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ABSTRACT 

 

CO-CONVERSION OF BIOMASS WITH PLASTICS AND TIRES 

 

Maninderjit Singh                                                                   Advisors: Dr. Animesh Dutta 

University of Guelph, 2021                                                                      Dr. Brandon Gilroyed 

 

The work presented in this thesis explores the thermochemical methods (pyrolysis and 

gasification) for co-conversion of biomass with plastics and tires into value added products. 

Numerical study was performed on steam co-gasification of sawdust and plastics (PE and PP) 

using Aspen Plus. The study determined the synergistic effects of mixing PE and PP (0-30%) 

with lignocellulosic biomass. Highest hydrogen concentrations of 64.58 % and 62.87 % were 

obtained respectively for PE-biomass and PP-biomass gasification at 30% plastic content and 

750 oC. Experimental research was carried out on co-pyrolysis of sawdust and tires using 

Quartz Wool Matrix (QWM) reactor over zeolite and novel biochar-based catalyst. Design 

Expert version 11 was used to obtain the optimal process conditions. Both catalysts showed 

great catalytic performance in terms of de-oxygenation and denitrogenation reactions. With the 

biochar-based catalyst, selectivity of aromatics was increased to more than double (25.53 %) 

as compared to the non-catalytic process (11.48 %).  
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Chapter 1 - Introduction 

1.1 Overview 

This thesis explored the thermochemical methods (pyrolysis and gasification) for co-

conversion of biomass with plastics and tires into value added products. Both numerical and 

experimental research has been carried out to study the effects of process parameters on final 

products. Firstly, co-gasification of sawdust and plastics (PE and PP) was simulated using 

Aspen Plus software. It is aimed at determining the synergistic effects of mixing PE and PP (0-

30%) with lignocellulosic biomass on the syngas composition, hydrogen to carbon monoxide 

ratio (H2/CO), and higher heating value (HHV). Effects of process parameters including the 

reactor temperature, steam/feedstock ratio (S/F), plastic content and pressure are also 

discussed. Secondly, the catalytic as well as non-catalytic co-pyrolysis of sawdust and tires was 

carried out in a Quartz Wool Matrix (QWM) reactor using commercial zeolite and biochar 

based catalyst. A novel heterogenous biochar-based catalyst was prepared in the lab via a 

single-step hydrothermal carbonization process. Design Expert version 11 was used to obtain 

the optimal process conditions based on the design factors and experimental responses. The 

rest of the chapter discusses the motivation and research goals, along with structure of the 

thesis. 

1.2 Motivation 

With increases in population and industrialization, global energy demand is increasing rapidly 

and resulting in various environmental challenges related to fossil fuel consumption. Therefore, 

there is a need to look for sustainable and carbon-neutral energy sources to curb these 

challenges. Bioenergy has attracted attention in recent years due to its carbon-neutral nature 

and abundance reserves present across the globe. Biomass can be converted to different types 

of fuels, namely solid, liquid and gaseous fuels via different thermochemical methods such as 

gasification, pyrolysis, and hydrothermal liquefaction (HTC). Biomass steam gasification in 

fluidized bed reactors is a widely discussed technology for the conversion of biomass into 

gaseous fuels with a medium range heating value. The major drawback of gasification of 

plastics is high tar concentrations in the final product in contrast to that obtained with 

gasification of pure biomass. This leads to an expensive downflow system for syngas cleaning. 

Several investigations have been done on co-gasification of lignocellulosic biomass and 

plastics due to the synergistic interactions between the two feedstocks. The co-gasification of 
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two feedstocks results in various benefits, such as increase in the energy content of the fuel and 

reduction in the production of tar with increased plastic fraction in total feed during steam 

gasification. The co-gasification process is also advantageous in applications where it is 

cumbersome to separate the plastics from wood or cardboard as usually the case in packaging 

industry. 

Liquid fuel obtained from pyrolysis have the potential to be substituted for fossil fuels, but one 

of the major barriers to utilization of pyrolysis oil is the presence of oxygenated compounds. 

Biomass-derived liquid fuel faces technical challenges such as high concentrations of acids, 

ethers, alcoholic compounds and high moisture content (15-30 wt.%). Thus, bio-oil from 

biomass pyrolysis needs to be upgraded to remove the harmful oxygenated compounds and 

acids before it can be commercialized. An approach to overcome this is to co-pyrolyze the 

biomass with hydrogen-rich feedstocks such as plastic and tire wastes. Co-pyrolysis of biomass 

and plastics/tires is a promising technology to address energy security concerns, waste 

management, and reduce the consumption of fossil fuels.   

1.3 Research Goals 

Below is a summary of research goals: 

1. Understand the synergistic interactions between the lignocellulosic biomass with 

plastics and tires during thermochemical conversion.  

2. Analyze the effects of process parameters (reactor temperature, steam/feedstock ratio 

(S/F), plastic content and pressure) on final gaseous products during co-gasification of 

biomass and plastics. 

3. Determining the synergistic effects between the sawdust and tires during co-pyrolysis 

process over zeolite and novel biochar-based catalyst. 

1.4 Outline of thesis 

The thesis is written in different chapters to meet the research goals. The overview, motivation 

behind the research, research goals and thesis outline are presented in first chapter. Chapter 2 

presents literature review on co-pyrolysis of biomass with plastics and tires. The objective of 

this chapter is to present a comprehensive review  
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of studies on the co-pyrolysis of biomass with plastics and tires. The chapter also deals with 

the studies on catalytic co-pyrolysis for bio-oil upgrading. The role of both acid and base 

catalysts in the catalytic co-pyrolysis to produce high-quality biofuels is also discussed. 

Furthermore, co-pyrolysis studies on pilot scale are also discussed here.  

Chapter 3 deals with the steam co-gasification of sawdust and plastics (PE and PP). The co-

gasification study is performed numerically in Aspen Plus software. Effects of process 

parameters on the syngas composition, hydrogen to carbon monoxide ratio (H2/CO), and higher 

heating value (HHV) are investigated in this chapter.  

Chapter 4 investigates the catalytic as well as non-catalytic co-pyrolysis of sawdust and tires 

over commercial zeolite and biochar-based catalyst under atmospheric pressure. Several 

characterization techniques like GC-MS analysis, FT-IR analysis, CHNSO analysis, SEM-EDS 

analysis and GC-TCD analysis are discussed in the chapter. Additionally, analysis of the liquid 

products is discussed in detail in this chapter. Furthermore, reaction pathway for formation of 

aromatic hydrocarbons from co-pyrolysis of sawdust and tires is also proposed in this chapter. 

Chapter 5 discusses the overall conclusions of the research and gives recommendations for 

future research.  
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Chapter 2 - A Review on Co-pyrolysis of Biomass with  Plastics 

and   Tires: Recent Progress, Catalysts Development and 

Scaling-up Potential 

The study reported in this chapter is published as Maninderjit Singh, Shakirudeen A. 

Salaudeen, S.M. Al-Salem, Brandon H. Gilroyed and Animesh Dutta, “ A review on co-

pyrolysis of biomass with plastics and tires: recent progress, catalyst development and scaling 

up potential”, Biomass Conversion and Biorefinery.  

2.1 Abstract

With increases in population and industrialization, global energy demand is increasing rapidly 

and resulting in various environmental challenges related to fossil fuel consumption. These 

challenges have made it imperative to look for alternative means of environmentally 

sustainable energy production, such as the thermal degradation of biomass. Biofuels obtained 

from pyrolysis have the potential to be substituted for fossil fuels, but one of the major barriers 

to utilization of pyrolysis oil is the presence of oxygenated compounds. An approach to 

overcome this is to co-pyrolyze the biomass with hydrogen-rich feedstocks such as plastic and 

tire wastes. Studies have shown that exists a synergistic relationship between plastics/tires and 

biomass as well as resulting products from co-pyrolysis have higher heating value along with 

improved bio-oil properties. This paper discusses the current progress on the co-pyrolysis of 

biomass with waste plastics/tires and their synergistic interactions for high grade fuel 

production. Co-pyrolysis studies done on pilot-scale have also been discussed in this review. 

2.2 Introduction  

According to the World Energy Outlook (WEO) report 2019, if the world continues with its 

existing energy policies, energy demand is expected to increase by 1.3% each year to 2040, 

putting strains on all aspects of energy security and resulting in high energy-related emissions 

[1]. The biggest challenge is to meet the increase in energy demand while simultaneously 

reducing the carbon footprint. There is an immediate need to move from the dependence on 

conventional fuels to efficient and sustainable energy sources. Due to the large amount of 

biomass present in the world, there is great potential for biomass-derived energy. Biomass as 

a renewable energy source is unique because of its ability to be converted into different types 

of fuels, namely liquid, char and gas. The flexibility in producing different types of fuels 

depends on the type of biomass, processing techniques and end requirements. Bioenergy 
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accounts for almost one-tenth of world total primary energy supply and production of biofuels 

increased to 154 billion litres in 2018 [2]. The domestic supply of biomass in 2018 was 55.6 

EJ (Exa Joule) [3]. The global share of total energy supply can be seen in Figure 2.1. The total 

amount of electricity generated in 2018 was 6586 TWh (Terawatt hours), according to 

International Renewable Energy Agency (IRENA) [4]. Hydro energy accounted for 63% of the 

total energy generated from renewable sources, followed by wind energy (19%), solar energy 

(9%), bioenergy (8%), geothermal energy and marine energy (1%). In 2018, solid biomass 

products such as charcoal, wood pellet and chips made up the majority of biomass supply 

across the globe [3]. Europe was the leader in energy generated from municipal solid waste 

(MSW), accounting for 65% of all energy from MSW. Brazil and USA had the majority of the 

bioenergy (69% of global supply) from liquid biofuels [3]. Major biomass sources discussed 

here are wood pellets and wood charcoal (forestry), agricultural biomass and municipal 

industrial waste. Wood pellets are considered to be one of the fastest growing bioenergy sectors 

worldwide. The highest growth rate was seen in Asia (49%) followed by Oceania (30%). A 

total of 38.9 million tonnes of pellets were produced globally. On the other hand, 53.1 million 

tonnes of wood charcoal were produced globally in 2019, making it another major biomass 

source. Africa had the largest share (65%) of wood charcoal production globally. Agricultural 

biomass consists of rice husk, wheat straw and biofuel crops such as sunflower, sugar beet, rye, 

oil palm, barley etc. This sector also has a significant potential to grow in the future. Currently, 

agricultural biomass sector accounts for 10% of the global biomass supply. Municipal and 

Industrial waste is the third largest biomass source after forestry and agriculture sources. The 

total energy generated from this sector in 2019 was 2.59 EJ [3]. A report by Intergovernmental 

Panel on Climate Change (IPCC) found that bioenergy would account for 26% of primary 

energy in 2050, up from 10% in 2020 [5]. 
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Figure 2.1 Global share of total energy supply by source, 2018 [2] 

        

There are various pathways of biomass conversion to useful energy with biochemical and 

thermochemical methods. Studies have shown that thermochemical technologies like 

pyrolysis, gasification, and combustion are the main techniques employed for lignocellulosic 

biomass (e.g., wood) conversion [6], [7]. Among the thermochemical techniques, pyrolysis has 

gained a considerable interest in producing liquid fuel products. This may be due to the 

advantages of liquid products in terms of storage, ease of transport and applications in 

automotive engines, boilers etc. [8]. Pyrolysis involves the thermal decomposition of the 

feedstock in the complete absence of oxygen and provides a way to convert low-density 

material into high-energy biofuels density [9]. However, a major limitation of pyrolyzing 

biomass is that the resulting liquid products have low calorific value, high oxygen content and 

corrosive nature [10]. Biomass-derived liquid fuel faces technical challenges such as high 

amount of acids, ethers, alcoholic compounds and high moisture content (15-30 wt.%). Thus, 

bio-oil from biomass pyrolysis needs to be upgraded to remove the harmful oxygenated 

compounds and acids before it can be commercialized. Co-pyrolysis can be used as an 

upgradation method to improve the bio-oil properties. Other methods to upgrade bio-oil 

includes hydrogenation under high pressure, catalytic cracking and emulsification [11], [12], 

[13] but co-pyrolyzing biomass with feedstock having high hydrogen content like plastics is 

emerging as an attractive alternative [14]. Co-pyrolysis is the process of pyrolyzing two or 

more substrates together (e.g., plastics (or tires) and organic biomass), taking advantage of their 

synergistic effects, and producing bio-oil with improved characteristics. 
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Plastic demand is growing continuously at an annual rate of 5% [15]. Plastic products have 

become an integral part of our lives and are used in several sectors, such as automotive, 

healthcare, construction, packaging and information technology. The popularity of plastics is 

due to its excellent properties like resistant to corrosion, economical, durability and ease of 

processing. Global plastic production reached 368 million metric tons in 2019 [16]. Major 

plastic resins used globally are low-density polyethylene (LDPE), high-density polyethylene 

(HDPE), polyethylene terephthalate (PET), polyvinyl chloride (PVC) and polystyrene (PS). 

LDPE is majorly used in agricultural and food packaging industry, whereas HDPE is mainly 

used to manufacture bottles, pipes, housewares etc. owing to its stable and highly crystalline 

structure. PET is the most commonly used plastic for manufacturing beverage bottles. PS is 

used in wide range of sectors due to its thermal stability and ease of installing PS products. 

Some of the sectors include electronics, packaging (especially disposables) and construction 

industries. PVC mainly finds applications in construction and insulation industry. Numerous 

waste management issues have arisen worldwide due to the increased use of plastics. 

Incineration and mechanical recycling are the commonly employed techniques for managing 

plastic wastes. Mechanical recycling includes collection, sorting, washing and grinding of the 

material. Due to various challenges in removing the impurities from waste plastics, it is difficult 

to completely recycle the plastics mechanically. Incineration also comes with its own 

limitations as it creates environmental issues and is unsustainable. The global recycling rate of 

plastic waste is about 10% [17] and nearly 60% of total plastic waste is dumped in landfills 

[18]. Plastics have higher heating value than highest coal grades and even petroleum coke 

present in USA [19]. Figure 2.2 shows the distribution of the production of single-use plastics 

worldwide. An alternative method to handle plastic waste is thermochemical conversion of 

plastics, also known as chemical recycling. The major techniques are pyrolysis, gasification, 

catalytic cracking and reforming, and hydrogenation. However, the agglomeration of plastics 

during thermochemical processes is a bottleneck for plastic conversion [20].  



 

8 

 

 

Figure 2.2 Production of single-use plastic by region, 2018 [21] 

Tire wastes represent another major proportion of the total solid waste stream entering the 

environment [22]. Roughly one billion tires reach their end of useful lives across the globe 

yearly [23] and around 65.5% of these tires are dumped in landfills [24]. Due to their unique 

physiochemical properties such as complex crosslinked structure and high number of additives 

added during its formation, waste tires pose as a challenge in terms of their disposal or reuse 

[25], [26]. It is a well-known fact that tires have low ash, high volatile content, and heating 

value greater than biomass and even coal. This makes them ideal feedstock for thermochemical 

conversion methods like pyrolysis and gasification. Pyrolysis has garnered considerable 

attention in recent years, leading to the production of solid char, liquid products and gas 

fractions. Several pyrolysis studies on tires have been carried out on both laboratory and 

commercial scale and reported promising results [27], [28], [29]. 

Co-pyrolysis of biomass and plastics/tires is a promising technology to address energy security 

concerns, waste management, and reduce the consumption of fossil fuels. There have been 

extensive studies on the co-pyrolysis of plastics and biomass [30], [31], [32], [33], [34]. All of 

these studies reported that there are positive synergistic effects when using co-pyrolysis in 

terms of bio-oil characteristics, e.g., improvement in oil yield, increase in calorific value etc. 

Figure 2.3 gives a detailed overview of techniques used for upgrading pyrolysis oil. Results in 

the literature showed that co-pyrolysis helps in increasing both heating value and oil yield [35]. 

These effects are attributable to the elemental composition of plastic feedstocks, as they are 

rich in hydrogen and carbon but have low oxygen content [35], [36]. It has been reported that 
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plastics having >14% hydrogen by mass could donate hydrogen to hydrogen-deficient biomass, 

resulting in higher oil yield and enhanced higher calorific value [14].  

 

Figure 2.3 Techniques for upgrading pyrolysis oil [37] 

The objective of this paper is to present a comprehensive review of studies on the co-pyrolysis 

of biomass with plastics and tires. The review also deals with the studies on catalytic co-

pyrolysis for bio-oil upgrading. The role of both acid and base catalysts in the catalytic co-

pyrolysis to produce high-quality biofuels is also discussed in the study. Although there have 

been several reviews dealing with the pyrolysis of tires [38], there are only limited reports using 

tires as co-reactant in the co-pyrolysis process. Many studies have been conducted on a lab-

scale, however, co-pyrolysis on pilot-scale is scarcely reported. This review also discusses the 

pilot studies reported in the literature. 

2.3 Mechanism of biomass-polymer co-pyrolysis 

Previous studies show that positive interactions during co-pyrolysis are due to the fact that 

radicals from one component enhance the degradation of the other component. Various 

researchers like Zhang et al. [39] have reported that the key reason behind the improvement in 

the oil quality and yield in co-pyrolysis is this positive interaction between the two feedstocks. 

It is crucial to optimise process parameters like temperature, catalyst, reactor design and 
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biomass-to-plastic/tire ratio in order to have efficient waste to energy conversion. Thermal 

degradation of biomass and plastic is complex in nature. Thermal degradation of biomass 

includes numerous reactions, including breaking of natural polysaccharides and aromatics, 

product formation through dehydration, fragmentation, C-C bond cleavage, hydrolysis, 

formation of char, and isomerization [40], [41]. The free radical mechanism is commonly used 

to explain plastic decomposition [42]. Plastic pyrolysis involves a radical mechanism which 

includes initiation, secondary radical formation and termination via radical recombination [43]. 

Secondary radical formation includes depolymerization, formation of monomers, hydrogen 

transfer reactions including formation of paraffin and dienes and isomerization through vinyl 

groups [44]. As the thermal stability of biomass is less than plastics, the free radicals generated 

from the biomass degradation can further promote the polymer decomposition during co-

pyrolysis [45]. The reaction mechanism during co-pyrolysis of cellulose and polypropylene 

was investigated by Ojha and Vinu [46]. High yields of hydrocarbons and alcohols were 

reported at 600 oC for all biomass to plastic ratios, which indicates that vapor phase 

interactions, including hydroxyl radical abstraction from cellulose, β-scission, chain fission and 

intramolecular hydrogen abstraction from polypropylene (PP), are more conducive under these 

conditions [46], [47]. The authors also reported that the hydroxyl radicals (free radicals) were 

formed from degradation of cellulose in the presence of PP, whereas pyrolysis of cellulose 

without PP involves concerted reactions [48], [49]. A proposed mechanism for alcohol 

production during co-pyrolysis of cellulose and PP is shown in Figure 2.4. It is evident from 

the final products that methyl abstraction from PP and following hydrogen transfer is major 

route for formation of less branched linear alcohols, while long chains also occur via free 

radical recombination of an end chain with mid-chain hydrocarbon radicals [50], [51]. 

Although the detailed biomass-tire co-pyrolysis mechanism is still under investigation, most 

of the studies can be explained by widely discussed radical mechanism [35]. During the co-

pyrolysis process, biomass starts decomposing at a relatively low temperature as compared to 

tires. This can be due to unstable oxygen containing functional groups leading to the release of 

reactive free radicals and are further responsible for facilitating the chain scission reactions of 

tire components [52], [53]. Due to higher effective hydrogen to carbon ratio, hydrogen (H) 

radicals are released by the tires to the radical pool, promoting the conversion of biomass 

derived oxygenates to hydrocarbons via hydrogen transfer reactions [54], [55]. Thus, 

synergistic effect is expected from the co-pyrolysis of biomass and tire in a way that biomass 
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could activate the tire decomposition and tire can upgrade the final products by acting as a 

hydrogen donor. 

 

Figure 2.4 Proposed mechanisms for alcohol production during co-pyrolysis of cellulose and 

PP [56], [46] 

2.4 Importance of Co-pyrolysis Process 

Many investigations have been carried out on the co-pyrolysis process due to its benefits such 

as increased process efficiency in producing bio-oil with increased liquid yield and quality[57], 

[58]. Due to its simplicity, this process is more economical than other oil upgrading techniques 

like catalytic cracking, hydrotreating, emulsification, etc. There are various upsides of using 

this technique. Some of the benefits and drawbacks of co-pyrolysis are shown in Table 2.1. 

Owing to the polar nature of the obtained oil from the pyrolysis of biomass, it is very difficult 

to blend with oil obtained from synthetic polymers when they are produced separately. Mixing 

of oils obtained from individual pyrolysis would result in an unstable form (phase separation) 

[58]. Also, more energy will be consumed in producing oil from pyrolyzing the biomass and 

plastics alone [35]. Martínez et al. [59] reported that radical interaction during the co-pyrolysis 

process led to oil stability. Therefore, co-pyrolysis could be considered as reliable method to 

produce homogeneous bio-oil than obtained from blending of individual pyrolysis oils. 

Another major advantage of this technique is that it can help in reducing the quantity of plastic 

waste in the environment by using more waste as feedstock in an efficient and sustainable 

manner, solving a number of environmental problems [35].
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Table 2.1 Advantages and disadvantages of co-pyrolysis technique [39] 

Advantages Disadvantages 

• Increase in oil yield 

• Decrease of coke formation 

 

• Improvement in oil qualities like 

heating value 

• Improvement in the petrochemical 

yield 

• Improvement in quality of char 

• Increase in sulphur content in oil 

• Pyrolysis oil still needs further processing 

before using it as automobile fuel 

• Strict requirement of polymer and mixed 

mass ratio 

• Increased aqueous content in oil 

 

• Presence of complex compounds in oil 

 

 

2.5 Effects of process parameters on co-pyrolysis process 

The biomass composition is the major factor in determination of oil yield in co-pyrolysis 

process [35]. Lignocellulosic biomass is majorly comprised of hemicellulose, cellulose and 

lignin. Cellulose and hemicellulose are responsible for generating volatile matter contributing 

to more oil yield [60], [61]. Whereas aromatic branches in lignin is responsible for more char 

yield as is the case with woody biomass with higher lignin content. Several studies have 

reported an increase in oil yield as the volatile matter in the feedstock is increased [62]. 

Therefore, lignocellulosic biomass with higher cellulose and hemicellulose content would lead 

to more oil yield. Plastics have high volatile matter as compared to lignocellulosic biomass and 

tires as shown in Table 2.2. Thus, have the potential of producing high oil yield from pyrolysis. 

The fixed carbon, volatile matter and ash content in the biomass can be obtained from the 

proximate analysis. Other important factor affecting the oil yield is ash content (or the presence 

of alkali metals). Many authors have reported reduction in oil yield and higher char yield and 

non-condensable gases with increase in ash content [60], [63]. Thus, stability of the organic 
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liquid yield can be increased by decreasing the presence of alkali metals. Truck tire (TT) and 

passenger car tires (PCT) were investigated by Ucar et al. [64] for their use as hydrocarbon 

sources. Proximate analysis showed high volatile content in TT (66.1%) and PCT (58.2%). 

Also, PCT’s ash content (18.9%) is higher than TT’s (5%). The study reported a higher oil 

yield (56%) for TT compared to PCT. Aromatic and sulphur content of the two feedstocks were 

also found to be different.  

Process temperature and heating rate also impact the volatile release during pyrolysis, thus 

affecting the oil yield [35]. The effect of heating rate was studied by Debdoubi et al. [65] during 

pyrolysis of esparto. Heating rates of 50 oC/min, 150 oC/min and 250 oC/min were used in the 

study and maximum oil yield of 68.5% was reported at 550 oC at the highest heating rate. A 

slight increase in energy content was also reported for the highest heating rate. Influence of 

heating rate and pyrolysis temperature was also investigated by Gao et al. [66] in the pyrolysis 

of coconut shell. Maximum oil yield was obtained at 575 oC and heating rate of 20 oC/min.  

 

Table 2.2 Proximate analysis of some biomass, plastics and tires 

Type of feedstock Moisture  Volatile content  Fixed carbon  Ash Ref. 

PE 0.30 99.50 0.20 0.00 [67] 

PS 0.25 99.63 0.12 0.00 [32] 

PVC 0.00 94.80 4.80 0.40 [68] 

PP 0.18 97.85 0.16 1.99 [69] 

LDPE 0.00 100.00 0.00 0.00 [68] 

HDPE 0.00 98.57 0.03 1.40 [69] 

Pinewood 6.80 71.70 19.20 2.30 [70] 
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*all values in wt.% 

Synergistic interactions also result in improved oil properties in terms of heating value, 

viscosity, water content and product composition. The increase in the hydrocarbon content of 

the oil due to the addition of plastics and tires explains the higher calorific value [44]. The 

carbon, hydrogen and hydrogen/carbon (H/C) content can control the calorific value of oil 

significantly [73]. Increase in energy content was presented by Zhang et al. [74] when fir 

sawdust was co-pyrolyzed with LDPE compared to the pyrolysis of pure biomass. H/C ratio 

was increased from 1.1 to 1.5 with the addition of the plastic. Water content in the final liquid 

products leads to lower energy output from the pyrolysis process. Due to very little moisture 

content in plastics and tires as compared to biomass, co-pyrolyzing with plastics and tires helps 

in reducing water content in the oil [75]. Pyrolysis of pure biomass leads to high oxygen content 

and acidity, making the oil unstable and corrosive. Addition of plastics or tires have been found 

to increase the deoxygenation reactions leading to reduced oxygen content in the final oil [59]. 

The phenolic acids in the bio-oil are majorly responsible for the acidity and originate mainly 

from the decomposition of lignin [59]. A significant reduction in phenolic compounds was 

reported by Martinez et al. [59] with the addition of tires in their feedstock. Similar 

observations have been reported for plastics by various researchers [73], [76].  

2.6 Role of catalysts in co-pyrolysis 

Several studies have reported positive effects of using catalysts in co-pyrolysis process and 

their role in producing high-quality bio-oil [77], [78], [79]. Catalytic co-pyrolysis can be 

performed in two ways: 1) In situ; 2) ex situ. In the former, the catalyst is mixed with the 

feedstock. Feedstock is pyrolyzed in an inert atmosphere and bio-oil is produced along with 

by-products like char and gases. In the second approach, vapours produced are passed over the 

catalyst beds for catalytic upgrading. Due to less contact between catalyst and vapors formed 

during in-situ catalytic pyrolysis, more catalyst is needed in in-situ to achieve same level of 

Wheat straw 8.45 65.59 20.97 4.99 [71] 

Rice husk 7.88 54.39 23.71 14.02 [71] 

Tires 1.22 62.36 29.45 6.97 [72] 
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deoxygenation. The ex situ method offers a good flexibility over temperature control as it is 

independent of the pyrolysis temperature. Another advantage is notable reduction of coke 

formation on catalyst as compared to the in situ process [80]. This section deals with different 

catalysts being used in the studies globally and their impact on the conversion mechanisms. 

Zeolites are one of the most used catalysts due to their excellent catalytic performance in 

promoting cracking, reforming, decarbonylation, dehydrogenation and aromatization reactions 

[81], [82]. Presence of strong acidic sites in zeolites promotes the yield of high value 

monocyclic aromatic content like Benzene, Toluene, Ethylbenzene and Xylene (BTEX) and 

decreases coke formation [83]. Zeolites such as ZSM-5 and HZSM-5 can catalyze different 

types of reactions owing to their unique porous structure and shape selectivity [82]. Mullen et 

al. [84] carried out ex-situ catalytic pyrolysis of switchgrass and PE mixture over HZSM-5 and 

reported synergistic interactions between the two feedstocks in terms of reduced coke 

formation and better aromatic yield. PE is decomposed to olefins during the co-pyrolysis 

process which combines with the furans generated form the pyrolysis of biomass and results 

into aromatics production via Diels-Alder mechanism. The other way of plastic decomposition 

to olefins is dehydrogenation via decarbonylation reactions within the pores of the catalyst. 

This further promotes the deoxygenation of cellulose-derived furans and oxygenated molecules 

into olefins. Mullen et al. [84] also reported an inhibition of polymerization of oxygenated 

intermediates, resulting in lesser coke formation. Hydrogen radicals released during conversion 

of plastic-derived olefins further help in promoting cracking of phenolic compounds to acids, 

aldehydes, ketones etc. These oxygenates diffuse into the catalyst (HZSM-5) pores and form 

aromatics via the hydrocarbon pool mechanism [85]. In addition to the Diels-Alder reaction, 

the hydrocarbon pool mechanism, provided by the added olefins from polymers, is another 

major pathway of producing aromatic HCs in catalytic pyrolysis of biomass [86]. Various 

studies have proven the role of HZSM-5 towards aromatics formation [87]. However, the 

thermal degradation of the feedstock mixture over the HZSM-5 catalyst exhibit different 

behaviour when exposed to slow heating. The pyrolysis of biomass-polymer mixture is 

significantly reduced when the catalyst is applied under slow heating. This could be explained 

by the acid catalyzed reactions on the zeolite surface [87], [37]. The thermal decomposition 

process can be improved by increased catalyst presence in the feedstock mixture [78]. The level 

of decomposition can be increased notably at the same temperature by increasing the amount 

of catalyst in a 1:1 ratio (catalyst to biomass ratio). This indicates that small amount of catalyst 

may not have a significant effect on the decomposition phenomena, however, the level of 
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thermal degradation is increased significantly when the catalyst to biomass ratio is increased 

[78]. This is due to the initiation of lignin and cellulose decomposition in the feedstock mixture 

at 230 oC and abrupt drop in intensity of the catalyst degradation products at about 330 oC. The 

role of catalyst in the decomposition process is hindered due to the presence of lignin and can 

be explained by high aromatic HCs produced [37]. The low amount of these hydrocarbons 

indicates the incomplete decomposition of the biomass-polymer mixture due to the deactivation 

of the catalyst sites and delayed catalyst reactions in the biomass decomposition [88]. This is 

usually because of initiation of lignin decomposition at very low temperatures. The availability 

of HZSM-5 increases the thermal degradation of biomass-polymer mixture and aromatic 

hydrocarbons as the process temperature is increased up to the optimal value [37]. Park et al. 

[89] compared the catalytic activity of HY and ZSM-5 zeolites during in-situ catalytic co-

pyrolysis of biomass and HDPE. The study reported high amount of methanol production from 

pyrolysis of peel (biomass) resulting in increased aromatics yield over ZSM-5. The ability of 

ZSM-5 to generate aromatic hydrocarbons from methanol has also been demonstrated in the 

literature [90], [91]. Also, ZSM-5 is widely employed in the industry for transforming methanol 

to olefins [91]. On the contrary, HY (protonated (H+) form of zeolite Y) catalyst results in an 

increased coke production due to larger pore size compared to ZSM-5. The catalyst pore size 

significantly affects the aromatic products generated from co-pyrolysis. ZSM-5 led to the 

production of important hydrocarbons (BTX), whereas HY resulted in branched aromatics. 

Promotion of BTX hydrocarbons were also reported by Zhang et al. [92] during the catalytic 

pyrolysis of bio-plastic and sugarcane bagasse over ZSM-5 catalyst. Table 2.3 gives the 

description of some of the commonly used zeolites. Porosity of the catalysts can be tuned to 

solve the issues of coke formation and diffusion limitation in pyrolysis process [93]. One way 

to introduce the mesoporosity on zeolite surface is desilication. The desilication process helps 

in improving the weak acidic sites in the catalysts, promoting deoxygenation reactions [93]. 

The desilication of ZSM-5 results in more selectivity towards monoaromatic hydrocarbons and 

less coke deposition on the surface compared to conventional catalysts [91], [94]. Hong et al. 

[95] developed ZSM-5 desilication by treating the commercial catalysts with sodium hydroxide 

(NaOH) which improved the mesoporosity of the catalyst resulting in increased diffusion and 

yield of liquid products. The study also reported an improvement in the catalytic activity by 

producing high aromatic hydrocarbons. Some of the examples of mesoporous zeolites are 

MCM-22, MCM-36, ITQ-2, Al-MCM-41, SBA-15 etc. [93], [91]. The superior catalytic 

performance of ZSM-5 over mesoporous Al-MCM-41 catalyst was reported by Kim et al. [96] 
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during co-pyrolysis of poplar and HDPE. However, an improved catalytic performance of 

mesoporous SBA-15 compared to ZSM-5 was reported by Cao et al. [97] during co-pyrolysis 

of tires and woody biomass. 

To further increase the hydrogen transfer and deoxygenation reactions, several investigators 

have employed metal-doped zeolites to study their effects on final products [98], [99]. 

Excellent hydrothermal stability of phosphorus and nickel modified zeolite was reported by 

Yao et al. [98] during the co-pyrolysis of pine wood and plastic. The catalyst was prepared by 

sequential impregnation method and resulted in low yield of alkanes and higher aromatic and 

olefins production compared to the conventional ZSM-5. The impregnation of boron was 

reported to have improved [99] the selectivity of specific type of aromatic over others by Zhou 

et al. [99]. The boron loading led to reduction in the pore size and mesoporous surface area. 

The narrowing of pore size due to boron impregnation resulted in very high selectivity towards 

aromatics and decreased the yield of unwanted polycyclic hydrocarbons. Higher aromatics 

yield was reported by Kim et al. [100] when platinum modified ZSM-5 catalyst was employed 

in co-pyrolysis of Laminaria japonica and PP. Higher deoxygenation rates and increased 

conversion of furans to olefins was reported due to the platinum loading, when compared with 

the mesoporous ZSM-5.  

Table 2.3 Summary of some commonly used zeolites in pyrolysis process [91] 

Zeolite type Pore dimensions (Angstrom) Framework Ring sizes 

ZSM-5 10-ring 5.1 x 5.1, 10 ring 5.3 x 5.6 MFI 10, 6, 5, 4 

MCM-22 10-ring 4.0 x 5.5, 10-ring 4.1 x 5.1  MWW 10, 6, 5, 4 

ZSM-23 10-ring 4.5 x 5.2 MTT 10, 6, 5 

ZSM-11 10-ring 5.3 x 5.4 MEL 10, 8, 6, 5, 4 

Mordenite 12-ring 6.5 x 7.0, 8-ring 3.4 x 4.8 MOR 12, 8, 5, 4 
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SAPO-40 12-ring 6.7 x 6.9, 8-ring 3.7 x 3.7  AFR 12, 8, 6, 4 

 

The major disadvantages associated with zeolites are high cost and deactivation by biomass 

alkali deposition. Active acid sites of zeolites are easily deactivated by the deposition of alkali 

and alkaline earth metals such as calcium, magnesium, potassium and sodium, leading to 

inferior catalytic performance and increased coke formation [93]. Base catalysts are less 

affected by the deposition of alkali metals due to their active base sites. Some studies have used 

the catalysts with base sites like MgO, CaO etc. These catalysts work in a way different from 

the acid catalysts like zeolites and help in promoting carbon coupling reactions. Base catalysts 

promote the deoxygenation reactions via the production of carbon dioxide rather than carbon 

monoxide as is the case with the zeolites. The former is a more efficient way from carbon 

conservation point of view [101]. Deoxygenation reactions are promoted by the alkali and 

alkaline metal oxides-based catalysts via catalytic decarboxylation and decarbonylation 

reactions, resulting in high yield of aromatics and low amount of oxygen content in the bio-oil 

[102]. Few studies on co-pyrolysis of biomass and plastics or tires employing the base catalyst 

and their associated mechanism are available in the literature. Lin et al. [103] investigated the 

pyrolysis of wood and plastic mixture employing four different metal oxides (ZnO, MgO, CaO 

and Fe2O3). The product distributions were altered using different metal oxides catalysts. 

Considerable increase in ketones was reported with the addition of CaO compared with the 

uncatalyzed pyrolysis. CaO also reduces the oxygen content of the final liquid product and 

promoted the production of cyclopentanones and cyclopentenones via acid ketonization and 

aldol condensation of linear carbonyl compounds [104], [105]. Similar results were obtained 

when MgO was used but the catalytic activity was less due to the weak basicity of MgO. MgO 

catalyst decreased the phenols and furans production while increasing the alkene content. 

Moreover, the cracking effect of MgO was observed as long chain alkanes and alkenes were 

transformed to shorter chain HCs. Fe2O3 also promoted the deoxygenation reactions, but the 

catalytic performance of this catalyst was in between CaO and MgO. Selective aromatic 

compounds like p-xylene and 2-methyl-1-butenylbenzene were formed using Fe2O3 catalyst. 

ZnO catalyst resulted in considerable increase of phenolic compounds and notable reduction 

in acetic acid production. The deoxygenation rates of the four catalysts are in the order CaO > 

Fe2O3 > MgO > ZnO. Excellent deacidification of CaO was reported by Ding et al. [106] during 
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co-pyrolysis of a hemicellulose (xylan) and linear low-density polyethylene (LLDPE). Notable 

reduction in acids was reported compared to the case with HZSM-5. There was significant 

increase in the ketones production via ketonization reactions. Increase in aromatics with 

significant reduction of acids was also reported by Yuan et al. [107] in catalytic co-pyrolysis 

of rice husk and plastic over MgO catalyst. Table 2.4 presents some studies on the co-pyrolysis 

of biomass with plastics and tires over different catalysts. 

Table 2.4 Co-pyrolysis of biomass with plastic and tire over different catalysts 

Biomass Polymer 

Biomass: 

polymer 

Catalyst Summary Ref. 

Corn 

stover  
LDPE 3:1 CeO2/ZSM-5 

Authors reported sharp decreases in 

yield of oxygenates from 23.34% to 

4.52% as the plastic content 

increases from 0 to 33 wt.%. Study 

also showed higher selectivity 

towards BTX with increased 

plastic content in the feedstock  

[108] 

Pine wood LDPE 2:1 Ga/ZSM-5 

Considerable increase in important 

petrochemicals (such as alkenes 

and BTX) were reported using 

catalyst to feed ratio of 15 

[109] 

Bamboo 

Sawdust 
Waste tire 1:1 

HZSM-5/ 

CaO 

Maximum hydrocarbon content 

(aromatics and olefins) of 73.58% 

was reported using HZSM-5/CaO 

in the ratio of 3:2  at temperature of 

600 oC 

[110] 



 

20 

 

Sugarcane 

bagasse 
HDPE 3:2 

Meso FAU-

EAFS 

Highest oil yield of 68.56 wt.% 

with hydrocarbon yield of 74.55% 

were obtained using catalyst to 

feedstock ratio of 1:6 at 

temperature of 500 oC 

[111] 

Oil Palm PP 3:1 

Meso I-

MSU-F, 

Meso MFI, 

Meso Al-

SBA-15 

Meso MFI resulted in highest 

selectivity towards the 

hydrocarbons in bio-oil as 

compared to other catalysts due to 

higher acidity. Furthermore, ex-situ 

catalytic co-pyrolysis employing 

Meso MFI lead to lower aromatic 

formation compared to in-situ 

mode 

[112] 

Yellow 

poplar 
HDPE 2:1 

Al-SBA-15, 

Meso Y, 

Meso MFI 

Meso MFI showed highest 

catalytic performance among Al-

SBA-15, Meso Y and Meso MFI 

due to its proper mesoporous 

structure and strongest acidity 

[113] 

Cellulose LDPE 1:3 

MgO/ZrO2, 

MgO/Al2O3, 

MgO/C 

MgO/C exhibited the highest 

deoxygenating efficiency among 

other MgO impregnated catalysts. 

This can be explained by its 

balanced acid-base properties and 

larger surface area. 

[114] 

Eucalyptu

s 

woodchips 

LDPE 3:2 
HBeta (24), 

HBeta (72) 

HBeta (24) and HBeta (72) were 

used in the study based on their 

different Si/Al ratios and 

[115] 
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nanocrystalline features. HBeta 

(72) resulted in bio-oil with lower 

oxygen content and higher 

aromatics content due to its 

stronger acidity. 

 

2.7 Recent Studies and Progress 

2.7.1 Co-pyrolysis of biomass-plastic/tire 

Various studies have revealed the positive effects of using a mixture of biomass and plastics as 

feedstock. Sajdak and Muzyka [116] reported strong synergistic effect after thorough 

investigation of co-pyrolysis of wooden biomass and PP. The heating value of liquid products 

increased by nearly 26% for alder wood and 53% for pine wood. Önal et al. [44] stated that 

bio-oils produced by pyrolysis of HDPE and almond shell mixture has 78% higher hydrogen 

content and 38% increase in heating value than those of pure biomass oil. Synergistic effects 

(in terms of increase in H2 and CO) in steam gasification of wood pellets and PP were also 

reported by Burra et al. [117]. Higher hydrogen content was also reported by Alvarez et al. 

[118] by pyrolysis-gasification of wood sawdust and PP as compared to the biomass alone. 

Table 2.5 gives the heating values and liquid yields of bio-oil from co-pyrolysis of biomass-

plastic and pyrolysis of biomass alone. The table clearly depicts that bio-oil generation from 

co-pyrolysis have increased quantity and quality as compared to pyrolysis of pure biomass. A 

reduction in the overall process energy was reported by Oyedun et al. [119] during their 

experimental investigation on co-pyrolysis of PS and bamboo as compared to individual 

pyrolysis. This was a result of positive interactions between the two feedstocks. Another study 

by Oyedun et al. [120] discussed the effect of PS and HDPE, blended with wood in a 

thermogravimetric analyser. The results showed that with an increase in plastic content, there 

is reduction in the activation energy of the lead decomposition stage but increases in activation 

energy is reported in the next stage. An increase in the activation energy implies higher 

temperature for decomposition or longer reaction time, given that there is adequate energy for 

the reaction. Hua et al. [121] reported the strong interactions between PP and cotton straw and 

reported increased yield of bio-oil when experiments were conducted in the range of 380-480 

oC. Significant increase in oil yield and improvement in the bio-oil quality was reported by 
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Uddin et al. [122] during co-pyrolysis of rice straw and PE compared to pyrolysis of rice straw 

alone. Oil yield increased to maximum of 74.18 wt.% employing biomass to plastic ratio of 

1:3. Authors also observed considerable reduction of oxygenated compounds during co-

pyrolysis compared to pyrolysis of pure biomass. Qian et al. [123] reported the effects of co-

pyrolyzing polyethylene (PE) and lignite in a fixed bed reactor. The authors reported a 

reduction of char and improvement of gas quality, resulting from the synergistic relationship. 

Effects of co-pyrolyzing plastics (PE and PP) and biomass were investigated by Sharypov et 

al. [124] and Marin et al. [125] using same feedstocks. It was found that higher plastic content 

resulted in heavy liquid fraction while increase in cellulose and lignin led to more water and 

gas formation. Grieco et al. [126] did research on the co-pyrolyzing of plastics with sawdust 

and paper using heating rates of 1 oC/min and 0.1 oC/min. Study showed that there were no 

significant changes on the yields of wood–PE for both heating rates and paper- PE mixture at 

1 oC/min. Increase in char yield was reported for PE-paper mixture at heating rate of 0.1 oC/min 

using the PE-paper ratio of 3:1. This can be due to the high quantity of the inert materials 

mainly, metal oxides present promoting degradation of aliphatic hydrocarbons. Pyrolysis of 

Pine with PP and PE was studied by Brebu et al. [127] at a temperature of 500 oC. Their results 

indicated that co-pyrolysis led to increased quantity of liquid oils and reduction in the aqueous 

yield.  

Table 2.5 Heating values and liquid yield from biomass-plastic pyrolysis using proportion of 

1:1 

 

Biomass 

 

Plastic 

feedstock 

 

Process conditions 

 

Liquid yield(wt.%) 

 

 Heating Value 

(MJ/kg) 

 

 

Ref. 

Biomass Biomass-

plastic mix. 

Biomass Biomass-  

Plastic mix. 

Wood 

chips 
PP  

Fixed bed reactor was 

employed at 500 oC for 

15 min, purged with 

nitrogen at 50 ml/min  

39.30 63.10 19.90 45 

 

[128] 
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Pyrolysis of pinewood with PE and PP in an auger reactor was examined by Bhattacharya et 

al. [132] and they reported increase in heating value of the bio-oil and reduced aqueous content 

compared to pyrolysis of pinewood alone. One of the major wastes found in rural communities 

is agricultural plastic wastes like tunnel covering films, protective nets, soil mulching films, 

solarization films, and irrigation pipes. A study dealing with these kinds of waste was 

performed by Ro et al. [133], where spent plastic mulch was co-pyrolyzed with swine manure 

solids. Significant effects of the feedstock interactions were found in terms of increased heating 

value of the final syngas obtained during co-pyrolysis. Potato skin was pyrolyzed with HDPE 

Cotton 

Straw 
PP 

Biomass-plastic catalytic 

(alumina) pyrolysis 

using fixed bed reactor 

(380-480 oC) 

20 35.80 15.50 46.90 [121] 

Pinewood 

sawdust 
PS, PP 

Pyrolysis was performed 

at 450 oC using argon as 

the purging gas  

46 67 
Not 

reported 

Not 

reported 
[129] 

Palm shell PS 

Fixed bed reactor was 

employed for pyrolysis 

at 500 oC for 45 min 

using nitrogen as inert 

gas  

46.13 61.63 15.50 38.01 [73] 

Karanja 

Seeds 
PS 

Fixed bed reactor was 

used in the temperature 

range of 500-600 oC  

32.90 60.11 37.65 42.18 [130] 

Pine cone LDPE  

Based on the TGA 

analysis, pyrolysis was 

performed at 500 oC 

using semi-batch 

operation 

47.50 63.90 
Not 

reported 
46.33 [127] 
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in a study conducted by Onal et al. [131]. Experiments were performed at 500 oC and with 

different plastic to biomass ratios. The study reported a high liquid yield (48%) at a biomass to 

HDPE ratio of 2:1. Apart from the liquid yield, pyrolysis oil properties were greatly upgraded 

in terms of increased C and H content and increased stability of the oil. Thus, both quantitative 

and qualitative properties were improved due to the co-pyrolysis. A summary of a few biomass-

plastic co-pyrolysis studies are shown in Table 2.6. Sugarcane waste is a major problem in 

some countries like India, Brazil and China. Co-pyrolyzing this waste with synthetic polymers 

like plastics can be a good alternative to produce energy and get rid of environmental waste. 

One such study was conducted by Dewangan et al. [134] where low-density polyethylene 

(LDPE) was selected as plastic feedstock and sugarcane bagasse (SCB) as biomass for co-

pyrolysis. Effects of process conditions including temperature (350 to 600 oC) and biomass to 

polymer ratios of 1:1, 3:1, 1:3 and 9:1 on the co-pyrolysis final product distribution were 

studied. High liquid yield of 52.7% was achieved with 1:1 ratio at 500 oC. Reduced oxygen 

content, phenol and other acidic compounds made the final product more stable and 

homogeneous. An increase in heating value to 40 MJ/kg was achieved for the co-pyrolyzed oil 

which was better than that of SCB pyrolyzed oil (35 MJ/kg). Tang et al. [135] studied the co-

pyrolysis of microalgae and LDPE in a fixed bed reactor at a temperature of 600 oC using 

different microalgae to LDPE mixing ratios. Nannochloropsis sp. (NS) was chosen as the 

microalgae for the study. Co-pyrolysis of NS and LDPE resulted in lower oxygen-based 

organic matter and carboxylic acid content. The reduced acid content can be explained by the 

promotion of dehydration and hydrogenation reactions of carboxylic acid group. Significant 

increase in the aliphatic hydrocarbon content from 22.63% (pure NS pyrolysis) to 72.25% (NS 

to LDPE ratio of 75:25) was reported by the authors. This could be due to the reactions between 

free radicals from LDPE and alcohols, acids and nitrogen containing compounds from NS. In 

another study conducted by Tang et al. [136], authors investigated the co-pyrolysis of LDPE 

with different microalgae samples to study the deoxygenation and denitrification effect on 

pyrolysis oil. Enteromorpha prolifera (EP), NS and Spirulina platensis (SP) were selected as 

microalgae samples. The co-pyrolysis experiments were performed in a fixed bed reactor at a 

temperature of 600 oC and microalgae samples were mixed with the LDPE in the ratio of 3:1. 

Pyrolysis of pure microalgae samples indicated the highest presence of oxygenated compounds 

(45.5 wt.%) for EP, while highest nitrogen compounds (35.5 wt.%) were found in case of SP 

pyrolysis. Substantial reduction in oxygenated compounds from 45.5 wt.% (pure EP pyrolysis) 
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to 10.24 wt.% was reported with the addition of LDPE. This phenomenon can be explained by 

the accelerated decarboxylation and dehydration reactions, favouring the release of CO2 and 

H2O during the co-pyrolysis of microalgae and LDPE. Nguyen et al. [137] investigated the co-

pyrolysis of pine sawdust and waste PS foam in a bubbling fluidized bed reactor using different 

biomass to plastic ratios. The experiment was conducted at a temperature of 500 oC with N2 as 

the fluidizing medium. Results indicated the reduction in water and acetic acid concentration 

in the bio-oil with increased share of PS in the total feedstock. Bio-oil yield and heating value 

of 63.31 wt.% and 39.65 MJ/kg respectively, were obtained using the sawdust to PS ratio of 

1:3 as compared to 48.83 wt.% and 17.81 MJ/kg respectively, during pyrolysis of pure sawdust. 

Gu et al. [138] studied the synergistic effects during co-pyrolysis of xylan (corn cob) and HDPE 

in a Pyroprobe reactor. Results indicated reduction in oxygenated compounds and increased 

yield of alkanes and alkenes. Highest proportion of alkenes was achieved using xylan to HDPE 

ratio of 1:3. This could be explained by the release of hydrogen radicals from the 

dehydrogenation reactions during the HDPE degradation. Mishra et al. [139] co-pyrolyzed 

mahua seeds with PS and waste nitrile gloves (WNG) in a semi-batch reactor at a temperature 

of 550 oC. Different mass ratios of biomass and plastics were used to study their effects on bio-

oil properties. Substantial reduction in acidity, moisture and viscosity of bio-oil was reported 

by the authors. Biomass and plastic in the ratio of 80:20 was considered to be the optimum 

blending ratio based on their GC-MS investigation and bio-oil yield. Highest bio-oil yield 

(45.89 wt.%) was obtained during the co-pyrolysis of mahua seeds and PS. Co-pyrolysis of 

mahua seeds + PS (31.88%) and mahua seeds + WNG (21.56%) boosted the presence of 

aromatic compounds in the bio-oil as compared to that of the pyrolysis of pure mahua seeds 

(12.85%). Stancin et al. [140] studied the co-pyrolysis of sawdust and PS at a temperature of 

600 oC using three different sawdust to PS ratios (25:75, 50:50 and 75:25). Highest bio-oil 

yield of 83.86% was obtained using sawdust to PS ratio of 25:75, whereas lowest bio-oil yield 

(62.32%) was produced using 75% sawdust in the feedstock. Reduction in PAHs was reported 

with increased share of PS in the feedstock. Nguyen et al. [141] performed the co-pyrolysis of 

coffee grounds and waste PS foam in a bubbling fluidized bed reactor at a temperature of 500 

oC using N2 as a carrier gas. Coffee grounds and PS were mixed in the ratios of 25:75, 50:50 

and 75:25. Authors reported a higher liquid yield with addition of more PS in the feedstock and 

reached the highest value of 61% using coffee grounds to PS ratio of 25:75. Significant 

reduction in oxygen content from 32.2 wt.% for pyrolysis of coffee grounds alone to 5.68 wt.% 
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using coffee grounds to PS ratio of 25:75. This can be explained by the deoxygenation reactions 

promoted by the PS in the feedstock.  

 Another way of enhancing the synergistic interactions between the biomass and plastics is pre-

treatment of the biomass prior to pyrolysis. The presence of alkali and alkaline earth metals 

(AAEMs) in the biomass has negative effect on the performance of biomass pyrolysis. The 

AAEMs result into higher char and gas yield at the expense of bio-oil yield. Acid pre-treatment 

of the biomass is a common technique of reducing the harmful effects of AAEMs [142], [143]. 

Thermal pre-treatment of biomass has also been reported in the literature. Xue et al. [144] 

studied the co-pyrolysis of acid treated corn stover and PE in a tandem micro-pyrolyzer at a 

temperature of 600 oC. Sulphuric acid (98 wt.%) was used in the study for pre-treatment process 

and both the feedstocks were mixed in the ratio of 1:1. Significant increase in the production 

of levoglucosan yield and phenolic monomers were reported by the authors on co-pyrolyzing 

the acid treated corn stover with PE. Bio-oil yield improved to 77.01% (co-pyrolysis of acid 

washed corn stover and PE) from 69.79% (pyrolysis of acid washed corn stover alone). The 

synergistic effects can be explained by the strong Diel-Alders reaction between the plastic-

derived olefins and biomass-derived furans. Lin et al. [145] studied the co-pyrolysis of acid 

washed corn stover and HDPE in a drop tube reactor using N2 as a carrier gas and at a 

temperature of 550 oC. The corn stover and HDPE were mixed in the ratio of 1:1 and aqueous 

nitric acid (3 wt.%) was used as the treatment medium. High liquid yield of 51% was reported 

by the authors with improvements in the bio-oil quality. Lv et al. [146] investigated the co-

pyrolysis of pre-treated high protein algae and PP at a temperature of 550 oC. Protein rich 

(58.50%) Chlorella sp. was selected as the microalgae in the study. Microalgae was 

hydrothermally pre-treated at 175 oC before the co-pyrolysis experiment. The pre-treatment 

resulted in the removal of nitrogen (N) part from the microalgae. Significant increase in the 

formation of cyclohexane derivatives and alkenes were reported as a result of synergistic 

interactions between pre-treated microalgae and PP. Maximum interactions were achieved 

when the microalgae and PP were mixed in the ratio of 80:20. The N containing heterocyclic 

compounds were also reduced as a result of co-pyrolysis. Bu et al. [147] studied the interactions 

between pre-treated lignin and LDPE at a temperature of 550 oC using a LDPE to lignin mass 

ratio of 3:1. Lignin was torrefied at a temperature of 240 oC and retention time of 10 min and 

further pre-treatment was performed in a microwave pyrolysis reactor. Drastic increase in 
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aromatic content from 1.94% to 22.83% was reported in the bio-oil with the addition of plastic 

in the co-pyrolysis. 

Table 2.6 Summary of the progress in the area of co-pyrolysis of biomass-plastic mixture 

Biomass Polymer Conditions Summary Ref. 

Pine Sawdust PS, PE, PP 

Co-pyrolysis done 

in the temperature 

range of 400-650 oC 

with N2 as inert gas 

under different 

biomass-plastic 

ratios (1:4 – 4:1) 

employing fluidised 

bed reactor. 

Results indicated that 

maximum yield of 

71% obtained for 

petrochemicals using 

biomass-plastic (PE) 

in the ratio 4:1 at 

temperature of 600 oC  

[57] 

Sawdust (Fir)  
Waste 

electronics 

Fixed bed reactor 

was used for co-

pyrolysis (250-600 

oC) using N2 as 

purging gas and 

sawdust to plastic 

ratio of 1:1 

Study reported that the 

combined yield (oil) of 

62.3% obtained which 

was notably higher 

than individual 

components i.e., 

sawdust (46.3%) and 

plastic (53.1%)  

[148] 

Red oak  HDPE 

Pilot-scale fluidized 

bed reactor 

employed at 

varying 

temperatures (525-

675 oC) using red 

Due to positive 

interactions, heating 

value (36.6 MJ/kg) of 

the bio-oil was 

obtained. Study also 

reported less char 

formation and increase 

[58] 



 

28 

 

oak to HDPE ratio 

of 4:1 

in furans and acids 

production  

Oil Shale LDPE, PP 

Co-pyrolysis done 

in autoclave reactor 

(400-600 oC) using 

equal proportion of 

biomass and plastic 

Study reported the 

synergistic 

interactions, result of 

which include higher 

oil yield (54.8 wt.%) 

than that of biomass 

alone at temperature of 

525 oC  

[149] 

Waste Vegetable 

oil 
HDPE 

Autoclave reactor 

with nitrogen as 

inert gas, 

temperature in the 

range of 250-900 oC 

for 40 min 

Hydrocarbon (HC) 

fuel from the 

oxygenates was 

detected due to the 

positive synergistic 

interactions and high 

HC yield (63.1 wt.%) 

was reported at 

temperature of 430 oC  

[116] 

Wastepaper (WP) HDPE 

Quartz furnace was 

employed at 500 oC 

using WP/HDPE 

ratios of 1:0, 2:1, 

1:1, 1:2 and 0:1 

under nitrogen 

atmosphere 

Synergistic 

interactions were 

reported in the range of 

400-500 oC in terms of 

increased oil phase and 

oil properties of HC 

obtained from co-

pyrolysis.  

[150] 
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This increase can be explained by the conversion of phenolic monomers to aromatic 

hydrocarbons during co-pyrolysis as a result of hydrogen release from cracking of LDPE. 

Acidic content in the bio-oil reduced from 2.61% for pyrolysis of pre-treated lignin alone to 

0.15% for co-pyrolysis of pre-treated lignin and LDPE. Apart from using plastics in co-

pyrolysis, tires are also emerging as an attractive fuel option in pyrolysis process. Tire and 

sawdust powder were co-pyrolyzed by Cao et al. [97] at a temperature of 500 oC. The authors 

revealed an increase in liquid production with an increase in tire proportion in total feed. It 

went from 45 wt.% to 47 wt.% as the tire percentage was increased from 0-60%. The liquid 

fuel derived from the co-pyrolysis (feed ratio - 1:1) had a heating value of 42.44 MJ/kg in 

contrast to 28.51 MJ/kg when only sawdust was pyrolyzed. Polycyclic aromatic hydrocarbons 

(PAHs) are group of ubiquitous organic contaminants harmful to the environment and human 

health due to their potential carcinogenic and mutagenic characteristics [151]. Inhibition of the 

formation of PAH were also observed by the authors during the co-pyrolysis making the bio-

oil more environmentally friendly. In a study conducted by Martinez et al. [59], pine woodchips 

and tires were pyrolyzed at a temperature of 500 oC with a reaction time of 15 min. Different 

feed ratios (100:0, 90:10, 80:20 and 0:100) were used in the study. A remarkable single-phase 

liquid phase liquid fraction was obtained which is not achieved by pyrolysis of pure biomass 

or pure tires. A significant increase in oil yield was also reported by Alias et al. [152] during 

pyrolysis of tires and fruit bunches mixture. The char, liquid and gas yields obtained were 33.20 

wt.%, 42.80 wt.% and 24 wt.% respectively when biomass and tires were mixed in equal 

proportion. The liquid, char and gas yields obtained in case of pure biomass were 8.30 wt.%, 

49.10 wt.% and 42.60 wt.% respectively, whereas pure tire resulted in 32.50 wt.%, 33.20 wt.% 

and 34.30 wt.% respectively. Therefore, it can be inferred that co-pyrolysis of biomass and tire 

led to higher liquid yield compared to pyrolysis of pure biomass or pure tire. Ucar et al. [153] 

reported an improvement in the oil qualities and liquid yield when pine nut shells were co-

pyrolyzed with scrap tire at a temperature of 500 oC. The presence of scrap tire-derived 

compounds were dominant in the co-pyrolysis process, leading to reduction of biomass-derived 

compounds such as aldehydes (furfural, vanillin), ketones (3-methyl-1,2-cyclopentanedione) 

and phenolic compounds (2-methoxy-3-methylphenol). The heating value of the liquid oil 

reached 43.3 MJ/kg with biomass to tire ratio of 1:4. Also, the liquid products had higher 

carbon content and lower oxygen content compared to the biomass-derived oils. The effect of 

the stepwise co-pyrolysis temperature and various biomass to tire feed ratios were studied by 
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Abnisa et al. [154]. In this study, palm shell and scrap tire were co-pyrolyzed at two different 

temperatures, 500 oC and 800 oC, with reaction times of 60 min and 45 min. Increased liquid 

yield was reported as the tire proportion was increased in the feed. The higher temperature 

condition resulted in increased heating value and lower oxygen content in the liquid products. 

Considerable synergistic interactions were observed by Khan et al. [155] during co-pyrolysis 

of agricultural waste and tires. Authors reported reduction in oxygenated compounds with the 

addition of tires into rice straw with significant increase in aromatic and aliphatic 

hydrocarbons. This can be explained by the positive reactions occurring among the biomass 

and tire radicals. The free radicals released during biomass decomposition helps in promoting 

the chain scission reactions of vapors from tire decomposition. The liquid yield also increased 

from 36 wt.% for pure biomass pyrolysis to 45 wt.% for tire/biomass ratio of 80/20. Co-

pyrolysis of pistachio seeds and waste tire was performed at 500 oC in a study conducted by 

Onay [156]. Synergistic interactions between the two feedstocks in terms of improved bio-oil 

quality was reported by the author. A maximum oil yield of 57.6 wt.% was obtained using a 

biomass to tire ratio of 9:1. The improvement in the oil yield during co-pyrolysis is due to 

hydrogen transfer from tires to biomass derived radicals [97]. Also, the formation of PAHs was 

suppressed due to formation of active radicals during depolymerization reactions from both 

fuels. A different approach was studied by the Duan et al. [54] in an experiment where tire and 

microalgae were pyrolyzed together in the temperature range of 290-370 oC using supercritical 

ethanol. Under their optimal condition (tire/microalgae mass ratio of 1:4, temperature – 330 oC 

and time – 60 min), a maximum oil yield of 65.4 wt.% was obtained with associated heating 

value of 42.03 MJ/kg. Increased quality of liquid products was also reported due to the 

interactions of zinc oxide and carbon black, favouring the denitrogenation and deoxygenation 

reactions. Carbon black is generated from the waste tires. These studies clearly indicate the 

improvement in the quantity as well as quality of the liquid products when tire and biomass are 

co-pyrolyzed. Shah et al. [157] studied the addition of waste tires to cotton stalk pyrolytic 

process. The co-pyrolysis of waste tires and cotton stalk was carried out in a fixed bed reactor 

at a temperature of 550 oC with N2 as the carrier gas. Different biomass to waste tire mixing 

ratios were employed in the study to investigate their effects on bio-oil yield as well as quality. 

Authors also reported highest oil yield of 48 wt.% during the co-pyrolysis process using cotton 

stalk to waste tire ratio of 2:3 (optimal mixing ratio). The heating value of pyrolytic oil obtained 
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from waste tire-cotton stalk co-pyrolysis using optimal mixing ratio improved to 42.6 MJ/kg 

from 23.6 MJ/kg for pyrolysis of pure cotton stalk. 

Khan et al. [158] investigated the co-pyrolysis of acid treated cotton stalk (ACS) and waste tire 

in a fixed bed reactor at a temperature of 550 oC using different feedstock mixing ratios. 

Hydrochloric acid (HCl) was employed for acid leaching technique as a part of cotton stalk 

pre-treatment process. Acid pre-treatment was performed to reduce the detrimental effects of 

AAEMs on the co-pyrolysis process. Synergistic effects were observed for both raw cotton 

stalk (RCS)-waste tire and ACS-waste tire co-pyrolysis but increased positive interactions were 

observed in the latter case, indicating the detrimental effects of metals in the raw biomass. 

Addition of waste tires to treated biomass led to significant reduction of light oxygenates in 

bio-oil as compared to that of the RCS-waste tire co-pyrolysis. Decrease in levoglucosan, 

phenolic monomers and aromatic hydrocarbons were also reported in the case of RCS-waste 

tire co-pyrolysis due to the presence of AAEMs. This can be explained by the carbonization 

reactions promoted by AAEMs, simultaneously decreasing the levoglucosan content and lignin 

degradation. Another synergistic effect in terms of higher oil yield was reported during the co-

pyrolysis of ACS-waste tire using optimum blend ratio of 1:3 (ACS: waste tire). The liquid 

yield increased from 45 wt.% for RCS-waste tire pyrolysis to 54 wt.% for ACS-waste tire 

pyrolysis. The higher yield can be explained as a result of high content of volatiles generated 

with the absence of AAEMs and  thus clearly indicating the positive effects of acid treatment 

in the co-pyrolysis process. 

2.7.2 Catalytic co-pyrolysis of biomass-plastic/tire 

Catalytic co-pyrolysis of plastic-biomass has gained considerable attention due to its ability to 

produce bio-oils with increased H/C ratio, higher energy density of fuel and reduction of 

oxygenated compounds. The co-pyrolysis process in the presence of catalyst can lead to 

improved process efficiency with reduced operating temperature, resulting in lower capital 

investment and energy costs. Many catalysts can be used for co-pyrolysis like zeolites, 

silicoaluminophosphate (SAPO), transition metal-based catalysts, and alkali catalysts. More 

recently, several catalytic co-pyrolysis studies have been conducted. Co-pyrolysis of sugarcane 

waste (bagasse) and Polyethylene Terephthalate (PET) was studied by Ghorbannezhad et al. 

[159] using sodium carbonate and HZSM-5 at a temperature of 700 oC. The combination of 

both catalysts resulted in greater reduction (18%) of oxygen than the use of zeolite alone. 
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Furthermore, co-pyrolysis in the presence of the combined catalysts improved the yield of 

aromatic (8.7%) as well as olefin (6.9%) compounds. Zhang et al. [52] investigated co-

pyrolysis in the presence of three catalysts, namely ℽ-Al2O3, spent fluid catalytic cracking 

(FCC) and LOSA-1. PS, PE and PP were taken as the plastic feedstocks and black-liquor lignin 

as the biomass feedstock. The authors studied the effect of different plastics on the final 

products and reported that as PE content increased, olefins and aromatic yield also increased. 

Maximum olefins yield (13%) was obtained with PE whereas PS produces the maximum 

aromatic yield (55%). Spent FCC catalyst was used in the study carried out by Kumar et al. 

[160] where ground nut shells were co-pyrolyzed with PP and PS in different ratios. Maximum 

monoaromatic (and olefins) yield (73%) was achieved when PP was used as the polymer 

material and maximum aromatic yield (82%) was achieved using PS as the plastic feedstock. 

It was also suggested that the presence of oxygenated compounds was notably reduced due to 

the decarbonylation and decarboxylation reactions. Chattopadhyay et al. [161] studied the 

effects of catalytic co-pyrolysis using wastepaper as biomass feedstock and different plastics 

materials namely, HDPE, PP and Polyethylene Terephthalate (PET). Authors used ceria-

alumina and cobalt-based alumina catalysts in the experiments. The study reported that with 

increase in plastic content, liquid yield is increased and approaching the maximum value for 

biomass/plastic of 1:5 with highest yield for olefins and aromatics. In contrast, the highest 

gaseous yield was reported using biomass/plastic ratio of 5:1. Wang et al. [162] co-pyrolyzed 

the HDPE and vegetable oil using zirconium oxide-based catalyst. The research investigated 

the effects of different parameters like temperature, ratio of the feedstocks and catalyst on the 

final product achieved. Due to the synergistic interactions between the two feedstocks, there 

was rare presence of oxygen in the bio-oil and maximum HC yield of 63.1% was obtained at a 

temperature of 430 oC. Woody biomass and rubber seed oil were co-pyrolyzed by Zheng et al. 

[163] at 500 oC employing HZSM-5 catalyst. The study compared the results of co-pyrolysis 

with and without catalyst and reported the highest conversion rate for the catalytic co-pyrolysis. 

Increased hydrocarbon yield was also reported by Kim et al. [96] when co-pyrolyzing poplar 

with plastic feedstock over HZSM (microporous) catalyst. Ding et al. [106] pyrolyzed xylan 

and linear LDPE in the presence of calcium oxide and zeolite catalysts. Process temperature 

was varied over the range of 450-700 oC and effect of catalyst/biomass (C/B) ratio was 

examined. C/B ratio is an important parameter and can have significant impact on hydrocarbon 

content. Their results revealed the conversion of acids to ketones in the presence of calcium 
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oxide followed by aromatization of ketones over HZSM-5. Maximum yield of ketones (43%) 

was also reported in the study using CaO catalyst to feedstock ratio of 2:1. Major reactions 

responsible for the reduction in acidic content were suggested as presented in the next 

equations: catalytic reaction (1), neutralization reactions (2 and 3) and thermal cracking 

reaction (4). 

R-COOH + CaO  RH + CaCO3     (1) 

CaO + 2R-COOH    H2O + (R-COO)2Ca    (2) 

(R-COO)2Ca         CaCO3 + R-COR     (3)  

R-COOH    RH + CO2       (4) 

Use of metal-based catalysts was demonstrated by Yuan and Shen [107]. The study performed 

the pyrolysis of rice husk and polyvinyl chloride (PVC) using two catalysts, magnesium oxide 

(MgO) and magnesium carbonate (MgCO3) at a temperature of 600 oC. Co-pyrolysis in the 

presence of these catalysts resulted in bio-oil with increased hydrocarbons (HC) (>35%) and 

low acidic content (< 2%). Wang et al. [164] performed the fast pyrolysis of linear low-density 

polyethylene (LLDPE) and bamboo sawdust employing a dual catalytic stage. HZSM-5 and 

cerium oxide/gamma-alumina were selected to study the effects of catalysts on HC production. 

The study reported that catalyst/biomass (C/B) ratio is an important factor in improving bio-

oil quality. Significant reduction in acidic content and improvement in the aromatic HC content 

(> 34%) was reported using C/B ratio of 4. The concentration of aromatic HC was increased 

as the polymer (LLDPE) content was elevated, reaching the maximum concentration at 75% 

LLDPE. Iftikhar et al. [165] carried out the co-pyrolysis of  SCB and PS over dual catalytic 

bed of HZSM-5 and metal oxides (MgO, CaO) in an ex-situ mode. MgO:HZSM-5 blend 

resulted in better catalytic properties as compared to CaO:HZSM-5 blend. Highest mono-

aromatic hydrocarbon yield of 56.8 wt.% and lowest poly-aromatic hydrocarbon content of 

20.8 wt.% were reported using the MgO:HZSM-5 ratio of 1:3 and SCB to PS mass ratio of 1:1. 

The superior catalytic performance of MgO:HZSM-5 blend can be explained by the proper 

pore size of the MgO, enhancing the olefins production and cracking ability of HZSM-5(long 

chain hydrocarbons to aromatics). Notable reduction in acidic content and oxygenated 

compounds during the co-pyrolysis were also reported because of the deacidification and aldol 
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condensation reactions by MgO part of the catalyst. Muneer et al. [166] investigated the corn 

stalk and PS in a fixed bed reactor at 500 oC over HZSM-5 employing both in-situ as well as 

ex-situ mode. Corn stalk to PS ratio of 1:3 was used in both the catalyst modes to study the 

effect of catalyst on bio-oil composition. In-situ mode resulted in maximum liquid yield of 

66.5% and highest mono-aromatic hydrocarbons content of 80.1% employing the catalyst to 

feedstock ratio of 1:1. The lower oil yield in the case of ex-situ mode can be explained by the 

enhanced cracking reactions within the catalytic bed, leading to enhanced secondary reactions 

promoting gas formation. Peak area of mono-aromatic hydrocarbons was relatively equal for 

both in-situ and ex-situ mode. Sarker et al. [167] studied the impact of acid modified zeolite 

(ZSM-5) on HC yield during the co-pyrolysis of poplar wood sawdust and HDPE. The catalyst 

impregnation was done using sulphuric acid with different concentrations (0.1M, 0.3M, 0.5M, 

0.7M). Mass ratio of 1:1 was considered for both sawdust to HDPE and feedstock to catalyst 

ratio. Acid modified catalyst showed better catalytic performance in terms of higher olefins 

(56.20 - 59.70%) as compared to the raw ZSM-5 (49.53%). Moreover, acid modified zeolite 

resulted in higher proportion of alkanes (23.29 - 25.96%) than the raw zeolite (21.18%). 

Among the different acidic concentrations, ZSM-5 (0.5M) showed better deoxygenation ability 

over others and was found to be the most selective towards the hydrocarbon compounds 

(93.18%).  This could be explained by the high number of Bronsted acid sites in ZSM-5 (0.5M), 

responsible for accelerated Diels-Alder reaction and dehydrogenation cracking reactions 

during the co-pyrolysis. ZSM-5 (0.5M) also resulted in significant reduction of acidic content, 

owing to the ketonization and decarboxylation of acidic compounds at Bronsted sites. Zhao et 

al. [168] performed the co-pyrolysis of cellulose and PE over HZSM-5 at a temperature of 650 

oC using cellulose to PE ratio of 1:1 and feedstock to HZSM-5 ratio of 1:4. The study reported 

higher alkanes and aromatic content during the co-pyrolysis process as compared to the 

pyrolysis of cellulose alone. Higher production of alkanes and aromatics can be explained by 

the aromatization of cellulose and cracking of PE at Lewis and Bronsted sites of HZSM-5. 

Remarkable reduction in oxygenates from 92.8 % for non-catalytic pyrolysis of cellulose and 

PE to 28.3% during catalytic co-pyrolysis of cellulose and PE was reported by the authors. This 

clearly indicated the synergistic interactions between the two feedstocks and crucial role of 

HZSM-5. Shi et al. [169] also investigated the effect of Ni-modified MCM-41 catalyst during 

the co-pyrolysis of cellulose and PP on reduction of oxygenated compounds. Cellulose and PP 

were mixed in the ratio of 1:1 and catalyst to feedstock ratio of 1:10 was used in all their 
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experiments. The study was performed using both MCM-41 and Ni-modified MCM-41 catalyst 

with different Ni concentrations. Four different concentrations were used, 6.9 wt.% Ni, 13.2 

wt.% Ni, 25.1 wt.% Ni and 42.7 wt.% Ni. The most superior catalytic performance was showed 

by 25.1 wt.% Ni-modified MCM-41 (denoted as Cat A). Reduction in oxygenated compounds 

from 35.6% (unmodified MCM-41) to 13.4% (Cat A) and increased overall hydrocarbon 

production from 62.2% (unmodified MCM-41) to 84.6% (Cat A) were reported by the authors. 

Accelerated rate of Diels-Alder and decarboxylation reactions was responsible for reduced 

oxygen content in the bio-oil. The superior catalytic performance of Cat A can be explained by 

the proper acidity, high metal dispersion and balanced structural properties. Li et al. [170] co-

pyrolyzed waste greenhouse plastic films (WGPF) and rice husk over hierarchical HZSM-

5/MCM-41(HM). Rice husk to WGPF ratios of 1.5:1, 1:1, 1:1.5 and 1:2 and feedstock to 

catalyst ratio of 1:2 were employed in the study. Maximum hydrocarbon content of  67.9% was 

obtained for rice husk to WGPF ratio of 1:1.5 at a temperature of 600 oC over HM. 

Hydrocarbon content obtained for HM was higher than obtained with the HZSM-5 (42.6%) 

alone, which clearly indicated the effectiveness of dual catalytic bed. HM catalyst also showed 

reduction in acids, furans and ketones compared to the non-catalytic case. The outstanding 

catalytic performance of the HM can be attributed to the mesoporous structure relative to 

HZSM-5. Xu et al. [171] pyrolyzed rice husk and PE in a fixed bed reactor over ZSM-5 to 

produce aromatics rich pyrolytic oil. Different PE mass ratios were employed in the study – 0, 

25 wt.%, 50 wt.%, 75 wt.% and 100 wt.%. Their results indicated increases selectivity towards 

BTX from 5.6% for rice husk alone to 44.4% for 25% rice husk in the feedstock using catalyst 

to feedstock ratio of 4:1, and reduced the naphthalene content from 85.9% to 41.7%, 

correspondingly. This can be attributed to the fact that hydrogen radicals from PE inhibited 

polymerization of phenolic compounds and promoted the deoxygenation reactions in the ZSM-

5 pores. Rahman et al. [172] studied the co-pyrolysis of pine and HDPE over ZSM-5 catalyst 

using catalyst to feedstock ratio of 1. Pine and HDPE were mixed in different ratios – 0:100, 

25/75, 50/50, 75/25 and 0/100. Co-pyrolysis resulted in higher selectivity towards C6-C12 

(gasoline hydrocarbons) due to cracking of phenolic compounds by HDPE. Pine to HDPE ratio 

of 25:75 showed selectivity of almost 99% towards hydrocarbons and clearly indicated the 

positive interactions between pine and HDPE. Catalytic co-pyrolysis of corn stalk and HDPE 

over HZSM-5 catalyst was studied by He et al. [173]. Corn stalk to HDPE mass ratio was 

varied from 0:1 to 1:0 and catalyst to feedstock ratio of 1:1 was used in the study. Authors 
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reported increases presence of aromatic hydrocarbons with higher HDPE content in the 

feedstock. This phenomenon can be explained by the reactions between biomass-derived 

oxygenates and plastic-derived olefins, responsible for deoxygenation and hydrocarbon pool 

mechanism to produce aromatics. Yu et al. [174] performed the co-pyrolysis of walnut shells 

and LDPE over HZSM-5 in a lab-scale fixed bed reactor. Aromatics selectivity was increased 

from 44% for pyrolysis of walnut shell alone to 90.4% for co-pyrolysis of walnut shell and 

LDPE, and unwanted PAHs were reduced from 28.8% to 16.5%. Pyrolysis of walnut shell 

alone led to largest share of oxygenated compounds and least share of aromatics due to 

insufficient supply of hydrogen during pyrolysis.   

The synergistic interactions between peanut shells and LDPE were studied by the Rocha et al. 

[175] in the presence of natural zeolite (ZN) and its protonic form (H-ZN.TA). Nitric acid 

(0.03M) was used to prepare the protonic form of natural zeolite. The experiment was 

performed at a temperature of 550 oC with peanut shell to LDPE ratio of 1:1 and feedstock to 

catalyst ratio of 4:1. H-ZN.TA showed slightly better performance than ZN in terms of higher 

aliphatic and aromatic compounds but significant increase in the production of aromatic 

compounds was reported during catalytic co-pyrolysis (50 wt.%) as compared to the co-

pyrolysis in the absence of catalyst (12.09 wt.%).  The catalysts resulted in the reduction of 

oxygenated compounds (~50 wt.%) in bio-oil due to higher acidic sites in zeolites, responsible 

for aromatization, decarbonylation, cracking and isomerization of the pyrolytic oil components 

[176]. Lin et al. [177] carried out the co-pyrolysis of LDPE and Douglas fir over bifunctional 

activated carbon catalyst modified with iron (Fe/AC) in a fixed bed reactor. Different Fe 

loading amount and feedstock to catalyst ratios were employed to study their effects on final 

yield and product distributions. Fe/AC showed better catalytic performance for aromatics 

productions, whereas activated carbon (AC) was needed in higher amount to attain similar 

catalytic activity. Selectivity towards aromatics was increased with increased temperature 

(450-600 oC) and catalyst to feedstock ratio (0.5-2) at the expense of alkenes and phenols. 

Highest yield (44%) of mono-aromatic hydrocarbons was achieved using 10% Fe loading 

(10Fe/AC) and catalyst to feedstock ratio of 2:1 at a temperature of 500 oC. This can ascertain 

to the fact that active sites created by Fe modification promoted the deoxygenation, 

aromatization, dehydrogenation and cyclization reactions to favour the aromatics production. 

Moreover, these newly active sites inhibited the formation of unwanted PAHs. They also 



 

37 

 

reported highest bio-oil yield of 53.67% using 10Fe/AC with a catalyst to feedstock ratio of 1 

at a temperature of 500 oC.  

As explained in Section 6.1, acid treatment of the biomass helps in reducing the detrimental 

effects of AAEMs in the co-pyrolysis process. Lin et al. [145] investigated the co-pyrolysis of 

acid treated corn stover impregnated with different potassium (K) concentration and HDPE 

over HZSM-5. Different potassium concentrations of 0.8 wt.%, 1.1 wt.%, 3.5 wt.% and 4.6 

wt.% were used in the study. Reduction in liquid yield from 52.3% (0.8 wt.% ACS-HDPE) to 

44.1% (4.6 wt.% ACS-HDPE) with increase in gas and char yield was reported as a result of 

potassium impregnation. This could be due to the ability of the potassium to catalyze the 

secondary reactions, leading to more char and gas yield [178], [179]. Catalytic co-pyrolysis of 

ACS-HDPE resulted in higher mono-aromatics yield as compared to the non-catalytic co-

pyrolysis. The yield was reported in the range of 77.3-82.5% as the potassium content was 

increased from 0.8 wt.% to 4.6 wt.% due to the fact that potassium coupled with the HZSM-5 

promoted the decomposition of HDPE to enhance the production of aliphatic hydrocarbons. 

Lee et al. [180] co-pyrolyzed torrefied biomass (cellulose) and PP over HZSM-5 and HBeta 

catalysts. The cellulose was torrefied before the co-pyrolysis process to enhance the carbon 

density by reducing the oxygen to carbon (O/C) ratio of biomass [181]. The authors also 

investigated the effects of mixing ratio of biomass and plastic as well as catalyst to feedstock 

ratio on aromatics production. Among the two catalysts, HZSM-5 resulted in higher aromatic 

hydrocarbons production than HBeta owing to high acidity and pore structure of HZSM-5. 

Higher selectivity towards BTEXs was obtained for co-pyrolysis of torrefied cellulose-PP as 

compared to that of the raw cellulose-PP co-pyrolysis. This can be attributed to the fact that 

torrefaction of the cellulose enhanced the ring opening reaction of the cellulose monomer, 

which produced more aliphatic intermediaries [182]. The highest BTEXs yield of 33.4 wt.% 

was produced using catalyst (HZSM-5) to feedstock ratio of 3:1 and biomass to plastic ratio of 

1:3. The effect of biomass torrefaction in the catalytic co-pyrolysis of biomass and plastics was 

also studied by Hassan et al. [183]. The study investigated the co-pyrolysis of torrefied wood 

and PS over HZSM-5 at temperatures of 500 oC, 550 oC, 600 oC and 650 oC. Synergistic 

interactions between torrefied wood and PS were observed during catalytic co-pyrolysis in 

terms of reduction in oxygenated phenolic compounds and higher aromatics content. This is 

due to cracking of phenolic compounds to aromatic compounds over the HZSM-5. Highest 

aromatic hydrocarbons content (60.5%) was achieved at temperature of 600 oC and torrefied 
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wood to PS ratio of 1:1. Co-pyrolysis of torrefied poplar wood (TPW) and HDPE over 

hierarchical HZSM-5 in a drop tube reactor was studied by Lin et al. [184]. Poplar wood was 

torrefied in order to have improved bio-oil properties by reduction in oxygenated compounds. 

Hierarchical HZSM-5 was prepared by mixing HZSM-5 and NaOH solution with different 

concentrations (0.2, 0.3 and 0.4 mol/L). The study also investigated the effects of different 

torrefaction temperatures (220, 240, 260 and 280 oC) of poplar wood (PW) on production on 

mono-aromatic hydrocarbons. With the increase in torrefaction temperature, bio-oil yield was 

reduced, whereas the yield of aromatic hydrocarbons was increased. The reduction in bio-oil 

yield could be explained by the fact that, moisture content in the PW is evaporated and 

hemicellulose is decomposed at higher temperature because of its poor thermal stability. 

Maximum yield of mono-aromatics (71.75%) was obtained during co-pyrolysis of 260-

TPW/HDPE over 0.3-HZSM-5 catalyst. The explanation behind higher yield achieved at a 

torrefaction temperature of 260 oC was given by Park et al. [185]. They attributed this 

phenomenon with the structural changes in lignin and cellulose during torrefaction, leading to 

accelerated formation of aliphatic intermediates. This further leads to the formation to 

aromatics. Another explanation given by Park’s group was that the Diels-Alder reaction was 

promoted by the torrefaction pre-treatment. The effect of microwave pre-treated biomass on 

the catalytic co-pyrolysis of biomass and plastic was investigated by Zhang et al. [186]. In this 

study, microwave pre-treated chilli straw and PP were co-pyrolyzed over HZSM-5 to produce 

HCs rich bio-oil. Biomass molecules were excited and vibrated by the microwave irradiation 

[187], which changed the structure of the biomass. Positive effects of microwave pre-treatment 

have been reported in the literature [188], [189]. The catalytic co-pyrolysis of treated chilli 

straw and PP resulted in the increase of aromatic content from 4.46% to 17.34%.    

It is well known that the oil generated from co-pyrolysis of tires and biomass still need to be 

upgraded before they can be used as liquid fuels. Using catalysts in the process is one way to 

increase the aromatics product distribution in the resulting liquid products. The major 

components of bio-oil can be mainly classified into aliphatic and oxygen-containing aliphatic 

hydrocarbons, aromatic and oxygen-containing aromatic hydrocarbons, nitrogen containing 

compounds and polycyclic aromatic hydrocarbons (PAH). The main organic constituents 

found in bio-oil are hydroxyl aldehydes, hydroxyl ketones, sugars, carboxylic acids and 

phenolic compounds [9]. High aromatic yield was recorded by Wang et al. [190] during the co-

pyrolysis of bamboo waste and tire over HZSM-5 catalyst. A maximum aromatics proportion 
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of 44.70% was reported using a catalyst to feed ratio of 3:10 due to the cracking and 

deoxygenation of primary pyrolysis vapor [191]. The higher quantity of tires in the feedstock 

led to a significant decrease in oxygen containing phenols and aldehydes. This can be attributed 

to the reactions between furan compounds from the biomass pyrolysis and olefins from waste 

tires pyrolysis to form aromatics [74]. Sanahuja-Parejo et al. [88] studied the interactions 

between grape seeds and tires during co-pyrolysis employing calcined calcite as a catalyst. 

Authors reported that calcined calcite helped in reducing the acidic and phenolic compounds 

making the bio-oil less acidic and enhancing the production of hydrocarbons. The study 

reported strong synergistic interactions between the two feedstocks at a temperature of 550 oC 

and biomass to waste tire ratio of 60:40. A substantial increase in aromatic HC production was 

observed with very low oxygen content in the liquid, making it more stable and less corrosive. 

Hydrogen from the waste tires was transferred to biomass-derived oxygenates, forming more 

desirable compounds [39]. Another major phenomenon responsible for increased aromatics 

production is phenol hydrodeoxygenation due to the enhancement of the hydrogen production, 

further resulting in the production of cyclo-alkanes. Cyclo-alkanes are one of the main 

components of jet fuels and can be cleanly combusted with a high heating value [192]. The 

presence of these aromatic compounds (cyclo-alkanes) also increases the commercial uses of 

the liquid products. Wang et al. [110] employed two catalytic beds of CaO and co-modified 

HZSM-5 catalyst for co-pyrolyzing bamboo residual and waste tire. Significant increase in 

aromatics and olefins and inhibition of undesirable acids and compounds were reported using 

dual catalytic stage. Maximum hydrocarbon (aromatics and olefins) yield of around 76% was 

achieved using the HZSM-5 to CaO mass ratio of 3:2. Use of acidic zeolites in promoting the 

dehydration reactions in the deoxygenation of cellulosic pyrolysis was reported by Nolte et al. 

[193], while base catalysts like MgO and CaO favours the fragmentation reactions, producing 

of lower molecular weight products [194], [102]. Therefore, acidic zeolite and base catalyst 

together might lead to increased production of aromatic hydrocarbons [195]. In another study 

conducted by Wang et al. [190], bamboo and waste tire were co-fed over HZSM-5 and MgO 

catalysts. Two different modes- mixed (both catalysts mixed) and sequential mode (different 

layers of catalysts) were investigated to find out the additive effects on the production of 

aromatic hydrocarbons. Higher yields of pyrolysis oils were reported in mixed mode than 

sequential mode when HZSM-5/MgO mass ratio was increased from 1:4 to 1:1. Regarding 

selectivity of aromatics, the highest relative concentration of aromatic hydrocarbons was 
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obtained using sequential mode at HZSM-5/MgO mass ratio of 2:3. On the other hand, mixed 

mode at HZSM-5/MgO mass ratio of 4:1 resulted in the highest relative concentration of 

olefins. With regards to the additive effect on PAHs, both mixed and sequential modes had a 

negative effect on the formation of PAHs.  

2.8 Potential of scaling up the co-pyrolysis process 

Although many co-pyrolysis studies have been performed at lab-scale, only few have been 

carried out at pilot-scale. Veses et al. [196] studied the pyrolysis of grape seeds and polystyrene 

mixture over CaO catalyst in an auger reactor with a capacity of 20 kg/hr. The system was 

equipped with shell and tube condenser for collecting the liquid products with temperature and 

pressure monitoring points at different locations. Enhanced dehydration and deoxygenation 

reactions were reported in the study leading to increased aromatic production and decreased 

oxygen content. The authors also reported molecular mechanism reaction similar to that 

previously reported in fixed bed reactors [197], [88]. Therefore, potential of co-pyrolysis 

process was demonstrated on a largescale. Johansson et al. [198] investigated the co-pyrolysis 

of woody biomass (stem wood from spruce and pine) and plastic waste in cyclone pyrolyzer 

pilot plant as well as analytically as shown in Figure 2.5. Their feeding system comprise of 

rotational screws with capacity of 20 kg/hr and heated nitrogen gas serves as carrier gas. 

Jacketed reactor was provided in the pilot plant and reactor wall gets heated by recycling the 

mixture of air and non-condensable gases. The liquid products are collected in two steps – 

firstly an indirect heat exchanger is employed to collect the fraction called condenser oil and 

aerosol collection was used for collecting the aerosol oil. Analytical analysis act as a screening 

method to study the different feedstocks for pyrolysis in pilot plant. Different plastic streams 

(cable plastics, paper reject and shredder light fraction) were considered along with woody 

biomass in analytical study. The analytical study showed suppression of reactive oxygenated 

compounds, whereas alcohols and esters were promoted, leading to a stable oil. The co-

pyrolysis of plastics originating from paper reject and stem wood also resulted in promotion of 

hydrocarbons, but no synergistic interactions were noticed in the pyrolysis of shredder light 

fraction (SLF) and stem wood. Due to the more promising results obtained from the analytical 

study for paper reject and stem wood, the co-pyrolysis of paper reject and stem wood was 

further studied in pilot-scale. Partial verification of analytical results was obtained in the pilot-

scale plant with the potential of achieving better results by optimizing the process parameters. 
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The product yields obtained were similar, but other properties like viscosity and acidity of the 

oil were detected analytically and are strongly affected by co-pyrolysis process. The scalability 

of co-pyrolysis of forestry waste woodchips and waste tires was studied by Martinez et al. [59]. 

The resulting pyrolytic product fractions were determined for a pilot-scale auger reactor as well 

as a lab-scale fixed bed reactor. This pilot reactor had been previously used to carry out biomass 

pyrolysis [199] and scrap tires pyrolysis [200]. Experiments were performed at 500 oC and feed 

rate of 5 kg/hr. The study reported synergistic interaction in terms of lower water content and 

total acidic number (TAN) and higher calorific value between the two feedstocks in both the 

auger reactor and fixed bed reactor. However, the improvement in the properties obtained in 

the fixed bed reactor was lower than the values from the theoretical model. This could be 

explained by the inherent properties of the fixed bed reactor as the reaction radicals released 

are escaped from the reactor quickly, decreasing the likelihood of interaction between biomass 

and waste tire radicals. On the other hand, the liquid products from the pilot reactor had 

improved properties such as reduced acidity and oxygen content with higher calorific value 

compared to the values obtained via theoretical model used in the study. Although there are 

only a few studies on pilot-scale for the co-pyrolysis of biomass and polymers, results from the 

limited studies have been promising. Therefore, further research can be directed towards 

scaling the co-pyrolysis process and harnessing the synergistic relationship between 

lignocellulosic biomass and plastics (or tires) for generating bio-oil with improved properties 

and potential of using the fuel on commercial scale.  
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Figure 2.5 Process diagram of pyrolysis plant (Taken from ref. [198] Copyright 2021 

Elsevier) 

2.9 Conclusion and future prospects 

This review focussed on the co-pyrolysis process using biomass, plastics and tires as co-feed 

to produce biofuels. The review presented previous studies and techniques to improve the 

quality and quantity of pyrolysis oil from co-processing of wastes. The use of suitable catalysts 

in the process of co-pyrolysis has gained worldwide attraction in recent years due to its ability 

to produce high grade bio-oils and thus catalytic studies were included in the review. Due to 

ample amount of biomass around the globe, co-pyrolysis technology has a huge potential for 

further development and could have wide ranging impacts in curbing environmental waste 

pollution. 

Despite the advantages associated with the co-pyrolysis process, some challenges still need to 

be resolved. The bio-oil from the co-pyrolysis contains a lot of oxygenated compounds and 

needs further upgrading before it can be used as a viable fuel. Although catalysts can help 

greatly to solve this issue, further catalysts development is still needed due to their deactivation 

and high costs. Currently, most of the co-pyrolysis studies have been performed on lab-scales, 
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pilot-scale studies have been scarcely reported. This review also discussed the pilot-scale 

studies reported in the literature and showed that further research is needed to optimise the 

process parameters on a larger scale. Despite the synergistic interactions reported by some 

authors, very few studies have been conducted with marine biomass like seaweed and 

microalgae. There is a need to further investigate the reaction dynamics, which are important 

to achieve an effective design and operation of the co-pyrolysis process. Another factor 

hindering the implementation of the co-pyrolysis process on the commercial scale is heat 

transfer to the reactor. Energy requirements for industrial scale pyrolysis is huge, making the 

process difficult to commercialize. Autothermal operation could be a way to address the issue 

by supplying the energy requirements of the process from heat energy generated by partial 

oxidation reactions inside the reactor, making the process self-sustainable. Some studies have 

already demonstrated the potential of the autothermal pyrolysis process, but no autothermal 

study has been performed on co-pyrolysis. Developing the co-pyrolysis technology in an 

autothermal manner could pave the way for an efficient and effective way to co-pyrolyze 

biomass with plastics and tires. Certainly, continued research is needed to fully understand the 

reaction mechanisms and kinetics, nature of the partial oxidation reactions sustaining the 

autothermal operation, synergistic interactions between the feedstocks and proper system 

design. 
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Chapter 3 - Simulation of Biomass-Plastic Co-gasification in 

a Fluidized Bed Reactor Using Aspen Plus 

The study reported in this chapter is under review as Maninderjit Singh, Shakirudeen A. 

Salaudeen, Brandon H. Gilroyed and Animesh Dutta, “ Simulation of biomass-plastic co-

gasification in a fluidized bed reactor ”, Fuel.  

3.1 Abstract 

A detailed process model was developed for co-gasification of biomass and plastics in a 

fluidized bed reactor using Aspen Plus with kinetic-based reactors. Governing kinetic 

expressions were adopted from the literature and nested in the Aspen Plus software to carry out 

the simulation. This study involves steam co-gasification of sawdust with Polyethylene (PE) 

and Polypropylene (PP). It is aimed at determining the synergistic effects of mixing PE and PP 

(0-30%) with lignocellulosic biomass on the syngas composition, hydrogen to carbon 

monoxide ratio (H2/CO), and higher heating value (HHV). Effects of process parameters 

including the reactor temperature, steam/feedstock ratio (S/F), plastic content and pressure are 

also discussed. Increase in plastic content led to higher hydrogen concentration in the syngas 

resulting from primary and secondary reforming reactions. Highest hydrogen concentrations 

of 64.58 % and 62.87 % were obtained respectively for PE-biomass and PP-biomass 

gasification at 30% plastic content and 750 oC. Reduction in CO was obtained due to the 

decrease in oxygen content in the feedstock with increase in plastic content and consequently 

leads to increase in H2/CO. Increased hydrogen content and syngas with higher HHV is 

achieved as the gasification temperature was increased. Hydrogen content was increased to a 

maximum of 60.79 % and 59.67 % at 800 oC for PE and PP co-gasification, respectively.  

3.2 Introduction 

The ongoing developments across the world have led to increased energy demands and 

significant increases in fossil fuel consumption to satisfy this ever-growing demand. Burning 

of fossil fuels results in the release of harmful emissions, leading to global warming and 

environmental issues. The Emissions Gap Report 2020 by UNEP found that the world will 

miss the goals set by the Paris Agreement to limit the global temperature rise less than 2 oC, 

despite the dip in CO2 emissions due to COVID-19 [201]. The report also revealed that the 

fossil CO2 emissions account for the most greenhouse gas emissions [201]. It is important now 
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more than ever to shift from fossil fuel dependence towards non-conventional sources of 

energy. One such energy source, bioenergy, has garnered significant attention and research in 

recent years [202]. Lignocellulosic biomass fuel is available in abundance in the world and 

third largest, only after coal and oil respectively [203]. Biomass is a carbon-neutral fuel i.e., it 

absorbs and returns the CO2 to the environment during photosynthesis and combustion 

respectively, making it a suitable choice to replace the conventional sources of energy [3, 4]. 

Biomass steam gasification in fluidized bed reactors is a widely discussed technology for the 

conversion of biomass into gaseous fuels with a medium range heating value [205]. Steam 

gasification involves heating the feedstock to high temperatures with steam as a fluidizing 

agent. In gasification, feedstock plays an important role and there is need to look for fuels that 

are suitable from a commercial point of view. Plastics production has been increasing steadily 

in recent years reaching 322 million tons worldwide in 2015 [205]. One of the major challenges 

the world is facing is plastic waste management. Plastic poses a huge risk to the environment 

due to their low degradability and ability to persist in the environment. However, plastics 

exhibit a high calorific value, making combustion a viable route for their valorization, but this 

method is restricted by toxic emissions produced [206]. Another route is the chemical 

upcycling route involving pyrolysis and gasification of plastics for producing liquid and 

gaseous fuels [7-10]. Gasification has an advantage over pyrolysis in terms of increased 

flexibility in using fuels of different composition and mixtures [205]. Steam gasification has 

an advantage of producing nitrogen-free synthetic gas with HHV above 15 MJ/m3, which is 

suitable for commercial purposes [11-12]. The major drawback of gasification of plastics is 

high tar concentrations in the final product in contrast to that obtained with gasification of pure 

biomass [13-15]. This leads to an expensive downflow system for syngas cleaning [16, 17]. 

The method of mixing two or more feedstocks in gasification process has gained attention in 

recent times [18, 19]. Several investigations have been done on co-gasification of 

lignocellulosic biomass and plastics due to the synergistic interactions between the two 

feedstocks [20, 11]. The co-gasification of two feedstocks results in various benefits, such as 

increase in the energy content of the fuel and reduction in the production of tar with increased 

plastic fraction in total feed during steam gasification [21, 22]. The co-gasification process is 

also advantageous in applications where it is cumbersome to separate the plastics from wood 

or cardboard as usually the case in packaging industry. Different gasifiers have been employed 

for conducting co-gasification studies. Fluidized bed reactors are majorly classified as bubbling 
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type and circulating type gasifiers [214]. These have several advantages including high heat 

transfer rates, excellent gas-solid reaction, low tar yields and good temperature control, [205] 

which have been employed by several researchers for co-gasification studies [24, 11]. Fixed 

bed reactors offer advantages like simple design and ease of operation but have difficulties in 

scaling up and poor heat transfer rates [205]. These gasifiers have scarcely been studied for co-

gasification process, especially for plastics and lignocellulosic biomass [19, 25]. Pine and PE 

were co-gasified in a fluidized bed reactor by Pinto et al. [212]. Increases in hydrogen (up to 

50 %) and methane concentrations were reported in the study while the reverse trend was 

reported for CO and CO2. Synergistic effects in term of reduced tar formation (39 gm/m3) 

during the plastics-biomass gasification compared to the gasification of pure plastics was 

reported by Wilk and Hofbauer [208]. A novel method for tar cracking via fixed bed reactor 

and high hydrogen yield was proposed by Esfahani et al. [217]. In the study, steam co-

gasification HDPE and biomass was performed using a Ni catalyst in fluidized bed reactor and 

fixed bed was employed for tar cracking. The study reported a hydrogen content of 28.4 wt.% 

during gasification at 870 oC. Pine and PE were co-gasified in the ratio of 80:20 by Ruoppolo 

et al. [218]. Increased hydrogen concentration (30 vol.%) with reduced tar content were 

reported by the authors. Cai et al. [219] studied the influences of different process parameters 

on syngas composition and gasification performance during gasification of municipal waste 

and poplar. The study reported synergistic interactions between the two feedstocks at higher 

ER and higher temperatures with temperature playing a dominating role on the carbon 

conversion efficiency and gas yield. A mathematical model was proposed by I.G. Donskoi 

[220] for co-gasifying waste polymers and wood. The author reported a maximum gasification 

efficiency of 90 %, with 30 – 40 % plastic fraction in the total feedstock. The study also showed 

effective conversion of wood with polymeric materials. 

Gasification process conditions need to be optimized to achieve the desired product. 

Investigating the optimal conditions from experimental studies is expensive and takes time. 

Alternatively, modeling studies can be quickly used to evaluate the optimal and limiting 

conditions in a cost-effective manner. Kinetic modeling is especially important as it considers 

the kinetics of the various reactions in a gasification plant. There are limited studies on the 

numerical investigation of plastics and biomass co-gasification with the consideration of the 

process reaction kinetics. 
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In this work, synergistic effects of mixing plastics with biomass during steam gasification is 

investigated using Aspen Plus simulation software. Sawdust is employed as the biomass in this 

work. PE and PP were employed as plastic materials, as these two plastic wastes are rich in 

hydrogen and represent major components in municipal solid wastes (MSW). A kinetic-based 

model is developed based on kinetic data of gasification reactions taking place inside the 

gasifier. To the best of our knowledge, no previous study has been performed to simulate the 

gasification of biomass and plastics in a kinetic-based reactor. Most available papers are on the 

simulation of biomass gasification alone and are based on equilibrium studies. Effects of co-

gasification process parameters including plastic content, steam to feedstock ratio (S/F), 

gasification temperature and pressure on HHV, syngas composition and H2 to CO molar ratio 

(H2/CO) are studied in this work. 

3.3 Methodology 

3.3.1 Assumptions 

1. Gasification process is considered as a steady state and isothermal process 

2. Uniform distribution of temperature inside the gasifier with all the unit operations at 

atmospheric pressure 

3. Biomass decomposition is an instantaneous process and the volatile stream is mainly 

composed of H2, CH4, CO, CO2, N2, and H2O [30, 31] 

4. Steam is supplied to the gasifier at 150 oC and 1 atm  

5. There are no heat and pressure losses 

6. Formation of tar is neglected 

3.3.2 Aspen Plus Model 

The kinetic model based on Arrhenius equation is developed for biomass-plastic co-

gasification with steam as the gasification medium using Aspen Plus V10 simulation software. 

The kinetic rates defined in the model determine the rate of the reactions in the process [32]. 

Power law kinetic expression, given by equation I, is employed in the simulation with rate 

constant k (equation II). 
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Kinetic factor = k (
T

To
) exp (−

E

R
 (

1

T
−

1

To
))             ( I )    

k = Ae-E/RT                                                                ( II ) 

where E is activation energy, R is gas constant, T is temperature and A is frequency factor. 

There are several reactions that take place during gasification, classified mainly into 

heterogeneous reactions and homogeneous reactions. Table 3.1 presents the major 

homogeneous and heterogenous reactions taking place inside the reactor during gasification 

process with their kinetic parameters used in this work. The HHV of the syngas is estimated 

with the help of following expression [33, 34]  

HHV = 12.63yCO + 12.75yH2 + 39.82yCH4 [MJ/Nm3]                   (III) 

Where yCH4, yH2 and yCO are respectively the mole fractions of CH4, H2, and CO in the produced 

syngas. 

Table 3.1 Gasification reactions with their kinetic parameters used in the present study 

S No. Reactions Kinetic parameters (kmol/m3/s) Reaction name Ref. 

1 C + ½ O2 → CO r = 5.7 x 1011 exp(55000/RT) 

CO2
0.78 

Oxidation reaction [35] 

2 CO + ½ O2 → CO2 r = 1 x 1010 exp(-15154.25/T) CCO 

CO2
0.5 CH2O

0.5  

Oxidation reaction [36] 

3 H2 + ½ O2 → H2O r = 2.2 x 109 exp(-13109.63/T) 

CH2 CO2 

Oxidation reaction [36] 

4 C + H2O → CO + 

H2 

r = 5.714T exp(-15600/T) Water gas reaction [37] 
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5 CO + H2O → CO2 

+ H2 

r = 2780 exp(12.6/RT) (CCO CH2O 

– CCO2CH2)
k 

Water gas shift 

reaction (WGSR) 

[36] 

6 CH4 + H2O → CO 

+ 3H2 

r = 0.312 exp(-30000/(1.987T)) 

CCH4 

Steam methane 

reforming reaction 

[38] 

7 C + CO2 → 2CO r = 5.89 x 102T exp(-26800/T) Boudouard reaction [39] 

8 C + 2H2 → CH4 r = 0.12 exp(-17921/T) Methanation reaction [40] 

9 CO + 3H2 → CH4 

+ H2O 

r = 312 exp (30000/RT) CCO CH2
3  Methanation reaction [41] 

10 CO2 + H2 → CO + 

H2O 

r = 9.43 x 109 exp(-20563.51/T) 

CCO2 CH2 

 [42] 

11 CH4 + 2O2 → CO2 

+ 2H2O 

r = 2.1 x 1011 exp(-24379.1/T) 

CCH4
0.2

 CO2
1.3 

 [43] 

12 C + O2 → CO2 r = 5.7 x 109 exp(38200/RT) CO2
0.78  [35] 

 

3.3.3 Simulation Description 

The co-gasification process has been modelled in three stages. Feedstock is dried before 

feeding process in the first stage using FORTRAN code nested in a calculator block of Aspen 

Plus. The second stage involves the biomass-plastic mixture decomposition into char and 

volatiles, and the final stage deals with the gasification reactions based on kinetic model. The 

developed Aspen Plus process flowsheet for the co-gasification study is shown in Figure 3.1. 

Reactor blocks employed in the simulation work are detailed in Table 3.2. Biomass and plastic 



 

50 

 

are treated as non-conventional components in the simulation and are specified by their 

elemental analysis as shown in Table 3.3. The density and enthalpy of the feedstocks and ash 

are determined by DCOALIGT and HCOALGEN models, respectively [44]. 

Table 3.2 Summary of unit operations used in the model 

Block name Aspen Plus name Summary 

DRYER RStoic For removing the moisture content of feedstock 

PYRO RYield 
For the decomposition of feedstocks based on 

their elemental analysis 

GASI RGibbs 

For volatile reactions to achieve chemical and 

phase equilibrium by minimizing the Gibbs free 

energy  

BED RCSTR 

For the gasification of feedstock by specifying 

reactor volume and defining the gasification 

reaction kinetics 

FB RPlug 

For the gasification of feedstock by specifying 

length and diameter of reactor and defining the 

gasification reaction kinetics 

SOLIDSEP SSplit 
For separating the solid products from the 

gaseous products 

MIXER Mixer For mixing two or more streams 
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CONDENSE Flash2 For condensation process to produce the syngas 

HEATER Heater For steam generation 

The component FEED is fed to the DRYER for reducing the moisture content in the feedstock. 

Calculator block with nested FORTRAN codes is employed to achieve the drying operation. 

The dried biomass is fed to RYield reactor (PYRO) for decomposition process. The RYield 

block is the reactor employed when the process operator has knowledge of the product 

distribution, but the reactor does not require the knowledge of the stoichiometric information. 

The feedstock is decomposed into its components namely carbon, oxygen, hydrogen, ash, 

sulfur, and nitrogen on a mass basis with the help of another FORTRAN calculation block 

(VOLATILE). The exit stream from the RYield reactor, PYEXIT, is connected to a separator 

block for separating the volatiles and char particles. The volatiles are fed to RGibbs reactor, 

GASI where volatile reactions take place assuming complete chemical equilibrium. Volatiles 

are calculated from the feedstock composition. Steam employed in the gasification process is 

provided by the built-in HEATER block in software. A continuous stirred reactor and plug 

flow reactor simulates the char gasification reactions inside the fluidized bed reactor. The outlet 

from the RGibbs reactor together with the gasification agent and char stream are fed to the 

CSTR reactor (BED) and further to plug flow reactor (FB) for modelling the fluidized bed 

gasifier. The product stream from FB is sent to cyclone for separating the solid and gaseous 

part. This process is modelled with the help of SOLIDSEP block. The gaseous stream is further 

cooled and condensed to get the syngas (dried). 
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Figure 3.1 Aspen Plus process flowsheet 

Table 3.3 Proximate and ultimate analysis of sawdust, PE and PP 

Feedstock Sawdust [45] Polyethylene [46] Polypropylene [46] 

Ultimate Analysis (wt. %)    

C 44.48 85.45 85.41 

H 5.73 14.32 12.51 

O 49.28 0 1.85 

N 0.12 0.16 0.23 

S 0 0.07 0 
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Proximate Analysis (wt. 

%) 

   

Volatile matter 87.12 99.85 99.97 

Fixed carbon 12.49 0 0.01 

Ash 0.39 0.15 0.02 

HHV (MJ/kg) 16.64 46.31 46.23 

 

3.4 Validation of the model 

The simulation work in this study is validated using data from biomass steam gasification 

experiments performed by Loha et al. [47, 48]. The experimental data and simulation values 

from this model are compared with the help of root mean square (RMS) value. Experimental 

and model predicted values are compared at a S/F ratio of 1.32 over a temperature range of 690 

– 770 oC. Equation (IV) shows the expression for calculating the root mean square value, where 

Z represents the number of data points.  

RMS = √
∑ (𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙𝑚−𝑚𝑜𝑑𝑒𝑙𝑚)2 𝑁

𝑚

𝑍
                   (IV) 

The comparison of the model prediction for final product gas composition and experimental 

data is shown in Table 3.4. The model is able to predict the experimental values for the syngas 

composition with a reasonable accuracy as seen in the table. However, underestimation of CH4 

content in syngas is realized from the numerical model. This has also been reported by other 

studies [3, 49]. The higher methane content in a practical gasifier could be due to partial 

cracking during pyrolysis [50, 51]. The highest accuracy is obtained for hydrogen and least 

accuracy for methane. Table 4 shows that prediction by the model is adequate for this study 
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especially for hydrogen content of syngas, which is an important performance indicator of the 

steam gasification process.  

Table 3.4 Comparison of simulation and experimental results [47] 

Gas composition 

(vol. composition) 

H2 CO CO2 CH4 RMS 

Exp. at 690 oC 0.505 0.143 0.266 0.086 

3.118 

Model at 690 oC 0.488 0.177 0.301 0.017 

Exp. at 730 oC 0.522 0.164 0.235 0.079 

5.508 

Model at 730 oC 0.499 0.218 0.261 0.011 

Exp. at 750 oC 0.523 0.177 0.222 0.074 

3.101 

Model at 750 oC 0.495 0.236 0.243 0.008 

Exp. at 770 oC 0.544 0.185 0.194 0.077 

6.775 

Model at 770 oC 0.495 0.252 0.231 0.007 

RMS 4.307 4.687 4.733 5.715  
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3.5 Results and Discussion 

In this section, effects of various important parameters such as temperature, different mixing 

ratios of feedstocks, pressure and steam to feedstock ratio on performance indicators including 

syngas composition, H2/CO, and HHV are discussed. Varying the process parameters changes 

these indicators. Studying the effects of these parameters is important as they help in designing 

the process on a real gasifier and commercial scale systems. The product gas in this study is 

comprised of four major non-condensable gases, H2, CO, CO2, and CH4. Two major plastic 

wastes (PE and PP) found in MSW were considered in this simulation and were mixed with 

woody biomass to study the synergistic interactions between them. Analysis was made for 

biomass-PE and biomass-PP combination. To study the effect of a parameter, the parameter 

under consideration was varied and others were kept constant. Table 3.5 shows the base case 

values and parametric range of the studied parameters. The following sub-sections discuss the 

effects of the process parameters on gaseous concentration, H2/CO and HHV of syngas. 

Table 3.5 Model parameters and parametric range 

Parameters Base values Parametric range 

Feed rate (g/min) 100 - 

Steam flow rate (g/min) 100 25 - 125 

Steam/Feedstock ratio 1 0.25 - 1.25 

Plastic content in feedstock (%) 20 5 - 30 

Pressure (atm) 1 1 - 20 

Reactor temperature (oC) 750 650 – 900 
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3.5.1 Effect of plastic content 

The plastic (PE & PP) content in the feedstock was varied from 0 – 30 % (balanced by sawdust) 

to study the effects on gas composition, H2/CO ratio and HHV of the final product gas. In a 

gasification plant, the feedstock material affects the product. Steam gasification of biomass 

enhances hydrogen-rich gas production. Therefore, combining biomass with feedstocks that 

are inherently rich in hydrogen will further enhance hydrogen production. Figures 3.2(a) and 

3.2(b) illustrate the influence of varying plastic content in the feedstock on product gas for 

biomass-PE and biomass-PP gasification respectively. Addition of plastics to the feedstock 

clearly effected the product gas composition and in association hydrogen content in the syngas. 

Hydrogen concentration is enhanced with an increase in plastic concentration in the total 

feedstock. The higher H2 concentration with increasing plastic content could be due to cracking 

reactions of plastic molecules, affecting the other hydrocarbon concentrations. The energy 

supplied to the polymer breaks the covalent bond between them, leading to decomposition of 

the polymer into smaller fractions, mostly including H2, CH4, monomers (of PE and PP) etc. 

Moreover, PE and PP are polyolefins, which are good sources of hydrogen. Thus, increasing 

the amount of PE and PP in the feed increases the H/C ratio, improving the availability of 

hydrogen donor species in the gasification process, and thereby enhancing the hydrogen 

content of the resulting product gas. Figure 3.2(a) and 3.2(b) shows that the hydrogen achieved 

from biomass-PE was slightly higher than from biomass-PP. The hydrogen concentration 

increased from 48.37 % to 64.69 % and 48.3 % to 62.87 % for PE-biomass and PP-biomass 

gasification, respectively, when the plastic content in the total feedstock increased from 0 to 30 

%. The higher hydrogen concentration obtained from biomass-PE co-gasification may be 

because of the higher hydrogen available in the biomass-PE feedstock (see Table 3.3). The CO2 

and CO content decreases with the inclusion of more plastic in the feedstock. The carbon 

monoxide concentration is decreased from 41.36 % to 27.72 % and 44.30 % to 31.28 % for 

PE-biomass and PP-biomass gasification respectively with more plastic in the simulation. This 

decreasing trend was likely caused by the reduced amount of oxygen content (O/C molar ratio) 

with increasing plastic content in the feedstock [52]. These trends are in agreement with the 

literature [20, 11, 53]. Increased CH4 concentration with plastic content can also be attributed 

to the plastic cracking reactions as discussed above [20, 54].  

Figure 3.2(c) shows the effect of different plastic concentrations on H2/CO molar ratio. The 

figure illustrates that the H2/CO has an upward trend with increase in plastic content for both 
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biomass-PE & biomass-PP gasification. H2/CO is increased from 1.16 to 2.33 and 1.16 to 2.15 

for PE and PP co-gasification respectively, when the plastic concentration increases from 0 to 

30 %. This increase was due to higher H2 concentration and lower CO content as the plastic 

content is increased in the feedstock. Steam gasification is known for its ability to produce 

hydrogen-rich syngas having a heating value, slightly more than the heating value of the 

product gas from air gasification [55].  

                                                                        

    

Figure 3.2 Effect of plastic concentration on gas composition for (a) biomass-PE, (b) 

biomass-PP and on (c) H2/CO ratio & (d) HHV 

Effects of different plastic concentrations on HHV of the product gas is presented in Figure 

3.2(d). It can be understood from the figure that the HHV of the product gas increases with 

increasing polymer content in the feedstock. The increase in HHV with increasing plastic 

content is the result of the higher hydrogen and methane fractions available in the syngas with 

increasing plastic content in the feedstock. As the hydrogen and methane fractions in the syngas 
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obtained from biomass-PE co-gasification are slightly higher than those of biomass-PP co-

gasification, it is not surprising that the HHV obtained from biomass-PE co-gasification (12.85 

MJ/Nm3 at 30 % plastic content) is slightly higher than that of biomass-PP co-gasification 

(12.76 MJ/Nm3 at 30 % plastic content). 

3.5.2 Effect of process temperature 

Process temperature plays a key role in the co-gasification process. A higher gasification 

temperature is expected to increase char conversion and tar cracking. Effects of gasification 

temperature on syngas content, resulting H2/CO ratio, and HHV are discussed here. The 

temperature was varied over a range of 650 – 900 oC for biomass-plastic gasification with all 

other parameters fixed. Effect of temperature on biomass gasification with PE and PP is shown 

in Figure 3.3(a) and 3.3(b) respectively. Increasing the gasification temperature improves the 

CO and H2 content in the syngas, whereas reverse trend is noticed for CO2 and CH4. Hydrogen 

content increased to a maximum of 60.79 % and 59.67 % at 800 oC for PE and PP co-

gasification, respectively. The increase in carbon monoxide and hydrogen can be attributed to 

the promotion of water gas, steam methane reforming and Boudouard reactions at higher 

temperatures. The forward reactions are favored at higher temperature leading to higher H2 and 

CO production and decrease in concentration of the other two gases (CO2 and CH4). Hydrogen 

evolution could also have been enhanced by the exothermic WGSR at lower temperatures. 

Although the increase in hydrogen content was not significant for both PE and PP co-

gasification, considerable increase in CO was noticed (as shown in Figure 3.3(a) and 3.3(b)). 

As the temperature increased from 650 oC to 900 oC, the CO content increased from 20.09 % 

to 34.52 % for PE-biomass gasification and 20.78 % to 35.57 % for PP-biomass gasification. 

Decrease in methane concentration likely results from methanation reaction, which is 

exothermic, favoring the backward reaction at higher temperatures and thereby enhancing 

hydrogen formation. However, due to the low methane concentration, the water gas shift and 

water gas reactions play major roles in determining the hydrogen concentration, resulting in 

almost constant level with increasing temperatures. The decrease in CO2 content at higher 

gasification temperatures is likely the effects of Boudouard and reverse water gas shift 

reactions. 

Figure 3.3(c) reveals that with increase in the process temperature, the H2/CO molar ratio 

comes down. The ratio is decreased from 2.86 to 1.73 for PE-biomass gasification and 2.70 to 
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1.65 for PP-biomass gasification when temperature increased from 650 oC – 900 oC. This 

decrease in H2/CO molar ratio was due to considerable increases in CO content compared to 

the little increase in H2 content at higher temperatures. The decline in H2/CO may also indicate 

that the Boudouard reaction plays a dominant role over WGSR at high co-gasification 

temperatures. The HHV of the syngas depends on the fraction of the combustible gases in the 

syngas and is calculated as per equation III. Highest HHV of 12.55 MJ/Nm3 and 12.67 MJ/Nm3 

was obtained for PE-biomass and PP-biomass gasification respectively at 800 oC.  

   

   

Figure 3.3 Effect of process temperature on gas composition for (a) biomass-PE, (b) 

biomass-PP and on (c) H2/CO ratio & (d) HHV 

Figure 3.3(d) shows a decreasing HHV trend for both polymers co-gasification below 700 oC. 

This can be explained by the drop in CH4 content, which has the most significant effect on the 

HHV. Above 700 oC, increases in HHV is realized for both cases due to the significant increase 
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in CO content of the syngas. However, there is a reduction in HHV after 800 oC, attributable 

to the slight reduction in H2 and CO and almost constant CH4 content at elevated temperatures. 

Similar trends have been reported in other studies [56, 57]. 

3.5.3 Effect of pressure 

This section discusses the effect of pressure on final syngas composition, H2/CO and HHV of 

the product gas. The effect of pressure was investigated by varying the pressure from 1 - 20 

atm, while other process conditions were kept constant. These effects are illustrated in Figure 

3.4(a) and 3.4(b). Increase in pressure results in lower H2 and CO content while leading to 

higher CO2 and CH4 fractions. This is because an increase in pressure favors the reaction side 

with fewer gas moles [58, 51]. Significant increase in CH4 was seen as the pressure increased 

from 1 - 20 atm. Methane content is increased from 2.33 % to 21.55 % for PE-biomass 

gasification and 2.23 % to 20.66 % for PP-biomass gasification with increasing pressure. 

Increased pressure favored methanation reactions and inhibited the steam methane reforming 

reaction. Thus, the formation of H2 and CO are suppressed at higher pressure and the evolution 

of methane is promoted at higher pressure [55]. Therefore, H2 concentration is decreased from 

59.57 % to 45.11 % for PE-biomass gasification and 58.28 % to 44.28 % for PP-biomass 

gasification as the pressure increased from 1 atm to 20 atm. Similar observations have been 

reported in the literature [59]. 

Figure 3.4(c) and 3.4(d) presents the influence of pressure on H2/CO molar ratio and HHV of 

the syngas. H2/CO ratio followed an increasing trend for both co-gasification studies. H2/CO 

increased from 1.85 to 2.85 for PE-biomass gasification and 1.75 to 2.69 for PP-biomass 

gasification for the pressure range considered in this study. This was due to the higher reduction 

in CO content compared to the reduction in H2 content as seen in Figure 3.4(a) and 3.4(b). 

Despite the decrease in H2 and CO fractions, HHV of the syngas is enhanced with the increase 

in the process pressure. Effect of pressure on HHV is shown in Figure 3.4(d). The heating value 

increased from 12.59 MJ/Nm3 to 16.33 MJ/Nm3 for PE-biomass gasification and 12.52 

MJ/Nm3 to 15.94 MJ/Nm3 for PP-biomass gasification when the pressure increased from 1 - 

20 atm. The increase in HHV despite the reduction in H2 and CO can be attributed to the fact 

that CH4 has the most considerable effect on heating value compared to the other combustible 

gases (H2 and CO) as presented in equation (III).  
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Figure 3.4 Effect of pressure on gas composition for (a) biomass-PE, (b) biomass-PP and on 

(c) H2/CO ratio & (d) HHV 

3.5.4 Effect of steam/feedstock (S/F) ratio 

The effect of S/F ratio on the product gas composition for sawdust-PE and sawdust-PP 

gasification is shown in Figure 3.5(a) and 3.5(b) respectively. The S/F ratio was varied from 

0.25 to 1.25 at the co-gasification temperature of 750 oC. It can be seen from these figures that 

H2 content increases as the S/F ratio is increased. Higher S/F ratio enhanced the steam partial 

pressure and favored the forward reaction of steam consuming reactions. Although there was 

a rise in hydrogen concentration with S/F ratio, it was only marginal. This could be due to the 

high concentration already achieved at lower S/F ratios. In fact, a hydrogen concentration of 

around 60 % might correspond to an equilibrium concentration between forward and reverse 

reactions. Nevertheless, supplying too high a steam flow in a real gasifier may drop the reactor 

temperature and reduce hydrogen production. A small decline in CO concentration and slight 

increase in carbon monoxide formation is also observed as the steam to feedstock ratio is 
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increased. This can be explained by the conversion of CO into CO2 through the WGSR due to 

higher amount of steam available at higher S/F ratios. Similar trends for the gases of interest in 

this study have been reported for both PE and PP co-gasification in previous studies. The trends 

agree with the study carried out by Pinto et al. [212] during co-gasification of biomass and 

plastic wastes. Higher S/F ratios were not considered in this work as no significant change in 

product gas composition was reported at higher ratios. Additionally, steam generation is 

energy-intensive, increasing the energy requirement of the process and reducing the process 

efficiency. 

Effects of varying the S/F ratio on H2/CO molar ratio of the final product gas concentration at 

750 oC is demonstrated in Figure 3.5(c). The figure shows that H2/CO molar ratio followed an 

upward trend as the S/F ratio increased from 0.5 – 1.25 for both PE and PP gasification with 

biomass. This could be explained by the effect of water gas shift reaction taking place inside 

the gasification reactor, leading to the slight increase in H2 concentration coupled with 

reduction of CO concentration due to higher content of steam present. H2/CO molar ratio 

increased to a maximum value of 1.73 for PE-biomass gasification and 1.79 for PP-biomass 

gasification at S/F ratio of 1.25. A slight increase in HHV was observed for biomass-PE and 

biomass-PP gasification as shown in Figure 3.5(d). This minor increase may be attributed to 

the slight increase in hydrogen and methane content at higher S/F ratios. With the increase in 

S/F ratio, the HHV of the syngas obtained from PE-biomass and PP-biomass gasification 

reached a value of 13.11 MJ/Nm3 and 12.88 MJ/Nm3 respectively. 
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Figure 3.5 Effect of S/F ratio on gas composition for (a) biomass-PE, (b) biomass-PP and on 

(c) H2/CO ratio & (d) HHV 

3.6 Conclusion 

Investigation on the co-gasification of plastics and biomass mixture using steam as gasification 

medium was performed in this study. The work studied the effects of synergistic interactions 

between lignocellulosic biomass and waste plastic to produce hydrogen-rich syngas. PE and 

PP are two major plastic types found in MSW and hence, are considered in this study. The 

research was performed by numerically simulating fluidized bed gasification in Aspen Plus 

with kinetic-based model. Co-gasification of biomass and plastic lead to higher hydrogen 

content in the syngas as compared to pure biomass gasification. Process parameters had 

considerable effects on product gas composition and syngas heating value obtained from 

biomass-plastic co-gasification. For both biomass-PE and biomass-PP, increasing the process 

temperature slightly increased the H2 content, but significantly affected the concentration of 

CO and CO2. Hydrogen content increased to a maximum of 60.79 % and 59.67 % at 800 oC 

for PE and PP co-gasification, respectively. The CO content increased with gasification 

temperature, whereas CO2 content was reduced with the parameter. In addition, H2/CO molar 

ratio decreased with temperature rise. For both biomass-PE and biomass-PP gasification 

studies, H2 and CH4 concentrations were slightly increased with increase in S/F ratio. On the 

other hand, CO and CO2 concentrations reduced with increasing S/F ratio. For the effect of 

plastic content, H2 and CO concentrations were significantly affected as the plastic content in 

the feedstock was varied. Increase in plastic content increased the H2 and CH4 concentrations, 

whereas decreases in CO and CO2 concentration were realized. At 30 % plastic content and 

temperature of 750 oC, hydrogen concentrations of 64.58 % and 62.87 % were obtained for PE-

biomass and PP-biomass gasification respectively. A higher H2/CO molar ratio was achieved 
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for both co-gasification studies as compared to pure biomass gasification. Plastic addition in 

the feedstock also resulted in an increase in the higher heating values of the syngas and fall 

within the medium heating value range. Increases in pressure favored methanation reactions 

and inhibited the steam methane reforming reaction, suppressing the formation of H2 and CO. 

Higher HHV’s were obtained due to high methane concentrations as the pressure is increased. 

The simulation work has shown the synergistic interactions between biomass and plastic in 

producing hydrogen-rich syngas. Results of this study can serve as a guide for investors in 

renewable energy, waste conversion, and environmentally friendly technologies. Further 

research could be focused on including complex tar formation reaction in the simulation work. 
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Chapter 4 -Co-pyrolysis of Biomass and Tires Using Commercial         

Zeolite and Biochar-based Catalyst 

The study reported in this chapter is about to be submitted as Maninderjit Singh, Shakirudeen 

A. Salaudeen, Omid Norouzi, Brandon H. Gilroyed and Animesh Dutta, “ Co-pyrolysis of 

biomass and tires using commercial zeolite and biochar-based catalyst”, Waste Management.  

4.1 Abstract 

The co-pyrolysis process of biomass (sawdust) and tires offers a unique opportunity to utilize 

these feedstocks to produce biofuels for energy needs. Sawdust and tires were subjected to co-

pyrolysis process in a Quartz Wool Matrix (QWM) reactor under atmospheric pressure. Design 

Expert version 11 was used to obtain the optimal process conditions based on the design factors 

and experimental responses. A novel biochar-based catalyst was prepared in the lab via a 

single-step hydrothermal carbonization process. Performance of the biochar-based catalyst was 

compared with the commercial zeolite to determine their effects on the quality of the resulting 

bio-oil. Both catalysts showed great catalytic performance in terms of de-oxygenation and 

denitrogenation reactions. With the biochar-based catalyst, selectivity of aromatics was 

increased to more than double (25.53 %) as compared to the non-catalytic process (11.48 %). 

Results further showed that commercial zeolite showed more affinity towards C1-C10 olefins 

while biochar-based catalyst showed more selectivity towards C11-C20 olefins.  

4.2 Introduction 

The ongoing developments worldwide have led to increased energy demands and a significant 

increase in fossil fuel consumption to satisfy this ever-growing demand. Despite the dip in 

global economic activity and energy consumption due to Covid-19, the demand for coal is 

expected to rise by 4.5% [241]. This would result in increase of CO2 emissions of around 640 

Mt worldwide (0.4% above 2019 levels) [241]. Therefore, there is a need to look for sustainable 

and carbon-neutral energy sources to limit the global temperature rise. Bioenergy has attracted 

attention in recent years due to its carbon-neutral nature and abundance reserves present across 

the globe [242], [35]. Biomass can be converted to different types of fuels, namely solid, liquid 

and gaseous fuels via different thermochemical methods such as gasification, pyrolysis, and 

hydrothermal liquefaction (HTC). Among these methods, pyrolysis is the most feasible and 

cost-effective way to achieve the conversion of biomass to liquid fuels [243]. Pyrolysis is 
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thermal degradation of biomass in an inert atmosphere at temperatures ranging from 400-600 

oC. The liquid product resulting from the pyrolysis is called bio-oil and has potential 

applications in turbines, boilers, petrochemical industry etc. [244].However, the bio-oil needs 

further upgrading before it can be employed commercially. The typical bio-oil has low pH 

values, high oxygenated compounds, high water content and is chemically unstable resulting 

in lower heating values [35], [245]. Thus, the liquid products obtained have low carbon yield 

(carbon content of liquid) and often needs complex treatments. This issue can be mitigated by 

using hydrogen-rich polymers as co-reactant in the pyrolysis process.  

Tires offer an innovative solution to be used as a co-reactant in the pyrolysis process. Waste 

tires pose a serious environmental threat and cause of concern for municipalities and 

governments due to their complex chemical structure. Globally, roughly one billion tires reach 

their end of life yearly [23] and around 65.5% of these tires are dumped in landfills [24]. Tires 

have high volatile content and heating value, making them ideal feedstock for thermochemical 

conversion. There have been several investigation on co-pyrolysis of biomass and tires [97], 

[152], [153]. These studies reported positive interactions between the two feedstocks, resulting 

in significant reduction in oxygenated compounds and improved bio-oil quality. Improvement 

in the heating value and oil yield was reported by Cao et al. [97] during co-pyrolysis of sawdust 

and tire. The heating value increased to maximum value of 42.44 MJ/kg using tire to sawdust 

ratio of 1:1 in contrast to 28.51 MJ/kg obtained during pyrolysis of pure sawdust. The authors 

also reported inhibition of polycyclic aromatic hydrocarbons (PAHs) resulting in more stable 

and eco-friendlier bio-oil. Alias et. al [152] reported a liquid yield of 42.80 wt.% employing 

tires and fruit bunches in equal proportion in pyrolysis process. Whereas pure biomass resulted 

in liquid yield of 8.30 wt.%, clearly indicating positive interactions between the two feedstocks. 

Ucar et al. [153] studied the co-pyrolysis of tires and pine nut shells and noticed significant 

reduction of oxygenated compounds in the liquid products compared to the pyrolysis of pine 

nut shells alone. Thus, bio-oil with reduced oxygen content and higher HHV was obtained.  

Bio-oil quality can be further upgraded by using suitable catalysts. Catalysts help in converting 

the pyrolysis volatiles to high quality liquid products with improved stability and high carbon 

content [82], [39]. Commercial zeolites have gained widespread attention among the catalysts 

due to their unique properties like high reaction surface areas, finely tuned acidity etc. [246]. 

However, major limitation of zeolites is smaller pore size which results in reduced diffusion 
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rate [247]. Furthermore, zeolite’s lower thermal stability is also a major concern as zeolite loses 

its structure within a short period of time when exposed to hydrothermal  and high temperature 

(>600 oC) pyrolysis conditions [248], [249]. Therefore, there is a need to look for alternate 

catalysts that have more active sites and enhanced stability. There have been number of 

investigations employing biochar based catalysts for bio-diesel production, biogas reforming, 

biomass hydrolysis etc. [250], [251], [252]. However, using biochar-based catalysts for 

biomass pyrolysis has attracted a little attention and has a potential to be used as a low-cost 

alternative to the commercial catalysts. 

A novel biochar-based catalyst was developed in this study through a single-step hydrothermal 

carbonization process employing the biochar from the co-pyrolysis process. The overall 

objectives of this study were (a) to assess the optimal temperature and biomass-tire blend ratio 

with the help of design expert software; (b) to develop a novel biochar-based catalyst and study 

its effect on bio-oil composition and quality; and (c) to compare the effects of commercial 

zeolite and biochar-based catalyst on bio-oil composition and quality.  

4.3 Materials and Methods 

4.3.1 Feedstock and catalyst 

Sawdust and tire waste were used as feedstocks in this study. A total of 30 g sample was fed to 

the reactor every run. The ultimate and proximate analysis of the feedstocks was performed as 

per ASTM standards. The volatile matter and ash content were analyzed according to the 

ASTM-E872 and ASTM-E1755 respectively and fixed carbon was calculated by subtracting 

the ash content and volatile matter from 100. The ultimate analysis was performed using the 

Flash 2000 Elemental Analyzer (Thermo Fisher Scientific, Waltham, MA, USA). The ultimate 

and proximate analysis of the sawdust and tires are presented in Table 4.1. Zeolite was 

purchased from Sigma Aldrich for preparation of biochar-based catalyst via hydrothermal 

liquefaction. More information about zeolite can be seen in Appendix B. The higher heating 

value (HHV) of the feedstocks was measured with IKA-C200 bomb calorimeter (Wilmington, 

NC, USA). 
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Table 4.1 Ultimate and proximate analysis of sawdust and tire 

Feedstock Sawdust (wt.%) Tire (wt.%) 

Ultimate Analysis (wt. %)   

C 47.53 84.57 

H 6.05 7.42 

O 46.28 6.11 

N 0.14 1.54 

S 0 0.36 

Proximate Analysis (wt. 

%) 

  

Volatile matter 87.24 62.82 

Fixed carbon 12.36 30.89 

Ash 0.40 6.29 

HHV (MJ/kg) 18.24 37.02 
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4.3.2 Catalyst preparation 

The hydrothermal carbonization experiments were carried out using high pressure reactor (300 

ml) manufactured by Parker Hastelloy. The reactor was equipped with very precise temperature 

controller and magnetic stirrer (variable speed adjustment). For each run, 6 g of biochar and 2 

g of zeolite were mixed with deionized water as the media. The sample to water ratio of 1:5 

was employed. Biochar was obtained from the co-pyrolysis of biomass and tire at temperature 

of 450 oC and residence time of 45 min. Experiments were conducted at a temperature of 220 

oC with residence time of 6 hours with continuous stirring. The mixture of biochar, zeolite and 

water was placed inside the reactor and the reactor was pressurized with nitrogen to create an 

inert atmosphere. The reactor was then heated to set temperature and heat loss to the 

surroundings was minimized by using insulation jackets wrapped around the reactor. After the 

hydrothermal experiment was completed, the heaters were turned off and reactor was cooled 

using the water jacket built in the reactor. The final product in the slurry form was collected, 

filtered and dried in oven at 90 oC for 12 hours. Thus, biochar-based catalyst was obtained. 

4.3.3 Pyrolysis Setup  

The Quartz Wool Matrix (QWM) reactor was used to perform the co-pyrolysis experiments. 

The reactor simulates fluidized bed conditions with the aid of heat resistant quartz wool. The 

schematic of the QWM reactor can be seen in Figure 4.1. The cylindrical reactor was made up 

of stainless steel with inner diameter of 77 mm. The reactor has a total length of 671 mm. The 

pyrolysis reactor was externally heated with the help of four semi-cylindrical ceramic heaters 

with an individual capacity of 1130 W. Both the upper and bottom half of the reactor was 

equipped with two heaters. Two temperature controllers (CNI-CB120SB, Omega, USA) with 

K-type thermocouples were used to monitor the temperatures of the top and bottom portion of 

the reactor. Nitrogen with a flow rate of 250 ml/min was used as the carrier gas to perform the 

co-pyrolysis experiments . The gas was supplied from the bottom of the pyrolysis reactor. After 

the reactor reached the set temperature, sample was placed inside the reactor with the help of a 

wire feeder connected to the sample basket. The wire feeder was designed in such a way that 

it hangs the sample in the middle of the reactor and was connected to the reactor lid via a hook. 

For each experiment, 30 g of sample (biomass and tire) was used for each experimental run. 

The sample basket was designed to have different layers to facilitate different experimental 

scenarios. In the catalytic experiments, catalyst and feedstock were in the ratio of 1:1 and the 
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feedstock were placed in the lower layer while the catalyst was placed in the upper layer. All 

the experiments were performed at atmospheric pressure. A condensing unit was attached to 

the reactor as shown in Figure 2 and pyrolytic vapors were allowed to pass through this 

condensing unit. The pipe connecting the reactor lid to the condenser was equipped with a wire 

heater (64 W, 120 V) wrapped around the circumference to prevent any condensation 

happening before the vapors reached the condensers. The wire heater was made of fiberglass 

with a maximum temperature of 482 oC and power density of 1.8 W/in2. Ice cold water was 

used as the condensing medium in the experiment and continuous flow of the water was 

maintained in the condenser with the help of a water pump. The condensate was collected in a 

filtering flask with sidearm tubulation. The sidearm tubulation was connected to the Tedlar gas 

bags for collecting the gases coming out of the reactor. The gases were further analyzed with 

the help of GC-TCD which was calibrated to measure H2, CO, CO2, CH4, C2H4 and C2H6.  

 

Figure 4.1 Schematic of QWM reactor 

4.3.4 Product Characterization  

4.3.4.1 Analysis of bio-oil  

The bio-oil from the co-pyrolysis of tire and sawdust (both catalytic and non-catalytic) was 

analyzed by Frontier LAB pyrolyzer linked to an Agilent 7890B GC and the Agilent 240 Ion 
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Trap Mass Spectrometer (Agilent Technologies, USA). Samples (200-400 µg) were weighed 

in a U-shaped quartz tube and placed in the sample holder. Samples were flash pyrolyzed at a 

temperature of 300 oC at a heating rate of 20 oC/sec with a holding period of 20 seconds. Helium 

was employed as the inert pyrolysis gas with a flow rate of 20 ml/min and split ratio of 20:1. 

The pyrolysis products were separated on the Agilent HP-5 MS column. Column  dimensions 

30 m x 0.25 mm with a film thickness of 0.25 μm. Chromatographic peaks were validated using 

NIST library. The peaks were then sorted as per the peak area percentage with individual 

retention times and integrated with the help of Qualitative Analysis version 10.0 software. The 

compounds were further identified and sorted according to molecular formula and structure 

using F-search engine software.  

FTIR (Fourier-transform Infrared spectroscopy) analysis was performed to investigate the 

functional groups in the bio-oil samples. FT-IR analysis was carried out using NICOLET 6700 

FT-IR system ( Fisher Scientific, Waltham, MA, USA). A micropipette was used to drop the 

bio-oil samples on the diamond crystal for infrared analysis. FT-IR spectra were obtained using 

the absorbance model with 32 scans at 4 cm-1 resolution for wavenumbers range 4000 – 500 

cm-1. The spectra were then analyzed with the help of the OMNIC spectra software (Madison, 

WI, USA) 

4.3.4.2 Analysis of gaseous products   

The gaseous products from both  catalytic and non-catalytic experiments were analyzed using 

Agilent 6890 gas chromatography (GC) equipped with (TCD) thermal conductivity detector 

(Wilmington, DE, USA). Carboxen 1010 PLOT capillary column (30.0 m x 530 μm x 1.00 

μm) was used in the analysis. Ultra-high purity argon was employed as a carrier gas with flow 

rate of 5 ml/min. Initial temperature of the oven was set at 35 oC and ramped to 225 oC with a 

heating rate of 25 oC/min. Each sample was tested atleast three times for repeatability and 

average of three was taken as the final value.  

4.3.4.3 Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy (SEM-

EDS)  

The morphological structures of the zeolite and biochar-based catalyst samples were 

characterized by scanning electron microscope (FEI Quanta FEG 250 SEM) operated at 20 kV 
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under high vacuum. The compositional analysis of the samples was carried out with the help 

of  energy dispersive spectroscopy. 

4.4 Design of Experiments 

Design Expert version 11.0 software was used in this study for design of experiments. The 

response surface methodology (RSM) was employed to determine the optimum bio-oil yield 

by centre point’s central composite design (CCD). RSM was used to find the relationship 

between the design variables and response factors including biochar yield, bio-oil yield and gas 

yield, as shown in Table 4.2. The design variables can be seen in Table 4.3.  

Table 4.2 Range of the variables for design of experiments 

Factor Name Units Type Minimum Maximum 

A Biomass % Numeric 0 100 

B Tire waste % Numeric 0 100 

C Temperature oC Numeric 450 650 

 

Table 4.3 Response factors and their respective units 

Response factor Name Units 

R1 Biochar wt.% 

R2 Bio-oil wt.% 
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R3 Biogas wt.% 

 

A total of 19 experiments were suggested by Design Expert as shown in Table 4.4 in a 

randomized manner and output responses were recorded from the co-pyrolysis experiments. 

R1, R2 and R3 shown in the Table 4 are response 1, response 2 and response 3 respectively. 

Table 4.4 I-optimal design layout and experimental results 

Run A B C R1 R2 R3 

 Biomass 

(%) 

Tire 

waste (%) 

Temperature 

(oC)  

Biochar 

(wt.%) 

Bio-oil 

(wt.%) 

Biogas 

(wt.%) 

1 50 50 550 30.98 34.01 34.39 

2 50 50 650 31.30 30.23 38.47 

3 0 100 650 40.66 33.02 26.32 

4 50 50 450 32.83 37.13 30.04 

5 0 100 550 40.86 36.16 22.98 

6 50 50 550 31.23 34.30 34.47 

7 0 100 450 39.92 41.50 18.58 
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8 25 75 450 37.56 40.16 22.28 

9 50 50 550 31.03 34.11 34.22 

10 100 0 650 19.03 28.70 52.27 

11 75 25 550 26.03 25.96 48.01 

12 100 0 550 21.52 31.20 47.90 

13 100 0 450 24.36 32.43 43.24 

14 75 25 650 24.76 22.16 53.08 

15 100 0 550 21.00 31.16 47.84 

16 50 50 450 32.83 37.13 30.04 

17 0 100 550 40.00 36.21 22.89 

18 25 75 550 36.70 36.00 27.30 

19 25 75 650 35.46 30.96 33.58 

 

As can be seen from Figure 4.2, biochar yield decreases with decrease in tire content in the 

feedstock. The decrease in biochar yield is more noticeable at higher temperatures. The lowest 

biochar yield was achieved around 600 oC and 0-20 wt.% tire content in the feedstock. Equation 

1 shows the relationship between the design variables and biochar yield. It can be seen from 
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equation 1 that tire waste with coefficient of + 38.41 had more positive effect on the yield as 

compared to the biomass with a coefficient of +36.22. The 3-way interaction of temperature 

with biomass and tire waste had minor positive effects as shown in equation 1. 

Biochar = +36.22362 Biomass + 38.41362 Tire waste - 0.669154 Biomass * Tire waste - 

0.026830       Biomass * Temperature + 0.003520 Tire waste * Temperature + 0.005420 

Biomass * Tire waste * Temperature – 45.51706 Biomass * Tire  waste * (Biomass-Tire waste) 

+ 0.071761 Biomass * Tire waste * Temperature * (Biomass-Tire waste)                             (1)                                                                                           

 

Figure 4.2 3D response surface and contour plot of biochar (wt.%) considering the effects of 

biomass, tire waste and temperature 

Figure 4.3 shows the effect of feedstock and temperature on bio-oil yield. Temperature, 

biomass and tire waste has significant effects on bio-oil yield. Highest bio-oil yield of 41.5 

wt.% was achieved in the range of 450-470 oC and 75-100 wt.% tire content in the feedstock. 

It can be seen from equation 2 that tire waste with coefficient of +0.58 had highest positive 

effect on determining the bio-oil yield followed by biomass waste with a coefficient of +0.40. 

Interaction of temperature with biomass and tire waste had negative minor effects on 

determining the bio-oil yield. Whereas the 3-way interaction of the variables had an 

insignificant effect. 
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Figure 4.3 3D response surface and contour plot of bio-oil (wt.%) considering the effects of 

biomass, tire waste and temperature 

Bio-oil = +0.409590 Biomass + 0.586840 Tire waste + 0.002380 Biomass * Tire waste - 

0.000207       Biomass * Temperature - 0.000445 Tire waste * Temperature - 5.46731E-06 

Biomass * Tire waste * Temperature + 0.000029 Biomass * Tire  waste * (Biomass-Tire waste) 

- 1.17405E-07 Biomass * Tire waste * Temperature * (Biomass-Tire waste)                        (2)                                                         

The biogas yield follows an upward trend with an increase in temperature and increase in 

biomass content (or decrease in tire content) as can be seen in Figure 4.4. Lowest biogas yield 

was achieved in the temperature range of 400-450 C and high tire content (75-100 wt.%). 

Biogas yield achieved the maximum value at higher temperatures in the range of 600-650 oC 

with 0-25 wt.% of tire content in the feedstock. It can be seen from equation 3 that biomass 

with a coefficient of +0.24 had the most positive effect on the yield while tire waste has a minor 

positive effect with a coefficient of +0.02 

The interaction of all three factors (temperature, biomass and tire waste) had insignificant 

effects on biogas yield. 

Biogas = +0.243400 Biomass + 0.024450 Tire waste - 0.002312 Biomass * Tire waste + 

0.000475 Biomass * Temperature + 0.000411 Tire waste * Temperature + 4.77434E-06 

Biomass * Tire waste * Temperature + 9.76782E-06 Biomass * Tire waste * (Biomass-Tire 

waste) + 4.98529E-08 Biomass * Tire waste * Temperature * (Biomass-Tire waste)             (3)                                                             
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Figure 4.4 3D response surface and contour plot of biogas (wt.%) considering the effects of 

biomass, tire waste and temperature 

Design Expert software was also used to find the optimum conditions for co-pyrolysis 

experiments. One of the goals of the current study was to maximize the bio-oil yield with 

optimum content of biomass, tire waste and with the lowest energy intensive scenario. Taking 

all these factors into consideration, solution shown in Table 4.5 was selected. Thus, bio-oil 

yield was maximized (41.6 wt.%) at temperature of 450 oC with tire waste and biomass content 

of 88.39 wt.% and 11.61 wt.% respectively. The biochar and biogas yield at this condition were 

39.4 wt.% and 19.0 wt.% respectively. 

Table 4.5 Optimized solution obtained from Design Expert software 

Biomass 

(%) 

Tire Waste 

(%) 

Temperature 

(oC) 

Biochar 

(wt.%) 

Bio-oil 

(wt.%) 

Biogas 

(wt.%) 

Desirability 

11.61 88.39 450 39.40 41.60 19.00 1 

 

The obtained solution from the Design Expert software was tested experimentally. For this 

case, 26.5 g of tire waste and 3.5 g of sawdust were co-pyrolyzed at temperature of 450 oC in 

the QWM reactor. Comparison of the experimental results with the design model results 
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indicated that the percentage error is never more than 1 % (Table 4.5). Therefore, the accuracy 

of the model is validated. 

4.5 Results and discussion 

After the optimal conditions were reached by the Design Expert software, the catalytic co-

pyrolysis experiments were performed using biochar-zeolite catalyst and commercial zeolite. 

For both catalytic experiments, the ratio of  catalyst to feedstock was 1:1.  

4.5.1 Py-GCMS Analysis of liquid products  

4.5.1.1 Non-catalytic scenarios 

The chemicals obtained from the co-pyrolysis of sawdust and tire waste were detected by Py-

GCMS. Five non-catalytic pyrolysis scenarios, namely sawdust for pure sawdust experiment, 

tire waste for pure tire experiment, sawdust-tire (1:1), sawdust-tire (1:3), and optimal condition 

(88.39 % tire and 11.61 % biomass), were compared in terms of liquid quality. Table 4.6 shows 

the product yields from co-pyrolysis of biomass and tire at optimal conditions using catalyst to 

feedstock ratio of 1. Mass balance calculations can be seen in Appendix A. 

Table 4.6 Product yields from the co-pyrolysis of biomass and tire at optimal conditions 

using catalyst/feedstock ratio of 1:1 

S.No. Catalyst Bio-oil yield (wt.%) Biochar yield (wt.%) Biogas yield (wt.%) 

1 Non-catalytic 41.40 38.81 19.79 

2 Biochar-based 

catalyst 

40.01 38.10 21.89 

3 Commercial 

zeolite 

40.16 38.23 21.61 
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To understand the reaction pathways for both catalytic and non-catalytic scenarios, a formation 

mechanism for aromatic hydrocarbons was proposed in Figure 4.5. To provide a detailed 

analysis, chemicals in the liquid products were categorized into eight groups based on their 

functional groups: aromatic hydrocarbons, aromatic oxygenates, olefins (C1-C10), olefins (C11-

C20), alcohol, acids, aldehyde, and nitrogen compounds (Figure 4.6). 

As for aromatic oxygenates, the bio-oil obtained from pure sawdust run showed the highest 

selectivity (25.41 %) compared to the other scenarios. The highest selectivity of sawdust to 

aromatic oxygenates is likely because this type of functional group mostly comes from the 

lignin part of lignocellulosic biomass. It is proved that pyrolysis at high temperature (>500 °C) 

can decompose the three- dimensional network structure of lignin containing aryl ether 

linkages, methoxy group, and propyl side chains  into aromatic oxygenates[253], [254], [255]. 

The bio-oil derived from tire waste had higher selectivity for olefins than sawdust, which is 

mainly due to the thermal cracking of its polymeric structure. The selectivity of olefins for 

sawdust and tire waste was 8.06 % and 4.23 %, respectively. In the sawdust scenario, acetic 

acid and acetic butyric anhydride are the main components of oxygenates, with a total 

selectivity of 31.07 %. The majority of these functional groups were derived from the initial 

fragmentation of the C6 sugars like fructose and glucose [256]. They can be converted into 

monocyclic aromatic hydrocarbons if they are supplied excessive hydrogen [257]. 
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Figure 4.5 Possible reaction pathway for aromatic hydrocarbons formation in both catalytic 

and non-catalytic co-pyrolysis of sawdust and tire waste 

As shown in Figure 4.6, C2-C5 olefins obtained from tire waste provide sawdust-derived 

oxygenates with hydrogen required for hydrocarbon pool mechanism and decarbonylation 

[258], [259]. This synergistic effect increased the selectivity of aromatic hydrocarbons in 

sawdust-tire (1:1) to 51.78 %. As mentioned in Section 3, the operational condition was 

optimized based on the liquid yield. In the optimal condition, the selectivity of aromatic 

oxygenates, aromatic hydrocarbons, olefins and acids were 1.85 %, 11.48 %, 60.38 % and 5.62 

% respectively as shown in Figure 4.6. The catalytic effects of biochar-based catalyst and 

zeolite were investigated on the optimal condition. The next section focuses on the catalytic 

pathways by employing zeolite and biochar-based catalyst as catalysts in co-pyrolysis of 

sawdust and tire waste.  
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Figure 4.6 Comparison of non-catalytic scenarios in terms of chemical composition of pyro-

oil 

4.5.1.2 Catalytic scenarios 

Zeolite is the most common catalyst applied in the pyrolysis of biomass and plastics. Herein, 

the performance of this catalyst was compared with our newly developed catalyst (biochar-

based catalyst). Figure 7 shows the catalytic performance of biochar-based catalyst and zeolite 

in co-pyrolysis of sawdust and tire waste for the optimal condition. There are several studies 

investigating the catalytic performance and mechanism of zeolites. Dashed lines in Figure 6 

illustrate the catalytic pathways when the zeolite was used as a catalyst. Generally speaking, 

aromatic oxygenates and furans undergo Diels-Alder reactions at acid sites of zeolite catalysts 

to produce monocyclic aromatic hydrocarbons [258]. In addition to this catalytic pathway, the 

C6-C10 diene formed by the hydrogen transfer of C6-C10 olefins can be converted to aromatic 

hydrocarbons through intramolecular cyclization and then dehydrogenation [260]. That is why 

the selectivity of aromatic hydrocarbons, when zeolite was used as a catalyst, was around 24 

% which is nearly two times that obtained in the optimal non-catalytic condition. The 

selectivity of aromatic oxygenates, olefins, acids and nitrogen compounds for the zeolite 

scenario were 9%, 57%, 6% and 4% respectively as shown in Figure 4.7(b).  
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However, it is believed that zeolite catalysts should be modified because most aromatic 

oxygenates obtained from lignin are too large to be incorporated into the microporous structure 

of these catalysts. So, they can be easily poisoned by the coke. In this study, the synthesis of 

biochar-based catalyst and creation of meso and macropores made the lignin more accessible 

for generating smaller aromatic compounds such as syringgols, guaiacols, catechols, and 

phenols [253]. It can be seen from Figure 4.7(a) that the bio-oil derived from the experiment 

with biochar-based catalyst showed superior activity in terms of aromatic hydrocarbons (32 %) 

production. This superiority is because aromatic oxygenates can pass through the catalyst pores 

more easily. The selectivity of aromatic oxygenates, olefins, acids, and nitrogen compounds 

for the biochar-based catalyst scenario was 5%, 56%, 3% and 4%, respectively, which are 

pretty the same as commercial zeolite.  

4.5.2 FT-IR analysis of bio-oil 

Figure 4.8 presents the FTIR spectra of non-catalytic co-pyrolysis of biomass and tire. The 

bands between 3600 – 3200 cm-1 for O-H groups indicated the presence of alcohol and phenol 

in the obtained bio-oils after the degradation of the feedstocks. It was observed that the bio-oil 

   

  

   

   

  
  

                        

                                                     

                            

                          

   

  

   

   

  
  

       

                                                     

                            

                          

    

Figure 4.7 Catalytic performance of a) biochar-based composite and b) zeolite in co-pyrolysis 

of sawdust and tire waste 
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from pure sawdust had the most noticeable peak in this range (at 3398 cm-1). This could be 

explained by the presence of hydroxyl group in the cellulose of lignocellulosic biomass. The 

intensity of this peak reduces with the reduction in the biomass content of the feedstock and 

thus the peak was not observed at the optimal condition that has the least amount of biomass. 

Alkanes were observed at absorbance peaks between 3000 and 2800 cm-1 for C-H stretching 

vibrations and 1475 – 1350 cm-1 for C-H deformation vibrations [261].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 FTIR spectra of pyrolysis oils obtained from non-catalytic pyrolysis of biomass and 

tire 
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For the pure tire samples, sharp peaks were obtained at wavenumbers 2953, 2924, and 2865 

cm-1 attributable to the presence of aliphatic hydrocarbons [262]. These peaks were not 

observed in pure sawdust sample (except at 2933 cm-1) but are seen in the bio-oil obtained from 

the optimal study. However, the wavenumber at 1364 cm-1 in the bio-oil derived from the pure 

sawdust also indicates the presence of alkanes. The C=C stretching vibrations seen at 1675 - 

1575 cm-1, and 950 – 875 cm-1 are representatives of alkenes. Results from the Py-GCMS 

analysis showed that the bio-oil obtained from tire waste had higher selectivity for olefins than 

sawdust. The FTIR peaks for the pure tire bio-oil supports this argument. The absorption peaks 

observed in the pure tire oil at 1603 cm-1, 964 cm-1, and 886 cm-1 fall within the absorption 

range of olefins [263]. The presence of these peaks in the bio-oil from pure tire is due to the 

thermal cracking of its polymeric structure. Expectedly, these peaks are also present in co-

pyrolysis runs (e.g. at 884 cm-1 for 50:50 and 886 cm-1 for the optimal case). Carbonyl group 

(C=O) stretching vibrations are observed in the spectra between 1750 and 1650 cm-1 for 

aldehyde, ketone, and carboxylic acids. These compounds, in addition to the hydroxyl group, 

indicate the presence of oxygenated compounds. The formation of carbonyl group is confirmed 

at 1709 cm-1, 1710 cm-1, 1710 cm-1, and 1711 cm-1 for oil derived from pure sawdust, sawdust 

to tire ratio of 1:1, optimal condition and sawdust to tire ratio of 1:3 respectively. This result is 

in line with the literature in which saturated ketones have been reported near 1714 cm-1 [262], 

[264]. It can also be inferred that bio-oil from sawdust exhibits more oxygenated compounds 

than bio-oil from pure tire. The wavenumber 1095 cm-1 for sawdust-derived oil corresponds to 

the presence of ethers, which are obtainable in the region of 1150 – 1060 cm-1 due to 

asymmetric C-O stretching. The peak is not noticeable in the oil derived from pure tire. The 

C=C stretching vibration between 1600 and 1450 cm-1 signifies the presence of aromatic 

compounds in the bio-oils. These are identified in the bio-oils obtained in this study. For 

example, at 1515 cm-1 and 1454 cm-1 for pure sawdust and pure tire respectively. In addition, 

the wavenumber ranges of 770 – 729 cm-1 and 710 – 690 cm-1 could be attributed to the 

formation of monosubstituted aromatics in the products [262], [265]. Peaks in this range are 

located at 759 cm-1, 729 cm-1, and 698 cm-1 for tire oil and at 756 cm-1 for pure sawdust oil. 

Synergistic interaction of tire and sawdust led to the improvement of aromatics in the derived 

oil as seen at 1515 cm-1, 1454 cm-1, 753 cm-1, and 697 cm-1 for bio-oil obtained from co-

pyrolysis of sawdust and tire mixed in the ratio of 1:1 and at 1495 cm-1, 1454 cm-1, 767 cm-1, 

753 cm-1, 729 cm-1 and 698 cm-1 for the bio-oil derived at optimal condition. 
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Figure 4.9 shows the FTIR spectra of pyrolysis oils obtained from catalytic co-pyrolysis of 

biomass and tire. The catalytic studies were conducted at the optimal condition. The formation 

of alkanes in the bio-oils derived from both catalysts was confirmed with the wavenumber at 

1376 cm-1 for both catalysts. The wavenumbers in the range 2954 - 2868 cm-1 and 2955 - 2868 

cm-1 for zeolite and biochar-based catalyst respectively also indicate the presence of alkanes in 

the bio-oils of the catalytic studies. Compared to the non-catalytic case, the locations of the 

carbonyl group, which are oxygenated compounds, have shifted to 1709 cm-1 in the two 

catalytic experiments and the intensity of the peaks had reduced, indicating that the catalysts 

have contributed to deoxygenation. The presence of hydroxyl group at 3389 cm-1 in the 

biochar-based catalyst was due to the source of the catalyst, which was biochar. Olefins are 

identified in the catalytic studies at 1641 cm-1 and 886 cm-1 for bio-oil from the biochar-based 

catalyst and 886 cm-1 for the bio-oil from zeolite catalyst experiment. As discussed earlier, 

promotion of aromatic hydrocarbons is expected when zeolite was used as a catalyst. The FTIR 

peaks are in accordance with aromatic peaks identified at 698-766 cm-1 and 1454-1604 cm-1. 

Our newly developed catalyst (biochar-based) also improves the production of aromatic 

compounds as proven by FTIR absorption peaks from 697-768 cm-1, and 1454-1604 cm-1.  

For the biochar-based catalyst, GCMS results have shown that the catalyst had superior 

aromatic hydrocarbons production because aromatic oxygenates can pass through the catalyst 

pores more easily. FTIR results confirm this as the intensity of the aromatic peaks are higher 

in biochar-based catalyst than zeolite catalyst. 

 

 

 

 

 

 

 

 

 

Figure 4.9 FTIR spectra of pyrolysis oils obtained from catalytic pyrolysis of biomass and tire 
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4.5.3 SEM-EDS analysis 

The surface morphology of commercial zeolite and biochar-based catalyst was analyzed with 

the help of scanning electron microscope (SEM) coupled with EDS. The carbon matrix in the 

biochar had an interconnected structure as shown in Figure 4.10 (a). Thus, biochar with such a 

structure has advantages of promoting the yield of fuel fractions and facilitating the mass 

transfer of reactants. The cubic structure of the zeolite particles can be seen in Figure 4.10 (b). 

The interaction of the zeolite and biochar can be clearly seen in Figure 4.10(c). The mesoporous 

nature of biochar and microporous nature of zeolite improves the accessibility to lewis acid 

sites and facilitates the diffusion of macromolecules inside the biochar-based catalyst [247], 

[256]. The chemical characterization of zeolite and biochar-based catalyst was done with the 

help of EDS analysis. The EDS analysis of zeolite was found to be 48 wt.% O, 14.8 wt.% Al, 

14.6 wt.% Na, 14.3 wt.% Si, 8.2 wt.% C and the same can be seen in Figure 4.11(a). As the 

catalyst used in the co-pyrolysis experiments was prepared from biochar and zeolite, carbon-

rich and carbon-deficient zones were identified in EDS analysis. The EDS analysis of carbon-

rich (Figure 4.11(b)) and carbon-deficient zone (Figure 4.11(c)) in biochar-based catalyst were 

76.4 wt.% C, 10.5 wt.% O, 5.4 wt.% Si, 3.9 wt.% Zn, 2.0 wt.% S, 1.1 wt.% Al, 0.8 wt.% Na 

and 39.3 wt.% C, 33.1 wt.% O, 10.5 wt.% Si, 9.1 wt.% Al, 7.1 wt.% Na, 0.7 wt.% Ca, 0.3 wt.% 

S respectively.  

   

(a) (b) 
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Figure 4.10. SEM images of (a) carbon matrix, (b) zeolite and (c) biochar-based catalyst 

 

 

(a) 

(b) 

(c) 
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Figure 4.11 EDS analysis of (a) zeolite, (b) carbon-rich zone and (c) carbon deficient zone of 

biochar-based catalyst  

4.6 Analysis of gaseous products 

The pyrolysis gas obtained from the co-pyrolysis experiments was collected in Tedlar gas bags 

and analyzed using gas chromatography. The main gaseous products from the co-pyrolysis of 

biomass and tire were H2, CO, CH4, CO2, C2H4, C2H6 along with higher hydrocarbons. The 

addition of tires in the feedstock was responsible for the production of higher hydrocarbons 

such as ethane, ethene, propane and propene [266], [197]. As a result, the heating value of the 

gas increased with higher proportion of tire content in the feedstock. The gaseous products 

obtained from the non-catalytic as well as catalytic co-pyrolysis (biochar-based catalyst and 

commercial zeolite) of biomass and tire at optimal conditions can be seen in Table 4.7. Presence 

of CO and high amount of CO2 in the pyrolysis gas can be explained by the presence of oxygen 

containing carboxylic and carbonyl groups in the biomass, resulting in the production of carbon 

oxide [267]. The CO and CO2 presence can also be attributed to the oxygenated compounds 

(such as extender oil) used as additive during manufacturing of tires [64], [265]. Higher 

methane content was achieved when catalysts were employed in contrast to the non-catalytic 

co-pyrolysis. The formation of C4 compounds can be mainly associated with the thermal 

degradation of butadiene rubber (BR) and styrene-butadiene rubber (SBR).  

(c) 



 

89 

 

Table 4.7 Gas composition from co-pyrolysis of biomass and tire at optimal conditions using 

catalyst to feedstock ratio of 1:1 

Gas (vol.%) Non Catalytic co-

pyrolysis 

Catalytic co-pyrolysis 

(biochar-based catalyst) 

Catalytic co-pyrolysis 

(Commercial zeolite) 

H2 11.35 12.58 11.36 

CO 8.52 4.56 5.90 

CH4 10.56 18.01 24.12 

CO2 26.08 25.61 28.39 

C2H4 3.05 3.58 5.50 

C2H6 3.20 2.63 5.22 

C3-C5 37.24 33.03 24.51 

 

4.7 Conclusion 

Co-pyrolysis of biomass and tire employing novel biochar-based catalyst and commercial 

zeolite has been studied in this work. Design Expert software was used to find the optimal 

conditions in terms of biomass and tire composition along with the process temperature. 

Biochar-based catalyst was prepared by the single step hydrothermal liquefaction process. 

Catalytic studies were done at the optimal conditions using the catalyst to feedstock ratio of 1. 

Bio-oils obtained from the catalytic as well as non-catalytic co-pyrolysis of biomass and tire 
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were analyzed and compared with the help of Py-GC-MS and FTIR. Results showed significant 

improvement in the quality of the bio-oils obtained from catalytic co-pyrolysis. Both catalysts 

showed great catalytic performance in terms of denitrogenation and deoxygenation as no 

alcoholic or aldehydic compounds were present in the oils. Furthermore, selectivity of acids 

and nitrogen compounds were reduced as compared to the non-catalytic co-pyrolysis process. 

Fatty acids were reduced to 2.44 % using the biochar-based catalyst, whereas commercial 

zeolite had no noticeable effect on the acids content. Selectivity of aromatics was increased to 

more than double (25.53 %) using biochar-based catalyst as compared to the non-catalytic co-

pyrolysis process (11.48 %). Results further indicated that commercial zeolite had more affinity 

towards C1-C10 olefins and biochar-based catalyst showed more affinity towards C11-C20 

olefins. This study is expected to provide useful results that can be commercially used in the 

energy industry, especially the organizations and professionals working with tire wastes and 

helping them with the techno-economic analysis. 
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Chapter 5 - Overall Conclusions and Recommendations 

5.1 Conclusions  

This research focused on the thermochemical co-conversion of lignocellulosic biomass with 

tires and plastics. Comprehensive review on co-pyrolysis of biomass with plastics/tires along 

with the catalysts development was presented in the thesis. Both co-gasification and co-

pyrolysis of biomass with plastic and tires were discussed in this study. The study aimed to 

evaluate the synergistic interactions between the biomass and polymers during the co-pyrolysis 

and co-gasification. Furthermore, effect of novel heterogenous biochar-based catalyst on bio-

oil was also studied during the co-pyrolysis of sawdust and tires. 

Co-gasification of sawdust and plastics (PP and PE) was analyzed numerically with simulations 

in the Aspen Plus software using steam as the gasification agent. The study was aimed at 

determining the synergistic effects of mixing PE and PP (0-30%) with lignocellulosic biomass 

on the syngas composition, hydrogen to carbon monoxide ratio (H2/CO), and higher heating 

value (HHV). Effects of process parameters including the reactor temperature, steam/feedstock 

ratio (S/F), plastic content and pressure were also discussed. It was observed that the hydrogen 

concentration increased from 48.37 % to 64.69 % and 48.3 % to 62.87 % for PE-biomass and 

PP-biomass gasification, respectively, when the plastic content in the total feedstock increased 

from 0 to 30 %. This can be ascertain to the fact that increasing the amount of PE and PP in the 

feed increases the H/C ratio, improving the availability of hydrogen donor species in the 

gasification process, and thereby enhancing the hydrogen content of the resulting product gas. 

Plastic addition in the feedstock also resulted in an increase in the higher heating values of the 

syngas and fall within the medium heating value range. The effect of pressure on syngas 

composition during co-gasification of biomass and plastics (PE and PP) was also studied. It 

was observed that increases in pressure favored methanation reactions and inhibited the steam 

methane reforming reaction, suppressing the formation of H2 and CO. 

The co-pyrolysis of sawdust and tires using commercial zeolite and novel biochar-based 

catalyst was analyzed experimentally in a Quartz Wool Matrix  (QWM) reactor in an inert 

atmosphere. A novel heterogenous biochar-based catalyst was prepared in the lab via a single-

step hydrothermal carbonization process. Design Expert version 11 was used to obtain the 

optimal process conditions based on the design factors and experimental responses. 
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Performance of the biochar-based catalyst was compared with the commercial zeolite to 

determine their effects on the quality of the resulting bio-oil at optimal conditions (88.39 % tire 

and 11.61 % biomass). Bio-oils obtained from the catalytic as well as non-catalytic co-pyrolysis 

of biomass and tire were analyzed and compared with the help of Py-GC-MS and FTIR. Bio-

oils obtained from the catalytic as well as non-catalytic co-pyrolysis of biomass and tire were 

analyzed and compared with the help of Py-GC-MS and FTIR. Fatty acids were reduced to 

2.44 % using the biochar-based catalyst, whereas commercial zeolite had no noticeable effect 

on the acids content. Selectivity of aromatics was increased to more than double (25.53 %) 

using biochar-based catalyst as compared to the non-catalytic co-pyrolysis process (11.48 %). 

Thus, it was observed that commercial zeolite had more affinity towards C1-C10 olefins and 

biochar-based catalyst showed more affinity towards C11-C20 olefins. 

5.2 Recommendations for future work  

1. Further research is needed to understand the reaction mechanisms and kinetics, nature 

of the partial oxidation reactions to sustain an autothermal operation, synergistic 

interactions between the feedstocks and proper system design. 

2. Co-pyrolysis of complex biomass feedstocks like municipal and industrial waste with 

polymers at autothermal conditions should be explored.  

3. Incorporating the tar formation in the numerical study during co-gasification of biomass 

and plastics will give a better understanding of the complex reactions taking place and 

would give more feasible results. 

4. Further research could be done on reusability and reactivation of biochar-based catalyst 

under different process conditions (feedstock type, temperature and pressure). 
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APPENDIX A  

This part of the appendix provides the mass balance data generated from the catalytic as well 

as non-catalytic co-pyrolysis of biomass and tires. The data provided below was used to 

calculate the bio-oil, biochar and biogas yield.  

1. Bio-oil mass balance data 

Table A1 Bio-oil mass balance data for non-catalytic runs 

Run 
Temp 

(C) 

Sawdust 

weight 

(g) 

Tire 

weight 

(g) 

Initial 

condenser 

weight (g) 

Final 

condenser 

weight (g) 

Initial 

flask 

weight 

(g) 

Final flask 

weight (g) 

Total oil 

weight 

(g) 

1 550 15 15 230.70 232.35 280.30 288.85 10.203 

2 650 15 15 230.70 232.29 280.30 287.79 9.069 

3 650 0 30 230.70 232.13 280.30 288.77 9.906 

4 450 15 15 230.70 232.46 280.30 289.67 11.139 

5 550 0 30 230.70 232.41 280.30 289.43 10.848 

6 550 15 15 230.70 232.19 280.30 289.10 10.29 

7 450 0 30 230.70 232.32 280.30 291.13 12.45 

8 450 7.5 22.5 230.70 232.39 280.30 290.65 12.048 

9 550 15 15 230.70 232.42 280.30 288.81 10.233 

10 650 30 0 230.70 232.43 280.30 287.18 8.61 

11 550 22.5 7.5 230.70 232.38 280.30 286.40 7.788 

12 550 30 0 230.70 232.24 280.30 288.12 9.36 

13 450 30 0 230.70 232.29 280.30 288.43 9.729 

14 650 22.5 7.5 230.70 232.28 280.30 285.36 6.648 

15 550 30 0 230.70 232.29 280.30 288.05 9.348 

16 450 15 15 230.70 232.51 280.30 289.62 11.139 

17 550 0 30 230.70 232.43 280.30 289.43 10.863 

18 550 7.5 22.5 230.70 232.39 280.30 289.41 10.8 

19 650 7.5 22.5 230.70 232.34 280.30 287.94 9.288 
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Table A2 Bio-oil mass balance data for biochar-based catalyst 

Run 
Temp 

(C) 

Sawdust 

weight 

(g) 

Tire 

weight 

(g) 

Initial 

condenser 

weight (g) 

Final 

condenser 

weight (g) 

Initial 

flask 

weight 

(g) 

Final flask 

weight (g) 

Total oil 

weight 

(g) 

1 450 3.48 26.51 230.70 232.56 280.30 290.44 12.00 

 

Table A3 Bio-oil mass balance data for commercial zeolite catalyst 

Run 
Temp 

(C) 

Sawdust 

weight 

(g) 

Tire 

weight 

(g) 

Initial 

condenser 

weight (g) 

Final 

condenser 

weight (g) 

Initial 

flask 

weight 

(g) 

Final flask 

weight (g) 

Total oil 

weight 

(g) 

1 450 3.48 26.51 230.70 232.58 280.30 290.46 12.04 

 

2. Biochar mass balance data 

Table A4 Bio-char mass balance data for non-catalytic runs 

S No. 
Temp 

(C) 

Sawdust 

weight (g) 

Tire weight 

(g) 

Initial feeder 

weight (g) 

Final feeder 

weight (g) 

Final char 

weight (g) 

1 550 15 15 279.80 289.09 9.29 

2 650 15 15 279.80 289.19 9.39 

3 650 0 30 279.80 291.99 12.19 

4 450 15 15 279.80 289.64 9.84 

5 550 0 30 279.80 292.05 12.25 

6 550 15 15 279.80 289.16 9.36 

7 450 0 30 279.80 291.77 11.97 

8 450 7.5 22.5 279.80 291.06 11.26 

9 550 15 15 279.80 289.10 9.30 

10 650 30 0 279.80 285.50 5.70 

11 550 22.5 7.5 279.80 287.60 7.80 

12 550 30 0 279.80 286.25 6.45 
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13 450 30 0 279.80 287.10 7.30 

14 650 22.5 7.5 279.80 287.22 7.42 

15 550 30 0 279.80 286.10 6.30 

16 450 15 15 279.80 289.64 9.84 

17 550 0 30 279.80 291.80 12.00 

18 550 7.5 22.5 279.80 290.81 11.01 

19 650 7.5 22.5 279.80 290.43 10.63 

 

Table A5 Biochar mass balance data for biochar-based catalyst 

S No. 
Temp 

(C) 

Sawdust 

weight (g) 

Tire weight 

(g) 

Initial feeder 

weight (g) 

Final feeder 

weight (g) 

Final char 

weight (g) 

1 450 3.48 26.51 279.80 291.23 11.43 

 

Table A6 Biochar mass balance data for commercial zeolite catalyst 

S No. 
Temp 

(C) 

Sawdust 

weight (g) 

Tire weight 

(g) 

Initial feeder 

weight (g) 

Final feeder 

weight (g) 

Final char 

weight (g) 

1 450 3.48 26.51 279.80 291.26 11.46 

 

Note- Biogas yield was calculated by subtracting the weight of biochar and bio-oil from 100.  
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APPENDIX B  

This part of the appendix gives information about the zeolite used in the catalytic co-pyrolysis 

of sawdust and tires. Commercial zeolite is a microporous, aluminosilicate mineral, is used as 

a molecular sieve and as an adsorbent of a wide variety of cations, such as Na+, Ca2+, K+, Mg2+ 

and others. Catalyst was purchased from the Sigma Aldrich company with the following 

specification.  

 

Product name -  Zeolite  

Product number - 96069 

Batch number – BCBS0068V 

Brand – Sigma 

CAS number – 1318/02/01 

Appearance (color) – Whit to off white 

Appearance (form) – Powder 

Loss on ignition - < 3.5% 

Particle size - < 20 μm 

BET surface area – 88 m2g-1 

 


