimental procedures 
 Procedures for carbonization are described in detail in Chapter 3. The operating 

temperature was set constant to 400-480ºC and held for 120 min. Note that 
approximately 70 g outer layer (PET) with middle layer (OBL) added at mass 

percentage of 0, 2, 4, 6 and 8 wt% were packed for each experiment. Analyzation 
was conducted using the methods described in Chapter 3. 

 
6.3.4.2 Results and discussion 

Product composition 
 The product distribution obtained from carbonization of PET and mixture of PET and 

OBL of different added mass percentage is shown in Figure 6-20. From the results, 
char yield from carbonizing PET with 2 wt% of OBL slightly decreased compared with 

the char yield obtained from carbonizing single PET layer. However, minor positive 
correlation of char yield can be observed with increasing mass percentage of OBL. In 

the case of wax and gas composition, evident decrease of wax yield while increase of 
gas yield can be seen with increasing OBL mass percentage. Results indicate that, in 

the case of constant char yield, there was high possibility of cracking of wax to form 
gaseous product, which was dominant in the presence of OBL.  

 

 
Figure 6-20: Product distribution obtained from carbonization of single PET layer 

and mixture of PET and OBL of different added mass percentage. 
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Characteristics of char 

 Figure 6-21 shows the FT/IR spectra of char obtained from carbonization of PET 
and mixture of PET and OBL of different added mass percentage. FT/IR spectra of 

char shows that char obtained from carbonization of single PET layer showed no 
remaining structure of PET. This indicates the complete carbonization of PET. However, 

for increased OBL mass percentage in the feedstock, large absorption peaks of N-H 
wagging at 755 cm-1 and benzene ring interaction at 712 cm-1 were observed. In 

addition, amide I and amide II peaks were observed for char at higher OBL mass 
percentage. This indicates that, compared to PET polymer, functional groups of MXD6 

nylon have less tendency to volatilize into wax and gaseous product.  

 
Figure 6-21: FT/IR spectra of char obtained from carbonization of PET and mixture 

of PET and OBL of different mass percentage. 
 
 Proximate and ultimate analysis were conducted for char whereas ultimate analysis 

and HHV measurements were conducted for wax, and the results are presented in 
Table 6-7. Based on the results obtained for char, volatile matter and fixed carbon 

contents were consistent for all runs. Fixed-carbon yield slightly increased with 
increasing OBL mass percentage. However, it was well noted that the amount of ash 

slightly increased with increasing OBL mass percentage. The leftover ash was collected 
for analysis using XRD to identify the component of ash. 
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Table 6-7: Characteristics of char obtained from carbonization of PET and mixture of 

PET and OBL of different added mass percentage. 

OBL 
Proximate Analysisa 

[wt%] Fixed-carbon 
yield [wt%] 

Ultimate Analysisa 
[wt%] 

Ash VMb FCc C% H% N% O% 
0 wt% 0.00 18.6 81.4 17.4 88.4 4.3 0.7 6.6 

2 wt% 0.03 18.7 81.2 15.1 89.4 4.4 2.7 3.5 
4 wt% 0.24 18.7 81.1 17.1 80.8 4.0 2.7 12.5 

6 wt% 0.29 17.5 82.2 18.7 81.4 4.0 3.0 11.7 
8 wt% 0.66 18.4 80.9 19.0 79.1 5.5 1.9 13.5 

a: Dry basis; Data obtained from CHN analysis had 0.3% error 
b: Volatile matter content 
c: Fixed carbon content 

 
 Figure 6-22 shows the XRD pattern of leftover ash. Ash from combustion of single 

MXD6 nylon layer, labelled as “MXD6 layer” was obtained for comparison. Cobalt peaks 
in the form of cobalt oxide were observed in all the ash sample. The reason for this 

finding is that cobalt salt is usually blended with PET/MXD6 nylon to improve oxygen 
scavenging abilities of the packaging (Collette and Merrimack, 1991). Peaks for 

aluminum and silica were also detected which are most likely originated from the 
surface of alumina/silica crucible used in the proximate analyzation. 

 

   
Figure 6-22: XRD pattern of leftover ash. 
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Characteristics of wax 

 Results for elemental analysis of wax is presented in Table 6-8. Wax from 
carbonization of PET with OBL showed slight decrease in O%, indicating the loss of 

oxygen in the wax phase to form CO2 in the gas phase. This will be discussed later. 
 

Table 6-8: Characteristics of wax obtained from carbonization of PET and mixture of 
PET and OBL of different mass fractions. 

OBL 
Ultimate Analysisa [wt%] HHVa 

[MJ/kg] C% H% N% O% 

0 wt% 70.1 5.1 0.5 24.3 28.0 
2 wt% 70.4 5.2 1.7 22.7 29.6 

4 wt% 72.2 5.3 2.0 20.6 29.7 
6 wt% 73.4 5.5 2.2 19.0 29.3 

8 wt% 71.5 5.4 1.6 21.5 28.1 
a: Dry basis; Data obtained from CHN analysis had 0.3% error 
 

  Table 6-9 and Figure 6-23 show the GC/MS analysis results of wax obtained from 
carbonization of single PET layer and PET with OBL of different mass percentage, with 

the relative peak area (%) given in the total chromatogram. The chemical compounds 
are grouped into carboxylic acid, aromatic ketone, aromatic hydrocarbon, phthalate 

ester and aromatic amine for ease of comparison. Based on the results, it is evident 
that benzoic acid was the main component of wax. With increasing OBL mass 

percentage, evident decrease in relative peak area of the carboxylic acid was observed. 
Compared to wax from carbonization of single PET layer, wax from carbonization of 

PET with OBL produced more aromatic hydrocarbons such as biphenyl and fluorene. 
Also, presence of OBL in the feedstock led to the detection of aromatic amine peaks 

such as pyridine and benzonitrile. Overall, increase in aromatic hydrocarbons and 
decrease in carboxylic acid were observed in wax obtained from carbonization of PET 

with OBL. 
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Table 6-9: GC/MS analysis results of the wax obtained from carbonization of single 

PET layer and PET with OBL of different added mass percentage. 

Name of compounds %Area 

OBL mass percentage  
0 

wt% 
2 

wt% 
4 

wt% 
6 

wt% 
8 

wt% 

Carboxylic acid      

Acetic acid 0.32 0.78 0.28 0.25 0.00 
Benzoic Acid 88.0 89.4 88.9 77.6 63.6 

Benzoic acid, 3-methyl- 0.14 0.00 0.00 0.09 0.00 
Benzoic acid, 4-methyl- 4.00 2.76 3.48 3.13 3.22 

4-Ethylbenzoic acid 0.93 0.59 0.74 0.78 0.35 

 93.4 93.5 93.4 81.8 67.2 

Aromatic ketone      

Acetophenone 0.00 0.11 0.00 0.22 2.82 
Benzeneacetaldehyde  0.00 0.00 0.00 0.00 0.88 

Propiophenone  0.00 0.15 0.00 0.66 0.00 
Butyrophenone  0.00 0.13 0.18 0.40 0.00 

1-Butanone, 2-methyl-1-phenyl-  0.00 0.00 0.00 0.10 0.00 
Benzaldehyde, 4-(1-methylethyl)- 0.12 0.00 0.00 0.00 0.46 

 0.12 0.39 0.18 1.38 4.15 

Aromatic hydrocarbon      

Biphenyl 2.08 3.25 2.88 10.3 14.6 

1,1'-Biphenyl, 2-methyl- 0.10 0.00 0.00 0.25 0.00 
Diphenylmethane 0.00 0.19 0.23 0.64 0.00 

1,1'-Biphenyl, 3-methyl- 0.70 0.69 0.72 2.73 0.40 
Bibenzyl 0.00 0.21 0.20 0.38 0.40 

4-Ethylbiphenyl  0.25 0.00 0.00 0.27 0.26 
Fluorene 0.00 0.40 0.45 1.02 0.62 

9H-Fluorene, 9-methyl- 0.00 0.00 0.30 0.57 0.32 

 

 

3.13 4.74 4.78 16.13 16.60 
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Name of compounds %Area 

OBL mass percentage  
0 

wt% 
2 

wt% 
4 

wt% 
6 

wt% 
8 

wt% 

Phthalate ester      

Dimethyl phthalate 1.18 1.02 0.69 0.00 0.00 
Diethyl phthalate  0.51 0.32 0.00 0.00 0.00 

Dibutyl phthalate 1.66 0.00 0.00 0.00 0.00 

 3.35 1.34 0.69 0.00 0.00 

Aromatic amine      

Pyridine, 2-propyl- 0.00 0.00 0.14 0.12 0.00 

Benzonitrile 0.00 0.00 0.00 0.04 10.46 
Pyridine, 2-ethyl-5-methyl-  0.00 0.00 0.00 0.15 0.09 

Pyridine, 3-ethyl-4-methyl-  0.00 0.00 0.00 0.05 0.05 

Benzonitrile, 4-methyl- 0.00 0.00 0.00 0.05 0.63 
4'-Benzamido-4-methylbenzanilide  0.00 0.00 0.00 0.00 0.18 
Benzeneacetonitrile, 𝛼-methyl- 0.00 0.00 0.06 0.09 0.19 

Butanenitrile, 2,3-bis(benzoyloxyimino)-  0.00 0.00 0.00 0.00 0.11 
Benzamide 0.00 0.00 0.72 0.19 0.35 

 0.00 0.00 0.92 0.69 12.06 

 

 
Figure 6-23: Graphical representation of the GC/MS analysis. 
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Composition of gaseous product 

 Figure 6-24 shows the overall gas composition and hydrocarbon composition of 
gaseous product obtained from all carbonization experiments. Similarly, the gaseous 

product was mainly consisted of CO2, CO and hydrocarbons. However, the main 
difference was the increased CO2 yield with increasing OBL mass percentage. As 

discussed in Chapter 5, 1 mol CO2 was produced per 1 mol of CO when 1 mol PET 
was carbonized. However, in the presence of OBL, the total mol of CO2 and mol CO 

produced for 1 PET monomer were obtained as follows: 1.7 mol-CO2/mol-PET and 0.4 
mol-CO/mol-PET for 2 OBL-wt%; 1.8 mol-CO2/mol-PET and 0.4 mol-CO/mol-PET for 

4 OBL-wt%; 1.9 mol-CO2/mol-PET and 0.3 mol-CO/mol-PET for 6 OBL-wt%; 2.1 mol-
CO2/mol-PET and 0.2 mol-CO/mol-PET for 8 OBL-wt%; as compared to 0.8 mol-

CO2/mol-PET and 0.8 mol-CO/mol-PET for 0 OBL-wt%. Notice the total CO2 produced 
was more than the maximum assumed CO2 molecule. This indicates the possible 

decomposition of carboxylic acid during carbonization to form aromatic hydrocarbons 
in wax and CO2 in gas. On the other hand, for hydrocarbons, the amount of methane 

decreased while ethane and ethylene increased in the presence of OBL, indicating 
lower conversion of short chain hydrocarbons from long chain hydrocarbons. Overall, 

higher CO2 yield was obtained in the carbonization of PET and OBL mixture, indicating 
the decomposition of carboxylic acid in wax to form CO2 in gas. 

 
Figure 6-24: Overall gas composition and hydrocarbon composition of gaseous 

product obtained from carbonization. 
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6.3.5 Effect of cobalt oxide on carbonized product 

 The high yield of CO2 from carbonization of PET with OBL compared to single PET 
layer could be explained by the presence of cobalt salt in the OBL. Cobalt salt was 

detected in the leftover ash by powder XRD analysis, in which identified as cobalt 
oxide, is known to be one of the most reactive metals that is comparable to iron and 

nickel compounds. Thingpen and Trebellas (1969) reported cobalt oxide as catalyst 
for the reaction of vapor carboxylic acid to form ketones at high temperatures around 

400°C. It was assumed that the cobalt salt in OBL decomposed to cobalt oxide, which 
consequently led to the decomposition of carboxylic acid in the wax phase to form 

aromatic hydrocarbon and CO2. In order to verify this assumption, additional 
investigation was conducted by carbonizing PET with cobalt oxide. Here, 1 wt% cobalt 

oxide was added in excess to the feedstock for the initial intention to completely 
decompose carboxylic acid and to produce high yield of aromatic hydrocarbons.   

 
 Figure 6-25 shows the comparison of product distribution and gas composition 

obtained from carbonization of single PET layer, PET with 8 wt% OBL and PET with 1 
wt% cobalt oxide. PET with 8 wt% OBL was chosen as a comparison data to represent 

the actual fraction (7.9 wt%) of layers in commercial PET bottle sample. From the 
results, wax fraction decreased while gas fraction increased when 1 wt% cobalt oxide 

was added in the initial feedstock, in which the increase in aromatic hydrocarbons and 

decrease in carboxylic acids (based on GC/MS analysis) were observed in wax, while 
high gas yield was obtained. In the case of gas composition, results obtained were 

similar to findings from carbonization of PET with added OBL. The yield of CO2 highly 
exceeded the predicted amount of total CO2 in the presence of cobalt oxide, in which 

the mol of CO2 and mol CO produced for 1 PET monomer was obtained as 1.6 mol-
CO2/mol-PET and 0.4 mol-CO/mol-PET. However, the decrease in wax and increase 

of CO2 were not as evident as expected, and was lower than that in carbonization of 
PET with 8 wt% OBL as a consequence of lack of dispersion of the granular cobalt 

oxide in the initial feedstock. Nonetheless, the results verified that presence of cobalt 
oxide in the carbonization feedstock largely affects the composition of wax and 

gaseous product, in which cobalt oxide catalyzes the decomposition of carboxylic acid 
to form aromatic hydrocarbons in the wax and CO2 in the gaseous product. 



 138 

 
(a) Product distribution  (b) Gas composition 

Figure 6-25: Comparison of (a) product distribution and (b) gas composition 
obtained from carbonization of single PET layer, PET with 8 wt% OBL and PET with 

1 wt% cobalt oxide. 
 

6.3.6 Conclusions: Effects of colored and multilayer PET on carbonized 
product 

 In the study of carbonization of colored PET, sample feedstock from commercial PET 
bottle was used. The following is the summary based on current findings: 

1) Results showed that char yield and fixed-carbon yield decreased compared to 
clear PET due to the presence of colorant additives which is well-dispersed in 

the polymer structure that prevented the formation of cross-link in char and 
stimulated the release of volatile matter to form wax. 

2) Although decreased char yield and fixed-carbon yield were observed, the 

results obtained were relatively high compared to char yield and fixed-carbon 
yield from carbonization of other plastic counterparts. 

3) Composition of wax and gaseous products were consistent and showed no large 
variance during the carbonization of colored PET bottle. 
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 In the study of carbonization of multilayer PET, a comparison between carbonization 

of single layer PET and carbonization of PET with OBL added at different mass 
percentage was studied and the carbonized product was evaluated. MXD6 nylon was 

chosen as the OBL in this study. The following is the summary based on current 
findings:  

1) Results obtained for char showed that OBL had no apparent effect in the 
process, in which char obtained from all experimental runs produced char with 

high carbon content. 
2) Increase in OBL mass percentage led to decrease of wax yield and subsequent 

increase of gas yield.  
3) Carbonization of PET with OBL produced more aromatic hydrocarbons such as 

biphenyl and fluorene in wax and more CO2 in gaseous product.  
 

 Further investigation by adding cobalt oxide in the carbonization operation was 
conducted to study the effects of cobalt oxide on carbonized product. The following is 

the summary: 
1) Cobalt compound in the OBL significantly affected the composition of wax and 

gaseous product.  
2) It was speculated that cobalt oxide catalyzes the decomposition of carboxylic 

acid to aromatic hydrocarbons and CO2. 
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6.4 Chapter summary  
 In this chapter, the effects of contaminants in non-recyclable PET on carbonized 
product were studied and presented. Colored PET, multilayer PET and PET exposed 

to UV degradation were chosen as the study target due to the non-recyclability of the 
materials. Carbonization of these non-recyclable PET was conducted under constant 

operating temperature and holding time, and the following summaries were obtained. 
 

 Firstly, the effects of UV degradation of feedstock on carbonization of PET were 
investigated by carbonizing PET, in which PET was exposed to different extent of UV 

degradation. UV degraded PET was prepared using the accelerated weathering 
method. Overall, carbonization of PET exposed to various extent of UV degradation 

produced char with high carbon content, thus indicating the suitability of method. 
 

 Next, the effects of carbonization of colored PET on carbonized product were 
investigated. Colored PET was prepared from commercial colored PET bottles which 

was dyed green. Results showed that char yield and fixed-carbon yield decreased 

compared to clear PET. The reasons may most likely be the presence of colorant 
additives which prevented the formation of cross-link in char and consequently 

stimulated the release of volatile matter to form wax.  
 

 Finally, the effects of carbonization of multilayer PET on carbonized product were 
studied and reported. The multilayer PET was obtained from commercial PET bottles 

and the oxygen barrier layer was identified as MXD6 nylon layer. Results showed that 
oxygen barrier layer had no apparent effect on the yield and characteristics of char. 

However, carbonization of PET with oxygen barrier layer produced more aromatic 
hydrocarbons such as biphenyl and fluorene in wax and more CO2 in gaseous product, 

indicating possible decomposition reaction of volatile matter. Cobalt oxide was 
identified in the ash residue of char, indicating the presence of cobalt salt in the 

oxygen barrier layer which had led to the decomposition of volatile matter. In order 
to verify this assumption, further investigation was conducted by adding cobalt oxide 

in the carbonization operation. Results confirmed that cobalt oxide catalyzes the 
decomposition of volatile matter, carboxylic acid to aromatic hydrocarbons and CO2.  
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Chapter 7: Gas adsorption study of activated char 

7.1 Introduction 
 The production of activated carbon from solid waste is most advantageous in terms 

of low to zero cost of raw material. The valorization of solid waste is also beneficial in 
terms of providing a new usage to the solid waste and omitting the need for costly 

treatment of waste (Coelho et al., 2011; Singh et al., 2017; Wang et al., 2019). In 
this chapter, char from Chapter 4 was activated and the gas adsorption ability of 

product was studied in order to evaluate the capacity of carbon dioxide (CO2) 
adsorption. The first half of the chapter reports a bench-scale static adsorption 

apparatus which was used to measure the CO2 adsorption isotherm. The adsorption 
equilibrium data of CO2 onto waste PET derived carbon adsorbent was presented and 

fitted to the Langmuir model. The second half of the chapter reports a bench-scale 

dynamic adsorption apparatus which was used to obtain the breakthrough curve of 
multiple gaseous compound. Based on the information from adsorption isotherm of 

CO2, the breakthrough curve of CO2 was correlated with LDF equation to obtain the 
adsorption kinetics of CO2 onto PET derived carbon adsorbent with comparison to 

commercial activated carbon and zeolite. The experiments were carried out under 
controlled conditions according to the study scheme as shown in Figure 7-1. 

 

 
Figure 7-1: Study scheme of Chapter 7 to investigate the gas adsorption 

characteristics and gas adsorption capacity of activated char. 
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Ø Concentration of gas 
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ü Describe effects of each parameter on activated char
ü Apply mathematical model to obtain fitting parameters 

Activated char prepared 
by conventional physical 
CO2 activation method
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7.2 Activation of char and surface properties 
7.2.1 Experimental procedures and materials 
7.2.1.1 Activation of char 

 Char was prepared from carbonization at 400-480°C, 120 min in nitrogen atmosphere 
as described in Chapter 4. Activation was conducted using methods and conditions 

described in Chapter 3 to produce activated carbon (PET-AC). Commercial activated 
carbon (AC-GH2x) and zeolite (Zeolite 5A) were used as comparison. Characteristics 

of the commercial adsorbents are described in Chapter 3. 
 

7.2.1.2 Analyzation of activated char 
 Characterization of PET-AC was conducted using ultimate analysis, scanning electron 

microscope for surface morphology, and BET/BJH analysis for specific surface area 
and pore size distribution.  

 
7.2.2 Results and discussion 

7.2.2.1 Physical characteristics of PET derived carbon adsorbent 

 A comparison of elemental composition of char obtained from PET carbonization as 
described in Chapter 4 and PET-AC obtained from char activation are presented in 

Table 7-1. Char contained high C% which consequently increased carbon active site 
for the oxidation reaction during CO2 activation. The increase of carbon active site is 

essential for the reaction of carbon with CO2 during activation for the formation of 
micropores and increase of surface area (Vallejos-Burgos et al., 2016; Oyarzún et al., 

2020). After activation, slight decrease in carbon content and slight increase in oxygen 
was observed. This indicates that the burn-off of char occurred where carbon atoms 

from char were eliminated by CO2 to expose micropores on surface. Figure 7-2 shows 
the surface morphology of char obtained from PET carbonization and PET-AC obtained 

after activation of char. As seen in the magnification of char from PET carbonization, 
particle shape was irregular and distorted and that surface of char was smooth without 

any presence of pores on surface. After activation, evident change in PET-AC surface 
was observed, where rough surface of activated char and formation of fine pores on 
the surface are apparent. Fine pores of less than 1 µm can be seen dispersed on the 

surface of char in Figure 7-2(e). 
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Table 7-1: Comparison of elemental composition of char obtained from PET 

carbonization and PET-AC obtained after activation of char. 

 Ultimate Analysisa [wt%] 

 C% H% N% O% 

Char 89.3 4.4 0.4 5.9 

PET-AC 79.1 0.4 2.2 18.3 
a:Dry basis; Data obtained from CHN analysis had 0.3% error. 

  
(a) Char surface (×50) (b) Char surface at ×100 

  
(c) PET-AC surface at ×100 (d) PET-AC surface at ×400 

 
(e) PET-AC surface at ×1700 

Figure 7-2: Surface magnification of (a), (b) char and (c)-(e) activated char, PET-AC. 
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7.2.2.2 BET/BJH characteristics of PET derived carbon adsorbent 

 The  N2 adsorption and desorption isotherms of PET-AC, commercial AC-GHx2 and 
Zeolite 5A were obtained as shown in Figure 7-3 and the specific surface areas, total 

pore volumes and average pore sizes were calculated as shown in Table 7-2. Based 
on the results obtained, it can be seen that adsorbents considered herein have large 

surface area with pore diameter of the micropore range (<2 nm). However, it was 
observed that for the N2 adsorption-desorption isotherm of PET-AC, the desorption 

curve did not follow the pathway of adsorption curve. This phenomenon can be 
explained by the structure of pores. Types of hysteresis loop are classified by the 

IUPAC and are given in Figure 7-4. Based on this classification, the isotherms 
obtained in PET-AC was identical to the hysteresis loops Type II and Type IV. 

Hysteresis loop Type II and Type IV are usually shown in solids with complex pore 
structures. The pore structures are generally described to have narrow branches 

connected to a pouch; and are usually referred to as ink-bottle-shaped pores for 
hysteresis loop Type II, and narrow slot-like pores for hysteresis loop Type IV. In both 

cases, the steep desorption curve is usually associated with pore-blocking due to the 
narrow necks of the pore structure (Thommes et al., 2015). Pore-blocking is the 

process in which a meniscus formed at the mouth of the neck recedes into the pore 
interior until the cavity is gradually emptied. Adsorbents with ink-bottle-pore structure 

are combinations of micropores and mesopores, where mesopores have access to the 

external surface through micropores. Based on the pore size distribution of PET-AC, 
although data was not obtained under 10Å due to limitation of instrument, it is evident 

that combinations of micropores and mesopores were present in the PET-AC structure, 
thus indicating the ink-bottle-pore or slit-like-pore structure of PET-AC. 

 
7.2.3 Conclusions: Activation of char and surface properties 

 Based on the observation of surface morphology and analysis of N2 
adsorption/desorption isotherm of PET-AC, adsorbent with high BET surface area and 

small pore diameter was obtained by activating char from PET carbonization. This 
indicates the successful burn-off of char surface to produce activated carbon with pore 

diameter of the micropore range.  
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Figure 7-3: Adsorption isotherm and pore size distribution of PET-AC, AC-GH2x and 
zeolite 5A. 

 
Table 7-2: Specific surface areas, total pore volumes and geometric mean radius of 

the adsorbents estimated from N2 adsorption/desorption isotherm method. 

  PET-AC AC-GHx2 Zeolite 5A 
BET surface area [m2/g] 616 1017 463 
Total pore volume [cc/g] 0.37 0.48 0.18 

Geometric mean radius* [nm] 1.00 1.36 1.20 

*Taken at the 50% probability point of the cumulative lognormal size distribution. 

 

 
Figure 7-4: IUPAC classification of hysteresis loop corresponding to pore shapes. 

(Image adopted from Xiong et al., 2017) 
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7.3 Static adsorption study 
7.3.1 Experimental set-up 
 Single gas component, binary gas component and multiple gas component adsorption 

isotherm measurements for static adsorption studies were conducted based on 
methods described in Chapter 3 using PET-AC, AC-GH2x and Zeolite 5A. For single 

gas component, the adsorption equilibrium capacity of N2 and CO2 were measured. 
For binary gas component, the adsorption equilibrium capacity of N2 and CO2 in 

mixture gas 20 CO2-vol% (balance N2) were measured. On the other hand, for multiple 
gas component, the adsorption equilibrium capacity of N2, CO2, CH4 and CO in mixture 

gas 20 CO2-vol%, 20 CH4-vol% and 20 CO-vol% (balance N2) were measured. 
Experiments were conducted at 20°C and 35°C in pressure range of 0.1 to 0.5 MPa. 

Note that pressure was measured in terms of gauge pressure. Note that all operations 
were conducted with constant holding time of 5 min, which is considered to be 

sufficient for adsorption of gas to achieve equilibrium. 
 

7.3.2 Equations and expressions 

7.3.2.1 Equilibrium adsorption capacity 
 The equilibrium adsorption capacity, 𝑞%  is defined as the ratio of amount of gas 

adsorbed to the mass of adsorbent given as 

 𝑞% = 𝑛 𝑚⁄  (7-1) 
, where 𝑛 is the amount of gas adsorbed in mol whereas 𝑚 is the mass of adsorbent 

in the adsorbent tank in kg. 
 

7.3.2.2 Henry coefficient 
 Henry coefficient states that the amount of gas adsorbed in the adsorbent is directly 

proportional to the amount of gas loaded into the system at low pressure region less 
than 1 MPa (Poursaeidesfahani et al., 2018). The linear function is given as 

 𝑐% = 𝐾+𝑐 (7-2) 
, where 𝐾+  is the Henry coefficient whereas 𝑐%  is the amount of gas adsorbed in 

adsorbent at equilibrium and 𝑐 is the total amount of gas loaded into the system. Note 

that the Henry coefficient is valid for single gas component adsorption isotherm 

measurements. 
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7.3.2.3 Langmuir Isotherm 

 In order to evaluate the adsorption equilibrium and predict the adsorption of gas from 
pure component isotherms (Ruthven, 1984), Langmuir isotherm is used to correlate 

the CO2 adsorption of single gas component. The Langmuir isotherm is given as 
 𝑞% =

𝑞.𝑏𝑃%
1 + 𝑏𝑃%

 (7-3) 

, where 𝑃% is the pressure in equilibrium, 𝑞. is the maximum adsorbed amount per 

unit mass of adsorbent and 𝑏 is the Langmuir isotherm equation parameter (MPa-1).  

 

 For the prediction of adsorption of gas mixture from multiple component isotherms, 
a modified Langmuir isotherm is expressed as 

 𝑞%,# =
𝑦#𝑞.,#𝑏𝑃%
1 + 𝑏𝑃%

 (7-4) 

, where 𝑞%,# and 𝑞.,# are the equilibrium adsorption capacity and maximum adsorbed 

amount for gas species, 𝑖, respectively. 𝑦# is the mole fraction of gas species 𝑖 in the 

initial bulk (gas) phase. 

 

7.3.2.4 Adsorption selectivity 
 Adsorption selectivity is often used to evaluate the efficiency of adsorbents for 

separation of gas components such as CO2, CH4 and CO from N2 (Saha et al., 2010; 
Liu et al., 2016; Moura et al., 2018). Adsorption selectivity, 𝑆3/5, is defined as, 

 𝑆3/5 =
𝑥3 𝑥5⁄
𝑦3 𝑦5⁄  (7-5) 

, where 𝑥3 and 𝑥5 are the mole fractions of species A and B in the adsorbed phase, 

while 𝑦3 and 𝑦5 are the mole fractions of species A and B in the bulk (gas) phase. 

Note that species A is the stronger adsorbate whereas species B is the weaker 

adsorbate. Adsorption selectivity is plotted as a function of pressure or temperature. 
𝑆3/5 > 1  indicates the selectivity of species A over species B whereas 𝑆3/5 < 1 

indicates the selectivity of species B over species A. An ideal adsorbent with excellent 

gas separation properties is defined to possess the properties of increased selectivity 
with decreasing pressure and increasing temperature. 
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7.3.3 Results and discussion 

7.3.3.1 Adsorption equilibrium of single gas component 
 Figure 7-5 shows the equilibrium adsorption capacity of pure CO2 and N2 using PET-

AC, AC-GH2x and zeolite 5A with their corresponding Henry’s plot during single gas 
component adsorption isotherm measurements at 20°C and 35°C.  

 
 It was observed that for all adsorbents, the amount of CO2 adsorbed at equilibrium 

is more than the amount of N2 adsorbed and that all adsorbents had strong affinity to 
CO2 compared to N2. In the case of PET-AC, it can be seen that CO2 adsorption 

capacity decreased slightly from 2.66 mol/kg (20°C, 0.2 MPa) to 2.55 mol/kg (35°C, 
0.2 MPa) when measurements were conducted at higher operating temperature. 

However, the decrease of CO2 adsorption capacity at higher operating temperature is 
evident in AC-GH2x from 2.76 mol/kg (20°C, 0.2 MPa) to 2.10 mol/kg (35°C, 0.2 MPa); 

and most evident in zeolite 5A from 3.45 mol/kg (20°C, 0.2 MPa) to 0.99 mol/kg (35°C, 
0.2 MPa). At low operating temperature of 20°C, equilibrium adsorption capacity of 

CO2 in ascending order was PET-AC<AC-GH2x<zeolite 5A. However, at higher 
operating temperature of 35°C, equilibrium adsorption capacity in ascending order 

was zeolite 5A<AC-GH2x<PET-AC. On the other hand, the amount of CO2 adsorbed 
was plotted against the amount of adsorbate loading to obtain Henry coefficient. Large 
Henry coefficient (≈1) indicates high adsorption capacity of adsorbent. In the case of 

PET-AC, it can be observed that Henry coefficient was approximately 0.45 for both 

20°C and 35°C. In the case of AC-GH2x, Henry coefficient was 0.86 at 20°C, however, 
decreased to 0.36 at 35°C. Similarly, Henry coefficient of Zeolite 5A was 0.90 at 20°C, 

but sharply decreased to 0.23 at 35°C. 
 

 Based on the results obtained, it is evident that the adsorption properties of PET-AC 
were different from AC-GH2x and zeolite 5A, in which temperature had little effect on 

the adsorption of N2 and CO2 on PET-AC. This phenomenon will be explained in the 

later sub-sections, including analyzation of the isosteric heat of CO2 adsorption, 
change of enthalpy during CO2 adsorption and theories for the adsorption properties 

of PET-AC based on past studies. 
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(a) PET-AC 

  
(b) AC-GH2x 

  
(c) Zeolite 5A 

Figure 7-5: Amount of CO2 and N2 adsorbed and Henry’s plot during single gas 
component adsorption isotherm measurements at 20°C and 35°C. 
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7.3.3.2 Adsorption equilibrium of binary gas component 

 Figure 7-6 shows the equilibrium adsorption capacity of CO2 and N2 from binary gas 
using PET-AC, AC-GH2x and zeolite 5A with their corresponding selectivity of gas 

components during binary gas component adsorption isotherm measurements at 35°C, 
20 CO2-vol% (N2 balance). It should be noted that CO2 adsorption was approximately 

100% for all operations. 
 

 It was observed that for all adsorbents, the amount of CO2 adsorbed at equilibrium 
increased with increasing pressure, indicating that all adsorbents had strong affinity 

to CO2 compared to N2. In the case of PET-AC, it can be seen that CO2 adsorption 
capacity increased with increasing pressure, with fair amount of N2 adsorbed. Similarly, 

AC-GH2x showed increasing adsorption capacity with increasing pressure, and also 
fair amount of N2 adsorbed. Particularly, the amount of N2 adsorbed was higher than 

the amount of CO2 adsorbed at low pressure. The reason for this is that at low pressure, 
the total amount of CO2 loading in the operation was low, thus, leading to the 

adsorption of N2 in the vacant pores of PET-AC and AC-GH2x surface. With increasing 
pressure, the total amount of CO2 loading increased, leading to the increased CO2 

adsorption on the adsorbent surface. For both PET-AC and AC-GH2x, the selectivity of 
CO2 over N2 increased with increasing pressure. It is also evident that selectivity of N2 

over CO2 is close to zero due to the low affinity of N2 in carbon adsorbents. On the 

other hand, zeolite 5A showed different tendency in which CO2 is the main gas 
component adsorbed. Little to almost no N2 was adsorbed in equilibrium. It was 

evident that zeolite 5A had high affinity to CO2 compared to N2 as seen in the high 
selectivity of more than 100 of the adsorbent. The reason for this is that zeolite 5A 

was specially designed to be highly selective to the adsorption of CO2 due to the 
calcium cation attached to its framework (Harlick and Tezel, 2004; Mofarahi and 

Gholipour, 2014; Mendes et al., 2017). Therefore, although the BET surface area of 
zeolite 5A was relatively lower than PET-AC and AC-GH2x, the presence of cation in 

zeolite 5A resulted in strong interaction of quadruple moment between CO2, thus, 
resulting in the high selectivity of CO2 in binary mixture of CO2 and N2 gas. 

Nevertheless, PET-AC showed good CO2 adsorption properties comparable to 
commercial adsorbents. 
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(a) PET-AC 

  
(b) AC-GH2x 

  
(c) Zeolite 5A 

Figure 7-6: Amount of CO2 and N2 adsorbed and selectivity of gas components 

during binary gas component adsorption isotherm measurements at 35°C, 20 CO2-
vol% (N2 balance). 
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7.3.3.3 Adsorption equilibrium of multiple gas component 

 Figure 7-7 shows the equilibrium adsorption capacity of CO2, CO, CH4 and N2 using 
PET-AC, AC-GH2x and zeolite 5A with their corresponding selectivity of gas 

components during multiple gas component adsorption isotherm measurements at 
35°C, 20 CO2-vol%, 20 CO-vol%, 20 CH4-vol% (N2 balance).  

 
 It was observed that for PET-AC, the amount of all gas species adsorbed at 

equilibrium increased with increasing pressure. It was also noted that the amount of 
CH4 adsorbed was similar to the total amount of CO2 adsorbed. The selectivity of gas 

species shows that, adsorption of CO2 was highly dominant over adsorption of N2. On 
the other hand, for PET-AC, selectivity of CO2 over CH4, 𝑆/?! /+"⁄ and selectivity of CO2 

over CO, 𝑆/?! /?⁄  were approximately 1, indicating similar competitive adsorbent 

capability of these gases. In other words, PET-AC was unable to efficiently separate 
CO2 from mixture gas of CO2, CH4 and CO in equilibrium state. In the case of AC-GH2x, 

the amount of CO2, CO and CH4 adsorbed at equilibrium increased with increasing 
pressure. However, it was observed that little to almost no amount of N2 was adsorbed. 

For AC-GH2x, adsorption of CO2 was dominant over adsorption of N2. On the other 
hand, 𝑆/?! /?⁄  was approximately 1 at low pressure but increased with pressure, while 

𝑆/?! /+"⁄ was approximately 1, indicating similar competitive adsorbent capability 

between CO2 and CH4, and lack of separation ability in equilibrium state. In the case 

of zeolite 5A, the amount of CO2, CO and CH4 adsorbed at equilibrium increased with 

pressure and little to almost no amount of N2 was adsorbed. For zeolite 5A, adsorption 
of CO2 was dominant over adsorption of N2. In addition, the 𝑆/?! C!⁄  of zeolite 5A 

increased with pressure, indicating the strong affinity of CO2 to zeolite 5A. 𝑆/?! /+"⁄ and 

𝑆/?! /?⁄  were approximately 1 at low pressure, however, slightly increased with 

pressure. This indicates that separation of CO2 from gas mixtures using zeolite 5A is 
most efficient at higher operating pressure. 

 

 Overall, although performance of PET-AC was inferior than the commercial AC-GH2x 
and zeolite 5A, it was observed that PET-AC exhibited good CO2 adsorption capacity 

and selectivity, indicating the potential use of the adsorbent in gas separation.  



 153 

  
(a) PET-AC 

  
(b) AC-GH2x 

  
(c) Zeolite 5A 

Figure 7-7: Amount of CO2, CO, CH4 and N2 adsorbed and selectivity of the gas 

components during multiple gas component adsorption isotherm measurements at 
35°C, 20 CO2-vol%, 20 CO-vol%, 20 CH4-vol% (N2 balance). 
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7.3.3.4 Isosteric heat of adsorption 

 During the adsorption of gas, heat is generated which is defined as the isosteric heat 
of adsorption, expressed as (Sircar and Kumar, 1986) 

 
𝑞' = −}

𝜕𝐻'

𝜕𝑛 ~
D
 (7-6) 

, where 𝑞' is the isosteric heat of adsorption of pure gas during adsorbate loading, 𝑛 

and temperature, 𝑇. The variable 𝐻'  is the total enthalpy of a closed adsorption 

system which contains the adsorbate at pressure, 𝑃 and temperature, 𝑇. The isosteric 

heat of adsorption is also defined as the energy necessary to remove a target molecule 
from its average vibrational state to an infinite distance from the adsorbent surface 
(Kumar et al., 2019). Note that 𝑞' is independent of temperature. For an energetically 

homogenous adsorbent, 𝑞'  is independent of adsorbate loading; whereas for an 

energetically heterogenous adsorbent, 𝑞' decreases with increasing adsorbate loading. 

In ideal gas where 𝑅 is the gas constant, the isosteric heat of adsorption is given as 

 𝑞' = +𝑅𝑇< a
𝜕𝑙𝑛𝑃
𝜕𝑇 b

:
 (7-7) 

 

 On the other hand, Henry’s law, which is a function of temperature, can be expressed 
using the van’t Hoff equation as 

 
a
𝜕𝑙𝑛𝐾+
𝜕𝑇 b

1
=
∆𝐻'

𝑅𝑇< 
(7-8) 

 
𝑙𝑛𝐾+ = −

∆𝐻'

𝑅 ∙
1
𝑇 +

∆𝑆'

𝑅  (7-9) 

, where ∆𝐻' is the standard enthalpy, which is also the negative value of isosteric 

heat of adsorption (𝑞' = ℎ* − ℎ) = −∆𝐻' , ℎ* : molar enthalpy of gas; ℎ) : molar 

enthalpy of adsorbed molecules) in the system, whereas ∆𝑆' is the standard entropy. 

Plot of 𝑙𝑛𝐾+ versus 1 𝑇⁄  gives a linear graph with slope −∆𝐻' 𝑅⁄  and intercept ∆𝑆' 𝑅⁄ . 

It should be noted that negative value of ∆𝐻' (positive slope) indicates the exothermic 

process whereas positive value of ∆𝐻' (negative slope) indicates the endothermic 

process. In the physical adsorption of gas phase on a solid adsorbent, ∆𝐻' must 

always be negative due to the adsorption process which is exothermic (Thomas, 1961).  
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 Due to the limitation of data in current study, only two available plots of different 
temperature (20°C and 35°C) were used for the plot of 𝑙𝑛𝐾+ versus 1 𝑇⁄ , for CO2 

adsorption as shown in Figure 7-8. 

 
Figure 7-8: Isosteres for adsorption of CO2 on PET-AC, AC-GH2x and zeolite 5A. 

 
 Based on the isosteres plot, it was observed that the slope for all adsorbents gave 

positive values, indicating the exothermic process of CO2 adsorption. Based on the 
slopes, the standard enthalpy is calculated as: for PET-AC, ∆𝐻' = 0.6	𝑘𝐽/𝑚𝑜𝑙; for AC-

GH2x, ∆𝐻' = 43.4	𝑘𝐽/𝑚𝑜𝑙; for zeolite 5A, ∆𝐻' = 68.6	𝑘𝐽/𝑚𝑜𝑙. The standard enthalpy 

of AC-GH2x and zeolite 5A were presented as proper values, however, the standard 

enthalpy of PET-AC was noticeably below acceptable value. The change in standard 
enthalpy describes the ordered arrangement of target molecules on the adsorbent 

active sites during adsorption. It is less likely that there was little difference between 
the molar enthalpy of gas and molar enthalpy of adsorbed molecules in PET-AC. Thus, 
the conventional expression of isosteric heat of adsorption, 𝑞' = ℎ* − ℎ) = −∆𝐻' may 

not be valid in the case of CO2 adsorption using PET-AC. 

 
 Another speculation is that upon adsorption of gas, PET-AC underwent deformation 

or swelling. Swelling is a phenomenon where physical changes occur due to adsorption 
of gas or liquid and often occurs in adsorbents with flexible framework consisting of 

cross-linked polymeric macromolecule that allows target molecule to penetrate into 
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the micropores (Xie, 2015). Cross-links are flexible which allows the bending and 

stretching upon exposure to external stress, leading to the swelling of adsorbent. 
Small molecules such as CO2, CH4 and H2O can penetrate through the adsorbent and 

increase the distance between cross-linking points in the adsorbent structure, which 
leads to the deformation or swelling of adsorbents. Deformation or swelling of porous 

solid due to adsorption has been widely studied over the decades; for example, porous 
amorphous carbons (Rossi et al., 2009), coals (Ottiger et al., 2008), silica gel 

(Kawaguchi et al., 1986) and activated carbon (Harpalani and Schraufnagel, 1990). 
Ottiger et al. (2008) had reported the swelling of coal due to CO2 adsorption, in which 

coal expanded by approximately 1% at 0.1 MPa. Although there are only very small 
changes in swelling, the local deformation can largely affect the adsorption kinetics. A 

study by Wang et al. (1998) had investigated the adsorption of tetrahydrofuran on 
coal to clarify the relationship between heat of adsorption and degree of swelling of 

coal. They reported that heat of adsorption was low when degree of swelling was 
large due to the expansion of cross-links in coal. 

 
 The simplest theory for adsorption induced length change was proposed by Bangham 

and Fakhoury (1931), given as 
 Δ𝐿

𝐿'
= 𝜆 ∙ ∆𝐹 (7-10) 

, in which ∆𝐿  is the change in length of adsorbent particle due to expansion or 

compression, 𝐿' is the original length of adsorbent particle at ambient pressure and 

temperature, ∆𝐹 is the change of surface energy of adsorbent due to adsorption and 

𝜆 is the constant with relation to the material properties of adsorbent. The equation 

describes that change of surface energy, ∆𝐹 of the adsorbent during adsorption is 

directly proportional to the observed relative length change ∆𝐿 𝐿'⁄ . 

 
 Based on the expression given, the change in standard enthalpy of PET-AC during 

CO2 adsorption can be expressed as  
 𝑞' − ∆𝐹 = ℎ* − ℎ) −	∆𝐹 = −∆𝐻' (7-11) 

, in which the change in standard enthalpy is the sum of isosteric heat of adsorption 
and the change of surface energy of adsorbent due to adsorption. 
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7.3.3.5 Comparison of CO2 adsorption isotherm in single, binary and 

multiple gas component 
 In the characterization of adsorbents, adsorbents with only one type of adsorption 

site are generally defined as homogeneous adsorbents; whereas adsorbents with 
different types of binding sites are defined as heterogenous adsorbents. The binding 

sites are associated with adsorption energies of the adsorbent and binding site 
heterogeneity is commonly used to describe the adsorption properties of activated 

carbon (Kumar et al., 2010). Activated carbon obtained from physical or steam 
activation contains functional groups such as hydroxyl or carboxylic groups and 

possesses pore size heterogeneity. These properties can result to different levels of 
binding energy for a specified target molecule (Molina-Sabio et al., 1996). The 

Langmuir model can be used to model simple theoretical adsorption isotherms of 
adsorbents that contains one or two different types of binding sites. The Langmuir 

isotherm can also be used to describe the energetic heterogeneity by assuming that 
the adsorbent surface consists of a collection of locally homogeneous surfaces. The 

Langmuir isotherm model is generally modified as 
 1

𝑞%
=

1
𝑞.

+
1

𝑏 ∙ 𝑞.
∙
1
𝑃%

 (7-12) 

 
 Using this expression, 𝑞. and 𝑏 can be obtained through a linear regression analysis 

from the plot 1 𝑞%⁄  versus 1 𝑃%⁄ . Although this equation can provide an easy solution 

for the design of batch adsorption systems, the expression oversimplifies the entire 
adsorption process, in which information on the number of binding sites, interactions 

between binding sites and target molecules, and heterogenous properties of 
adsorbents are not provided (Porkodi and Kumar, 2007; Kumar et al., 2019). 

Therefore, in order to obtain these information, the Langmuir isotherm model is now 
expressed using the equations 

 𝑞%
𝑃%
= 𝑏# ∙ 𝑞. − 𝑏# ∙ 𝑞% (7-13) 

, in which the Scatchard plot (Scatchard, 1949), 𝑞% 𝑃%⁄  versus 𝑞%, is plotted. Here, 𝑏#, 

which is obtained as the negative slope of the plot, refers to the binding energy of 

adsorbate to the adsorbent at different regions in the adsorption system.  
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 Figure 7-9 shows the experimental and predicted adsorption isotherms based on 

the Langmuir isotherm model for PET-AC, AC-GH2x and zeolite 5A; and their 
respective Scatchard plots at 20°C and 35°C. It should be noted that the solid lines 

indicate the fitted parameters using Eq. (7-3) for pure CO2 whereas dash lines indicate 
the modeled parameters based on Eq. (7-4) for 20% CO2 in binary and multiple gas 

mixtures. It was observed that the Langmuir isotherm model was able to fit and predict 
data of all adsorbents with reasonable accuracy.  

 
 Based on the fitted results, it was observed that the Langmuir isotherm model fits 

well, leading to speculations about the homogeneity of the adsorbents. However, 
based on the Scatchard plots, the heterogeneity of the PET-AC, AC-GH2x and zeolite 

5A was explicit. In the case of PET-AC, at least two distinct regions were observed. 
This indicates that, PET-AC contains at least two different types of adsorption sites 
with the corresponding binding energies, 𝑏E and 𝑏< at 20°C and 35°C, respectively. 

Similarly, at least two distinct regions were observed for AC-GH2x, indicating that AC-

GH2x also contains at least two different types of adsorption sites with the 
corresponding binding energies, 𝑏E and 𝑏< at 20°C and 35°C, respectively. In the case 

of zeolite 5A, at least three distinct regions were observed for zeolite 5A, indicating 
that zeolite 5A contains at least three different types of adsorption sites with the 
corresponding binding energies, 𝑏E , 𝑏<  and 𝑏F  at 20°C and 35°C, respectively. It 

should be well noted that the tendency and slope of regions were similar for both PET-
AC and AC-GH2x but differs for zeolite 5A. One of the reasons may be the carbon 

materials of PET-AC and AC-GH2x, in which similar functional groups such as hydroxyl 
or carboxylic group are expected on the surface of carbon material. The microporous 

structures of PET-AC and AC-GH2x may also be one of the factors for the tendency.  

 
 Overall, it can be seen that PET-AC exhibited well adsorption performance and 

adsorption properties. The accuracy of the overall study can be further improved by 
obtaining the amount adsorbed at equilibrium over a wide range of initial 

concentrations of the adsorbate. 
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(a) Langmuir model for PET-AC (b) Scatchard plot for PET-AC 

  
(c) Langmuir model for AC-GH2x (d) Scatchard plot for AC-GH2x 

  
(e) Langmuir model for zeolite 5A (f) Scatchard plot for zeolite 5A 

Figure 7-9: Experimental and predicted adsorption isotherms based on the 
Langmuir isotherm model and Scatchard plots for PET-AC, AC-GH2x and zeolite 5A, 

respectively at 20°C and 35°C. 
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 Table 7-3 summarizes the fitting parameters of Langmuir model for adsorption 

isotherm of pure CO2 of PET-AC, AC-GH2x and zeolite 5A. Similar results were 
previously reported for activated carbon and carbon molecular sieves (Jayaraman et 

al., 2002; Campo et al., 2010; Park et al., 2018). In the case of zeolite 5A, the results 
obtained were similar to the results reported by Sarker et al. (2017) and Mofarahi and 
Gholipour (2014). It was well noted that for all cases, 𝑞. decreased with increasing 

operating temperature. In addition, for all cases, modeled parameters based on Eq. 
(7-4) for 20% CO2 was well fitted for both CO2 adsorption isotherms of binary gas 

components and multiple gas components.  

 
 Overall, based on the comparison of CO2 adsorption isotherm using single, binary and 

multiple gas components, it was well noted that operating temperature and operating 
pressure are important factors which determine the total amount of CO2 adsorbed on 

the adsorbents. In the case of comparison of CO2 adsorption isotherm of binary and 
multiple gas components, the presence of other gas components such as CO and CH4 

had little to almost no effects on the CO2 adsorption capacity in equilibrium. 
 

Table 7-3: Fitting parameters of Langmuir model for adsorption isotherm of pure CO2. 

Adsorbents 
20°C 35°C 

𝑞. [mol/kg] 𝑏 [MPa-1] 𝑞. [mol/kg] 𝑏 [MPa-1] 

PET-AC 2.76 9.83 2.55 29.6 

AC-GH2x 5.55 5.36 3.10 8.15 
Zeolite 5A 3.89 84.6 2.28 4.47 
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7.3.3.6 Adsorption mechanism of PET-AC based on the adsorption 

equilibrium study 
 The selectivity of gas adsorption and diffusion of gases in adsorbents are highly 

affected by various factors such as the relative adsorbate molecule size, pore structure, 
high quadrupole moment, activation energy, etc (Didzinska, 2017). In the case of pore 

structure, the commonly assumed slit-shape of pores in carbon adsorbent can be 
divided into three categories (micropore, mesopore, and macropore) according to their 

widths or sizes. Micropores are defined as pores <2 nm in size, mesopores between 
2 and 50 nm, and macropores >50 nm in size (Harpalani and Chen, 1997). For PET-

AC, pores were estimated to have widths less than 1 nm based on the BET/BJH 
analysis, which is in the microporous range. On the other hand, the relative molecule 

size of adsorbate is also an important factor that affects the selectivity and diffusivity 
of gas in adsorbents. Micropore diffusivity of CO2 is generally higher than CO, CH4 and 

N2 because micropore diffusivities of gases in carbon adsorbent, that is, PET-AC, 
increase strongly with decrease in gas kinetic diameters, in which their kinetic 

diameters have the relation: CO2 (0.33 nm) < N2 (0.364 nm) < CO (0.376 nm) < CH4 
(0.38 nm) (Matteucci et al., 2006; Ismail et al., 2015). Therefore, CO2 can diffuse into 

microporous carbon adsorbent more easily than CO, CH4 and N2 (Radovic et al., 1997). 
Another factor that affects the selectivity of gas adsorption is the adsorption energy. 

Based on the findings presented by Cui et al. (2004), adsorption energies of CO2, CH4 

and N2 in micropores were calculated and they reported that adsorption energies are 
in the decreasing order of CO2>CH4>N2, in which the adsorption energy of CO2 is 

larger than adsorption energy of CH4 in micropores; and much larger than adsorption 
energy of N2 in pores at all size ranges. This indicates that CO2 will most likely be first 

adsorbed by most pores competitively out of a gas mixture of CO2, CH4, and N2 due 
to its larger adsorption affinity (energy). Therefore, it can be concluded that selectivity 

of gases are highly affected by both the adsorption affinity (energy) and kinetic 
diameter of gas molecules, in which a pore will preferably adsorb an adsorbate with 

large adsorption energy, and that the adsorbate gas with the smallest kinetic diameter 
has the greatest capability to enter most pores of various sizes. 
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 The adsorption mechanism of single, binary and multiple gas components in PET-AC 

based on the adsorption equilibrium in this study was proposed as shown in Figure 
7-10. As discussed in the previous section, structure of PET-AC was described to have 

ink-bottle-shaped pores as shown in Figure 7-10a, which are pores with narrow 
branches connected to a pouch. In the case of adsorption of pure N2 in PET-AC (Figure 

7-10b), results showed that adsorbed amount of N2 increased with increasing pressure. 
Similar to the adsorption onto a homogeneous surface, the inert N2 molecule fills the 

PET-AC surface gradually upon an increase in pressure to form a monomolecular layer 
(monolayer) at low pressure and until multimolecular layer (multilayer) is formed at 

higher pressure. It should be well noted that N2 is difficult to penetrate through the 
narrow branches of the pores and saturates in the surface pores. In the case of 

adsorption of pure CO2 in PET-AC (Figure 7-10c), results showed that total amount of 
CO2 adsorbed was higher than the total amount of N2 adsorbed due to the high 

microporous diffusivity of CO2 and high affinity to the carbonaceous surface compared 
to N2. In the case of adsorption of binary CO2-N2 in PET-AC (Figure 7-10d), results 

showed that the total amount of CO2 adsorbed increased with increasing pressure 
whereas the total amount of N2 remained constant throughout the operating pressures. 

The reason for this is that CO2 is selectively adsorbed through the inner pores due to 
the high affinity with carbonaceous PET-AC surface whereas the adsorption of N2 

occurs on the vacant PET-AC surface to form monolayer. With increasing pressure, 

CO2 selectively fills the inner pores and consequently, the surface pores. Note that in 
this assumption, CO2 is the limiting factor whereas only N2 is present as the excess 

component in the surrounding system. Finally, in the case of adsorption of multiple 
CO2-CO-CH4-N2 in PET-AC (Figure 7-10e), results showed that the total amount of CO2, 

CO and CH4 adsorbed increased with increasing pressure whereas little to almost no 
N2 was adsorbed. The reason for this is that, CO2 is selectively adsorbed through the 

inner pores due to the high microporous diffusivity and affinity of CO2 with 
carbonaceous PET-AC surface. With increasing pressure, CO2 fills the inner pores 

whereas CO and CH4 fills the surface pores, leaving N2 as the excess component in 
the surrounding system. However, based on current findings, it is unclear whether CO 

and CH4 have accessibility into the inner pores, which is largely dependent on the size 
and the accessibility of the bottle-neck pores. 
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(a) Structure of PET-AC 

 
(b) Pure N2 adsorption 

 
(c) Pure CO2 adsorption 

 
(d) Binary CO2-N2 adsorption 

 
(e) Multiple CO2-CO-CH4-N2 adsorption 

Figure 7-10: Adsorption mechanism of PET-AC proposed based on adsorption 
equilibrium. 
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7.3.4 Conclusions: Static adsorption study 

 Adsorption equilibrium study was conducted using single gas components, binary gas 
components and multiple gas components. Based on the adsorption equilibrium 

studies of single gas component, the following can be concluded: At 20°C, the 
equilibrium adsorption capacity of CO2 was in the order of zeolite 5A > AC-GH2x > 

PET-AC. However, at higher operating temperature of 35°C, the equilibrium 
adsorption capacity of CO2 was in the inverse order, which is PET-AC > AC-GH2x > 

zeolite 5A. Assessment of Henry coefficient also showed the slight effect of 
temperature change on equilibrium adsorption capacity of CO2 in PET-AC compared 

to the other adsorbents. It was speculated that the microporous structure and the 
possible swelling of pores of PET-AC highly contributed to the equilibrium adsorption 

capacity of CO2 despite temperature changes. Based on the adsorption equilibrium 
studies of binary gas component, the following can be concluded: all adsorbents tested 

had high selective properties of CO2 adsorption to N2 adsorption. However, of all 
adsorbents, zeolite 5A had the highest affinity of CO2 to N2. Overall, PET-AC showed 

gas separation properties comparable to AC-GH2x. Based on the adsorption 
equilibrium studies of multiple gas component of PET-AC, it can be concluded that the 

adsorption of CO2 was dominant over adsorption of N2 in PET-AC. However, selectivity 
of CO2 over CH4, and selectivity of CO2 over CO were approximately 1, indicating the 

insufficient ability of PET-AC to efficiently separate CO2 from mixture gas of CO2, CH4 

and CO in equilibrium state. 
 

 Overall, the CO2 adsorption capacity of PET-AC was surprisingly high at low operating 
pressure and high operating temperature; and was comparable to the adsorption 

capacity of commercial AC-GH2x. This also indicates that there is room for 
improvements for the adsorption capacity of activated char from PET. For one, steam 

activation, which is more frequently used in industry compared to CO2 activation, 
provides higher reactivity on the carbon active sites, thus increasing the number of 

pores and depth of pore. Activating char using steam activation could most possibly 
further improve the adsorption capacity and needs to be studied in future works.  
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7.4 Dynamic adsorption study  
7.4.1 Background of breakthrough curve 
 Breakthrough curve is a plot of the duration of test against the concentration of the 

adsorbate in the effluent stream of a gas mixture of air. Initially, when gas mixture 
enters the adsorbent bed, target gas species with high selectivity is adsorbed whereas 

gas species with low selectivity passes out of the bed free from the target species. 
This continues as long as the adsorbent bed has capacity to adsorb the target gas 

species. When saturation is approached, target gas species is detected in the effluent 
gas and its concentration increases until no further adsorption takes place and the 

composition of the effluent mixture is equal to the composition of the inlet mixture. 
Figure 7-11 shows a typical breakthrough curve of gas adsorbed onto an adsorbent. 
Breakthrough point (𝑡!) is the time when the concentration reaches break point. Gas 

saturation point (𝑡G) is the time when the adsorbent surface is saturated with gas 

species. Note that 𝑡G  is taken when concentration ratio reaches 100%. A sharp 

breakthrough curve implies fast kinetics, whereas a distended breakthrough curve 
implies slow kinetics. In conventional industrial processes, the gas feed is switched to 

a fresh adsorbent bed when the breakthrough point is reached. The adsorption 
properties of adsorbents are mostly assessed through the gas breakthrough curve, 

where a prolonged breakthrough point and sharp breakthrough curve is ideal for gas 
adsorption processes. 

 
Figure 7-11: A typical breakthrough curve of gas adsorbed onto adsorbent 

(Adapted from Salam et al., 2013). 
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7.4.2 Experimental set-up 

 Binary gas component and multiple gas component adsorption isotherm 
measurements for dynamic adsorption studies were conducted based on methods 

described in Chapter 3 using PET-AC, AC-GH2x and zeolite 5A. For binary gas 
component, the breakthrough curve of N2 and CO2 in mixture gas 20 CO2-vol% 

(balance N2) were measured. On the other hand, for multiple gas component, the 
breakthrough curve of N2, CO2, CH4 and CO in mixture gas 20 CO2-vol%, 20 CH4-vol%, 

and 20 CO-vol% (balance N2) were measured. Experiments were conducted at 35°C. 
 
7.4.3 Results and discussion  
7.4.3.1 Breakthrough curve of binary gas component 

 Figure 7-12 shows the breakthrough curves of binary gas components for PET-AC, 
AC-GH2x and zeolite 5A under a span of 70 mins whereas Table 7-4 shows the 

summary based on the breakthrough curves. For all cases, it was observed that N2 
reached breakthrough point in less than 5 min while reaching N2 saturation point in 

less than 10 min, indicating the lack of holding ability of all adsorbents on N2. It should 
be well noted that the concentration ratio of N2 overshoots to 120% due to the 

adsorption of CO2 in the feed, thus causing a decrease in the overall gas volume. With 
increasing run time, the overshoot of concentration ratio of N2 decreased and 

converged to 100%. In the case of PET-AC, CO2 reached breakthrough point in 24.5 
min before reaching CO2 saturation point in less than 47.5 min. For AC-GH2x and 

zeolite 5A, CO2 reached breakthrough point in 22.5 min before reaching CO2 saturation 
point in less than 42.5 min. It was well noted that the breakthrough curves of AC-

GH2x and zeolite 5A had sharper steepness compared to the breakthrough curve of 
PET-AC, indicating faster mass transfer rate of CO2 in both AC-GH2x and zeolite 5A 

compared to PET-AC. The reason for the slower CO2 mass transfer rate of PET-AC 

compared to the commercial adsorbents may be due to the microporous structure of 
PET-AC, as explained by the hysteresis loop structure based on the BET/BJH 

analyzation. The narrow necks of the pore structure may have caused pore blockage 
of CO2 into the micropores, leading to slower CO2 diffusion into the pores. Overall, the 

total amount of CO2 adsorbed was more than twice the total amount of N2 adsorbed 
for all adsorbents.  
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(a) PET-AC (b) AC-GH2x 

 
(c) Zeolite 5A 

Figure 7-12: Breakthrough curves of binary gas components using PET-AC, AC-
GH2x and zeolite 5A at 35°C, 20 CO2-vol% (N2 balance). 

 
Table 7-4: Summary of breakthrough point, gas saturation point and amount of gas 

adsorbed. 

 
CO2 breakthrough 

point, 𝑡!	[min] 
CO2 saturation 
point, 𝑡G 	[min] 

Amount of gas adsorbed, 
𝑛# [mol/kg] 

N2 CO2 

PET-AC 24.5 47.5 0.71 1.47 
AC-GH2x 22.5 42.5 0.70 1.63 

Zeolite 5A 22.5 42.5 0.56 1.27 
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7.4.3.2 Breakthrough curve of multiple gas component 

 Figure 7-13 shows the breakthrough curves of multiple gas components for PET-
AC, AC-GH2x and zeolite 5A under a span of 70 mins whereas Table 7-5 shows the 

summary based on the breakthrough curves. In the case of N2, similar to the 
breakthrough curve of binary gas component, it was observed that N2 reached 

breakthrough point in less than 2.5 min while reaching N2 saturation point in less than 
10 minutes for all adsorbents. In the case of CO, the breakthrough curve of CO also 

showed similar tendency as the breakthrough curve of N2 for all adsorbents, in which 
CO reached breakthrough point in less than 2.5 min while reaching CO saturation point 

in less than 10 min. This indicates the lack of holding ability of all adsorbents on N2 
and CO. In the case of CH4, PET-AC exhibited holding capability of CH4 from the inlet 

stream, in which CH4 was adsorbed from the stream before reaching breakthrough 
point in 9.5 min and CH4 saturation point in less than 19.5 min. AC-GH2x showed 

slight holding capability of CH4, in which breaking point and saturation point were 7.5 
min and 12.5 min, respectively. Zeolite 5A had the least holding capability of CH4, in 

which CH4 reached breakthrough point and saturation point in less than 2.5 min and 
10 min, respectively. In the case of CO2, all adsorbents exhibited excellent holding 

capability of CO2. The CO2 breakthrough point and saturation point were 29.5 min and 
54.5 min for PET-AC; 21.5 min and 40.5 min for AC-GH2x; and 20.5 min and 40.5 min 

for zeolite 5A, respectively. Compared to AC-GH2x and zeolite 5A, PET-AC showed the 

most time taken for CO2 to reach saturation point. The reason may be the microporous 
structure of PET-AC, which hinders the effective mass transfer of gases in the pores 

of PET-AC. For all adsorbents, CO2 was the most adsorbed gas from the gas stream, 
in which the amount of CO2 adsorbed was 1.43 mol/kg for PET-AC, 1.59 mol/kg for 

AC-GH2x and 1.30 mol/kg for zeolite 5A.  
  

 As a summary, in the study of breakthrough curve of multiple gas components on 
different adsorbents, the holding capability of gases are as follows: CO2 >> CH4 > CO 
> N2 for PET-AC; CO2 >> CH4 > CO > N2 for AC-GH2x; CO2 >> CH4 ≅ CO > N2 for 

zeolite 5A.  
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(a) PET-AC (b) AC-GH2x 

 
(c) Zeolite 5A 

Figure 7-13: Breakthrough curves of multiple gas components using PET-AC, AC-
GH2x and zeolite 5A at 35°C, 20 CO2-vol%, 20 CO-vol%, 20 CH4-vol% (N2 balance). 

 
Table 7-5: Summary of breakthrough point, gas saturation point and amount of gas 

adsorbed. 

 
CO2 breakthrough 

point, 𝑡!	[min] 
CO2 saturation 
point, 𝑡G 	[min] 

Amount of gas adsorbed, 𝑛# 

[mol/kg] 

N2 CO2 CO CH4 

PET-AC 29.5 54.5 0.16 1.43 0.08 0.44 
AC-GH2x 21.5 40.5 0.28 1.59 0.18 0.43 

Zeolite 5A 20.5 40.5 0.09 1.30 0.14 0.14 
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7.4.4 Conclusions: Dynamic adsorption study 

 In this section, dynamic adsorption study using PET-AC, AC-GH2x and PET-AC was 
conducted and the breakthrough curve of N2 and CO2 from binary gas components 

and that of N2, CO2, CO and CH4 from multiple gas components were obtained.  
 

 From the results obtained from the breakthrough curve of binary gas components, all 
adsorbents showed lack of holding ability of N2, as N2 reached breakthrough point in 

less than 5 min and reaching N2 saturation point in less than 10 min. In the case of 
CO2, all adsorbents reached breakthrough point at similar time, indicating the high 

affinity of CO2 in all adsorbents. It was also observed that the breakthrough curves of 
AC-GH2x and zeolite 5A have sharper steepness compared to the breakthrough curve 

of PET-AC, indicating faster mass transfer rate of CO2 in the both AC-GH2x and zeolite 
5A compared to PET-AC. 

 
 From the results obtained from the breakthrough curve of multiple gas components, 

holding capability of gas components are as follows: CO2 >> CH4 > CO > N2 for PET-
AC; CO2 >> CH4 > CO > N2 for AC-GH2x; CO2 >> CH4 ≅ CO > N2 for zeolite 5A. PET-

AC showed high holding ability of CO2 compared to other two adsorbents. However, 
the overall amount of CO2 adsorbed in the dynamic adsorption experiment was 

obtained as 1.43 mol/kg for PET-AC, 1.59 mol/kg for AC-GH2x and 1.30 mol/kg for 
zeolite 5A. It should be noted that the breakthrough curves of PET-AC could not be 

compared to the breakthrough curves of AC-GH2x and that of zeolite 5A due to the 
difference in the initial adsorbent loading. Therefore, further discussion based on the 

modelling of breakthrough curve was conducted in the next section in order to 
compare the CO2 breakthrough point and CO2 saturation point of PET-AC, AC-GH2x 

and zeolite 5A. 
 

 Overall, it is agreeable that PET-AC showed relatively high ability to separate gas and 

high potential to be applied in the PSA system. Although the selectivity of gas in 
equilibrium batch system was poor for PET-AC, by implementing the difference in gas 

species breakthrough point, it is highly possible to separate gas species easily and to 
obtain purified gas. 
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7.5 Model of breakthrough curve  
7.5.1 Background of modelling 
 The modelling of breakthrough curves of dynamic adsorption study using mathematic 

models is essential to simulate the gas adsorption processes and to study the behavior 
of the adsorbents during adsorption-desorption cycles and to obtain kinetic 

parameters for optimization purposes. In this section, a classical method based on 
the linear driving force (LDF) approximation for the surface diffusion mechanism with 

constant diffusivity (Glueckauf and Coates, 1947) was used to predict the mass-
transfer diffusivities and effective diffusivities of CO2 on PET-AC, AC-GH2x and Zeolite 

5A. The LDF-model was chosen in this study due to its simplicity and accuracy in 
predicting breakthrough curves. However, it should be well noted that the LDF-model 

is limited to predicting breakthrough curves in low concentration region (Chern and 
Chien, 2002).  

 
7.5.2 Model for breakthrough curves 

 Modelling of breakthrough curves was conducted to predict the mass-transfer 

diffusivity and effective diffusivity of CO2 on PET-AC, AC-GH2x and Zeolite 5A by fitting 
breakthrough curves from the measured adsorption isotherm. First, a fixed-bed 
packed with cross-sectional area of 𝐴! is loaded with adsorbents with porosity of 𝜀!  

as shown in Figure 7-14. 
 

 
Figure 7-14: Schematic diagram of the fixed-bed adsorption used in this study. 

Fixed-bed with 
adsorbent loading
(bed porosity, !!)

∆" " + ∆"
"

"!!

Inlet velocity, "
Cross-sectional 

area, #!
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The following assumptions were made:  
(i) fluid flows through the bed at a constant interstitial velocity, 𝑢;  

(ii) solute in the bulk fluid reaches instantaneous equilibrium;  
(iii) there is no axial dispersion in the system;  

(iv) the system is in isothermal condition; and  
(v) equation of state for the adsorbed phase corresponds to the ideal gas law 

(Hartzog and Sircar, 1995; Seader and Henley, 1999; Chang et al., 2006; 
Poursaeidesfahani et al., 2019). 

 

 A mass balance on the solute for the flow of fluid through a differential adsorption 
bed length, 𝑑𝑧, over a differential time duration, 𝑑𝑡, is given as 

 𝜀!𝑢𝐴!𝑐|H = 𝜀!𝑢𝐴!𝑐|HI∆H + 𝜀!𝐴!∆𝑧
𝜕𝑐
𝜕𝑡 + (1 − 𝜀!)𝐴!∆𝑧

𝜕𝑞*
𝜕𝑡  

(7-14) 

, where the constant interstitial velocity is given as 𝑢; 𝐴! is the cross-sectional area of 

bed; and 𝜀! is the void fraction of bed. By dividing by ∆𝑧 and taking the limit as ∆𝑧 →

0 gives 

 𝜕(𝑢𝑐)
𝜕𝑧 +

𝜕𝑐
𝜕𝑡 +

(1 − 𝜀!)
𝜀!

𝜕𝑞*
𝜕𝑡 = 0 (7-15) 

, where the first term permits an axial variation in fluid velocity, the second term gives 

the concentration of solute in the bulk fluid and the third term accounts for the 
variation of adsorbate loading, 𝑞* [mol/m3] throughout the adsorbent particle.  

 
 The migration of adsorbate molecules from the gas phase into the adsorbent is 

described by Linear Driving Force (LDF-model). The LDF-model is reported to be a 
sufficient and efficient approximation for computing breakthrough curves (Sircar and 

Kumar, 1986; Ding and Alpay, 2000; Sircar and Hufton, 2000; Poursaeidesfahani et 
al., 2019). Based on the LDF-model, the mass transfer is given by 

 𝜕𝑞*
𝜕𝑡 = 𝑘(𝑞∗ − 𝑞*) = 𝑘𝐾(𝑐 − 𝑐∗) (7-16) 

, where 𝑞∗ is the adsorbate loading in equilibrium with the solute concentration, 𝑞* is 

the average mol of adsorbate loading per unit volume of adsorbent, 𝑐  is the 

concentration of adsorbate in bulk fluid; 𝑐∗ is the concentration in equilibrium with 

average loading 𝑞* ; 𝑘  is the overall mass-transfer coefficient, which includes both 
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external and internal transport resistance (Snyder, 1992); and 𝐾 is the adsorption 

equilibrium constant based on Eq. (7-2), where 𝐾 = 𝐾+. 

 
 For physical adsorption, the rate of adsorption is almost instantaneous after the 

adsorbate reaches the adsorbent surface. Thus, only external and internal mass-
transfer resistances were considered (Seader and Henley, 1999). The relationship for 
the quantity 𝑘𝐾, which is the overall mass-transfer coefficient, is given as the following 

formula for the additivity of resistances, where the overall mass-transfer resistance is 

the sum of external mass-transfer resistance and the internal mass-transfer resistance, 
 1

𝑘𝐾 =
1

𝑘,𝑎"
+

𝑅2<

15𝐷%
 (7-17) 

𝑘, is the external mass-transfer coefficient; 𝑎" is the surface area to volume ratio, 

which is given as 3/𝑅2  in the case of sphere with radius 𝑅2 ; 𝐷%  is the effective 

diffusivity.  

 
 The external transport coefficient of particles in a fixed bed can be correlated by using 

Sherwood number, given as 
 𝑆ℎ = 2 + 1.1𝑅𝑒'.L𝑆𝑐#E/F (7-18) 

, where 𝑆ℎ = 𝑘,𝐷2 𝐷#⁄ , Reynolds number, 𝑅𝑒 = 𝐷2𝐺/𝜇, and Schmidt number, 𝑆𝑐# =

𝜇/𝐷#𝜌. Based on Sherwood number, the external mass-transfer coefficient 𝑘,  was 

estimated. 

 

 The analytical solution of a simplified form of Eq. (7-15) is modified as follows, 
 𝑐

𝑐&
≈
1
2 �1 + 𝑒𝑟𝑓 }√𝜏 − �𝜉 +

1
8√𝜏

+
1
8�𝜉

~� (7-19) 

, where 𝑐& is the final concentration of adsorbate in bulk fluid. 𝜉 is the dimensionless 

distance coordinate, 𝜏 is the dimensionless time coordinate, both given as 

 𝜉 =
𝑘𝐾𝑧
𝑢 ∙

(1 − 𝜀!)
𝜀!

 (7-20) 

 𝜏 = 𝑘 ∙ �𝑡 −
𝑧
𝑢� 

(7-21) 

 𝜉 and 𝜏 coordinates are transformations for z and t, which converts the equations to 

a simpler form of erf(x). The approximation given by Eq. (7-19) is known to be 
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acceptable and the error could be within 0.6% for 𝜉 > 2.0. The equilibrium constant 

𝐾 for a given temperature can be correlated by experimental data as obtained from 

the previous sections. By fitting the experimental breakthrough curves to Eq. (7-19), 
the overall mass-transfer coefficient, 𝑘 was estimated. Then by Eqs. (7-17) and (7-

18), the effective diffusivity, 𝐷% was evaluated.  

 
7.5.3 Results and discussions 

 Figure 7-15 shows a comparison of breakthrough curves between experimental 
results and mathematical model of breakthrough curve for binary gas component and 

multiple gas component using PET-AC, AC-GH2x and zeolite 5A, respectively. It was 
observed that model predictions based on the simple LDF-models gave good 

approximation with experimental data, where the effective mass transfer coefficient, 
𝑘 was used as the fitting parameter.  

 
 From the results obtained, it can be seen that the simple LDF-model fits well with the 

experimental data for adsorption of CO2 from binary gas components and multiple gas 
component using PET-AC, AC-GH2x and zeolite 5A. For comparison of dimensionless 
CO2 breakthrough time, 𝜏!, the results in ascending order is as follows: 12 for PET-AC 

< 17 for AC-GH2x < 18 for zeolite 5A. The dimensionless CO2 saturation time, 𝜏6, in 

ascending order is as follows: 36 for PET-AC < 41 for AC-GH2x < 53 for zeolite 5A. The 

slope of the breakthrough curve was steep for all adsorbents, indicating the small 

mass transfer resistance of the adsorbents.  
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(a) Binary gas components 

 
(b) Multiple gas components 

Figure 7-15: Comparison of experimental results (filled markers) and mathematical 

model (solid/dashed lines) of breakthrough curves of PET-AC, AC-GH2x and zeolite 
5A for (a) binary gas component and (b) multiple gas component at 35°C. 
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 Table 7-6 shows the kinetic parameters of CO2 on PET-AC, AC-GH2x and zeolite 5A 

obtained from the breakthrough curves. Based on the breakthrough curve obtained 
from experimental results and the calculation model, the overall mass-transfer 
coefficient, 𝑘 was estimated as 1.02´10-2 s-1 for PET-AC, 1.69´10-2 s-1 for AC-GH2x, 

and 1.47´10-2 s-1 for zeolite 5A. On the other hand, the effective diffusivity was 

estimated as 3.77´10-10 m2s-1 for PET-AC, 1.78´10-9 m2s-1 for AC-GH2x, and 1.08´10-

9 m2s-1 for zeolite 5A. Although both 𝑘 and 𝐷% of AC-GH2x were higher than those of 

zeolite 5A, zeolite 5A had the longest holding time of CO2 during adsorption. This is 
due to the presence of calcium cation attached to its framework, leading to the high 

selectivity to the adsorption of CO2 regardless of resistance due to mass-transfer. In 
the case of PET-AC, the 𝑘  and 𝐷%  obtained were smaller than the commercial 

adsorbents, due to CO2 activation method used in this study. It is of great interest to 
study the adsorption capacity of activated char using steam activation in future works. 

 
 Table 7-7 shows the comparison of overall mass-transfer coefficient, 𝑘 and effective 

diffusivity, 𝐷%  of CO2 on different adsorbents obtained from this study and from 

previous reports, regardless of manufacturer and experimental method. The order-of-
magnitude of the 𝑘 and 𝐷%  for CO2 obtained in this study was comparable to the 

results from previous work. 
 

 Overall, for all adsorbents, the internal mass-transfer resistance was larger than the 
external mass-transfer resistance. This indicates that internal mass-transfer resistance 

is the controlling factor during the physical adsorption of CO2.  
 1

𝑘𝐾 ≅
𝑅2<

15𝐷%
≫

1
𝑘,𝑎"

 (7-22) 

 Moreover, the overall mass-transfer coefficient obtained in this study was based on 
data at low superficial velocity. Referring to Eq. (7-22), the internal mass-transfer is 

the controlling factor. Therefore, the overall mass-transfer coefficient is similar for 
operations at both low velocity and high velocity. This indicates that the overall mass-

transfer coefficient obtained in this study can also be used to predict the breakthrough 
curves for large superficial velocity, which is valuable information for the future design 

and scale up of a PSA unit. 
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Table 7-6: Kinetic parameters of CO2 on PET-AC, AC-GH2x, zeolite 5A obtained from 

the breakthrough curves. 

 PET-AC AC-GH2x Zeolite 5A 
𝐾 [-] 4.54´10-1 3.63´10-1 2.28´10-1 
𝑘 [s-1] 1.02´10-2 1.69´10-2 1.47´10-2 
𝐷% [m2s-1] 3.77´10-10 1.78´10-9 1.08´10-9 

 

Table 7-7: Comparison of kinetic parameters of CO2 on different adsorbents from 

different studies. 

Adsorbents 
Overall mass-

transfer, 𝑘 [s-1] 
Effective diffusivity, 

𝐷% [m2s-1] 
REF 

PET-AC 1.02´10-2 3.77´10-10 This studyb 

AC-GH2x 1.69´10-2 1.78´10-9 This studyb 

Zeolite 5A 1.47´10-2 1.08´10-9 This studyb 

Biochar 1.60´10-3 3.20´10-9 Plaza et al. (2016)a 

AC 
1.72´10-2 

1.68´10-2 
- 

Singh and Kumar 

(2015)a,b 

Biomass-based 
carbon adsorbent 

- 4.00´10-8 
González et al. 
(2013)a 

Carbon monoliths 2.50´10-2 3.60´10-9 
Querejeta et al. 
(2017)b 

Zeolite 5A 1.46´10-2 1.00´10-8 
Yucel and Ruthven 
(1980)a 

Zeolite 5A 1.48´10-2 - Plaza et al. (2016)a 

Zeolite 5A - 9.42´10-9 Kim et al. (1995)a 

Zeolite 5A 
1.45´10-2 

1.48´10-2 
- 

Singh and Kumar 
(2015)a,b 

a25°C 
b35°C 
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7.5.4 Conclusions: Model of breakthrough curve 

 The CO2 breakthrough curves of dynamic adsorption studies of binary gas 
components and multiple gas components were modelled using the LDF-model in 

order to simulate the CO2 adsorption process. The mass-transfer diffusivities and 
effective diffusivities of CO2 of PET-AC, AC-GH2x and zeolite 5A were obtained and 

compared with the values of different adsorbents reported in past studies. 
 

 Results showed that model predictions based on the simple LDF-models gave good 
approximation with experimental data for all adsorbents in the case of binary and 

multiple gas component adsorption. Based on the comparison of breakthrough curves, 
the dimensionless CO2 breakthrough time in ascending order was as follows: PET-AC 

< AC-GH2x < zeolite 5A. The dimensionless CO2 saturation time followed the same 
order. Even though PET-AC exhibited the least CO2 holding capability, difference 

between the compared adsorbents was not highly distinct, thus indicating the potential 
of PET-AC as adsorbent for the separation of CO2 from flue gas. Finally, the overall 
mass-transfer coefficient and effective diffusivity of PET-AC was obtained as 1.02´10-

2 s-1 and 3.77´10-10 m2s-1, respectively. Based on the kinetic parameters obtained, the 

internal mass-transfer resistance was the controlling factor for all adsorbents during 
the physical adsorption of CO2 due to the large internal mass-transfer resistance 

compared to the external mass-transfer resistance. 
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7.6 Chapter summary 
 In this chapter, char obtained from carbonization of PET was activated using the 
conventional physical activation method. The surface characteristics and the 

adsorbent performance of the activated char, PET-AC, were evaluated. Adsorption 
isotherms of different gas components were measured via volumetric gas method 

using a static adsorption system whereas the breakthrough curves were obtained 
using a dynamic adsorption system. The results obtained were compared with 

commercial adsorbents, activated carbon AC-GH2x and zeolite 5A. A mathematical 
model was applied to the experimental results from dynamic adsorption system to 

compare the gas separation abilities of the adsorbents, and to obtain fitting 
parameters which is essential information for the design and scale up of PSA unit. 

 
 Char showed distinct surface changes upon activation, where formation of fine pores 

on the surface was observed. Adsorption isotherm and pore size distribution based on 
the BET/BJH method were obtained and results suggested pore-blocking phenomena 

of PET-AC, indicating the possible ink-bottle-pore structure of PET-AC. Static 

adsorption study showed the equilibrium adsorption capacity of CO2 which was 
independent of temperature change. Results further suggested the possible swelling, 

or local deformation of PET-AC during adsorption of gas.  
 

 Overall, for CO2 adsorption isotherms, results show that high CO2 uptake of PET-AC. 
Binary gas component and multiple gas component breakthrough studies of PET-AC 

showed that PET-AC possessed excellent CO2 holding ability, indicating the high 
affinity of CO2 in PET-AC. Finally, the LDF-model was applied to the experimental 

results of dynamic adsorption studies and was able to predict the breakthrough curves 
of CO2. Based on the fitting parameters from the breakthrough curve, the overall 
mass-transfer coefficient and effective diffusivity were obtained as 1.02×10-2 s-1 and 

3.77 × 10-10 m2s-1, respectively. PET-AC exhibited satisfactory CO2 adsorption 

performance that was comparable to commercial adsorbents, thus indicating the 

suitability of current method to be utilized in the gas adsorption process. The findings 
in this chapter is highly beneficial for the realization of low cost and high efficient 

operation of CO2 capture from flue gas for negative carbon effect of greenhouse gas. 
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Chapter 8: Assessment of CO2 emission and cost estimation 

8.1 Introduction 
 In previous chapters, PET was experimentally carbonized and the effects of operating 

parameters for maximum char yield was determined, the mechanism of char formation 
was clarified, and the effects of contaminants in non-recyclable PET on char were 

studied and presented. The char obtained from PET carbonization was also activated 
and the gas adsorption ability of the activated char was studied. In order to study the 

feasibility of carbonization of PET in the realization of domestic circulation of waste 
PET in Japan as a model country, a simple economic assessment and CO2 emission 

estimation based on the experimental data were conducted as shown in Figure 8-1. 
This chapter aims to conduct the life cycle assessments of different waste PET 

treatment methods and estimate the CO2 emission reduction effects when 

carbonization is newly added to the treatment methods. Economic assessment and 
CO2 emission estimation were conducted for 3 distinct cases for the treatment of PET 

bottles, including using a commercial scale carbonization facility and commercial scale 
PSA system. Boundary conditions such as the maximum numbers of carbonization and 

PSA facility that can be installed in the current situation of the recycling system were 
considered. Limitations such as maximum capacity of treatment were also included. 

 
Figure 8-1: Study scheme of Chapter 8 to investigate the feasibility of carbonization 

in the overall treatment of PET based on the assessment of CO2 emission and cost 

estimation. 

Objective Approach/method Observation and 
analysis

Study the feasibility of 
PET carbonization 

through assessment of 
carbon emission and 

cost estimation

• Material flow of PET
• Mass and energy flow from incineration, conventional 

recycling and carbonization
• Scale-up of carbonization reaction based on existing 

carbonization facility
• CO2 recovery based on existing gas separation unit

Ø Total CO2 emission and 
total energy 
consumption per kg-PET 
of each operation

• Life cycle assessment of each operations
• Case study for combination of multiple operations

Ø Annual CO2 emission 
and annual profit of 
each case

ü Describe effects of each operation on annual CO2 emission 
and annual profit

ü Summarize the feasibility of carbonization in the overall 
processes

Experimental data from 
previous chapters and 

literature reviews
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8.2 CO2 emission and cost estimation of various operations  
8.2.1 Material flow of PET bottles in Japan 
 Figure 8-2 shows the material flow of PET bottles from collection to recycling in 

Japan which was reported in 2018. The total existing PET bottles in Japan was 626 
kton/year. Total collection of bottles was reported as 529 kt/year. Out of the total 

bottles collected, 195 kton/year was treated overseas. The domestic recycling capacity 
in Japan was 334 kton/year, where PET bottles were recycled into new PET bottles, 

sheets, fibers and other plastic products. However, the total PET bottles that were not 
domestically recycled was 292 kton/year. These numbers will be used to estimate the 

daily PET bottles collection rate, PET bottles recycling rate in domestic recycling 
factories, and PET bottles which are not domestically recycled, as summarized in 

Table 8-1. 
 

8.2.2 Collection and transport operations 
 In this assessment, the collection of PET bottles was based on the assumptions that: 

(1) waste PET bottles were pre-separated (labels and caps removed) by consumers 

before disposed at collection sites; (2) waste PET bottles were collected from sites 
and transferred to a temporary transport station before being sent to 

recycling/carbonization and incineration facilities (Figure 8-3); (3) distances travelled 
from a temporary transport station to recycling/carbonization and incineration facilities 

were constant; (4) storage and separation of bottles were conducted at the temporary 
transport station. The cost for collection and transport of PET bottles was calculated 

with similar methods as reported by Nakatani et al. (2010). 
 

 
Figure 8-3: Transportation of waste PET from collection sites to transport station 

before sent to recycling or incineration facilities. 

Transport 
station

Collection 
sites

Recycling/ 
Carbonization

Incineration
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Figure 8-2: Material flow of PET bottles from collection to recycling in Japan. 

 
Table 8-1: PET bottles collection rate, PET bottles recycling rate in domestic recycling 

factories, and PET bottles which are not domestically recycled. 

 Numbers reported in 

2018 

Assumed daily 

numbers 

 [kton/year] [kton/day] 

Bottles sold on the previous 

year 
626 1.72 

Total bottles collected 529 1.45 

Domestic treatment* 

  PET bottles 
  Sheets 

  Fiber  
  Others 

334 

(26.3%) 
(47.7%) 

(21.3%) 
(4.7%) 

0.92 

 
 

 
 

Not domestically recycled 195 0.53 

Not domestically recycled and 

not collected or unknown 
289 0.79 

*Numbers may not represent the maximum capacity of domestic recycling capability 

 

Total existing 
bottles
626 kt

Overseas treatment
195 kt

Domestic treatment
334 kt

PET bottle
(26.3%)

Sheets
(47.7%)

Fiber
(21.3%)

Others
(4.7%)

Domestically 
recycled

Not domestically 
recycled

334 kton 292 kton

() is calculated by dividing total “Domestically recycled”
Not Domestically recycled = Total existing bottles – Domestically recycled

Unknown
97 kt
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8.2.3 CO2 emission and cost estimation from incineration with and without 

energy recovery 
 Complete combustion of 1 PET monomer under sufficient oxygen condition is:  

 𝐶E'𝐻M𝑂N + 10𝑂< → 10𝐶𝑂< + 4𝐻<𝑂 (8-1) 
 

 Based on the reaction, complete combustion of 1 kg of PET produces 2.29 kg of CO2. 
Therefore, CO2 emission from PET incineration is 2.29 kg-CO2/kg-PET. The power 

consumption per 1 kg waste PET without energy recovery using a conventional 
continuous stoker furnace was reported to be in average, approximately 0.0321 

kWh/kg-PET in terms of electricity consumption and 0.000174 L/kg-PET in terms of 
heavy oil consumption. On the other hand, the power consumption per 1 kg waste 

PET with energy recovery was reported to be in average, approximately 0.0284 
kWh/kg-PET in terms of electricity consumption and 0.000645 L/kg-PET in terms of 

heavy oil consumption (Nakatani et al., 2010).  
 

 On the other hand, the initial cost (15 years of operation) and operating cost 
(including labor and maintenance cost) of a conventional waste incineration facility 

was assumed as 7.87 yen/kg-PET and 19.96 yen/kg-PET, respectively (Tasaki et al., 
2006) as shown in Appendix H. Note that the conventional stoker furnace has 

operating capacity of 600 t/day. For the average unit price of electricity, as reported 

by the Agency for Natural Resources and Energy, Japan in 2018 was 16.6 yen/kWh 
(METI, 2018), whereas the heavy oil price as reported by the Agency for Natural 

Resource and Energy, Japan in 2020 is 58 yen/L (METI, 2020). 
 

 The average electricity source of emission was based on the IDEA database (IDEA, 
2020), and the average emission from heavy oil consumption was 0.736 kg-CO2/L. 

Note that the avoided production of electricity in the case of incineration with energy 
recovery is credited as 0.607 kWh/kg-PET as public electricity (Nakatani et al., 2010). 
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8.2.4 CO2 emission and cost estimation from conventional recycling  

 The estimation of power consumption and CO2 emission for the recycling of waste 
PET bottles into PET pellet was conducted based on Nakatani et al. (2010). The 

recycling process from cleaning to shredding and molding for PET pellets were 
included as shown in Table 8-2. It is well noted that the yield of pellets from 1 kg of 

waste PET bottle was assumed as 0.923 kg-pellet/kg-PET for open-loop recycling 
(BtoF) and 0.850 kg-pellet/kg-PET for closed-loop recycling (BtoB). Note that pellet 

yield of BtoB is less than BtoF due to the requirement of higher quality PET pellet. 
 

 On the other hand, the initial cost (15 years of operation) and operating cost 
(including labor and maintenance cost) of pre-recycling facility was reported as 33.52 

yen/kg-PET (The Council for PET Bottle Recycling, 2005). The initial cost (15 years of 
operation) and operating cost (including labor and maintenance cost) of a 

conventional PET recycling facility were assumed as 0.26 yen/kg-PET and 2.85 yen/kg-
PET, respectively (Kato et al., 1997) as summarized in Appendix H. The cost (bid 

price) of collected bottles was reported as 33679 yen/ton-PET (JCPRA, 2018) in 2018.  
 

 Note that the avoided production of virgin PET pellet in the case of conventional 
recycling is credited as 0.923 kg-pellet/kg-PET for BtoF and 0.850 kg-pellet/kg-PET 

for BtoB. The cost of virgin PET pellet was reported as approximately 159.37 yen/kg-

virgin PET (ARC, 2020). The CO2 emission was based on IDEA data base (IDEA, 2020). 
 

Table 8-2: List of inventories for conventional recycling 

Process Inventory Inventory value 

Baling Fuel consumptiona Electricity: 0.0413 kWh/kg-PET 

Crushing Fuel consumptiona Electricity: 0.0526 kWh/kg-PET 

Mechanical recycling Fuel consumptiona Electricity: 0.357 kWh/kg-PET 

Heavy oil: 0.0535 L/kg-PET 

Pelletizing Fuel consumptiona Electricity: 0.308 kWh/kg-PET 

BtoF Yield ratiob 0.923 kg-pellet/kg-PET 

BtoB Yield ratioc 0.850 kg-pellet/kg-PET 
aNakatani et al., 2010; bNakatani and Hirao, 2011; cFurusawa, 2019 
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8.2.5 CO2 emission and cost estimation from carbonization reactor 

 Heat balance of PET carbonization reaction was conducted to estimate the amount of 
energy required in the reaction. 

 
8.2.5.1 Heat balance calculation in lab-scale carbonization reaction 

 Figure 8-4 shows a heat balance diagram in the reactor adapted from Kodera and 
Kaiho (2016). Heat input was defined as the HHV of feedstock whereas heat output 

was defined as the HHV of products and heat loss from reactor. Heat of carbonization 
was defined as the difference between HHV of feedstock and HHV of products. Heat 

loss was defined as the transfer of heat from reactor surface to the atmosphere 
through convection and radiation. For ease of calculation, heat loss was calculated as 

the heat of convection and heat of radiation from the surface of thermal insulation 
jacket to the atmosphere. 

 
Figure 8-4: Heat balance diagram of reactor. 

 

8.2.5.2 Heat of carbonization of PET  
 Using the stoichiometric approach, a general notation of pyrolysis of macromolecules 

was used as follows  
𝐶𝐻.𝑂: → 𝑎𝐻< + 𝑏𝐶𝑂 + 𝑐𝐶𝑂< + 𝑑𝐻<𝑂 + 𝑒𝐶𝐻N + 𝑓𝐶<𝐻N + 𝑔𝐶𝐻2𝑂O + ℎ𝐶𝐻7𝑂P (8-2) 

 
 In this equation, 𝐶𝐻.𝑂:  as PET, 𝐶𝐻2𝑂O  as char and 𝐶𝐻7𝑂P  as wax, are the 

macromolecules which were expressed by unit compositional formula with one carbon 
atom. For example, in the case of PET with unit composition formula 𝐶𝐻.𝑂:, m is the 

ratio of the number of hydrogen atom to one carbon atom based on the elemental 

Reactor

HHV of 
feedstock

HHV of 
products

Heat of 
pyrolysis

External 
heat

Heat loss 
from reactor
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composition of the macromolecules. Similarly, n was determined as the ratios of 

oxygen atom to one carbon atom. Note that all the empirical formulas were obtained 
through the ultimate analysis from Chapter 4 for raw PET, and char and wax obtained 

from carbonization at 400-480°C and 120 min, as summarized in Table 8-3. Based 
on the unit molecular weight obtained using the empirical formula, HHV from Chapter 

4 is newly expressed in kJ/mol as shown in Table 8-4.  
 

Table 8-3: Summary of empirical formulas and unit molecular weight. 

 Ultimate Analysisa [wt%] Empirical 
formula 

Unit molecular 
weight [g/mol] C% H% O% 

Raw PET 62.0 4.0 34.0 CH0.774O0.411 19.350 

Char 89.6 4.4 5.8 CH0.589O0.049 13.373 
Wax 72.4 5.6 22.0 CH0.929O0.228 16.577 

a: Dry basis; Note that Nitrogen content was excluded from the calculation. 
 
Table 8-4: Calculation of HHV of PET, char, wax and gas in unit kJ/mol. 

 HHV of product Molar percent HHV per 1 mol PET 
 kJ/mol-product mol-product/mol-feedstock kJ/mol-feedstock 
Raw PET 456.9 1.000 456.9 

Char 477.3 0.413 197.1 
Wax 457.9 0.395 180.9 

Gas 351.8b 0.193 67.9 
b: HHV of gas product was calculated based on the composition and heating values of 
hydrogen, methane, carbon monoxide, ethane and ethylene. 

 
 The heat of carbonization is calculated as  

 = HHV (Product) kJ/mol-feedstock – HHV (PET) kJ/mol-feedstock  
= -11.0 kJ/mol-feedstock < 0 

(8-3) 

 
 The balance of HHV (Product) – HHV (PET) < 0 shows that the reaction is exothermic, 

which indicates the heat generation of feedstock during the carbonization reaction. 
Therefore, only external heat loss from the carbonization equipment needs to be taken 

into account during scale-up of the system. 
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8.2.5.3 Power consumption of continuous carbonization facility 

 In this section, an industrial scale carbonization facility was assumed in Figure 8-5. 
A continuous carbonization facility presented by CRIEPI (Shoji et al., 2015) was 

referred to in this study in order to estimate the amount of energy and power 
consumption needed to carbonize 1 kg-PET, industrially. The carbonization facility 

proposed here has an inner cylinder dimension of 800 mm in diameter and 6 m in 
length, which consists of a feeding system, conveyor belt, hot air supply inlet, exhaust 

outlet for volatile product and outlet for collection of char. The conveyor belt, which 
was assumed to be 5 m in length with motor power operating at 2.2 kW (52.8 kWh; 

ASG Plastic Recycling Machinery, 2013), is equipped with ceramic or alumina crucibles 
fixed on the bed. The reason for installing the conveyor belt with crucible over the 

conveyor is that PET undergoes melting process under heat exposure before 
carbonization. The melting process presents a challenge to transport the bulk material 

in the case of a conventional screw conveyor. Referring to the carbonization facility 
presented by CRIEPI, the carbonization facility here was assumed to have operating 

capacity of 4000 kg/day, hot air flow rate of 600 N-m3/h and carbonization reactor 
temperature range of 400-500°C. Approximately 1 kg/h of wood pellet is needed in 

order to maintain the temperature range. The conveyor belt should be set to operate 
at a certain speed for the crucible to travel from the start of feeding to the discharge 

of product, which allows the retention time of 120 min in order to ensure the sufficient 

carbonization of PET. Note that the drying system was not considered in this 
assumption. 

 
 The initial cost (15 years of operation), operating cost (including labor and 

maintenance cost) and electricity cost (conveyor belt) of the carbonization facility were 
assumed as 9.11 yen/kg-PET, 33.30 yen/kg-PET and 0.22 yen/kg-PET, respectively as 

summarized in Appendix H and I. The cost (bid price) of collected bottles was not 
taken into account as the carbonization operation is a replacement for incineration. 

 
 On the other hand, the amount of CO2 emitted and cost in order to maintain the heat 

in reactor from different heat source, namely wood pellet, electricity, waste plastic, 
and by-products from carbonization were estimated.  
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Figure 8-5: A proposal for PET carbonization facility for mass treatment. 

 
Heat energy by wood pellet 
 Similar to the conventional carbonization facility, assuming the treatment of 4000 kg-
PET/day, approximately 24 kg-pellet/day is needed to maintain the carbonization 

reactor temperature range. This is approximately equivalent to the power requirement 

of 0.0294 kWh/kg-PET, given that 1 kg pellet, which costs around 75 yen/kg, contains 
approximately 4.9 kWh, according to the Japan Wood Pellets Association. The amount 

of CO2 emitted from 1 kg pellet is reported as 2.024 kg-CO2/kg-pellet (Komata et al., 
2010). Therefore, the amount of CO2 emitted, including approximately 0.2 kg-CO2/kg-

PET emitted as gas product during PET carbonization and emission from conveyor belt, 
and cost for the carbonization reaction is  

= (0.0121 + 0.20 + 0.0061) kg-CO2/kg-PET 
= 0.2182 kg-CO2/kg-PET; 

= 0.45 yen/kg-PET  
 
Heat energy by electricity 
 Approximately 0.0294 kWh/kg-PET is needed to maintain the carbonization reactor 

temperature range. If the heat generation is supplied by electrical source, the amount 
of CO2 emitted and cost from energy consumption is 

Feeder

Raw PET

Char

Hot air

Volatile product 
to exhaust

Char for 
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= 0.463 kg-CO2/kWh × 0.0294 kWh/kg-PET + (0.20 + 0.0061) kg-

CO2/kg-PET 

= 0.2197 kg-CO2/kg-PET; 
= 16.6 yen/kWh × 0.0294 kWh/kg-PET  

= 0.49 yen/kg-PET 
 

Heat energy by waste plastic 
 It has been reported that 1 kg waste plastic (PE and PP) generates approximately 2.4 

kWh (SANIX Inc.) while emitting approximately 2.75 kg-CO2/kg-plastic (Ministry of the 
Environment, Japan). Therefore, approximately 0.01225 kg-plastic/kg-PET is needed 

to maintain the reactor temperature range. If the cost of waste plastic was assumed 
as 0 yen, the amount of CO2 emitted and cost from energy consumption is  

= 2.75 kg-CO2/kg-plastic × 0.01225 kg-plastic/kg-PET + (0.20 + 

0.0061) kg-CO2/kg-PET 

= 0.2398 kg-CO2/kg-PET 
 

Heat energy by by-products from carbonization 
 By-products from carbonization, wax and gas contain HHV of 26.62 MJ/kg and 9.18 

MJ/kg, respectively. This is equivalent to 7.39 kWh/kg-wax and 2.55 kWh/kg-gas. 
Given that approximately 38 wt% wax and 34 wt% gas was emitted from PET 

carbonization, the energy balance is shown in Figure 8-6.  
 

 
Figure 8-6: Mass and energy balance of wax and gas from PET carbonization. 

 

Power consumption 
= 0.0294 kWh/kg-PET

1 kg-PET

0.38 kg-wax
7.39 kWh/kg-wax = 2.81 kWh/kg-PET

0.34 kg-gas
2.55 kWh/kg-gas

= 0.87 kWh/kg-PET
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 On the other hand, the CO2 emission from combustion of CO, CH4, C2H4 and C2H6 

was calculated as shown in Table 8-5. Note that the complete combustion reactions 
of the gases are given as follows:  

𝐶𝑂 + 0.5𝑂< → 𝐶𝑂< (8-4) 
𝐶𝐻N + 2𝑂< → 𝐶𝑂< + 2𝐻<𝑂 (8-5) 

𝐶<𝐻N + 3𝑂< → 2𝐶𝑂< + 2𝐻<𝑂 (8-6) 

𝐶<𝐻L +
Q
<
𝑂< → 2𝐶𝑂< + 3𝐻<𝑂 (8-7) 

 

 Approximately 2.81 kWh/kg-PET can be harvested from wax whereas 0.87 kWh/kg-

PET can be harvested from gaseous product. It was well noted that, combustion of 
less than 4 wt% of the product gas alone is sufficient for the energy required for the 

carbonization of PET. Therefore, the process is considered to be self-sustainable, in 
addition to producing wax and the remaining combustible gas, which can be collected 

and utilized for other processes. 
 
Table 8-5: Calculation for CO2 emission from combustion of gas and wax. 

Gas/wax 

species 

Calorific valuea Mass of species  Energy 

[kWh/kg-PET] 

Mass of CO2 

[kg-CO2/kg-PET] [kWh/kg] [kg/kg-PET] 

CO 2.807 0.102 0.2863 0.1602 

CH4 15.40 0.021 0.3234 0.0576 

C2H4 15.34 0.013 0.1994 0.0405 

C2H6 13.93 0.004 0.0557 0.0114 

Wax   2.8082b 0.9391 

Total 3.6730 1.2088 
aPerry et al. (1984); bThis study 

 
 Note that the avoided production of carbon material in the case of PET carbonization 

is credited as 0.2867 kg/kg-PET. The cost and CO2 emission of carbon material were 
reported as 28.76 yen/kg-biochar and 0.9603 kg-CO2/kg-biochar (Heidari et al., 2019). 

On the other hand, by-products such as gas and wax are combusted for the avoided 
production of electricity which is credited as 0.368 kWh/kg-PET. 
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8.2.6 CO2 recovery and cost estimation from carbon capture  

 A study by Shigaki et al. (2018) reports the CO2 recovery rate and power consumption 
using pilot scale PSA tower using commercial Zeolite 13X. Note that the recovery rate 

and power consumption in their study were measured experimentally. 3 adsorbent 
tanks with height of 1.5 m were used. Total of 240 kg adsorbent was loaded into the 

adsorbent tanks. Initial feed gas was 22.5 CO2-vol% (N2 balance). CO2 recovery rate 
was 4.69 t-CO2/day with operating power consumption of 633.15 kWh/day. Other 

operating parameters are as follows: cycle time is 5 min/cycle, total cycles a day is 
288 cycle/day, operating pressure at 0.151 MPa and operating temperature at 283 K. 

 
 Based on given information, the amount of CO2 adsorbed per cycle can be calculated 

as follows,  
4.69	𝑡-𝐶𝑂</𝑑𝑎𝑦
288	𝑐𝑦𝑐𝑙𝑒/𝑑𝑎𝑦 = 16.2	𝑘𝑔-𝐶𝑂</𝑐𝑦𝑐𝑙𝑒 

 
 Therefore, the amount of CO2 adsorbed per cycle per kg of Zeolite 13X can be 

calculated as, 
16.2	𝑘𝑔-𝐶𝑂</𝑐𝑦𝑐𝑙𝑒
240	𝑘𝑔-𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 = 0.0676	𝑘𝑔-𝐶𝑂</𝑘𝑔-𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 = 1.54	𝑚𝑜𝑙/𝑘𝑔	 

 

 The total amount of CO2 adsorbed per cycle per kg of Zeolite 13X based on the 
commercial scale of PSA system was 1.54 mol/kg at 0.151 MPa, 283 K operating at 

total of 288 cycle/day with operating power consumption of 135.00 kWh/day. 
 

 A summary of CO2 adsorption capacity at equilibrium under 1 atm, 20-35°C and the 
total gas adsorbed using pilot PSA system for Zeolite 13X and PET-derived activated 

carbon is shown in Table 8-6. Based on the summary table, it can be seen that the 
total CO2 adsorbed before reaching saturation point for 1 cycle breakthrough 

experiment using Zeolite 13X operated at lab-scale adsorbent system agrees well with 
the commercial scale adsorption amount reported by Shigaki et al. (2018).  
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Table 8-6: Summary of CO2 adsorption properties for Zeolite 13X and PET-derived 

activated carbon. 

 
Adsorption condition 

for breakthrough 
curve 

Total CO2 adsorbed before 

reaching saturation point  
REF 

 [mol/kg]  

Zeolite 13X 
5 CO2-vol% 
(He balance) 

at 30°C, 1 atm 

1.49 
Lopes et 

al., 2009 

Zeolite 13X 

20 CO2-vol%,  

60 CH4-vol%  
(N2 balance) 

at 20°C, 1 atm 

1.57 
Cavenati 
et al., 

2006 

PET activated 
carbon 

20 CO2-vol%,  
(N2 balance) 

at 35°C, 0.1 MPa 

1.47 This study 

 

 Following assumptions were made for the estimation: (1) the total amount of CO2 
adsorbed for 1 cycle during the PSA operation is approximately equivalent to the total 

CO2 adsorbed before reaching saturation point of breakthrough curve at similar 
operating conditions (0.1 MPa and 308 K); (2) the power consumption is equivalent 

under similar operating conditions; (3) same dimension of commercial PSA system 
and adsorbent loading are assumed; (4) the adsorption efficiency is constant and the 

adsorbent is not subjected to degradation. By substituting Zeolite 13X with PET 
activated carbon, the CO2 recovery rate is now calculated as 
1.470	𝑚𝑜𝑙-𝐶𝑂</𝑘𝑔 × 44	𝑘𝑔/𝑘𝑚𝑜𝑙 × 240	𝑘𝑔 × 288	𝑐𝑦𝑐𝑙𝑒/𝑑𝑎𝑦 = 4471	𝑘𝑔-𝐶𝑂</𝑑𝑎𝑦 

 
, while the CO2 emission and cost from power consumption is calculated as  

135.00	𝑘𝑊ℎ/𝑑𝑎𝑦 × 0.463	𝑘𝑔-𝐶𝑂</𝑘𝑊ℎ = 62.505	𝑘𝑔-𝐶𝑂</𝑑𝑎𝑦 
135.00	𝑘𝑊ℎ/𝑑𝑎𝑦 × 16.6	𝑦𝑒𝑛/𝑘𝑊ℎ = 2241	𝑦𝑒𝑛/𝑑𝑎𝑦 
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 The initial cost (15 years of operation) and operating cost (including labor and 

maintenance cost) of the PSA facility are 1826 yen/day and maintenance cost 66590 
yen/day, respectively as summarized in Appendix H. 

 
8.2.7 Landfill 

 Exhausted activated carbon is assumed to be landfilled as permanent storage in this 
study. Based on Nakatani et al. (2010), the power consumption per 1 kg waste for 

landfill was reported to be in average, approximately 0.0586 kWh/kg-PET in terms of 
electricity consumption and 0.000158 L/kg-PET in terms of heavy oil consumption. 

  
 On the other hand, it was assumed that the disposal unit price of non-regenerable 

activated carbon after multiple usage is 11243 yen/m3 (Tsuchida et al., 2008). This is 
approximately 9.94 yen/kg, given that the bulk density of PET-derived activated 

carbon in this study was obtained as 1131 kg/m3. 
 

8.2.8 Conclusions: CO2 emission and cost estimation of various operations 
 In this section, the total CO2 emission and cost of operation per 1 kg PET from each 

operation were estimated and calculated. A summary of all the initial and maintenance 
cost of operations was presented in Appendix H. Note that the cost of operations did 

not include pre-treatment (drying) cost and post-treatment (pollutant removal) cost. 

A summary of the inventories of the overall operations was presented in Appendix I, 
which will be used for the life-cycle assessment study in the next section.  
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8.3 Life cycle assessment  
8.3.1 Introduction 
 In order to determine the feasibility of carbonization as an additional treatment 

process for non-recyclable PET with comparison to other conventional operations, an 
evaluation based on the life cycle assessment (LCA) was studied in terms of CO2 

emission and net profit of operations. In this section, life cycle inventory (LCI) analysis 
was conducted based on the avoided burden approach. Avoided burden approach 

assumes that the recycled product (recovered energy) from the investigated system 
will replace the competing product (energy source). In this approach, the 

environmental burdens from the competing process are subtracted from those of the 
investigated system (Nakatani, 2014). The inventories of each operation were based 

on the previous section which are summarized in Appendix I. 
 

8.3.2 Evaluated scenarios 
 The theoretical system boundaries for the case assessment in this study based on the 

avoided burden approach is shown in Figure 8-7. The scenarios that were evaluated 

in this study are given as follows: (i) waste PET bottles are recycled into recycled PET 
pellet through the mechanical recycling (Figure 8-7(a,b)); (ii) waste PET bottles are 

carbonized into char through carbonization (Figure 8-7(c)); (iii) incinerated without 
energy recovery; (iv) incinerated with energy recovery as electricity (power generation 

efficiency assumed as 10%); and (v) landfill of exhausted activated carbon.  
 

 For scenario (i), mechanical recycling of waste PET to PET pellet was assumed. In 
particular, mechanical BtoF (bottle-to-fiber) recycling and mechanical BtoB (bottle-to-

bottle) recycling were assumed. For mechanical BtoF recycling, the yield of recycled 
PET pellet was assumed as 0.923 kg-pellet/kg-PET based on the calculations 

presented by Nakatani and Hirao (2010). On the other hand, for mechanical BtoB 
recycling, the yield of pellet which will be used to manufacture PET bottle was assumed 

to be 0.850 kg-pellet/kg-PET based on the information obtained from field survey 
(approximately 15 wt% disposal of PET; Furusawa, 2019; Kyoei Industry co. ltd, 2015). 

Note that the residue from recycling was assumed to be incinerated as the final 
disposal method. For the sales price of recycled pellet, the range price is usually set 



 196 

  
(a) Open-loop recycling (BtoF) of PET 

  
(b) Closed-loop recycling (BtoB) of PET  

 
(c) Carbonization of PET 

 
(d) Incineration of PET 

 
(e) Landfill of PET 

Figure 8-7: Theoretical system boundaries for the case assessment of (a,b) material 

recycling, (c) carbonization, (d) incineration and (e) landfill based on the avoided 
burden approach. (M: Material; P: Product; rM: Recycled material; rP: Recycled 
product; C: Char; AC: Activated carbon;	𝑝: yield ratio of P; 𝑞: yield ratio of rP; 𝑠: yield 

ratio of AC; 𝛽: yield ratio of rM from material recycling (open-loop); 𝛼: yield ratio of 

rM from material recycling (closed-loop); 𝛾: yield ratio of C from carbonization) 
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lower than the price of virgin pellet. In this assessment, the potential profit of virgin 

pellet is set in the range 60-100% of the price of virgin pellet (Furusawa, 2019).  
 

 For scenario (ii), waste PET bottles are carbonized into char using an industrial scale 
carbonization facility as presented in the previous section. In this scenario, the energy 

required for the carbonization process was supplied by 4 wt% of the product gas, 
which was obtained as the by-product. The residue by-product, including wax, was 

combusted for the avoided production of electricity. 
 

 Scenarios (iii)-(v) are the scenarios for final disposal. For scenarios (iii) and (iv), waste 
PET bottles are incinerated with and without energy recovery, respectively. For 

scenario (v), exhausted activated carbon, denoted as waste AC in Figure 8-6(c), was 
assumed to be landfilled for permanent storage.  

 
 All scenarios include transportation of waste PET from collection site to a temporary 

transport station, and transportation of waste PET to their consecutive treatment sites. 
Note that pre-recycling such as bottle sorting and baling were considered for the 

recycling scenario. Figure 8-8 shows the simplified scenarios with their inventories.  
    

 
Figure 8-8: Simplified scenarios for incineration (with and without energy recovery), 

mechanical recycling, carbonization and landfill with their consecutive inventories. 
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8.3.3 Results of LCA assessment 

8.3.3.1 CO2 emission of evaluated scenarios 
 Figure 8-9 shows the CO2 emission of the scenarios for incineration (without energy 

recovery), incineration (with energy recovery), mechanical recycling, carbonization 
and landfill based on the avoided burden approach LCI analysis. Based on the results, 

combustion of PET and by-product from carbonization is the major factor for CO2 
emission. The landfill scenario emits the least CO2, however, other environmental 

impacts such as groundwater pollution, air pollution with impact on climate through 
methane emission and potential health hazards were not considered in this 

assessment (Lisk, 1991).  
 

 The scenario for incineration without energy recovery generates the most CO2 
emission. This is the minimum amount of GHG emission for PET incineration due to 

the complete combustion of PET, which was assumed in this study. It is speculated 
that the total GHG emission will be higher than 2.346 kg-CO2/kg-PET due to the 

possible production of gaseous products with higher Global Warming Potentials.  
 

 The scenario for incineration with energy recovery also generated high amount of 
CO2 emission. The avoided production of electricity from energy recovery credited for 

the deduction of CO2 emission. However, the credited amount of CO2 emission was 

low due to the low HHV of waste PET. This result is in accordance with the result 
reported by Nakatani et al. (2010).  

 
 The scenario for mechanical recycling produced net CO2 emission of -0.834 kg-

CO2/kg-PET for BtoF recycling and -0.546 kg-CO2/kg-PET for BtoB recycling. 
Mechanical recycling which produced recycled pellets for the avoided production of 

virgin pellet highly credited to the decrease of CO2 emission. In particular, combustion 
of residue from BtoB recycling (15 wt%) resulted in large CO2 emission. Nevertheless, 

mechanical recycling is the only operation which resulted in negative CO2 emission 
among the compared processes.  
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 The scenario for carbonization with by-product as fuel resulted in net amount of 0.479 

kg-CO2/kg-PET for CO2 emission. Carbonization produced char for the avoided 
production of carbon material which highly credited to the decrease of CO2 emission. 

However, the combustion of by-products from carbonization such as combustible gas 
and wax for the avoided production of electricity resulted in large CO2 emission. 

Nevertheless, carbonization of PET highly contributed to the decrease in net CO2 
emission compared to incineration of PET.  

 
 Overall, CO2 emission of the evaluated scenarios is in the ascending order as follows: 

mechanical recycling (BtoF) < mechanical recycling (BtoB) < landfill < carbonization 
(by-product as fuel) < incineration (with energy recovery) < incineration (without 

energy recovery). Based on the results, the net CO2 emission from mechanical 
recycling can further be decreased by replacing incineration of residue from recycling 

to carbonization as the disposal method. For the carbonization of PET with by-product 
as fuel, net CO2 emission can be decreased by addition of CO2 capture through PSA 

system in the operation. The combination of operations and CO2 emission based on 
the life cycle assessment of operations will be discussed in later sections. 

 

 
Figure 8-9: CO2 emission of the evaluated scenarios based on the avoided burden 

approach LCI analysis. 
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8.3.3.2 Net profit of evaluated scenarios 

 Figure 8-10 shows the net profit of the scenarios for incineration (without energy 
recovery), incineration (with energy recovery), mechanical recycling (BtoF and BtoB), 

carbonization and landfill based on the avoided burden approach LCI analysis. Note 
that net profit was obtained by subtracting the potential profit by potential cost.  

 
 Based on the results, cost of facility is the major factor for potential cost in all 

operations. Mechanical recycling (BtoF and BtoB) is the only scenario with positive net 
profit due to the production of recycled pellet, which credited to the potential profit of 

operation. However, the fluctuation of recycled pellet sales price highly affects the net 
profit of mechanical recycling. In particular, in cases when recycled pellet price sales 

were only 60% of the virgin pellet price, the net profit of the BtoF and BtoB operations 
reached approximately zero to negative net profit. On the other hand, the scenario of 

carbonization presented the largest negative net profit among all compared operations. 
The major factor was due to the high cost of operation of the carbonization facility 

and low operating capacity. In addition, the profit of char sales is unknown, therefore 
was not included in this assumption. The positive net profit of mechanical recycling 

was used as a basis for the implementation of PSA operation for the carbon capture 
in the overall recycling system, which was presented in the next section. 
  

 
Figure 8-10: Net profit of the evaluated scenarios based on the avoided burden 

approach LCI analysis. (Net profit = Potential profit – cost of operation) 
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8.3.3.3 Comparison of the evaluated scenarios 

 In this section, a case comparison of the evaluated scenarios was conducted by 
combining multiple operations based on the maximum treatment capacity of waste 

PET of each operation. Carbon capture using the PSA facility was included as a 
feedback of the whole operation in terms of amount of carbon captured per unit cost 

of operation.   
 

 As seen in Figure 8-11, three different cases of PET bottle recycling and treatment 
were presented to determine the estimation of CO2 emission and annual profit; they 

are, Case 1: Incineration of non-recycled PET bottles with energy recovery and 
conventional recycling of PET bottles; Case 2: Conventional recycling of PET bottles 

(BtoF) and carbonization of non-recycled PET bottles; and Case 3: Conventional 
recycling of PET bottles (BtoF), carbonization of non-recycled PET bottles and carbon 

capture using activated carbon produced from carbonization.  
 

 
Figure 8-11: Estimation of CO2 emission and reduction from different cases. 
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domestically recycled is 292 kton/year and that the cost (bid price) of recyclable bottle 

is 33679 yen/ton (JCPRA, 2018) for 2018. From here on, the number of domestic 
factories is expressed as 𝑁. 

 

Case 1: Incineration (with energy recovery) + Conventional recycling 
Carbon emitted was calculated as follows: 

Carbon emitted from Recycling   
= Total CO2 emission(Recycling) × (𝑁 × Amount of bottles treated) 

= -0.7783 kton-CO2/kton-PET	×	6.68 kton-PET/factories/year × 𝑁 

= -5.20𝑁 kton-CO2/year 

 Carbon emitted from Incineration 
= Total CO2 emission(Incineration) × [Total bottles collected − (𝑁 × 

Amount of bottles treated)] 
= 2.065 kton-CO2/kton-PET × (529 – 6.68𝑁) kton-PET/year 

  = 1092.39 – 13.79𝑁 kton-CO2/year (Total bottles < 529; 𝑁 ≤ 79) 

 Total carbon emitted  
= Carbon emitted from Recycling + Carbon emitted from Incineration 

  = 1092.39 – 18.99𝑁 kton-CO2/year  

 
Annual net profit was calculated as follows: 

Net profit from Recycling   
= Net profit(Recycling) × (𝑁 × Amount of bottles treated) 

= 18.00 million yen/kton-PET	×	6.68 kton-PET/factories/year × 𝑁 

= 120.24𝑁 million yen/year 

 Net profit from Incineration 
= Net profit(Incineration)× [Total bottles collected − (𝑁 × Amount of 

bottles treated)] 
= – 19.66 million yen/kton-PET × (529 − 6.68𝑁) kton-PET/year 

  = – 10400.14 + 131.33𝑁 million yen/year (Total bottles < 529; 𝑁 ≤ 79) 

 Total net profit  
= Net profit from Recycling + Net profit from Incineration 

  = – 10400.14 + 251.57𝑁 million yen/year 
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Case 2: Conventional recycling + Carbonization  

 Industrial scale carbonization facility proposed in the previous section was assumed 
in this assessment. Maximum operating capacity of the carbonization facility was given 

as 1.46 kton/year. Numbers of carbonization facility was set as 1 carbonization facility 
installed per 1 recycling factory. Note that the residue bottles that have exceeded the 

maximum treatment capacity will be incinerated with energy recovery. Also note that 
gaseous by-products from carbonization was considered as the heat source for 

carbonization in this assessment. 
 

Carbon emitted was calculated as follows: 
Carbon emitted from Recycling   

= -5.20𝑁 kton-CO2/year 

Carbon emitted from carbonization   
= {Total CO2 emission(Carbonization) + Total CO2 emission(Landfill)} × 

(𝑁 × Amount of bottles treated) 

= (0.479 + 0.006) kton-CO2/kton-PET	×	1.46 kton-PET/factories/year × 
𝑁 

= 0.71𝑁 kton-CO2/year 

 Carbon emitted from Incineration 
= Total CO2 emission(Incineration) × [Total bottles collected − (𝑁 × 

Amount of bottles treated)] 
= 2.065 kton-CO2/kton-PET ×  [529 −  𝑁  ×  (6.68 + 1.46)] kton-

PET/year 
= 1092.39 – 16.81𝑁 kton-CO2/year (Total bottles < 529; 𝑁 ≤ 64) 

 Total carbon emitted 
= Carbon emitted from Recycling + Carbon emitted from Carbonization 

+ Carbon emitted from Incineration 

  = 1092.39 – 21.30𝑁 kton-CO2/year  

 
Annual net profit was calculated as follows: 

Net profit from Recycling   
= 120.24𝑁 million yen/year 
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 Net profit from Carbonization 
= {Total net profit(Carbonization) + Total net profit(Landfill) } × (𝑁 × 

Amount of bottles treated) 
= ( –  32.90 –  2.3) million yen/kton-PET ×  ( 𝑁	 ×  1.46 kton-

PET/factories/year) 
= – 51.39𝑁 million yen/year 

Net profit from Incineration 
= [Total net profit(Incineration)] ×  [Total bottles collected −  (𝑁 × 

Amount of bottles treated)] 
= – 19.66 million yen/kton-PET × [529 − 𝑁 × (6.68 + 1.46)] 

= – 10400.14 + 160.03 𝑁 million yen/year (Total bottles < 529; 𝑁 ≤ 

64) 

 Total net profit 
= Net profit from Recycling + Net profit from Carbonization + Net profit 

from Incineration 
= – 10400.14 + 228.88𝑁 million yen/year (𝑁 ≤ 65) 

 

 
Figure 8-12: Comparison of CO2 emitted and net profit of operation for Case 1 and 

Case 2, respectively. 
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 Figure 8-12 shows the comparison of annual CO2 emission and annual net profit of 

operation for Case 1 and Case 2, respectively. Note that positive net profit indicates 
the potential profit of the combined operations.  

 
 For Case 1, annual CO2 emission decreased with increasing numbers of domestic 

recycling factories. This is due to the increased fraction of PET bottles treated through 
mechanical recycling, which produces recycled PET pellets to replace virgin pellets 

needed for manufacture of plastic products. The avoided production of virgin pellets 
and decrease in combustion of PET credited to the decrease of CO2 emission. The net 

profit also increased with increasing numbers of domestic recycling factories due to 
the production of recycled PET pellets which replaces virgin PET pellets.  

 
 For Case 2, annual CO2 emission was lower than that of Case 1. This is due to the 

carbonization process which produced char for the avoided production of carbon 
material, thus credited to the decrease of CO2 emission. On the other hand, the net 

profit of Case 2 was lower than that of Case 1. This is due to the energy recovery in 
the form of electricity during incineration, which contributed to the higher potential 

profit in case 1 compared to case 2. It should be noted that actual annual profit of 
Case 2 may increase as the profit from char sales as carbon material was not 

considered in this estimation.  

 
 At current situation of 50 recycling factories, overall CO2 emission decreased from 142 

kton/year to 27 kton/year when 1 carbonization facility is installed to 1 recycling 
factories in the current situation, indicating a significant 81% cut in overall CO2 

emission.  
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Case 3: Conventional recycling + Carbonization + CO2 recovery using PET derived AC 

 A conventional scale PSA system using PET derived activated carbon was assumed in 
this case. With reference to section 8.2.6, the CO2 recovery and net profit (including 

initial cost and maintenance cost) per year for 1 PSA system under maximum operation 
were estimated as 1.63 kton/year/PSA system and 25.79 million yen/year/PSA system, 

respectively. Detailed calculations are summarized in Appendix H. It was assumed 
that PSA systems are installed only in positive net profit cases. Note that 1 

carbonization facility is pre-installed per 1 recycling factories for all cases. Similar to 
previous cases, the residue bottles that have exceeded the maximum treatment 

capacity will be incinerated with energy recovery, and that gaseous by-product from 
carbonization was considered as the heat source for carbonization in this assessment. 

Numbers of PSA system were set as follows:  
= Annual profit million yen/year ÷ 25.79 million yen/year/PSA system 

(Annual profit > 0) 
 

 Figure 8-13 shows the annual CO2 emission and annual profit of operation for Case 
3 with comparison to Case 2. Based on the results, the following was observed: 

① PSA facility is installed at 46 domestic recycling factories and 46 carbonization 

facilities, in which the combined operation first reaches positive annual profit. 

② With increasing numbers of PSA facilities, net CO2 emission decreases. 

③ Net CO2 emission reaches zero carbon emission at 32 PSA facilities.  

④ Under the constant operation of 32 PSA facilities, increased numbers of 
domestic recycling factories and carbonization facilities will result in increased 

potential profit of the combined operation. 

⑤ Total of more than 51 domestic recycling factories and consequent 

carbonization facilities are needed for Case 2 in order to achieve zero emission, 

as compared to 49 domestic recycling factories, consequent carbonization 
facilities and 32 PSA facilities (point ③) needed for Case 3. 

⑥ The blue shaded area indicates the cost needed to operate 32 PSA facilities in 
order to achieve zero/negative emission for the combined operation. 

⑦ The green shaded area indicates the reduction of CO2 emission under the 

operation of 32 PSA facilities for the combined operation. 
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 On the other hand, total 15.17 kton/year of PET-derived activated carbon is needed 

in order to operate 32 PSA facilities, assuming that the PET derived activated carbon 
can be regenerated and reused for a span of 0.5 year. In the case of 49 recycling 

factories and 49 consecutive carbonization facilities, only 15.77 kton/year of PET 
derived activated carbon can be supplied (21 wt% fixed-carbon yield from 

carbonization and 80 wt% yield from activation), indicating the sufficient supply of 
carbon adsorbent without the need for compensation of adsorbent from other sources. 

Therefore, it is considered that the carbonization facility and PSA facilities are self-
sufficient in terms of supply of carbon adsorbent. 

 
 Overall, evident decrease in CO2 emission was observed when PSA facility and 

carbonization facility were included. Under the full operation of 32 PSA facilities, with 
the increased numbers of domestic recycling factories, potential profit can be 

generated, in addition to creating a negative emission of the systems using the 
combined operations. It should be well noted that the potential annual profit presented 

may increase in the actual case, due to the potential profit from recovered CO2 sales 
as resource for chemical usage such as methanol production, which was not 

considered in this estimation. 

    
Figure 8-13: Annual CO2 emission and annual profit of operation for Case 3.   
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8.3.4 Conclusions: Life cycle assessment 

 The CO2 emission and net profit of operations were used as the inventories needed 
for the life cycle assessment study, in which the life cycle inventory analysis was 

conducted based on the avoided burden approach. Five distinct scenarios were 
evaluated, and results showed that mechanical recycling, in particular, the BtoF 

recycling, is the most effective approach to reduce CO2 emission and generate profit 
among the compared scenarios. Although the carbonization scenario has reduced CO2 

emission compared to incineration scenarios, the running cost of operation was the 
highest among the compared scenarios. This is due to the high running cost of facility, 

which can be counter-measured by improving the operating capacity of the 
carbonization process. 

 
 The evaluated scenarios were compared, and results showed that replacement of 

incineration with carbonization resulted in significant cut in CO2 emission due to the 
fixation of carbon in the form of char. This suggests that implementation of 

carbonization as a treatment of waste PET is highly effective in the reduction of CO2 

emission compared to the treatment of PET through incineration. On the other hand, 

implementation of PSA facilities based on the potential profit highly resulted in a 
significant reduction of CO2 emission. Furthermore, maximum 32 numbers of PSA 

facilities under the operation of 49 recycling factories and 49 carbonization facilities 

are sufficient to mitigate the total CO2 produced from the overall combined operation, 
leading to approximately zero carbon emission under full operating capacity. In other 

words, if 1 PSA facility is installed to 1 recycling factories and 1 consecutive 
carbonization facilities, operating capacity of PSA facility can be decreased to 65% in 

order to maintain the net zero CO2 emission. This will help further decrease the labor 
cost and energy cost of the operation, which will lead to increase of potential profit of 

the system. Furthermore, the total usage of adsorbents needed for the operation of 
PSA facility can be decreased (<240 kg/6 months), thus leading to the increase in 

potential profit of activated char for other usage. 
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8.4 Additional assessment based on relating variables 
8.4.1 Background 
 Up till this section, the economic assessment and CO2 emission estimation were 

conducted for cases in which the carbonization process was conducted with specific 
conditions; namely, carbonization temperature of single PET feedstock at 400-480°C 

based on experimental data from Chapter 4, and adsorption performance of PET 
derived activated carbon obtained from CO2 activation based on experimental data 

from Chapter 7. In this section, it is of great interest to probe into the relationship 
between the varying parameters; namely, carbonization at ranging temperatures 

based on experimental data from Chapter 4 and varying feedstock based on 
experimental data from Chapter 6; and their effects on the annual CO2 emission and 

annual profit of operation for Case 2. Also, it is also of best interest to determine the 
extent of temperature effect on the annual CO2 emission and annual profit for Case 3 

with relation to gas adsorption properties of activated PET based on Chapter 7.  
 

8.4.2 Assessment based on varying parameters 

Varying temperature range: Effect on Case 2 
 The annual CO2 emission and annual profit of operation for Case 2 in which 

carbonization of PET is conducted under the temperature ranges of low temperature 
(320-400°C), moderate temperature (360-440°C) and high temperature (400-480°C) 

were assumed based on the experimental results from Chapter 4. The following 
assumptions were made: (i) yield of activated carbon is based on the fixed-carbon 

yield of char, in particular, 8 wt% for low temperature (320-400°C), 16 wt% for 
moderate temperature (360-440°C) and 21 wt% for high temperature (400-480°C); 

(ii) performance of activated carbon produced from each temperature remains 
constant; and (iii) energy demand for the carbonization process remains constant 

regardless of varying temperature ranges. The results are shown in Figure 8-14. 
Note that Case 1 is presented in the figure as comparison of cases without 

carbonization. 
 

 The CO2 emission of each case in the increasing order is as follows: Case 2 (400-
480°C) < Case 2 (360-440°C) < Case 2 (320-400°C). It is well notable that the CO2 
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emission of Case 2 (320-400°C) was similar to that of Case 1. This is due to the yield 

of char with high volatile matter when carbonization is conducted at low temperature 
range, thus leading to the high emission of CO2 similar to incineration of PET. The CO2 

emission decreased with increasing temperature due to the yield of char with high 
fixed carbon content. However, it is not expected that the CO2 emission will continue 

to decrease with increasing temperature (>480°C). This is due to the progress of 
decomposition reaction of char with increasing temperature, with reference to the 

decomposition profile of PET as shown in Appendix C. Therefore, it is speculated 
that Case 2 (400-480°C) presents the minimum net CO2 emission from carbonization 

in the case of varying temperature range. 
 

 On the other hand, the annual profit of each case in the decreasing order is as follows: 
Case 2 (400-480°C) > Case 2 (360-440°C) > Case 2 (320-400°C). It is well noted that 

the annual profit of Case 1 is higher than all cases of Case 2 due to the relatively high 
amount of electricity generated from incineration with energy recovery. Case 2 (400-

480°C) and Case 2 (360-440°C) showed no distinct difference due to the exemption 
of profit from sales of activated char. Note that the outcomes may differ if the profit 

from sales of activated char is included. On the other hand, Case 2 (320-400°C) 
presents the lowest profit due to the yield of char with low fixed-carbon yield and also 

to no generation of electricity due to low wax generation. 

 
 As a summary, decreasing the operating temperature lower than 400-480°C will lead 

to increased annual CO2 emission and decreased annual profit, whereas increasing the 
operating temperature higher than 400-480°C will lead to expected decrease of char 

yield due to the decomposition reaction of char. As a conclusion, in the case of varying 
temperature range of carbonization, operating temperature in between 400-480°C 

should be the optimum temperature range for the carbonization of PET to obtain the 
appropriate char for activation (approximately 25 wt% volatile matter; Aworn et al., 

2008), in addition to producing the lowest annual CO2 emission and highest annual 
profit.  
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Figure 8-14: Annual CO2 emission and annual profit of Case 2 in which 

carbonization of PET is conducted under varying temperatures. 
 
Addition of cobalt oxide: Effect on Case 2 
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operation at weight fraction 1 wt% to PET feedstock; (ii) yield of activated carbon is 

based on the fixed-carbon yield of char obtained at high temperature (400-480°C); 
(iii) performance of activated carbon remains constant; and (iv) energy demand for 

the carbonization process remains constant. The total energy and CO2 emission from 
combustible gas and wax of PET carbonization in the presence of cobalt oxide are 

based on the experimental results from Chapter 6 as shown in Table 8-7. The annual 
CO2 emission and annual profit of operation for Case 2 in which carbonization of PET 

is conducted in the presence of cobalt oxide are shown in Figure 8-15. Case 1 and 
Case 2 (400-480°C) are presented in the figure as comparison of cases without 

carbonization and with carbonization of single PET feedstock, respectively. 
 

Table 8-7: Total energy and CO2 emission from combustion of gas and wax. 

 

 The CO2 emission of each cases in the increasing order is as follows: Case 2 (Presence 
of cobalt oxide) ≅ Case 2 (400-480°C) < Case 1. It is well notable that the emission 

of Case 2 (Presence of cobalt oxide) was similar to that of Case 2 (400-480°C). This 

is due to the yield of char from carbonization of PET in the presence of cobalt oxide 

which was similar to that from carbonization of single PET. Although the yield of CO2 
is higher from carbonization of PET in the presence of cobalt oxide than that without 

cobalt oxide as reported in Chapter 6, combustion of gas and wax for the generation 
of electricity led to the overall CO2 emitted from both operations equivalent, as seen 

in Table 8-7. On the other hand, the annual profit of each cases in the decreasing 

Gas/wax 
species 

Without cobalt oxide With cobalt oxide 

Energy 

[kWh/kg-PET] 

Mass of CO2 

[kg-CO2/kg-PET] 

Energy 

[kWh/kg-PET] 

Mass of CO2 

[kg-CO2/kg-PET] 

CO 0.2863 0.1602 0.0824 0.0462 

CH4 0.3234 0.0576 0.0752 0.0135 
C2H4 0.1994 0.0405 0.1873 0.0423 

C2H6 0.0557 0.0114 0.1458 0.0280 
Wax 2.8082 0.9391 1.7874 0.8166 

CO2 - 0.1975 - 0.3555 

Total 3.6730 1.4063 2.2781 1.3021 



 213 

order is as follows: Case 1 > Case 2 (400-480°C) > Case 2 (Presence of cobalt oxide). 

Similar to previously discussed, the annual profit of Case 1 is higher than all cases of 
Case 2 due to the relatively high amount of electricity generated from incineration 

with energy recovery. However, Case 2 (Presence of cobalt oxide) presents lower 
annual profit than that of Case 2 (400-480°C) as a result of low wax yield for the 

energy recovery in the form of electricity. As discussed in Chapter 6, the low wax yield 
during the carbonization of PET in the presence of cobalt oxide was due to the catalytic 

activity of cobalt oxide which progressed the decomposition of carboxylic acid to form 
aromatic hydrocarbons in wax and CO2 in the gaseous product.  

 
 As a conclusion, addition of cobalt oxide is considered in the assessment and results 

showed that annual CO2 emission had no distinct difference from that without cobalt 
oxide due to the combustion of gas and wax. However, decrease in annual profit will 

be a factor of concern due to the high cost of operation of carbonization. In addition, 
direct addition of cobalt oxide in the PET feedstock will lead to concerns regarding the 

cost of cobalt oxide supply and performance of activated carbon as gas adsorbent. 
Therefore, future study should consider addition of cobalt oxide in the carbonization 

operation as a coated layer in the inner surface of the fixed crucible of the reactor. 

 
Figure 8-15: Annual CO2 emission and annual profit of Case 2 in which 

carbonization of PET is conducted in the presence of cobalt oxide. 
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Varying temperature range: Effect on Case 3 

 The annual CO2 emission and annual profit of operation for Case 3 in which 
carbonization of PET is conducted under different temperature ranges are shown in 

Figure 8-16, while Table 8-8 shows the amount of supply and demand of PET-
derived activated carbon for Case 3 under different temperature ranges. Note that the 

temperature ranges of the carbonization reactor are set as low temperature (320-
400°C), moderate temperature (360-440°C) and high temperature (400-480°C) with 

the information based on the experimental results from Chapter 4, while the gas 
adsorption property of activated PET is based on Chapter 7. 

 
 Based on the results, for carbonization of PET at high temperature (400-480°C), a 

total of 49 domestic recycling factories and carbonization facilities were able to 
produce enough profit for the installments and operations of maximum 32 PSA 

facilities for approximately zero carbon emission; for carbonization of PET at moderate 
temperature (360-440°C), a total of 51 domestic recycling factories and carbonization 

facilities were able to produce enough profit for the installments and operations of 
maximum 45 PSA facilities for approximately zero carbon emission; for carbonization 

of PET at low temperature (320-400°C), a total of 54 domestic recycling factories and 
carbonization facilities were able to produce enough profit for the installments and 

operations of maximum 50 PSA facilities for approximately zero carbon emission. 

Overall, carbonization at 400-480°C requires the least cost for zero carbon emission 
(red shaded area) compared to carbonization at 360-440°C (orange shaded area) and 

carbonization at 320-400°C (green shaded area), with the least required numbers of 
domestic recycling factories, carbonization facilities and PSA facilities to achieve zero 

carbon emission. On the other hand, Case 3 with carbonization operated at 400-480°C 
is the only case in which the supply of PET-derived activated carbon meets the demand 

for carbon-based adsorbents needed to operate the PSA facilities. 
 

 In conclusion, carbonization temperature at 400-480°C is the optimum condition for 
producing the minimum carbon emission and maximum annual profit of operations, in 

addition to meeting the demand of PET-derived activated carbon needed for the 
operation of the PSA facilities. 
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Figure 8-16: Annual CO2 emission and annual profit of Case 3 in which 

carbonization of PET is conducted under varying temperatures. Bottom figure from 
right: Case 3 (320-400°C), Case 3 (360-440°C), Case 3 (400-480°C). 

 
Table 8-8: Demand and supply of PET-derived activated carbon for Case 3. 

Reactor 
temperature 

Numbers of domestic 
recycling factories and 
carbonization facilitiesa 

Numbers of 
PSA facilitiesa 

Amount of 
PET-AC 
needed 

Amount of 
PET-AC 

producedb 
[-] [-] [kton/year] [kton/year] 

320-400°C 54 50 23.62 4.77 

360-440°C 51 45 21.79 8.60 
400-480°C 49 32 15.17 15.77 

a: Taking the numbers of PSA facilities needed to reach zero carbon emission. 
b: Taking 𝑦>/ = 8 wt% for 320-400°C, 𝑦>/ = 16 wt% for 360-440°C, 𝑦>/ = 21 wt% 

for 400-480°C; Burn-off during physical activation as 20 wt%. 
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8.4.3 Conclusions: Additional assessment based on relating variables 

 In this section, the CO2 emission and net profit of operations was assessed based on 
varying parameters, in particular, temperature range and addition of cobalt oxide by 

referring to experimental data from previous chapters.  
 

 For the assessment based on temperature range, CO2 emission decreased with 
increasing temperature due to the yield of char with high fixed carbon content while 

annual profit was higher at higher temperature range, which in this assessment, was 
at 400-480°C. However, it should be well noted that continual increase of CO2 

emission at increasing temperature is not expected due to the possibility of 
progression of decomposition reaction of char with increasing temperature.  

 
 For the assessment based on the addition of cobalt oxide, CO2 emission showed no 

distinct changes in the case with and without the addition of cobalt oxide. Addition of 
cobalt oxide to the carbonization operation presented the lowest annual profit due to 

the low wax yield which consequently led to less energy recovery for electricity 
production. Nevertheless, the addition of cobalt oxide in the carbonization of PET will 

be profitable in terms of the ease of operation and the decreased labor cost for 
equipment maintenance due to the decrease of the wax yield. 

 

 Finally, the assessment of Case 3 was repeated in which carbonization of PET is 
conducted under different temperature ranges. Results showed that carbonization of 

PET at 400-480°C is the optimum temperature in which the operation presented the 
lowest carbon emission, highest annual profit and self-sufficient ability of the operation 

in terms of carbon adsorbent supply. 
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8.5 Chapter summary  
 In this chapter, a simple economic assessment and CO2 emission estimation based on 
the experimental data were conducted and the feasibility of carbonization of PET in 

the realization of domestic circulation of waste PET in Japan was studied. In particular, 
the life cycle assessments of different waste PET treatment methods were conducted 

and the CO2 emission reduction effects when carbonization is newly added to the 
treatment methods were estimated. Comparison of results showed that the 

replacement of incineration with carbonization led to significant cut in CO2 emission, 
thus suggesting the feasibility of carbonization as an optional treatment of waste PET 

for the reduction of CO2 emission.  
 

 Taking the real-life situation for instance, assume that PET from non-recyclable 
bottles and residues from recycling accounts for 15 wt% of the total amount of PET 

bottles collected yearly in Japan, which estimates around 86 kton/year. Given that a 
carbonization facility is able to treat 4 t/day, approximately 60 carbonization facilities 

are needed to treat all existing non-recyclable PET. This means that installation of 1 

to 2 carbonization facility per prefecture (of total 47 prefectures in Japan) is sufficient 
to treat all non-recyclable PET while reducing a massive 91% of carbon emission, 

which is from 204 kton-CO2/year due to incineration to 19 kton/year as a result of 
carbonization. This accounts for approximately 0.015% cut in annual emission of CO2 

in Japan (1254 million ton in 2016; EDGAR, 2017). 
 

 Overall, the results in this chapter showed that carbonization is a process with 
potential of replacing conventional waste PET treatment and improving the domestic 

recycling of PET, leading to the decrease of marine pollution and possible health 
problems. Implementation of carbonization also expands the possibility of installing 

PSA facility in the recycling section, leading to the reduction of CO2 emission and 
extension of CO2 utilization from waste PET. 
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Chapter 9: Conclusions and recommendations 

9.1 Conclusions 
 This research has the ultimate objective of the realization of domestic circulation for 

PET recycling through the improvement of material value of non-recyclable PET. Japan 
was chosen as the research location due to the high collection rate but low domestic 

recycling rate and high dependency on overseas exportation. This dissertation 
investigated the potential contribution of the carbonization of PET in the process of 

waste PET management. In particular, utilization of char obtained from carbonization 
of PET as activated char.  

 
 Experimental procedures were initialized to study the fundamental effects of 

operating parameters on the carbonization of PET. Commercial clear PET was chosen 

as the model feedstock and a laboratory scale batch reactor was used. Results 
demonstrated that feedstock size and shape had no evident effects on the product 

composition and char characteristics due to the singularity of the polymer in feedstock. 
This is highly beneficial for the treatment of PET with physical irregularities. 

Carbonization of PET at 400-480°C produced char with high carbon content. FT/IR 
analyzation revealed that char did not retain any of the structural properties of PET, 

which has never been reported by any forms of scientific article so far. These 
properties were used to determine the progression of carbonization reaction, in which 

complete carbonization of PET was described to produce char with high fixed-carbon 
content (%𝑓𝐶 > 70%) and no remaining PET structure. Wax was mainly consisted of 

benzoic acid whereas gaseous product was mainly consisted of carbon dioxide and 
carbon monoxide. Presence of water in the reaction led to the progression of 

hydrolysis reaction of PET, which produced char with low carbon content.  
 

 Second, the mechanism of char formation during PET carbonization was studied in 
order to better understand the carbonization reaction. The van Krevelen diagram was 

applied to identify the reaction pathways of phase changes during PET carbonization 
and results revealed that PET underwent decarbonylation to produce char with high 

carbon content; and decarboxylation to form wax with high oxygen and hydrogen 
content. The analysis of cross-linking behavior confirmed that the release of CO due 
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to decarbonylation to form char while the release of CO2 due to decarboxylation to 

form aromatic compounds in wax. The findings highly contributed to mending the 
research gaps and provided clarification to the mechanism of formation of char. 

 
 Next, the effects of carbonization of non-recyclable PET in the state closest to the 

“real-world” feedstock on the product composition was studied. One of the “real-world” 
feedstocks, which is the presence of water in PET was studied in the preliminary stage 

and results concluded that water is not desirable in the carbonization reaction due to 
the hydrolysis of PET. Other “real-world” feedstocks, that is, UV degraded PET, colored 

PET and multilayer PET were chosen as the study target in this research due to the 
inapplicability of current recycling technologies to treat these materials. For UV 

degraded PET, samples were prepared based on the accelerated weathering test and 
its physical properties were analyzed to observe the progression of UV degradation. 

Carbonization results showed slight increase in fixed-carbon yield when PET was 
exposed to UV degradation. This indicates the benefits and applicability of 

carbonization on non-recyclable UV degraded PET. For colored PET, sample was 
prepared from one type of commercial colored PET bottles which was dyed to green 

color. Carbonization of the colored PET showed a decrease in fixed-carbon yield 
compared with clear PET due to the presence of colorant additives which hindered the 

formation of char. For multilayer PET, samples were prepared from commercial PET 

bottles and the oxygen barrier layer was identified as MXD6 nylon. Carbonization of 
the multilayer PET showed no apparent change in char yield and fixed-carbon yield. 

However, increasing the amount of oxygen barrier layer resulted in a significant 
decrease in wax yield and increase in gas yield. It was speculated that cobalt salt, as 

identified by XRD analysis, is the main factor for the decrease of wax yield and increase 
of gas yield. Additional experiment was conducted to clarify this speculation, in which 

1 wt% cobalt oxide was added to the carbonization of PET. The findings revealed that 
the presence of cobalt oxide indeed decreased the wax yield and increased the gas 

yield. It was speculated that the decomposition of wax into gaseous product occurred 
in the presence of cobalt oxide. This indicates the possibility of applying cobalt oxide 

as a catalyst for the decomposition of wax in the industrial scale of PET carbonization 
to prevent the clogging of pipes due to wax. 



 221 

 The gas adsorption ability of activated char was studied in order to evaluate the 

capacity of CO2 adsorption. Char was activated using physical activation method. The 
CO2 adsorption isotherm showed satisfactory CO2 uptake. Findings also revealed the 

possible deformation or swelling of the activated char, due to the flexible nature of 
the PET polymer. The swelling of activated char may be one of the factors as to why 

temperature change had little to no effects on the adsorption of CO2. The CO2 
breakthrough curve of multiple gaseous compounds revealed that activated char 

exhibited excellent CO2 holding ability and capability to separate CO2 from a stream 
of different gaseous component. An additional study was conducted to model the CO2 

breakthrough curve using a classic LDF-model. Results showed that the LDF-model 
was able to give good approximation with the experimental data.  

 
 Finally, in order to determine the feasibility of PET carbonization in the realization of 

domestic circulation of waste PET in Japan, energy consumption and CO2 emission 
were assessed. Results concluded that replacement of incineration with carbonization 

resulted in drastic cut in annual CO2 emission.  
 

 Overall, the main significance and contributions of this thesis include:  
1) Disclosing the importance of the reconsideration of the limitations 

and restrictions of current technologies. In this study, the limitations 

and disadvantages of current conventional methods for treatment of waste 
PET were reconsidered. Some may argue that the current technologies for 

material recycling and/or chemical recycling of waste PET bottle and waste 
PET material are sufficient and adequate to meet the conditions necessary for 

the proper management of waste PET. However, preliminary review stated 
otherwise due to the incapability of domestic waste PET treatment. 

Furthermore, globalization had catalyzed the export of waste PET to 
developing countries, which had resulted in the accumulation of waste PET in 

terrestrial and marine environment. This research had stated the importance 
of reviewing the limitations of current technologies, and the necessity of 

continuous improvement of technologies. 
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2) Demonstrating the importance of revisiting past research. In this 

study, carbonization of PET was focused as the research topic. The thermal 
degradation of PET had been studied and widely reported in the past 20 years. 

Pyrolysis or thermal degradation of PET advanced to different technologies 
such as catalytic pyrolysis and co-pyrolysis of polymers. Carbonization or 

thermal degradation of PET was considered as a sophisticated technique for 
the past few years. However, revisiting of PET carbonization and intensifying 

the findings resulted in the clarification of characteristics of char. The research 
comes to a breakthrough in successfully clarifying the mechanism of char 

formation based on the phase change and relationship between characteristics 
of product. The findings have potentially led to mending of research gaps, in 

addition to the contribution of the better understanding of char formation of 
polymer during carbonization.  

 
3) Exhibiting the importance of using feedstock in the state closest to 

the “real-world”. Three different samples were chosen as the main 
feedstock in the state closest to the “real-world”. The carbonization of samples 

with different properties such as physical degradation and additives showed 
results that did not match with the initial intuition – that is, the consistent 

product composition and char characteristics were speculated due to the 

singularity of polymer. Interestingly, the study has brought positive outcomes 
such as increase in fixed-carbon yield with respect to increased UV exposure, 

indicating the applicability of carbonization; and decrease of wax yield and 
increase of gas yield due to the presence of cobalt salt in the feedstock, which 

is beneficial in the design and scaling up of current method. 
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9.2 Recommendations for future work 
1) Studying the effects of various non-recyclable PET on carbonized 

product. In the study of effects of contaminants in non-recyclable PET on 

carbonized product (Chapter 6), UV degraded PET, colored PET and multilayer 
PET were chosen as the non-recyclable PET, in which all of the samples were 

obtained from commercial PET bottle. It is of interest to study other non-
recyclable PET such as carpeted material, clothing and fabric made of recycled 

PET, cushion material made from recycled PET, etc. It is highly speculated that 
the results will be consistent with current findings due to the singularity of 

material. However, the assumption should be verified in future studies. 
 

2) Effect of dispersion of cobalt oxide during PET carbonization. In the 
study of effects of cobalt oxide on carbonization of feedstock (Chapter 6), 

granular cobalt oxide was added into the initial feedstock for the carbonization 
operation. Results showed that the decrease in wax and increase in gaseous 

product were not as evident as the results in carbonization of PET with 8 wt% 

oxygen barrier layer. One of the assumptions was due to the lack of dispersion 
of the granular cobalt oxide in the initial feedstock compared to oxygen barrier 

layer. Therefore, it is of great interest to study the effects of PET carbonization 
on the carbonized product when cobalt oxide is dispersed in the initial feedstock. 

 
3) Clarifying the relationship between heat of adsorption and degree of 

swelling of activated char. In the gas adsorption study of activated char 
(Chapter 7), it was observed that temperature change had little to almost no 

effect on the CO2 adsorption properties on activated char. The isosteric heat of 
adsorption of activated char was analyzed and results showed that the standard 

enthalpy of activated char was noticeably small compared to the commercial 
adsorbents. Assumptions were made in which the swelling or deformation of 

activated char had contributed to the difference in change in standard enthalpy. 
The change in pore size of activated char during gas adsorption should be 

determined and the relationships between the heat of adsorption and degree 
of swelling of activated char should be verified in future studies. 
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4) Optimization of the PSA adsorption process. In the study of assessment 

of CO2 emission and cost estimation from carbon capture (Chapter 8), the 
assessment of PSA adsorption process was conducted based on assumptions 

and limited experimental data. The improvement of the PSA adsorption process 
needs to be considered, including the process optimization through coupling of 

two-stage PSA/VSA and consideration of multiple combinations of different 
adsorption/desorption cycles in order to further improve the estimation of CO2 

emission and cost reduction.  
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Appendix A. – Rank of bale 
 Most local municipal collectors and some private entities establish consignment with 
the Japan Containers and Packaging Recycling Association to ensure regular collection 

of PET bottles from the storage sites. The PET bottles collected from municipalities 
will be characterized based on the Classification Standard before being handed over 

to specified recyclers through the association. Classification Standard of PET bottle is 
established by The Council for PET Bottle Recycling for the purpose of encouraging 

the progression of PET bottle recycling by local government and private entities. A 
segment of Classification Standard of PET bottle (translated from Japanese) is shown 

in Figure A-1. The classification is based on visual inspection, inspection by 
measurement and others such as the presence of foreign contents. The standard gives 

information on the bale condition in terms of overall cleanliness, ease of bale transport 
and recycle capability. In terms of inspection by measurement, the standard gives 

information on estimated total number of bottles with cap, labels, liquid contents and 
foreign objects. Points are allocated to each section and based on the total points 

allocated, the bales are then rated as Rank A, Rank B and Rank D, respectively. It is 

noted that colored PET bottles are rated as Rank D, despite the cleanliness of its 
insides. Examples of bale with respective ranks are shown in Figure A-2. 
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Figure A-1: A segment from Classification Standard of PET bottle.  
(The Japan Containers and Packaging Recycling Association, 2018) 

(translated from Japanese) 
 

 
Rank A Rank B Rank D 

Figure A-2: PET bottle bale characterized based on the Classification Standard 

(The Council for PET bottle recycling, 2019). 
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Appendix B. – Derivation of equation for  

average intensity of exposure 
 Figure B-1 shows the cross-section of PET bottle placed at surface distance, 𝑎 

from source of UV. 

 
Figure B-1: Cross-section of PET bottle from source of UV. 

 
 The intensity of exposure by UVA-365 lamp (18.2	𝑊/𝑚< at 0.05 m) was given as 

 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	𝑙𝑖𝑔ℎ𝑡	𝑠𝑜𝑢𝑟𝑐𝑒, 𝐼 =
0.0455
𝑙<  (B-1) 

, where 𝑙 is the distance of surface of exposure from light source. Based on the figure, 

the distance of surface of exposure is given as 

 𝑙< = (𝑑 + 𝑟𝑐𝑜𝑠𝜃)< + (𝑟𝑠𝑖𝑛𝜃)<	

𝑙< = 𝑑< + 𝑟< + 2𝑑𝑟𝑐𝑜𝑠𝜃															 
 

(B-2) 
 
 Using Eqs. (B-1) and (B-2), the average intensity of exposure becomes 
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Due to the identical area under the graph, Eq. (B-3) is now expressed as 
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 Eq. (B-4) is solved using the Weierstrass substitution as shown as follows, 
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	Next, converting 𝑐𝑜𝑠𝜃 using the following identity:  
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 Based on the Eqs. (B-5), (B-6), (B-7), and (B-8) 
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 Modifying Eq. (B-10) as follows, 
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	Substitute Eqs. (B-10) and (B-11) into Eq. (B-9) 
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 Based on the derived integral, the average intensity of exposure is now solved as 
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Appendix C. – Decomposition profile of PET 
 Figure C-1 shows the decomposition profile of PET based on Alongi et al. (2013). As 
shown in the figure, rapid decomposition of PET occurs between 400-500°C.  

 

  
Figure C-1: Decomposition profile of PET. 
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Appendix D. – Temperature distribution of reactor in 

equilibrium 
 Figure D-1 shows the temperature distribution of reactor in equilibrium when the 

center of reactor reaches target temperature, while Table D-1 shows the list of 
equations fitted to the temperature distribution of reactor in equilibrium and the 

calculated average temperatures of each operating condition.  
 

  
Figure D-1: Temperature distribution of reactor in equilibrium. 

 
Table D-1: List of equations fitted to the temperature distribution of reactor in 

equilibrium and calculated average temperatures of each temperature setting. 

Temperature setting Equation of temperature distribution 
in equilibrium 

Average 
temperature* 

400-480°C 𝑇	 = 13.77 ln(𝑟) + 384.87 432°C 
360-440°C 𝑇	 = 11.93 ln(𝑟) + 346.89 388°C 

320-400°C 𝑇	 = 7.344 ln(𝑟) + 311.93 337°C 

*The average value of function by integration  
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 The average value of function by integration was calculated using the method as 
shown below. A cross-section of the reactor is given in Figure D-2, where 𝑅E is the 

center of the autoclave reactor, where as 𝑅< is the inner wall of the autoclave reactor. 

 

 
Figure D-2: Cross-section of reactor. 

 
 The temperature distribution of reactor was given as 𝑇(𝑟), which was obtained from 

the experiment. Therefore, the average temperature of the reactor was calculated as 
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�(𝑎𝑥 ln 𝑥 + 𝑏𝑥)	𝑑𝑥 =
2𝑎𝑥< ln 𝑥 − 𝑎𝑥< + 2𝑏𝑥<

4  (D-2) 

 
 

!!

!"

"
" + ∆"

Cross-section 
of reactor

Temperature 
at finite area



 268 

Appendix E. – Reproducibility of carbonization experiment 
 An additional study was conducted with aims to determine the reproducibility of data 
in this section. Carbonization experiment was conducted at constant temperature and 

holding time using carbonated drink bottle (Asahi Soft Drinks Co., Ltd.; Label A) 
prepared with minimal treatment. The experiment was repeated 3 times with the same 

conditions, labelled as Rep 1, Rep 2 and Rep 3, respectively.  
 

 The composition of product and fixed-carbon yield of char after carbonization are 
shown in Figure E-1. Char was obtained in the range of 27.9-28.8%; wax was 

obtained in the range of 37.1-40.6%; gas was obtained in the range of 31.5-34.0%. 
On the other hand, the fixed-carbon yield of char was obtained in the range of 19.7-

20.9%.  

 
Figure E-1: Composition of product and fixed-carbon yield of char after 

carbonization of PET from the same starting feedstock type and feedstock 

treatment. 
 

 A simple statistical analysis based on the analysis of variance, ANOVA was conducted 
to assess the relative size of variance among group means (Between Group) compared 

to the average variance within groups (Within Group). Here, Rep 1-3 are the group of 
comparison, whereas char yield and volatile matter content were chosen as the data 

within the compared group, as shown in Table E-1.  
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The statement in this test is now given as follow: 
 𝐻8: Mean of groups are equal to one another 

 𝐻): There is at least one inequality among the groups 

 The null hypothesis is not rejected when F value < F crit (𝛼 = 0.05).  

 

 All groups were compared (labels Rep 1-3), and the critical F value, 0.468 was smaller 

than the critical F value, 9.552, thus retaining the null hypothesis. Therefore, with high 
level of confidence it can be concluded that the product composition of carbonized 

product and the characteristics of char showed good consistency in the reproducibility 
test. This indicates that the experimental results can be reproduced with high level of 

consistency. 
 

Table E-1: Descriptive statistics of char yield and volatile matter of char for the same 
starting feedstocks. 

Label Char VMa 

Rep 1 28.4% 27.0% 

Rep 2 27.9% 29.5% 
Rep 3 28.8% 27.5% 

Mean 28.4% 28.0% 

Variance 2.13E-05 1.83E-04 
a: Dry basis; 

VM: Volatile matter content 
 

One-way ANOVA Analysis of Variance for same feedstock (between Rep 1-3) 
Source of Variation SS df MS F P-value F crit 

Between Groups 1.03E-04 2 5.15E-05 0.467820 0.665517 9.552094 
Within Groups 3.30E-04 3 1.10E-04    

Total 4.33E-04 5     
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Appendix F. – Statistical analysis 

F.1. Statistical analysis of effects of feedstock variance on carbonized 
product based on analysis of variance (ANOVA) 

 The one-way ANOVA is normally used to compare more than two group means in 
order to assess the relative size of variance among group means (Between Group) 

compared to the average variance within groups (Within Group). Here, labels A-E are 
the group of comparison, whereas char yield, volatile matter content and carbon 

content were chosen as the data within the compared group, as shown in Table F-1. 
 

 The statement in this test is now given as follows: 
 𝐻8: Mean of groups are equal to one another 

 𝐻): There is at least one inequality among the groups 

 The null hypothesis is not rejected when F value < F crit (𝛼 = 0.05).  

 

 For comparison of bottle makers (labels A, B and C), the critical F value was 5.143 in 
the F table when 𝛼 = 0.05. The observed F value was 1.44E-04, which was smaller 

than the critical F value, thus failing to reject the null hypothesis. Therefore, this 
indicates that there is no statistically significant difference between the carbonized 

product of PET from different bottle makers. Similarly, for comparison of treatment 
method (labels A, D and E), the observed F value was 4.84E-05, which was smaller 

than the critical F value, 5.143, thus retaining the null hypothesis. Therefore, this 
indicates that there is also no statistically significant difference between the 

carbonized product of PET from different shapes and sizes. Finally, all groups were 
compared (labels A-E), and the critical F value, 8.16E-05 was smaller than the critical 

F value, 3.478, thus retaining the null hypothesis. Therefore, with high level of 
confidence it can be concluded that the product composition of carbonized product 

and the characteristics of char showed good consistency regardless of the starting 
feedstock state.  
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Table F-1: Descriptive statistics of char yield, volatile matter of char and carbon 

content of char for feedstocks with label A-E. 
Label Char VMa %Ca 

A 28.4% 27.0% 89.3% 
B 27.9% 29.5% 87.3% 
C 27.1% 26.8% 89.5% 
D 29.6% 29.0% 85.4% 
E 28.5% 27.7% 87.9% 

Mean 28.3% 28.0% 87.9% 
Variance 8.23E-05 1.48E-04 2.85E-04 
a: Dry basis; Data obtained from CHN analysis had 0.3% error 
VM: Volatile matter content 

 

One-way ANOVA Analysis of Variance for bottle makers (between A, B and C) 
Source of Variation SS df MS F P-value F crit 

Between Groups 3.58E-05 2 1.79E-05 0.000144 0.999856 5.143253 
Within Groups 0.743358 6 0.123893    

Total 0.743393 8     

 
One-way ANOVA Analysis of Variance for treatment method (between A, D and E) 
Source of Variation SS df MS F P-value F crit 

Between Groups 1.13E-05 2 5.67E-06 4.84E-05 0.999952 5.143253 
Within Groups 0.701811 6 0.116968    

Total 0.701822 8     

 
One-way ANOVA Analysis of Variance for all labels (between A-E) 
Source of Variation SS df MS F P-value F crit 

Between Groups 3.89E-05 4 9.73E-06 8.16E-05 1 3.47805 
Within Groups 1.191853 10 0.119185    

Total 1.191892 19     
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F.2. Statistical analysis of relationship between CO2 produced and CO 

produced based on the linear regression analysis 
 Linear regression analysis was conducted to determine the statistical significance of 
relationship between the variables, CO2 produced and CO produced. When 𝛼 = 0.05, 

the decision rule is given as follows: if p-value is less than 0.05, then the null 
hypothesis “H0: Coefficient is 0” can be rejected and that the correlation between the 

variables is statistically significant. 
 

 Taking “CO2 produced” as “Y” and “CO produced” as “X”, the estimated regression 

equation was obtained as 
 Y = 0.0363 + 1.0373 X,  R2 = 0.9138 

       (1.293)    (12.458)  
, where the number in the parentheses represents the t-value, and the p value were 

obtained as 0.123, 5.66E-10 respectively. It can now be concluded that: for the 
intercept (=0.0363), the p value > 0.05, thus indicating the acceptance of null 

hypothesis which states that the coefficient is 0; for the gradient (=1.0373), the p 
value < 0.05, thus indicating the reject of null hypothesis and conclude that the 

coefficient is not 0. The coefficient of determination, R2 indicates that the linear 
regression is well fitted. An alternative analysis was conducted for the obtained data 

using the fitted regression model Y = X to obtain R2 = 0.8464, which further proves 
that the data was well fitted with the linear relationship of CO2 produced = CO 

produced. As a summary, based on the linear regression analysis, there is significant 
relationship between the CO2 produced and the CO produced, given as CO2 produced 
≅ CO produced. 

 
F.3. Statistical analysis of relationship between C=O/C=O0 and Xcross-link 
based on the linear regression analysis 

 Linear regression analysis was conducted to determine the statistical significance of 
relationship between the variables, C=O/C=O0 and Xcross-link. Similarly, when 𝛼=0.05, 

the decision rule is given as follows: if p-value is less than 0.05, then the null 

hypothesis “H0: Coefficient is 0” can be rejected and that the correlation between the 

variables is statistically significant.  
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 Taking “C=O/C=O0” as “Y” and “Xcross-link” as “X”, the estimated regression equation 

was obtained as 
 Y = 0.9944 - 1.1042 X,  R2 = 0.7734 

       (9.446)    (-6.399)  
, where the number in the parentheses represents the t-value, and the p value were 

obtained as 6.60E-07, 3.40E-05 respectively. It can now be concluded that: for the 
intercept (=0.09944), the p value < 0.05, thus indicating the reject of null hypothesis 

and conclude that the coefficient is not 0; for the gradient (=-1.1042), the p value < 
0.05, thus also indicating the reject of null hypothesis and that the coefficient is not 

0. The coefficient of determination, R2 indicates that the linear regression is well fitted. 
An alternative analysis was conducted for the obtained data using the fitted regression 

model Y = 1 – X to obtain R2 = 0.6426, which further proves that the data was well 
fitted with the linear relationship of C=O/C=O0 = 1 - 1 × Xcross-link. As a summary, 

based on the linear regression analysis, there is significant relationship between the 
C=O/C=O0 and the degree of decarbonylation, given as C=O/C=O0 ≅ 1 - Xcross-link. 

 
F.4. Statistical analysis of relationship between Xc and Xcross-link(CO) ; and 
Xw and Xcross-link(CO2) based on the linear regression analysis 

 Linear regression analysis was conducted for both cases to determine the statistical 
significance of relationship between the variables. Firstly, for the relationship between 
Xcross-link(CO) and Xc, when 𝛼 = 0.05, the decision rule is given as follows: if p-value is 

less than 0.05, then the null hypothesis “H0: Coefficient is 0” can be rejected and that 

the correlation between the variables is statistically significant. 
 

 Taking “Xc” as “Y” and “Xcross-link(CO)” as “X”, the estimated regression equation was 
obtained as 

 Y = 0.0169 + 1.0199 X,  R2 = 0.7665 
       (0.641)    (6.532)  

, where the number in the parentheses represents the t-value, and the p value were 
obtained as 0.532, 1.91E-10 respectively. It can now be concluded that: for the 

intercept (=0.0169), the p value > 0.05, thus indicating the acceptance of null 

hypothesis which states that the coefficient is 0; for the gradient (=1.0199), the p 
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value < 0.05, thus indicating the reject of null hypothesis and conclude that the 

coefficient is not 0. An alternative analysis was conducted for the obtained data using 
the fitted regression model Y = X to obtain R2 = 0.6844, which further indicates that 
the linear regression was well fitted with the relationship of Xc = Xcross-link(CO). As a 

summary, based on the linear regression analysis, there is significant relationship 
between the Xc and the Xcross-link(CO), given as Xc ≅ Xcross-link(CO). 
 
 Next, for the relationship between Xcross-link(CO2) and Xw, when 𝛼 = 0.05, the decision 

rule is given as follows: if p-value is less than 0.05, then the null hypothesis “H0: 
Coefficient is 0” can be rejected and that the correlation between the variables is 

statistically significant. 
 

 Taking “Xw” as “Y” and “Xcross-link(CO2)” as “X”, the estimated regression equation was 
obtained as 

 Y = 0.0336 + 0.9334 X,  R2 = 0.7504 
       (0.811)    (6.252)  

, where the number in the parentheses represents the t-value, and the p value were 
obtained as 0.432, 2.96E-05 respectively. It can now be concluded that: for the 

intercept (=0.0336), the p value > 0.05, thus indicating the acceptance of null 
hypothesis which states that the coefficient is 0; for the gradient (=0.9334), the p 

value < 0.05, thus indicating the reject of null hypothesis and conclude that the 
coefficient is not 0. An alternative analysis was conducted for the obtained data using 

the fitted regression model Y = X to obtain R2 = 0.7145, which further indicates that 
the linear regression was well fitted with the relationship of Xw = Xcross-link(CO2). As a 

summary, based on the linear regression analysis, there is significant relationship 
between the Xw and the Xcross-link(CO2), given as Xw ≅ Xcross-link(CO2). 
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Appendix G. – Verification of oxygen barrier layer 
 Analysis and comparison with raw MXD6 nylon sample were conducted to further 
confirm whether the middle layer was indeed MXD6 nylon layer. MXD6 nylon sample 

(Injection molding) was obtained from Standard Test Piece, Japan. Elemental analysis 
using CHN/O/S elemental analyzer (CE-440F; Sci Globe, Japan) was conducted. 

Results are shown in Table G-1. 
 

Table G-1: Elemental composition of middle layer, sample from Standard Test Piece 
and the ideal elemental composition of MXD6 nylon based on the chemical composition. 
 Ultimate Analysis [wt%] 
 C% H% N% R%* 

Middle layer 65.92 7.13 10.98 15.96 
MXD6 nylon from Standard Test Piece 35.87 4.02 5.96 54.15 
Ideal CHN composition of MXD6 nylon 
from calculation** 

68.29 7.32 11.38 13.01 

*R is denoted for residue. For organics, oxygen is generally the residue from elemental 

composition. For inorganics, mixture of oxygen and metal are the residue. 
**Chemical composition of MXD6 nylon: C14H18N2O2  

 
 From the results, it was observed that the R% was high for the MXD6 nylon sample 

obtained from Standard Test Piece, Japan. Based on their website (standard-
testpiece.com), it was stated that some polymers such as nylon 66 produced through 

injection molding contains 30-50 wt% reinforcing agents. Reinforcing agents used are 
generally glass fiber, a type of silica (SiO2). The assumption here now is that the MXD6 

nylon sample obtained from Standard Test Piece, Japan contains some inorganic 
reinforcing agents which causes the high composition of R% in elemental analysis.  

 
 Supposing that unknown compound with mass fraction 𝑥 is contained in the MXD6 

nylon sample from Standard Test Piece, a simple calculation is made based on the 
results from CHN analyzation as: 
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 C H N O R R+O Total 

MXD6 + Unknown 35.87 4.02 5.96   54.15 100 
Unknown     x  x 
MXD6 nylon 
Pure MXD6 nylon 

35.87 4.02 5.96 54.15-x   100-x 
68.19 7.64 11.33 12.83   100 

 
 When the mass fraction of unknown compound 𝑥 is 47.4%, C%, H%, N% and O% 

composition is obtained as 68.19%, 7.64%, 11.33% and 12.83%, respectively. These 

values are close to the ideal CHN composition of MXD6 nylon from calculation.  
 

Using the same method, suppose that unknown compound with mass fraction y is 
contained in the middle layer,  
 C H N O R R+O Total 

Middle layer + Unknown 65.92 7.13 10.98   15.96 100 
Unknown     y  y 
Middle layer 
Pure Middle layer 

65.92 7.13 10.98 15.96-y   100-y 
68.32 7.39 11.38 12.91   100 

 
 When the mass fraction of unknown compound 𝑦 is 3.5%, C%, H%, N% and O% 

composition is obtained as 68.32%, 7.39%, 11.38% and 12.91%, respectively. These 
values are also close to the ideal CHN composition of MXD6 nylon from calculation. 

Note that for comparison, the ideal CHN composition of MXD6 nylon, Nylon-6 and 
Nylon-66 are shown in the Table G-2 below. 

 
Table G-2: Ideal CHN composition of MXD6 nylon, Nylon-6 and Nylon-66 based on 

their chemical compositions. 
 C% H% N% O% 

MXD6 nylon 68.29 7.32 11.38 13.01 
Nylon-6 63.72 9.73 12.39 14.16 
Nylon-66 63.72 9.73 12.39 14.16 

Chemical composition of MXD6 nylon: C14H18N2O2; Nylon-6: C6H11N1O1; Nylon-66: 
C12H22N2O2  
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 Based on these calculations, it highly states that both MXD6 nylon sample from 

Standard Test Piece and OBL from middle layer of the PET sample are MXD6 nylon 
due to the elemental compositions proximate to the ideal CHN composition of MXD6 

nylon. In addition, it can be seen that 47.4 wt% of unknown compound was found in 
the MXD6 nylon sample from Standard Test Piece. The unknown compound could 

most likely be reinforcing agents such as glass fiber. On the other hand, the middle 
layer contains approximately 3.5 wt% of unknown compound. The unknown 

compound can most likely be cobalt oxide, as detected from the XRD analyzation. 
 

 Figure G-1 shows the comparison of FT/IR spectra between MXD6 nylon sample 
from Standard Test Piece and middle layer from PET sample. From the results shown, 

it can be seen that FT/IR peaks were evident and identical around 1635 cm-1 (C=O 
stretching of amide I), 1541 cm-1 (N-H bending of amide II), 959 cm-1 (C-C stretching), 

755 cm-1 (N-H wagging) and 712 cm-1 (interaction of benzene rings).  
 

 
Figure G-1: FT/IR spectra of MXD6 nylon sample from Standard Test Piece and 

compared with middle layer. 
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 On the other hand, researches on MXD6 nylon was reviewed and the FT/IR analysis 

were obtained and shown in Figure G-2. From the results shown, it can be seen that 
FT/IR peaks were evident and identical approximately around 1635 cm-1 (C=O 

stretching of amide I), 1541 cm-1 (N-H bending of amide II), 959 cm-1 (C-C stretching), 
755 cm-1 (N-H wagging) and 712 cm-1 (interaction of benzene rings). This finally 

confirms that OBL used in this study is indeed MXD6 nylon. 
 

 
Figure G-2: FT/IR spectra of MXD6 nylon from previous researches and compared 

with this study. 
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Appendix H. – Initial and maintenance cost of operations 
H.1. Incineration facility 
Table H-1: Summary of operation and maintenance costs for a conventional waste 

incineration facility (Tasaki et al., 2006). 

 Units Average cost 

Facility construction cost million yen 25868 

Operating years year 15 

Operating capacity t/day 600 

Maintenance cost 
 Labor cost (2 person) 

 Repair cost 
 Others 

yen/t 

19961 
(34.9%) 

(28.1%) 
(37.0%) 

Total cost of facility: (1) Initial cost for 15 years of operation = 25868 million yen ÷ 15 year 

÷ 365 day/year ÷ 600000 kg-PET/day = 7.87 yen/kg-PET; (2) Cost of operation = 19.96 
yen/kg-PET; (1)+(2) = 27.83 yen/kg-PET. 

 

H.2. Recycling facility 
Table H-2: Summary of operation and maintenance costs for a conventional PET 

recycling facility (Kato, 1997). 

 Units Average cost 

Facility construction cost million yen 100 

Operating years year 15 

Operating capacity t/day 70 

Maintenance cost 
 Labor cost (3 person) 

 Repair cost 

 Others 

yen/t 

2854 
(36.0%) 

(22.0%) 

(42.0%) 
Total cost of facility: (1) Initial cost for 15 years of operation = 100 million yen ÷ 15 year ÷ 

365 day/year ÷ 70000 kg-PET/day = 0.26 yen/kg-PET; (2) Cost of operation = 2.85 yen/kg-

PET; (1)+(2) = 3.11 yen/kg-PET. 
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H.3. Carbonization facility 

Table H-3: Summary of operation and maintenance costs for an assumed 
carbonization facility.  

 Units Average cost 

Facility construction cost million yen 200 

Operating years year 15 

Operating capacity t/day 4 

Maintenance cost 

 Labor cost (2 person) 
 Repair cost and others* 

yen/t 

33295 

(36.0%) 
(64.0%) 

*Assume similar fraction of repair and other maintenance cost as a recycling facility 
Total cost of facility: (1) Initial cost for 15 years of operation = 200 million yen ÷ 15 year ÷ 

365 day/year ÷ 4000 kg-PET/day = 9.13 yen/kg-PET; (2) Cost of operation = 33.30 yen/kg-

PET; (1)+(2) = 42.43 yen/kg-PET. 

 
H.4. PSA facility 

Table H-4: Summary of operation and maintenance costs for an assumed PSA facility.  

 Units Average cost 

Facility construction cost million yen 10 

Operating years year 15 

Operating capacity t-CO2/day 4.5 

Maintenance cost 
 Labor cost (1 person) 

 Repair cost and others* 

yen/day 
66590 

(36.0%) 

(64.0%) 

*Assume similar fraction of repair and other maintenance cost as a recycling facility 
CO2 recovery (from page 193) = 4.471 t-CO2/day x 365 days/year = 1632 t-CO2/year = 1.63 
kt-CO2/year; Total cost of operation: (1) Electricity cost (from page 193) = 2241 yen/day x 
365 day/year = 0.82 million yen/year; (2) Initial cost for 15 years of operation = 10 million 
yen ÷ 15 year = 0.66 million yen/year; (3) Cost of operation = 66590 yen/day x 365 day/year 

= 24.31 million yen/year; (1)+(2)+(3) = 25.79 million yen/year.  
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Appendix I. – List of inventories 
Table I-1: Summary of inventories for CO2 emission and cost estimation of various 
operations.  

Process Inventory Inventory value Cited literature 

PET collection 
(from 

collection site 
to temporary 

transport 
station) 

Fuel 

consumption 
Light oil: 0.73 L/t km 

Nakatani et al. 
(2010) Transport 

distance 
20 km 

Cost Light oil: 91.6 yen/L METI (2020) 

CO2 

emission 
Light oil: 2.619 kg-CO2/L METI (2016) 

Baling, 
crushing and 

sorting 

Fuel 

consumption 
Electricity: 0.0939 kWh/kg-PET 

Nakatani et al. 

(2010) 

Cost 

Electricity: 16.6 yen/kWh METI (2018) 

Facility: 33.52 yen/kg 

The Council for 

PET Bottle 
Recycling (2005) 

CO2 
emission 

Electricity: Refer to IDEA 
database 

IDEA (2020) 

Transportation 
(from 

transport 
station) 

Fuel 
consumption 

Light oil: 0.0460 L/t km 
Nakatani et al. 
(2010) Transport 

distance 

10 km (assumed same for all 

operations) 

Cost Light oil: 91.6 yen/L METI (2020) 

CO2 
emission 

Light oil: 2.619 kg-CO2/L METI (2016) 

Incineration 

(without 
energy 

recovery) 

Fuel 
consumption 

Electricity: 0.0321 kWh/kg-PET 
Heavy oil: 0.000174 L/kg-PET 

Nakatani et al. 
(2010) 

Cost 
Electricity: 16.6 yen/kWh METI (2018) 

Heavy oil: 58 yen/L METI (2020) 
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Process Inventory Inventory value Cited literature 

Facility: 27.83 yen/kg-PET 
Tasaki et al. 
(2006) 

CO2 
emission 

Electricity: Refer to IDEA 
database 

IDEA (2020) 

Heavy oil: 2.710 kg-CO2/L METI (2016) 

Waste PET: 2.2917 kg-CO2/kg-
PET 

*Calculated in 
this study 

Incineration 
(with energy 

recovery) 

Fuel 
consumption 

Electricity: 0.0284 kWh/kg-PET 
Heavy oil: 0.000645 L/kg-PET 

Nakatani et al. 
(2010) 

Cost 

Electricity: 16.6 yen/kWh METI (2018) 

Heavy oil: 58 yen/L METI (2020) 

Facility: 27.83 yen/kg-PET 
Tasaki et al. 

(2006) 

CO2 

emission 

Electricity: Refer to IDEA 

database 
IDEA (2020) 

Heavy oil: 2.710 kg-CO2/L METI (2016) 

Waste PET: 2.2917 kg-CO2/kg-
PET 

*Calculated in 
this study 

Avoided 

production 
Electricity: 0.607 kWh/kg-PET 

Nakatani et al. 

(2010) 

Mechanical 
recycling 

(flake and 
pellet) 

Fuel 

consumption 

Electricity: 0.681 kWh/kg-PET 

Heavy oil: 0.0535 L/kg-PET 

Nakatani et al. 

(2010) 

Cost 

Electricity: 16.6 yen/kWh METI (2018) 

Heavy oil: 58 yen/L METI (2020) 

Facility: 3.11 yen/kg-PET Kato (1997) 

Bid price: 33.679 yen/kg-PET JCPRA (2018) 

CO2 

emission 

Electricity: Refer to IDEA 
database 

IDEA (2020) 

Heavy oil: 2.710 kg-CO2/L METI (2016) 
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Process Inventory Inventory value Cited literature 

Avoided 
production 

Virgin PET pellet: 0.923 kg-
pellet/kg-PET (BtoF) 

 

Nakatani and 
Hirao (2011) 

Virgin PET pellet: 0.850 kg-

pellet (BtoB) 
Furusawa, 2019 

Carbonization 

Fuel 

consumption 
Electricity: 0.0132 kWh/kg-PET 

ASG Plastic 

Recycling 

Machinery 
(2013) 

Cost 

Electricity: 16.6 yen/kWh METI (2018) 

Facility: 42.43 yen/kg-PET 
*Assumed in this 

study 

CO2 

emission 

Electricity: Refer to IDEA 

database 
IDEA (2020) 

CO2 produced: 0.1884 kg-
CO2/kg-PET 

*This study 

Avoided 
production 

Raw materials for activated 
carbon production: 0.3 kg-

char/kg-PET 
Electricity (by-products): 0.368 

kWh/kg-PET 

*This study 

Landfill 

Fuel 

consumption 

Electricity: 0.0586 kWh/kg-PET Nakatani et al. 

(2010) Light oil: 0.000158 L/kg-PET 

Cost 
Disposal unit price: 11243 
yen/m3 

Tsuchida et al. 
(2008) 

CO2 

emission 

Electricity: Refer to IDEA 
database 

IDEA (2020) 

Light oil: 2.619 kg-CO2/L METI (2016) 

PSA system 
Fuel 
consumption 

Electricity: 135.00 kWh/day 
Shigaki et al. 
(2018) 
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Process Inventory Inventory value Cited literature 

Cost 

Electricity: 16.6 yen/kWh METI (2018) 

Facility: 66590 yen/day 
Saima et al. 

(2013) 

CO2 

emission 

Electricity: Refer to IDEA 

database 
IDEA (2020) 

Virgin PET 
from fossil 

fuel 

Cost 
Global import cost: 159.37 
yen/kg-virgin PET (pre-COVID) 

ARC (2020) 

CO2 
emission 

Total (including transport): 
Refer to IDEA database 

IDEA (2020) 

Raw materials 

for activated 
carbon 

production  

Fuel 
consumption 

Electricity: 1.7326 kWh/kg-
biochar 

Heidari et al. 
(2019) 

Cost Electricity: 16.6 yen/kWh METI (2018) 

CO2 

emission 

Electricity: Refer to IDEA 
database 

IDEA (2020) 

CO2 produced: 2.289 kg-
CO2/kg-biochar (assume 30 

wt% yield of AC) 

Heidari et al. 
(2019); IDEA 

(2020) 
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Appendix J. – Safety note 
 It should be noted that for all runs of the carbonization experiment, benzene and 
toluene were detected using the GC/FID. Based on the substance safety data sheet 

of benzene (DOL, 1993a), the maximum time-weighted average (TWA) exposure limit 
is 1 ppm for 8-hour working day and the maximum short-term exposure limit (STEL) 

is 5 ppm for any 15-minute period. On the other hand, for toluene (DOL, 1993b), the 
maximum TWA exposure limit is 200 ppm for 8-hour working day and the maximum 

STEL is 500 ppm for any 10-minute period. The concentrations of these compounds 
were quantified through benzene and toluene standards, where 0.01 mg/L, 0.1 mg/L, 

1 mg/L and 10 mg/L of benzene and toluene diluted with dichloromethane were used. 
Note that dichloromethane was not detected in the FID detector. Through the 

calibrated curve, the detected benzene and toluene in this work were confirmed to be 
under 0.01 mg/L, which is 3.0 ppm for benzene and 2.6 ppm for toluene at 20°C and 

1 atm. This is under the maximum short-term exposure limit of benzene, and well 
under the safety exposure limit of toluene. However, safety measures were taken 

during the experimental operation such as installing active carbon as adsorbents in 

the instrument outlet, ventilation of working space and usage of safety gas mask 
during gas sampling to ensure minimum exposure to the toxic gases. 
 


