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IMPROVING IN CORROSION, TRANSPORTATION AND STORAGE PROP-

ERTIES OF REAL WASTE DERIVED PYROLYSIS OIL 

 

 

ABSTRACT 

 

Globally, the energy demand has been steadily increasing. On the other hand, waste 

accumulation has been imposed as a social and environmental problem and mitigate its 

harmful impact had become a necessity. Mixtures of real waste plastic, paper (cardboard, 

newspaper) and biomass were pyrolyzed under mild conditions in a bench-scale batch 

and horizontal tubular reactor. In order to improve the product properties red mud, cal-

cium hydroxide, and nickel-loaded zeolite catalysts (Ni/ZSM-5 and Ni/SAPO-11) were 

used for in-situ upgrading of the pyrolysis products. The composition of gases and pyrol-

ysis oils was followed by GC-TCD, GC-FID, HPLC, EDXRFS and standardized meth-

ods. It was found that the gas yields could be increased and the oil properties have been 

improved (higher energy density, higher concentration of branched compounds, lower 

C/H ratio and lower contaminants) by using different catalyst mixtures. Contaminants 

from raw materials mainly moved to the gaseous fractions.  

Chemical and physical properties involving density, viscosity, solid deposition and 

the total acid number have been followed as evaluation parameters for assessing the sta-

bility and long-term applicability of the waste-derived pyrolysis oils. During the acceler-

ated aging test, the samples were stored in sealed containers for 7 days at 80°C and their 

properties were measured daily. The corrosion properties of the pyrolysis oil were fol-

lowed via copper plate storage at room temperature until 60 days. It was established that 

the waste plastic sourced pyrolysis oils showed considerable higher stability. Contempo-

raneously, the biomass-derived oil density, viscosity and total acid number have increased 

significantly due to the presence of oxygenated and unsaturated compounds. Considera-

bly, the aging properties were more advantageous for pyrolysis oils that accomplished by 

the use of a tubular reactor than that of from batch reactor. 

 

Keywords: wastes, pyrolysis, catalysts, stability, improving, aging test 
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AMÉLIORATION DES PROPRIÉTÉS DE CORROSION, DE TRANSPORT ET DE 

STOCKAGE DE L'HUILE DE PYROLYSE DÉRIVÉE DE DÉCHETS RÉELS 

 

ABSTRAIT 

 

À l'échelle mondiale, la demande d'énergie n'a cessé d'augmenter. D'autre part, 

l'accumulation de déchets a été imposée comme un problème social et environnemental 

et l'atténuation de ses effets néfastes était devenue une nécessité. Dans cette étude, un 

mélange de déchets plastiques réels, déchets papiers (carton, papier journal) et la 

biomasse ont été pyrolysés dans des conditions douces dans un réacteur tubulaire 

discontinu et horizontal continu à l'échelle du banc via un processus thermique et 

catalytique. Afin d'améliorer les propriétés du produit, des boues rouges, de l'hydroxyde 

de calcium et des catalyseurs zéolithiques chargés de nickel (Ni/ZSM-5 et Ni/SAPO-11) 

ont été utilisé dans la valorisation in-situ des produits de pyrolyse. La composition des 

gaz et des huiles de pyrolyse a été suivie par GC-TCD, GC-FID, HPLC, EDXRFS et des 

méthodes standardisées. Il a été constaté que les rendements en gaz pouvaient être 

augmentés et les propriétés de l'huile améliorées (rapport mono-aromatique plus élevé, 

densité d'énergie plus élevée et concentration plus élevée de composés ramifiés, rapport 

C/H inférieur et contaminants plus faibles tels que les composés chlorés et oxygénés par 

utilisation de différents mélanges de catalyseurs. Les contaminants provenant des 

matières premières se sont principalement déplacés vers les fractions gazeuses.  

Les propriétés chimiques et physiques impliquant la densité, la viscosité, les dépôts 

solides et l'indice d'acide total ont été suivies comme paramètres d'évaluation pour évaluer 

la stabilité et l'applicabilité à long terme des huiles de pyrolyse dérivées des déchets. 

Pendant l'essai de vieillissement accéléré, les échantillons ont été stockés dans des 

conteneurs scellés pendant une semaine (7 jours) à 80°C et leurs propriétés ont été 

mesurées quotidiennement. En revanche, dans le cas du test de vieillissement non 

accéléré, les échantillons d'huile ont été conservés dans les mêmes conteneurs pendant 60 

jours à température ambiante et les mêmes paramètres ont été mesurés. Il a été établi que 

les huiles de pyrolyse d'origine plastique usagées présentaient une stabilité 

considérablement plus élevée. En même temps, la densité, la viscosité et l'indice d'acide 

total issus de la biomasse ont augmenté de manière significative en raison de la présence 

de composés oxygénés et de composés insaturés. De façon considérable, les propriétés de 

vieillissement étaient plus avantageuses pour les huiles de pyrolyse que celles obtenues 

par l'utilisation d'un réacteur tubulaire que celles d'un réacteur discontinu. 

 

Mots-clés: déchet, pyrolyse, catalyseurs, stabilité, amélioration, test de vieillissement  
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Introduction 

The utilization of waste polymer is important both from environmental and energetic 

aspects. Chemical recycling looks a prospective way for long term utilization of waste 

polymers. Products could be used as feedstocks for refinery, petrochemical processes or 

chemical synthesis. However, the undesired components in raw materials can deteriorate 

the product properties, e.g. corrosion, transportation and storage properties of the pyrol-

ysis products. One of the main concerns encountered when using pyrolysis oils is their 

poor physical and chemical stability [1,2]. The long term properties of the pyrolysis oils 

can be improved in different ways: pre-situ, in-situ and post-situ. Due to economical and 

technical reasons, there is a great effort to combine the pyrolysis and product quality im-

provement steps in the same operation unit and at the same time. However, the selection 

of catalysts, reaction parameters, or operation units is an important aspect of both the 

process and product development. 

The long term properties of the waste-derived pyrolysis (bio) oils are investigated by 

accelerated aging tests. Especially the change in the flow properties of the products are 

followed by their comparison before and after the aging. The physicochemical character-

istics of oil change over time and can cause an increase in viscosity and a phase separation 

[3]. Regarding the corrosion properties, the TAN and metal plate tests have great im-

portance.  

The main aim of this study is to investigate the effect of different raw materials, 

reactor configurations and catalysts for the in-situ upgrading of pyrolysis oil. Further-

more, the possibility for improvement in corrosion, transportation and storage properties 

of real waste-derived pyrolysis oil is investigated to obtain valuable hydrocarbons for an 

energetic, refinery or even petrochemical application. The corrosion, transportation and 

storage properties of pyrolysis oils were investigated through an accelerated aging test. 
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1. LITERATURE SUMMARY 

1.1. Resources, wastes, energy consumption and sustainability 

1.1.1. Resources 

Human life has been dramatically depending on the natural resources for 200,000 

years when life had been beginning on Earth. However, well shown a massive increase 

in energy and resource dependence has been demonstrating especially since the industrial 

revolution in the XVIII century. On the other hand, civilization and modern societies 

cause numerous problems; e.g. exhausting the natural resources (especially fossils), de-

stroying nature, polluting the air which is considered as irreversible changes in the climate 

[4–7]. The natural resources are physical assets, which can not be obtained by artificially 

and are useful to humans. The natural resources could be classified according to Figure 

1.1. 

 

Figure 1.1 

The natural resources 

Regarding the fossil resources, they include minerals, fossil energy, metal ores and 

biomass, which are required for most human activities. Fossil energy, metal ores and 

minerals are non-renewable. On the other hand, biomass including agricultural crops 

(fast-renewing resources) and wood (slow-renewing), which are renewable within the hu-

man time scale. The environmental media (e.g. water, soil, air, sand, rock, stone, sedi-

ment, etc.) has a considerable impact on sustainability on the Earth, and the loss of quality 

remains the main source of concern. Renewable resources can not be exhausted but other 

inputs or resources are needed to exploit them  [8]. 

1.1.2. Energy consumption and sustainability 

Energy has crucial importance for the economy, industry, and most aspects of human 

life. The energy consumption of the World increased in the past and according to the 

forecasts, it has an increasing tendency in the future. However, the energy consumption 
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is fundamentally affected by the population, GDP increasing, society, industrial develop-

ment, etc. Nowadays the main energy sources are still fossil-based, however great differ-

ence could be observed regarding the different regions [9–11]. 

The World's primary energy consumption was around 13,9 Mtoe in 2017 according 

to the IEA. This consumption was 81% based on fossil sourced (32% for oil only). On 

the other hand, the importance of fossil energy sources is declining very slowly (e.g. it 

was 87% in 1973 and 84% in 2018) [12–14]. 

The global CO2 emissions from energy combustion reached 32.8 Gt in 2017, which 

was more than double that of the 1973 level (15.5 Gt CO2). The EIA estimates that the 

increase in global energy consumption will be the consequence of the strong economic 

and demographic growth in developing countries, therefore 46.9% increasing in energy 

consumption is predicted between 2018 and 2050 [15,16] (Figure 1.2).  

 

Figure 1.2 

The global energy consumption [16]  

The sustainable development or sustainability is defined as follows: "Sustainable de-

velopment is the development that meets the needs of the present without compromising 

possibility for future generations to be able to respond to their own needs” [17]. In 1989, 

the Report was the subject of a debate at the United Nations General Assembly, which 

consequently decided to organize a United Nations Conference on Environment and De-

velopment [18].  

From the energy and waste aspect, sustainability has a close connection with the 

waste hierarchy: preventing, reuse, recycling and recovery [19]. However, the reduction, 
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storage and utilization of harmful components is covered by the area of sustainability; 

improving in energy and material efficiency and process design; material/energy substi-

tution or materials from renewable sources; sustainable energy holders, or even sustaina-

ble waste management (Figure 1.3). 

 

Figure 1.3 

Environmental sustainable development [16] 

The long-term recycling of waste is not only an aspect of sustainability but also of 

energy security or environmental protection. In addition to reducing waste, optimized 

waste management and advanced technologies are also key factors [20,21]. One of the 

key issues for sustainability is how we can provide the energy needed for the population. 

Due to the limited availability of fossil energy sources and the environmental problems 

caused by their usage, the research and application of alternative, cleaner and sustainable 

energy sources have an important role [22,23]. 

1.1.3. Wastes 

The term "wastes" is described by many definitions. When something loses its pri-

mary function for a user, it will become waste; however, the waste of one can serve as 

secondary raw materials for the manufacture of other products and even goods for other 

people or communities. From the economic point of view, waste is defined as an object 

or a material with an economic value of null or negative [22]. This is relative to the state 

of the technological art and the location of its generation. In recent years, waste tends to 

become a valuable product, e.g. they can be used as raw materials or energy sources for 

further up to date processes. Furthermore, waste reusing and recycling is one of the key 

elements of the circular economy. 
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There are many classifications for wastes, but they are not universal. They can be 

classified in different ways according to the objectives and interests (Figure 1.4). A very 

detailed classification of the waste according to their origins is made by The Encyclopedia 

“les Techniques de l’ingénieur” [23].  

 

Figure 1.4 

Classification of wastes [23] 

Wastes should be accidental (inevitable dysfunctions of production and consumption 

systems), biological, chemical (by-products or unusable products of chemical reactions), 

ecological (very close to the pollution and environmental aspects), economical (close 

connection with the durability of products, objects and machines generate a loss in the 

market and economy) or technological (rejected items, mass flows from different pro-

cesses). 

1.2. The problems of waste polymers 

Polymers should be natural or artificial origin: plastics, biomass, paper, rubber, bone, 

etc. The environmental issues of the polymers are in the focus of waste management, 

because of their unfavoured decomposition properties. 

1.2.1. Plastic 

Nowadays plastics are important materials in many sectors; e.g. packaging, textiles, 

toys, sports goods, electrical and electronic appliances, etc. The global plastic production 

is 350 million metrics tons, with an annual growth rate of around 5% [24]. Most of the 

plastics are obtained from non-renewable fossil sources [25]. Based on statistical data, 

the average composition of waste plastics are 41% LDPE and HDPE, 24% PP, 14% PET, 
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7% PS, 3% PVC and 11% others (Figure 1.5) [26,27]. However, the composition of waste 

plastics is considerably affected by the application area. Waste plastic from the packaging 

sector consists of dominant polyolefins (HDPE, LDPE, PP), WEEE has mainly ABS, PS, 

PC, SAN, ELV plastic waste contain PP, PA, ABS, PS, PUR, while plastic waste from 

civil engineering and construction has a vast amount of PVC, PS and PUR [27,28].  

 

Figure 1.5 

The composition of plastic wastes [26,27] 

The major problem with waste plastics is that they can not be degrading due to their 

unique structure. As a result, plastics reaching the end of their life cycle and released into 

the environment are accumulated everywhere. However, waste plastics are valuable sec-

ondary raw materials because of their high-energy content. This means that significant 

energy and release pollutants into the environment can be saved by their proper recycling. 

In addition to degradation problems, the heterogeneous composition of waste plastics and 

the problem of selective sorting are considered as the main difficulties [29]. 

1.2.2. Biomass 

Biomass is a generic term for organic matter; biological, living or dead plants that 

are partially integrated into the ecosystem can be used for energy purposes [30]. Due to 

the negative CO2 emission, biomass not participates in global warming [31]. It is well 

known, that the energy of the sun is used to convert carbon dioxide and water into biomass 

in a process known by photosynthesis. The yearly amount of the generated waste biomass 

is around 170 billion tons and the largest proportion of biomass is lignocellulose [32]. 

The biomass structure contains cellulose (about 50%), hemicelluloses (about 25%) and 

lignin (about 25%), while it has small amounts of mineral matter. Their proportions can 

be extremely depending on the plant, age and growing conditions, soil, climate, fertilizers, 

etc. [33]. The main compositions of the different biomasses are summarized in Table 1.1.  
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Table 1.1 

The main properties of biomass [34] 

 Cellulose, % Hemicellulose, % Lignin, % Extractive substances, % Ash, % 

Hardwood 39 35 20 3 0.3 

Peat 10 32 44 11 6.1 

Pine bark 34 16 34 14 2.0 

Rice husk 30 25 12 18 16.1 

Softwood 41 24 28 2 0.4 

Wheat straw 40 28 17 11 7.2 

 

The different proportions of the constitutions in biomass led to differences in mois-

ture content, calorific value, fixed carbon and volatile matter, mineral content, etc. These 

differences are fundamentally affecting the further utilization of biomass, especially for 

energy purposes [35–37]. 

One of the biggest problems with biomass is that every year a significant amount of 

biomass is generated, especially in agriculture, which reusing is not solved. Table 1.2 

summarizes the biomasses with the highest amount from different sources.  

Table 1.2 

The main sources of biomass and their properties 

Biomass C, % H, % O, % N, % LHV (MJ/kg) Ref 

Peanut shell 56.5 6.6 35.3 1.5 18.5 [40] 

Palm shell 54.4 7.5 35.6 2.0 21.5 [41] 

Cashew shell 56.4 7.1 33.5 0.6 21.9 [42] 

Millet stalks 51.6 6.4 40.6 1.3 18.1 [43] 

Sorghum stalks 46.1 5.8 40.3 0.4 16.6 [43] 

Corn stalks 44.0 6.3 41.8 0.8 14.9 [44] 

Rice husk 42.8 4.5 29.3 0.4 14.9 [45] 

Cotton stalks 49.4 6.3 43.5 0.8 16.7 [46] 

Bituminous coals 85.0 5.0 7.0 1.8 34.1 [47] 

 

In many places, this type of waste biomass is simply incinerated, causing significant 

air pollution problems. The other significant waste biomass source is the biomass part of 

the municipal solid waste, which further value-added utilization is not currently solved 

[38,39].  
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1.2.3. Paper 

Chemically, paper and cardboard are kinds of biomass, because of their cellulose 

content. Recently at least three main types of paper are used worldwide: paper for news-

paper, books, copy machine or printers, the cardboard and paper for other purposes (e.g. 

sanitary paper, napkin, packaging paper, etc.). The annual production of paper is around 

400 million tonnes [48]. The main properties of the most used papers are summarized in 

Table 1.3 [49]. 

Table 1.3 

The main properties of the paper and cardboard [49] 

 C, % H, % O, % N, % Ash, % Fixed carbon Volatiles, % 

Paper 39.4 5.4 44.6 0.6 10.0 17.0 68.0 

Cardboard 40.6 5.7 47.2 0.5 6.0 18.0 71.0 

 

There are several methods of recycling or reusing paper waste. On the other hand, 

paper waste that is not selectively collected and found mixed with other wastes can cause 

significant problems. Due to the high efficiency of the paper sorting, a vast amount of 

papers are recycled [50] 

1.2.4. Municipal Solid Waste 

The municipal solid waste is a mixture of different materials containing mainly cel-

lulose. The composition of MSW is shown in Figure 1.6 [50]. 

 

Figure 1.6 

The composition of MSW [50] 

As the figure shows, MSW consists of mainly biomass wastes (~1/3 part of the 

MSW) and paper which are made of cellulose. According to statistics, approximately 3.5 
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billion tonnes of MSW are generated worldwide each year [51]. The main properties of 

MSW are summarized in Table 1.4 [52]. The composition of MSW varies greatly de-

pending on countries, regions, living standards, economic conditions, environmental de-

velopment, etc. One of the biggest problems with MSW is the heterogeneity and variable 

composition, which significantly limits the deployment and technical-economic charac-

teristics of a given technology. The elementary composition of raw materials is useful 

because it helps to anticipate the chemical and phisical properties of the pyrolysis prod-

ucts. 

Table 1.4 

The main properties of MSW [52] 

 C, % H, % O, % N, % S, % Ash, % 

Paper  43.5 6 44 0.3 0.2 6 

Plastics  60 7.2 22.8 - - 10 

Food waste 48 6.4 37.6 2.6 0.4 5 

Ward waste 47.8 6 38 3.4 0.3 4.5 

Textiles 55 6.6 31.2 4.6 0.2 2.5 

Rubber  78 10 - 2 - 10 

Wood  49.5 6 42.7 0.2 0.1 1.5 

Glass  0.5 0.1 0.4 ≤0.1 - 98.9 

Metal  4.5 0.6 4.3 ≤0.1 - 90.5 

Dust, ash  26.3 3 2 0.5 0.2 68 

1.3. Processes for waste polymer utilization 

1.3.1. Landfilling 

Landfilling consists of monitoring, depositing and compacting the waste [53]. How-

ever, this option of management by ultimate storage is also associated with negative im-

pacts on the environment and risks to public health, due to the multiple activities that take 

place at the landfill site and the products that are released to the environment. 

The main products of the landfill process are landfill gas and leachate. Landfill gases 

are mainly the consequence of microbial degradation of waste or the chemical reactions 

within the different waste components. Because of the landfill gas including methane and 

carbon dioxide, it is responsible for more than 18% of global warming [54,55]. Moreover, 

landfill gas also contains other trace gaseous elements that can be toxic, even at low con-

centrations. The combustible gas can be recovered as an energy source.  
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The leachate produced by the landfill process contains a significant amount of or-

ganic matter in solution and suspension; ammonium ions and inorganic ions, which can 

cause environmental risks [56]. Depending on the operation conditions, numerous ways 

of waste treatment are implemented, thus contributing to the environmental and health 

harmfulness linked to storage. The uncontrolled release of leachate can percolate to 

groundwater or migrate to surface water [57]. 

1.3.2. Mechanical recycling 

The mechanical recycling of plastic wastes consists of many steps from sorting to 

shaping. This type of waste utilization is advantageous for non-contaminated, highly se-

lectively collected waste plastics [51]. One of the most disadvantageous of mechanical 

recycling, that mixture of plastic wastes is not recycled or even the interfacial forces must 

be improved by surface modifying additives e.g. by compatibilizers. The compatibilizers 

can efficiently create a physical or chemical linkage between the different plastic constit-

uents of the polymer blends [52,58]. The recycled materials often have lower value and 

worst properties than the original (downcycling). On one hand, most of the selectively 

collected plastic from packaging is mechanically recyclable, however, they have some 

limitations [59]. One of the most limitation for mechanical recycling is the low efficiency 

in selective waste collection and separation, the high raw material price, the non-compat-

ible constituents or even the custumer acceptance of the recycled products. 

1.3.3. Chemical recycling by solvents 

The chemical recycling is a depolymerization process when the long chains of the 

polymers (e.g. plastic, biomass, etc.) are decomposed under certain conditions. In the case 

of the chemical initiated decompositions, the elementary part of the polymers (e.g. plas-

tics) can be recovered. Depending on the nature of these plastics, chemical recycling can 

take different forms. In the case of dissolution, the polymer chains can be recovered by 

solvent [60]. 

1.3.4. Thermal processes 

Polymer wastes can be utilized by thermal processes; incineration, gasification or 

pyrolysis depending on the parameters. The oxidizing of solid waste by combustion is 

called as incineration. Gasification is also an oxidizing process, but the temperature is 
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higher than in the case of incineration and the main product is the gaseous fraction. The 

pyrolysis of wastes is a process exclusion of oxygen or air. 

1.3.4.1. Incineration 

The incineration of MSW can reduce the volume of waste by approximately 90%, 

and recover most of the energy contained in it (about 2,300 kWh/t) [60]. The non-com-

bustible substances (metals, glass, ceramics, minerals and inorganic matter, etc.) are 

found in slag and incineration residues, which are potentially hazardous residuals [62]. 

According to Kim et al., fly ash contains a large proportion of particles between 1 and 

100 μm [63]. The main inorganic contaminants are As, Cd, Hg, Mo, Pb and Zn [64,65]. 

The presence and concentration of these contaminants depend on the type of residue [66], 

the composition of incinerated waste and technology [67]. 

1.3.4.2. Gasification 

Gasification is partial oxidation of wastes at a temperature between 800-1300°C. 

Gasification generates mainly H2, CO and CO2 [68]. Due to the presence of water (mainly 

from biomass and paper raw material) and the in-situ generated CO2, the oxidation reac-

tions in the presence of water vapor or CO2 are endothermic, whereas that of with oxygen 

is exothermic (1.1-1.3) [68-70]. 

CnHm + n H2O ↔ (n + m/2) H2 + n CO (1.1) 

CnHm + x CO2 ↔(n/2) H2 + n+x CO + H2O (1.2) 

C + O2 ↔ CO2 (1.3) 

The main purpose of the gasification of solid biomass, paper or plastic is the synthesis 

gas production, mainly composed of H2, CO, CO2, CH4 and other light hydrocarbons [71]. 

The synthesis gas must be cleaned to remove small particles, alkali metals, tars, conden-

sable hydrocarbons and other contaminants, then it can be used e.g. for energy generation, 

fuel and base oil production (Fischer-Tropsch synthesis), chemical synthesis, hydrogen 

production, ammonia production, methanol production, etc. [72]. The calorific value of 

the synthesis gas is in the range of 4-6 MJ/Nm3 depending on the gas composition [70,73]. 

  



12 

 

1.3.4.3. Pyrolysis 

Pyrolysis is a thermal conversion that takes place in the absence of oxygen led espe-

cially to the cracking of C-C bonds and rearranging the bonds of the products [74]. De-

pending on the reaction conditions and raw materials the main products of the pyrolysis 

are gases (mainly CO, CO2, H2 and C1-C3 hydrocarbons), condensables (bio-oil, tars, etc.) 

or solid char [75–77]. The degradation of molecules is caused by the dissociation of chem-

ical bonds and the production of free radicals [78]. The simplified reactions are summa-

rized in (1.4-1.18).  

R’-R  R’* + *R  (1.4) 

R’-R + Catalyst  R  (1.5) 

R’-CH2-CH*-CH2-R  R’- CH=CH2 + *CH2-R (1.6) 

R’-CH2-CH-CH2-R  R’- CH=CH2 + CH2
-R (1.7) 

R-CH3-CH2*   R-CH2*-CH3 (1.8) 

R-CH2-CH2
  R-CH-CH3 (1.9) 

R’-CH3- CH2*+ R- CH3-R”   R’-CH3- CH3 + R- CH2*-R” (1.10) 

R’-CH3- CH2
+ R- CH3-R”   R’-CH3- CH3 + R- CH2

-R” (1.11) 

R-H  Cyclic  Aromatic  Polyaroatic Coke (1.12) 

R’-CH2- CH2-CH2-R  R’-CH(CH3)-CH2-R (1.13) 

R’- CH2*+ *CH2-R  R’-CH2-CH2-R (1.14) 

R’-CH2-CH2*+ *CH2-R  R’-CH=CH2 + CH3-R (1.15) 

R’-CH2-CH2*+ R-CH2-CH*-CH2- R  R’-CH2-CH3 + R-CH2-CH=CH- R (1.16) 

R’-CH2-CH2
+ CH2-R   R’-CH2-CH2-CH2-R (1.17) 

R’-CH2-CH2
+ R-CH2-CH-CH2- R  R’-CH2-CH3 + R-CH2-CH=CH- R (1.18) 

The way a molecule fragments during pyrolysis and the identity of the fragments 

produced depends on the type of chemical bonds involved and the stability of these frag-

ments. The chain of most synthetic polymers will break more or less randomly to produce 

smaller molecules [79,80]. The primary reactions consist of char formation, depolymeri-

zation and fragmentation [81]. During the primary depolymerization reactions, the raw 

material cracks into smaller fragments, which give volatiles and gases [82,83]. In the 

secondary reactions, the primarily formed compounds might not be stable can still go 
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through cracking and/or recombination reactions [84]. From cracking of the primary mol-

ecules, lighter combinations will be produced while the recombination will give rise to 

the creation of heavier compounds or deposit on external char [85,86]. 

Depending on the operation conditions, the pyrolysis process can be classified into 

conventional (slow) pyrolysis and rapid pyrolysis [87]. Pyrolysis vapors do not escape as 

quickly as in rapid pyrolysis. Thus, the components in the vapor phase continue to react 

with each other. Therefore the main product is the pyrolysis oil in case of fast pyrolysis, 

while typically more amount of gases and char could be obtained from slow pyrolysis. 

The heating rate in conventional pyrolysis is generally less than that of in rapid pyrolysis. 

The raw material can be kept at a constant temperature or heated slowly and the vapors 

can be removed continuously as they are formed. Rapid pyrolysis is a high-temperature 

process in which polymer is rapidly heated in the absence of oxygen [88,89]. 

Catalysts have a key role in the pyrolysis. The catalyst-free thermal pyrolysis requires 

relatively high temperatures; the products are characterized by high molecular weight and 

very wide distribution of the carbon chain with high acidity and viscosity [90–92]. De-

pending on the raw materials, pyrolysis oils contain acids, aldehydes, ketones, aromatics 

and alcohols that can limit its use. Catalysts can improve product quality. The most com-

monly used catalysts are HZSM-5, HUSY and Hβ [93,94], silica-alumina, MCM-41 [95], 

clay [96], metal oxides [97], calcium oxide [98] and calcium hydroxide [99]. The cracking 

capacity of the catalysts depends both on their physical characteristics (textural proper-

ties) and chemical properties (acidic sites). Due to high acidity and shape selectivity ze-

olites can promote the cracking of C-C bonds and determine the chain length of the prod-

ucts obtained [100]. Zeolites are described as crystalline aluminosilicate natural or syn-

thetic sieves with open pores and ion exchange capacities. Their artificial synthesis has 

developed for their specific adsorption, catalysis and ion exchange properties [101]. The 

structure of zeolites is based on a three-dimensional arrangement of TO4 ([SiO4]
4- and 

[AlO4]
5- ) tetrahedron linked by their oxygen atoms [102]. 

1.4. Waste polymer pyrolysis for oil production 

The low-temperature pyrolysis and co-pyrolysis using different feedstocks have 

practical importance for the production of liquid hydrocarbons. Generally 350-400°C is 

used for low temperature and 400-600°C for mild process depending on the pyrolysis 

process. The reaction/residence time is varied depending on the type and amount of the 
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raw material, or even the pyrolysis process. Generally higher operation temperature needs 

less reaction/residence time.  

1.4.1. Materials 

1.4.1.1. Plastic  

Several researchers have shown that plastics have a high perspective to produce an 

enormous amount of liquid oil via pyrolysis process [103]. Table 1.5 summarizes the 

relationship between the pyrolysis oil yield and reaction conditions.  

Table 1.5 

Pyrolysis oil by waste plastic pyrolysis 

Raw material 
Pyrolysis 

oil, % 

Gases, 

% 

Char, 

% 
Process 

Main parame-

ters 
Ref 

LDPE/HDPE 84.3/97.7 15.1/0.9 0.0/0.8 
Thermal/ Catalytic 

(5 % mordenite) 

700°C/450°C 

Fixed-bed 

(batch) reactor 

[104,1085] 

PP 64.9 24.7 10.4 
Catalytic (5% sil-

ica–alumina) 

380°C 

Fixed-bed 

(batch) reactor 

[106] 

PS 89.5 9.9 0.6 Thermal 

580°C 

Fluidized-bed re-

actor 

[107] 

PVC 6.3 84.6 9.1 

Catalytic (Acti-

vated carbon with 

different contents 

of iron) 

520°C 

Fluidized-bed re-

actor 

[108] 

PA 56.8 39.2 0.6 Thermal 

760°C 

Fluidized-bed re-

actor 

[107] 

PET 41.3 38.7 15.6 Thermal 

700°C 

Fixed-bed 

(batch) reactor 

[109] 

PU 50 33 17 Thermal 
1000°C 

fixed-bed reactor 
[110] 

PC 46.4 26.5 24.6 Thermal 

710°C 

Fluidized-bed re-

actor 

[107] 

Polyester 40.0 50.8 7.1 Thermal 

768°C 

Fluidized-bed re-

actor 

[107] 

MPW 50 34 16 
Catalytic (50% 

Natural zeolite)  

450°C two stage 

batch reactor  
[111] 

 

The pyrolysis oils obtained by plastic waste contains mainly hydrocarbons, which 

composition is the dependence of raw material and reaction conditions. In the case of 

non-contaminated plastic waste, the value of pyrolysis oil is significantly high. For ener-

getic purposes especially polyethylene, polypropylene and polystyrene derived pyrolysis 

oils are favoured because they are free from any form of the elements excluded carbon 
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and hydrogen. Regarding the hydrocarbons in pyrolysis oils, they contain especially ali-

phatic saturated and non-saturated hydrocarbons, branched hydrocarbons, cyclic and ar-

omatic compounds. 

Ahmad et al. demonstrated that the pyrolysis of HDPE and PP by using a micro steel 

reactor at 300-400°C resulted in a liquid yield of 81% in the case of HDPE, while 70% 

using PP at 300°C [112]. Bagri and Williams found high oil yield (95%) with low gas 

and char yield in case of LDPE pyrolysis in a fixed-bed reactor at 500°C till 20 min 

[104,105]. High liquid oil yield (93%) has also been attained by Marcilla et al. in a batch 

reactor at 550°C, with a lower heating rate (5°C/min) [113].  

Sakata et al. have reported 80% liquid pyrolysis oil and 6% gas yield in the case of 

PP pyrolysis at a temperature of 380°C [114]. On the other hand, Fakhrhoseini and Das-

tanian found a higher liquid yield of oil (82%) when accomplished PP pyrolysis at 500°C 

[115]. However, a further rise in temperature (over 500°C) can reduce the liquid yield. 

This was confirmed by Demirbas who conducted the PP pyrolysis at a temperature of 

740°C in a batch reactor which leads to 49% liquid yield, 50% gaseous and 1% char [116]. 

Onwudili et al. have examined the pyrolysis of PS in a batch pressurized autoclave reactor 

at the range 300 to 500°C for a one-hour period under 0.31 MPa to 1.6 MPa. They found 

that the pyrolysis resulted in a very high liquid oil yield (97.0%) at an optimum tempera-

ture of 425°C [117]. 

1.4.1.2. Biomass 

Many researchers studied the reaction pathways of biomass into liquid fuel. Three 

key mechanisms are reviewed for pyrolysis of biomass containing char formation, depol-

ymerization and fragmentation [118]. Table 1.6 summarizes the relationship between the 

pyrolysis oil yield and reaction conditions. Besides, to the reaction kinetics and reaction 

mechanism, understanding the correlation of the product distribution with the process 

parameters in the case of biomass pyrolysis is also a key area. The pyrolytic gas contains 

hydrogen, carbon monoxide, carbon dioxide, low carbon number hydrocarbons, SOx, 

NOx, etc. Pyrolysis oil as a dark brown liquid is the principal product, which contains 

hydrocarbons, ketones, aldehydes, phenols, alcohols, esters, furans, alkenes, oxygen or 

even nitrogen compounds. The oxygenated and unsaturated compounds result in high 

thermal instability, and low heating value [119,120].  Pyrolysis oil is a multiphase micro-
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emulsion contains more or fewer solids (<0.5 wt%) comprising condensed carbon resid-

ual material, metals and sand [121,122]. The produced pyrolysis oil yield from biomasses 

is normally in the range of 50-75%. Generally, higher cellulose content increases the 

yields of pyrolysis oil [123]. An enormous number of reactions occur during the biomass 

pyrolysis, including isomerization, depolymerization, dehydration, aromatization, and 

decarboxylation or even coke formation [124–126]. 

Table 1.6  
Pyrolysis oil obtained from biomass (catalyst-free thermal pyrolysis) 

Raw material 
Pyrolysis 

oil, % 

Gases, 

% 

Char, 

% 
Main parameters Ref 

Willow 59 23 18 Auger reactor 450°C [127] 

Wood 60 13 27 Centrifugal reactor 575°C [128] 

Straw 43 20 37 Centrifugal reactor 575°C [128] 

Lignin 39 35 26 Centrifugal reactor 575°C [128] 

Algae 57 19 24 Centrifugal reactor 575°C [128] 

Rice straw 44 36 20 Cicrowave reactor (600°C) [129] 

Sugarcane bagasse 43 40 18 Microwave reactor (600°C) [129] 

Coffee grounds 43 35 21 Mcrowave reactor (600°C) [129] 

Bamboo leaves 44 34 22 Microwave reactor (600°C) [129] 

Pennisetum grass 45 33 22 Microwave reactor (600°C) [129] 

Leucaena wood 45 39 16 microwave reactor (600°C) [129] 

Eastern tree species 55 27 18 Vacuum reactor (450°C) [130] 

Hardwood shavings 63 13 24 Fluidized bed reactor (500°C) [131] 

Birch 54 20 26 Vacuum reactor (450°C) [132] 

Lodgepole pine 55 27 18 Two-step vacuum reactor (450°C) [130] 

White spruce+balsam fir 45 27 28 Vacuum reactor (450°C) [133] 

Spruce wood 40 29 32 Horizontal cylindrical reactor (750°C) [134] 

Corn stover 55 16 32 Free-fall fast pyrolysis reactor (500°C) [135] 

Corn stover 31 15 37 Batch pressure reactor (500°C) [136] 

Wheat straw 46 7 47 Circulating fluidized bed (400°C) [137] 

Soybean cake 30 25 25 Fixed-bed reactor (550°C) [138] 

Switchgrass 57 22 21 Pressure reactor (600°C) [139] 

Switchgrass 61 11 28 Fluidized bed reactor (600°C) [140] 

Soybean 26 51 23 Fixed-bed reactor (400°C) [141] 

Soybean cake 59 18 23 Fixed-bed reactor (550°C) [142] 

Corn stover 62 22 17 Fluidized bed reactor (550°C) [143] 
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1.4.1.3. Paper 

The waste paper contains typically hemicellulose and cellulose [144,145]. The atten-

tion in pyrolysis of wastes papers has augmented in latest years as it offers an option for 

thermal upgrading of waste to higher calorific value hydrocarbon. Table 1.7 summarizes 

the relationship between the pyrolysis oil yield and reaction conditions. 

Table 1.7 

Pyrolysis oil obtained from paper (catalyst-free thermal process) 

Raw material 
Pyrolysis 

oil, % 

Gases, 

% 

Char, 

% 
Main parameters Ref 

Paper sludge 40 19 41 Horizontal tubular reactor (400°C) [149] 

Paper sludge 37 31 32 Horizontal tubular reactor (700°C) [149] 

Waste paper 46 39 15 Horizontal tubular reactor (390°C/10°C min−1) [146] 

Waste paper 47 37 16 Horizontal tubular reactor (420°C/10°C min−1) [146] 

Waste paper 47 35 18 Horizontal tubular reactor (450°C/10°C min−1) [146] 

Waste paper 49 34 17 Horizontal tubular reactor (420°C/30°C min−1) [146] 

Waste paper 48 33 19 Horizontal tubular reactor (450°C / 30°C min−1) [146] 

Waste paper 56 20 24 Fixed bed reactor (550°C /1.0°C/s) [150] 

Waste paper 47 26 27 Fixed bed reactor (550°C /0.1°C/s) [150] 

Paper cup waste 42 27 31 Semibatch reactor (425°C/30°C min−1 ) [151] 

Paper cup waste 30 27 43 Semibatch reactor (325°C/30°C min−1 ) [151] 

Paper mill 

sludge 
36 24 40 Batch reactor (500°C/10°C min−1) [152] 

Waste office pa-

per 
42 15 43 Rotative microwave reactor (<200°c) [153] 

Pulp and pa-

permaking 

sludge 

24 30 46 Tubular furnace reactor (800°C/20°C min-1) [154] 

Paper sludge 40 24 36 Tubular furnace reactor (500°C/10°C min-1) [149] 

Paper sludge 37 31 32 Tubular furnace reactor (700°C/10°C min-1) [149] 

 

Pyrolysis oils from paper wastes have been before seen as fuel for direct combustion 

[146]. The biogas produce from paper waste pyrolysis has practical calorific energy, 

which can be combusted to deliver the necessary internal heat of pyrolysis reactor. At 

500°C approximately 40% of the dry paper sludge weights can transform into liquid oil. 

On the other hand, the waste papers (e.g. paper and cardboard) is typically do not pyro-

lyzed alone, because in the case of selectively collected paper wastes they are recycled 

by mechanically. Regarding pyrolysis, the mixtures of different wastes containing paper 

have an important aspect [147,148]. 
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1.4.2. Co-pyrolysis 

The co-pyrolysis is widely used for improving the oil yield. Especially the co-pyrol-

ysis of plastics and other wastes (e.g. coal, biomass, paper, etc.) are investigated [155]. 

Biomass can enhance the liquid yield in the case of the pyrolysis of plastic and biomass, 

however, especially the water content and the yield of unflavoured acidic components 

can increase significantly [156–158]. The energy content of the liquid oil significantly 

decreases, and the energy produced from the co-pyrolysis of biopolymers is lower com-

paring that of to the fossil sourced plastics [159,160]. 

Regarding the pyrolysis oil, an increasing yield was found (46.13 → 61.63 wt %) by 

the adding of PS to palm shell using a temperature of 500°C [157]. Furthermore, the 

quality of oil can be upgraded when PS was used during the pyrolysis. E.g., the HHV can 

be also increased from 11.94 MJ/kg to 38.01 MJ/kg as a function of PS concentration. A 

similar result was concluded by Brebu et al, who investigated the co-pyrolysis of synthetic 

polymers (PP, LDPE and PS) with pinecone at 500°C. Furthermore, the energy contents 

of oils in the case of the co-pyrolysis were higher than those of the pyrolysis of pinecone 

[156]. 

The application of biopolymers in co-pyrolysis has also high importance. PLA, PHB, 

etc was pyrolyzed using semi-continuous pyrolysis reactor, under nitrogen, and the tem-

perature of 450°C [127,161,162]. They found that due to the synergetic effect, the water 

content can be reduced in pyrolysis oil, while the pyrolysis oil yield and the heating value 

were also higher. PHB has the most benefits for the pyrolysis, because of the highest oil 

yield and heating value [163]. 

Both synergistic and antagonistic effects can be found through radical interactions 

during the co-pyrolysis process. Negative or positive effects depending on the type and 

contact of components were demonstrated during the pyrolysis. The heating rate, final 

temperature, catalysts and type of hydrogen-donors are the main factors that can consid-

erably affect the synergistic effects [164–168]. Others found, that due to the more hydro-

gen in biomass it could play as a hydrogen donor to WEEE decomposition during the co-

pyrolysis [185]. Water is one of the main constituents in biomass and can act as a reactive 

compound to stimulate further cracking of plastic waste to increase the pyrolysis oil yields 

[169,170]. On the other hand, the mechanism of the synergistic effect between plastic and 

biomass during their co-pyrolysis is unclear. 
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Plastic and biomass have dissimilar decomposition mechanisms during the thermal 

pyrolysis procedure through a series of endothermic and exothermic reactions (initiation, 

propagation, and termination) [177,172]. Biomass has less thermal stability than plastics, 

which can affect their radical degradation mechanism by supporting the degradation of 

synthetic macromolecules [173,174]. This observation was supported by Sun et al during 

the co-pyrolyis of wood, poplar, and HDPE in a micro-scale reactor [175,176]. Free rad-

icals from biomass obtained at lower temperatures can contribute to reactions of plastic 

decomposition, increasing the yield of volatiles. The synergistic or antagonistic effects in 

co-pyrolysis are multifaceted because of numerous chemical species [177].  

Pyrolysis of paper results significant amount of oxygen-containing compounds, 

which can be the source of many problems during the further application of products. In 

some cases, it is difficult to separate the paper from the plastic waste. Therefore, the co-

pyrolysis of paper and plastic is also investigated segment [178-183]. However, the pres-

ence paper in raw materials, had a considerable effect to the product yield and quality. 

For example in case of the co-pyrolysis of paper and polystyrene, the presence of excess 

hydrogen from cellulose decomposition can enhance the hydrogenation of styrene mon-

omers [178]. In case of the stepwise pyrolysis of mixed paper and plastics waste in a batch 

fixed bed reactor at 350 and 500 °C resulted acidic products and oxygenated compounds, 

but they were concentrated in the liquid products obtained from the first step [179]. Lopez 

et al. reported significant dechlorination of the products, in case of the pyrolysis of mu-

nicipal solid waste rich in paper [180]. Brown et al investigated the slow pyrolysis of 

paper and different plastic mixtures. They found, that deoxygenation of paper constituent 

can resulted higher caloric value in char and rather tar product was obtained at lower 

temperature [182]. It was also demonstrated, that less greenhouse gas emissions was 

found in case of pyrolysis of paper and plastic mixtures than in their landfill [183]. 

1.5. Pyrolysis reactor configurations   

There are many types of the reators for waste pyrolysis. General characteristic of the re-

actors, that they requires rapid transfer of heat from the environment into the degraded 

waste polymers. Therefore the main developments are focus to the heat transfer optimi-

zation. It should be realized by gas or heat transfer material; e.g. inert gas or water vapor, 

metal balls, sand, molten metals, molten salts. Furthermore advanced heat transfer can be 

reach by direct heating using contact with the inner reactor walls. Figure 1.7 summarizes 
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the main recently development in reactor configurations [40,74,76,104,117,136,137,140, 

209,225,248,289]. 

 

 
 

a) b) 

 

 

c) d) 

 
 

e) f) 

Figure 1.7 

Different pyrolysis reactor configurations 

(a) batch reactor (with or without vacuum), b) rotary kiln reactor, c) screw/auger reactor, d) rotating coni-

cal reactor e) fluidized bed reactor, f) circulating fluidized bed reactor) 
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1.6. Product properties of the waste polymer pyrolysis 

The decomposed products of the waste polymer pyrolysis are separated into different 

fractions (gases, pyrolysis oil) mainly by condensation and phase separation. The solid 

char is accumulated in the bottom fraction or it should be separated by filtration. The 

pyrolysis oil can be further separated by atmospheric distillation into hydrocarbons with 

different boiling ranges; e.g. light oil, middle distillate, heavy oil. 

1.6.1. Gases 

Non-condensable gases produced by the pyrolysis of polymers consist of hydrocar-

bons, carbon monoxide, carbon dioxide and hydrogen and others. Pyrolysis of polyethyl-

enes, PP, PS and other plastics containing only carbon and hydrogen in the macromole-

cule results in hydrogen and hydrocarbons. On the other hand, chlorinated compounds, 

CO, CO2 and compounds containing nitrogen can be also detected in the gaseous fractions 

in case of the thermal decomposition of plastic containing chlorine (e.g. PVC), oxygen 

(e.g. PET), nitrogen (e.g. polyamides). Gases can be used as fuel for combustion purposes 

or as a fluidizing medium or/and carrier gas for a fluidized bed reactor [184–186]. 

1.6.2. Pyrolysis oil 

Pyrolysis oils are pseudo-homogeneous liquids (from transparent yellow to dark 

brown color). The pyrolysis oils are obtained by condensation of the pyrolysis vapors, 

after separation of the char particles. The term pyrolysis oils have several synonyms e.g. 

pyrolytic liquids or even bio-oils. Pyrolysis oils differ significantly from fossil fuels in 

terms of both physical properties and chemical composition. Table 1.8 compares the main 

properties of plastic sourced pyrolysis oils, bio-oils and conventional diesel.  

Costs to produce pyrolysis oil/bio-oil can be considerably different depending on the 

capacity, the used raw materials, the location (national laws, operating surrondings) or 

even the optimal product structure. in general, large-scale plant has lower production 

costs. One of the most difficulties regarding the large scale commercialization of the py-

rolysis plants are the product quality [187]. Especially the contaminants and the missing 

standardization of the products are the most problem which have to be solved, against the 

economic operation of the plants. 
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Because they are carbon-neutral, pyrolysis oils have significant potential and ad-

vanced environmental impact to substitute fossil sourced hydrocarbons. The process pa-

rameters have a key role in the pyrolysis oil composition. The rapid cracking of molecules 

leads to a mixture of complex chemicals. Moreover, the rapid condensation of hot vapors 

freezes the unsaturated chains and their storage can cause further problems (e.g. polymer-

ization reactions and increase the yield of high molecular weight compounds). The high 

oxygen content in the feedstock (biomass or some types of plastic) can cause various 

undesired compounds such as acids or molecules with carbon-oxygen double bonds that 

tend to polymerize over time and increase the viscosity of the product [188]. On the other 

hand, the presence of oxygen in the composition of the oils is the main reason in differ-

ences in the properties observed when comparing the pyrolysis oil with a conventional 

hydrocarbon fuel (Table 1.8) [189]. In general, the lower oxygen content of pyrolysis oil 

can be found at a higher temperature and using longer residence time [190]. 

Table 1.8 

The main properties of different sourced liquids [189] 

 Pyrolysis oil Bio-oils Diesel fuel 

C, % 70-85 48-60 ~86 

H, % 7-12 5-8 ~14 

O, % <5 34-45 - 

N, % <1 <1 - 

Na, K, % <0.1 <0.1 - 

Cl, % <1 <1 - 

S, % <0.1 <0.1 0.9 

Density (15°C), g/cm3 0.790-0.920 0.800-1.300 0.85 

LHV, MJ/kg 40-45 13-18 42.9 

Viscosity, mm2/s (50°C) 1.0-5.0 0.5-80 2.5 

Water content, % - <35 <0,1 

pH - 2-3.7 - 

Cetane number ~50 ~30 55 

Flash point, °C ~42 ~40 50 

Solid particles, % <0.5 <0.5 - 

Boiling range, °C 20-360 20-360 20-340 

 

Waste polymers are decomposed via -scission, therefore the concentration of un-

saturated hydrocarbons is relatively high. Typically the waste plastic derived pyrolysis 

oil contained 20-70% unsaturated hydrocarbons, depending on the raw materials and con-

ditions. The biomass derived bio-oils had less (20-60%) unsaturated hydrocarbons. In 
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general, catalysts can decrease the amount of unsaturated hydrocarbons. The unsaturated 

hydrocarbons can easily polymerize led to the formation of larger molecules which can 

cause a further problem during the application, transportation and storage [191]. One of 

the another role of the zeolite catalysts led to aromatization reactions, therefore synthetic 

zeolites (e.g. ZSM-5, Y-zeolite) can increase the aromatic content of the liquid products. 

The aromatic concentration of pyrolysis products is low using low temperature without 

catalyst. Pyrolysis product with high aromatic content (30-90%) could be obtained only 

from raw materials, with aromatc ring in the monomer structure (e.g. PET, PS, ABS, 

cellulose, etc.) without catalysts. However, the mostly investigated waste fractions re-

sulted considerably less aromatics in pyrolysis/bio oils (10-30%). 

The water content in the pyrolysis oils originates from the moisture in the biomass 

and the product of dehydration reactions during the pyrolysis and depends mostly on op-

erating conditions. The presence of water can decrease the heating value and affect the 

flashpoint. However, the presence of water makes it possible to reduce the viscosity, 

which is an advantage for its transport [192–194]. In general, the viscosity of pyrolysis 

oils and bio-oils is relatively high, which can be decreased not only by water but also by 

increasing temperature [195,196]. 

The solid residues in pyrolysis oils are typically less than 0.5%, which is blamed by 

the kind of raw material (e.g. biomass, plastics containing inorganic filler), process (e.g. 

fluidized bed), and the efficiency of the solid separation system (e.g. cyclones, etc.). The 

presence of solid residues in pyrolysis oils can cause erosion and corrosion with engine 

and valve shutdowns and even its deterioration when the ash content is more than 0.1%. 

Besides, the presence of alkali metals in ashes (e.g. sodium and potassium) are responsi-

ble for the formation of solid deposits and corrosion phenomena [197]. 

1.6.3. Char 

The term “char” refers to the solid residues produced at different stages of the ther-

mochemical process. The pyrolysis char represents up to 35% by weight of the initial raw 

material depending on its source. The char is carbonaceous material (the carbon content 

is between 75-85%) that can contain many inorganic and metallic compounds depending 

on the raw material and the operating conditions. If inorganic and metallic content is high 

(> 5%), the pyrolysis char can hardly be used as fuel for various technical reasons [37]. 

Table 1.9 summarizes the main properties of the waste sourced chars [198]. The char can 
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have diverse valorization paths such as combustion for heat and power generation, or 

even for syngas production by gasification, or use as adsorbents. The concentration of 

oxygen and hydrogen is lower than carbon because they are more volatile in the form of 

hydrocarbons, tar vapors, H2, CO and CO2 [199]. The H/C ratio of the char is lower than 

that of the raw materials because the hydrogen in the form of compounds is accumulated 

in the gases and pyrolysis oil fractions [200]. The pH of the biomass sourced char is 4-12 

[201], and lower value should be obtained at higher temperatures and with less oxygen in 

the raw material [201,202]. Char is also composed of some of the hydrocarbons that re-

main from the pyrolysis reactions (heterocyclic compounds, substituted furans, phenols, 

benzene, carbocyclic groups and aliphatic) [203].  

Table 1.9 

The main properties of chars [198] 

 Plastic sourced Biomass sourced 

C, % 75-85 75-82 

H, % 1-3 2-3 

O, % 10-15 15-20 

N, % <0.5 <0.5 

S, % <0.05 <0.05 

pH - 4-12 

HHV, MJ/Kg 29-32 27-30 

BET surface area, m2/g 5-20 5-100 

 

1.7. Further utilization of pyrolysis oils 

The further use of pyrolysis product is one of the most important aspects for their 

utilizaiton. Figure 1.8 shows some examples for the pyrolysis oil application. Pyrolysis 

oils may be a substitute fuel for many applications such as boilers, engines or turbines for 

power generation. Parallel to this, there is a more or less wide range of organic compounds 

that can be extracted and entered into the manufacture of chemicals related to the fields 

of fine chemistry [204–206]. 
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Figure 1.8 

Some possibilities for the utilization of waste sourced liquid products 

1.8. The problem of pyrolysis oil 

Depending on the raw materials and reaction conditions, the waste sourced pyrolysis 

oils should be highly active, causing many changes in their chemical and physical prop-

erties during the transportation and storage [207–209]. The aging results phase separation, 

volatiles evaporation, viscosity and acidity increasing. Oasmaa et al. found that the main 

changes during aging are the increase in the water-insoluble and the decrease in carbonyl 

compounds, e.g. ketones and aldehydes. The presence of highly active organic functional 

groups such as phenols, carboxylic acids, aldehydes, alcohol and unsaturated hydrocar-

bons can be blamed for the aging reactions [210,211]. It is also known, that the aging of 

unstable compounds can promote the polymerization reactions, which increases the mo-

lecular weight, and the viscosity. The high viscosity oil makes it harder to process and 

pump. The pyrolysis of materials with high oxygen content (e.g. biomass, paper or PET) 

resulted different oxygenated compounds with acidic properties, which cause corrosion. 

The presence of PVC in the feedstock led tochlorinated hydrocarbons. The water content 

in the pyrolysis oils can cause phase separation, which complicate its pumping. The pres-

ence of solid residues in pyrolysis oils can cause erosion [207,212–220]. Some typical 

reactions during the aging are listed below (1.19-1.26). Kim et al. proved that the low 

molecular weight components may contribute to the polymerization with pyrolytic lignin 

that causes the increase of average molecular weight [221]. Others concluded that the 

presence of free radicals is responsible for the pyrolysis oil instability in the case of stor-
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age [210,211]. Pyrolysis oil is highly sensitive to heat and oxygen because some of py-

rolysis oil compounds are more reactive in the presence of oxygen and at heat [210,211]. 

However, the correlation between raw material and viscosity was not found. At low tem-

peratures, biomass-based oils are non-Newtonian fluids [222].  

R’COOH + ROH → R’COOR + H2O (1.19) 

R”OH + R’COOR → ROH + R”COOR (1.20) 

RCOH → (CHRO)n (1.21) 

RCHO+ R”OH → RR”C(OH)OR (1.22) 

RCHO+ R”OH → R-O/R’R”C(OH)OR (1.23) 

C6H6O + R → (C8H6O2)n (1.24) 

R-C=C + R’-CHO → R-C=CH-CH-R’ + H2O (1.25) 

RCHO → ROH → R-COOH (1.26) 

Corrosion is another important property of the waste-derived hydrocarbons. Pyroly-

sis oil typically contains up to 20% acids, and its acid number is up to 100 mgKOH/g raw 

material. It has been described that biomass sourced pyrolysis oils are very corrosive and 

eroding the constructional materials [223]. In general, there is no corrosion problem with 

the waste LDPE, HDPE, PP or PS sourced pyrolysis oils. Aubin et al. [224] found that 

the corrosion rate of pyrolysis oil would be boosted with its water content. Boucher et al 

[209] stated that stainless steel and brass could not be impacted by pyrolysis oil at any 

temperatures. Darmstadt et al. [225] shown that copper could be slightly rusted by the 

pyrolysis oil derived from vacuum pyrolysis of woody bark residues, whereas stainless 

steel was anticorrosive. Furthermore, they investigated the changes in the metal surface 

to understand the oxidation mechanism. The presence of water in the hydrocarbon frac-

tion can increase the rate of internal corrosion, which is the most costly corrosion prob-

lems. Furthermore, high water content in fuel can led to significant increase in the emis-

sion of CO and unburned hydrocarbons. 

The TAN is widely used to follow the tendency for corrosion. TAN does not effec-

tively indicate corrosiveness in pyrolysis oil since it also measures the non-acidic oxy-

genated contents, like phenols. It has been established that TAN correlates to total volatile 

acids [226]. 
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1.9. Stability improving of the pyrolysis oil 

In some cases, the waste sourced pyrolysis oil quality limits its application as a trans-

portation fuel. Consequently, the upgrading of pyrolysis oils before its use is indispensa-

ble. 

1.9.1. Pre-situ quality improving 

1.9.1.1. Physical pre-treatments 

The size and shape of the raw material can affect the heat and mass transfer [227]. 

The energy requirements of the pyrolysis reactions vary significantly depending on the 

raw materials (0.5-2  MJ/kg) [228–230]. Smaller biomass and/or plastic particle under 

high temperatures led to faster reactions, more volatiles and less char [231]. The particle 

size up to 5 mm exhibited an advantageous effect on the liquid oil yield. Spherical profile 

raw material has produced the lower volatiles and tar yields than the others shapes [234]. 

On the other hand, not only the quantity but also the composition of the products can be 

significantly influenced by pre-treating the raw materials. For example, the impurity con-

tent of products can be significantly reduced by cleaning and washing raw materials. 

1.9.1.2. Thermal pre-treatments 

Raw materials (e.g. fresh biomass) should contain moisture (up to 80%) [232]. High 

moisture content decreases the heating value of the oils and causes long term problems 

during storage or transportation, therefore the moisture should be reduced right before the 

pyrolysis. 

1.9.1.3. De-mineralization 

The mineral elements (e.g. K, Cl, S, Ca, Si or Mg) especially found in biomass raw 

material, because in general plastics are free from minerals. They can catalyze different 

chemical reactions and cause the secondary transformation of the primary products 

[233,234] and promote the deterioration of the pyrolysis oil properties, e.g. increasing 

viscosity and density during storage [235]. One of the effective pretreatment is to reduce 

the mineral content by washing the biomass with water, alkaline and/or acidic solutions. 

Washing with dilute acid and hot water led to a slight decomposition of hemicellulose 

[236]. Washing with dilute alkali disorders the lignin assembly and solubilize the hemi-

cellulose [237].  
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1.9.1.4. Torrefaction 

Torrefaction is a mild thermal treatment that adjusts the configuration and chemical 

composition of biomass through removing hemicelluloses [238], drying and moderately 

decreasing cellulose and lignin [239]. Li et al. [240] defined torrefaction as mild heat 

treatment of biomass at a temperature range between 200 and 300°C, extending 15–30 

minutes. Torrefied biomass contains about 80% of the mass and 90% of the energy of the 

initial biomass [241]. The chemical reaction during the torrefaction is depending on the 

raw material particle size, temperature, residence time and operation unit. Biomass torre-

faction can produce oils with improved storage stability [232] and low-oxygen-content 

fuel that is appropriate raw materials for pyrolysis [242]. 

1.9.1.5. Hydrothermal pre-treatment 

The hydrothermal pre-treatment is a wet torrefaction. The hydrothermal pre-treat-

ment utilize water at a temperature range of 150-260°C [243] to solubilize hemicellulose 

in aqueous solution, conserving cellulose for the pyrolysis procedure [244]. The water 

should be as a medium or catalyst in further reactions. Hydrothermal pre-treatment has 

some advantages comparing to torrefaction, such decreases energy consumption due to 

its lower temperatures which leads to a reduction of bio-char ash content yield [245]. The 

use of hydrothermal pre-treatment before the pyrolysis has proved an improvement in 

pyrolysis oil quality, by the reduction of water existent in pyrolysis oil [246]. 

1.9.2. In-situ quality improving 

The in-situ pyrolysis process uses a catalyst for improving product yield and quality. 

Several researchers investigated the application of zeolite catalysts for in-situ quality im-

provement. Mainly the following reactions should be taken place by in-situ product up-

grade during the pyrolysis: saturation reactions (which are promoted e.g. by Ni-contain-

ing catalyst), volatile yield improvement (due to the acidic sites of the catalysts) and con-

taminant reduction (by chemical reaction or adsorption) [247]. It was found that the zeo-

lite structure (acidic zeolite catalysts, proton form , Y, ZSM-5, and Mordenite) could 

considerably affect the chemical composition of pyrolysis oils. Catalysts can increase the 

amount of pyrolysis oil and due to deoxygenation reaction decrease the yield of acids; 

while increasing the yield of ketones and PAHs [233,234]. More aromatic compounds 

and less carbohydrates were obtained in oil obtained by thermo-catalytic pyrolysis of bi-

omass and the oil had significantly lower oxygen contents [248]. 
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Based on literature data, it was concluded, that there are very few references to 

scaled-up experimental results in the field of in-situ quality improvement. There are sev-

eral possible reasons for this, e.g. the price of the catalysts should be used, their availa-

bility, and the lack of information about their long-term behavior, applicability, and re-

generability. It is also important to mention that in the absence of standardization of py-

rolysis products, the additional cost of in-situ quality improvement can only be enforced 

in product prices with a very significant property improvement. At the same time, im-

proving the quality of pyrolysis products is a key issue for the long-term sustainable op-

eration of the process, because stricter regulations will only allow products of a certain 

quality to be sold economically. 

1.9.3. Post-situ quality improving 

The post-situ catalytic improving pyrolysis vapors also using catalysts. It is important 

to mention, that generally hydrotreating step is needed to stabilize the pyrolysis oil, which 

principally increases the process complicity. Furthermore, the hydrogen consumption is 

also a significant part of the operating costs [249]. ZSM-5 based catalysts, amongst the 

large diversity of microporous materials, have been most widely studied for their appli-

cation in catalytic pyrolysis. Owing to its shape selectivity, strong acidity, ion exchange 

capacity and unique solid acid physical characteristics [233,234]. 

1.9.4. Ex-situ quality improving 

The ex-situ quality improvement uses additives to deteriorate the undesired proper-

ties of the pyrolysis oils. Especially the following additives are used: antioxidant, stabi-

lizer, detergent, deactivator, corrosion inhibitor, and biocide [250]. 

1.10. Tests for investigation of the long-term property of the pyrolysis oil 

Pyrolysis oils go through oxidation and polymerization during storage, result in ag-

glomerations, polymerization and intense loss of combustion efficiency. Gloomy oil is 

symbolic of oxidation, while smoky oil indicates the polymerization of pyrolysis oil. 

These components fall to the bottom of the tank named sludge [251].   
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1.10.1. Aging tests 

The thermal stability of hydrocarbons is well defined as the resistance against ele-

vated temperature. Accelerated thermal aging procedures have been largely approved for 

thermal stability tests [233,234]. In an accelerated thermal aging testing, the pyrolysis oil 

is stored at an elevated temperature and the chemical and physical properties before and 

after the aging procedure are analyzed [252]. An illustration of the accelerated aging in a 

round-robin study on pyrolysis oil viscosity and stability was pronounced from the Inter-

national Energy Agency (IEA). In general, the pyrolysis oil sample is heated up at 80°C 

for 24 hours and then cooled at room temperature for 1.5 hours before analysis. The stor-

age of a pyrolysis oil sample for 1 year at room is equivalent to the aging of the oil 24 h 

at 80°C [253]. As the aging procedure causes considerable changes in carbonyl products 

and water-insoluble, the compositional changes in those products are used to estimate the 

thermal stability of pyrolysis oil [254]. Table 1.10 summarizes the different stability tests 

for pyrolysis oil characterization. 

Table 1.10 

The different used stability test methods to assess the pyrolysis oil stability  

Stability test 

method 
Accelerated /Non-accelerated aging reaction parameters Ref 

Viscosity 

change 

at 40, 50 and 80°C for up to 168 h/at room temperature for up to one year [209] 

for 24 h at 80 °C/ten days at room temperature [261] 

at 60 °C for 4 days/ 6 hours of aging at 90 °C/ 3 months at room temperature [262] 

at 80 °C for 16 h [263] 

at 80 °C for 1, 3, and 7 days [264] 

at 90 °C for 8, 16, 24 h [253] 

at 85 °C for 7 days/ at room temperature for 5 months [265] 

at 80 °C for 180 h [266] 

at room temperature for 12 months [267] 

at room temperature for 270 days. [268] 

Average 

molecular 

weight 

change 

for 1 week at 80 °C/1 year at room temperature [269] 

at 80 °C for 24 h / 110 °C for 24 h [270] 

at 80 °C for 16 h [263] 

Water con-

tent change 

at 80 °C for 1, 3, and 7 days [264] 

at room temperature for 12 months [267] 

at 80 °C for 24 h / 110 °C for 24 h [270] 

at 80 °C for 16 h [263] 

Carbonyl 

content 

change 

at room temperature for 12 months [267] 

at 80 °C for 24 h / 110 °C for 24 h [270] 

at 80 °C for 16 h [263] 

Solid depo-

sition 
at room temperature for 1 day, 30 days, and 60 days [271] 
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As an alternative to measuring those variations directly, correlations have been es-

tablished between those compositional changes and quantifiable parameters. For exam-

ple, the increase in water-insoluble [252] can be correlated with the rise in the average 

molecular weight and the rise in the viscosity of the wood pyrolysis oil. Pyrolysis oil 

viscosity is a significant parameter to evaluate its quality and practical application. The 

change in viscosity of pyrolysis oil is commonly linked with the rise in molecular weight 

caused by the polymerization reactions that progress in the pyrolysis oil [255].  

The key reason for the rise in molecular weight is the condensation and polymeriza-

tion reactions of low molecular weight constituents for the duration of storage [252,256]. 

On the other hand, ketones and aldehydes are considered as the major contributors to 

the pyrolysis oil instability for the duration of storage. Owing to their high reactivity, 

esterification, aldol condensation, acetalization and supplementary reactions that result in 

the development of polymers or dimers that take place in the water-soluble fractions of 

pyrolysis oil. Furthermore, aldehydes could react with pyrolytic lignin in the water-insol-

uble fraction via phenol-formaldehyde condensation [207]. 

The solid deposit content in pyrolysis oil is generally less than l%. These solids is 

made up of partly separated coke formed during pyrolysis reaction, impurities in the feed-

stock (e.g. dust), and impurities got in the case of collection and storage. Common heavy 

oil boilers have no severe requirements for solid content; consequently, pyrolysis oil can 

be used for this application easily. Conversely, the high standard requirements of diesel 

injection systems can turn out to be damaged by the particulates in pyrolysis oil, so the 

use of pyrolysis oil in this application is limited. The solid content in pyrolysis oil should 

be reduced as those particulates can also perform as catalysts to accelerate the aging pro-

cedure [257,268]. 

The main source of water in pyrolysis oil is from free water in the raw materials and 

the dehydration reaction in the case of pyrolysis. However, in the case of pyrolysis oil 

storage, aging reactions also produce water. Commonly, phase separation arises while the 

water content in pyrolysis oil is higher than 30%. As pyrolysis oil contains various or-

ganic substances with low molecular weights, the customary drying technique is not suit-

able for assessing water content [220,259,260]. 

Oxidative stability is the ability of pyrolysis oil to withstand the effect of atmospheric 

oxygen and to preserve the natural properties of pyrolysis oil. Organic matters and oxygen 
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in pyrolysis oil tend to form super-oxides. Super-oxides can accelerate the polymerization 

of other substances such that the polarity differences within pyrolysis oil substituents are 

boosted [220].  Hilten et al. concluded that the initial oxidizing temperature and oxidative 

stability of pine pyrolysis oil were both greater than those of peanut shells pyrolysis oil 

[219]. The authors also found that the addition of organic solvents not just reduced par-

ticulate matter deposition, but also support the oxidative stability of pyrolysis oil. Garcìa-

Pèrez et al. examined the oxidative stability of emulsified oil (biodiesel/pyrolysis oil). 

The results indicated that the initial oxidizing temperature of the biodiesel/pyrolysis oil 

increased when more pyrolysis oil was emulsified [132].  

1.10.2. Corrosion tests 

Pyrolysis oils obtained from plastic and/or biomass have organic compounds and 

acids that can be destructive to metal-based structures used for storage tanks and pipe-

lines. Many corrosive constituents were identified in the pyrolysis oil such as water, for-

mic acid, catechol, lacto bionic acid, etc. In a prior investigation, formic acid in pyrolysis 

oils was indicated as responsible for corrosion. Stainless steels could offer appropriate 

corrosion resistance in pyrolysis oils. Nevertheless, it is also claimed that pyrolysis oils 

at 50°C caused erosion for 409 stainless steel, but not in  316 L and 304 L austenitic 

stainless plates of steel, demonstrating that not all stainless steels are resistant to corrosion 

in pyrolysis oils [272,273]. 

Pyrolysis oil produced from rice-husk has been presented significant erosion to mild 

steel, even at room temperature. Lu et al. indicated that the corrosion rates of aluminum 

alloys were lower compared to mild steel, and brass was established to be comparatively 

resistant to the general corrosion at room temperature [274]. Aubin and Roy examined 

the effect of water content, temperature and formic/acetic acid concentration on the cor-

rosivity of pyrolysis oils to dissimilar alloys. Pyrolysis oils were indicated not to be very 

corroding to the cast iron under ambient temperature when tested in pyrolysis oils with 

low water content for all concentrations of acids. On the other hand, increasing the exam-

ination temperature to 45°C, the iron erosion radically increased. Aubin et al. also estab-

lished that the corrosion rate of pyrolysis oil became higher with the increase of water 

content [224]. 
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Previous investigations on oak and pine pyrolysis oils have revealed that carbon steel, 

516-Gr70, undertakes significant corrosion. Despite the oak pyrolysis oil in this investi-

gation had lower water content; it showed higher corrosiveness than the pine pyrolysis 

oils. Darmstadt et al. verified the corrosiveness of softwood bark pyrolysis oil with a 

substantial amount of water, made by vacuum pyrolysis reactor, at 80°C and showed that 

the aluminum alloys corroded to a smaller degree, copper was significantly corroded by 

the pyrolysis oil, however, 316 stainless steel was not affected [228]. Keiser et al. found 

significant erosion of 2¼ Cr-1 Mo steel and carbon steel for pyrolysis oils at 50°C [275]. 

Several alloys were tested by Singh et al using pine based pyrolysis oil. The top film 

of pyrolysis oil was a light-brown layer with high water content (~69% water) comparing 

to the bottom layer, which was more viscous and dark-brown in colour (~19% water). 

Carbon steel corrosion behavior exhibited major differences when tested in each sepa-

rated layer. At 50 °C the corrosion rate of carbon steel was nearly 75 mpy in the light-

brown oil however only almost 14 mpy in the dark-brown oil. Stainless steels samples 

had less corrosion rate compared to brass and copper samples which were tested in pine 

pyrolysis oil. Corrosion rates for copper and brass were pointedly lower than the carbon 

steel and aluminum samples under the same condition [212]. 

1.11. Main conclusion and critical evaluation of available literature 

Based on the literature data, it was concluded, that pyrolysis is a promising alterna-

tive for recycling of polymer waste. Using the pyrolysis process, polymer waste can be 

converted into liquid products, solid residues (char) and gases at high temperature. Non-

catalytic pyrolysis requires a high temperature and reaction time, and the liquid products 

from thermal pyrolysis are distributed over a wide range of carbon numbers, which re-

quires treatment to improve their qualities. As an alternative, catalytic pyrolysis offers the 

potential to solve these problems. The use of an appropriate catalyst adjusts product yield 

and component distribution and significantly reduces pyrolysis temperatures and reaction 

time, resulting in a more cost effective process with higher value products.   

Polyethylene and polypropylene are the two main constituents of plastic waste ma-

terials that are found in municipal waste. As has been demonstrated in the literature, the 

use of catalysts in the waste polymer degradation is necessary to address efficient, high 

quality conversion and selectivity in products. Therefore, one of the objectives is to study 

the effect of catalysts on the degradation of polymers waste. 
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In general, the level of activity of the catalyst in the pyrolysis of polymers increases 

with the increasing number of acid sites. Therefore, zeolite-based catalysts achieve a 

higher conversion than non-zeolite catalysts. A high conversions and attractive product 

distributions are obtained over zeolites catalysts, leading to high yields in terms of gase-

ous products.  

From a different perspective, pyrolysis oils are highly unstable and self-reactive mix-

tures, which explains the main problem of their poor storage stability. The chemical com-

position tends to change over time due to reactions between the components by polymer-

ization, condensation, esterification, and etherification. Reflecting an increase in viscosity 

and density. This process, called “aging”, is catalyzed by the presence of char particles 

and by high temperatures. Chemical reactions cause a change in polarity favoring phase 

separation, which greatly limit the use of oils. 

Based on the literature overview, due to many of unsolved problems, the stability 

improvement of waste derived pyrolysis oil looks attractive area for further investigation. 

One of the biggest challenge is the application of catalyst to increase the yields of volatiles 

and improve their quality in one step by in-situ scaled up process. Furthermore, the com-

parision of different scaled up processes for in-situ quality improving is also looks attrac-

tive research area.  
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2. EXPERIMENTAL PART 

Based on the literature review, it is clear that there are relatively few information 

about the real application and testing of hydrocarbon fractions obtained by the cracking 

polymer waste. Of these, most focus on energy recovery and only few researches have 

focused on the long-term storage, transport, and stability characteristics of pyrolysis oil. 

The main objective of my thesis was to produce liquid hydrocarbons in different reactor 

systems using real waste. Then the longer-term stability of the fraction was investigated. 

Catalysts were used to increase the amount of volatile fractions and favourably modify 

the composition of hydrocarbon fractions. Comparing the results obtained in this way, the 

effect of different feedstocks, catalysts and reactor systems was investigated and con-

cluded. The raw materials were real wastes. Plastic waste was chosen because their recy-

cling is unsolved problem especially in their contaminated form. The chlorine contami-

nation can cause a serious problem during recycling. On the other hand in the form of 

wastes, the plastics are mixed with other constitutes, e.g. paper and biomass. Therefore, 

the effect of the paper and biomass presence was also investigated. The stability of the 

pyrolysis oil was tested at 80°C for 7 days and their main characteristics were determined 

at certain intervals. In addition to pyrolysis oil, the composition and main characteristics 

of the gas and heavy oil products was also followed. 

2.1. Raw materials 

2.1.1. Waste plastic, biomass and paper 

Three different kinds of real wastes were used as raw materials: chlorinated polyole-

fin rich plastic waste, plastic waste containing biomass and plastic waste containing pa-

per. Each particle of the representative amount (100g of each) of raw materials was 

weighed. The paper, biomass and plastic particles were separated and the biomass-plastic 

or paper-plastic ratio was determined in case of plastic waste containing biomass and 

plastic waste containing paper, respectively. The composition of plastic constituents of 

raw material was identified by FTIR method (Bruker Tensor 27 instrument) based on 

spectrum comparison. Raw materials had been cut and crushed by a laboratory miller 

(Dipre GRS 183A9 type). The appearance of the crashed raw materials is shown in Fig-

ure 2.1.  
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Figure 2.1 

The composition and appearance of the used raw materials 

The compositions of the raw materials are shown in Table 2.1. Regarding the chlo-

rinated waste plastics, it consisted of 35% LDPE, 32% HDPE, 24% PP, 4% PVC, 3% 

ethylene-propylene dimer and 2% PS. The waste plastics containing biomass has 24 % 

LDPE, 22 % HDPE, 16 % PP, 35 % biomass and 3 % of non-defined material. Further-

more, the waste plastics containing paper has the following composition: 24% LDPE, 

21% HDPE, 17% PP, 17.5% newspaper, 17.5% cardboard waste and 3% other or non-

defined materials. 

Table 2.1 

The composition of raw materials 

 
Chlorinated 

waste plastics 

Plastic waste contain-

ing biomass 

Plastic waste contain-

ing paper 

LDPE 35% 24% 24% 

HDPE 32% 22% 21% 

PP 24% 16% 17% 

PVC 4% - - 

Paper - - 
17.5% newspaper, 

17.5% cardboard 

Biomass  35%  

Other/Non-defined 5% 3% 3% 

2.1.2. Raw materials for compaperive study of different aging tests 

The tested pyrolysis oils were derived from real polymer wastes (100% HDPE, 100% 

PP, 100% PS, MPW (25% HDPE; 25% LDPE; 30% PP; 10% PS and 10% PET) and 

MSW (10% HDPE; 10% LDPE; 20% PP, 5% PS, 5% PET, 25% paper and 25% bio-

mass)). The main properties of the raw materials are summarized in Table 2.2. 
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Table 2.2 

The main properties of different raw materials 

 HDPE PP PS MPW MSW 

Source 

waste HDPE 

(from munici-

pal waste) 

waste PP 

(from packaging and 

municipal waste) 

waste PS 

(from munici-

pal waste) 

municipal 

plastic waste 

municipal 

solid waste 

Ultimate analysis      

C 81.5 84.1 89.8 80.3 72.1 

H 18.5 15.9 10.2 12.9 8.1 

N - - - - 0.6 

O - - - 6.8 20.2 

Moisture, % 0.8 0.9 0.5 1.7 5.1 

Ash, % 0.9 1.5 0.8 5.3 19.2 

HHV, MJ/kg 43.9 41.8 38.9 39.8 22.7 

2.2. Catalysts 

Mixtures of different modified synthetic zeolite (Ni/ZSM-5 and Ni/SAPO-11) cata-

lysts, Ca(OH)2 and red mud (composed mainly of iron oxide that is generated in the in-

dustrial production of alumina) were used to enhance the waste polymer decomposition 

and modify the product properties and enhance the long term application [276,277].  

The ZSM-5 ([Nan(H2O)16][AlnSi96-nO192]) catalyst supporter is MFI-type 10 mem-

bered ring channel synthetic zeolite with 5.3 × 5.6 Å channels, while AEL-type, crystal-

line silicoaluminophosphate (SAPO-11) catalyst ([Nan][Al20SinP20-nO80]) supporter is a 

one-dimensional but also 10-membered, with elliptical pore channel synthetic zeolite 

with 6.3 x 3.9 Å pore size [276,277]. The before listed catalysts were used in their mixture 

according to Table 2.3. 

Table 2.3 

The composition of the catalysts, % [276,277] 

 Ni/ZSM-5 Ni/SAPO-11 Ca(OH)2 Red mud 

111-ZCR 33.33 0.0 33.33 33.33 

112-ZCR 50.0 0.0 25.0 25.0 

121-ZCR 25.0 0.0 25.0 50.0 

211-ZCR 25.0 0.0 50.0 25.0 

111-SCR 0.0 33.3 33.3 33.3 

112-SCR 0.0 50.0 25.0 25.0 

121-SCR 0.0 25.0 25.0 50.0 

211-SCR 0.0 25.0 50.0 25.0 
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Catalysts signed with 112 have high synthetic zeolite content, while 121 and 211 

marked catalyst mixtures have high red mud and Ca(OH)2 content, respectively. The el-

emental constituents (zeolite, Ca(OH)2 and red mud) of catalysts were mixed by vibrating 

ball mixer. The appearance of the catalyst is shown in Figure 2.2. Catalysts mixtures 

have similar appearance, however due to the high percentage of the red mud, 121-ZCR 

and 121-SCR marked catalyst mixture had a little more red in colour. 

  
111-ZCR 112-ZCR 

  
121-ZCR 211-ZCR 

  
111-SCR 112-SCR 

  

121-SCR 211-SCR 

Figure 2.2 

The appearance of the catalysts 
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2.3. Processes for pyrolysis 

Two different processes were used during the experimental work to investigate the 

thermal and thermo-catalytic decomposition of wastes: a laboratory-scale batch and a la-

boratory-scale continuous reactor. 

2.3.1. Batch process 

In the case of the batch pyrolysis, raw materials were decomposed in a stainless steel 

laboratory-scale reactor at 500-550°C temperature. For inert atmosphere nitrogen was 

used with 5 dm3/h flow rate (Figure 2.3). The reactor was equipped with an electric heat-

ing mantle and the set temperature was controlled by PID controller. Before the experi-

ment, a given amount of raw material (50g) and catalyst (2.5g) had been placed into the 

reactor, then the reactor was assembled and the temperature was elevated by the constant 

heating rate (25°C/min) to the set value [276]. The produced volatiles from the molten 

and decomposed raw material had been passed through a water-cooled tubular heat ex-

changer, where the condensable were transformed into a liquid product. The product 

yields were calculated based on the mass balance. 

 

Figure 2.3 

Laboratory scale batch reactor [276] 

1-reactor, 2-PID controller, 3-heat exchanger, 4-gas/liquid separator, 5-gas flow meter, 6-scrubber, 7-

oil/water separator 

The hydrocarbon fractions from the reactor were separated into a light oil and hydro-

carbon gases in a phase separator. Gases were driven through a gas flow meter then a 

scrubber filled with 1M NaOH dissolution to catch the chlorinated compounds in case of 

pyrolysis of chlorinated waste plastics. The condensed fraction was further separated into 

water and pyrolysis oil in case of plastic containing biomass or paper decomposition.  
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2.3.2. Continuous process 

For the decomposition of more raw material, a tubular horizontal bench-scale reactor 

was used (Figure 2.4). The process has three main parts: feeding unit, reactor and sepa-

ration unit. The feed rate was 750 g hourly. The raw material and catalysts had been mixed 

manually before they were fed into the reactor. Then the raw materials were pyrolyzed at 

550-560°C and the mixtures of decomposed hydrocarbons were separated by atmospheric 

distillation and hot press filtration (in dedicated cases). 

 

Figure 2.4 

The bench-scale horizontal tubular reactor [277] 

The distillation column was packed with Raschig ring to accomplish an improved 

separation rate of light and heavy oils. Regarding the catalytic pyrolysis, 5% of the cata-

lyst was added to the raw material. The bottom product (heavy oil and char) from the 

distillation column was filtered using high pressure (1.5 barg) and temperature (170°C). 

The product yields were calculated based on the mass balance [277]. 

2.4. Analitical methods 

2.4.1. Raw materials 

The composition of plastic constituents of raw material was identified Bruker Tensor 

27 FTIR instrument using OPUS 5.5 software [276,277]. 

The elemental composition of raw materials was investigated by Carlo Erba 110 in-

strument [276,277]. 
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The thermal decomposition of 200mg of raw materials was analyzed by MOM DERI-

VATOGRAPH Q-1500 D type instrument to obtain more information about the decom-

position of raw materials. The heating rate was 20°C/min, while the nitrogen flow rate 40 

ml/min [276,277]. 

2.4.2. Catalysts 

The morphology of catalysts was analysed by N2 adsorption/desorption isotherms 

using Micromeritics ASAP 2000-type instrument (ASAP 2000 operational program 

V1.03). Surface areas were determined by the BET (Brunauer-Emmett-Teller) method 

from the nitrogen adsorption isotherm and calculated from the nitrogen desorption iso-

therms using the BJH (Barret–Joyner–Halenda) model [276,277]. 

The average grain size was investigated by Fritsch Analysette 22 instrument based 

on Fraunhofer theory [276,277]. 

The composition of catalysts and red mud was analysed by x-ray method (FEI 

Thermo Fisher Apreo S LoVac 118 instrument, EDAX AMETEK Octane Elect Plus). 

Same instrument was used for SEM analysis [276,277]. 

2.4.3. Gases 

A DANI type GC-FID instrument was used for the analysis of gases hydrocarbon 

composition: Rtx PONA column (100 m × 0.25 mm, the surface thickness of 0.5 mm) as 

well as Rtx-5 PONA (100 m × 0.25 mm, the surface thickness of 1 mm). T=30°C isotherm 

condition was used for sample analyses. The temperature of the detector and injector was 

240°C [276,277].  

The hydrogen, CO and CO2 content of the gas products was evaluated by a GC-TCD 

(Shimadzu GC-2010 gas chromatograph (Carboxen™ 1006 PLOT column (30 m × 0.53 

mm)) instrument. The temperature was increased from 35°C (hold time 2 min) to 250°C 

at 40°C/min heating rate, then the final temperature was maintained until 5 min [276,277]. 

2.4.4. Light oil 

The liquid products were examined by DANI type GC-FID (Rtx 1 dimetil-pol-

ysiloxan capillary (30 m × 0.53 mm, thickens of 0.25 mm)) with the following parame-

ters: 40°C for 5 min, then the temperature was raised by 10°C/min until 350°C and it was 
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kept at 350°C until 20 min. The detector and injector temperature was 350°C. Constitu-

ents were detected in accordance with their retention time, while the pyrolysis oil consti-

tution was assessed by the use of peak areas that belong to the constituents [276,277]. 

X-ray instrument (PHILIPS MiniPal PW 4025/02 non-polarized EDXRFS) was used 

for the determination of the chlorine content. The spectrometer was controlled by PW 

4051 MiniPal/MiniMate Software V 2.0A, fitted out with a rhodium-side window tube 

anode, Si-PIN detector and beryllium window. The analysis was accomplished in the he-

lium medium [276,277]. 

The yield of poly-aromatics and mono-aromatics was followed by a HPLC instru-

ment in accordance with EN 12916 standards using HPLC grade n-heptane effluent. The 

Shimadzu Prominence instrument was fitted with a Refractive Index Detector. The col-

umn was tempered to 30°C; the flow was isocratic with 1.0 ml/min. The acquisition time 

was 15 minutes [276,277].  

2.4.5. Aging tests 

An accelerated aging test was performed to follow the long-term application of the 

pyrolysis oils. Samples were kept in a sample holder at 80°C for 7 days [276,277].  

The viscosity (EN 16896), density (EN ISO 12185), and Total Acid Number (TAN) 

(ISO 6618) were measured at 0, 1, 3, 5 and 7 days of the test at 25°C [276,277].  

The oligomers and polymers formed by the aging test were separated from the pyrol-

ysis oil by filtration using VWR (514-0066) filer, Nylon, 0.2 µm, D 25 µm type device. 

Then the amount of the separated fraction had been weighted and the polymerized ratio 

was calculated as following (2.1): 

𝑃𝑅 =
𝑚𝑖 − 𝑚𝑜

𝑚𝑜

× 100 (2.1) 

where mi is the weight of the separated oligomers-polymers i = 1,3,5,7 days and m0 

is the weight of the tested sample [276,277]. 

2.4.6. Corrosion tests 

To examine the corrosion property, a copper plate was deposited in pyrolysis oil at 

25°C for 60 days and the weight loss of the copper plate was calculated by the following 

equation (2.2): 
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𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 =

m𝑖 −m𝑓

m𝑖 
∙ 100

A
 

(2.2) 

where mi and mf are the initial and final weights of the metal plate, A is the surface 

area of the plate [276,277]. 

2.5. Research plan 

The research plan is summarized in Figure 2.5. During the experimental work, firstly 

the raw materials had been investigated, then the catalysts were prepared. Then the main 

characteristics of the catalysts were determined. 

 

Figure 2.5 

Research plan 
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At the beginning of the experimental work different aging tests had been performed 

and then the results obtained using them were compared. Pyrolysis reactions were taken 

in batch and tubular reactors to obtain liquid products, then products were investigated 

and the longer-term utilization of pyrolysis oils was followed by corrosion and aging tests. 

Then the results obtained by the two different reactor configuration were compared and 

discussed in case of each raw material. The main reaction parameters are summarized in 

Table 2.4.  

Table 2.4 

The main reaction parameters for the pyrolysis 

Sample 

number 
Raw material Catalyst 

Raw material 

amount 

Catalyst con-

centration 
Process Temperature 

C-1 HDPE - 250g - Batch 550°C 

C-2 PP - 250g - Batch 550°C 

C-3 PS - 250g - Batch 550°C 

C-4 MPW - 250g - Batch 550°C 

C-5 MSW - 250g - Batch 550°C 

ST-1 Chlorinated waste plastics 111-ZCR 50g 5 Batch 500-550°C 

ST-2 Chlorinated waste plastics 112-ZCR 50g 5 Batch 500-550°C 

ST-3 Chlorinated waste plastics 121-ZCR 50g 5 Batch 500-550°C 

ST-4 Chlorinated waste plastics 211-ZCR 50g 5 Batch 500-550°C 

ST-5 Chlorinated waste plastics 111-SCR 50g 5 Batch 500-550°C 

ST-6 Chlorinated waste plastics 112-SCR 50g 5 Batch 500-550°C 

ST-7 Chlorinated waste plastics 121-SCR 50g 5 Batch 500-550°C 

ST-8 Chlorinated waste plastics 211-SCR 50g 5 Batch 500-550°C 

ST-9 Chlorinated waste plastics 111-ZCR 0.75kg/h 5 Tubular 550-560°C 

ST-10 Chlorinated waste plastics 112-ZCR 0.75kg/h 5 Tubular 550-560°C 

ST-11 Chlorinated waste plastics 121-ZCR 0.75kg/h 5 Tubular 550-560°C 

ST-12 Chlorinated waste plastics 211-ZCR 0.75kg/h 5 Tubular 550-560°C 

ST-13 Chlorinated waste plastics 111-SCR 0.75kg/h 5 Tubular 550-560°C 

ST-14 Chlorinated waste plastics 112-SCR 0.75kg/h 5 Tubular 550-560°C 

ST-15 Chlorinated waste plastics 121-SCR 0.75kg/h 5 Tubular 550-560°C 

ST-16 Chlorinated waste plastics 211-SCR 0.75kg/h 5 Tubular 550-560°C 

ST-17 
Plastic waste containing bi-

omass 
111-ZCR 50g 5 Batch 500-550°C 

ST-18 
Plastic waste containing bi-

omass 
112-ZCR 50g 5 Batch 500-550°C 

ST-19 
Plastic waste containing bi-

omass 
121-ZCR 50g 5 Batch 500-550°C 

ST-20 
Plastic waste containing bi-

omass 
211-ZCR 50g 5 Batch 500-550°C 

ST-21 
Plastic waste containing bi-

omass 
111-SCR 50g 5 Batch 500-550°C 

ST-22 
Plastic waste containing bi-

omass 
112-SCR 50g 5 Batch 500-550°C 

ST-23 
Plastic waste containing bi-

omass 
121-SCR 50g 5 Batch 500-550°C 

ST-24 
Plastic waste containing bi-

omass 
211-SCR 50g 5 Batch 500-550°C 
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Table 2.4 

The main reaction parameters for the pyrolysis (cont.) 

Sample 

number 
Raw material Catalyst 

Raw material 

amount 

Catalyst con-

centration 
Process Temperature 

ST-25 
Plastic waste containing bi-

omass 
111-ZCR 0.75kg/h 5 Tubular 550-560°C 

ST-26 
Plastic waste containing bi-

omass 
112-ZCR 0.75kg/h 5 Tubular 550-560°C 

ST-27 
Plastic waste containing bi-

omass 
121-ZCR 0.75kg/h 5 Tubular 550-560°C 

ST-28 
Plastic waste containing bi-

omass 
211-ZCR 0.75kg/h 5 Tubular 550-560°C 

ST-29 
Plastic waste containing bi-

omass 
111-SCR 0.75kg/h 5 Tubular 550-560°C 

ST-30 
Plastic waste containing bi-

omass 
112-SCR 0.75kg/h 5 Tubular 550-560°C 

ST-31 
Plastic waste containing bi-

omass 
121-SCR 0.75kg/h 5 Tubular 550-560°C 

ST-32 
Plastic waste containing bi-

omass 
211-SCR 0.75kg/h 5 Tubular 550-560°C 

ST-33 
Plastic waste containing 

paper 
111-ZCR 50g 5 Batch 500-550°C 

ST-34 
Plastic waste containing 

paper 
112-ZCR 50g 5 Batch 500-550°C 

ST-35 
Plastic waste containing 

paper 
121-ZCR 50g 5 Batch 500-550°C 

ST-36 
Plastic waste containing 

paper 
211-ZCR 50g 5 Batch 500-550°C 

ST-37 
Plastic waste containing 

paper 
111-SCR 50g 5 Batch 500-550°C 

ST-38 
Plastic waste containing 

paper 
112-SCR 50g 5 Batch 500-550°C 

ST-39 
Plastic waste containing 

paper 
121-SCR 50g 5 Batch 500-550°C 

ST-40 
Plastic waste containing 

paper 
211-SCR 50g 5 Batch 500-550°C 

ST-41 
Plastic waste containing 

paper 
111-ZCR 0.75kg/h 5 Tubular 550-560°C 

ST-42 
Plastic waste containing 

paper 
112-ZCR 0.75kg/h 5 Tubular 550-560°C 

ST-43 
Plastic waste containing 

paper 
121-ZCR 0.75kg/h 5 Tubular 550-560°C 

ST-44 
Plastic waste containing 

paper 
211-ZCR 0.75kg/h 5 Tubular 550-560°C 

ST-45 
Plastic waste containing 

paper 
111-SCR 0.75kg/h 5 Tubular 550-560°C 

ST-46 
Plastic waste containing 

paper 
112-SCR 0.75kg/h 5 Tubular 550-560°C 

ST-47 
Plastic waste containing 

paper 
121-SCR 0.75kg/h 5 Tubular 550-560°C 

ST-48 
Plastic waste containing 

paper 
211-SCR 0.75kg/h 5 Tubular 550-560°C 
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3. RESULTS AND DISCUSSION 

3.1. Analysis of raw material and catalysts 

3.1.1. Raw materials 

The result of the ultimate and proximate analyses are summarized in Table 3.1. Chlo-

rinated waste plastic raw material had the highest carbon and hydrogen content and it 

contained 1.5% chlorine, while the ash content of it was 4.7%. Both the plastic waste 

containing biomass and plastic waste containing paper raw materials had oxygen, which 

was attributed to the cellulose content of paper and biomass (15.5 and 17.5%). Therefore, 

those raw materials contained less carbon and hydrogen, however, they have more ash 

(14.8 and 17.4%) and higher moisture content (7.9 and 5.1%). 

Table 3.1 

The main properties of different sourced pyrolysis oils 

 Chlorinated waste 

plastics 

Plastic waste contain-

ing biomass 

Plastic waste contain-

ing paper 

Ultimate analysis    

C,% 83.2 70.6 69.1 

H,% 15.3 12.9 12.4 

O,% - 15.5 17.5 

Cl,% 1.5 - - 

Moisture, % 2.5 7.9 5.1 

Ash, % 4.7 14.8 17.4 

HHV, MJ/kg 42.6 28.9 30.8 

 

The change in the sample weight and „dm/dt” is summarized in Figures 3.1-3.3. 

Results well demonstrate, that the decomposition of chlorinated plastic waste follows two 

steps apparent reaction scheme, while that of was a multi steps process in the case of both 

plastics containing biomass and plastic containing paper. The small peak around 273-

298°C can be attributed to the PVC decomposition, while the polyolefin particles of the 

chlorinated plastic waste decomposed in the temperature range of 398-515°C with a max-

imum of 473°C. The water content of the sample left the sample crucible up to 150°C in 

the case of all three samples. 
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Figure 3.1 

Weight loss and “dx/dt” result of chlorinated waste plastic 

  

Figure 3.2 

Weight loss and “dx/dt” result of plastic waste containing biomass 

  

Figure 3.3 

Weight loss and “dm/dt” result of plastic waste containing paper 
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Regarding the samples with biomass and paper, the first decomposition peak was 

found in the range of 265-350 (with a maximum of 315°C) and 360-410°C (with a max-

imum of 390°C) using plastic containing biomass and around 240-343 (with a maximum 

of 310°C) and 389-436°C (with a maximum of 408°C) in case of plastic containing paper. 

Those peaks were caused by the cellulose decomposition (both cellulose and paper con-

tain cellulose units). However, the decomposition took between 415 and 520°C was 

caused by the plastic constituents of the raw materials. The maximum of that peak was at 

489°C in case of biomass and waste plastic mixture and at 487°C in case of waste plastic 

containing paper. 

3.1.2. Catalysts 

The EDAX result of the red mud is shown in Figure 3.4. Results showed, that the 

red mud consists of Fe (21.1%), Na (9.9%), Si (5.4%), Al (9.6%), Ca (5.7%), Ti (2.2%), 

Mg (0.9%), P (0.1%), S (0.3%), Mn (0.7%). 

 

Figure 3.4 

The EDAX result of red mud 

The Ca(OH)2 was supplied by the VWR International company. The structure of both 

the ZSM-5 (supplied from Alfa Aesar) and SAPO-11 (supplied from ZR Catalyst) cata-

lysts was modified by nickel with the following proceeding. Catalysts were continuously 

stirred in 1 M Ni(NO3)2·6H2O (provided by VWR International) at 80°C for 5 h, subse-

quently they were washed by deionized water, filtered and dried for 10 h at 110°C. In the 
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final stage, each catalyst was kept at 500 °C for 5 h. The main properties of the catalysts 

are summarized in Table 3.2. Ni/ZSM-5 had 15.1 Si/Al ratios, its BET surface was 

324m2/g and has 1.55 nm average pore diameter.  

Table 3.2 

The main properties of catalysts [276] 

 Ni/ZSM-5 Ni/SAPO-11 Ca(OH)2 Red mud 

Appearance 
Light green 

powder 

Light green 

powder 
White powder Red powder 

SBET, m2/g 324 211 24.8 35.1 

SBJH, m2/g 182 59 2.6 5.7 

Pore volume, cm3/g 0.09 0.19 - - 

Averagy grain size, μm 1.5 2.2 5.7 5.1 

Si, % 34.0 52.1 - 5.4% 

Al, % 3.1 19.5 - 9.6% 

O, % 55.2 1.0 43.2 44.6 

Ni, % 6.5 6.1 - - 

Other*, % 

Na (0.5%), 

Mg (0.4%), 

Ca (0.3%) 

P (22.1%) Ca (54%) 

Fe (21.1%), Na (9.9%), 

Ca (5.7%), Ti (2.2%), 

Mg (0.9%), P (0.1%), S 

(0.3%), Mn (0.7%) 

 

Ni/SAPO-11 catalyst had 0.25 Si/Al ratio, with 211m2/g BET surface and 2.11 nm 

average pore diameter. The catalyst had 6.1 (Ni/SAPO-11) and 6.5% (Ni/ZSM-5) nickel 

content, as the catalyst supporters were able to bind this amount of nickel during the im-

pregnation of catalysts. The BET surface of the Ca(OH)2 and red mud was 24.8 and 35.1 

m2/g, respectively. The SEM micrographs of the catalysts are shown in Figure 3.5. 

  

Ni/ZSM-5 

Figure 3.5 

The SEM micrographs of the catalysts 
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Ni/SAPO-11 

  

Red mud 

Figure 3.5 

The SEM micrographs of the catalysts (cont.) 

3.2. Comparison of different aging methods 

The long term utilization of the hydrocarbon fractions is one of the main issues of 

the waste to fuel/energy processes. The longer-term properties of the hydrocarbon frac-

tions, in general, are investigated via aging tests. It is also well known, that the parameters 

(e.g. temperature, atmosphere, treating time, etc.) had a noticeable effect on the result. In 

general, the pyrolysis oils are stored at 80°C till 1 day, however other methods are also 

available for following the aging properties. But, there is limited information and a critical 

evaluation of the connection regarding the different aging tests. The main aim of this part 

to make comparisons among the different aging tests to investigate the change in the 

properties of pyrolysis oil in long-term storage. A non-accelerated and accelerated aging 

test was implemented and then the viscosity, density, solid deposition and TAN have been 

compared. 
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The long-term properties of waste-derived pyrolysis oil were followed by both ac-

celerated and non-accelerated aging tests. During the accelerated test, the pyrolysis oil 

was stored for 7 days at 80°C, while the same sample was kept at room temperature for 

90 days in case of a non-accelerated test. The measurements were taken at 0, 1, 3, 5 and 

7th days in case of accelerated aging test and at 0, 10, 30, 60 and 90th days in the case of 

a non-accelerated aging test. 

The significance of the change in the results was followed by t-probe using the cor-

relation coefficient, which was calculated using the following equation: 
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(3.1) 

Where “xi”and “yi” are the measured values, while “ x ” and “ y ” are their mean 

values. Besides, the significance of the correlation coefficient has been assessed by cal-

culating the t-value.   
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 (3.2) 

Where “r” is the correlation coefficient, “n” is the number of parallel measurements. 

3.2.1. Pyrolysis oils 

250 g of the raw materials were pyrolyzed in the one stage stainless steel batch reactor 

at 550°C (Figure 2.3). Under the used circumstances, pyrolysis oil was the main product 

(Table 3.3). Results show significant differences among the liquid hydrocarbon fractions. 

E.g. the TAN was below 0.05 mg KOH/g in case of HDPE, PP and PS raw materials, 

however, due to the oxygen-containing acidic components (aldehyde, ketones, carboxylic 

acid, etc.) it was considerably higher in case of MPW and MSW raw materials (1.1 mg 

KOH/g and 1.9 mg KOH/g). The density and viscosity were in the range of 0.835 g/cm3 

to 0.864 g/cm3 and 2.17 mm2/s to 2.38 mm2/s, respectively, which was not significantly 

affected by the raw materials. Due to the linear structure of the polyethylene, pyrolysis 

oil from HDPE had the most n-paraffin (39.7%). Polypropylene has ramification in each 

second carbon atom in the main chain, therefore, the yield of branched-paraffin was the 

highest in the case of PP derived pyrolysis oil (27.4%). The same reason could be blamed 
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for the high aromatic content in the case of PS derived pyrolysis oil, because the polysty-

rene main chain has benzene rings as a side group. Hydrocarbons containing oxygen were 

found only in the case of MPW (8.3%) and MSW (18.2%) products. 

Table 3.3 

The main properties of pyrolysis oils 

 HDPE PP PS MPW MSW 

Density, g/cm3 0.858 0.835 0.864 0.863 0.852 

Viscosity, mm2/s 1.95 1.28 1.52 2.38 2.17 

TAN, mgKOH/g 0.06 0.03 0.05 1.1 1.9 

Composition, %      

     n-paraffin 39.7 9.1 2.8 12.8 9.2 

     Branched-paraffin 8.9 27.4 5.1 19.5 14.5 

     n-olefin 42.5 12.5 4.7 17.3 7.3 

     Branched-olefin 6.3 49.2 3.5 22.4 19.4 

     Monoaromatic  n.d. n.d. 72.8 12.5 9.2 

     Polyaromatic n.d. n.d. 8.3 2.7 11.5 

     Oxygen containing n.d. n.d.  n.d. 8.3 18.2 

     Other/non identified 2.6 1.8 2.8 4.5 10.7 

3.2.2. Density 

The density of the pyrolysis oils in the case of both accelerated and non-accelerated 

aging tests is summarized in Figure 3.6. Results well demonstrate that the densities were 

in the same range in the case of accelerated and non-accelerated tests (from 0.835 to 0.947 

g/cm3 and 0.835 to 0.916 g/cm3). The aging of PS and MSW derived pyrolysis oils re-

sulted in the highest increasing rate in the density: 9.6% and 7.5% at the 7th day of the 

accelerated test and 6.0% and 6.9% at room temperature at the 90th day. Due to the pres-

ence of oxygen-containing compounds, a significant increase in the density was observed 

in the case of MPW and MSW derived pyrolysis oils aging. The best result was found 

when the HDPE sourced pyrolysis oil was treated, both by accelerated and non-acceler-

ated ways. To compare the two different aging tests, lots of similarities were found, how-

ever, a linear correlation was found in waste plastics sourced oils in case of the non-

accelerated tests, while the density change was close to exponential as regards to the py-

rolysis oil achieved by MSW. On the other hand, the change of the density was exponen-

tial in the case of pyrolysis oils exclusively in the case of accelerated tests performed on 

HDPE sourced oils.  
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Figure 3.6.c demonstrates the result of significance analysis. According to results, 

each of the „t” value was over the tcritical, therefore the results of accelerated and non-

accelerated aging are correlated. The best result (highest value) was found in case of PS 

derived pyrolysis oil (18.194), while the worst (lowest value) in case of MPW derived 

liquid fraction (4.223). 

  
a) b) 

 
c) 

Figure 3.6 

 The density of pyrolysis oil during the accelerated aging (a) and the non-accelerated aging (b), signifi-

cance analysis (c) (tcritical=2.571 (95% confidence interval)) 

3.2.3. Viscosity 

The viscosity of the pyrolysis oil is one of its most important properties because it 

directly influenced the pumping and transportation conditions. The viscosity of pyrolysis 

oils during the different aging tests is shown in Figure 3.7. In general, the pyrolysis of 

mixed raw materials resulted in a higher viscosity of pyrolysis oils (2.38-2.59 mm2/s 

(MPW) and 2.17-2.36 mm2/s (MSW)), than that of individual waste plastics (1.95-1.99 

mm2/s (HDPE), 1.28 mm2/s-1.32 (PP), 1.52-1.81 mm2/s (PS)). It is also well shown, that 
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a moderate increase was found in the viscosity when the PS, MPW and MSW derived 

hydrocarbons were aged. This phenomenon was occurred by the reactive and unsaturated 

compounds, which can be interacted by different chemical reactions during the aging e.g. 

oligomerization, esterification, oxidization and polymerization, to produce larger mole-

cules that led to increasing of the viscosity. Due to the limited availability of the unstable 

compounds, the viscosity of HDPE and PP sourced pyrolysis oils did not change consid-

erably. As it was before mentioned, the well-shown correlation was found comparing the 

accelerated and non-accelerated aging. The significance analysis shows non-significant 

differences between the results obtained from accelerated and non-accelerated aging. The 

„t” value was in the range of 3.098 (HDPE)-13.760 (PP), which is higher than the critical 

value, which means that the differences between the accelerated and non-accelerated tests 

were not significant within 95% confidence interval. 

  
a) b) 

 
c) 

Figure 3.7 

 The viscosity of pyrolysis oil during the accelerated aging (a) and the non-accelerated aging (b), signifi-

cance analysis (c) (tcritical=2.571 (95% confidence interval)) 
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3.2.4. Total Acid Number 

The TAN of waste-derived pyrolysis oils are summarized in Figure 3.8. As Table 

3.3 well demonstrates, a plastic derived pyrolysis oil resulted in a fractions with the com-

position of n-paraffin, branched-paraffin, n-olefin, branched-olefin and aromatics hydro-

carbons. Therefore the TAN was negligable in case of HDPE, PP and PS derived hydro-

carbons. Furthermore, the acidity of these fractions did not change during aging. 

  
a) b) 

 
c) 

Figure 3.8 

 The TAN of pyrolysis oil during the accelerated aging (a) and the non-accelerated aging (b), significance 

analysis (c) (tcritical=2.571 (95% confidence interval)) 

 

The TAN of the MPW and MSW sourced light oils changed from 0.03-

0.06mgKOH/g to 0.03-3.9 mgKOH/g (in case of accelerated aging) and to 0.03-3.3 

mgKOH/g (in case of non-accelerated aging). On the other hand, biomass or oxygen-

containing plastics (e.g. PET) in the raw material resulted in many of oxygenated com-

pounds (acids, aldehydes, ketones, and phenols), which led to high acidity. The high acid-

ity is unfavoured, due to its inconvenient corrosion properties. Not only the initial value 
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of the TAN was higher in the case of MPW (1.19 mg KOH/g) and MSW (1.1 mg KOH/g) 

derived pyrolysis oils, but also the change during the aging tests was also more signifi-

cant. The change of the TAN belongs to MPW derived pyrolysis oils demonstrate linear 

function, while that of exponential in case of MSW sourced pyrolysis oils. For example, 

the TAN of the MPW and MSW sourced pyrolysis oils has increased by 72.7% and 

105.3% in the 7th day of the accelerated aging or 73.7% and 63.6% at the 90th days in case 

of non-accelerated test. 

Comparing the two tests, it is clear that a good correlation was found. HDPE, PP and 

PS derived pyrolysis oils had no change in the TAN. Furthermore, the t-value was 20.821 

(MPW) and 30.986 (MSW) in the two other cases. 

3.2.5. Solid deposition 

It is well known, that the different compounds in pyrolysis oils can be reacted and 

polymerized to higher molecular weight agglomerates under the aging circumstances. 

The amount of the molecule agglomerates should be followed by the solid deposition. 

Figure 3.9 summarizes the change of the solid depositions as a function of the aging time 

in case of accelerated and non-accelerated aging. 

Similarly, as it was before mentioned, HDPE, and PP derived pyrolysis oils had fa-

vorable properties regarding the formation of larger molecule agglomerates because the 

amount of the residue on the filter was less than 0.003% (HDPE) and 0.002% (PP). It 

means, that the olefins in the HDPE and PP derived pyrolysis oils can not be agglomerated 

into larger particles. On the other hand PS, MPW and MSW derived pyrolysis oils re-

sulted in a more solid deposition during the aging tests. The increasing tendency was 

significant in each case of raw materials and both aging tests. E.g., the solid deposition 

increased from zero to 0.127%, 0.105% and 0.177% on the 7th day of the accelerated 

aging test and to 0.051%, 0.022% and 0.057% on the 90th day of the non-accelerated 

aging test, in case of PS, MPW and MSW originated pyrolysis oils, respectively. The 

disadvantageous aging characteristics of PS derived pyrolysis oils were primarily caused 

by the presence of the aromatic. Both monoaromatic and polyaromatic substances can 

result in larger molecular agglomerates by condensation and polycondensation reactions 

during aging. Comparing the two aging procedures, a well notable difference was found, 

because a more rapid change was observed in the case of accelerated aging test. This 
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indicates that the solid deposition on the filter after the 90th day in case of a non-acceler-

ated test was equivalent to the result on the 3rd day of the accelerated test. That result is 

opposed with e.g. density and viscosity values because equivalence in both properties was 

concluded 90 days treating under non-accelerated conditions with 7 day treating at 80°C. 

  
a) b) 

 
c) 

Figure 3.9 

 The solid deposition of pyrolysis oil during the accelerated aging (a) and the non-accelerated aging (b), 

significance analysis (c) (tcritical=2.571 (95% confidence interval)) 

 

The calculated t-value was 5.000, 3.464, 25.231, 18.076 and 43.092 in the case of 

HDPE, PP, PS, MPW and MSW derived pyrolysis oils. It means that MSW derived py-

rolysis oil results in the best correlation between the accelerated and non-accelerated tests, 

while PP derived the worst. However, PS and MPW derived pyrolysis oils showed also 

advanced correlation. 
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3.2.6. Main conclusions of the comparative study 

The aging properties of the pyrolysis oils were significantly affected by the raw ma-

terials. The density and viscosity of the pyrolysis oils have increased to the highest degree 

in the case of PS and MSW raw materials. HDPE and PP derived pyrolysis oil showed 

better density and viscosity stability. Due to the aromatic hydrocarbons, pyrolysis oil from 

the PS decomposition had a significant increase in the viscosity and solid deposition. The 

oxygen-containing compounds significantly deteriorated the corrosion stability of the py-

rolysis oils, because the TAN was greatly increased in both aging tests. Comparing the 

results of the accelerated and non-accelerated aging tests, it can be concluded that the 

density, viscosity and TAN on the 7th day during the accelerated aging test correlated well 

with the results on the 90th day of the non-accelerated test. However, in the case of solid 

deposition obtained at 80 °C after the 3rd day of the test, has correlated well with those 

obtained at room temperature on the 90th day. On the other hand, the correlation between 

the two tests was also affected significantly by the pyrolysis oil composition. 

3.3. Pyrolysis of contaminated plastic waste 

In this chapter chlorinated waste plastic was pyrolyzed in batch and tubular reactors 

using catalysts. The effect of the reaction parameters (e.g. reactors, catalysts) and the 

longer-term utilization of light oils was investigated and results concluded. 

3.3.1. Product yields 

Owing to its direct influence on the feasibility and profitability of the waste to fuel 

processes, the product yield is a key parameter regarding the pyrolysis. The product yields 

of the pyrolysis of chlorinated real municipal plastic waste are summarized in Figure 

3.10. It is clear, that the yield of volatiles was significantly increased by the use of cata-

lysts. However, slightly less amount of light oil and higher yield of gaseous products were 

observed by the use of Ni/ZSM-5 based catalysts, like that of with Ni/SAPO-11 based 

catalysts, which was independent of the reactors (batch vs. tubular reactor). Due to the 

larger microporous surface area of ZSM-5 catalyst, the polymer decomposition was more 

significant causing in mainly more gaseous products. Furthermore, ZSM-5 zeolite has 

strong acidity and average pores (~5.5A). However, SAPO-11 zeolite has weaker acidity 

and smaller pores (~3.8A). It is also well shown, that ZSM-5 catalyst has a significantly 

higher Si/Al ratio. In general, a higher Si/Al ratio of acidic zeolite catalysts can lead to 
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more significant decomposition of C-C bonds, which increases the yield of light hydro-

carbon and gases [276,277]. 

  
a) Batch reactor b) Tubular reactor 

Figure 3.10 

The yields of pyrolysis products 

 

To compare the effect of the catalyst on volatiles yield, it appears that, both 112-ZCR 

and 112-S catalyst mixtures has the best performance in term of gaseous product and light 

oil production, which can be attributed to their high synthetic zeolite proportion. Red mud 

and Ca(OH)2 mixed with synthetic zeolite have less influence on product yield structure. 

Therefore, the number of active centers of catalyst mixtures containing synthetic zeolite 

was reduced by introducing red mud and Ca(OH)2. Moreover, 211-ZCR and 121-SCR 

catalysts can increase the light oil yield. However, 111-ZCR and 111-SCR catalysts ex-

hibited less efficiency in the production of gases. On the other hand, due to the remaining 

catalysts, the yield of char was higher in case of thermo-catalytic pyrolysis.  

3.3.2. Products properties 

3.3.2.1. Gases 

Figure 3.11 summarizes the main composition of gases. Data well shown that the gas 

fraction contains especially hydrocarbons up to C5. The n-paraffin and n-olefin hydrocar-

bons were the main components in gases, which can be attributed to the high concentra-

tion of polyethylene in the raw material (35% LDPE and 32% HDPE). Those components 

had been formed by -scission reaction. The yield of branched hydrocarbons, such iso-

butene, trans-but-2-ene, cis-but-2-ene, iso-butane, isopentane, 2,2-dimethylbutane and 
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methyl pentane can be considerably increased, as the result of the ion initiated isomeriza-

tion reactions. In case of both reactors, SAPO-11 showed less efficiency in isomerization 

reactions, than ZSM-5 zeolite. ZSM-5 has a larger pore size comparing to SAPO-11, and 

the external diffusion of branched hydrocarbon was limited by using SAPO-11 based cat-

alyst mixture. It should be pointed out, that the concentration of trans-but-2-en was higher 

by using Ni/ZSM-5 supporter, while a higher concentration of iso-pentene can be accom-

plished over Ni/SAPO-11 catalyst mixtures. High Ni modified synthetic zeolite content 

(112-ZCR and 112-SCR) can typically increase the yields of branched hydrocarbons both 

in case of Ni/SAPO-11 and in case of Ni/ZSM-5 supporters using both batch and tubular 

reactors. By comparing the catalyst mixtures, the adding of both Ca(OH)2 and red mud 

declined the catalyst activity in isomerization reactions, which was attributed to the “di-

luting” effect of the red mud and Ca(OH)2 which led to reasonably less number of catalyst 

active sites in the mass unit of the catalyst mixtures [276,277]. 

  
a) Batch reactor b) Tubular reactor 

Figure 3.11 

The composition of gases 

 

The hydrogen concentration was over 0.5% by only using 112-SCR, 112-ZCR and 

121-SCR, 121-ZCR catalysts mixtures, which can be blamed by the synergetic effect of 

Ni loaded synthetic zeolite supported catalysts with red mud to the hydrogen yields. This 

effect was independent of the used reactor configurations, but the hydrogen content was 

a bit less in case of a tubular reactor. The synergetic effect was the consequence of the 

iron atom in the red mud, which can act as a promoter in a heterogenic catalytic reaction. 

This hypothesis was also described by Yao et al., who investigated the high-temperature 

pyrolysis of plastic wastes (HDPE, LDPE, PP, PS) using -Al2O3 catalysts [278]. It has 
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been found that iron beside nickel could effectively increase the hydrogen yield. How-

ever, due to the lower temperature, the hydrogen concentration on gases was significantly 

lower in my case. 

The amount of unsaturated compounds is increased while the concentration of satu-

rated hydrocarbons is decreased by the use of catalysts. Conversely, the opposite tendency 

was found regarding the branched and non-branched hydrocarbons. The increase in the 

amount of unsaturated compounds was attributed to the greater extent of -scission reac-

tions on catalyst active centres. Due to this, the diffusion of molecules with greater hy-

drodynamic volume is limited in smaller pore size silicoaluminumphosphate molecule 

sieve; therefore the SAPO-11 catalysts have higher and better selectivity in the synthesis 

of unsaturated hydrocarbons. However, the small pore size inhibits the further isomeriza-

tion of the unstable molecular fragments, therefore they are stabilized mostly in the un-

saturated form [276,277].  

Concerning the chlorinated compounds, chloroethane and chloromethane were iden-

tified in gases obtained from both batch and tubular reactors. The formation of chlorinated 

hydrocarbons in the pyrolysis products were established in earlier studies. E.g., a wide 

range of chlorinated hydrocarbons was identified when PVC has pyrolyzed alone [279]. 

Chloromethane was found in the pyrolysis products of wood and PVC mixture [280]. The 

summarized concentration of chlorinated organic components can decrease by the use of 

catalysts. Especially the high red mud and Ca(OH)2 containing catalysts had a positive 

effect regarding the reduction of the chlorinated organic compounds. That phenomenon 

can be attributed to the alkali characteristic and the iron content and of the mentioned 

catalyst mixtures. It was previously established, that iron could promote the C-Cl scission 

and formation of halogenated transition metal oxides and other derivate or even HCl [281-

287]. It is an important observation, that the SAPO-11 zeolite showed higher activity in 

term of de-chlorination comparing to ZSM-5. Owing to the higher Si/Al ratio, the ZSM-

5 catalyst had higher activity both in C-C and C-Cl cracking, however, less amount of 

chlorinated compounds can be absorbed by ZSM-5 [276,277]. 

3.3.2.2. Light oil 

Light oils had C5-C35 hydrocarbons, but the cumulative concentration of  >C24 com-

pound was less than 2%. The composition of pyrolysis oils is summarized in Figure 3.12. 

As results well demonstrate, n-paraffin, n-olefin, branched, and aromatic (single ring and 
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multiring) compounds were contained in pyrolysis oils. The main fraction was the ali-

phatic compounds because the concentration of aromatic compounds was less than 

17.6%. In one hand, the aromatization reactions can be enhanced by catalysts especially 

in case of the batch reactor. The concentration of aromatics was higher using a batch 

reactor, comparing to the tubular reactor, which can be attributed to the lower catalyst 

activity and shorter residence time in case of tubular pyrolysis. Owing to the longer resi-

dence time, the secondary reactions of aliphatic hydrocarbons resulting in their cycliza-

tion, aromatization and polymerization were more likely to occur in the batch pyrolysis. 

  
a) Batch reactor b) Tubular reactor 

Figure 3.12 

The properties of light oils 

 

It is worth mentioning that owing to the difference in catalyst pore size, the concentra-

tion of multi-rings aromatics was dominant in pyrolysis oils using Ni/ZSM-5 based cata-

lysts, however, the concentration of single-ring aromatic was the dominant by using 

nickel loaded silicoaluminophosphate catalysts using tubular reactor. In case of batch re-

actor, the concentration of multiring aromatics was significantly higher than that of single 

ring aromtics [276,277]. 

It is also well known, the main chlorinated degradation product of PVC pyrolysis is 

the chlorobenzene [186,283]. It is an interesting result, that only a slight amount of aro-

matic compounds were produced without catalysts (less than 3%). However, the yield of 

aromatics could be significantly increased by catalysts. Lower aromatic concentration 
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was obtained by silicoaluminophosphate catalysts and it was the result of the limited dif-

fusion owing to the smaller pore size [276,277]. 

Both Ni/SAPO-11 and Ni/ZSM-5 based catalyst exhibited an advanced performance 

for carbon frame isomerization. The branched/(n-olefin+n-paraffin) ratio was 0.84 in case 

of thermal pyrolysis, while, the ratio increased to 1.35-1.59 (Ni/SAPO-11 based catalysts) 

and 1.62-2.51 (Ni/ZSM-5 based catalysts) in case of catalytic pyrolysis in a tubular reac-

tor. More aromatic and less branched hydrocarbons were found in pyrolysis oils using a 

batch reactor system [276,277]. The possible reaction scheme of the catalytic isomeriza-

tion and aromatization reactions are summarized in (3.3) and (3.4). 

 

(3.3) 

 

(3.4) 

The n-paraffin/n-olefin ratio was slightly changed by using Ni/ZSM-5 catalyst mix-

tures in a batch reactor, however, a significant reduction was found in the case of 

Ni/SAPO-11 catalysts in case of the tubular reactor and increase by the using of the batch 

reactor (Figure 3.13). The n-paraffin/n-olefin ratios were 1.14 (batch reactor) and 0.94 

(tubular reactor). That value has changed to 1.09-1.18 (batch reactor, Ni/ZSM-5 based 

catalysts), 0.73-0.93 (tubular reactor, Ni/ZSM-5 based catalysts), 1.30-1.43 (batch reac-

tor, Ni/SAPO-11 based catalysts) and 0.66-0.82 (tubular reactor, Ni/SAPO-11 based cat-

alysts). It means that the Ni/SAPO-11 based catalysts has resulted in lower n-paraffin/n-

olefin ratios than Ni/ZSM-5 based. It is also important to remark, that the lowest values 

were found in the case of 112-ZCR and 112-SCR marked catalysts. However, the change 

in the ratio was also affected by the amount of branched hydrocarbons. 
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Figure 3.13 

The n-paraffin/n-olefin ratio of light oils 

 

The main properties of the light oils are summarized in Table 3.4. The density and 

viscosity changed in the range of 0.759-0.847 g/cm3 and 1.041-1.905mm2/s respectively. 

The flash point was below 50°C. Due to chlorine in raw materials, 228-5509ppm chlorine 

was found in light oils. The TAN values of the liquid fractions was between 2.1 and 

11.5mgKOH/g sample. The density, viscosity, chlorine content and TAN can be de-

creased by catalysts. 

Table 3.4 

Main properties of light oils obtained by pyrolysis of chlorinated waste plastics 

  
No-cat-

alyst 

111-

ZCR 

112-

ZCR 

121-

ZCR 

211-

ZCR 

111-

SCR 

112-

SCR 

121-

SCR 

211-

SCR 

B
a

tc
h

 r
ea

ct
o

r 

Colour 
Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Density, g/cm3 (at 20°C) 0.847 0.787 0.773 0.784 0.779 0.796 0.782 0.793 0.781 

Viscosity, mm2/s (at 20°C) 1.905 1.246 1.081 1.185 1.202 1.372 1.115 1.297 1.207 

Flash point, °C <50 <50 <50 <50 <50 <50 <50 <50 <50 

TAN, mgKOH/g 7.9 3.5 4.3 2.9 2.7 3.3 4.2 2.1 2.5 

Chlorine, ppm 4364 2083 1344 485 284 1208 1284 377 228 

T
u

b
u

la
r 

re
a

ct
o

r
 Colour 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Density, g/cm3 (at 20°C) 0.811 0.775 0.759 0.772 0.763 0.785 0.771 0.773 0.781 

Viscosity, mm2/s (at 20°C) 1.781 1.172 1.041 1.075 1.124 1.217 1.074 1.126 1.159 

Flash point, °C <50 <50 <50 <50 <50 <50 <50 <50 <50 

TAN, mgKOH/g 11.5 4.8 5.5 3.6 3.8 4.2 5.1 2.9 2.8 

Chlorine, ppm 5 509 2 619 1 804 645 342 1 897 1 724 528 327 
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3.3.2.3. Heavy oil 

Heavy oil was obtained as the bottom product of the fractionation in  case of pyrolysis 

using tubular reactor. It has brown in colour and solid, grease-like appearance. The main 

properties of the heavy oils are summarized in Table 3.5.  

Table 3.5 

Main properties of heavy oils obtained by pyrolysis of chlorinated waste plastics 

  No-catalyst 
111-

ZCR 

112-

ZCR 

121-

ZCR 

211-

ZCR 

111-

SCR 

112-

SCR 

121-

SCR 

211-

SCR 

Density, g/cm3 (at 100°C) 
0.855 0.822 0.806 0.841 0.834 0.828 0.816 0.832 0.829 

Viscosity, mm2/s (at 100°C) 
6.88 5.64 5.01 5.95 5.62 5.42 5.15 5.28 5.38 

Melting point, °C 
91 84 83 85 84 84 83 87 86 

Flash point, °C 
221 215 201 210 214 212 209 210 216 

IBP, °C 
158 153 152 151 152 153 158 157 155 

FBP, °C 
>350 >350 >350 >350 >350 >350 >350 >350 >350 

Caloric value, MJ/kg 
41.6 41.9 41.8 41.7 41.3 41.9 41.8 41.8 41.5 

 

The density and viscosity show a significant difference. Pyrolysis without catalysts 

has a high density (0.855 g/cm3). It is clear, that the density can be reduced by catalysts 

to the range of 0.806-0.841 g/cm3 in case of Ni/ZSM-5 based catalysts mixture and to the 

range of 0.816-0.832 g/cm3 using Ni/SAPO-11 based catalysts mixtures. 

The viscosity was 6.88 mm2/s without catalyst at 100°C and the catalysts can result 

lower viscosity. Therefore, the using of catalysts has a positive effect on the heavy oil by 

reducing of it density and viscosity.  

The melting point of heavy oil has a slight difference between the catalyst free and 

thermo-catalytic pyrolysis. The melting point was 91°C and 83-87°C absence and in the 

presence of catalysts, respectively. The value of flash point can be also decreased by cat-

alysts, especially by Ni/ZSM-5 based catalysts mixture. However, regarding the HHV, 

no significant difference was concluded by the catalyst application, because the values 

were in the range of 40.3-41.9 MJ/Kg [277]. 

3.3.2.4. Chlorine content 

In regards to the long-term application of pyrolysis products, the concentration of 

contaminants (e.g. chlorinated compounds) is considered as a crucial factor. In general, 

hydrocarbons with fewer contaminants have advantageous long-term properties. The 
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chlorine content of pyrolysis products is summarized in Figure 3.14 [276,277]. As illus-

trated in the figure, light oils from catalyst-free pyrolysis have high chlorine content; 

however, the chlorine content of volatiles was significantly decreased by the use of 

Ni/ZSM-5 catalysts.  

 
 

a) Batch reactor b) Tubular reactor 

Figure 3.14 

The chlorine content of the products 

 

Results well demonstrate that the silicoaluminophosphate supported catalyst mixtures 

have higher efficiency in chlorine reduction than ZSM-5 supported catalysts. However, 

the chlorine content of pyrolysis oil can be significantly reduced by catalysts, especially 

with high Ca(OH)2 and red mud content. It is worth mentioning, that in both cases (batch 

and tubular reactor), the high red mud content is seen as the most convenient method for 

decreasing the chlorine-containing compounds. The helpful effect of iron compounds 

(e.g. red mud, FeCl3, hematite) for chlorine removal was defined earlier and the advanta-

geous property was accredited to the sorption of chlorinated hydrocarbons on the surface 

of the ferrous materials or the cracking of C-Cl bond [284-287,290-292]. In terms of the 

long-term fuel applicability, the catalysts with high alkaline content were the most effec-

tive, owing to its ability in reducing the chlorine content in the products, which results in 

more appropriate in terms of transportation and storage characteristics [276,277]. 

By comparison of the two different reactor systems, it is clear that the batch reactor 

produced gases with lower chlorine content, while a higher chlorine content liquid prod-

ucts were produced by the tubular reactor.  This implies that the favorable long-term fuel 

purposes hydrocarbons could be produced in batch reactor rather than the tubular process 

using chlorinated polyolefins [276,277].  
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The PVC decomposition starts at a lower temperature than comparing to the C-C scis-

sion of both polyethylene and polypropylene. In the first reaction step, the C-Cl bond in 

PVC macromolecule begins to decompose around 300-350°C with chlorine or chlorin-

ated radicals. Then those radicals can further take part in the decomposition of other plas-

tics, such as polyethylene or polypropylene. One of the possible ways for the stabilization 

of molecule fragments from PVC or other plastics is the formation of chlorinated hydro-

carbons or HCl (partial dechlorination by HCl formation (3.5), chlorination (3.6), dechlo-

rination by recombination (3.7), chlorinated aromatic formation (3.8), dechlorination by 

catalysts (3.9)) [276,277]. 

 
(3.5) 

 

(3.6) 

 

(3.7) 

 

(3.8) 

 

(3.9) 

Due to the operation specific of the continuous pyrolysis process, there is no possibil-

ity for “stepwise-like” pyrolysis in continuous pyrolysis using a tubular reactor. The mix-

ture of the polymers is continuously fed into the reactor using a screw. The PVC in the 

raw materials started to decompose in the beginning section of the reactor almost during 

their heating up period, but the chlorine radicals cannot leave the tubular reactor till all of 

the raw material reaches the set temperature. Consequently, the chlorine remains inside 

the reactor and can play an active role in the further decomposition of other plastics re-

sulting higher amount of chlorinated (organic) compounds. Contrary, the PVC can de-

compose in a large part during the reactor heating period, and chlorinated products (es-

pecially HCl) can leave the reactor vessel before the other polymer start to decompose. 

The role of the catalysts was primary to sorb the chlorine-containing compounds and re-

duce the activation energy of the C-C and C-Cl scission [276,277]. 
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The bottom product of the distillation column also contained solid substances (in form 

of inorganic filler, catalyst or coke, etc.) which were separated by a hot press filter. Under 

all circumstances, light oil had less chlorine content by comparing it to the heavy oils, 

which were produced under the same conditions. Catalysts can absorb the chlorine-con-

taining compounds; therefore, the chlorine content of solid residues obtained by thermo-

catalytic pyrolysis can be increase radically. Due to the sorption of the chlorine-contain-

ing compounds on the catalysts surface the largest chlorine content of the solid residues 

were found when Ca(OH)2 and red were used. In these cases, not the C-Cl cracking, but 

the sorption of the high specific surface catalyst mixtures was the determining factor. 

Meanwhile, it can be assumed that the chlorine content of the solid residues was higher 

in each case using the SAPO-11 catalysts, therefore those catalysts have high activity for 

dechlorination [276,277]. 

3.3.3. Longer-term properties 

3.3.3.1. Corrosion test 

In order to investigate the corrosion properties of liquid products, a copper plate had 

been stored for 60 days in the liquid hydrocarbons and then the weight loss was measured 

(Figure 3.15).  

The weight loss was less in case of batch reactor but only without catalysts. Therefore 

the light oil from batch reactor had better corrosion property, than that of from tubular 

reactor in case of catalyst-free pyrolysis. The concentration of chlorinated organic com-

pounds is responsible for this phenomenon. Unexpectedly, the pyrolysis oils obtained by 

thermo-catalytic pyrolysis in tubular reactor resulted in relatively less weight loss, com-

paring to that using batch reactor. E.g. the weight loss at the 60th day occurred by thermo-

catalytic pyrolysis derived light oil was 4.7-19.6% (Ni/SAPO-11 based catalyst mixtures) 

and 6.7-30.8% (Ni/ZSM-5 based catalyst mixtures) of the weight loss in case of the non-

catalytic pyrolysis using tubular reactor. Regarding the light oil from batch reactor, those 

values were 5.4-33.4% (Ni/SAPO-11 based catalyst mixtures) and 8.1-44.5% (Ni/ZSM-

5 based catalyst mixtures). 
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a) Batch, Ni/ZSM-5 based catalysts b) Batch, Ni/SAPO-11 based catalysts 

  
c) Tubular, Ni/ZSM-5 based catalysts d) Tubular, Ni/SAPO-11 based catalysts 

Figure 3.15 

Weight loss of the copper plate sample during the corrosion test 

 

It is also an important observation, the weight loss in the case of a tubular reactor can 

be considerably reduced by the 121-Z and 121-S catalysts. Presumably, the high iron 

concentration in red mud favorably modified the product structure by reducing its chlo-

rine content, which can prevent further substantial corrosion problems in case of the long-

term handling. The corrosion test has proved that the high alkali content of the catalysts 

is preferred for long-term storage and transportation of fuels from PVC containing waste 

plastic since the weight loss of the copper plates is considerably reduced [276,277]. 
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3.3.3.2. Accelerated aging test 

Accelerated aging test was performed to investigate the long-term application of light 

oil. According to results, the density and the viscosity slightly increased as function of 

aging (Figures 3.16 and 3.17). 

  
a) Batch reactor, Ni/ZSM-5 based catalysts b) Batch reactor, Ni/SAPO-11 based catalysts 

  
c) Tubular reactor, Ni/ZSM-5 based catalysts d) Tubular reactor, Ni/SAPO-11 based catalysts 

Figure 3.16 

The density of pyrolysis oils during the aging test 

 

It is clear, that a higher increasing rate was found in the case of the thermal pyrolysis 

process using both batch and tubular reactors rather than in the thermo-catalytic process. 

However, it can be concluded that the catalysts had a beneficial effect on both properties 

because light oil from catalytic pyrolysis processes had fewer changes in viscosity and 

density. E.g. the density increased by 2.59% without catalysts and 1.28-1.78% with 

Ni/SAPO-11 and by 1.31-1.65% with Ni/ZSM-5 catalysts during the 7th days treating 

using tubular reactor. Regarding the batch reactor, the density of pyrolysis oil without 
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catalysts increased by 1.99% at the 7th day of the treating at 80°C. On the other hand, it 

can be increased by 2.03-2.68% using Ni/ZSM-5 catalysts, or 2.57-3.06% using 

Ni/SAPO-11 catalysts [276,277]. 

  
a) Batch reactor, Ni/ZSM-5 based catalysts b) Batch reactor, Ni/SAPO-11 based catalysts 

  
c) Tubular reactor, Ni/ZSM-5 based catalysts d) Tubular reactor, Ni/SAPO-11 based catalysts 

Figure 3.17 

The viscosity of pyrolysis oils during the aging test 

 

Similar phenomena were concluded regarding the viscosity, however, the increasing 

ratio was higher. This indicates that the molecule forming agglomerates resulting in 

higher density and viscosity was not substantial during the aging, which is worthwhile 

for the long-term fuel-like utilization of light oils. It is important to remark, that the same 

order of catalysts efficiency was found regarding the density and viscosity increasing in 

case of both Ni/ZSM-5 and Ni/SAPO-11 catalysts: 121, 211, 111 and 211 [276,277]. 

The amount of oligomer-polymer phase separated from the light oil during the accel-

erated aging test is summarized in Figure 3.18.  
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a) Batch reactor, Ni/ZSM-5 based catalysts b) Batch reactor, Ni/SAPO-11 based cata-

lysts 

  
c) Tubular reactor, Ni/ZSM-5 based catalysts d) Tubular reactor, Ni/SAPO-11 based cata-

lysts 

Figure 3.18 

Polymer-oligomer residue on the filter after the aging test   

 

In both thermal and thermo-catalytic pyrolysis, an increasing tendency was found in-

dependently from the used reactor. At the end of the 7th day, the amount of substances 

remaining on the filter was 0.15% (batch reactor) and 0.018% (tubular reactor) without 

catalysts. It means, that significantly lower change was concluded by the use of catalysts. 

E.g. it was 0.05-0.69% using Ni/ZSM-5 based catalysts, and 0.06-0.078% using 

Ni/SAPO-11 based catalysts in case of batch reactor sourced pyrolysis oils; or 0.003-

0.005% for the Ni/ZSM-5  catalysts and  0.004-0.007% for Ni/SAPO-11catalysts, in case 

of the tubular reactor. It means that the catalysts can be reduced the amount of the sepa-

rated fraction. By comparing the two catalyst supporters, it can be said that in all cases 

the catalyst mixtures containing Ni/SAPO-11 showed higher values. This is most likely 
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due to the higher branched hydrocarbon content of pyrolysis oils produced by ZSM-5 

zeolite since they have less activity in the formation of larger fragments, which can be 

filtered. On the other hand, the difference also can be attributed to the difference in the 

distribution of the hydrocarbon structure of unsaturated compounds [276,277]. 

Owing to the insolubility in the light oil matrix of the larger oligomer-polymer mole-

cules (molecule-agglomerates) with higher molecular weight, the solid deposition was 

suggested based on the density and viscosity results. To conclude results, it is clear that 

the formation of those large macromolecules was without the notable production of light 

oil-soluble smaller molecule-agglomerates. This is the reason why the density and vis-

cosity did not increase to such an extent that the amount of oligomer-polymer molecules 

on the filter. Regarding the product utilization, the molecule agglomerates could lead to 

phase separation or the plugging of the filters, which is non-favored for storage, transpor-

tation of waste-derived fuels. Consequently, the use of catalysts, especially with high 

Ni/ZSM-5 and Ni/SAPO-11 content had a significant advantage for further fuel-like ap-

plication of the light oils [276,277]. 

To investigate the acidic property of the light oils TAN measurement was carried out 

and the results are summarized in Figure 3.19. It is well known, those corrosion problems 

could be caused by the chlorine-containing compounds. The light oil obtained in the cat-

alyst-free case using a tubular reactor has a higher acidity (TAN =11.5) than that of in 

case of batch reactor sourced pyrolysis oil (5.9 mgKOH/g sample). The TAN of the cat-

alyst-free sourced liquid fractions increase by 70% (to 19.4mgKOH/g sample) (batch re-

actor) and 19% (to 14.4mgKOH/g sample) (tubular reactor). Presumably, acidic chlorine-

containing compounds can be transformed from the chlorinated organic components dur-

ing the aging. The increase in TAN was less using catalysts, especially in the case of 

SAPO-11. E.g. in case of the batch reactor the TAN can be increased with 36-57% and 

29-48% using Ni/ZSM-5 and Ni/SAPO-11 containing catalysts, respectively. In case of 

catalytic pyrolysis product from tubular reactor, the change in TAN was in the range of 

14-17% (Ni/ZSM-5 based catalysts) and 9-14% (Ni/SAPO-11 based catalysts). It is also 

well presented that ZSM-5 catalyst had lower efficiency in reducing the amount of acid 

components. To conclude the effect of the catalysts, it is also clear than the total acid 

number of light oil produced on catalysts with large amounts of alkaline components have 

been changed the least [276,277]. 
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a) Batch reactor, Ni/ZSM-5 based catalysts b) Batch reactor, Ni/SAPO-11 based catalysts 

  
c) Tubular reactor, Ni/ZSM-5 based catalysts d) Tubular reactor, Ni/SAPO-11 based cata-

lysts 

Figure 3.19 

Total Acid Number of the liquid fractions after the aging test   

3.3.4. Main conclusions of chlorinated plastic pyrolysis 

It was concluded, that the catalyst mixtures can increase the yields of volatiles, espe-

cially catalysts with high synthetic zeolite content. Comparing to Ni/SAPO-11, due to the 

larger microporous surface area, strong acidity and wider average pores of the catalyst, 

ZSM-5 can lead to more significant decomposition of C-C bonds. Red mud can promote 

the hydrogen production, however, the isomerization effect of Ni/ZSM-5 based catalysts 

were more significant, than that of Ni/SAPO-11 based. Gases contain chloromethane and 

chloroethane as organic chlorinated hydrocarbons and the Ni/SAPO-11 based catalysts 

showed advanced properties for de-chlorination especially due to HCl formation which 

led also to significant reduction in the chlorine content of the light oil. However, due to 
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the sorption properties of the catalysts, the chlorine content of the solid residue can in-

crease. Catalysts with high red mud and/or Ca(OH)2 content showed high activity in chlo-

rine reduction. Comparing the two reactors, gases and light oil obtained by tubuar reactor 

had higher chlorine content, than that of batch reactor. As a result of the higher catalyst 

activity and longer residence time, the concentration of aromatics was higher using a 

batch reactor, comparing to the tubular reactor. Using of Ni/ZSM-5 catalyst, the multi-

rings aromatics was dominant in pyrolysis oils, while the single-ring aromatic in case of 

Ni/SAPO-11 catalysts. From another point of view, the smaller pore size of Ni/SAPO-11 

limits the diffusion of molecules which results in lower aromatic concentration. 

Ni/SAPO-11 and Ni/ZSM-5 based catalyst has exhibited an advanced capability for car-

bon frame isomerization which increase considerably the yield of branched hydrocarbon 

and decreased the yield of n-olefin and n-paraffin. More aromatic and less branched hy-

drocarbons were found in pyrolysis oils using a batch reactor system. Meanwhile, the use 

of Ni/SAPO-11 based catalysts has resulted in lower n-paraffin/n-olefin ratios than 

Ni/ZSM-5 based.  

The thermal pyrolysis process using both batch and tubular reactor reactors has pro-

duced an oil with a higher aging increasing rate. Conversely, the catalysts had a beneficial 

effect on suppressing the aging process. It was also concluded, that the density and vis-

cosity change was slightly during the aging test, and small amount of the residues can be 

filtered from the light oil. In general, light oil from tubular reactor had better properties, 

than that of from batch reactor (less solid deposition and lower TAN). Corrosion test 

shows, that Ni/SAPO-11 catalysts (especially with high red mud and Ca(OH)2 content) 

also had a positive effect on long-term applicability of the light oils. 

Regarding the heavy oil physical and chemical characteristics, the introduction of the 

catalysts has reduced the density, viscosity, melting point, and the flash point. Con-

versely, concerning the HHV, no significant difference was established by the catalyst 

use. 

3.4. Pyrolysis of newspaper, cardboard and plastic 

It is well known, that the many compounds containing oxygen are obtained by the 

pyrolysis of cellulose, which can deteriorate the pyrolysis oil properties. In this chapter, 

the pyrolysis of real waste plastic containing paper (newspaper and cardboard) and the 

longer-term utilization of pyrolysis oils are investigated. 
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3.4.1. Product yields 

The yields of products obtained by batch and tubular reactors are summarized in Fig-

ure 3.20. Results well showed, that not only the used catalysts but also the reactor con-

struction have a key role in the pyrolysis reactions because the higher gas yield was found 

using a batch reactor. However, no significant change was found in the amount of solid 

char. The light oil yield decreased in the case of a batch reactor, while that of increased 

in case of the tubular process by the use of catalysts. It is important to mention, regarding 

the batch reactor, the pyrolysis reaction was carried out until no vapors come out from 

the operation unit. Therefore no heavy oil was formed in case of the batch process because 

that fraction was totally decomposed. To investigate the effect of the catalysts, due to the 

before mentioned specialty of the batch reactor, lower yield of light oil was found in the 

presence of catalysts compared to the catalyst-free case in case of batch pyrolysis. Espe-

cially using Ni/ZSM-5 based catalysts mixtures. The light oil yield was 22.6% without 

catalysts. Regarding the effect of the operation unit, the yield of light oil was slightly 

higher using a tubular reactor with Ni/ZSM-5 and Ni/SAPO-11 based catalysts, because 

it was in the range of 23.8-27.3% and 26.1-32.1 %, respectively. However, the gas yield 

can significantly be increased, while the heavy oil yield can be decreased by catalysts 

[288]. 

  
a) Batch reactor b) Tubular reactor 

Figure 3.20 

The yields of pyrolysis products 

 

The composition of the catalysts can also affect the yield of solid fraction. An only a 

slight difference was found in case of batch pyrolysis, however, a significant effect of the 

catalysts to the solid fraction was concluded in case of the tubular system. The yield of 
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the solid fraction was a bit higher in case of Ni/ZSM-5 catalysts mixtures than Ni/SAPO-

11 based using the batch reactor, however, significantly more char was found in case of 

Ni/SAPO-11 based catalysts than in case of Ni/ZSM-5 based catalysts using tubular re-

actor. However, it should be noted that the increase compared to the thermal case was 

primarily due to the catalyst incorporated into the feedstock because it was accumulated 

in this fraction.  

Due to the presence of newspaper and cardboard, liquid products contain water, which 

can be separated from the hydrocarbon oil. It is important to mention, that the catalysts 

can increase the water yield, especially Ni/ZSM-5 based catalysts in a tubular reactor and 

Ni/SAPO-11 based catalysts using batch reactor. Catalysts can also increase the gas yield, 

mainly due to the enhancement of the faster cracking of C-C bonds on catalyst active 

sites. On the other hand, not only the catalyst presence but also the reactor type has a 

significant effect to the gas yield, because the yield of gas products was considerably 

higher by the using of the batch reactor (23.3% (batch reactor) and 18.2% (tubular reactor) 

without catalysts). It is an important observation, that the Ni/ZSM-5 based catalysts had 

higher activity in gas production in case of both types of the reactors than Ni/SAPO-11 

based, which was caused by the higher surface area and higher Si/Al ratio of the Ni/ZSM-

5 zeolite. Especially catalysts with high synthetic zeolite content can increase signifi-

cantly the gas yield (112-ZSM-5 and 112-SAPO-11) [288]. 

3.4.2. Products properties 

3.4.2.1. Gases 

The composition of gases obtained from the batch and tubular process is summarized 

in Figure 3.21. In contrast with the result obtained by the pyrolysis of chlorinated raw 

materilas (Chapter 3.2), not only hydrocarbons but also CO and CO2 should be also iden-

tified in the gas products, which was the consequence of the cellulose content in the news-

paper and cardboard. The CO2 production can cause environmental and sustainable prob-

lems, because of the limited emission of CO2 into the atmosphere. Comparing the batch 

and tubular reactors, and the effect of the catalysts, 10.5% hydrogen, 9.3% CO, 12.5% 

CO2, 2.8% methane and 64.9% C2-C5 hydrocarbon was found using tubular reactor. Fur-

thermore, the following composition of gases was concluded in the case of batch pyroly-

sis: 8.9% hydrogen, 7.3% CO, 8.4% CO2, 7.4% methane and 68.0% other hydrocarbons 

up to C5. Regarding the CO and CO2, in the case of thermo-catalytic pyrolysis using 
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Ni/SAPO-11 based catalysts, higher CO2 concentration was found in a batch reactor, than 

tubular. On the other hand, slightly higher CO was detected by the use of a tubular reactor 

than a batch reactor. It is important to mention, that the yield of carbon monoxide can be 

only slightly increased by catalysts. The concentration of CO was in the range of 5.8-

7.4% over Ni/ZSM-5 based catalysts and between 11.6 and 14.2% by the use of 

Ni/SAPO-11 based catalyst mixture in case of the tubular reactor [288].  

  
a) Batch reactor b) Tubular reactor 

Figure 3.21 

The composition of gases 

 

Results also show that higher methane concentration was found in the batch process 

than in tubular without the catalyst. Ni/ZSM-5 catalysts can significantly increase the 

methane content, which was the consequence of the C-C cracking activity of the synthetic 

zeolite.  E.g. the methane concentration was in the range of 18.5-20.3% and 12.7-14.2% 

in the presence of Ni/ZSM-5 and Ni/SAPO-11 based catalysts, respectively. 

It is also clear, that the tubular reactor is beneficial construction for hydrogen produc-

tion because higher hydrogen yield was found in case of both thermal pyrolysis (10.5%) 

and in case of thermo-catalytic pyrolysis using Ni/ZSM-5 based catalysts (13.7-14.9%) 

than the batch reactor. On the contrary, a bit higher hydrogen yield was obtained in a 

batch reactor using Ni/SAPO-11 based catalysts (13.3-17.3%), comparing to the tubular 

reactor (12.9-15.7%). For chemically viewing point, due to the possibility for in-situ hy-

drogenation, the hydrogen has rather positive effect to the pyrolysis products. Regarding 

the C2-C5 hydrocarbons, catalysts can decrease the yields from 68% (batch process) or 

64.9% (tubular process) to 47.1-62.3% (batch process) and 45.3-53.2% (tubular process). 
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Furthermore, Ni/ZSM-5 based catalysts resulted in more hydrocarbons in gases both in 

batch and tubular reactors [288]. 

3.4.2.2. Light oil 

The compositions of light oils are summarized in Figures 3.22. Results well showed 

that the liquid fraction of the pyrolysis contained n-paraffin; n-olefin; phenol and its de-

rivatives and other oxygen-containing compounds (aldehydes; carboxylic acid and ke-

tones) in case of both batch and tubular processes, which is significantly different results 

comparing the light oil composition obtained by the pyrolysis of chlorinated waste (Chap-

ter 3.2). One of the main results for longer-term utilization of the light oils, that each 

catalyst can significantly affect the amount of compounds containing oxygen. On the 

other hand, not only the catalyst presence but also the reactor configuration has an im-

portant role regarding the compounds containing oxygen. E.g. the yield of phenolic com-

pounds was considerably higher using a tubular reactor without catalysts. It was 10.3% 

and 17.4% using the batch process and tubular reactor, respectively. Regarding the effect 

of the catalysts on the phenolic compounds, it is clear, that Ni/ZSM-5 based catalyst mix-

tures can reduce that in the case of both reactors. However, the Ni/SAPO-11 based cata-

lyst mixtures had resulted in a higher yield of phenolic compounds in the case of batch 

pyrolysis. Furthermore, those catalysts have higher efficiency in the transformation of 

phenolic compounds in the tubular reactor, because their concentration decreased to the 

range of 6.2-8.5% [288]. 

  
a) Batch reactor b) Tubular reactor 

Figure 3.22 

The composition of light oils 
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Results also have shown, that 24.8% (batch process) and 20.5% (tubular reactor) ox-

ygenated compounds were found (without phenol and its derivatives) in catalyst-free py-

rolysis, which can significantly be reduced by catalysts. E.g. to the range of 15.0%-16.9% 

(Ni/ZSM-5 based catalysts) and 17.9%-20.7% (Ni/SAPO-11 based catalyst) using the 

batch reactor, or even to 16.2-18.4% (Ni/ZSM-5 based catalysts) and 12.8-14.2% 

(Ni/SAPO-11 based catalyst) using tubular reactor. The possible reaction scheme respon-

sible for decreasing in oxygen-containing compounds is summarized in (3.10-3.12). On 

one hand, the oxygen-containing compounds can be transformed to n-olefin, n-paraffin 

and aromatics free from –OH and –COOH groups, while the functional groups with ox-

ygen can transform into water. 

R’-C(O)-R” → R’-CH2-R” + H2O (3.10) 

R-CH2-COOH → R-CH2-CH3 + H2O (3.11) 

R’-CH2-C(O)O -CH2-R” → R’-CH=CH2 + R”-CH3 + H2O (3.12) 

Light oil contained 18.6% and 15.0% n-olefin in the case of batch and tubular process 

without catalysts, respectively. It is a strange result, that the catalysts can decrease the n-

olefin content in the batch process, while the opposite tendency was found in the case of 

a tubular reactor comparing that to the catalyst-free case. It is also clear, that of the con-

centration of n-olefin was higher in the case of catalytic pyrolysis in a tubular reactor 

comparing that of to the batch reactor [288]. 

The n-paraffin and n-olefin ratios of the liquid products were shown in Figure 3.23. 

In the case of thermo-catalytic pyrolysis higher n-paraffin/n-olefin ratio was found by 

using the batch reactor, than in tubular. On the other hand, the n-paraffin and n-olefin 

ratio can increase by catalysts independently from the reactor configuration and the cata-

lyst to be used. E.g. the n-paraffin/n-olefin ratio changed 0.78 → 0.97-1.26 (Ni/ZSM-5 

based catalysts) and 0.78 → 1.50-1.71 (Ni/SAPO-11 based catalysts) using batch reactor; 

or 0.90 → 0.91-0.95 (Ni/ZSM-5 based catalysts) and 0.90 → 1.10-1.29 (Ni/SAPO-11 

based catalysts) using tubular reactor. The higher activity of the SAPO-11 catalyst in sat-

uration reaction should be blamed by the higher hydrogen concentration in the gas prod-

ucts (Figure 3.21). 
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Figure 3.23 

The n-paraffin/n-olefin ratio of light oils 

 

It is also known, that the saturation reactions are promoted by the active sites of the 

Ni-containing catalyst. Presumably, the in-situ saturation of the n-olefins that occurred 

by the partial hydrogen excess generated by the cracking of raw material was the cause 

of the increase in n-paraffin/n-olefin ratio (3.13). Furthermore, the more efficient satura-

tion can be caused by the longer reaction time in the case of batch pyrolysis [288]. 

R’-CH=CH2 → R’-CH2-CH3 (3.13) 

The concentration of aromatic hydrocarbons is summarized in Figure 3.24, which 

well shown that monoaromatic and polyaromatic hydrocarbons were found in the liquid 

fractions of the pyrolysis. Similarly, as it was earlier demonstrated (Figure 3.12) catalysts 

had a significant effect on the aromatization reactions, e.g. the concentration of single 

ring aromatics was increased, while mostly less polyaromatic hydrocarbons were found 

by catalysts. Especially the 112-ZCR and 112-SCR signed catalysts can increase signifi-

cantly the yield of monoaromatic hydrocarbons. Presumably, the polyaromatics can fur-

ther be cracked into monoaromatic compounds in the presence of catalysts (3.14). 

Furthermore, a higher summarized yield of aromatics was also found in the presence 

of catalysts, which shows that not only the conversions of the polyaromatics into mono-

aromatics but also the aromatization reactions have occurred over catalysts; especially by 

the using of 112-ZCR and 112-SCR catalyst mixtures. It is also clear, that ZSM-5 had 

high activity in aromatization reactions during the waste polymer pyrolysis [288]. 
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(3.14) 

Comparing the two reactors, no significant difference in the total aromatic content 

was concluded: 21.3-32.7% (batch process) and 20.3-30.0% (tubular reactor). However, 

a higher concentration of mono-aromatics was found in the case of the tubular reactor and 

more polyaromatic hydrocarbons in case of the batch reactor using Ni/ZSM-5 based cat-

alyst mixtures. In contrast, the concentration of both mono-aromatic and polyaromatic 

were slightly lower in case of a tubular reactor compared to the batch process using 

Ni/SAPO-11 based catalyst mixtures [288]. 

  
a) Batch reactor b) Tubular reactor 

Figure 3.24 

The aromatic content of light oils 

 

The main properties of the light oils are summarized in Table 3.6. The density and 

viscosity changed in the range of 0.718-0.812 g/cm3 and 1.722-2.371mm2/s respectively. 

The flash point was below 50°C. The colour of the light oil obtained by batch reactor was 

dark brown/black, while that of from tubular reactor yellowish. The TAN was under 20 

mgKOH/g sample in each case, however liquid fractions with lower acidity can be ob-

tained from from tubular reactor. 
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Table 3.6 

Main properties of light oils obtained by pyrolysis of chlorinated waste plastics 

  
No-cat-

alyst 

111-

ZCR 

112-

ZCR 

121-

ZCR 

211-

ZCR 

111-

SCR 

112-

SCR 

121-

SCR 

211-

SCR 
B

a
tc

h
 r

ea
ct

o
r Colour 

Dark 

brown 

Dark 

brown 

Dark 

brown 

Dark 

brown 

Dark 

brown 

Dark 

brown 

Dark 

brown 

Dark 

brown 

Dark 

brown 

Density, g/cm3 (at 20°C) 0.812 0.767 0.738 0.747 0.755 0.778 0.755 0.767 0.771 

Viscosity, mm2/s (at 20°C) 2.371 2.115 1.957 2.218 2.193 2.209 2.105 2.221 2.229 

Flash point, °C <50 <50 <50 <50 <50 <50 <50 <50 <50 

TAN, mgKOH/g 19.7 11.5 12.8 11.9 12.4 14.8 15.3 14.2 14.9 

T
u

b
u

la
r 

re
a

ct
o

r Colour 
Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Density, g/cm3 (at 20°C) 0.796 0.755 0.718 0.738 0.729 0.768 0.739 0.758 0.742 

Viscosity, mm2/s (at 20°C) 2.185 2.007 1.722 1.894 1.948 1.942 1.836 1.925 1.953 

Flash point, °C <50 <50 <50 <50 <50 <50 <50 <50 <50 

TAN, mgKOH/g 15.2 10.8 10.3 11.2 10.7 9.1 8.3 7.3 8.9 

3.4.2.3. Heavy oil 

The main characteristics of the heavy oil obtained by the pyrolysis of waste plastics 

containing paper in tubular reactor are summarized in Table 3.7. The heavy oils have 

black colour and they were grease-like as it was mentioned in the subchapter 3.2.2.3.  

Table 3.7 

Main properties of heavy oils obtained by pyrolysis of waste plastic containing paper 

 No-catalyst 
111-

ZCR 

112-

ZCR 

121-

ZCR 

211-

ZCR 

111-

SCR 

112-

SCR 

121-

SCR 

211-

SCR 

Density, g/cm3 (at 100°C) 
0.861 0.832 0.809 0.854 0.842 0.833 0.825 0.842 0.835 

Viscosity, mm2/s (at 100°C) 
6.92 5.81 5.15 6.12 5.79 5.56 5.29 5.51 5.26 

Melting point, °C 
88 79 79 81 82 80 80 81 84 

Flash point, °C 
218 202 197 205 209 208 210 209 210 

IBP, °C 
145 141 140 137 139 139 142 138 139 

FBP, °C 
>350 >350 >350 >350 >350 >350 >350 >350 >350 

Caloric value, MJ/kg 
41.1 41.5 41.2 41.1 41.3 41.1 41.2 40.2 41.3 

 

As it was found for the products obtained from the cracking of chlorine-containing 

plastic waste, the presence of catalysts can reduce the density, viscosity, melting point, 

and flash point. The density of heavy oil produced by cracking waste plastic containing 

paper was higher in each case than that of heavy oilobtained by pyrolysis of chlorine-

containing plastic waste. Similar results were also obtained for the viscosity measured at 

100°C. At the same time, the freezing point and flash point were lower for heavy oil 

obtained by the pyrolysis of waste plastic containing paper. It is worth mentioning that 

for each listed property the lowest values were obtained by the using of the 112-ZCR and 
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112 catalysts. This was mainly due to the significant cracking effect of both zeolite cata-

lysts. Comparing the two different types of catalysts, it is also clear that ZSM-5-based 

catalysts had higher densities and viscosities and lower melting points and flash points 

than SAPO-11-based catalysts. 

As a result of the use of the catalysts, the initial boiling point of the heavy oil product 

decreased slightly, which was due to the isomerizing effect of the catalyst. This was more 

significant for SAPO-11 based catalysts than that of in case of ZSM-5 based catalysts. In 

the case of HHV values, not tendentious change was found under the influence of cata-

lysts. They can differ only slightly from the HHV values of heavy oil produced by the 

pyrolysis of chlorine-containing plastic waste. 

3.4.3. Longer-term properties of pyrolysis oils 

3.4.3.1. Corrosion test 

Figure 3.25 summarizes the outcomes of the copper plate corrosion tests of the light 

oils. Results well showed that the weight of the copper plate decreased as a function of 

the test time. On the 60th day of the treating, the weight loss of the copper plate was 

0.00017% in case of hydrocarbons obtained by the tubular reactor and 0.00022% by using 

the light oil produced from batch reactor without catalysts. The highest weight loss was 

found in case of thermal pyrolysis sourced oils. However, less reduction in weight loss 

was observed in all types of catalytic pyrolysis. Nevertheless, a slight difference in the 

effect of catalysts on the plat weight loss was identified. Under all circumstances, the best 

results (less weight loss) were achieved over "121-Z, 211-Z, 121-S and 211-S catalysts. 

Regarding the comparison of the reactor configuration, it is clear, that the tubular reactor 

has produced light oil with more advantageous corrosion properties. By using the batch 

reactor and in either catalytic or thermal pyrolysis cases the degree of weight loss was 

exponential. Conversely, in case of the tubular process, a flattening curve of copper plate 

weight loss was identified in the case of catalytic pyrolysis, while in case of thermal py-

rolysis has a linear tendency [288].  
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a) Batch, Ni/ZSM-5 based catalysts b) Batch, Ni/SAPO-11 based catalysts 

  
c) Tubular, Ni/ZSM-5 based catalysts d) Tubular, Ni/SAPO-11 based catalysts 

Figure 3.25 

Weight loss of the copper plate sample during the corrosion test  

 

Comparing the result with the weight loss of copper plate occurred by polyolefin con-

taining PVC waste sourced light oil, less change was found using polyolefin containing 

paper raw materials [276,277]. On one hand, the plastic wastes containing PVC produced 

light oils had a higher weight loss of the copper plate because it was around 1000 times 

higher (with a maximum of 0.6-0.7). That significant difference was occurred by the pres-

ence of organochlorine compounds, which could increase the weight loss substantially. 

However, the oxygen-containing compounds such as carboxylic acids, alcohols, alde-

hydes and ketones had a considerably lower destructive effect on the structural material. 

E.g. the weight loss at the 60th day was 51.5-61.8% (Ni/ZSM-5 based catalyst mixtures) 

and 56.4-62.9% (Ni/SAPO-11 based catalyst mixtures) compared to the weight loss in 

case of the non-catalytic pyrolysis using batch reactor. Regarding the light oil from the 
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tubular reactor, the weight loss was 38.3-63.9% (Ni/ZSM-5 based catalyst mixtures) and 

54.0-76.1% (Ni/SAPO-11 based catalyst mixtures). 

3.4.3.2. Accelerated aging test 

The density and viscosity of the light oils were summarized in Figures 3.26 and 3.27. 

Results well show, that similarly, as it was mentioned in Chapter 3.2.3.2, higher density 

and viscosity was obtained by catalytst free thermal pyrolysis in both reactor configura-

tions (tubular and batch). On the other hand, both properties were increased as a function 

of treating time. The density of the light oil was 0.812g/cm3 (batch reactor) and 

0.796g/cm3 (tubular reactor) without catalysts, which can be increased by 7.3% and 

12.1%, respectively. It means, that a higher increase in density was found in case of tub-

ular reactor sourced light oil. Not only the density but also the viscosity of the light oil 

was also higher without catalysts, comparing that of with thermo-catalytic case. The vis-

cosity of the light oil obtained by catalyst-free pyrolysis was 2.371mm2/s (batch reactor) 

and 2.185mm2/s (tubular reactor). However, less difference was found in the increase rate 

between the two reactor configurations, because the viscosity can increase by 10.8% 

(batch reactor) and 10.4% (tubular reactor) at the 7th day of the aging compared to the 

initial value. It is important to remark, that both without and with catalysts higher viscos-

ity and lower density were found in case of polyolefin containing paper derived light oil, 

than that of using chlorinated raw material (Chapter 3.2). 

The viscosity and density of the produced oil can be decreased by catalysts. E.g. the 

density changed to 0.738-0.778g/cm3 (batch reactor) and 0.729g/cm3-0.768g/m3 (tubular 

reactor) depending on the used catalysts. On the other hand, a slightly lower change in 

the density and viscosity was found during the aging test of the pyrolysis oils produced 

by batch reactor than that of the tubular reactor. However, it should be pointed out that 

those differences were not significant. Comparing the different catalysts mixtures, it can 

be concluded, that their high synthetic zeolite content (112-ZCR and 112-SCR) can re-

duce both the density and viscosity in the highest degree. This is a similar observation, as 

it was found using chlorinated raw materials (Chapter 3.2), which is favorable for further 

utilization (e.g. better flow properties) [288].  
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a) Batch reactor, Ni/ZSM-5 based catalysts b) Batch reactor, Ni/SAPO-11 based catalysts 

  
c) Tubular reactor, Ni/ZSM-5 based catalysts d) Tubular reactor, Ni/SAPO-11 based catalysts 

Figure 3.26 

The density of pyrolysis oils during the aging test 

 

Contrary, those fractions (light oils from pyrolysis over 112-ZCR and 112-SCR cata-

lysts) showed the worst property during the aging (higher increase in both density and 

viscosity). Furthermore, a higher increase in both properties was also demonstrated using 

a tubular reactor. E.g. the change in the density was in the range of 2.3-7.2% (batch reac-

tor) and 2.8-8.5% (tubular reactor), while the viscosity can be increased by 7.2-9.8% 

(batch reactor) and 7.7-10.0% (tubular reactor). The use of catalysts mixtures with high 

alkali (Ca(OH)2 or red mud) content (121-ZCR, 121-SCR, 211-ZCR and 211-SCR) re-

sulted in the less increase in both density and viscosity, which was found in case of both 

tubular and batch reactors. This phenomenon can be attributed to the outcomes of the 

composition differences of the pyrolysis oils. As it was before mentioned, that less reac-

tive chemical compounds such as aldehyde, ketone, carboxylic acid, etc., were concluded 

in case of pyrolysis over alkaline-rich catalysts. Therefore those fractions can be slightly 
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agglomerated into larger molecules during the aging. These and previous results (Chapter 

3.2.3.2) suggest that oxygen-containing compounds are more important than chlorinated 

derivatives in increasing the density and viscosity of aging. The latter can increase both 

properties only by significantly less percentage during the aging test [288]. 

  
a) Batch reactor, Ni/ZSM-5 based catalysts b) Batch reactor, Ni/SAPO-11 based cata-

lysts 

 

 

 

c) Tubular reactor, Ni/ZSM-5 based catalysts d) Tubular reactor, Ni/SAPO-11 based catalysts 

Figure 3.27 

The viscosity of pyrolysis oils during the aging test 

 

The amount of solid polymeric depositions, which could be filtered from the light oil 

are shown in Figure 3.28. Similar to the results presented above, the amount of deposi-

tions significantly increased as a function of the aging time in all cases. It is worth men-

tioning that without catalyst and by using the batch reactor, more deposition was achieved 

in the filter after the 7th day of the treating. It is well shown, that the advantageous prop-

erties of the catalysts were also the reduction in the amount of solid deposition. At the 

same time, there was a notable increase in the solid deposition in case of waste plastic-
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paper derived light oil, compared to that of light oil fractions obtained from the polyole-

fin-PVC feedstock. It can also be said that for the polyolefin-paper waste feedstock there 

were significantly smaller differences in the solid deposition values regarding the light 

oil samples from the batch and tubular reactors. However, the aging of the light oils ob-

tained in the tubular reactor was also more favorable [288]. 

  
a) Batch reactor, Ni/ZSM-5 based catalysts b) Batch reactor, Ni/SAPO-11 based catalysts 

  
c) Tubular reactor, Ni/ZSM-5 based catalysts d) Tubular reactor, Ni/SAPO-11 based catalysts 

Figure 3.28 

Polymer-oligomer residue on the filter after the aging test   

 

The catalyst presence is advantageous because it produces a light oil that shows dras-

tically less increasing in terms of solid polymeric depositions. Correspondingly, the 112-

ZCR and 112-SCR catalysts exhibited the worst properties as a consequence of the high 

content of oxygenated acidic compounds that can react with each other, which can lead 

to the formation of larger molecules agglomerates. In contrast, a higher alkali content 

catalyst has reduced the solids depositions more efficiently in the case of accelerated ag-

ing. Based on the above results, it can be seen that the high synthetic zeolite-containing 
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catalysts had a significant effect on the reactions of C-C bond cracking and isomerization, 

while the alkaline components showed more favorable properties in the neutralization of 

acidic components and in long-term properties. The amount of the solid deposition was 

0.377% (batch process) and 0.285% (tubular process) at the 7th day of the treating, which 

can be reduced to 0.106-0.242% (batch process) and 0.079-0.188% (tubular process) by 

the using of catalysts. On the other hand, presumably due to the less acidic character of 

the catalyst, lower values and higher efficiency in the reduction was found over Ni/SAPO-

11 based catalyst mixtures. Regarding the catalyst efficiency for the reduction of solid 

deposition, no significant effect of the reactor configuration was concluded, because the 

change was in the range of 35.8-71.8% (batch reactor) and 34.0-72.3% (tubular reactor). 

The TAN of the samples are summarized in Figure 3.29. The pyrolysis oils have 

relatively high TAN values (15.2 mgKOH/g (tubular process) and 19.7 mgKOH/g (batch 

reactor)). These values, depending on the parameters used, are nearly three to eight times 

higher than those observed during the aging of light oils obtained from chlorinated raw 

material. It should also be noted that not only the values of TAN but also their rate of 

growth were significantly higher than those of chlorinated feedstocks. In the absence of 

a catalyst, the TAN increase was 68.6% on the 7th day in case of the batch reactor and 

31.8% using a tubular reactor. In contrast, the hydrocarbon fractions obtained by the 

cracking of chlorinated feedstock had 50.9% (batch reactor) and 18.4% (tubular reactor) 

TAN increasing. In the case of a batch reactor, no significant decrease in the tendency 

was observed with the use of catalysts, since the growth rate ranged from 52.1 to 71.3%. 

The use of catalysts showed a more significant decrease of TAN in the tubular reactor 

because the change was between 8.2-33.5%. As was previously found, the high alkali 

content catalysts showed better properties for the elimination of disadvantageous property 

of the hydrocarbons containing oxygen. Due to aging, these catalysts (121-ZCR, 121-

SCR, 211-ZCR and 211-SCR) resulted in the TAN increase of 52.1-56.0% (batch reactor) 

and 8.2-11.6% (tubular reactor), which is considerably lower, than that of in case of cat-

alyst-free thermal pyrolysis, or even result obtained by the using of 111-ZCR, 112-ZCR, 

111-SCR or 112-SCR marked catalysts [288]. 
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a) Batch reactor, Ni/ZSM-5 based catalysts b) Batch reactor, Ni/SAPO-11 based cata-

lysts 

  
c) Tubular reactor, Ni/ZSM-5 based catalysts d) Tubular reactor, Ni/SAPO-11 based cata-

lysts 

Figure 3.29 

Total Acid Number of the liquid fractions after the aging test   

3.4.4. Main conclusions of paper and plastic pyrolysis 

Based on the results of co-pyrolysis of paper and plastics was concluded, that the 

catalysts can significantly increase the yield of volatiles and improve product properties. 

Water and a wide range of oxygenated compounds was found in the liquid product due 

to the newspaper and cardboard in the raw materials. However, the yield of water can not 

be significantly affected by the catalysts. The Ni/ZSM-5 based catalysts had higher ac-

tivity in gas production in case of both types of the reactors than Ni/SAPO-11 based. CO 

and CO2 should be also found in the gas products, which was the consequence of the 

cellulose content in the newspaper and cardboard. Regarding the gas fraction, slightly 

higher CO was identified through the use of a tubular reactor than a batch reactor, while 
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the catalysts can promote the yield of hydrogen and methane and decrease the CO2 con-

tent using tubular reactor. With regard to the oxygenated compounds, it can significantly 

be reduced by catalysts where the functional groups with oxygen can transform into water 

and Ni/ZSM-5 based catalyst mixtures can reduce the phenolic compounds in the case of 

both reactors. The catalysts can decrease the n-olefin content in the batch process, while 

the opposite tendency was found in the case of a tubular reactor comparing that to the 

catalyst-free case. 

In the matter of heavy oil composition, the presence of catalysts can reduce the den-

sity, viscosity, melting point, and flashpoint. At the same time, compared to the chlorin-

ated plastic waste, the flash point and the melting point were lower for heavy oil obtained 

by the pyrolysis of waste plastic containing paper. 

Products obtained from batch reactor had worst transportation and storage properties 

than that of obtained in the tubular reactor. In general the catalysts had a positive effect 

on the long-term properties of light oils, however higher viscosity and lower density were 

found in the case of polyolefin containing paper derived light oil, than that of using chlo-

rinated raw material by both with and without catalysts. High alkali content catalysts 

showed better properties for the elimination of the disadvantageous property of the hy-

drocarbons containing oxygen (e.g. less TAN). 

3.5. Pyrolysis of biomass and plastic 

In this chapter, the pyrolysis of waste plastic containing biomass and the longer-term 

utilization of pyrolysis oils are investigated. 

3.5.1. Product yields 

The yields of products obtained by batch and tubular reactor are summarized in Fig-

ure 3.30. Due to the cellulose in the raw material, the products contained water in addition 

to hydrocarbons (gases, light oil and residue). On the other hand, the amount of water was 

nearly half that obtained by the pyrolysis of plastic waste containing paper. The water 

content of the products was 4.1% in the case of the batch reactor and 5.5% when using a 

tubular reactor. In both cases, the amount of water was higher by 0.5-4.2% via using 

catalysts than that of without catalysts. Under the same conditions, more water was pro-
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duced using a tubular reactor than the batch reactor. Contrary to those presented in Sec-

tion 3.3, the water content of the products was slightly higher for both reactor designs 

using Ni/SAPO-11 based catalyst mixtures [293]. 

  
a) Batch reactor b) Tubular reactor 

Figure 3.30 

The yields of pyrolysis products 

 

The yield of gases can significantly be increased by the investigated catalysts, inde-

pendently from the reactors. The yield of gases was 16.4% and 14.8% in the case of batch 

and tubular reactor, respectively; which is significantly less, than that of in case of plas-

tic/paper raw material. Similarly, with the before mentioned result, any of the catalysts 

can significantly increase the yield of gases. It was in the range of 22.6-32.2% (batch 

reactor) and 15.2-25.3% (tubular reactor). However, it is worth mentioning that using 

both reactors, higher gas yields can be obtained by the Ni/ZSM-5 based catalyst mixtures 

than the Ni/SAPO-11 based catalysts. A similar result was observed in Chapter 3.3. An-

other similarity with the previous result is that the high synthetic zeolite-containing cata-

lyst mixtures gave the highest gas yields: 112-ZCR and 112-SCR. However, the use of 

tubular reactor resulted in only minimal differences between the catalysts, in which case 

the difference between the lowest and highest gas yields was 2.7% (Ni/SAPO-11 based 

catalyst mixtures) and 3.4% (Ni/ZSM-5 based catalyst mixtures). For batch reactors, this 

value was 5.5% (Ni/SAPO-11 based catalyst mixtures) and 8.9% (Ni/ZSM-5 based cata-

lyst mixtures) [293]. 

It is also well shown, that the changes in the light oil yield were similar as described 

in the previous chapters (Chapters 3.2 and 3.3). That is, in the case of batch pyrolysis, 

mainly due to the reactor characteristic, the amount of light oil was reduced by the use of 
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catalysts, while the amount of gas products increased due to the more significant decom-

position. In contrast, in case of the tubular reactor, the catalysts increased not only the 

amount of gas products and water, but also the light oil. However, the amount of heavy 

oil taken as the bottom product of the distillation column decreased. The data also show 

that Ni/ZSM-5 based catalyst mixtures generally exhibited higher C-C cracking activity 

than Ni/SAPO-11 based catalysts. In both catalysts, regardless of the reactor design, the 

highest C-C bond breakdown can be obtained by high synthetic zeolite-containing cata-

lyst mixtures (112-ZCR and 112-SCR). Another difference between feedstock containing 

PVC and paper is that when plastic containing biomass wastes had been pyrolyzed in the 

tubular reactor, less light oil was produced than using a PVC-plastic feedstock. The latter 

was mainly due to the lower water content. The difference between heavy oil and char is 

also striking. Comparing the three raw materials, the amount of char decreased in the 

order of wastes contains paper, biomass and PVC. The reason for this should be the dif-

ferences in the chemical structure of the raw materials. Partly as a result, the amount of 

heavy oil changed in reverse order. To investigate the effect of the catalysts, it can also 

be seen that they had the greatest effect on the heavy oil in the case of plastic waste con-

taining paper, that is, in these cases, the greatest difference was obtained between the 

catalyst-free thermal and the thermo-catalytic pyrolysis (Figure 3.31). This is explained 

by the larger C-C bond cracking resulting in more gas and liquid products. 

 

Figure 3.31 

The difference between the heavy oil yield in case of catalyst-free and thermo-catalytic pyrolysis  
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3.5.2. Products properties 

3.5.2.1. Gases 

The composition of gases obtained from the batch and tubular process is summarized 

in Figure 3.32. In case of batch pyrolysis, without catalyst, the gases contained 7.2 %; 

3.8 %; 5.6 %; 9.9 % and 73.5 % hydrogen, CO, CO2, CH4, and C2-C5 hydrocarbons, 

respectively. The composition of the gas products showed great similarity in the results 

of experiments in batch reactor because it contained 5.1% hydrogen, 4.4% carbon mon-

oxide, 5.9% carbon dioxide, 3.7% methane and 80.9% C2-C5 hydrocarbons. As it is seen, 

the predominant product was the C2-C5 in both cases. Comparing the result with that of 

obtained by the pyrolysis of waste plastic containing paper, it is clear, that less C2-C5 

hydrocarbon and more hydrogen, CO, CO2 and CH4 were found in gases in that case 

independently from the reactor configuration [293]. 

  

a) Batch reactor b) Tubular reactor 

Figure 3.32 

The composition of gases 

 

Catalysts can significantly decrease C2-C5 concentration. It was in the range of 64.2 

% -70.1 % in the case of Ni/ZSM-5 based catalyst mixture, however, using between 55.1 

% and 64.3 % in the case of Ni/SAPO-11 based catalysts using batch reactor. Regarding 

the tubular reactor, 60.4-69.0% and 49.5-65.5% C2-C5 hydrocarbons were found in the 

presence of Ni/ZSM-5 and Ni/SAPO-11based catalyst mixtures, respectively. 

It worth mentioning, that the increase in the ratio of red mud in the catalyst can sig-

nificantly decrease the yield of C2-C5 (121-ZCR and 121-SCR). However, it is also im-

portant observation, that the yield of methane was higher by using of Ni/SAPO-11 based 

catalysts mixture comparing to Ni/ZSM-5 based catalysts using the batch reactor, while 
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opposite tendency was found using the tubular reactor because the Ni/ZSM-5 based cat-

alysts resulted in a bit higher methane yield [293]. 

From another point of view, there is no significant effect on the yield of carbon diox-

ide during the catalytic pyrolysis, for instance, it was in the range of 3.8 %-4.2 % and 3.5 

% to 4.4 % by using Ni/ZSM-5 and Ni/SAPO-11 based catalyst mixture in case of a batch 

reactor, respectively. Regarding the tubular reactor a little bit higher CO2 yields were 

observed in case of Ni/ZSM-5 based catalyst mixtures, and nearly double using SAPO-

11 based catalysts [293]. 

The yield of carbon monoxide has slightly increased by increasing the ratio of red 

mud in the catalyst; it was 8.2 % and 11.4 % (batch reactor) or 8.2% and 11.2% (tubular 

reactor) by the use of 121-ZCR and 121-SCR catalysts, respectively. The yield of CO was 

higher with 1-2% in case of the tubular reactor than that of the batch reactor. Furthermore, 

the yield of hydrogen has increased by the catalyst. It was in the range of 8.8 % and 12.2 

% (Ni/ZSM-5 based catalyst mixture), and 9.9 %-14.7 % (Ni/SAPO-11 based catalysts 

mixture) in case of the batch reactor, or 6.5-9.5% (Ni/ZSM-5 based catalyst mixture), and 

5.9 %- 12.4 % (Ni/SAPO-11 based catalysts mixture) in case of tubular process. The 

hydrogen content of the gas products was 7.2 % (batch process) and 5.2% (tubular pro-

cess) without catalysts. Results also correspond to higher hydrogen yield in batch reactor 

and to the synergistic effect of Ni and transition metals in red mud for hydrogen produc-

tion [293]. 

3.5.2.2. Light oil 

The composition of pyrolysis oil fractions is summarized in Figure 3.33. According 

to results, the light oil contained different hydrocarbon: n-paraffin; n-olefin; phenol and 

its derivate (e.g. m-cresol; 2-ethyl phenol; 2,4-di methyl phenol); other oxygen-contain-

ing (aldehydes; ketones; carboxylic acid). Comparing the results from the two reactors, it 

can be seen that the light oils from the batch reactor had higher oxygenated content, while 

the concentration of phenol and derivates was lower than that of in light oils from the 

tubular reactor. Catalysts had a significant effect on the concentration of different com-

pounds. E.g., the yield of oxygenated compounds could be decreased from 13.2 % (cata-

lyst-free case) to the range of 10.5 %-11.4 % by using of Ni/ZSM-5 based catalyst mix-

ture, and to the range of 9.6 %-11.4 % with Ni/SAPO-11 based catalyst mixtures in case 

of the batch reactor [293]. 
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Comparing the results obtained from the two reactors, it is well shown that the use of 

Ni/SAPO-11 based catalysts, a significant decrease was observed for the tubular reactor, 

whereas only a slight decrease was observed for the batch reactor. Similar results were 

obtained for phenol and their derivatives as their content decreased from 18.3% (catalyst-

free case) to 11.0%-13.3% (Ni/ZSM-5 based catalyst) and to 9.5%-11.0% (Ni/SAPO-11 

based catalyst) in a case of the batch reactor. However, there was a much more pro-

nounced decrease in the tubular reactor, from 24.7% (no-catalyst) to 15.9-17.8% 

(Ni/ZSM-5 based catalysts) and 5.3-9.2% (Ni/SAPO- 11 based catalysts) [289]. 

On the other hand, the yield of n-olefins has increased, while less n-paraffin can be 

measured by the use of catalysts. Catalysts mostly can increase the amount of other hy-

drocarbons, which contained especially branched molecules in case of batch pyrolysis. 

That result corresponded to the isomerization effect of the catalyst supporters, which was 

more significant in the case of the tubular reactor, especially using Ni/SAPO-11 based 

catalysts. It is an interesting result that n-olefins showed a significant increase, especially 

with Ni/SAPO-11 catalysts. However, the n-paraffin/n-olefin ratio did not differ signifi-

cantly in the presence of the catalyst, although generally lower values were found for Ni 

/SAPO-11 based catalyst mixtures. 

  

a) Batch reactor b) Tubular reactor 

Figure 3.33 

The composition of pyrolysis oils 

 

Without the catalyst, both reactors had significantly higher values: 2.5 (batch reactor) 

and 3.5 (tubular reactor). The catalysts clearly reduced the n-paraffin/n-olefin ratio. It is 

also worth mentioning that the opposite effect was observed in the presence of catalysts 
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than absence since the former had a higher n-paraffin/n-olefin ratio in the light oils from 

the batch reactor (Figure 3.34). 

 

Figure 3.34 

The n-paraffin/n-olefin ratio of pyrolysis oils 

 

The result of HPLC analysis is summarized in Figure 3.35. Results well show that 

the used catalysts can drastically affect both the yield of mono-aromatic and poly-aro-

matic hydrocarbons. The yield of mono-aromatic hydrocarbons and poly-aromatics was 

9.7% and 6.8% without catalysts, which can nearly double by Ni/ZSM-5 type catalyst 

mixtures (16.8-21.2 %) in case of the batch reactor. The Ni/SAPO-11 catalyst mixtures 

has a less significant effect (13.9-15.8 %) [293]. 

  
a) Batch reactor b) Tubular reactor 

Figure 3.35 

The aromatic content of pyrolysis oils and light oils 

 

It is an important observation that opposite trend was found regarding the poly-aro-

matics because SAPO-11 based catalyst mixtures can increase the concentration of poly-
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aromatics hydrocarbons more significantly: to 9.2-10.5% and to 11.6-12.7 % by using 

Ni/ZSM-5 and Ni/SAPO-11 based catalysts mixture, respectively. It is also an important 

difference between the two reactors that in thermo-catalytic cases the amount of polyaro-

matic hydrocarbons can be reduced in the case of the tubular reactor, compared to the 

thermal case. In parallel, the amount of mono-aromatics using Ni/ZSM-5 based catalysts 

can be increased significantly. This is primarily due to the higher degree of polyaromatics 

cracking into monoaromatic hydrocarbon. It is also clear, that the 112-ZCR catalyst had 

the greatest effect on the transformation of polyaromatic to monoaromatics [293]. 

The main properties of the light oils are summarized in Table 3.8. The density and 

viscosity changed in the range of 0.709-0.825 g/cm3 and 1.918-2.735mm2/s respectively. 

The flash point was below 50°C. 

Table 3.8 

Main properties of light oils obtained by pyrolysis of chlorinated waste plastics 

  
No-cat-

alyst 

111-

ZCR 

112-

ZCR 

121-

ZCR 

211-

ZCR 

111-

SCR 

112-

SCR 

121-

SCR 

211-

SCR 

B
a

tc
h

 r
ea

ct
o

r Colour 
Dark 

brown 

Dark 

brown 

Dark 

brown 

Dark 

brown 

Dark 

brown 

Dark 

brown 

Dark 

brown 

Dark 

brown 

Dark 

brown 

Density, g/cm3 (at 20°C) 0.825 0.781 0.742 0.755 0.761 0.771 0.759 0.771 0.779 

Viscosity, mm2/s (at 20°C) 2.735 2.221 1.993 2.292 2.305 2.535 2.125 2.439 2.572 

Flash point, °C <50 <50 <50 <50 <50 <50 <50 <50 <50 

TAN, mgKOH/g 9.5 8.2 7.9 5.1 4.5 7.6 6.6 3.8 4.6 

T
u

b
u

la
r 

re
a

ct
o

r
 

Colour 
Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Yel-

lowish 

Density, g/cm3 (at 20°C) 0.808 0.751 0.709 0.727 0.738 0.748 0.717 0.732 0.733 

Viscosity, mm2/s (at 20°C) 2.625 2.176 1.918 2.212 2.188 2.289 1.934 2.382 2.317 

Flash point, °C <50 <50 <50 <50 <50 <50 <50 <50 <50 

TAN, mgKOH/g 7.9 4.4 4.2 3.9 3.8 5.8 5.5 5.2 5.3 

 

3.5.2.3. Heavy oil 

The main characteristics of the heavy oil obtained by pyrolysis of wate plastic con-

taining biomass in a horizontal tubular reactor are summarized in Table 3.9. As it was 

mentioned previously (subchapter 3.3.2.3), the heavy oils have black colour and they 

were grease-like. According to the data in the table, the properties of heavy oils are similar 

to those of products obtained by the pyrolysis of other two raw materials (chlorine-con-

taining plastic waste and biomass-containing plastic waste) in horizontal tubular reactor. 

In this case, the initial boiling point, the density, the viscosity, the melting point, the flash 
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point and the initial boiling point can be also reduced by the using of catalysts. This was 

due to the cracking and isomerization properties of the catalysts. 

Table 3.9 

Main properties of heavy oils obtained by pyrolysis of waste plastics containing biomass 

  No-catalyst 111-Z 112-Z 121-Z 211-Z 111-S 112-S 121-S 211-S 

Density, g/cm3 (at 100°C) 
0.848 0.809 0.801 0.815 0.822 0.812 0.803 0.815 0.808 

Viscosity, mm2/s (at 100°C) 
6.12 5.06 4.52 4.79 4.54 5.03 4.09 4.43 4.17 

Melting point, °C 
85 81 80 81 82 80 78 80 82 

Flash point, °C 
216 206 198 204 208 203 201 205 203 

IBP, °C 
151 147 142 145 147 143 141 144 143 

FBP, °C 
>350 >350 >350 >350 >350 >350 >350 >350 >350 

Caloric value, MJ/kg 
40.9 41.0 41.3 40.8 41.1 41.2 40.7 41.0 40.8 

 

Comparing the effect of the two catalysts, it can also be said that SAPO-11 based 

catalyst mixtures had higher densities, lower viscosities and flash points than ZSM-5 

based catalyst mixtures. It is also clear that, as before, due to the more intensive cracking 

of C-C bond, the 112-ZCR and 112-SCR catalysts resulted in the lowest values of density, 

viscosity, melting point and flash point. Regarding the calorific values, no any trend-like 

and significant differences between the effects of the individual catalysts can be found. 

3.5.3. Longer-term properties of pyrolysis oils 

3.5.3.1. Corrosion test 

The result of the corrosion test is summarized in Figure 3.36. Monoton increasing in 

the copper plate weight loss was found as a function of treating time. E.g. the weight loss 

of the sample plate changed from 0 → 0.0011 % and 0 → 0.0022% using batch and 

continuous reactor without a catalyst. Comparing the raw materials, it is clear, that a sim-

ilar tendency was found in the case of waste plastic containing paper and biomass, espe-

cially using a batch reactor. The degree of weight loss was exponential in both cases 

without catalysts. The weight loss changed almost linearly using raw material containing 

PVC in case of the batch process. However, significant differences were observed be-

tween the effects of the raw materials in the products obtained by the continuous reactor. 

In this case, the relationship was logarithmic using waste polymer/PVC raw material, 

linear for polymer/paper waste and exponential for polymer/biomass waste regarding the 

corrosion test of pyrolysis oils obtained without the catalyst. Comparing raw materials 
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containing biomass and paper wastes, a similar amount of weight loss was found, alt-

hough less weight loss was demonstrated in case of the batch process using plastic and 

biomass raw material, or in the case of the tubular reactor using waste plastic and paper 

raw material. 

  
a) Batch, Ni/ZSM-5 based catalysts b) Batch, Ni/SAPO-11 based catalysts 

  
c) Tubular, Ni/ZSM-5 based catalysts d) Tubular, Ni/SAPO-11 based catalysts 

Figure 3.36 

Weight loss of the copper plate sample during the corrosion test  

 

Catalysts had an advantageous effect on the corrosion properties of the pyrolysis oils 

because they can significantly be decreased weight loss. On one hand, there was not a 

significant difference between the Ni/ZSM-5 and Ni/SAPO-11 based catalyst mixtures 

using a batch reactor. On the other hand, Ni/SPAO-11 based catalyst mixtures can de-

crease the weight loss to a greater extent using a tubular reactor. It is also well shown, 

that the catalyst efficiency was independent of the reactor configuration because it follows 

the order of 112-ZCR, 111-ZCR, 121-ZCR and 211-ZCR in case of Ni/ZSM-5 based 

catalyst mixtures and 112-SCR, 111-SCR, 121-SCR and 211-SCR using Ni/SAPO-11 
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based catalyst mixtures. The change in a weight loss of the copper test sheet was loga-

rithmic for the batch reactor system and exponential for the continuous reactor using cat-

alysts, although the rate of increase was significantly below that of the corrosion test for 

pyrolysis oil without the catalyst. 

The degree of the positive effect of catalysts on pyrolysis oil corrosion properties was 

mostly similar to that obtained with waste plastic/PVC mixtures. In that case, it was found 

that the weight loss of the test copper plate at day 60th in the thermo-catalytic case was 

one-third of the weight loss obtained in the catalyst-free case. Comparing the before men-

tioned result with the weight loss in case of waste plastic/biomass sourced pyrolysis oil, 

it is clear, that it was 19-34% (Ni/ZSM-5 based catalyst mixtures) and 11-36% (Ni/SAPO-

11 based catalyst mixtures) of the weight loss in case of catalyst-free pyrolysis using batch 

reactor. The same property was 8-28% (Ni/ZSM-5 based catalyst mixtures) and 8-21% 

(Ni/SAPO-11 based catalyst mixtures) of the result obtained without the catalyst for the 

tubular reactor. In each case, the high red mud and Ca(OH)2 content of catalysts resulted 

in less change in weight. By way of comparison, it is worth mentioning that the use of 

catalysts had a much smaller positive effect in the case of waste plastic/paper waste. 

Therefore, the positive effect of the catalysts was independent of the cellulose presence 

in the raw materials (both biomass and paper consisting of cellulose units) rather it was 

due to the chemical structure of compounds obtained from the decomposition reactions. 

3.5.3.2. Accelerated aging test 

The results of accelerated aging tests are summarized in Figures 3.37-3.40. Figure 

3.37 illustrates the change in the density of pyrolysis oils over time for different reactor 

types. The graphs well show that the density of the samples increased monotonically over 

the length of the study. This is similar to the aging characteristics of the pyrolysis products 

from the other two raw materials. However, the reactor configuration used and the pres-

ence or composition of the catalysts significantly influenced the results obtained. In the 

case of batch pyrolysis without the catalyst, higher values than the linear correlation was 

observed, while a nearly linear relationship was found as a function of time in case of the 

tubular reactor. On the 7th day, the rate of increase was 7.7% for the batch reactor and 

9.2% for the continuous reactor. In both cases, the used catalysts can significantly reduce 

the rate of density increase. During batch pyrolysis, the density increase varied between 

2.94-4.0% (Ni/ZSM-5 based catalysts) and 3.6-5.2% (Ni/SAPO-11 based catalysts), 
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while the same increase was found with 2.8-6.1% (Ni/ZSM-5 based catalysts) and 3.8-

5.9% (Ni/SAPO-11 based catalysts) regarding products from tubular reactor. On the other 

hand, there were no significant differences either in the structure of zeolites or in the 

equipment to be used. It is important to mention, however, that in each case the catalysts 

with large synthetic zeolite content produced the highest growth (112-ZCR and 112-

SCR). At the same time, due to the cracking characteristic of the synthetic zeolites, these 

products had the lowest initial density. 

  

a) Batch reactor, Ni/ZSM-5 based catalysts b) Batch reactor, Ni/SAPO-11 based catalysts 

  

c) Tubular reactor, Ni/ZSM-5 based catalysts d) Tubular reactor, Ni/SAPO-11 based catalysts 

Figure 3.37 

The density of pyrolysis oils during the aging test 

 

Comparing the investigated raw materials, it can be seen that in the case of waste 

plastics/paper mixtures resulted in lower density values in case of both batch pyrolysis 

and tubular reactor. Furthermore, the degree of density increase for the waste plastic/bi-

omass feedstock was lower than the results for waste plastic/paper feedstock using both 
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batch reactor and continuous reactor. It was independent of the presence and composition 

of the catalysts. 

The viscosity values obtained from accelerated aging tests are shown in Figure 3.38. 

As discussed in the previous chapters, density and viscosity showed a correlation.  

  

a) Batch reactor, Ni/ZSM-5 based catalysts b) Batch reactor, Ni/SAPO-11 based cata-

lysts 

  

c) Tubular reactor, Ni/ZSM-5 based catalysts d) Tubular reactor, Ni/SAPO-11 based cata-

lysts 

Figure 3.38 

The viscosity of pyrolysis oils during the aging test 

 

The viscosity of the non-catalytic product of batch pyrolysis increased from 

2.735mm2/s to 2.998mm2/s (9.6% increase), while it changed from 2.625mm2/s to 

2.982mm2/s (13.6% increase) in case of the tubular reactor. The initial viscosity values 

for both reactors were higher than those for waste plastic/paper feedstock or waste plas-

tic/PVC feedstock. However, in a batch reactor, the viscosity of the pyrolysis oils pro-
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duced without catalysts can increase in the order of the waste plastics/PVC < waste plas-

tics/biomass < waste plastics/paper raw materials, while in the case of a continuous reac-

tor the order was waste plastics/paper < waste plastics/biomass < waste plastics/PVC raw 

materials. 

The catalysts resulted in a significantly lower viscosity than density. The change (de-

creasing) of the viscosity of the liquid product was 48-66% regarding batch reactor and 

56-85% in the case of a continuous reactor compared to the catalyst-free experiments. 

The catalytic effect was more significant than that of the other two feedstocks. To com-

pare the viscosity and density values, it is important to mention, that the high synthetic 

zeolite-containing catalyst mixtures also exhibited the highest decrease in viscosity 

change (112-ZCR and 112-SCR), although they had the lowest initial values. This result 

is different from that obtained by the use of waste plastics/PVC or waste plastics/paper 

raw materials, in which case the 112-ZCR and 112-SCR catalysts resulted in the lowest 

viscosity increase. 

Figure 3.39 summarizes the amount of material deposited during accelerated aging 

tests that indicate storage characteristics. Similarly to the other two raw materials, in this 

case, there was an increasing tendency for the amount of material deposited on the filter. 

In the absence of catalysts, 0.298% (batch reactor) and 0.152% (continuous reactor) po-

lymerous materials were precipitated, which could be reduced by the use of catalysts. 

Compared to the other two raw materials, this set had the least amount of precipitated 

material. The amount of material deposited decreased in the order of the waste plastic/pa-

per > waste plastic/biomass > waste plastic/PVC feedstock, which was independent of 

the reactor configuration. However, without the use of a catalyst, the rate of growth was 

quicker for the pyrolysis oils obtained from the tubular reactor than from the batch reac-

tor. Comparing the raw materials it can be seen that the growth tendency was similar for 

the waste plastic/PVC and waste plastic/biomass raw materials without the catalyst, while 

similarities for the order of the catalysts was found regarding waste plastic/biomass and 

waste plastic/paper raw materials containing cellulose units. 112-ZCR and 112-SCR cat-

alysts showed the least precipitation at day 7 for the waste plastic/PVC feedstock, while 

that catalyst showed the least positive effect regarding the other two raw materials. This 

is partly due to the higher portion of the products obtained from the thermal reactions and 
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partly due to the lower cracking and isomerizing effect of the catalysts. Mainly the block-

ing of the active sites of the catalyst by molecule fragments from the cellulose unites or 

even steric reason can be blamed. 

 

  
a) Batch reactor, Ni/ZSM-5 based catalysts b) Batch reactor, Ni/SAPO-11 based cata-

lysts 

  
c) Tubular reactor, Ni/ZSM-5 based catalysts d) Tubular reactor, Ni/SAPO-11 based catalysts 

Figure 3.39 

Polymer-oligomer residue on the filter after the aging test 

 

The TAN characteristics of pyrolysis oils are shown in Figure 3.40. The results ob-

tained from the plastic waste/biomass feedstock are similar to the TAN results regarding 

the pyrolysis oils obtained from the plastic waste/paper stock using a batch reactor. In 

both cases, the increase in TAN was exponential, primarily in the absence of the catalyst. 

When the tubular reactor was used, the change of pyrolysis oil TAN was linear for the 

plastic waste/paper feedstock, while it was also exponential for the plastic waste/biomass 

feedstock. However, there is a significant difference in TAN values, which decreased in 
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the order of plastic waste/paper > plastic waste/biomass > plastic waste/PVC, inde-

pendently from the reactors to be used. Comparing the two feedstocks containing cellu-

lose, there was a significant difference regarding the results from the batch reactor be-

cause the TAN of the pyrolysis oil obtained from plastic waste/paper (19.7 mgKOH/g → 

62.7mg KOH/g) was nearly twice that of in case of plastic waste/biomass feedstock (9.5 

mgKOH/g → 32.8mg KOH/g). In the case of the tubular reactor, no significant difference 

was found; 15.2 mgKOH/g → 22.3mg KOH/g (plastic waste/paper) and 7.9 mgKOH/g 

→ 19.5mg KOH/g (plastic waste/biomass). At the same time, the rate of increase was the 

highest for the pyrolysis oil obtained from the plastic waste/biomass feedstock, inde-

pendently from the reactor design. Another significant difference is that in the batch re-

actor, the 111-ZCR, 112-ZCR, 111-SCR and 112-SCR catalysts can not reduce the rate 

of TAN increase compared to the non-catalyst pyrolysis.  

  
a) Batch reactor, Ni/ZSM-5 based catalysts b) Batch reactor, Ni/SAPO-11 based catalysts 

  
c) Tubular reactor, Ni/ZSM-5 based catalysts d) Tubular reactor, Ni/SAPO-11 based catalysts 

Figure 3.40 

Total Acid Number of the liquid fractions after the aging test   

 



108 

 

In contrast, pyrolysis oil obtained from plastic waste/biomass feedstock had a lower 

TAN growth rate in the thermo-catalytic cases on day 7 than in the absence of the catalyst. 

Alkaline catalysts (121-ZCR, 211-ZCR, 121-SCR and 211-SCR) can clearly reduce the 

TAN for pyrolysis oil from batch reactors. Those curves were well distinguished from 

results using 111-ZCR, 112-ZCR, 111-SCR and 112-SCR catalysts. However, there was 

no such difference among the pyrolysis oil TAN values obtained by the thermo-catalytic 

pyrolysis of waste polymer/biomass from the continuous reactor. 

3.5.4. Main conclusions of biomass and plastic pyrolysis 

Products contained water in addition to hydrocarbons, while the water yield was ap-

proximately 50 % lower than that obtained by the pyrolysis of plastic waste containing 

paper. Catalysts can expressively increased the yield of gases. Comparing the three raw 

materials, the amount of char decreased in the order of wastes contains paper, biomass, 

and PVC. However, the amount of heavy oil changed in reverse order. In terms of gas 

composition, catalyst has no significant effect to yield of carbon dioxide. The yield of 

oxygenated compounds in light oils could be decreased by catalysts, while light oils from 

the batch reactor had more oxygenated compouds. Due to the aromatization effect of the 

catalyst, the yield of mono-aromatic and poly-aromatic hydrocarbons can be drastically 

increased. The ZSM-5 based catalyst increases the yield of mono-aromatic, while SAPO-

11 based catalyst mixtures can increase the concentration of poly-aromatics hydrocar-

bons. The properties of heavy oils were similar to those obtained by the pyrolysis of the 

other two raw materials (chlorine-containing plastic waste and paper-containing plastic 

waste) in a horizontal tubular reactor. 

Regarding the aging and corrosion tests, the copper weight loss follows exponential 

for polymer containing biomass raw material without catalyst. Catalysts can significantly 

reduce the corrosion rate and no significant difference was between the two zeolites using 

batch reactor, while the Ni/SPAO-11 based catalyst mixtures can decrease the weight loss 

to a greater extent using a tubular reactor. The rate of density, viscosity, polymer-oligo-

mer residue and TAN increase can be significantly reduced by catalysts. The degree of 

density increase was independent from the presence and composition of the catalysts. The 

rate of growth was quicker for the pyrolysis oils obtained from the tubular reactor than 

from the batch reactor without the use of a catalyst. Alkaline catalysts can clearly reduce 

the TAN for pyrolysis oil, especially using batch reactor.  
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4. CONCLUSION 

In this chapter the main results of the real waste pyrolysis and the stability of the light 

oils are concluded. Table 4.1 summarizes the main effect of the different reaction param-

eters regarding the properties. 

Table 4.1 

The effect of different parameters on properties 

Property Aim 

Chlorinated plastic 

waste 

Plastic waste contain-

ing paper 

Plastic waste contain-

ing biomass 

Batch Tubular Batch Tubular Batch Tubular 

Gas yield (%) Max. 
26.2 

112-ZCR 

28.7 

112-ZCR 

38.2 

112-ZCR 

27.5 

112-ZCR 

32.2 

112-ZCR 

25.3 

112-ZCR 

Light oil yield (%) Max. 
79.6 

Thermal 

53.7 

112-SCR 

33.1 

Thermal 

32.1 

112-SCR 

58.6 

Thermal 

45.8 

112-SCR 

Water (%) Min. N/A N/A 
10.7 

112-ZCR 

8.9 

112-SCR 

4.3 

12-ZCR 

5.7 

211-SCR 

Hydrogen in gas 

(%) 
Max. 

6.1 

121-SCR 

5.4 

121-SCR 

17.3 

211-SCR 

15.7 

121-SCR 

14.7 

121-SCR 

12.4 

121-SCR 

Chlorine in gas 

(ppm) 
Max. 

57000 

211-SCR 

47000 

211-ZCR 
N/A N/A N/A N/A 

Chlorine in light oil 

(ppm) 
Min. 

228 

211-SCR 

327 

211-SCR 
N/A N/A N/A N/A 

n-olefin/n-paraffin 

in light oil 
Min. 

0.7 

112-SCR 

1.1 

Thermal 

0.58 

111-SCR 

0.77 

121-SCR 

0.4 

Thermal 

0.3 

Thermal 

Phenol and deriva-

tives in light oil (%) 
Min. N/A N/A 

8.5 

112-ZCR 

6.2 

121-SCR 

9.5 

112-SCR 

5.3 

121-SCR 

Other oxygenated 

in light oil (%) 
Min. N/A N/A 

15.0 

121-ZCR 

12.8 

111-SCR 

9.6 

112-SCR 

7.1 

112-SCR 

Monoaromatic in 

light oil (%) 
Max. 

5.7% 

211-ZCR 

4.1% 

121-SCR 

22.1 

112-SCR 

22.9 

112-ZCR 

21.2 

112-ZCR 

22.1 

112-ZCR 

Polyaromatic in 

light oil (%) 
Min. 

- 

Thermal 

- 

Thermal 

9.4 

112-ZCR 

5.8 

112-ZCR 

6.8 

Thermal 

5.9 

112-ZCR 

Aging test        

Weight loss, 

%/mm2  
Min. 

0.025 

211-SCR 

0.0308 

121-SCR 

9.2*105  

121-ZCR 

8.5*105  

211-ZCR 

0.0001 

211-SCR 

0.0002 

211-SCR 

Polymeric-oligo-

mer, % 
Min. 

0.05 

112-ZCR 

0.003 

112-ZCR 

0.106 

211-SCR 

0.079 

211-SCR 

0.059 

111-SCR 

0.035 

211-ZCR 

TAN change*, % Min. 
40.0 

211-SCR 

10.3 

121-SCR 

108.9 

121-ZCR 

8.9 

121-ZCR 

43.9 

211-SCR 

9.4 

211-SCR 

Density change*, 

% 
Min. 

1.75 

211-SCR 

0.51 

211-SCR 

2.33 

211-SCR 

2.77 

121-SCR 

2.95 

111-ZCR 

2.85 

211-ZCR 

Viscosity 

change*, % 
Min. 

6.33 

121-ZCR 

3.07 

112-ZCR 

7.66 

121-ZCR 

7.23 

121-ZCR 

3.19 

111-ZCR 

2.14 

112-ZCR 

Max. – maximizing, Min. - minimizing 

* Change = (min. value at 7th day – original value at 0 day)/ original value at 0 day*100 

 

In terms of gas yield and regardless of the used raw materials, the Ni/ZSM-5 based 

catalyst (112-ZCR) has shown the best results. On the other hand, the yield of light oil 

was at its highest level by using the Ni/SAPO-11 based catalyst (112-SCR) with the tub-

ular reactor and by thermal pyrolysis with the batch reactor. With reference to the water 

yield, no significant differences were found by comparing the used catalyst and reactor. 
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As a result of the synergistic effect, the Ni/SAPO-11 based catalyst with a high ratio of 

red mud (121-SCR) has produced the highest yield of hydrogen regardless of the used 

raw materials or the used reactor configuration. In connection with the n-olefin/n-paraffin 

ratio in the light oil, the thermal and the Ni/SAPO-11 based catalyst showed the best 

results. The chlorinated compounds in the light oil were at their lowest value by using 

Ni/SAPO-11 based catalyst with a high ratio of calcium hydroxide (211-SCR) with the 

batch reactor. On another note, by utilizing the tubular reactor and Ni/SAPO-11 based 

catalyst with the high ratio of red mud (121-SCR) the lowest level of phenol and deriva-

tives in light oil was yielded. The Ni/SAPO-11 based catalyst (112-SCR) has yielded the 

least yield of oxygenated compounds in light oil (aldehydes, ketones, carboxylic acids, 

etc.). Irrespective of the reactor configuration, the high synthetic zeolite content (112-

ZCR and 112-SCR) catalysts can increase significantly the yield of monoaromatic hydro-

carbons, while the thermal pyrolysis yield more polyaromatic compounds.  

In the matter of light oils stability, as regards to copper plate weight loss, TAN, and 

density, the catalysts with high alkaline content (Ca(OH)2, red mud) (121-ZCR, 211-

ZCR, 121-SCR, 211-SCR) especially with Ni/SAPO-11 based catalyst were the most ef-

fective in reducing the TAN, density increase and weight loss of copper plate. From an-

other point of view, it can be seen that Ni/ZSM-5 based catalyst with high alkali content 

(121-ZCR, 211-ZCR) has an optimum efficiency in suppressing the increasing rate of the 

viscosity and oligomer formation. By way of comparison between the batch and contin-

uous reactor it becomes apparent that the tubular reactor has produced and oil with en-

hanced quality and stability. 
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5. SUMMARY 

Since the synthesis of the first plastic in the early 1900s, and owing to their favourable 

properties, plastics have replaced many other materials such as ceramics, metals and, 

wood. The combination of the increasing plastics production and their short lifetime re-

sults in an increasing amount of waste plastics that have to be managed each year. For a 

long time, the plastic and biomass waste, like the rest of household waste, was mainly 

landfill. However, the landfill of municipal waste poses various environmental problems. 

Consequently, various local and European laws have advocated the reduction of the land-

fill of waste in favor of recycling or energy recovery.  

Thermochemical processes are distinguished according to the nature of the oxidizing 

agent presence: combustion (excess air), pyrolysis (no oxidant) and gasification (insuffi-

cient oxidant, steam, CO2, etc.). The pyrolysis looks attractive way for transforming of 

polymer wastes into valuable fractions, however the long term utilization of the products 

needs further investigateions. Especially the unfavoured compouds in the pyrolysis prod-

ucts can cause further serions problems (e.g. catalyst poisoning, erosion, corrosion, etc.). 

The pyrolysis and co-pyrolysis of different raw materials (plastic, biomass and paper) 

and the long term stability of light oils as liquid product of the pyrolysis were investigated 

during my PhD thesis work using different catalysts and reactors. The main aims of my 

research work was the following: 

a) to investigate the effect of different raw materials, reactor configurations, and cata-

lysts mixtures in terms of in-situ upgrading of pyrolysis products; 

b) improving in corrosion, transportation and storage properties of real waste-derived 

pyrolysis oil to obtain valuable hydrocarbons for an energetic, refinery or even petro-

chemical application; 

c) investigate the correlation between the accelerated and non-accelerated aging process 

of the pyrolysis oils. 

Firstly, the tested catalysts were prepared, then the used test methods were investi-

gated and compared. Correlation was found between the accelerated and non accelerated 

aging, however the significance of the correlation was fundamentally affected by the 

source and composition of the tested liquid hydrocarbon fraction. 

Regarding the pyrolysis of chlorinated plastic waste, it was found that Ni/ZSM-5 

based catalysts could increase the yields of gases and light oil. Catalysts can also increase 

the yield of methane, ethylene, ethane and branched hydrocarbons. Nevertheless, the high 
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concentration of red mud in the catalysts can increase the yield of hydrogen and the sat-

urated i-C4 had a lower concentration than unsaturated i-C4. Light oils had a range of C5-

C35 hydrocarbons while the presence of catalyst supported the aromatization and satura-

tion reactions. ZSM-5 based catalysts show high efficiency in aromatization reaction. The 

use of catalysts with high Ca(OH)2 and red mud catalysts content can decreased signifi-

cantly the concentration of chlorinated mono-aromatics and exhibited beneficial long 

term properties such as decreasing in acidic compounds, reduction in density, and reduc-

tion in the solid deposition.  

Catalysts had also beneficial property to the product yields during the pyrolysis of 

biomass and plastic waste under a mild condition. Catalysts has significantly increased 

the yield of gases as a result of its C-C bound cracking effect. On the other hand, due to 

the presence of biomass water wad found in the products, which can reduce the quality 

of the obtained fraction by inducing many issues in the cade of the long-term application, 

like corrosion and phase separation. The yield of water was not affected by different cat-

alysts. On the other hand, the presence of catalyst has substantially reduced the yield of 

residue. The increase in the ratio of red mud in the catalyst has affected the gas yield 

composition by decreasing the yield of C2-C5 hydrocarbons. However, those catalysts can 

promote the formation of hydrogen.  

On the contrary, the yields of oxygenated compounds in light oil (aldehydes, ketones, 

carboxylic acids, etc.) can significantly decreased by the using of catalysts, which can 

improve the quality of liquid hydrocarbons by increasing its energy density and stability. 

By way of comparison between the Ni/ZSM-5 and Ni/SAPO-11 catalyst mixtures, 

due to the larger pore areas and higher Si/Al ratio, the Ni/ZSM-5 containing catalysts 

mixture resulted in higher yield in gases, than Ni/SAPO-11 based catalysts. Catalysts can 

isomerize the main carbon frame of gases (especially using catalysts with a high concen-

tration of Ni/ZSM-5 and Ni/SAPO-11), and promote the production of unsaturated hy-

drocarbons. Nonetheless, it slightly increases the ratio of n-olefin and n-paraffin. 

Independently form the raw matetials, high concentration of red mud led to the highest 

proportion of hydrogen in gas products. Furthermore, SAPO-11 based catalysts can pro-

mote the hydrogen yield. Similarly, in case of SAPO-11 containing catalyst the concen-

tration of unsaturated branched hydrocarbons, especially isobutene, trans-but-2-en and 

cis-but-2-en were remarkably high.  

In term of stability and long-term utilization, the density and viscosity were only 

slightly increased, however it was affected also by the composition of raw materials and 
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the presence of catalysts. By comparing to the catalyst free thermal and thermo-catalytic 

pyrolysis, catalysts can slow the aging process. However, the aging of pyrolysis oils ob-

taoned by Ni/SAPO-11 containing catalyst takes earlier than that of Ni/ZSM-5. Con-

versely, acidic components can cause more significant change in both TAN or even in the 

case of the corrosion test. In the case of the catalytic pyrolysis and especially SAPO-11 

based catalysts, both the TAN and relative change in copper plate weight loss during the 

corrosion test were lower. Regarding the chlorinated compounds (in case of pyrolysis of 

chlorinated raw material), by the using of catalysts – especially the presence of red mud 

and Ca(OH)2 – the chlorine could be transformed largely into gaseous products and the 

chlorine concentration in pyrolysis oils can further be decreased. Despite that, the 

Ni/SAPO-11 exhibited better properties for chlorine reduction than Ni/ZSM-5 based. On 

the other hand, as a result of the presence of PVC in the raw materials, organic chlorinated 

hydrocarbons (chloromethane and chloroethane) have been detected in the gas fraction. 

In term of chlorine removal, Ni/SAPO-11 based catalysts showed advanced properties in 

dechlorination and the significant reduction in the weight loss of copper plate in the 

course of the aging test. Meanwhile, the chlorine content of the solid residue increased 

considerably. 

From another point of view, the co-pyrolysis of plastic and paper (newspaper and 

cardboard) waste under mild condition and by utilizing two different reactors batch and 

continuous have demonstrated that catalysts can increase the yield of volatiles and im-

prove product properties such as density, viscosity and TAN. It is worth mentioning that 

the presence of newspaper and cardboard in the raw materials was the reason for the ap-

pearance of water and a wide range of oxygenated compounds in the liquid product. The 

yield of water was not considerably affected by introducing the catalyst. On the other 

hand, the use of different catalyst mixture had an advantageous effect on the pyrolysis 

products such as decreasing the yield of CO2 and oxygenated compounds and promote 

the yield of methane and hydrogen.  

In accordance with the aging tests, it has been identified that the tubular reactor had 

produced an oil with a better transportation and storage stability characteristics than those 

oils acquired by using the batch reactor. However, future research should enhance the 

durability, reliability and flexibility of the new catalysts, in order to develop a new gen-

eration of pyrolysis processes, which are highly adaptable and adjustable to various prod-

uct specifications. Diversification of pyrolysis feedstock types supports the adaptation of 
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this new technology in different regions and nation state. On the other hand, the environ-

mental and economic impacts of pyrolysis process must be quantified in the framework 

of the global energy supply market. 

Based on the work presented in this thesis the following recommendations for the 

future research can be suggested: 

a) life cycle assessment of different thermochemical waste recycling procedures, 

b) experimental investigation on pyrolysis reactor scale-up, 

c) detailed investigation of the economic profitability of the different pyrolysis pro-

cesses, 

d) in-depth understanding of the influence of plastic additives and filler on the pyrolysis 

products’ quality, 

e) deep understanding of the principal physical and chemical phenomena-taking place 

at the catalyst scale, since that would help to improve the design and the selection of 

a catalyst, 

f) selection and optimization of a pyrolysis reactor that shows high flexibility and adapt-

ability with various feedstock materials. 

g) investigation of the co-pyrolysis behavior of mixed polymeric waste materials for py-

rolysis without and with catalysts in different reactors, 

h) post-treating of pyrolysis products to obtain valuable fractions. 
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