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ABSTRACT 

 
 

In the U.S.A., plastic waste is about 12.7 % of the total municipal waste which is 

approximately 32 million tons annually. Recovery of plastics is usually done through waste-to-

energy or recycling options. Plastic-to-fuel (PTF) presents a unique opportunity to not only address 

environmental issues but also energy crisis. Also, PTF can address a critical problem for low 

recyclability rate of plastics. The development of PTF infrastructure can help prevent land-filling of 

plastics, extending the lifespan of landfills, reducing plastic loitering, producing synthetic crude oil, 

reducing pollutions associated with high sulfur contents in fossil fuels because plastic oil has ultra-

low sulfur content, and creating green jobs. In this paper, we reviewed existing methods of 

converting plastics into fuel. Additionally, we evaluated various factors, such as operating 

temperature, types of reactor and catalyst, plastic to catalyst ratios, and residence time which affect 

the conversion efficiency and product quality of plastic feedstock. We used MgSi and Cloisite 30B 

as catalysts for the first time for decomposition of different plastics and yielded comparative results 

to zeolite as a catalyst. In case of HDPE, oil yield with zeolite was 71% whereas it was 68% and 

67% in case of MgSi and Cloisite 30B respectively.  Zeolite with PP produced better results as oil 

yield was 75% whereas it was 70% and 65% in case of MgSi and Cloisite 30B respectively. Zeolite 

with LDPE produced about 70% oil whereas yield was 66% and 65% in case of MgSi and Cloisite 

30B. Fourier transform infrared spectroscopy (FTIR), Ultraviolet visible spectroscopy (UV-Vis), 

and Gas chromatography (GC) were carried out and spectra results for all the samples were 

consistent and were in fuel range.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 
 

   Crude oil is the raw material for plastic production so oil boom has mainly contributed to 

the development and use of plastic and as a result they are everywhere and are a material of 

choice in application like consumer and food packaging. In United States, plastic waste alone is 

about 12.7% of the total municipal waste which is about 32 million tons [1]. With the increased 

use of any material, end of life management of that material become a concern. This is also true 

for plastic except the end of life management is more difficult in this case. Despite all the 

aggressive plastic recycling endeavors to effectively manage plastics wastes, only 2.82 million 

tons or about 8.8% of generated waste is recovered. This essentially leaves behind huge recovery 

prospects. Reason behind low recycling rates of plastics is that plastics waste is generally mixed 

with the municipal waste so it is difficult to separate it, which makes waste management and 

recycling low value plastics difficult. Also, with the increase of environmental awareness, 

incineration of plastics is no more an effective option. Landfilling these plastics used to be an 

option but since most plastics are not biodegradable, so stricter measures are being taken to 

prevent landfilling of plastics. An attractive option for end of life management of plastics could 

be the recovery of plastics through waste-to-energy. Plastic-to-fuel (PTF) not only solves the 

problem of low recyclability of certain plastics but also presents a good opportunity to address 

environmental concerns and energy crisis.  

1.2 Theory 

Raw material for plastic production is naphtha which is a fraction of crude oil. Plastics 

are polymerized substances that consist of carbon and hydrogen. Crude oil is first fractionally 
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distilled to naphtha which is then heated and crack to yield substances with low molecular weight 

such as ethylene and propylene. These low molecular substances are then polymerized according 

to the requirement of properties to form substances like polyethylene and polypropylene. These 

substances are then melted and formed into pellets because of the difficulty in handling them in 

their powder or bulk form. Further processing of these pellets enables us to produce plastics of 

various forms and shapes. A schematic of the manufacture of plastics from petroleum is shown in 

Figure 1. 

 

Figure 1: Manufacture of plastics from petroleum [2] 
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 Depending on how the plastics react to heat, they can be divided into two main groups. These 

groups are thermosets and thermoplastics. When thermoplastics are heated, they are susceptible to 

molecular motion. On heating, they melt and harden when cooled. This important property of 

thermosetting plastics is responsible for their widespread use which enables them to be molded into 

a variety of shapes through heating and cooling. Examples include:   

a) High Density Polyethylene (HDPE)   

b) Low Density Polyethylene (LDPE)  

c) Polyethylene terephthalate (PET)  

d) Poly Vinyl Chloride (PVC)  

e) Polypropylene (PP)  

On the other hand, thermosetting plastics undergo cross linking on heating and thus have a 

weaker molecular motion. They usually undergo a chemical reaction and harden with heating. It is 

not possible to soften thermosetting plastics once they harden. Examples include: 

a) Polyurethane (PU)  

b) Epoxy  

c) Phenolic  

The reasons why plastics finds wide range of applications can be linked to the following 

advantages: 

a) Unlike metals and ceramics, plastics can be used to make light, flexible, and robust 

materials. 
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b) Plastics are cost effectiveness because of the reason that they can be easily mass produced. 

c) Because of their excellent insulation properties, plastics are used in applications like 

electronic products where excellent electrical and electronic insulation properties are 

required. 

d) Because of the ease of dying of plastics, they are an attractive choice for making bright 

colored products.  

e) Plastics are generally resistant to oil, alkalis, acids rust, and corrosion. 

Some drawbacks of plastics include: 

a) Plastic wastes can create environmental concerns. 

b) Plastics are very susceptible to heat. 

c) Plastics vulnerable to scratches, dirt, and static electricity. 

d) Vulnerability to thinner and petroleum benzenes. 

1.3 Problem Statement 

Since plastic is petroleum based source and is not easily biodegradable so its wastes pose 

environmental concerns. This is especially true for the countries with lack of recycling 

infrastructure and inadequate waste disposal and management where this plastic non-waste have 

caused severe environmental pollution and health hazards. Hence, end of life management for 

plastics should be taken seriously.  

The dominant method to date for end of life management of plastics is landfilling. 

Although the percentage of plastic waste being put into landfills has fallen, the actual weight of 

plastic has significantly increased. Most advanced nations have and are limiting the use of landfills 

because of its ineffectiveness. The second largest management option for plastic waste worldwide 

is incineration with energy recovery. However, emissions issues and the energy recovery ratio 
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achieved does affect the viability of this option. Data shows that plastic waste recycling is 

increasing worldwide but there are certain factors which limit recycling. First is the lack of 

collection infrastructure and public participation. Other factors include lack of investment in 

polymer specific identification and separation capacity, health and safety issues related to recycled 

material used in food industry, etc. Pyrolysis is another option for producing synthetic fuels from 

plastics which are unsuitable for mechanical recycling or are too contaminated. This process 

appears to be cost competitive and environmentally friendly when compared to incineration and 

landfilling. 

On the basis of this background this paper will review existing methods of converting 

plastics into synthetic fuel. Additionally, this paper will also evaluate various factors, such as 

operating temperature and pressure, types of reactors and catalysts, and residence times which 

affect the conversion efficiency and fuel quality. 

1.4 Justification  

The development of PTF infrastructure can help: 

a) Prevent landfilling of plastics, thus extending the lifespan of landfills. 

b) Reduce plastic loitering by creating demand for low value plastics. 

c) Produce local source of synthetic crude oil. 

d) Reduce pollution associated with high Sulphur content in fossil fuels because plastic 

oil has ultra-low Sulphur content. 

1.5 Aim 

The aim of this study is to research the decomposition process of plastics by using different 

operational temperatures, catalysts, plastic to catalyst ratio, and residence times for efficient 

conversion and quality fuel production. 
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CHAPTER 2  

LITERATURE REVIEW 

Most widely employed methods today for fuel production from waste plastics are 

hydrocracking, thermochemical/pyrolysis, and catalytic conversion [3].  

 
2.1 Plastic Pyrolysis  

In thermal decomposition or pyrolysis treatment, complex polymer molecules are broken 

down into smaller hydrocarbons with varying range of carbon numbers through a process known 

as depolymerization. This process is modeled after natural process which produce fossil fuels and 

is carried out in a controlled, inert, and air free environment at an elevated temperature ranging 

between 350 °C and 900 °C [4]. In this process polymer feedstock is introduced into a high 

temperature chamber to produce vapors which are then condensed into condensable (oil) and non-

condensable (gas) fractions. The flow chart diagram of obtaining oil from waste plastic can be 

seen in Figure 2.  

 

Figure 2: Complete Plastic-to-Fuel process using pyrolysis technology [5] 
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Various proportions of fuel like gasoline, diesel #1, diesel #2, vacuum gas oil, and residue 

[3] can be obtained using pyrolysis which directly depends on factors like chemical composition of 

feedstock, type of reactor, feedstock loading technique, treatment temperature, degradation time, 

and catalyst [4]. It is observed that more percentage of gases are produced in the temperature range 

of 650 °C -700 °C whereas liquid oil is produced at temperatures in 500 °C range. Traditionally, 

there are two different feed processes – Batch or continuous. These processes define how plastic 

feedstock is loaded into the reactor. In batch feed, discrete quantities of plastic waste are loaded 

into the cartridges at uniform intervals whereas in continuous feed plastic waste is loaded into the 

reactor at constant rate. Data on product yield under different conditions by different researchers is 

available in table 1. 
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TABLE 1  

MASS BALANCE OF CRUDE OIL, RESIDUE AND GAS YIELDS ON PYROLYSIS OF 
POLYETHYLENE, POLYPROPYLENE AND POLYSTYRENE USING VARIOUS 

TEMPERATURES [5]. 

 
Investigation Plastics Reactor Pyrolysis 

temperature 
(°C) 
 

Catalyst Crude 
oil (wt 
%) 
 

Residue 
(wt %) 

Gas 
(wt %) 

William et 
Al. [45] 
 

PE 
PP 
PS 
PET 

Parr mini 
bench top 
 

500 
 

None 
 

93 
95 
71 
15 

0.0 
0.0 
27 
53 

7.0 
5.0 
2.0 
32 

Sarker et al. 
[47] 

Mixed 
 

Proprietary 
(Natural 
State 
Research 
Inc) 

370 – 420 
 

None 
 

90 
 

5.0 
 

5.0 
 

Alston et al. 
[48] 
 

Mixed 
 

 800 
 

None 
 

73 
 

23.5 
 

30.4 
 

Sharma et al. 
[49] 

HDPE 
 

2 L batch 
reactor 

440 
 

None 
 

74 
 

17.0 
 

9.0 
 

Buekens et 
al. 
[50] 

PP 
PE 
PS 
 

 740 
760 
581 
 
 

None 
 

48.8 
42.4 
24.6 
 

1.6 
1.8 
0.6 
 

49.6 
55.8 
9.90 
 

Sarker et al. 
[51] 

PETE-1 
 
 

Distillation 
unit 

405 
 

Ca(OH)2 
 

14.25 
(21.7 
H2O) 

 

51.5 
 

12.4 
 

Scott et al. 
[52] 

PE 
 

Activated 
carbon bed 

515-795 
 

None 
 

88–96 
 

  

Miskolczi et 
al. 

[53] 

HDPE 
PP 

 

Continuous 
reactor 

 

520 
 

ZSM-5 
None 

 

   

Elordi et al. 
[54] 

HDPE 
 

Conical 
spouted bed 

500 
 

HZSM-5 
HY 

β-zeolite 

58–70 
 

  

Uemichi et 
al. 

[55] 

LDPE 
 

Fixed-bed 
tubular 
Flow 

reactor 

425 
 

HZSM-5 
SiO2–
Al2O3 
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2.2 Factors Affecting Plastic Pyrolysis 

The major factors influencing the plastic pyrolysis include chemical composition of the 

feedstock, feedstock loading technique, process temperature, pressure, and heating rate, type of 

reactor, residence time and application of catalyst.  

2.2.1 Chemical Composition of Feedstock 

The pyrolysis products and processes depend on the chemical composition and chemical 

structure of the plastics to be pyrolyzed. Polyethylene, Polypropylene, and Polystyrene are most 

commonly used polymeric hydrocarbons. Polyethylene is formed from ethylene through chain 

polymerization [6]. The structural shape of polymer molecules can be either linear, branched, or 

cross-linked as shown in Figure 3. The units (monomers) in linear polymers are joined end-to-end 

like links along a chain. A polymer chain having branch points that connect three or more chain 

segments is called branched chain polymer. The functional side group and the branch structure 

have significant effects on the pyrolysis product. In cross-linked polymers, each polymer chain is 

bonded to another polymer chain by either a covalent or ionic bond. So, cross-linked molecules are 

large and they will crack rather than melt or evaporate in a pyrolysis process.  
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Figure 3: Polymer Structure – Linear, Branched, and Cross linked [6] 

2.2.2 Temperature and Heating rate 

Temperature is one of the most important variable involved in pyrolysis of plastics. Some 

plastics cannot be decomposed even at the higher temperature, instead they crack in doing so. To 

break the carbon chain, energy induced by Van der Waal forces along the chains must be more 

than enthalpy of C – C bond. The temperature at which C – C bond is broken should be constant 

for a type of plastic but research shows great variation in results.  Ciliz et al. noted the 

temperature when C – C bond in PP starts cracking to be 380 °C [7] whereas this temperature was 

680 °C for Demirbas’s result [8]. Interestingly, both these researchers used similar reactor and 

temperature measuring apparatus. This great anomaly in results is associated with the different 

locations of temperature measuring sensors. Karaduman et al. [9] investigated this temperature 

variation in tube reactor and found out that there is a significant amount of heat loss on both ends 

of reactor. Figure 4 shows the temperature profile along the tube reactor. 
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Figure 4: Temperature profile along the tube reactor [1] 

Karaduman et al. also asserted that the temperature at the reaction surface should be used 

for monitoring the cracking temperatures of the plastics. Shah et al. [10] investigated the effects of 

reaction temperatures during pyrolysis of PE, PS, and PP.  He found the general trend of obtaining 

more gas product with the increase of cracking temperature while more liquid product was 

produced on lower cracking temperature which can be seen in Figure 5. 

 

Figure 5: Influence of temperature on product yield [11] 

Another factor which plays an important role in pyrolysis of plastics is heat rate. Heat rate 

can be defined as increase in temperature per unit time. The effects of heat rate on pyrolysis vary 

significantly depending on the type of reactor, operating pressure and temperature, and temperature 
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measurement locations. The plastic is normally heated from room to cracking temperature in few 

minutes and then it is kept constant at that temperature till all the feed gets decomposed. Saha and 

Goshal [11] pyrolyzed PET bottles and studied the effects of heating rate on pyrolysis reaction. 

They found that higher heating rate helps in faster pyrolysis. 

2.2.3 Type of Reactor  

There are two categories of reactors being used in pyrolysis of plastics. They are 

categorized on the basis of feeding and product removal process or construction of bed. Types on 

the basis of feeding and product removal can be either batch, semi-batch, and continuous. Different 

bed types in these reactors are fixed bed, fluidized bed, and screw kiln reactor. Reactor type plays 

in important role in pyrolysis by influencing heat transfer rate, residence time, and mixing of 

plastics with pyrolysis products.   

As the name implies, in batch reactors material is fed into reactor in small batches. This is 

done at the start of the process and then it continues feeding when all the material in the reactor is 

processed. In continuous reactor, the material is constantly fed from input side of the reactor 

whereas products get out from the output side of the reactor.  Semi-batch reactors remove the 

pyrolysis products continuously by using inert carrier gas. One advantage of semi-batch reactor 

over batch reactor is that some reactions and phenomenon such as secondary pyrolysis is possible 

in semi-batch reactors [12]. Batch and semi-batch reactors are mostly used for research purposes 

whereas continuous reactors are used for industrial purposes.   

Reactor’s construction has enormous effects on the heat transfer. In fixed bed reactors, 

pyrolysis is carried out on fixed bed. Advantage of this type of reactor is that it is easy to design 

and operate. Benefits include feeding problems due to irregular size and shape of feedstock in 

continuous type whereas large temperature gradient in batch type reactors [13]. In fluidized bed 
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reactors, gaseous products flow through feedstock resulting in better heat and mass transfer rates. 

The key parameter affecting the pyrolysis and products in this type of reactor is dimensions and 

material of the bed [14]. 

2.2.4 Residence Time 
 

The definition of residence time is different for different pyrolysis methods. In fast or 

continuous pyrolysis, residence time is the amount of time during which plastic was in contact with 

hot surface within the reactor. In slow or batch pyrolysis, residence time is defined as the time for 

which feedstock start to be heated to the removal of products. To yield more thermally stable 

products such as light weight hydrocarbons and non-condensable petroleum gases, longer 

residence times are required [15]. Table 2 shows pyrolysis processes and products.  

TABLE 2 

PYROLYSIS PROCESSES AND TARGET PRODUCTS [16] 

Process Heating Rate Residence Time Temperature °C Target Products 

Slow 
Carbonization 

Very low Days 450-600 Charcoal 

Slow Pyrolysis 10-100 K/min 10-60 min 450-600 Gas, Oil, Char 

Fast Pyrolysis Up to 1000K/s 0.5-5 sec 550-650 Gas, Oil, (Char) 

Flash Pyrolysis Up to 10000K/s < 1 sec 450-900 Gas, Oil, (Char) 

Secondary cracking boosts the formation of gaseous products and it occurs only when 

residence time is long enough [17]. In Figure 6, X-axis (v/m) represents residence time and Y-axis 

represents the conversion of HDPE to gaseous product. [18].  
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Figure 6: Influence of residence time on production of gaseous products. [18] 

2.2.5 Use of Catalyst  

Catalysts are added to pyrolysis reaction to not only alter the speed and optimization of the 

reaction but also to change the distribution of pyrolysis products. The required chain length of 

pyrolysis product should be small to medium because petroleum fuels have chains with carbons 

from C1 to C24. Pyrolysis products from PS and PP are lighter hydrocarbons and already in the 

range of petroleum fuel carbon chains so catalysts are mainly applied to PE pyrolysis because it 

produces straight hydrocarbons from C1 to C80 [19]. Additionally, certain catalysts are added to 

reduce the unsaturated nature of hydrocarbons and to produce more aromatics.  

Catalysts to be used for cracking of plastics are broadly classified as homogenous and 

heterogeneous. Homogenous catalysts are usually Lewis acids such as AlCl3 [20] whereas 

nanocrystalline zeolites, aluminum clays, conventional acid solids, mesostructured catalysts, 

gallosilicates, metals supported on carbon, and basic oxides are heterogeneous catalysts [20].  

Nanocrystalline zeolites being widely used are discussed in detail. Zeolites are crystalline 

aluminosilicate minerals with a three-dimensional framework made from interlinked tetrahedra of 

alumina (AlO4) and silica (SiO4) that forms uniform pores of molecular dimensions as shown in 



15 
 

Figure 7. They are solids with a relatively open, three-dimensional crystal structure built from the 

elements aluminum, oxygen, silicon, sodium, potassium, and magnesium with water molecules 

trapped in the gaps between them [21].

 

Figure 7: Framework types of zeolites [22] 

 

A catalyst or a combination of catalysts is added to pyrolysis reaction to improve 

efficiency, conversion, and lower the pyrolysis temperature and time [23]. These catalysts can also 

be categorized into fluid cracking catalysts (zeolite, silica alumina, and clay), activated carbon, and 

reforming catalysts (Transition metals filled in silica alumina) [24]. Acidity of a catalyst plays an 

important role in selectivity, conversion, and fuel quality.  Since catalysts are expensive and 

extensive research on cheaper catalysts is being carried out so life of a catalyst is an important 

parameter up till now. Two step conversion usually increases life of a catalyst - thermal cracking 

followed by catalytic cracking of plastic into fuels. 

Factors like feed and catalyst type, catalyst loading method, reactor type, process 

http://www.explainthatstuff.com/aluminum.html
http://www.explainthatstuff.com/water.html
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temperature and pressure, and plastic-catalyst ratio etc. determines the conversion efficiency and 

fuel quality [24]. Kumar et al. [25] studied various feed types – individual plastics and mixed feed 

with and without catalysts at different temperatures. It was found that better yield can be achieved 

in case of individual plastic feed when compared to mixed plastic feeds. Zeolite based catalysts and 

especially stable zeolites are more effective as they reduce the temperature of the pyrolysis. Acidic 

catalysts carry out cracking of polymers in two steps. In the first step, primary cracking takes place 

in macro-porous surface followed by microporous enhanced cracking resulting in cracking of the 

polymer [26]. Catalysts with smaller particle size have larger surface area to come in contact with 

other entity and thus increase catalytic activity. Similarly, catalysts can be loaded either by liquid 

phase contact or vapor phase contact. In liquid phase contact catalyst is directly mixed with plastic 

whereas in vapor phase contact catalyst is loaded in a separator or basket [27]. It is difficult to 

recover used catalyst in liquid phase contact whereas conversion is poor in vapor phase contact 

[27, 28].  

2.2.6 Pressure 

Pressure plays an important role in pyrolysis and its products. Under high pressure, the 

boiling point of feed material increase which result in further breaking of the hydrocarbons instead 

of them being vaporized [29]. In simple words, pressurized pyrolysis helps in formation of small 

hydrocarbon chains but require more energy for hydrocarbon cracking. Figure 8 shows the effect 

of pressure on pyrolysis products of polyethylene (PE).  
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Figure 8: Effect of pressure on pyrolysis products of polyethylene (PE) [29] 

Since pressurized pyrolysis result in smaller carbon chains, means it also enhances the yield 

of non-condensable gases and decreases the yield of liquids.  

 

Figure 9 

Figure 9: Effect of pressure on gas yields at different temperatures. [29] 

2.2.7 Other Factors Influencing Pyrolysis 

The presence of reactive additives such as air, oxygen, and hydrogen during the process 

will affect pyrolysis products. Similarly, pyrolysis of PE result in long chain hydrocarbons [18] 

which are usually not in the range of fuel grade hydrocarbons. To shorten the length of carbon 
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chain, secondary pyrolysis of PE products is carried out. This is done by increasing the pressure, 

residence time, and decreasing heating rate. Pyrolysis of PS, PP, PVC, and PET result in fuel range 

hydrocarbon chains so secondary cracking is not very common for the products of these 

feedstocks.  

Based on the residence time or the heating rate, the pyrolysis can be classified into: 

• Slow carbonization 

• Slow pyrolysis 

• Fast pyrolysis 

• Flash pyrolysis 

If the heating temperature is less than 10K/min, slow carbonization occurs. This process starts 

from outer surface and proceed to the core of the material. Carbonization process is affected by the 

heat transfer rate of the surface and within the material. Residence time is the most crucial factor in 

achieving the desired carbonization at a given temperature and heating rate [30].  On the other 

hand, if the temperature is increased to 800 -1000 °C, the plastics are directly converted to gases.  

In more practical applications like in industrial pyrolysis, feedstock is preheated and melted at 

a certain temperature to reduce the size of the feedstock and to eliminate oxygen.   

2.3 Existing Commercial Pyrolysis Technologies  

  Feedstock composition plays a major role in selection of pyrolysis technology.  
 
2.3.1 Feedstock 
 

The most important aspect of feedstock is its composition. According to Arena and 

Mastellone, if the feedstock contains PVC, then it has a very different thermal cracking process 

and products [18]. This is because PVC pyrolysis products are different from other plastics. PVC 

pyrolysis result in the production of HCl which is unsuitable for fuels. To mitigate this, the plant 
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must have sorting system to remove PVC from feedstock or a solvent scrubber to remove HCl. 

The other important consideration regarding the feedstock for pyrolysis is its size. Size should be 

selected keeping in mind the effective heat transfer between medium and feed.  

 

2.3.2 Technology 

Feeding system, pyrolysis reactor, and separation system are the three basic parts of every 

pyrolysis setup.  

a) Feeding system: In some reactors, solid plastics can be fed directly into the reactor 

without any pre-treatment but this is not common in most cases. The feedstock is 

heated and melted while air and moisture is also removed in the feeding system 

before injecting into the reactor. Gravity flow or push of the extruder are the 

common methods for moving molten viscous plastic into the reactor. To avoid any 

cracking of melted plastics in the feeding system, a temperature gradient is to be 

maintained throughout the pre-treatment. In simple words, temperature in the 

feeding system must not exceed the cracking temperature of that plastic [18]. 

b) Pyrolysis Reactor: Pyrolysis reactors are discussed in detail in the section 2.2.3 of 

this thesis. Scheirs and Kaminsky [19] summarized the various types of reactors 

used by commercial pyrolysis plants. In most of the existing facilities, continuous 

pyrolysis process with the capability of catalyst loading is used. Most of these plants 

operate at either atmospheric pressure or slightly above it. Operating temperature of 

most of the reactors is in between 400 – 550 °C but the extreme temperatures plants 

include Mazda pyrolysis plant in Japan operating at 250 °C and Compact power 

pyrolysis plant operating in UK at 800 °C. Finally, almost all of the existing 
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commercial pyrolysis plants carry out either flash or fast pyrolysis. 

c) Product separation and collection: Some plants have complete separation setup 

for the pyrolysis products such as distillation columns where these products are fed 

and separated according to their boiling points. Other plants simply separate the 

pyrolysis products which are mainly combustible liquids and gases. Liquid can 

either be directly combusted or refined further to get high quality fuels. If the 

product contains non-condensable gases, they can either be liquefied as fuels or 

used to heat the reactor. Ash from these gases is separated by using gas scrubber.  

 

2.4 Theory of Pyrolysis Reaction 

Plastic pyrolysis also referred to as depolymerization of polymers is a process of breaking 

long polymer chains into short ones using high temperatures sometimes in conjunction with 

catalysts. The physical as well as chemical properties of plastic start to change with the 

temperature change. With increasing temperature, the carbon backbone of plastic cracks and result 

in shorter chains. Essentially plastic undergo three thermal transitions with the increase of 

temperature namely glass transition, melting, and decomposition [31]. Figure 10 shows the three 

states of plastics (PET in this case) with temperature change.  
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Figure 10: Phase transitions of PET with temperature increase [31] 

Figure 11 shows the changes in elastic modulus of the plastics with temperature increase. 

Properties such as heat capacity and linage of plastics also change with increasing temperature [32]. 

 

Figure 11: Effect of temperature on elastic modulus of plastics [32] 

To better understand the pyrolysis process, chemical changes occurring in polymers when the 

temperature is increased above decomposition temperature is also investigated. The molecule 

cracks when the bond enthalpy between atoms in the molecule structure is less than the van der 

Waals induced energy. Most unstable bonds in the molecular structure are most prone to these 

cracks. There are three major types of cracking which occurs during pyrolysis reaction [33].  
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a) Random cracking: In HDPE, most carbons are in long straight chains so every carbon 

atom has same chance of cracking. This is called random cracking [33]. In LDPE, there are 

tertiary carbons at the branches. These tertiary carbons are less stable than secondary or 

primary carbons so they have more chance of cracking. Most of the carbons in PP are 

tertiary carbons except few C-C bonds at the ends, so they are less stable and produce 

smaller hydrocarbons than PE. Random cracking phenomenon is very common in PP, PE, 

and PS [33].  

b) Chain Strip Cracking: This process is more common in pyrolysis of the polymers with 

reactive side groups. As the name implies, the side carbon chains of the branched and 

cross-linked polymers strip from the main carbon chains during the pyrolysis process. The 

unsaturated chains undergo cracking, coke formation, and aromatization [33].  

c) End-Chain Cracking: When a polymer is heated to or above decomposition temperature, 

vehement molecule movements may cause polymer to break from the end groups [29]. This 

vehemence is provided by the temperature increase. At higher temperature, vigorous 

movement of molecules force shorter end chains to break from main C-C chain.  

2.5 Pyrolysis Reaction Progress 

Pyrolysis process consist of four stages:  

a) Initiation: In initiation reactions, polymeric carbon chains break and smaller free 

radicals and molecules are formed. Initial cracking can be either random, chain strip, or 

end chain cracking explained in previous section. In PE pyrolysis, initiation reactions 

occur randomly or at the end-chain positions.   These two types of reactions are 

illustrated in Figure 12 and Figure 13 respectively where G represents the side group in 

the polymer unit. This side group can be Hydrogen, CH3 or any other [34]. 
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Consequently, these initiation reactions produce massive free radicals.  

 

Figure 12: Sketch of random scission reaction in plastic pyrolysis [34] 

 

Figure 13: Sketch of end-chain scission reaction in plastic pyrolysis [34] 

b) Propagation: During this stage β-scission of the main propagation reaction takes place 

and the massive free radicals generated during the initiation reaction are cracked to 

produce alkene molecules and smaller free radicals [34]. These scission reactions can 

be either mid-chain β-scission or end-chain β-scission [34]. These two types of 

reactions are illustrated in Figure 14 and Figure 15 respectively. 

 

Figure 14: Sketch of mid chain β-scission reaction [34] 

 

Figure 15: Sketch of end chain β-scission reaction [34] 

c) Hydrogen chain transfer: In hydrogen chain transfer reactions, proton is transferred to 

other locations which decreases the polymer molecular weight and is very common in 
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polymerization reactions. There could be two types of hydrogen chain transfer 

reactions: intermolecular transfer reaction and intra-molecular transfer reaction [35]. 

These phenomena are shown in Figure 16-17 and Figure 18 respectively.  

 

Figure 16: Intermolecular transfer reaction on the end chain radicals [34] 

 

Figure 17: Intermolecular transfer reaction on the mid-chain radicals [34] 

 

Figure 18: Intra-molecular transfer isomerization via (1, 6) hydrogen transfer [34] 

Intermolecular transfer reaction takes place between free radicals and other components 

which result in the formation of saturated hydrocarbons from the corresponding 

radicals. On the other hand, transfer of the free hydrogen proton from the end to the 

middle of the free radicals takes place in intra-molecular transfer reactions which result 

in the isomer production in the pyrolysis process. 

d) Termination: Termination reaction occurs when free radicals are simultaneously 

oxidized and reduced, giving two different products or when free radicals combine as 

shown in Figure 19. The formation of final products depends on the free radicals from 

different plastics present in the pyrolysis process and varies largely in such a case [35].  
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Figure 19: Termination reaction or radical combination reaction [34] 

The above reactions can also be represented by the generic formula [29] 

• Initiation reaction 

Molecule  2 R• … (1)        

• Propagation β-scission reaction 

Rn•   Oj + R•n-j … (2)         

• Termination reaction 

2 R•  products … (3)         

Where, 
 

Rn•   is a free radical with chain length n  

Oj        is an alkene with chain length j  

2.6 Reaction Modelling 

Plastic pyrolysis involve many reactions so reaction models are often complex and lengthy. 

Intermediate compounds formed during plastics can be classified into free radicals such as end 

chain radicals and mid-chain radicals. Final product compounds formed during plastic pyrolysis 

are molecules such as alkane, alkene, and di-alkene [29]. In terms of reactants and products, 

reaction process models can be written as following: 

Pn  Oj + Pn-j … (4)  

On   c1 (Pj + Dn-j) + c2 (Oj + On-j) … (5)  

Dn Dj + On-j … (6)  
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Where,  

P   is alkane  

O   is alkene 

D   is di-alkene  

C1 and C2 are constants 

j varies along the total carbon chain length n [34]  

 

C2H2 can be used to describe the large molecular weight alkenes which are also straight chain 

polymers. Other types of polymers are slightly different but based on hydrogen balance in the 

above reactions we can assume C2H2 for all the types of polymers. The ratio of alkane to di-alkene 

should be 1:1 if the products only contain alkanes, alkenes, and di-alkenes. However, large 

proportion of alkanes and alkenes were found in literature data. This is due to intra-molecular 

hydrogen transfer reactions also called back-biting reactions [34]. 

2.7 Kinetics of Pyrolysis Reaction 

Pyrolysis of plastics is a complex series of reactions and is affected by many variables such 

as feed type and composition, reactor type, operating pressure and temperature, residence time, 

catalyst etc. Simple plastic pyrolysis can be described using Arrhenius equation. [29, 30]   

 … (7)           

Reaction kinetic constant “k” can be found by  

 … (8)          

Where,  

m is the mass ratio of unvolatilized sample residue to the initial models of the material 

before reaction. 
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n is the reaction order 

Ea is the activation energy (kJ/mol)  

Ao is the pre-exponential constant  

R is the gas constant (J K-1mol-1) 

T is the temperature in Kelvin (K) 

Combining equation 7 and 8 yields: [29]  

 … (9)       

Ea is the overall activation energy of all pyrolysis reactions and depends on many variables. 

Cracking process and temperature being the most important of these variables. Cracking process 

has a very strong impact on the final product. With the help of secondary cracking, large 

hydrocarbons formed during primary cracking can be converted into small hydrocarbons. 

Consequently, energy required for the process increases the total Ea. Temperature also affects the 

Ea value and is investigated by Miranda et al. It can be deduced from the literature available that 

large proportion of small hydrocarbon in products require more activation energy [36].  

Household electronic and electrical plastic waste which include appliances, electronics, 

toys, and sports items etc. constitute the major chunk of plastic waste which is disposed of in 

landfills. Alston et al. [37] carried out thermochemical conversion at about 800 °C of household 

electronic and electrical plastic waste which contained a variety of polymers such as Low density 

polyethylene (LDPE), Polypropylene (PP), Polyethylene terephthalate (PET), Polyvinyl Chloride 

(PVC), and Polystyrene (PS). They could convert 72-73.4% of the total product mass to fuel. 

Williams et al. [38] and Kumar et al. [25] carried out pyrolysis of various feed types – individual 

plastics and mixed feed.  William et al. used oxygen and nitrogen at 500 °C and the results were 
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very similar for individual plastics and mixed feed except oil products from mixed plastics 

contained higher concentration of alkanes and aromatics. Kumar et al used catalysts at different 

temperatures whose results are available in Table 2 [39].   Sharma et al. [40] studied pyrolysis of 

grocery bags (high density polyethylene) in a batch reactor and studied the properties of fuel 

produced using different methods. The fuel produced by the pyrolysis of HDPE had high 

percentage of fuel ranged hydrocarbons and heating value is in the range of diesel fuel. There are 

many published patents which deal with efficient and economical conversion of plastic into fuel. 

Patent 6,822,126 B2 [41] is reserved for a method through which plastics can be converted into 

lube oil in three steps. Initially the plastic is melted between 150 °C – 350 °C in an inert 

atmosphere followed by pyrolysis of plastic at 500 °C – 650   °C and hydrotreating at 190 °C – 340 

°C. Catalytic dewaxing is carried out in the final step followed by recovery of lubricating oil. 

Another patent [42] is related to the production technique of high value fuel from municipal waste 

plastics. In the first step, recyclable waste is removed from municipal waste. This sample is then 

subjected to anaerobic digestion, dewatering, and palletizing. These pallets are used for boiler fuel.  

Patent 6,862,568 B1 [43] is reserved for a method in which plastics are decomposed in an oil 

medium. This helps lowering the temperature required for thermal decomposition of plastics into 

fuel. Free radicals provided from precursors such as PVC or nylon are used for depolymerization. 

Another subsection of thermal treatment is the gasification process in which waste plastic with the 

help of gasification or oxidizing agent is converted into gaseous form which is highly combustible 

[44].  

Hydrocracking is another method used to break down larger hydrocarbon chains found in 

polymers to small fuel range hydrocarbon chains.  This is done at an elevated temperature in the 

presence of hydrogen environment [45].  Scott et al. [28] carried out PE hydrocracking at 600 °C in 
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an activated carbon bed reactor. The gases formed because of hydrocracking of PE contained more 

than five carbon atoms. Efficiency of hydrocracking can be increased by using certain catalysts 

which include alumina, zeolites, silica alumina packed with transition metals like Nickel, 

Molybdenum, and Platinum. Ding et al. [27] carried out hydrocracking at 375 ° C and 1000 psig 

for 1 hr. using a catalyst containing 4:1 weight ratio of SiO2 – Al2O3: HZSM-5 loaded with Ni or 

NiMo. The hydrocarbons formed were mostly less than 13 Carbon atoms. Literature shows that 

catalytic hydrocracking is more efficient when compared to the non-catalytic hydrocracking.  

An important constraint in plastic pyrolysis is heat and mass transfer because plastics have 

low thermal conductivity and high viscosity. This constraint can be overcome by using fluidized 

bed reactors because they help in uniform heat distribution. Sharatt et al. could convert plastics into 

65% small chain hydrocarbons with the help of fluidized bed reactor [46]. Viscosity of molten 

plastics can be lowered by using various solvents or certain oils which result in better yield.  
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CHAPTER 3  

MATERIALS AND METHODS 

3.1 Apparatus 

3.1.1 Heating Chamber  

Commercial 2-1/2-gallon paint pressure pot tank from TCP Global was bought to be used 

as a heating chamber for plastics. This tank had clamp on lid with gasket which could withstand 

temperatures up to 800 °C and had two outlets. A stainless-steel pipe closed from one end was 

welded from inside at one outlet to modify it into a temperature measuring slot so that needle 

thermocouple can be inserted in the tank to measure more accurate temperatures without coming in 

contact with plastics. A stainless-steel pipe was connected to the other outlet which landed into 

cooling flask being used as a condenser. All the connections were sealed by using adhesive and 

sealant from Minkon Fortafix. Heating chamber can be seen in Figure 20. 

A simple fryer along with the propane connection and tank was bought from Menards and 

used as a heating system. To prevent fumes from spreading in the lab, the system was put in a fume 

hood. Because of the high temperatures involved in the process, thermal insulation fire clay bricks 

were used to prevent any damage to the hood.  

 

Figure 20: Apparatus for experiment 
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3.1.2 Miscellaneous Items 

A uxcell WRNK-187 K type thermocouple probe having temperature sensor of dimensions 

3x200mm and temperature range of 0-1100 °C was used with Leaton® digital thermometer to 

measure temperature of the inside of the chamber. Thermocouple probe and thermometer can be 

seen in Figures 21 and 22. 

 

Figure 21: Thermocouple probe 

 

Figure 22: Digital thermometer 

A separation funnel was used in liquid-liquid extractions to separate the components of a mixture 

into two immiscible liquids of different densities. In our experiments, separation funnel was used 

to separate oil from water since water was used as a condensing medium. Vapors from heated 

https://en.wikipedia.org/wiki/Liquid-liquid_extraction
https://en.wikipedia.org/wiki/Miscible
https://en.wikipedia.org/wiki/Density
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plastic chambers condensed in flask full of water where because of low density oil settled at the top 

of the water and could be easily separated using separation funnel. Figure 23 shows a separation 

funnel with water settled at the bottom and oil at top. 

 

Figure 23: Separation funnel 

3.2 Materials 

 Following materials were used in the experiment. 

3.2.1 Recycled Plastic Pellets 

One of the objective of this thesis was to study the oil yield from recycled plastics instead 

of virgin plastics so we ordered recycled plastic pellets from eBay and Amazon from individual 

suppliers.  

Plastic pellets are small granules usually in shape of a cylinder or a disk with a diameter of a few m

illimeters. We ordered 5 lbs. bags of high density polymer ethylene (HDPE), low density polymer 

ethylene (LDPE), and polypropylene (PP) each. All these pellets were injection pipe grade in 

different colors.  
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3.2.2 Catalysts 

In our experiments three different catalysts were used. Zeolite Y was purchased from 

Zeolyst International. Cloisite 30B was bought from Southern Clay Products, Inc. whereas hydrous 

Magnesium Silicate was bought from SaltWorks, Inc. Figures 24, 25, and 26 show these catalysts 

respectively. 

 

Figure 24: Zeolite Y 

 

Figure 25: Cloisite 30B 
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Figure 26: Magnesium Silicate 

3.3 Experimental 

Different variables were decided for this project on the basis of relationship between factors 

affecting a process and the output of that process plus the resources available to carry out this 

project. Three different types of recycled plastic pellets were to be used with three catalysts at two 

different temperatures and plastic-catalyst ratios. Literature review [9, 11] showed us that acidic 

catalysts get the best results for plastic decomposition so we decided to use different types of 

acidic catalysts (clays) to study their effect on oil yield. Zeolite, Magnesium Silicate, and Cloisite 

30B were selected as catalysts where the latter two were never used before as catalysts for plastic 

decomposition. Temperature to be used in this research were selected based on prior research 

mainly by Shah et al [27] who studied effect of temperature on the yield of liquid and gaseous 

fuels from plastics. 450 °C and 650 °C were selected as reference temperatures. Similarly, ratio of 

catalyst to plastic was selected to be 1:10 and 1:5. All these combinations gave us a total of 36 

samples. They are categorized in different group as represented in the tables 3, 4 and 5. 
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TABLE 3  

HDPE WITH DIFFERENT CATALYSTS, TEMPERATURES, AND CATALYST RATIOS 

Type of Plastic Type of Catalyst Temperature °C Ratio of Catalyst to 

Plastic 

HDPE Zeolite 450 1:10 

HDPE Zeolite 450 1:5 

HDPE Zeolite 650 1:10 

HDPE Zeolite 650 1:5 

HDPE MgSi 450 1:10 

HDPE MgSi 450 1:5 

HDPE MgSi 650 1:10 

HDPE MgSi 650 1:5 

HDPE Cloisite 30B 450 1:10 

HDPE Cloisite 30B 450 1:5 

HDPE Cloisite 30B 650 1:10 

HDPE Cloisite 30B 650 1:5 

 

 



36 
 

TABLE 4  

PP WITH DIFFERENT CATALYSTS, TEMPERATURES, AND CATALYST RATIOS 

Type of Plastic Type of Catalyst Temperature °C Ratio of Catalyst to 

Plastic 

PP Zeolite 450 1:10 

PP Zeolite 450 1:5 

PP Zeolite 650 1:10 

PP Zeolite 650 1:5 

PP MgSi 450 1:10 

PP MgSi 450 1:5 

PP MgSi 650 1:10 

PP MgSi 650 1:5 

PP Cloisite 30B 450 1:10 

PP Cloisite 30B 450 1:5 

PP Cloisite 30B 650 1:10 

PP Cloisite 30B 650 1:5 
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TABLE 5  

LDPE WITH DIFFERENT CATALYSTS, TEMPERATURES, AND CATALYST RATIOS 

Type of Plastic Type of Catalyst Temperature °C Ratio of Catalyst to 

Plastic 

LDPE Zeolite 450 1:10 

LDPE Zeolite 450 1:5 

LDPE Zeolite 650 1:10 

LDPE Zeolite 650 1:5 

LDPE MgSi 450 1:10 

LDPE MgSi 450 1:5 

LDPE MgSi 650 1:10 

LDPE MgSi 650 1:5 

LDPE Cloisite 30B 450 1:10 

LDPE Cloisite 30B 450 1:5 

LDPE Cloisite 30B 650 1:10 

LDPE Cloisite 30B 650 1:5 
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3.4  Procedure for Carrying out Experiments 

The process started with measuring catalyst and plastic pellets using a scale. In case of 1:10 

catalyst to plastic ratio, 9.1 grams of catalyst and 90.9 grams of plastic were measured and put into 

the heating container. Similarly, in case of 1:5 catalyst to plastic ratio, 16.6 grams of catalyst and 

83.3 grams of plastic were measured and put into the heating chamber. Heating chamber was 

tightened using lids and was allowed to heat. Thermometer probe was put into temperature 

measuring outlet in container and temperature was constantly monitored. Temperature was 

regulated manually by keeping an eye on it. As soon as desired temperature was achieved, flame 

was put off manually. This kept temperature in ± 25 °C range. The system was allowed to heat 

until vapors were coming out and being condensed. In most cases residence time (time from start 

of heating to end of vapors coming out of chamber) was less than two hours. Vapors coming out of 

container were condensed in a flask containing water. This condensed liquid (oil) rose to the top of 

water surface because of low density. This unmixed water and oil were then put into separation 

funnel and separated. Water was flushed while oil samples were collected, measured, and stored in 

jars and can be seen in Figure 27. The residue left in the container was also collected and 

measured. In these experiments, gases were not collected so mass balance was carried out by 

adding oil collected and residue left. The remaining amount were gases which evaporated to the 

environment. 



39 
 

 

Figure 27: Collected oil samples 

3.5 Testing Equipment 

Oil samples were then taken for the testing. Different types of testing carried out on the 

samples are described in detail. 

3.5.1 Fourier Transform Infrared Spectrometer 

FT-IR spectroscopy measures the ability of the sample to absorb light at different 

wavelengths or it’s a method in which the emission and infrared spectrum of absorption with 

different wavelengths are attained and hence spectroscopic data reveals additional information 

about the functional group presence in the sample. The equipment used here was Nicolet™ 

Avatar™ FT-IR Spectrometer (Figure 28) used the software called EZ-OMNIC and can test solid, 

liquid, or gas samples. This software, with the help of algorithms and scientific documentation 

creates a database of spectra in many formats and it offers an analysis that can collect data for 

reporting the results. Oil samples were hand-agitated gently, placed onto a salt plate, and mounted 
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on slot provided. Wavelength to percent transmittance was calculated or FTIR Spectra of the 

samples were collected. 

 

Figure 28: Fourier Transform Infrared (FTIR) equipment 

3.5.2 Ultraviolet-visible Spectroscopy 

Ultraviolet-visible spectrophotometer (UV-vis) uses the light in both visible and adjacent 

(UV and infrared) range. UV-vis is used for a sample to find out the absorption of any liquid with 

varied wavelength. The equipment used, Hitachi U 900 spectrophotometer (Figure 29) for the 

analysis in this report used a software named UV Solutions.  
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Figure 29: UV-vis spectrophotometer 

A computer with the software named UV Solutions Program can not only perform basic 

functions such as wavelength scan and photometry quantitative analysis but also has the capability 

of data handling and processing. 

Randomly selected 12 oil samples were tested under UV-vis spectrophotometer to find the 

absorption of each sample. Procedure for UV-vis testing starts with setting up a baseline. The 

wavelength range for analysis was selected from 700nm to 200nm. Appropriate solvent on the 

basis of wavelength range came out to be hexane so it was used to set up a base line. Then, in 

another cuvette, oil was diluted in hexane (1.2 x 10-4 v/v in hexane) and tested for absorbance with 

hexane as baseline and the process is carried out for all 12 samples and respective graphs were 

taken. 

3.5.3 Gas Chromatography 

Gas Chromatography (GC) is an analytical separation technique used to separate and 

identify volatile compounds in a mixture. This is done by dissolving the sample in a solvent and 

then injecting it into column. Before entering the column, the sample vaporizes. An inert gas such 
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as Helium or Hydrogen carries this vaporized sample towards the detector via capillary column. 

In capillary column, there is a stationary phase which could be either solid or liquid. Vaporized 

constituents of sample interact with this solid phase differently. Constituents which interact more 

with the stationary phase reach the detector after the constituents which interact less with 

stationary phase. The time from injection of the sample to detection is called Retention time. 

Analytical chemist compares the retention times on graph to the retention times of already known 

compounds to find the composition of compound.  

Equipment used in this analysis was Varian Star 3400 CX with column VA-125703-20. 

The dimensions of column were 30 x 0.530mm. The detector used was flame ionized. GC 

equipment can be seen in Figure 30.  

 

Figure 30: Varian Star 3400 CX Gas Chromatograph 
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CHAPTER 4 

RESULTS & ANALYSIS 

 
Tables below show the amount of oil, residue, and gases formed from the different types of 

plastics with different variables. It is evident from the data that zeolite turned out to be the best 

catalyst as it produced the highest amount of oil. Similarly, oil yield was more when the catalyst 

precursor ratio was 1:5. It is also evident that with the increase of temperature, amount of gases 

produced increased in every case. Similarly, oil yield was maximum in the case of recycled PP 

pellets. 

TABLE 6 

OIL, RESIDUE, AND GAS YIELD IN CASE OF HDPE WITH DIFFERENT VARIABLES 

Type of 

Plastic 

Type of 

Catalyst 

Temperature 

°C 

Ratio of 

Catalyst to 

Plastic 

Oil 

Collected 

in grams 

Residue 

left behind 

in grams 

Gases 

evaporated 

in grams 

Liquid oil 

yield % 

HDPE Zeolite 450 1:10 60 34 16 60 

HDPE Zeolite 450 1:5 71 29 20 71 

HDPE Zeolite 650 1:10 45 35 30 45 

HDPE Zeolite 650 1:5 55 37 28 55 

HDPE MgSi 450 1:10 58 35 17 58 

HDPE MgSi 450 1:5 67 33 20 67 

HDPE MgSi 650 1:10 45 35 30 45 

HDPE MgSi 650 1:5 52 38 30 52 

HDPE Cloisite 30B 450 1:10 55 36 19 55 

HDPE Cloisite 30B 450 1:5 65 33 22 65 

HDPE Cloisite 30B 650 1:10 46 30 34 46 

HDPE Cloisite 30B 650 1:5 50 35 35 50 
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Figure 31: HDPE with Zeolite and different temperatures and catalyst to plastic ratios 

This above bar chart shows that when HDPE was mixed with zeolite and is heated at 450 

°C with a plastic to catalyst ratio of 1:05 it produced the most liquid oil which was 71% whereas 

when catalyst to plastic ratio was changed to 1:10, yield of oil decreased to 60%. It is also evident 

from the bar chart that yield of combustible gases is dominant at 650 °C with 30 grams and 

significant decrease in liquid yield. Figure 31 also shows that at 650 °C, residue percentage also 

increased.   

 

Figure 32: HDPE with MgSi and different temperatures and catalyst to plastic ratios 
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Figure 32 shows that MgSi turned out to be the second most effective catalyst with the 

liquid yield of 67% at 450 °C and catalyst to plastic ratio of 1:05. Similar to zeolite as a catalyst 

case, liquid oil yield also decreased with change in ratio of catalyst to plastic to 1:10. Rest of the 

trends like combustible gas production percentage and residue yield were pretty similar to the case 

in which zeolite is used as a catalyst. 

 

Figure 33: HDPE with Cloisite 30B and different temperatures and catalyst to plastic ratios 

In case of liquid oil yield, Cloisite 30B was the least efficient catalyst (Figure 33) with only 

65% yield whereas it was most effective catalyst in case of combustible gas production with 35 

grams. Rest of the trends were similar to the case where zeolite and MgSi were used as catalysts. 
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Figure 34: Oil, Residue, and Gas yield in case of HDPE with different variables 

Figure 34 shows us the comparative performance of HDPE with different catalysts, 

temperatures, and catalyst to plastic ratios. HDPE was pyrolyzed by Kumar et al. using thermal 

pyrolysis and their product percentage was dominantly gases at 450 °C whereas liquid oil yield 

was as low as 24% [56] whereas in this experiment we got yield up to 71% when HDPE was 

catalytically pyrolyzed in the presence of zeolite. Khan et al. carried out thermal pyrolysis of 

HDPE and got maximum oil yield of 77% which is slightly higher than our oil yield. The reason 

could be high residence times which was 2 hours in the case of Khan et al. experiment [57].   
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TABLE 7 

OIL, RESIDUE, AND GAS YIELD IN CASE OF PP WITH DIFFERENT VARIABLES 

Type of 

Plastic 

Type of 

Catalyst 

Temperatu

re °C 

Ratio of 

Catalyst to 

Plastic 

Oil 

Collected 

in grams 

Residue left 

behind in 

grams 

Gases 

evaporated 

in grams 

Liquid oil 

yield % 

PP Zeolite 450 1:10 65 25 20 65 

PP Zeolite 450 1:5 76 24 20 76 

PP Zeolite 650 1:10 43 24 33 43 

PP Zeolite 650 1:5 52 36 32 52 

PP MgSi 450 1:10 62 25 23 62 

PP MgSi 450 1:5 70 29 21 70 

PP MgSi 650 1:10 44 34 32 44 

PP MgSi 650 1:5 55 30 35 55 

PP Cloisite 30B 450 1:10 60 30 20 60 

PP Cloisite 30B 450 1:5 65 31 24 65 

PP Cloisite 30B 650 1:10 48 26 36 48 

PP Cloisite 30B 650 1:5 53 32 35 53 

 

Figure 35: PP with Zeolite and different temperatures and catalyst to plastic ratios 
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This bar chart shows that when PP was mixed with zeolite and is heated at 450 °C with a 

plastic to catalyst ratio of 1:05 it produced the most liquid oil with 76% yield whereas, when 

catalyst to plastic ratio was changed to 1:10, yield of oil also decreased to 65%. It is also evident 

from the bar chart that yield of combustible gases is dominant at 650 °C with 33 grams and 

significant decrease in liquid yield. Figure 35 also shows that at 650 °C, residue percentage also 

increased. 

 

Figure 36: PP with MgSi and different temperatures and catalyst to plastic ratios 

In Figure 36, MgSi turned out to be the second most effective catalyst with the liquid yield 

of 70% at 450 °C and catalyst to plastic ratio of 1:05. Similar to zeolite as a catalyst case, liquid oil 

yield also decreased with change in ratio of catalyst to plastic to 1:10. Rest of the trends like 

combustible gas production percentage and residue yield were pretty similar to the case in which 

zeolite is used as a catalyst. 
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Figure 37: PP with Cloisite 30B and different temperatures and catalyst to plastic ratios 

In case of liquid oil yield, Cloisite 30B was the least efficient catalyst with only 65% yield 

whereas it was most effective catalyst in case of combustible gas production with 36 grams yield. 

Rest of the trends were similar to the case where zeolite and MgSi were used as catalysts and can 

be seen in Figure 37. 

 
Figure 38: Oil, Residue, and Gas yield in case of PP with different variables 
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Figure 38 shows us the comparative performance of PP with different catalysts, 

temperatures, and catalyst to plastic ratios. Hoseini et al. successfully produced 82% of liquid oil 

from PP whereas in our case we could only reach up to 76%. The lower yield of oil from PP in our 

can be contributed to high heating rate. Nonetheless, as a result of this higher heating rate, we were 

able to get a maximum of 33 % gas product where is almost double of the gas product of Hoseini et 

al. [58]. 

TABLE 8 

OIL, RESIDUE, AND GAS YIELD IN CASE OF LDPE WITH DIFFERENT VARIABLES 

Type of 

Plastic 

Type of 

Catalyst 

Temper

ature 

°C 

Ratio of 

Catalyst 

to Plastic 

Oil 

Collected 

in grams 

Residue 

left 

behind in 

grams 

Gases 

evaporated 

in grams 

Liquid oil 

yield % 

LDPE Zeolite 450 1:10 61 32 17 61 

LDPE Zeolite 450 1:5 70 28 22 70 

LDPE Zeolite 650 1:10 50 26 34 50 

LDPE Zeolite 650 1:5 53 27 40 53 

LDPE MgSi 450 1:10 60 33 17 60 

LDPE MgSi 450 1:5 66 32 22 66 

LDPE MgSi 650 1:10 43 31 36 43 

LDPE MgSi 650 1:5 48 35 37 48 

LDPE Cloisite 30B 450 1:10 53 37 20 53 

LDPE Cloisite 30B 450 1:5 65 34 25 65 

LDPE Cloisite 30B 650 1:10 43 34 33 43 

LDPE Cloisite 30B 650 1:5 48 35 37 48 



51 
 

 

Figure 39: LDPE with Zeolite and different temperatures and catalyst to plastic ratios 

Above bar chart shows that when LDPE was mixed with zeolite and is heated at 450 °C 

with a plastic to catalyst ratio of 1:05 it produced the most liquid oil with 70% yield whereas, when 

catalyst to plastic ratio was changed to 1:10, yield of oil also decreased to 61%. It is also evident 

from the bar chart that yield of combustible gases is dominant at 650 °C with 40 grams and 

significant decrease in liquid yield. Figure 39 also shows that at 650 °C, residue percentage also 

increased. 
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Figure 40: LDPE with MgSi and different temperatures and catalyst to plastic ratios 

It can be seen in figure 40 that MgSi turned out to be the second most effective catalyst 

with the liquid yield of 66% at 450 °C and catalyst to plastic ratio of 1:05. Similar to zeolite as a 

catalyst case, liquid oil yield also decreased with change in ratio of catalyst to plastic to 1:10. Rest 

of the trends like combustible gas production percentage and residue yield were pretty similar to 

the cases in which zeolite and MgSi are used as catalysts. 

 

Figure 41: LDPE with Cloisite 30B and different temperatures and catalyst to plastic ratios 
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In case of liquid oil yield, Cloisite 30B was the least efficient catalyst with only 65% yield 

whereas it was most effective catalyst in case of combustible gas production with 37 grams yield. 

Rest of the trends were similar to the case where zeolite and MgSi were used as catalysts and can 

be seen in Figure 41. 

 

Figure 42: Oil, Residue, and Gas yield in case of LDPE with different variables 

Figure 42 shows us the comparative performance of LDPE with different catalysts, temperatures, 

and catalyst to plastic ratios. 

4.1 FTIR Analysis 

Fourier Transform Infrared Spectroscopy (FTIR), which was done on Nicolet™ Avatar™ 

FT-IR Spectrometer is an analysis technique that not only detects various characteristic functional 

groups present in oil but also enables us to fetch more complex information. It helps us to compare 

oil functional group characteristics by assigning spectral bands. Regardless of the structure of the 

rest of the molecules, chemical bonds present in oil can absorb infrared radiation in different 

wavelength ranges. The high carbon and hydrogen content of oil produced through decomposition 

of plastic in Figure 43 formed leading C-H stretch at (2955.55-2854.32 cm-1), CH2 bending at 
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1461.72 cm-1 , and CH3 bending at 1377.26 cm-1. Figure 43 shows the FTIR spectrum of the oil 

produced from the decomposition of HDPE plastic in the presence of zeolite as a catalyst at 

temperature 650 ° C. Table 9 illustrates the type of vibration and nature of functional group present 

in the sample. Similarly Figure 44 and 45 shows the FTIR spectrum of oil produced from the 

decomposition of PP and LDPE plastic in the presence of zeolite as a catalyst at temperature 650 ° 

C. These spectra resemble very much the spectrum obtained from HDPE plastic oil. Oil obtained 

from the decomposition of all types of plastics mostly contained alkanes and alkenes and these 

results are consistent with Gas Chromatography (GC). 

 
Figure 43: FTIR spectrum of oil obtained from HDPE in the presence of zeolite as a catalyst at 650 

° C. 
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TABLE 9  

FTIR SPECTRUM OF OIL OBTAINED FROM HDPE IN THE PRESENCE OF ZEOLITE AS A 
CATALYST AT 650 ° C. 

Wave number (cm -1) 
 

Type of vibration Nature of functional group 

2955 C-H stretching 
 

Alkane 
 

2924 C-H Stretching 
 

Alkane 
 

2854 
 

C-H stretching 
 

Alkane 
 

1642 
 

C=C stretching 
 

Alkene/fingerprint region 
 

1461 
 

C=C stretching 
 

Alkene/fingerprint region 
 

1377 C=C stretching 
 

Alkene 

966 
 

C-H Bending 
 

Alkene 
 

722 
 

C-H bend 
 

Alkenes Bands 
 

 
 

 
 

Figure 44: FTIR spectrum of oil obtained from LDPE in the presence of zeolite as a catalyst at 
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650°C. 

 

 
 
Figure 45: FTIR spectrum of oil obtained from PP in the presence of zeolite as a catalyst at 650°C. 

 
4.2 UV-vis Analysis 

Oil samples prepared earlier were tested using UV-vis spectroscopy to estimate the 

absorbance characteristics of each sample. 4 random samples from each plastic type was selected 

for UV-vis characterization. Almost every sample has shown the same spectrum. For the sake of 

simplicity, only one spectrum for oil from each type of plastic is shown here. Figure 46 shows that 

the oil sample obtained by heating HDPE at 650 °C with zeolite as a catalyst and catalyst precursor 

ratio of 1:10  showed  maximum absorbance of 2.951 at a wavelength of 304 nm (λmax= 304 nm). 

UV-vis spectrum result for almost all the samples were consistent and exhibited more or less 

similar characteristics in terms of absorbance and wavelength.  
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Figure 46: UV-vis graph of oil from HDPE 

Figure 47 shows that oil sample obtained by heating PP at 450 °C with Cloisite 30 B as a 

catalyst and catalyst precursor ratio of 1:5 was found showed maximum absorbance of 2.943 at a 

wavelength of 304 nm (λmax= 304 nm). UV-vis spectra result for all the samples were consistent 

and exhibited similar characteristics in terms of absorbance and wavelength. 

 
Figure 47: UV-vis graph of oil from PP 

Figure 48 shows that the oil sample obtained by heating LDPE at 450 °C with MgSi as a 

catalyst and catalyst precursor ratio of 1:5 showed maximum absorbance of 2.97 at a wavelength of 

307 nm (λmax= 307 nm). UV-vis spectra result for all the samples were consistent and exhibited 
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more or less similar characteristics in terms of absorbance and wavelength. 

 

Figure 48: UV-vis graph of oil from LDPE 

4.3 Gas Chromatography 

The GC analysis of the oil samples obtained from waste HDPE, PP, and LDPE was carried 

out to verify the exact composition of the oil. The peaks near the start of the GC analysis show 

smaller chain hydrocarbons and as time passes larger chain hydrocarbons become more visible in 

the graph. These peaks are formed once a compound in any mixture reaches the detector. Since in a 

mixture, there are different compounds, some of them interact more and some less with phase in 

capillary column. Compounds which interact less with capillary column reach the detector first and 

form early peaks whereas compounds interacting more with capillary column reach the detector 

late and form late peaks. In any gas chromatograph, x-axis is minutes while y-axis is mVolts. 

Based on retention times (time from mixture injection to detection), compounds are compared to 

retention times of different compounds in the library and retention time of the closest compound is 

the compound under observation. The very first peak in all the chromatographs below is solvent 

peak and is not of interest. The GC for the fuels from all types of plastics is pretty consistent with 

FTIR and are in fuel range and can be seen in Figures 49,50, and 51 for HDPE, PP, and LDPE 
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respectively. Similarly, Tables 10, 11, and 12 shows the compounds found in oil samples formed 

from different plastic types.  

  
Figure 49: GC of oil obtained from waste HDPE 
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TABLE 10 

COMPOUNDS FOUND IN GC CHROMATOGRAPH OF OIL OBTAINED FROM WASTE 
HDPE 

Peak 
Number 

Retention 
Time (min) 

Compound Name Compound Formula 

3 2.05 1-Hexane, 2-methyl- C7H14 
4 2.95 1-Nonene C9H18 
5 3.56 1-Hexane, 2-methyl- C7H14 
6 3.90 Nonane C9H20 
7 4.46 Decane C10H22 
8 4.74 Heptane, 4-Methyl- C8H18 
9 5.97 1-Undecene C11H22 
10 6.10 Undecane C11H24 
11 7.50 1-Dodecene C12H24 
12 8.86 Dicyclopropyl carbinol C7H12O 
13 8.96 1-Tridecene C13H26 

14 9.076 Tridecane C13H28 
15 10.336 1-Tetradecene C14H28 
16 10.87 Ethanone, 1-(1,2,2,3-

tetramethylcyclopentyl)-, (1R-cis)- 
 

C11H20O 

17 11.628 1-Pentadecene C15H30 
18 12.09 1b,5,5,6a-Tetramethyl-octahydro-1-

oxa-cyclopropa[a]inden-6-one 
C13H20O2 

19 12.934 1-Heptadecene C17H34 
20 14.082 Hexadecane C16H34 
21 14.39 2-Piperidinone, N-[4-bromo-n-butyl]- C9H16BrNO 
22 15.37 Undecane, 1,2-dibromo-2-methyl- C12H24Br2 

23 17.133 Eicosane C20H42 
24 18.083 Heneicosane C21H44 
25 19.863 Docosane C22H46 
26 20.37 Cyclopentane, (4-octyldodecyl)- 

 
C25H50 

27 21.40 Dodecane, 1-cyclopentyl-4-(3-
cyclopentylpropyl)- 

C25H48 

28 23.39 1-Heptacosanol 
 

C27H56O 

29 27.60 Tetracosanol-1 C24H50O 
30 30.50 1-Nonadecene C19H38 
31 34.20 4,6-Dimethyldodecane C14H30 
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Figure 50: GC of oil obtained from waste PP 
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TABLE 11 

COMPOUNDS FOUND IN GC OF OIL OBTAINED FROM WASTE PP 

Peak 
Number 

Retention 
Time 
(min) 

Compound Name Compound Formula 

3 1.91 Pentane C5H12 
4 1.95 Cyclopropane, 1,2-dimethyl-, cis- C5H10 
5 2.31 Pentane, 2-methyl- C6H14 
6 2.48 1-Pentene, 2-methyl- C6H12 
7 2.99 1,3-Pentadiene, 2-methyl-, (E)- C6H10 
8 3.11 2-Pentene, 3-ethyl- C7H14 
9 3.28 Pentane, 2-bromo-2-methyl- C6H13Br 
10 3.56 1-Hexane, 2-methyl- C7H14 
11 4.74 Heptane, 4-Methyl- C8H18 
12 5.91 Cyclohexane, 1,3,5-trimethyl-, 

(1α,3α,5α)- 
C9H18 

13 5.99 2,4-Dimethyl-1-heptene C9H18 
14 6.88 Dicyclopropyl carbinol C7H12O 
15 8.86 Decane, 4-methyl- C11H24 
16 10.87 2-Undecanethiol, 2-methyl- C12H26S 
17 11.44 1-Isopropyl-1,4,5 trimethylcyclohexane C12H24 
18 12.40 Decane, 2,3,5,8-tetramethyl- C14H30 
19 13.53 1-Nonene, 4,6,8-trimethyl- C12H24 
20 14.39 E-2-Octadecadecen-1-ol C18H36O 
21 15.50 Decane, 2,3,5,8-tetramethyl- C14H30 
22 15.84 1-Decanol, 2-hexyl- C16H34O 
23 16.75 1-Decanol, 2-hexyl- C16H34O 
24 18.67 1-Nonadecanol C19H40O 
25 19.59 Phytol C20H40O 
26 20.28 Heptacosane C27H56 
27 21.03 Acetic acid, 3,7,11,15 

-tetramethyl-hexadecyl ester 
C22H44O2 

28 22.36 Heptacosane C27H56 
29 23.39 1-Heptacosanol C27H56O 
30 25.56 Cyclopentane, (4-octyldodecyl)- C25H50 
31 27.50 Ethanol, 2-(octadecyloxy)- C20H42O2 
32 30.50 17-Pentatriacontene C35H70 
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Figure 51: GC of oil obtained from waste LDPE 
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TABLE 12 

COMPOUNDS FOUND IN GC OF OIL OBTAINED FROM WASTE LDPE 

Peak 
Number 

Retention 
Time 
(min) 

Compound Name Compound Formula 

3 1.73 2-Pentene, 3-ethyl- C7H14 
4 2.05 1-Hexane, 2-methyl- C7H14 
5 2.53 Pentane, 2-methyl- C6H14 
6 2.70 Nonane C9H20 
7 2.93 Pentane, 2-bromo-2-methyl- C6H13Br 
8 3.29 1-Hexane, 2-methyl- C7H14 
9 3.43 Heptane, 4-Methyl- C8H18 
10 3.95 Undecane C11H24 
11 4.32 2,4-Dimethyl-1-heptene C9H18 
12 5.65 1-Dodecene C12H24 
13 5.80 1-Nonene, 4,6,8-trimethyl- C12H24 
14 6.20 Dicyclopropyl carbinol C7H12O 
15 6.86 1-Tridecene C13H26 
16 8.87 Decane, 2,3,5,8-tetramethyl- C14H30 
17 10.44 1-Isopropyl-1,4,5 trimethylcyclohexane C12H24 
18 11.70 1-Tetradecene C13H26 
19 13.53 Hexadecane C16H34 
20 15.39 Decane, 2,3,5,8-tetramethyl- C14H30 
21 15.50 1-Decanol, 2-hexyl- C16H34O 
22 16.84 Eicosane C20H42 
23 16.95 1-Nonadecanol C19H40O 
24 18.59 Phytol C20H40O 
25 19.28 Ethanol, 2-(octadecyloxy)- C20H42O2 
26 20.60 Docosane C22H46 
27 20.90 Cyclopentane C25H50 
28 21.80 Heptacosane C27H56 
29 25.20 Dodecane, 1-cyclopentyl-4-(3-

cyclopentylpropyl)- 
C25H48 
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CHAPTER 5 

CONCLUSIONS & FUTURE WORK 

 
5.1 Conclusions 

 
Oil was formed from waste plastics successfully using different types of plastics in the 

presence of various catalysts at different temperatures and plastic to catalyst ratios. Recycled high 

density polymer ethylene (HDPE), polypropylene (PP), and low density polymer ethylene (LDPE) 

pellets were used in the study with powdered Zeolite Y, Magnesium silicate, and Cloisite 30B. 

The temperatures used for this experiment were 450 and 650 °C whereas plastic to catalyst ratios 

were 1:10 and 1:5. Liquid oil, residue, and gases are formed during pyrolysis of plastic in the 

presence of a catalyst. In every case, each fraction was measured to carry out mass balance. Data 

revealed that PP yielded most liquid oil in grams whereas HDPE and LDPE yielded comparable 

quantity of oil. In addition to this, secondary pyrolysis had to be carried out for HDPE and LDPE 

because primary pyrolysis resulted in very large amount of solid residue. As a result of secondary 

pyrolysis, this wax was further decomposed into liquid oil. Results also revealed that the best 

catalyst was zeolite as it produced most liquid oil. Similarly, for liquid oil yield, optimum 

temperature was 450 °C whereas catalyst to plastic ratio was 1:5. It was also evident from the data 

that formation of gases was dominant at higher temperatures. Additionally, Cloisite 30B and 

MgSi were successfully used as new catalysts for the pyrolysis process. In case of HDPE, oil 

yield with zeolite was 71% whereas it was 68% and 67% in the case of MgSi and Cloisite 30B 

respectively.  Zeolite with PP produced better results as it produced 75% oil whereas yield was 

70% and 65% in case of MgSi and Cloisite 30B respectively. Zeolite with LDPE produced about 

70% oil whereas yield was 66% and 65% in case of MgSi and Cloisite 30B respectively.   

FT-IR, UV-vis, GC, and optical microscopy were employed as analytical tools to find out 
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the composition and characteristics of oil. FT-IR analysis revealed that the oil obtained from the 

decomposition of almost every type of plastic mostly contained alkanes and alkenes. UV-vis of 

the oil samples shows that the oil obtained by heating HDPE was found to be of maximum 

absorbance 2.951 at a wavelength of 304 nm (λmax=304nm). Similarly, PP oil has maximum 

absorbance 2.943 at a wavelength of 304 nm (λmax=304 nm) and LDPE oil has maximum 

absorbance 2.97 at a wavelength of 307 nm (λmax=307 nm). Comparatively, UV-vis spectra 

result for all oil types are consistent and exhibit more or less similar characteristics in terms of 

absorbance and wavelength. GC analysis exhibit the similar peaks in the spectra for all the 

samples. Peaks at the beginning of GC show smaller chain hydrocarbons and as time passes larger 

chain hydrocarbons become more visible in the graph. The GC for the fuels from all types of 

plastics is pretty consistent with FTIR and are in fuel range. 

5.2 Future Work 
 

Further research should be geared towards improving the efficiency of the system. In 

present system, energy is being wasted in the environment which could be saved. Furthermore, 

the use of distillation worm should be avoided. When gases crash cool, they make a blob of wax 

with all kinds of mixed fractions that are not sortable and are useless. To prevent the formation of 

wax bulb, reflux fractional distillation column should be used for separation of different fractions. 

Additionally, further investigation of heat rate and pressure is necessary as they are two of the 

most important factors which affect the yield and composition of the fuel.  Economic analysis of 

the process should be carried out in future to see if it feasible to convert plastic into oil on 

commercial scale.



67 
  

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

REFERENCES 



68 
 

REFERENCES 
 
 
[1] Kunwar et al., Renewable and Sustainable Energy Reviews 54 (2016) 421-428 

[2] An Introduction To Plastic Recycling [Internet]. 1st ed. Tokyo: Plastic Waste Management   
Institute; 2009 [cited 2016 Feb 7]. Available from: 
https://www.pwmi.or.jp/ei/plastic_recycling_2009.pdf 

 
[3] Passamonti FJ, Sedran U. Recycling of waste plastics into fuel, LDPE Conversion in FCC. 

Applied Catalogue B: Environ 2012:125:499-506 
 
[4] Panda AK, Singh RK, and Mishra DK. Thermolysis of waste plastic to liquid fuel: A 

suitable method for plastic waste management and manufacture of value added products – A 
world prospective. Renew Sustain Energy Rev 2010; 14(1):233-48. 

 
[5] Ocean recovery alliance, Plastics-to-fuel project developer’s guide. 2015. Available from: 

http://www.oceanrecov.org/assets/files/Valuing_Plastic/2015-PTF-Project-Developers-
Guide.pdf 

 
[6] Chanda, M., Advanced polymer chemistry: a problem-solving guide. 2000, New York 

[u.a.]: Marcel Dekker. 
 
[7] Ciliz, N.K., E. Ekinci, and C.E. Snape, Pyrolysis of virgin and waste polypropylene and its 

mixtures with waste polyethylene and polystyrene. Waste Management, 2004. 24(2): p. 
173-181. 

 
[8] Demirbas, A., Pyrolysis of municipal plastic wastes for recovery of gasoline-range 

hydrocarbons. Journal of Analytical and Applied Pyrolysis, 2004. 72(1): p. 97-102.  
 
[9] Karaduman, A., et al., Flash pyrolysis of polystyrene wastes in a free-fall reactor under 

vacuum. Journal of Analytical and Applied Pyrolysis, 2001. 60(2): p. 179-186.  
 
[10] Shah, N., J. Rockwell, and G.P. Huffman, Conversion of waste plastic to oil: Direct 

liquefaction versus pyrolysis and hydroprocessing. Energy and Fuels, 1999. 13(4): p. 832-
838.  

 
[11] Mastral, F.J., et al., Pyrolysis of high-density polyethylene in a fluidized bed reactor. 

Influence of the temperature and residence time. Journal of Analytical and Applied 
Pyrolysis, 2002. 63(1): p. 1-15.  

 
[12] Aguado, J., et al., Catalytic conversion of polyolefins into fuels over zeolite beta. Polymer 

Degradation and Stability, 2000. 69(1): p. 11-16.  
 
[13] Uemichi, Y., et al., Conversion of polyethylene into gasoline-range fuels by two-stage 

catalytic degradation using silica-alumina and HZSM-5 zeolite. Industrial & Engineering 
Chemistry Research, 1999. 38(2): p. 385-390. 

https://www.pwmi.or.jp/ei/plastic_recycling_2009.pdf
http://www.oceanrecov.org/assets/files/Valuing_Plastic/2015-PTF-Project-Developers-Guide.pdf
http://www.oceanrecov.org/assets/files/Valuing_Plastic/2015-PTF-Project-Developers-Guide.pdf


69 
 

REFERENCES (continued) 
 

 
[14] Arena, U. and M.L. Mastellone, Fluidized Bed Pyrolysis of Plastic Wastes, in Feedstock 

Recycling and Pyrolysis of Waste Plastics, J.S.A.W. Kaminsky, 2006, John Wiley & Sons, 
Ltd: Caserta, Italy. p. 440. 

 
[15] Aguado, J., et al., Enhanced production of &alpha;-olefins by thermal degradation of High-

Density Polyethylene (HDPE) in decalin solvent: Effect of the reaction time and 
temperature. Industrial and Engineering Chemistry Research, 2007. 46(11): p. 3497-3504. 

 
[16] Uemura, Y., et al., Flash-pyrolyzed product distribution of major plastics in a batch reactor. 

Journal of Chemical Engineering of Japan, 2001. 34(10): p. 1293-1299.  
 
[17] McMurry, J., Organic Chemistry. Fifth edition ed. Vol. 5. 2000, Pacific Grove: 

Brooks/Cole. 172. 
 
[18] Hernández, M.d.R., et al., Effect of residence time on volatile products obtained in the 

HDPE pyrolysis in the presence and absence of HZSM-5. Industrial and Engineering 
Chemistry Research, 2006. 45(26): p. 8770-8778.  

 
[19] Aguado, J., et al., Catalytic conversion of low-density polyethylene using a continuous 

screw kiln reactor. Catalysis today, 2002. 75(1-4): p. 257-262.  
 
[20] Gao, F. (2010). Pyrolysis of Waste Plastics into Fuels (Doctoral Dissertation). Available 

from: 
https://ir.canterbury.ac.nz/bitstream/handle/10092/4303/Thesis_fulltext.pdf;sequence=1 

 
[21] US Geological Survey: Zeolites Statistics and Information: A summary of world zeolite 

production and uses. 2016. 
 
[22] Faravelli, T., et al., Gas product distribution from polyethylene pyrolysis. Journal of 

Analytical and Applied Pyrolysis, 1999. 52(1): p. 87-103. 
 
[23] Panda AK, Singh RK, Mishra DK. Thermolysis of waste plastics to liquid fuel: A suitable 

method for plastic waste management and manufacture of value added products-A world 
prospective. Renew Sustain Energy Rev 2010; 14 (1):233–48. 

 
[24] Buekens AG, Huang H. Catalytic plastics cracking for recovery of gasoline-range 

hydrocarbons from municipal plastic wastes. Resour Conserv Recycl 1998; 23(3):163–81. 
 
[25] Senthil Kumar, P., Bharathikumar, M., Prabhakaran, C. et al. Int J Energy Environ Eng 

(2015). Doi: 10.1007/s40095-015-0167-z 
 
[26] Miskolczi N, Angyal A, Bartha L, Valkai I. Fuels by pyrolysis of waste plastics from 

agricultural and packaging sectors in a pilot scale reactor. Fuel Process Technol 2009; 90(7–
8):1032–40. 

https://ir.canterbury.ac.nz/bitstream/handle/10092/4303/Thesis_fulltext.pdf;sequence=1
http://minerals.usgs.gov/minerals/pubs/commodity/zeolites/index.html


70 
 

REFERENCES (continued) 
 
 

[27] Ding W, Liang J, Anderson LL. Hydrocracking and hydroisomerization of high-density 
polyethylene and waste plastic over zeolite and silica–alumina-sup-ported Ni and Ni-Mo 
sulfides. Energy Fuels 1997; 11(6):1219–24. 

 
[28] Scott DS, Czernik SR, Piskorz J, Radlein DSAG. Fast pyrolysis of plastic wastes.Energy 

Fuels 1990; 4(4):407–11. 
 
[29] Murata, K., K. Sato, and Y. Sakata, Effect of pressure on thermal degradation of 

polyethylene. Journal of Analytical and Applied Pyrolysis, 2004. 71(2): p. 569-589. 
 
[30] Uemichi, Y., et al., Conversion of polyethylene into gasoline-range fuels by two-stage 

catalytic degradation using silica-alumina and HZSM-5 zeolite. Industrial & Engineering 
Chemistry Research, 1999. 38(2): p. 385-390.  

 
[31] Wunderlich, B., Thermal analysis of Polymeric Materials. 2005, Berlin: Springer. 
 
[32] Baker, A.-M.M. and J. Mead, Thermoplastics, in Modern Plastics Handbook, C.A. Harper. 

2000, McGraw-Hill: Lutherville.  
 
[33] Scheirs, J. and W. Kaminsky, Feedstock recycling and pyrolysis of waste plastics: 

converting waste plastics into diesel and other fuels. Wiley series in polymer science, ed. J. 
Scheirs. 2006, Australia: John Wiley & Sons, Ltd. 

 
[34] Marongiu, A., T. Faravelli, and E. Ranzi, Detailed kinetic modeling of the thermal 

degradation of vinyl polymers. Journal of Analytical and Applied Pyrolysis, 2007. 78(2): p. 
343-362. 

 
[35] Lee, K.H., Thermal and Catalytic Degradation of Waste HDPE, in Feedstock Recycling and 

Pyrolysis of Waste Plastics, J. Scheirs and W. Kaminsky, Editors. 2006, John Wiley & 
Sons, Ltd: Korea. p. 130. 

 
[36] Miranda, R., et al., Vacuum pyrolysis of commingled plastics containing PVC. I. Kinetic 

study. Polymer Degradation and Stability, 2001. 72(3): p. 469-491. 
 
[37] Alston SM, Clark AD, Arnold JC, Stein BK. Environmental impact of pyrolysis of mixed 

WEEE plastics Part 1: experimental pyrolysis data. Environ Sci Technol 2011; 
45(21):9380–5. 

 
[38] Williams PT, Slaney E. Analysis of products from the pyrolysis and liquefaction of single 

plastics and waste plastic mixtures. Resour Conserv Recycl 2007; 51(4):754–69. 
 
[39] Wddin, M.A., Koizumip, K., Murata, K., Sakata, Y.: Thermal structurally and catalytic 

degradation of different types of polyethylene into fuel oil. Polym Deg Stab 56, 37–44 
(1997). 



71 
 

REFERENCES (continued) 
 
 

[40] Sharma, BK., et al., Production, Characterization, and fuel properties of alternative diesel 
fuel from pyrolysis of waste plastic grocery bags, Fuel process Technology 2014; 122:79-90 

 
[41] Miller SJ. Process for converting waste plastic into lubricating oils. US patent 6822126; 

2004. 
 
[42] Philipson J. Conversion of municipal solid waste to high fuel value. US patent 7, 252, 691 

B2:2007. 
 
[43] Guffey FD, Barbour FA. Process for waste plastic recycling.US patent 6,862,568B1; 2005. 
 
[44] BelgiornoV De Feo G, Della Rocca C, Napoli RMA. Energy from gasification of solid 

wastes. Waste Management 2003; 23(1):1–15. 
 
[45] William PT, Slaney E. Analysis of products from the pyrolysis and liquefaction of single 

plastics and waste plastic mixtures. Resource Conservation Recycling 2007; 51(4):754-69. 
 
[46] Sharratt PN, Lin YH, Garforth AA, Dwyer J. Investigation of the catalytic pyrolysis of 

high-density polyethylene over a HZSM-5 catalyst in a laboratory fluidized-bed reactor. Ind 
Eng Chem Res 1997; 36(12):5118–24. 

 
[47] Sarker, M, Rashid, MM Molla, M. Waste plastic converting into hydrocarbon fuel 

materials; 2011, p. 18. 
 
[48] Alston SM, Clark AD, Arnold JC, Stein BK. Environmental impact of pyrolysis of mixed 

WEEE plastics Part 1: experimental pyrolysis data. Environmental Science Technology 
2011; 45(21):9380–5. 

 
[49] Sharma BK, Moser BR, Vermillion KE, Doll KM, Rajagopalan N. Production, 

characterization and fuel properties of alternative diesel fuel from pyrolysis of waste plastic 
grocery bags. Fuel Process Technology 2014; 122:79–90. 

 
[50] Buekens AG, Huang H. Catalytic plastics cracking for recovery of gasoline-range 

hydrocarbons from municipal plastic wastes. Resource Conservation Recycling 1998; 
23(3):163–81. 

 
[51] Sarker M, Kabir A, Rashid MM, Molla M, Mohammad ASMD. Waste poly-ethylene 

terephthalate (PETE-1) conversion into liquid fuel. J Fundamental Renewable Energy 
Applications 2011; 1:1–5. 

 
[52] Scott DS, Czernik SR, Piskorz J, Radlein DSAG. Fast pyrolysis of plastic wastes. Energy 

Fuels 1990; 4(4):407–11. 
 
 



72 
 

REFERENCES (continued) 
 
 

[53] Miskolczi N, Angyal A, Bartha L, Valkai I. Fuels by pyrolysis of waste plastics from 
agricultural and packaging sectors in a pilot scale reactor. Fuel Process Technology 2009; 
90(78):1032–40. 

 
[54] Elordi G, Olazar M, Lopez G, Amutio M, Artetxe M, Aguado R, Bilbao J. Catalytic 

pyrolysis of HDPE in continuous mode over zeolite catalysts in a conical spouted bed 
reactor. J Anal Appl Pyrolysis 2009; 85(1–2):345–51. 

 
[55] Uemichi Y, Nakamura J, Itoh T, Sugioka M, Garforth AA, Dwyer J. Conversion of 

polyethylene into gasoline-range fuels by two-stage catalytic degradation using silica–
alumina and HZSM-5 zeolite. Industrial Engineering Chemistry Res 1998; 38(2):3 

 
[56] Kumar et al. Recovery of hydrocarbon liquid from waste high density polyethylene by 

thermal pyrolysis. Brazilian Journal of Chemical Engineering 2011; 28(4): pp 659-667  
 
[57] Khan, M.H.Z., et al. Pyrolytic Waste Plastic Oil and Its Diesel Blend: Fuel Characterization. 

Journal of Environmental and Public Health Volume 2016 (2016), Article ID 7869080. 
 
[58] Hoseini, R., et al. Predicting Pyrolysis Products of PE, PP, and PET Using NRTL Activity 

Coefficient Model. Journal of Chemistry Volume 2013 (2013), Article ID 487676 



73 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX 



74 
 

 

 
 

Figure 52: Working principle of Gas Chromatography 
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Figure 53: Overlaid Chromatogram of HDPE, PP, and LDPE 
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Figure 54: FTIR spectrum of HDPE oil at 450 °C. 
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Figure 55: FTIR spectrum of PP oil at 450 °C.
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Figure 56: FTIR spectrum of PP oil at 450 °C. 


