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Abstract

The increasing demand for utilizing plastic trash and biomass as sustainable energy
sources is highlighted in the present research. Pyrolysis is a fundamental step in all
thermochemical [gasification, torrefaction, combustion] conversion processes. In this
process, three main products are produced: liquid bio-oil, solid biochar, and gasses
(pyrogas). The feedstock biomass and organic materials are cooked in an inert
atmosphere without oxygen. Both operational and non-operating variables have a major

impact on the pyrolysis process.

The temperature, type of reactor, heating rate, vapour residence time, and feedstock
particle size all have a significant impact on the pyrolysis products' yield and
composition. Biomass and plastic pyrolysis appeared to be a multi-phase process
involving a number of concurrent chemical and physical reactions. To effectively
model, build, and construct a biomass conversion system for pyrolysis, a thorough
understanding of the physicochemical properties and pyrolysis kinetics of biomass is
therefore essential. The kinetic parameters of pyrolysis must be determined to forecast
reaction behavior and optimize process parameters for the intended product

distribution.

The potential of biomass which includes rice husk and polymers, including low-density
polyethylene (LDPE) and high-density polyethylene (HDPE), for the synthesis of
biofuels is the particular emphasis of this work. The physiochemical examination of the
selected biomass and plastics aimed to comprehend their compositional and structural
characteristics. Proximate analysis, Ultimate analysis, and heating value of selected

feedstock have been investigated to understand their suitability to use as feedstock for

pyrolysis.

The kinetics of RH, plastic waste (PET, LDPE, and HDPE), and their mixtures at
various ratios under non-isothermal conditions and at variable heating rates of
10°C/min, 20°C/min, 30°C/min, and 40°C/min were assessed using a TGA analyser.
Friedman model (FM), Tang Method (TM), Ozawa-Flynn-Wall model (OFW),
Kissinger-Akahira-Sunose model (KAS), and Starink method (SM) were the five

model-free techniques utilize to calculate the kinetic and, thermodynamics parameters.
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Rice husk (RH), low-density polyethylene (LDPE), and high-density polyethylene
(HDPE) were among the feedstocks that were thermally co-pyrolyzed. Particle size of
2-3 mm, heating rate of 10 °C min-1, sweeping nitrogen gas flow rate of 200 mL min-
1, and individual and blended ratios of RH and plastic (LDPE and HDPE) at 50:50,
20:80, and 65:35 were all used in this semi-batch reactor in a nitrogen atmosphere at
500 °C for the co-pyrolysis process. ZSM-5 and calcined dolomite powder were used
to catalytically co-pyrolyze rice husk and plastic waste (LDPE, HDPE) at optimal
temperatures (500°C, 10°C/min).

FTIR analysis, GC-MS analysis, NMR, and other fuel properties like density, viscosity,
specific gravity, cloud point, and pour point of the generated pyro-oil were among the
analytical techniques used to characterize the thermal oil to evaluate its potential for
use as an energy source by comparing it to commercial diesel. The outcomes of the
ultimate and proximate analysis showed reduced levels of ash and nitrogen, a rise in
carbon content, and a greater volatile matter content. Moreover, the content of sulphur

was found to be nearly negligible across all blended samples.

The TG analysis shows that during the active pyrolytic zone (second phase), the
mass loss thermographs showed the greatest breakdown. Furthermore, the TGA curves
moved towards regions of greater temperature as the heating rates rose. The activation
energy mean value was computed and found to vary with conversion values, reflecting
the diverse composition of biomass and plastic. The sample's thermodynamic analysis
verified that variations in enthalpy and activation energy promoted the creation of
products. Furthermore, the samples' increased calorific value and Gibbs free energy

suggested their potential for the generation of fuel and energy.

The co-pyrolysis experiment shows that the amount produced of pyrolytic
products was shown to be highly impacted by temperature, heating rate, & size of
particles and the weight composition ratio of biomass and plastics. The optimized
conditions were found to maximize the liquid yield. The findings showed that at
different individual and blended ratios of RH and plastic (LDPE and HDPE) at 50:50,
20:80, and 65:35, co-pyrolysis of RH and plastic increased the formation of pyrolytic
liquid.

\



The thermal oil was characterized and found to have a greater heating value, lower
acidity, higher viscosity, and higher oxygen concentration. While GC-MS analysis
revealed more oxygenated chemicals, FTIR examination revealed the existence of
phenol, alcohol, aromatics, alkane, ether, ester, acid, and aldehyde. These findings
harmed the pyrolytic oil's usability as a fuel for transportation. The maximum liquid
yield was achieved under optimal conditions, and the results showed that adding plastic
waste to biomass at these conditions increased the liquid yield. On the other hand, when
the biomass concentration grew, the liquid production decreased, and char formation
increased. GC analysis showed that while carbon dioxide creation reduced with higher

temperatures, the synthesis of hydrogen and hydrocarbons rose dramatically.

However, the moment a catalyst was introduced, the yield of liquid dropped, and the
output of gas increased. The characterization's results demonstrated that the catalysts'
addition improved the pyrolytic oil's properties, as evidenced by the oil's increased
heating value and decreased viscosity, density, and oxygen content. GC-MS research
revealed that the addition of catalysts significantly increased the number of
hydrocarbons, alcohols, and aldehydes while drastically reducing the amount of

oxygenated compounds.

The NMR investigation indicated that there was a significant amount of paraffin and
aromatics present. Pyrolytic oil is a more desirable fuel for transportation because it
contains more alcohols and aldehydes and less oxygenated molecules and acids, as

demonstrated by GC-MS study of thermal co-pyrolysis and catalytic co-pyrolysis.

Keywords: Rice husk, Plastic waste (LDPE, HDPE), Co-pyrolysis, Kinetics,
Activation energy, Pyro oil upgradation, Catalytic cracking, Dolomite, ZSM Catalyst
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CHAPTER -1
INTRODUCTION

1.1 Introduction

Primarily derived from fossil fuels, about 80% of global energy consumption comes
from these sources (BP, 2020). Using fossil fuels has led to several significant issues,
including resource depletion, environmental degradation, and geopolitical instability.
Burning fossil fuels is the primary source of greenhouse gas emissions that contribute
to climate change and global warming. Furthermore, using and extracting fossil fuels
harms ecosystems, water supplies, and air quality, which results in health problems and
a decline in biodiversity (IEA, 2019) [1].

There is an urgent need to switch to renewable energy sources to address these
problems. One sustainable substitute for fossil fuels is renewable energy, like solar,
wind, and biomass. The capacity of biomass to transform organic material into energy
makes it stand out among them, addressing waste management as well as energy
generation. A versatile and abundant resource, biomass may be transformed into a range
of energy sources through thermochemical and biochemical processes. Anaerobic
digestion and fermentation are examples of biochemical methods, whereas pyrolysis,
gasification, and combustion are examples of thermochemical routes [2].

Pyrolysis offers several advantages for biomass conversion. The byproducts of a
thermochemical process that breaks down organic materials at high temperatures
without oxygen include biochar, syngas, and bio-oil. The process of pyrolysis is very
adaptable, capable of handling a wide range of feedstocks, including plastic waste,
forestry debris, and residual agricultural materials. Biochar may be added to soil to
increase fertility and absorb carbon, but it can also be modified such that the bio-oil
produced during pyrolysis can serve as a sustainable liquid fuel [3]. Moreover,
pyrolysis processes can be optimized for energy efficiency and product yield through
careful control of parameters including temperature, heating rate, gas flow rate, and
residence time.

Research on technology for producing bio-oil, especially by co-pyrolysis of plastic

waste and rice husk, is crucial given the worldwide movement towards sustainable
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energy systems. A byproduct of milling rice, rice husk presents disposal issues and is
widely accessible in rice-producing nations. Similarly, because plastic garbage doesn't
biodegrade, it poses a serious threat to the ecosystem. By using these materials'
synergies, co-pyrolysis increases bio-oil output and quality while lowering dependency
on fossil fuels and promoting a circular economy [4].

A novel process called pyrolysis involves heating biomass at various temperatures in
the absence of air or oxygen to create charcoal, non-condensable gases, and liquid bio-
oil. Nevertheless, the bio-oil generated during pyrolysis contains significant quantities
of oxygenated chemicals and water, rendering it inappropriate for immediate use as a
biofuel. Furthermore, bio-oil is inherently unstable, meaning its qualities might change
as time passes. This means that upgrading procedures are required to improve its
stability, calorific value, and other fuel properties. To enhance the qualities and stability
of biomass pyrolysis oil, researchers have employed the co-pyrolysis of plastics with
biomass as a unique technique to generate liquid biofuels. Through this process, waste
biomass and polymer waste may be effectively used to create a variety of useful
products [5].

Plastic trash creation has significantly increased in recent years due to the spike in the
manufacturing and consumption of plastic products. As of 2024, approximately 220
million tons of plastic were produced worldwide annually, a figure that continues to
rise due to the versatile applications and durability of plastics. However, managing this
vast amount of plastic waste remains a critical challenge. Recycled content is still only
around 9% of total plastic garbage generated, despite global efforts to improve
recycling. Because plastic is not biodegradable, the bulk of garbage (79%), winds up in
landfills where it can remain for hundreds of years. Additionally, a considerable amount
of plastic waste, approximately 12%, is incinerated, often releasing harmful pollutants

into the atmosphere.

There are serious risks associated with the environmental buildup of plastic garbage,
including the contamination of soil and water bodies, harm to marine and terrestrial
wildlife, and potential human health risks due to the ingestion of microplastics and

exposure to toxic chemicals released during degradation and incineration processes [6].
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Based on its content and structure, biomass, a diversified source of renewable energy,
may be roughly divided into two categories: non-lignocellulosic biomass and
lignocellulosic biomass. The structural components of plant cell walls, cellulose,
hemicellulose, and lignin, make up the majority of lignocellulosic biomass. Materials
of this category include wood from pine and oak trees, agricultural wastes like maize
stover and wheat straw, and forestry residues such as wood chips and branches. These
materials are abundant and widely used for bioenergy production through processes like
biochemical conversion and thermochemical processes. In contrast, non-lignocellulosic
biomass encompasses a broader array of organic materials that may or may not contain
significant amounts of cellulose, hemicellulose, and lignin. Examples include starch-
based biomass like corn and potatoes, sugar-rich biomass such as sugarcane and sugar
beet, oil-rich biomass from soybeans and palm, and algae, which can accumulate lipids
or carbohydrates suitable for biofuels. Each type of biomass offers distinct advantages
and challenges, influencing their applications in biofuel production, bioproducts, and
sustainable energy solutions [7].

Plastics like PP, PE, and HDPE may be co-pyrolyzed with different biomass systems
to produce bio-oils that are higher in quality and quantity. Compared to bio-oils formed
from pure biomass pyrolysis, those produced by co-pyrolysis are more stable and have
lower concentrations of oxygenated chemicals and water. Plastics work in concert with
biomass to promote thermal breakdown and increase pyrolytic oil production. By
removing the requirement for catalytic pyrolysis, which raises the process's overall
operating costs, co-pyrolysis also lowers output costs. Various polymer types can
interact with biomass in different ways to produce bio-oils with different properties and
amounts. The precise processes by which plastics and biomass interact are currently
unclear and need more research [8].

In order to produce useful chemicals, several combinations of biomass waste and plastic
polymers have been studied in recent co-pyrolysis research. One such research yielded
the maximum oil production of 52.75% at a 1:1 ratio when sugarcane bagasse and low-
density polyethylene (LDPE) were co-pyrolyzed. This process also significantly
reduced oxygenated compounds by up to 50%, improving the oil's quality. The largest
concentrations of aromatic compounds and olefins were found in the liquid products of

a different investigation that involved co-pyrolyzing paper biomass with different
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mixes of polypropylene (PP), high-density polyethylene (HDPE), and polyethylene
terephthalate (PET) in a 1:5 ratio. Co-pyrolysis is a useful method for raising the output
and quality of biofuel overall. However, several limitations remain in converting it into
biofuels and value-added chemicals, necessitating further research for its successful

application across various sectors [9].

Research has also looked into enhancing bio-oil properties by adding polystyrene
(plastic). Oil production from co-pyrolysis of biomass and polymers has advanced,
especially with the introduction of zeolite catalysts. Zhang et al. investigated the
catalytic co-pyrolysis of polymers and lignocellulosic biomass and discovered that this
method leads to less catalyst coke production and oil with a greater concentration of
aromatic chemicals, particularly mono-aromatics. In a similar manner, Xue et al.
investigated the co-pyrolysis of polyethylene with model biomass materials using a
HZSM-5 zeolite catalyst. They discovered that there was a rise in the synthesis of
aromatic hydrocarbons and a decrease in the creation of coke, in comparison to the
catalytic pyrolysis of plastic and biomass separately [11]. Catalytic co-pyrolysis of
biomass and polymers was investigated by Uzoejinwa et al. to enhance the quality of
bio-oil. Their findings demonstrated increased process efficiency since catalytic co-
pyrolysis required less activation energy and temperature and produced more aromatic
chemicals [12]. Using a ZSM-5 zeolite catalyst, Li et al. investigated the catalytic co-
pyrolysis of biomass and waste polymers, including polyethylene, polypropylene, and
polystyrene. The co-pyrolysis of polyethylene and cellulose/wood was shown to have
the most significant synergistic effect, indicated by a greater aromatic content [13].
Using dolomite (CaMg(CO:s)2) as the catalyst, Conesa and Domene performed pyrolysis
of grass and municipal solid waste to create syngas (H2 + CO) [14]. Dolomite was found
to lower the sulfur concentration in coal pyrolysis, according to Gao et al. (2019).
Additionally, other studies indicated that dolomite reduced tar production during
pyrolysis [15]. This study investigated the production of bio-oil from biomass (rice
husk) using thermal and catalytic cracking in the presence of dolomite catalyst and
zeolite Socony Mobil-5 (ZSM-5) at room pressure and nitrogen atmosphere. A variety
of plastics were used, including low-density polyethylene (LDPE) and high-density
polyethylene (HDPE) [16].
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1.2 Renewable sources of energy

The majority of people on the earth reside in countries that import fossil fuels [17]. Six
billion people are at risk from geopolitical crises and disruptions due to their reliance
on imported fossil fuels [18]. Conversely, although they are widely accessible,
renewable energy sources have not yet realized their full potential. The International
Renewable Energy Agency (IRENA) projects that renewable energy sources will
account for 90% of global energy consumption by 2050. Furthermore, by producing a
large amount of greenhouse gases, the excessive use of fossil fuels and non-renewable
energy sources adds to global warming. To counteract climate change, greenhouse gas

emissions from the production and consumption of energy must be reduced [19].

Hydropower, solar, biomass, wind, geothermal, hydropower, and tidal energy are the
main sources of renewable energy. By reducing carbon emissions to relatively low
levels, renewable energy helps to lessen the impact of climate change brought on by the
combustion of fossil fuels. Since it lowers carbon dioxide emissions, energy generation
from the burning of biomass is regarded as a renewable energy source that has gained
popularity recently [20]. Because the CO2 released during burning is nearly equal to
the CO2 absorbed by plants during growth, biomass, which is made of organic matter,
is regarded as a carbon-neutral fuel source because it has little effect on atmospheric
CO2 levels. Use of biomass to generate biofuels would reduce fossil fuel dependency
which contributes to greenhouse gases [21,22]. Just 4% of the total energy consumed
is accounted for by biomass energy. It is not possible to fully comprehend the "Waste
to Wealth" notion. This promotes the use of the pyrolysis process to turn biomass into
energy. The energy distribution from different renewable energy sources is shown in
Figure 1.4. The field of biomass valuation study has a lot of untapped potential. Energy

conversion and a sustainable environment will be the two main outcomes of this.
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m Waste to Power

Figure 1.1 The energy distribution from different renewable energy sources

1.3 Conversion Technologies

Thermochemical conversion processes are employed to produce energy such as oils,
producer gas or methanol under controlled temperature and oxygen conditions instead
of directly generating energy. The products obtained from thermochemical routes have
convenient combustion characteristics and more density, reducing the cost of
transportation. These processes include pyrolysis, carbonization, gasification, and
catalytic liquefaction. Pyrolysis is one of these processes that often yields biofuel with
high fuel-to-biomass ratios. Pyrolysis has garnered more interest in recent times as an
enhanced method for converting biomass into biofuel [23]. The pyrolysis process aims
to generate superior bio-oil capable of rivalling and supplanting traditional fossil fuels.
The cost breakdown for different thermochemical treatments concerning biofuel
production and reforming operations across various solid waste types is illustrated in

Fig. 1.2
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Figure 1.2 The classification of thermochemical treatment methods for solid waste

energy production.

1.3.1 Thermo-chemical conversion technologies

Biomass is a sustainable, clean, and green resource that can be used to make fuels to
meet energy demands. Yet, there are many drawbacks to using biomass directly as
biofuels, including low calorific value, unfavourable moisture content, anomalous
composition, and characteristics. By enhancing the operating conditions,
thermochemical techniques provide methods that significantly reduce undesirable by-
products and mitigate these drawbacks. Thermochemical processes help to produce
biofuels from both lignocellulosic and non-lignocellulosic materials [24].

1.3.1.1 Torrefaction Process

Torrefaction stands out as an intriguing thermochemical method frequently employed
as a preliminary heat treatment for biomass resources [25]. Torrefaction enhances the
effectiveness of thermochemical transformation methods like pyrolysis, and
liquefaction, along with gasification by removing moisture and partially breaking down

the biomass [26]. By lowering oxygen levels and elevating carbon content, Torrefaction
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enhances the biomass's capacity to generate heat. The purpose of Torrefaction is to
create materials with high hydrophobicity and solid fuel as an alternative to coal [27].
Torrefaction involves subjecting the biomass to a heat treatment in an oxygen-depleted
setting, typically within temperatures spanning from 200 to 300°C. Within this
category, it is divided into three severities: mild (235-275°C), and severe (275-300°C)
temperatures Torrefaction [28]. Due to its capacity to increase biomass's energy
content, stability, and handling qualities, torrefaction is essential to thermochemical
conversion. It helps solve issues related to the unpredictability of biomass feedstocks
in various conversion processes and promotes the effective use of biomass resources
for the generation of sustainable energy.

1.3.1.2 Pyrolysis Process

Biomass may be pyrolyzed at high temperatures to produce charcoal, bio-oil, non-
condensable gases (H>, CH4, CO, and CO3), and charcoal. Both organic and aqueous
components are included in bio-oil. Its organic part contains tar and dense hydrocarbon
molecules, which, when refined, can yield more refined transportation fuels. The
enhancement of bio-oil requires both processes, catalytic and non-catalytic, to remove
oxygen, nitrogen, and sulfur compounds. In the absence of these substances, the fuel's
heating value may be reduced, and NOx and SOx may be released during combustion
[29]. Three major classes of current pyrolysis techniques may be distinguished: flash
pyrolysis, fast pyrolysis, and slow pyrolysis. Furthermore, cutting-edge technologies
such as hydrous pyrolysis, hydro-pyrolysis, catalytic hydro-pyrolysis, microwave
pyrolysis, and hydro-pyrolysis improve and diversify the pyrolysis processes even

further [30].
1.3.1.3 Gasification Process

By carefully oxidizing biomass, a process known as gasification, a gas rich in CO, H>,
CHa, and COgz is produced. This gas, after purification, can directly power engines or
can be transformed into liquid fuels or chemical feedstocks through biological
fermentation. Managing the condensation of heavier molecular weight volatiles into
tars presents a challenge within the gasification process; these tars not only cause
fouling issues but also present potential long-term environmental hazards, such as

polycyclic aromatic hydrocarbons [31]. Moreover, by modifying factors like
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temperature, pressure, reaction duration, medium, concentration of feedstock,
equivalence ratio, and catalyst quantity in the gasification procedure, it's possible to
enhance both efficiency and the rate of carbon conversion to hydrogen. This adjustment
can also affect the selectivity of the produced hydrogen and the calorific value of the

resulting syngas.

1.3.1.4 Combustion process

Heat is the primary product of combustion technology, and yield is affected by factors
like feedstock, gasifier, and temperatures ranging from 750 to 1500°C. It's a versatile
method applicable to remediate nearly all solid waste. Apart from energy production,
industries employ combustion for tasks like drying and pre-heating along with steam
generation. While carbon-rich resources like coal are extensively used for energy
generation, they release substantial CO» emissions [32]. Full combustion, converting
the carbon and hydrogen-abundant biomass into CO> and H»O, generates heat. Coal
contributes about 44% of CO; emissions, ranging from 0.34 to 0.39 kgCO2/kWh,
according to the International Energy Agency. Utilizing biomass alongside coal could
serve as a feasible strategy to reduce total CO; emissions [33]. More than 70% of all
heat production comes from the burning of volatile gases. It occurs above the fuel bed,
and yellow flames are typically present to indicate it. Little blue flames are indicative

of char combustion in the fuel bed [34].

Table 1.1 Advantages and disadvantages of thermochemical conversion [35]

Technology

Advantages

Disadvantages

Opportunities

Torrefaction

e [t can be applied to both
biomass conversion and

pretreatment.

¢ A high amount of energy

per volume.

e Torrefaction reactor
optimization is
crucial to meet end-
use financial
requirements and
attain uniform

Torrefaction serves
a dual purpose: as a
direct fuel and as a
means to enhance
various properties
of feedstock.

e Increases the biomass's
calorific value. product quality for
e Torrefied biomass may market purposes.
be transported across ¢ Reduced overall
long distances more efficiency.
easily when it is
pelletized.
e Lowers the amount of

* Catalyst is not
necessary.
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moisture. Low energy

requirement.
e Lower operational
expenses

pyrolysis High performance. High CO * Wide-ranging

concentrations make experience
* Potential uses for it difficult to release
chemicals produced (e.g., product gases into the ~* Growth of the
tar, bio-oil, and char). atmosphere without pyrolysis liquid
treatment. and char products
* Reduces waste sent to market
landfills and greenhouse
gas emissions.
* Lowered energy input is
needed for slow
pyrolysis.
* Demands more energy
input for pyrolysis that
occurs quickly.

Gasification e Syngas can be used * Expensive There's a chance
directly as a fuel or to maintenance and for large-scale
create products with running costs. activities.
additional value such as ) Significant

. * Problems with
synthetic natural gas, untapped
chemicals, hydrogen, homogenous and potential.
kerosene, and naphtha. carbon-based
catalysts' capacity to
be recycled.
Combustion e The heat loss is very ¢ Incomplete High greenhouse

small, and the thermal
efficiency is higher.

e Fuel consumption is
very low

combustion of
hydrocarbon also
results in carbon
monoxide.

gas reduction
potential using
renewable
methane.

Fast transition to
cleaner
renewable
transport.

1.4 Future Energy Demand

It demonstrates a positive trend toward switching to renewable energy sources from
fossil fuels. By 2040, the usage of coal has practically reached its peak while the use of
oil and natural gas has drastically declined. Figure 1.3 illustrates the current trends in

renewable energy sources, which include solar, wind, hydropower, and biofuels. The
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Indian government has put in place a number of energy-related policies, such as
subsidies and increasing public awareness of the need of using a wide range of

renewable energy sources.
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Hydropower Crop residues
Food wastes
Renewable energy
sources

Photovoltaic grids Earth heat
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Thermal solar energy hg Solar energy Geothermal .__.#
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Figure 1.3 Renewable energy sources. Fossil fuels may be replaced by renewable
energy sources, which will slow down climate change. Solar, wind, geothermal,
hydropower, and biomass are the main energy sources. [36]

1.5 Classification of feedstock for thermal treatment

Thermochemical treatment utilizes heat to transform various feedstocks, including
waste materials, into valuable products like energy, fuels, or chemicals. The
classification of different feedstocks for thermochemical treatment depends on their

composition, characteristics, and potential for conversion.
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Solid Waste Composition

COMPOSITION OF MSW
B Organic Waste M Plastic ®Paper & Paper Products W Glass B Metal B Textile

Food & garden waste
Paper

Plastic

Glass

Metal
Rubber
leather

Inerts
Organic content

Figure 1.4 Composition of Municipal Solid Waste.

Table 1.2 summarizes the classification of feedstocks based on their origin and
properties.

Category  Feedstock Origin properties Refer
Type ences
Lignocell Wood Forests, High lignin concentration, mild 37
ulosic Residues sawmills moisture, and consistent structure.
Biomass
Agricultural Crop High cellulose and hemicellulose, low 38
Residues harvestin lignin, and variable moisture.
g

Dedicate  High yield, suited for energy generation; 38

d constant quality.
plantatio
ns
Aquatic Algae Freshwat High lipid content, fast growth, high 39
Biomass er, moisture
marine
sources
Seaweed Coastal High carbohydrate content, moderate 40
areas protein, high moisture
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Organic Municipal Urban Heterogeneous composition, variable 41

Waste solid waste areas moisture, and contaminants
Food Waste  Househol High organic content, high moisture, 42
ds, and biodegradable
food
industry
Industrial Spent Grain  Brewerie High fiber and protein, moderate 43
waste S, moisture
distillerie

N

Black Liquor The pulp  High lignin content, caustic chemicals 44

and paper
industry
Animal Manure Livestock High nitrogen content, variable 45
waste farms moisture, and biodegradable
Fossil Peatlands Moderate moisture, high carbon content, 46
biomass partially decomposed
Dedicated Switchgrass Marginal High cellulose, low lignin, drought- 47
Energy lands, resistant
Crops plantatio
ns
Miscanthus  Agricultu High yield, high fibre content, low 47
ral lands moisture

1.6 Selection of Feedstock

1.6.1 Biomass waste

Among the more than 140 billion tonnes of biomass waste generated annually by
agriculture, only 40% are put to utilized [36]. The yearly production of lignocellulosic
biomass from forestry and agricultural wastes is used in just 4.5% of cases [48]. The
yearly production of biomass is predicted to be 181.5 billion tonnes. In addition to
forestry and agriculture, human-produced organic waste is a significant source of
biomass. Global issues stem from the increasing volume of solid waste produced by a
growing global population. With its yearly renewable energy sources, biomass has a lot

of potential for application in next-generation energy systems. Municipal solid waste,
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wood and forestry trash, and agricultural waste are all widely available in India. Among
the carbohydrates in biomass are cellulose, hemicellulose, and lignin, all of which are
necessary for the pyrolysis process. The production of bio-oil, often referred to as
pyrolytic fuel oil, is dependent on several factors, including the suitability of the
feedstock, the temperature at which pyrolysis occurs, the rate of heating, and the flow
rate of the sweep gas, which is usually nitrogen. The economic viability of bio-oil
production is influenced by the feedstock's compatibility, which can expedite the
process. Rice husk was used for the study since it is the main crop grown in India (Table
1.1 &1.2).

1.6.2 Plastic Waste

Recent years have seen a sharp increase in plastic waste because of rising
manufacturing and low recycling rates. Globally, approximately 55% of plastic trash is
landfilled or thrown in nature [49]. Approximately 255 million tonnes of plastic garbage
are generated annually. Plastics, derived from petroleum refineries, have witnessed a
surge in usage since 1990. According to estimations, the half-lives of plastics in the
environment range from 58 years for bottles to 1200 years for pipes [50]. By 2050,
12,000 million tonnes of plastic garbage are expected to be in landfills and the
environment, if current trends continue [51]. Reaching circularity and making the most
of plastic goods requires putting energy conversion or recycling into practice as a plastic
waste management strategy. A synthetic polymer that can be moulded with pressure or
heat is called plastic. It is made up of repeating molecular chains made of nitrogen,
hydrogen, carbon (in single and double bonds), and either Sulphur or chlorine. Because
they lack functional groups, are hydrophobic and have a large molecular weight,
plastics are frequently chemically and physiologically inert. Because of their refractory
nature, plastics resist breaking down quickly [52]. Recycling plastic garbage is crucial
due to its massive production each year. Polyethylene terephthalate (PET),
polycarbonate (PC), polypropylene (PP), polystyrene (PS), high-density and low-
density polyethylene (HDPE and LDPE), and other polymers are among those found in
plastic waste. These polymers have different compositions of carbon, oxygen, and
hydrogen, but they all have distinct chemical structures and high volatile, viscous, and

heating values along with very low moisture and ash contents [51].
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Table 1.3 Biomass and Plastic Waste Availability in India in the Last 10 year.

Production of biomass and plastic in India. (Million Tons)

Year
2010-2011
2011-2012
2012-2013
2013-2014
2014-2015
2015-2016
2016-2017
2017-2018
2018-2019
2019-2020
2020-2021
2021-2022

Rice husk

95.98
105.30
105.24
106.65
105.48
104.41
109.70
112.91
116.48
118.87
124.37
130.29

Plastic waste
262
279
288
299
311
322
335
348

365.3
374.8
375.3
390.7

Table 1.4 Biomass and plastic waste production in Punjab. (Million Tons) in the last 5

years.

Production of rice husk and plastic waste in Punjab. (Million Tons)

Year Rice husk Plastic waste
2017-2018 13.38 142
2018-2019 12.82 129
2019-2020 11.78 187
2020-2021 12.78 243
2021-2022 12.89 298

Source - Website of Food & Agriculture Organization of the United Nations , World Bank MSW report, 2018

Source- plastic production worldwide (Statista), Punjab Pollution Control Board.
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1.7 Types of Pyrolysis Process

Table 1.5 demonstrates the many types of pyrolysis processes, which are divided

according to temperature and residence duration.

Table 1.5 Common operational parameters for pyrolysis methods and their typical

outcomes [54]

Pyrolysis Temperatur Residenc Heating rate Typical Application
Type e Range (°C) e Time outcomes
Slow 300-600 Hours to Low(<10°C/mi High char Production
pyrolysis days n) yield (30- of Dbiochar
50%) for soil
amendment
Moderate and carbon
liquid  yield sequestratio
(20-40%) n
Low gas yield
(10-30%)
Fast 400-600 seconds High (10- High liquid Bio-oil
Pyrolysis 200°C/s) yield (60- production
75%) for biofuel
and
Low char  chemical
yield (10- feedstock,
15%) heat, and
power
Moderate gas .
yield (10- generation
20%)
Flash 450-900 <1second Very High (> Very  high Bio-oil
Pyrolysis 1000°C/s) liquid yield (> production
75%) for high-
value
Very low char  chemicals
yield (< 10%)
Low gas yield
(< 15%)
Intermediat  400-600 Minutes Medium(10- Balanced Combined
e Pyrolysis 50°C/min) yields: liquid heat and
(30-50%), power
char (25- (CHP)
35%), gas systems,
(15-25%) biofuel
production
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Hydro 300-500 Seconds  Medium to - High- Production
pyrolysis to minutes high quality liquid of high-
fuels (less quality
oxygenated)  liquid fuels
and
chemical
feedstocks
Catalytic 400-600 Seconds  Medium to Enhanced Upgraded
Pyrolysis to minutes high liquid quality bio-oil
(lower production,
oxygen production
content) of
chemicals,
lower  char gnd fuels
yield
Varies based
on the

catalyst used

1.8 Environmental impact

Burning rice husks outside has a detrimental effect on the environment, raising air
pollution, greenhouse gas emissions, and health hazards. During the process, humans
may be exposed to dangerous gases such as carbon monoxide, carbon dioxide, methane,
and particulate matter, which can cause respiratory and cardiovascular problems.
Global warming and climate change are also caused by emissions of carbon dioxide
and methane. Burning rice husk releases ash that is devoid of important minerals,
reducing soil fertility and impacting crop growth. Open burning lowers air quality due
to smoke and particle matter, which results in smog and poor visibility, harming the
ecosystem of environment and the health of humans. The release of toxic substances
during burning can harm local flora and fauna, reducing photosynthesis and affecting
wildlife. Moreover, the ash can be washed into nearby water bodies, leading to water
contamination and affecting aquatic life [55]. These pollutants can exacerbate
respiratory conditions such as asthma and bronchitis, posing significant public health
risks, especially to vulnerable populations like children and the elderly. The sulfur and
nitrogen compounds released can also contribute to acid rain, harming ecosystems,

buildings, and water sources. To mitigate these negative effects, alternative methods of
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managing rice husk, such as energy production through controlled combustion or
converting it into bio-oil via pyrolysis, are being explored [56]. An overview of the
lifecycle of plastics, categorizing them into polyvinyl chloride (PVC-U), polystyrene
or Styrofoam (PS), polypropylene (PP), high-density polyethylene (HDPE),
polyethylene terephthalate (PETE), and other types. Additionally, the discussion
encompasses the issues arising from insufficient plastic waste processing and explores
potential solutions to promote a healthier environment. Packaging stands out as a
crucial and frequently encountered use of plastic materials, with approximately 40% of
global plastic production dedicated to storing and packaging various manufactured
goods. Plastics play a vital role in establishing a sustainable, proper, hygienic, cost-
effective, energy-efficient, and eco-friendly packaging system, contributing to
environmental cleanliness [57]. The adaptability of plastics has proven effective in
ensuring hygienic and economical packaging for a range of food products such as wheat
flour, liquids, bread, rice, snacks, milk, and spices, confectioneries, and diverse
pharmaceutical products. However, there is a big environmental problem because of
the significant buildup of post-consumer trash caused by the widespread usage of these

items.

Figure 1.5 illustrates the comparative CO:-equivalent emissions associated with the
treatment of LDPE and rice husk through landfilling, incineration, and pyrolysis.
Landfilling and incineration of LDPE result in substantial greenhouse gas emissions,
estimated at 3.0 and 2.5 tons of CO: per ton of waste, respectively. In contrast, pyrolysis
significantly reduces emissions to 0.2 tons CO:-eq. For rice husk, pyrolysis offers an
even greater environmental advantage, showing a negative emission value of —1.2 tons
COz-eq due to carbon sequestration via biochar. These results emphasize the
environmental benefits of adopting pyrolysis over conventional waste disposal methods

[58,59].
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CO2 Emissions Comparison: Pyrolysis vs. Conventional Methods

3F LDPE
Rice Husk

CO: Equivalent Emissions (tons/ton of waste)

Landfilling Incinelration Pyrollysis

Waste Treatment Method
Figure 1.5: Comparison of CO:-equivalent emissions per ton of LDPE and rice husk
treated via landfilling, incineration, and pyrolysis. Pyrolysis significantly reduces

emissions and enables carbon sequestration for biomass
1.9 Motivation of the work

The necessity of addressing the two problems of waste management and sustainable
energy generation is what motivates this study. Effective utilization solutions are
urgently needed due to the growing amounts of forestry waste, urban solid waste, and
agricultural waste, especially in areas like India. Simultaneously, the environmental and
economic impacts of plastic waste necessitate innovative approaches to recycling and
reusing these materials. Co-pyrolysis of plastic and biomass provides a viable way to
reduce pollution in the environment and contribute to renewable energy sources by
turning these wastes into useful bio-oil, biochar, and syngas. To improve the yield and
efficiency of bio-oil production, this research will look at ideal parameters such as
temperature, heating rate, blending ratio, residence time, and feedstock selection.
Moreover, the quality of the bio-oil may be raised, making it a more attractive substitute
for fossil fuels, by comprehending the chemical interactions and streamlining the

process using catalysts. The overall goal of this effort is to further the field of waste-to-
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energy conversion by offering long-term, financially feasible solutions for energy
generation and trash management [60—-62]. The co-pyrolysis approach yields more oil
than standalone biomass pyrolysis, as several studies have shown. The interactions

between the hydrocarbon polymers during the process are the reason for this.

1.10 Application of Pyro-oil in Compression Ignition Engines

The pyrolysis process takes place in an inert atmosphere, resulting in the production of
liquid fuel and biochar as its end products. The pyro-oil that is produced can be used
directly in boilers and turbines, or it can be combined with diesel to be used in diesel
engines [63]. But because the pyro-oil produced by pyrolysis has a greater self-ignition
temperature, it must be blended with methanol or diesel or upgraded [64]. Pyro-oil's
stoichiometric air-fuel ratio indicates that it has a reduced calorific value because of its
increased oxygen content. Diesel and pyro-oil together result in lower emissions of
hydrocarbons, carbon monoxide, and particulate matter but higher emissions of NOX.
It is essential to remember that the type of feedstock utilized affects the engine's

emission characteristics [65].

1.11 Organizations of the thesis

Chapter 1: Highlights the importance of bio-oil and its numerous uses in a variety of
industries as it introduces the current study. In addition, this chapter addresses the
drawbacks of bio-oil and examines methods for improving it.

Chapter 2: Discusses the literature review of all thermochemical conversion and its
challenges.

Chapter 3: Addresses the collection and preparation of raw materials, the setup of
experimental procedures, and the analysis of the resulting products through different
experimental methods. This section also outlines the extent of the experiment.
Chapter 4: Describes the thermal dynamics of plastic, biomass, and their combination
using a variety of analytical models.

Chapter 5: Focusses on the thermal pyrolysis of rice husk and plastic waste (LDPE,
HDPE), as well as the thermal pyrolysis of these materials. This chapter contains
comprehensive physical and chemical characterizations of the bio-oil that is produced

during the pyrolysis of various source materials. The chapter also compares thermal
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pyrolysis and co-pyrolysis and discusses the differences in their results.

Chapter 6: describes how to catalytically pyrolyse rice husk and plastic waste (LDPE,
HDPE) in an 80:20 ratio using dolomite and ZSM catalysts. The pyrolysis oil's chemical
and physical characteristics are thoroughly examined in this chapter.

Chapter 7: Conclusion and Future Aspects.
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CHAPTER -2

Literature Review, Research Gaps and Objectives

2.1 Importance of Pyrolysis

By breaking down biomass at a high temperature, pyrolysis produces charcoal, bio-oil,
and oxygen-free non-condensable gases (H2, CH4, CO, and CO?2). Bio-oil contains
both organic and aqueous components. Its organic part contains tar and dense
hydrocarbon molecules, which, when refined, can yield more refined transportation
fuels. The enhancement of bio-oil requires both processes, catalytic and non-catalytic,
to remove oxygen, nitrogen, and sulfur compounds. Otherwise, these substances may
lower the heating value of the fuel and cause NOx and SOx to be released during
combustion [1].

According to Chen et al. (2015), Flash pyrolysis, quick pyrolysis, and slow pyrolysis
are the three main kinds of pyrolysis methods now in use. Modern technologies
including hydrous pyrolysis, hydro-pyrolysis, catalytic hydro-pyrolysis, microwave
pyrolysis, and hydro-pyrolysis also contribute to the improvement and diversification
of pyrolysis processes [2].

Kumar et al. 2021 investigated the fast pyrolysis, operating within seconds to minutes
of residence time, is ideal for generating pyrolysis oil. On the other hand, slow
pyrolysis, which has residence periods ranging from minutes to days, is designed to
yield an uneven surface [3].

Zaman et al. 2017 concentrated on refining process variables like temperature, heating
speed, and oxidation environment. Additionally, efforts are directed towards upgrading
the products through catalytic and thermal processes. The ultimate goal is to produce
liquid transportation fuels that are compatible with the existing infrastructure. The
process of common pyrolysis techniques and the variations in the composition of their
unique outputs are covered in depth in the next sections [4]. The organic material breaks
down into vapours and chars during fast pyrolysis because it heats up quickly and

oxygen-free.
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Chouhan et al. 2013 investigate that condensing these vapors produces a dark brown
liquid known as bio-oil. Fast pyrolysis, a precisely controllable advanced method, aims
to maximize liquid product output. Reported outcomes typically show around 60 to
75% bio-oil, 15-25% charcoal, and 10-20% pyro gases from fast pyrolysis.

The solid fuels bio-oil and char are used to generate energy, and the pyro gases may be
recycled back into the reactor [5].

Babu et al. 2008 assessed the slow pyrolysis process, which requires heating at a rate
of 5-10°C/min and a temperature of 500—600°C. Bio-oil, charcoal, and pyro gases are
all formed during the pyrolysis process; however, using this approach will provide a
higher concentration of pyro-gas and charcoal and less bio-oil. Creating bio-oil by
pyrolysis, a process that converts biomass into chemicals and liquid fuels, is one
possible method. Bio-oil, recognized as pyrolysis oil or bio-crude, is the result of
heating biomass like wood, agricultural residues, or algae without oxygen. This method
decomposes the biomass into a blend of liquid compounds. The feasibility of bio-oil
production through pyrolysis depends on various factors, including energy
regeneration, economic considerations, and environmental sustainability [6].

Figure 2.1 depicts a standard process flow diagram demonstrating pyrolysis, a thermal
breakdown technique applied to biomass at temperatures ranging from 300 to 700°C
without oxygen. This technique produces bio-oil, biochar, and non-condensable gases
(like Hz, CH4, CO, and CO»). Bio-oil has both organic-phase and aqueous-phase. The
organic part contains tar and heavier hydrocarbon compounds, which can be refined
through upgrading techniques to create cleaner transportation fuels. This enhancement
process involves both catalytic and non-catalytic methods to eliminate oxygen,
nitrogen, and sulfur elements or constituents. This removal is crucial to maintain the
fuel's heating value and prevent potential emissions of NOx and SOx during
combustion [7]. Also, Table 2 shows the range of operational parameters for slow,
intermediate and fast pyrolysis [8].

Table 2.1 A comparative analysis of process yields with different feedstocks.

Thermo- Feedstock Temperat Yield Ref.
chemical ure

treatment

method

Waste cereals  750-800 C The mixture comprises 61 volume percent of 9
and peanut bio-oil and 66 volume percent of hydrogen
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crisps (Hy)

Plastic waste 500+30 C Without the use of any catalyst, 24% liquid 10
fraction is obtained, while in the presence of

Pyrolysis a catalyst, the liquid fraction ranges from
16% to 22%.
Polypropylen  450-600 C Under both atmospheric and vacuum 11
¢ waste conditions, the liquid product constitutes a
range of 81% to 93% by weight.
Pinewood 310-450 C  The composition includes a variable range, 12

with bio-oil ranging from 5% to 90%, solid
products from 3% to 31%, and gaseous
products from 7% to 91%.

Wildland fire ~ 500-765C At a temperature of 765°C, the composition 13
comprises 53% to 62% by weight of tar, 17%
to 24% by weight of gas, and 17% to 23% by
weight of biochar.

solid waste 110-900 C  The attained average activation energies for 14
and paper the additives were 237.42 kJ/mol in the case
factory sludge of 5% MgO and 239.44 kJ/mol for 5%

activated carbon.

Non- Condensable
N, gas Condensable and non- pyro-gas

Condensable pyro-gas

Tedlar
M bag

—0il collection

High temperature
furnace

Figure 2.1. Flow chart of waste processing through pyrolysis and its benefits.
2.2 Physicochemical properties of raw materials
The proximate analysis categorizes biomass into four crucial components for thermal
conversion: moisture, volatile matter (encompassing gases and vapours liberated in
pyrolysis), fixed carbon (representing non-volatile carbon), and ash (the inorganic

residue that remains after combustion). This analysis serves as an indicative measure
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of the thermochemical conversion performance, the ultimate analysis of a raw sample
provides valuable insights into its elemental composition, enabling a comprehensive
understanding of its properties and potential applications. This analytical approach is
widely employed across diverse industries, ranging from energy and environmental
monitoring to materials science and agriculture. The content and yields of solid, liquid,
and gaseous products produced by the pyrolysis and gasification processes are directly
influenced by the fixed carbon and volatile matter ratio connections. The calorific
value, sometimes referred to as the heating value, is an essential indicator of the quality
of a given feedstock.

Shrivastava et al. 2021, this value represents the energy content within the feedstock,
calculated based on the heat generated from the full combustion into CO> and H,O
(whether as gas for lower heating value or liquid for higher heating value), along with
secondary byproducts such as N> and ash.

Various types of biomasses are commonly employed in thermochemical conversion
processes, with the selection influenced by factors like regional availability, cost,
energy content, and the desired final products. Here are some examples of biomass
frequently employed in thermochemical conversion [15].

Table 2.2. Compositional properties of various biomass feedstocks

Feedstock Proximate Analysis Ultimate Analysis HHV  Ref.
MJ/Kg

VM FC Ash C H N o S
Pistachio 67.85 8.69 1421 4553 556 1.74 47.17 - 18.57 16
soft shell
Coconut 77.19 221 071 5022 570 4337 - - 20.50 17
shell
Wheat straw  82.12 10.98 6.90 4295 5.35 - 4699 - 17.99 18
Olive stones 78.30 19.5 220 49.00 6.10 0.80 42.00 — 20.23 18
Almond 80.50 184 1.10 48.80 590 0.50 43.70 — 19.92 18
shell
Sunflower 84.70 11.7 3.60 51.70 6.20 1.00 41.10 - 17.60 19
seed shell
Esparto 80.50 16.8 220 4694 6.44 086 4356 — 19.10 20
plant
Shea meal 66.30 28.7 5.00 4856 586 288 37.70 - 19.80 21

Dried grains 82.50 12.84 3.89 50.24 6.89 4.79 3342 0.7 21.75 22

Coffee husk  78.50 19.10 240 47.50 6.40 — 4370 - 19.80 23
Oil palm 7820 16.46 4.53 4590 580 1.20 40.10 - 16.96 23
fruit

Forest 79.80 20.00 0.20 53.16 6.25 0.30 40.00 0.09 19.50 24
residue

57



Willow 82.22 16.07 1.71 4990 590 0.61 41.80 0.07 19.59 25
wood

Oakwood 77.45 18.50 4.05 4876 635 2.81 4208 - 19.20 26
Corn straw 73.15 19.19 7.65 4473 5.87 0.60 4044 0.07 17.68 27
NOTE: VM - volatile matter, FC — fixed carbon, HHV — high heating value |

2.3 Co-pyrolysis technology

One of the most significant commercial polyesters is polyethylene terephthalate (PET),
which accounts for 7-9% of the world's plastic use [28,29].

Kuczenski et al. 2010, explore that PET is not biodegradable, it has a similar oxygen
content to the bulk of another solid biomass and a comparable H/Ce. Although some
PET wastes were used to make engineering resins [30], their extensive usage with other
plastic wastes significantly reduced their rate of recycling to less than 10% in the United
States [31]. A variety of solid biomass sources, such as paulownia wood [32], cotton
stalks, hazelnut shells, leftovers from sunflowers [33], municipal solid wastes, nut
shells [34], and samanea saman seeds, were investigated for co-pyrolysis with solid
wastes and PET.

Sajdak et al. 2015 investigated how adding PP raised the heating value of the char
while lowering the amounts of oxygen and sulphur in the solid portion. But the gaseous
fraction, which contained reduced amounts of CO2, CH4, and H2, suffered from co-
pyrolysis. Additionally, mixing biomass with a tiny quantity of PP helped keep the
autothermal state throughout the process, especially when working with raw biomass
that had a high moisture content. This was so that the co-pyrolysis process could be
optimized, and the heating value emitted by the PP could fully meet the energy
requirements [34].

Erdogan et al. 2020 explore the oil produced by pyrolyzing plastic has several
advantageous qualities, such as a high heating value (HHV) and a high hydrocarbon
content, which are comparable to those of regular petrol. However, the pyrolysis of
plastic results in significant volumes of ash, and the oil is very caustic and viscous with
high oxygen and moisture content [35].

Han et al. 2014 investigation, adding organic material from biomass feedstock to the
co-pyrolysis process may reduce these unfavourable properties. According to research
findings, co-pyrolyzing any biomass with plastic effectively increased the amount and

quality of biofuels produced without having any negative effects. As an alternative to
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high-pressure hydrogenation treatment, co-pyrolysis is thought to be a simple and safe
way to create superior biofuels [36].

Kuppens et al. 2010 have demonstrated that co-pyrolysis is more advantageous than
typical biomass pyrolysis in producing higher-quality bio-oil and accelerating
commercial expansion [37].

Yaman et al. 2021, examined the potential to recover critical molecules and lessen
reliance on fossil fuels is another benefit of co-pyrolysis. When fossil fuels are
fractionally distilled, co-pyrolysis processes yield less carbon dioxide. This is such that
there is no need for solvents, co-pyrolysis can proceed with or without catalysts, and
hydro-treating crude bio-oil will need less hydrogen [38]. Similar to petro-diesel, the
biodiesel produced through co-pyrolysis has qualities that make it useful for a variety
of purposes and enhance combustion efficiency.

Table 2.3. Process parameter range for co-pyrolysis of different feedstocks

Sample Reactor Temp. Heating Gas flow Bio-oil Biochar Ref.
(°O) rate yield
(Wt%) (wt%)
RH and pyrolytic 400 17.5°C/m  He flow rate 36.47 38.68 39
LDPE reactor in of 1 ml/min
(1:1)
450 40.92 32.49
500 43.55 25.63
550 47.74 21.26
600 51.26 17.58
Solid tire  fixed-bed 450 10°C He at a flow 52 33 40
waste and LPG heating /min rate of 100
rice husk  pyrolysis ml/min
system
Lignin microwave 500 15°C/min N, flowing 21.87 51.27 41
and low-  pyrolysis . at the rate of
density apparatus 50 ml/min
polyethyl
ene
Oil shale  stainless 500-525 10°C/min N, flowing 523 - 42
and High- steel at the rate of
density autoclave 20 ml/min
polyethyl  reactor
ene
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Corn Tube 550 - N, and CO, 41.8 12.6 43
Stover Furnace

and

Polyprop

ylene 1:1

50:50 auger-fed 450 10°C/min N> 64.9 12.1 44
(W/w) reactor

pine

wood/PS

HDPE/pi - 525 - - 38.9 25.9
ne

PP/Pine 450 - - 46 322

Juliflora ~ Auger 600 10°C/min - 32 37 45
biomass reactor

with low-

density

polyethyl

ene

Waste tire  fixed bed 500 20°C/min N, flowing 44 37.60 46
addition reactor at the rate of

on wheat 50 ml/min

straw

Polystyre  semi-batch 550 80 100 ml/min 45.89 - 47
ne and reactor oC/min N flow rate

waste

nitrile

gloves

Corn Tube 500 10°C/min (N2 and 41.8 12.6 48
stalk and  Furnace CO») gas

Polyprop  Pyrolysis flowing at

ylene the rate of

(1:1) 150 mL/min

2.4 Design and performance of the pyrolysis reactor

A key element that allows for the accurate breakdown of raw materials at high
temperatures, variable pressures, airless environments, and the presence of inert or
fluidised gas is the pyrolysis reactor. Multiple reactors are utilized in this method to
create the optimal conditions for maximizing specific outputs like oil, char, or gas.
These reactors are categorized based on how the feedstock moves within them. In
certain cases, the feedstock remains stationary, while in other cases, it can be moved
using additional force. Numerous researchers have explored a range of reactor types for

producing biodiesel. There are some reactor types which is generally used for the
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pyrolysis process [49].

2.4.1 Fixed bed reactor

Chopra et al. 2007 discussed the fixed-bed pyrolysis system, which consists of a
reactor along with a gas cooling and cleaning system. The fixed bed reactor's integrated
technology is well recognised for its uncomplicated nature, dependability, and shown
efficacy. As such, it is especially appropriate for fuels with consistent particle size and
little fine content [49].

Leung et al. 2004, this concept involves solid materials moving downhill in a vertical
shaft and coming into contact with an upward-flowing product gas stream. Among other
essential components, a standard fixed bed reactor comprises a fuel feeding unit, an ash
removal unit, a gas outlet, and is constructed of steel, concrete, or firebricks [50]. Such
reactors are under consideration for small-scale electricity and heating uses. Wet
scrubbers, dry filters, and cyclones are some of the filtering techniques used in the gas
cleaning process and cooling system [51,52].

Pathak et al. 2005 looked at the removal of tar as the main issue with fixed-bed
reactors. Nonetheless, new developments in the thermal and catalytic reduction of tar
have made practical methods for tar removal feasible [53].

2.4.2 Fluidized bed reactor

Lv et al. 2004 examined that in a fluidized-bed reactor, fluid and solid materials blend,
imitating fluid-like properties usually attained by introducing pressurized fluid through
solid particles. These reactors are preferred for rapid pyrolysis because they have a large
surface area per unit bed volume, allow for extensive fluid-solid contact, provide fine
control over pyrolysis reactions and vapour residence time, and permit rapid heat
transfer. They also maintain a significant relative speed difference between the fluid
and solid phases and aid in efficient heat transmission throughout the system [54].
2.4.3 Circulating fluidized bed reactor

Li et al. 2004 study on circulating fluidised beds found that while they are similar to
bubbling fluidized-bed reactors, their residence durations for chars and vapours are
shorter. When compared to bubbling fluidised bed reactors, this causes higher gas
velocity and char content levels in the bio-oil. Despite their more intricate
hydrodynamics, circulating fluidized-bed reactors offer a notable advantage due to their

suitability for handling very large throughputs [55].
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2.4.4 Auger reactor

Mohan et al. 2006 reveal that augers help drive biomass feedstock through a heated,

cylindrical tube devoid of oxygen in this kind of reactor. The feedstock goes through

devolatilization and gasification as it passes down the tube and reaches the appropriate

pyrolysis temperature, which is typically between 400°C and 800°C. The process yields

char, the gases it creates condense into bio-oil, and the non-condensable vapour is

collected as biogas. Crucially, this design offers the flexibility to modify vapor

residence time by adjusting the section of the heated zone through which vapor travels

before reaching the condenser train [56].

Table 2.4 Types of reactors used for the pyrolysis process reported in various

investigation
Biomass Reactor Temperature Dimension Biomass Ref.
sample type material
used
Woodchips downdraft 500°C 16 mm dia. and S5¢g 57
from fixed-bed 400 mm length
eucalyptus stainless
(EU) and oak  steel reactor
(OAK)
Cotton stalk fast 350-400°C 100 mm and 2kg 58
pyrolysis height of 750
bench-scale mm
Rice straw fixed bed 600°C 53mm d and 10g 59
and drop-type 166mm height
polypropylene pyrolyzer
(PP)
Plastic waste  fixed bed 475°C 38 cm and 15 - 60
pyrolysis cm,
(HDPE) batch
reactor
Plastic waste  bench-scale 500 °C (Diameter 35 maximum 61
pyrolysis cm, length 60 capacity 5
cm kg
Cassava fluidized- 475-510°C  diameter of 3.81 100 g. 62
plants bed reactor cm and a height
of 30 cm
Beechwood drop tube 800°C 2.3 m long, - 63
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reactor 0.075 m dia.
(DTR)
rice husk with  fixed bed 600 °C (115 cm length, 100 g 64
underutilized  reactor 5 c¢m inner
biomass diameter
Rice husks fluidized 600 °C 50 mm and 350 20g 65
bed mm
pyrolyze
reactor
Kitchen batch 400 - 600 °C. (Length: 520 24¢g 66
Waste pellets  pyrolysis mm,; d.: 44 mm
reactor
waste fixed-bed 450-500°C. 10mm in - 67
polythene and LPG heating diameter, 300
rice straw pyrolysis mm in length
system.
Stem Wood cyclone 750 °C diameter of 0.39 37 kg/h 68
pyrolyzer m, inner wall
area of 1.54 m?,
Rice husk fluidized 450°C thickness of 200 gm 69
bed reactor 35mm, height of
470 mm
switch grass semi-pilot 500°C. 20 cm in 8.5 kg/h 70
scale auger diameter and
pyrolyzer 100 cm long
Poultry Bench-scale 500°C 6cm in diameter 50g 71
wastes fast and 21cm high
pyrolysis
reactor
Biomass bubbling 500°C 5.33 m tall with 45 kg/h 72
fluidized a45.7 cm
bed diameter
regenerator
sawdust and circulating 400 to 600°C 42 kg/h 73
giant fluidized
Miscanthus bed reactor
Switchgrass Bench-Scale 480°C 7.8 cm nominal 20 kg/h 74

Fluidized-
Bed

diameter and 52
cm in length

Aladin et al. 2017 [75] explore that Pyrolysis reactors have specific requirements
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regarding feedstock size to ensure optimal heat transfer and operational efficiency.
Fluidized bed pyrolysis reactors generally perform optimally when utilizing particle
sizes within the range of 2 to 6 mm. This often necessitates preparatory steps for
biomass, like cutting and grinding, to achieve the desired particle size. Furthermore,
unless naturally dry materials like straw are being used, it is imperative to dry biomass
resources to reduce moisture content to below 10 weight percent. The process of drying
is essential for preventing problems with water that might affect the pyrolysis product's
stability, viscosity, pH, corrosiveness, and other liquid qualities. Nevertheless, whereas
raw material drying and grinding might raise liquid yields, they also raise production
costs. Here are some examples of reactors.

2.5 Experimental apparatus for pyrolysis

Dayton et al. 2015 represent the rapid pyrolysis system made use of a circulating
fluidised bed (CFB) reactor that could feed 42 kg of biomass per hour. A comprehensive
schematic of the pyrolysis system is shown in Figure 2.6, with a focus on key parts of
the CFB reactor. The system includes an enclosed heating chamber with an electrical
furnace, a biomass hopper, a screw feeder, a fluidized bed reactor, a cyclone, two
condensers, and an electrostatic precipitator. Inside the CFB reactor, three distinct
processes unfold: (i) rapid pyrolysis reactions, (ii) the swift condensation of generated
gas to extract oil, and (iii) the recycling of gas and controlled incineration of excess gas.
This entails reusing non-condensed gas and managing surplus gas through controlled

combustion [72].
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1. Fluidized Bed Reactor 7. Controller 13. AC Power Supply

2. Fumnace 8. Healing Band 14. Tilter
1 3. Thermocouple 9. Cyclone 15. Totalizer
4 ¥/l | 4. Mass Flow Controller  10. Resevoir 16. Gas Chromatograph

] = 5. Hopper 11. Condenser
A ‘ 6. Screw feeder 12. Electrostatic Precipitator

Figure 2.2: Schematic diagram of the experimental pilot-scale circulating fluidized bed

(CFB) reactor setup used for the biomass fast-pyrolysis experiments [72].

Ali et al. 2014 discusses the complete apparatus of the fast pyrolysis method involved
in transporting controlled biomass material into a fluidized bed reactor via a screw
feeder. The reactor's bottom sand bed was made more fluid by using inert nitrogen gas
that had been preheated to between 350 and 400°C. Charcoal and pyrolysed volatiles
came out of the reactor's top. Using cyclone separators, the solid char particles were
extracted from the gas. The pyrolysis gas was first condensed in a dry ice condenser
and then in a water-cooled condenser to produce pyrolysis liquid. Every fifteen minutes,
samples were obtained for examination and the non-condensable gas was filtered to
eliminate minute particles. The reactor has a fluidised bed and measures 750 mm in
height by 100 mm in diameter. It was constructed out of stainless steel (SS 316 L). The
reactor was indirectly heated using carbamate heating rods to keep the pyrolysis

reaction temperature constant [76].
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Figure 2.3: Pyrolysis setup components: (1) Nitrogen header, (2) Feed hopper, (3)
Biomass feeder, (4) Fluidized bed reactor, (5) Reactor heater, (6) Cyclones, (7) Char
collector, (8) Strainer, (9) Water condenser, (10) Dry ice condenser, (11) Pyrolysis
liquid collector, (12) Frame, (13) Vent gas [76]

Izzatie et al. 2016 examined the rice straw and PP plastics are co-pyrolyzed in a drop-
type fixed-bed pyrolyzer. The pyrolyzer’s schematic diagram is seen in Figure 2.8. The
apparatus was a cylindrical reactor made of stainless steel, measuring 166 mm in height
and 53 mm in internal diameter. Within an electrical heater with a water jacket and
insulation, the pyrolyzer was positioned to enable a robust heating reaction up to 600°C
in the reactor. Nitrogen gas can be purgeable through nitrogen and vacuum lines to
provide inert conditions inside the pyrolyzer. The co-pyrolysis temperature in the
reactor was controlled by a K-type thermocouple installed within the pyrolyzer. Two
condensers immersed in a bath of cooled ethylene glycol were connected to the reactor
to be connected to the pyrolysis vapour at a temperature vapour low of -10°C. A 3 litre
gas sample bag was connected to the vapour trap's output in order to collect the non-
condensable gases [59].

To pyrolyse herbaceous energy crops, the Agricultural Research Service (ARS) of the
United States Department of Agriculture has developed a bench-scale fluidized-bed
reactor (USDA). The objective was to overcome obstacles related to the pyrolysis oil

production from energy crops through experimentation. Obstacles may include reactor

66



performance difficulties, including energy balancing, optimal yields, and feeding and
conversion efficiency. Efficiency is affected by a number of elements, including high
rates of heating and heat transfer, a regulated temperature of around 500 °C, and the
quick cooling of the vapours generated. As a result, system component design and

operation may be crucial, as illustrated in Figure 2.9. [73].
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Figure 2.4: The schematic diagram of the fixed bed pyrolysis system [59]
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pressure tap. [73].

The University of the Punjab's Institute of Chemical Engineering and Technology
developed, constructed, and ran a bench-scale facility dedicated to fast pyrolysis,
detailed in Figure 2.10.

The feed capacity handled by this plant is 2 kg/h. It includes the following main
components: a system for feeding biomass, a reactor with a fluidised bed, a heating
setup, a system for separating gas and particulates, a system for condensing pyrolysis
vapours, and an extensive instrumentation and control system. A well calibrated screw
feeder is used in the rapid pyrolysis process to supply predetermined volumes of
biomass feedstock into the fluidised bed reactor. This reactor is supplied with preheated
inert gas nitrogen, maintained around the range of 350-400°C, and introduced from the
reactor's bottom to facilitate fluidization within the sand bed [60].

Khan et al. 2016, Pyrolysis is an endothermic process that may be done at 250 to 600°C
in an oxygen-free atmosphere, depending on the feedstock's characteristics and the
desired output that maximises the solid, liquid, or gaseous fraction. Heat must be
introduced into the reactor during pyrolysis to cause the feedstock to thermally break

down into products.
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Figure 2.6: Schematic diagram of bench scale pyrolysis unit used for investigation.
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2.6 Techniques for energy conversion and upgradation

Ali et al. 2014, [76] investigate that catalysts are pivotal in boosting process efficiency
by enabling targeted reactions and lowering processing temperature and time. They
wield control over the chemical composition and distribution of pyrolysis products.
Rahman et al. 2018 [77] Catalytic pyrolysis shows promise in transforming oxygenated
compounds within bio-oil mixtures, leading to an enhancement in bio-oil quality.
Various approaches have been utilized to incorporate catalysts into the bio-oil
upgrading process.

Liu et al. 2020 [79] examine that customizing catalyst synthesis is crucial to meet
precise specifications for the end product. Customization depends significantly on
understanding the reaction mechanisms involved in catalytic pyrolysis to enhance bio-
oil quality. The pathways in catalytic pyrolysis hinge on the catalytic system's reactions
and the unique compositions of biomass. The complex biomass structure, hurdles in
mass transfer, and catalyst immobilization pose challenges in fully grasping catalytic
pyrolysis mechanisms.

Mihalcik et al. 2011 [80] examined that Catalytic pyrolysis involves several primary
routes: deoxygenation, ketonization, cracking, Aldol condensation, and aromatization

(equations 1-5) [81].

Valle et al. 2010 concluded that among these, hydrodeoxygenation (HDO) stands out
as a favorable method for enhancing bio-oil quality. HDO involves removing
oxygenated compounds like CO, COz, and H>O using hydrogen and a catalyst [82].
Through this process, primary renewable fuel products like gasoline and diesel

hydrocarbons are obtained.
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Figure 2.7: Upgradation routes of bio-oil from biomass

2.6.1 Thermo-catalytic upgradation using zeolite

Wang et al. 2017 [83] investigate the Zeolite catalysts have garnered significant
interest for their cost-effectiveness, wide availability, and potential to generate
premium bio-oil. Among these, ZSM-5, renowned for its strong acidity and optimal
pore size, stands out for its remarkable efficacy in bio-oil enhancement. It leads to bio-
oil with reduced viscosity, lower acidity, and heightened energy content.

Wang et al. 2018 [68] concluded that ZSM-5 also increases the amount of organic
materials, gaseous compounds, and aromatic hydrocarbons in bio-oil through processes
including decarbonization, aromatization, and cracking reactions. The bio-oil that was
extracted from the reactor had a 25% decrease in oxygenated compounds and a high
heating value (HHV) of 34.6 MJ/kg, which was comparable to that of diesel and heavy
fuel oil. Researchers have altered the acidity of ZSM-5 using a variety of transition
metals, including iron, nickel, cobalt, cerium, and gallium, to improve bio-oil yields
and prevent coke formation on catalysts [80,81].

Nie et al. 2014 explore that zeolite supports are widely favored for upholding metal-
based catalysts because they necessitate both metals and acidic sites to activate H2 and
O-containing compounds. Zeolite supports characterized by heightened Lewis and
Bronsted acid site density tend to stimulate robust dehydration reactions [84]. Zeolites,

specifically aluminosilicate crystalline solids characterized by intricate pore structures,
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find widespread and effective applications in catalytic pyrolysis processes for
biomasses.

Iliopoulou et al. 2012 identified that these catalysts are essential for promoting the
processes that lead to cracking, dehydration, and deoxygenation, which mostly produce
monoaromatic components. Zeolite catalysts have specific size and shape preferences
for various components present in bio-oil due to its unique pore structure, which
functions as a specialized filter [85-87].

Kumar et al. 2019 investigated that these catalysts are categorized by pore size: small
(<0.5 nm), examples being SAPO and A; medium (0.5-0.6 nm), like ZSM-5 and ZSM-
11; and large (0.6-0.8 nm), including Y, Beta, and mordenite [88].

ZSM-5 zeolite distinguishes itself with elliptical pores, micro and microporosity, high
crystallinity, and adaptable acidity regarding density, strength, along type. These traits
make ZSM-5 zeolite a promising catalyst for deoxygenation reactions and for
generating both aliphatic and aromatic hydrocarbons [89-92].

Crucially, ZSM-5’s pore size matches well with the sizes of benzene, toluene, and
xylene, making it a catalyst that selectively produces monoaromatic components [93].

Mishra and Mohanty (2020) investigated the co-pyrolysis of mahua seeds (a non-
edible biomass) with polystyrene and waste nitrile gloves in a semi-batch reactor at
550 °C. Their findings revealed that blending plastics (at 20 wt%) significantly
increased liquid yield compared to biomass-only pyrolysis. The co-pyrolytic oils
exhibited improved properties, such as reduced oxygen content and viscosity, higher
heating value, and enhanced aromatic content, as confirmed by FTIR, NMR, and GC—
MS analyses. The study demonstrates strong synergistic interactions between biomass
and plastics, resulting in more hydrocarbon-rich, energy-dense fuels suitable for further
upgrading or direct use [47].

Seah et al. (2023) presented a comprehensive review of co-pyrolysis as a sustainable
strategy to valorize biomass and plastic wastes into high-value biofuels. The study
emphasized the circular bioeconomy approach, where synergistic interactions between
biomass and plastic during co-pyrolysis enhance the yield and quality of bio-oil and
syngas while reducing biochar production. The review highlights the influence of
parameters like feedstock type, blending ratio, pyrolysis temperature, and heating rate

on product distribution. Mechanistic insights revealed that hydrogen transfer from
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plastics to biomass radicals promotes deoxygenation and hydrocarbon formation. The
study concludes that co-pyrolysis not only addresses waste management challenges but
also offers a feasible pathway for renewable energy production [95].

Harith et al. (2022) investigated the catalytic co-pyrolysis of high-density polyethylene
(HDPE) and empty fruit bunch (EFB) biomass using modified Malaysian dolomite
doped with metal oxides (Ni, Fe, Ca) to enhance bio-oil yield and quality. The study
demonstrated that NiO/CMDO900 catalyst achieved the highest hydrocarbon yield
(85.32%) with significantly reduced oxygenated compounds (14.68%), outperforming
even commercial NiO/ZSM-5. The synergistic interaction between biomass and plastic,
facilitated by bi-functional acid—base catalytic properties and mesoporous structure,
promoted deoxygenation and hydrocarbon formation. This work highlights the
potential of low-cost, modified dolomite catalysts in upgrading pyrolysis oil for

renewable energy applications [96].
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Table 2.5 An analysis of diverse feedstocks employing various catalysts to optimize and enhance the quality of fuel [94-103]

Feedstock Catalyst Temp. Carrier Analysis Remarks Ref.
Gas
Sugarcane bagasse HZSM-5 400- Helium Without the use of a catalyst, The quality of bio-oil was enhanced 97
550°C sugarcane bagasse pith was pyrolysed  over the HZSM-5 catalyst with the
to produce bio-oil, which is mostly  inclusion of aromatic compounds like
composed of phenolic and carboxylic  benzene, toluene, as well as xylene
acids. (BTX).
Chlorella vulgaris HZSM-5 550°C Nitrogen Aromatic hydrocarbon yields were Pyrolyzing algae catalytically using 98
Biomass highest at biomass-to-catalyst ratios of HZSM-5 resulted in 52.7% bio-oil, 25.7%
1:4 and 1:9, which were calculated to bio-char, and 21.6% syngas.
be 44.9 and 50.8%, respectively.
Xylan HZSM-5 CaO  450- Helium CaO and HZSM-5 have shown two Employing the HZSM-5 catalyst 99
700°C different functions in terms of boosted the yield of aromatic
improving the produced bio-oil. CaO hydrocarbons from 0% (without
catalyst lowered the yield of acids to  catalyst) to 26.91%. Pyrolysis using
2.74%, a decrease from 10.60%  dual catalyst beds of CaO and HZSM-5
observed without the catalyst. On the resulted in the highest production of
other hand, HZSM-5 exhibited greater =~ aromatic hydrocarbons (31.66%).
selectivity towards aromatic
hydrocarbons.
Hemicellulose, HZSM-5 700°C Helium  Under helium presence, pyrolyzing Cellulose: 35% aromatics, 0.78% 100
cellulose, and lignin Mo2/HZSM-5 hemicellulose, cellulose, and lignin oxygenates. Hemicellulose: 19.48%
with HZSM-5 has generated bio-oil aromatics, 0.31% oxygenates. Lignin:
with fewer oxygenated compounds 12.80% aromatics, 1.40% oxygenates.
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and elevated levels of aromatic

hydrocarbons.
Used cooking oil Activated 500°C - Activated carbons proved to be the The production of hydrocarbons 101
and fatty acids Carbons most suitable for yielding increased to 35% at 2.5 WHSV. The
Alumina hydrocarbons (23%) from used production of hydrocarbons for fatty
HZSM-5 MgO cooking oil at 4h WHSV. acids rose to 40%.
Bamboo sawdust HZSM-5 600°C Helium  Bio-oil from fast pyrolysis of bamboo Zr0O>—Ce0s/ y-Al,O; exhibited a 102
Zr02/y-A1203 sawdust without catalysts and with threefold increase in monoaromatic
Ce02/y-A1203 catalysts primarily consists of ketones, hydrocarbon yield compared to the
Zr02—CeQ2/ acids, phenol, alkylphenols, heavy  other two catalysts and had the lowest
v-Al203 phenols, monoaromatic hydrocarbons, acidity level. Combining ZrO,—CeQO,/
and mono-functional furans. v-Al203 and HZSM-5 in a dual
catalytic bed further elevated the yield
of aromatic hydrocarbons.
tire waste HZSM-5 TiO2  500°C Nitrogen ZnO exhibited the highest selectivity, Using catalytic pyrolysis, layered 103
CaCos CaO at 22.55% for hydrocarbons, in catalysts (made up of ZnO and HZSM-
Zn0O comparison to CaO, which had a 5 layers) showed a high yield of
selectivity of 20%. 30.23% for hydrocarbons.
Posidonia Oceanica HZSM-5 CeO, 500°C  Nitrogen With a hydrocarbon yield of 40%, the CeO. demonstrated the highest bio-oil 104
NiCe/HZSM-5 HZSM-5 catalyst produced the greatest yield and the lowest oxygen content,
Ni/HZSM-5 results. Utilising the Ni/HZSM-5 measuring 51.15 wt% and 6.87 wt%,
Ni/CeO; catalyst, 80.81% of the biomass was respectively.
Ni/AlL O3 converted overall.
Dolomite
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Table 2.6 Upgradation of bio-oil through zeolite-based catalysts with different biomass

Catalyst

Biomass

Bio-oil
yield

Aromatic

Result

Ref.

HZSM-5

HZSM -5
H-USY.
H-BETA

Cu/HZSM-
5

Co/HZSM-
5

Fe/ZSM-5

Fe/ZSM-5

Zn/HZSM-

Ga/HZSM-
5

rice husk

sunflower
stalk,

cedar,
knotweed,

apple stem

Sunflower
stalk

Beech wood

Rice husk

Beech sawdust

Douglas fir

Pine sawdust

3.4-7.2%

27-36%

30%

44%

28%

25%

33%

45.9%
(including
water)

2.24%

56-100%

73.20%

54%

21%

50.70%

43%

Among the tested catalysts,
HZSM-5 demonstrated the
highest efficiency in producing
aromatics.

HZSM-5 continuously generated
greater concentrations of some
aromatic hydrocarbons, such as

naphthalene, p-xylene, and
toluene, across all biomass
feedstocks.

The Cu/HZSM-5 catalyst,
featuring a low loading of Cu,
demonstrated the superior
catalytic performance in
generating relative quantities of
aromatic hydrocarbons.

The synthesis of aromatics and
phenols was enhanced using
Co/HZSM-5 catalysts.

The introduction of 4%Fe/ZSM-5
not only increased hydrocarbon
production but also heightened

selectivity towards BTX.

The Fe/ZSM-5 catalyst improved
the synthesis of desirable products
such phenolics and aromatic
compounds while reducing the
presence of oxygenated
molecules.

Zn/ZSM-5 catalysts were used,
and while the gas production
increased, the bio-oil and coke
yields decreased.

Ga/HZSM-5 demonstrated
outstanding selectivity for very
valuable aromatics, such as BTX.

105

106

107

108

109

110

111

112
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pd/HZSM-
5

Ga/HZSM-
5

Co/HZSM-
5

Ni/HZSM5

Mg/HZSM-
5,

Cuw/HZSM-
5

Zn/HSM-5

Ga/HZSM-
5

Ni/HZSM-
5

Co/HZSM-
5

Jatropha waste

Yunnan pine
particle

15%
14%
23%
26%
20%
22%

91-97%

The catalyst consists of
metal/HZSM-5 enhancing the
selectivity towards aromatics.

The concentration of single-ring
aromatic hydrocarbons, such as C7
and C8, was impacted by the
addition of HZSM-5 catalysts
loaded with metal components.
More specifically, Ni/ZSM-5
created more polycyclic aromatic
hydrocarbons, whereas Zn/ZSM-5
produced the highest
concentration of  single-ring
aromatics.

113

114

2.7 Research Gaps Identification

So, far throughout the study of the literature some problems were identified and selected

for the study, it is mentioned below:

1. During the co-pyrolysis process, which mixed rice husk and plastic waste, more

bio-o0il was generated than during the pyrolysis of raw rice husk. As a result of

co-pyrolysis, more bio-oil will be generated.

2. Limited understanding of how different catalysts impact the co-pyrolysis
process and their specific mechanisms. There is a need for optimization of

catalysts to enhance bio-oil yield and quality, and to study how catalysts

decompose or deactivate over time.

3. Incomplete analysis of the complex composition of bio-oil and by-products,

including potential toxicities and environmental impacts. More detailed
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characterization is needed to ensure the safety and usability of the bio-oil

produced.

2.8 Conclusion
This chapter highlights the research objectives and identifies the research gaps based
on the literature survey. It also provides an overview of various types of reactors and
their working principles, and discusses the key parameters that influence the

enhancement of bio-oil production.
2.9 Research Objectives

1. 1. To investigate the kinetics and physicochemical characteristics (proximate,
ultimate, heating value, and density) of rice husk with and without plastic wastes

using the TGA/DTG analyser.

2. To design the lab-scale pyrolysis reactor for the bio-oil production by using rice

husk with and without plastic wastes.

3. To determine the Physicochemical properties of the bio-oil produced from the co-

pyrolysis process by using rice husk and plastic wastes.

4. To upgrade the properties of the bio-oil produced with and without plastic waste

using suitable upgrade techniques.

2.10 Scope of the study

In the current study, rice husk and plastic waste are co-pyrolyzed utilising pyrolysis
technology to create bio-oil, an environmentally and economically friendly fuel. There is
an abundance of rice produced in the Punjab region, which may be utilised to create clean
energy fuel and is easily accessible. Plastic waste is harmful to the ecology because it
cannot biodegrade. This study strongly encourages the utilisation of biomass from rice
husks and plastic waste to reduce greenhouse gas emissions in the environment. It is

possible to co-pyrolyze plastic waste and rice husk to increase the fuel's chemical
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composition, thermal value, and efficiency of combustion. This study will yield

encouraging results for industry and the scientific community.
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Chapter -3

Materials and Methods

3.1 Introduction

This chapter covers the different feedstocks' collecting and processing methods. Using
ASTM standards, the chosen feedstock samples were examined for proximate, elemental,
and calorific values. The thermogravimetric analyzer was used to examine the feedstock's
thermal deterioration behavior. The operation and experimental methodology of the batch
reactor are described. FT-IR, NMR, and GC-MS analysis were used to identify the
functional groups and chemicals in the oil produced during pyrolysis and co-pyrolysis. The
physical properties of the oil, including its calorific value (CV), density, kinematic
viscosity, cloud/pour point, aniline point, API gravity, and flash/fire point, were
determined using recognized methods.

3.2 Collection and preparation of the feedstock for the pyrolysis experiment

3.2.1 Raw Sample Preparation

The rice husk was collected from Jalandhar and plastic waste (LDPE, HDPE, and PET)
will be collected from the local market and local regions in Punjab. After being washed
with regular water, the feedstock—which consisted of rice husks (RH) and plastic waste
(HDPE-02, LDPE-04, and PET-01—was sun-dried for five days to remove any remaining
moisture. The sun-dry feedstock was crushed to create tiny, uniform RH particle sizes,
which were further sieved via a BSS standard sieve to generate an average particle size of
2.8 um. This procedure was done in order to decrease the volume of the processed plastic
garbage. Then, in a hot air oven, the dehydrated RH and plastic waste were baked for eight
hours and two hours, respectively, at 120 °C and 110 °C. The processed feedstock was
stored in an airtight bag for the analysis of physicochemical characteristics like proximate
and ultimate analysis, calorific value, and thermogravimetric analysis for pyrolysis
experiments. Before pyrolysis, the powdered rice husk and plastic waste (LDPE and

HDPE) samples were mixed for further analysis.
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Figure 3.1 Photographic image of all the selected raw and crushed samples.

3.2.2 Preparation of calcined dolomite (DOL), ZSM-5, and DOLZSM catalysts
The catalyst preparation involved the use of dolomite powder from SPECTROCHEM and
ZSM-5 from Alfa Aesar. The ZSM-5 powder was subjected to 6 hours of drying in a hot

air oven to eliminate any moisture content. After undergoing further calcination, the
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dolomite (DOL) catalyst was dried in a hot air oven until the moisture content dropped to
80 °C. This involved gradually increasing the temperature until it reached 900 °C, or 5 °C
every minute, to ensure full calcination of the dolomite. The next step was a two-hour
holding period. The DOLZSM catalyst was made by mixing equal quantities (50:50) of
ZSM-5 with calcined dolomite in a mortar and pestle. The resulting mixture, known as
ZSMDOL, was employed in the catalytic co-pyrolysis process. During the catalytic
pyrolysis tests, a catalyst-to-feed ratio of 1:20 was maintained for both types of material,
calcined dolomite (DOL) and DOLZSM. This ratio ensured an optimal balance between
catalyst concentration and feedstock volume, facilitating efficient catalytic conversion

during the co-pyrolysis process.

Dolomite Powder ZSM Powder

Figure 3.2 Pictorial representation of catalyst in powder form.

3.3 Physicochemical characterization of biomass and plastic waste.

Biomass and plastic waste samples were characterized by using the different ASTM

(American Standard Methods). The characterization methods are discussed below.
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3.3.1 Proximate analysis

Estimating the raw feedstocks' capability for thermochemical conversion required careful
consideration of their characterization. Highly volatile raw materials with low ash and
sulfur concentrations are necessary for efficient thermal pyrolysis. To get ready for more
testing and pyrolysis, the raw ingredients were dried in an oven. ASTM D 3172-07a was
used for the proximate examination of RH, LDPE, HDPE, PET, and their mixes. This is
the first stage of the characterization methodology that presents the concept that Moisture
(MC), volatile matter (VM), fixed carbon (FC), and ash content (AC) will be examined by

utilizing this method.

3.3.1.1 Analysis of Moisture Content

A weighted sample was dried in a crucible and heated to between 100 and 120 °C for eight
hours, or until the weight was constant, to determine the moisture content (MC). The
moisture in the sample is represented by the difference between the beginning and end
weights of the sample. Equation (1) is used to determine the percentage composition of the

moisture content in feedstock.

[so)
9}

Moisture content % = —4 x 100 [1]
Where A = The mass of the empty crucible was measured. B = The mass of the crucible
with the sample was measured. C =This value represents the weight of the sample after

moisture removal.

3.3.1.2 Analysis of Volatile Matter

An alumina crucible with a cover was filled with a sample that had been preweighed and
dried off. Two drops of phenol were applied to displace the ambient air. After that, the
sample was heated for ten minutes at 700 °C. Following heating, the sample was cooled,
and its ultimate weight was noted. The weight loss was divided by the sample's initial

weight, and then multiplied by 100 to get the percentage of volatile matter (VM).

B-C
Volatile Matter % = — X 100 [2]
B-A
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Where A = The mass of the empty crucible was measured. B = The mass of the crucible
with the sample was measured. C = This value indicates the sample's weight following the

elimination of moisture.

3.3.1.3 Analysis of Ash Content
An alumina crucible containing a known weight of moisture-removed material was heated
in a furnace for two hours at around 500 °C. The ash content (AC) on a dry basis is

calculated by dividing the weight of the residue that remains in the crucible by the starting

weight of the feedstock.
_C-A
% Ash Content ==— X 100 [3]

Where A = The mass of the empty crucible was measured. B = The mass of the crucible
with the sample was measured. C = This value represents the weight of the sample after

volatile matter exclusion.

3.3.1.4 Analysis of Fixed Carbon

The fixed carbon (FC) in the liquid fuel is a representation of its non-volatile component.
In the context of liquid production by pyrolysis, the fixed carbon content is an important
parameter since it influences the heating value and the efficiency of the process. The

following formula for the material balance may be used to get the fixed carbon:

Fixed Carbon (FC) = 100% — [ (MC) + (VM) + (AC)] [4]

3.3.2 Ultimate Analysis of Feedstocks

A CHNS elemental analyzer (ELEMENTARY Vario EL III) was used to do the ultimate
or elemental analysis of the feedstocks on 2 to 4 mg of sample. The elemental composition
was obtained from this analysis, which showed the proportions of "carbon (C), hydrogen
(H), nitrogen (N), and sulfur (S)." The percentage of oxygen was calculated using the

difference.
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3.3.3 Analysis of the Higher Heating Value (HHV) of Feedstocks

Using a bomb calorimeter (Toshniwal Company), the greater heating values of raw
materials and liquid fuels were ascertained. Prior to use, the bomb calorimeter was
calibrated by burning fuel with a known calorific value, specifically benzoic acid. To create
a homogenous sample, a dry sample of biomass and plastic garbage were crushed together.
After that, a pelletizer was used to palletized it. A weighted amount sample (less than 1g)
was burnt in oxygen in the bomb calorimeter. With the weight of cotton thread and
nichrome wire measured in advance, the heat value of the solid-to-liquid fuel was

calculated.

NC28/04/2022.10:52

Figure 3.3 (a) Bomb calorimeter

3.3.4 Analysis of low heating value (LHV)

The LHV of the feedstocks is calculated using the standard formula that accounts for the
latent heat of vaporization of the moisture and hydrogen content. The following relation
was used:

LHV=HHV-0.09* H*2.24 [5]

where H is the hydrogen content (%) of the sample, and Moisture is the moisture
percentage. The LHV values have now been added alongside the HHV data in the results

section and summarized in Table 4.3.
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Dulong’s Formula
HHYV Dulong = 0.388C+1.428(H-0O/8)+0.095S [6]

Channiwala and Parikh’s Formula

HHY channiwala=0.3491C+1.1783H+0.10055-0.10340—0.015I1N—0.0211A [7]
Where:

While C, H, O, N, S, A = wt% of Carbon, Hydrogen, Oxygen, Nitrogen, Sulfur, Ash and
Units in MJ/kg.

3.3.5 Particle size of feedstocks

Particle size plays a significant role in the pyrolysis process and determines how much bio-
oil is produced from plastic waste (LDPE and HDPE) and biomass (RH). For feed
uniformity, the solid material was thoroughly blended and ground before being sieved to
produce particles smaller than 2.6 mm. A U.S. standard sieve No. 7,8, shown in the Figure,
achieves the desired particle size.

Heat transport is hampered by larger particle sizes, which can have an impact on product
production. Larger particles may provide higher solid char and gas yields but may also
result in lower bio-oil yields. Smaller particles have a better potential for producing bio-

oil.
3.3.6 Analysis using Fourier Transform Infrared Spectroscopy (FTIR)

FTIR with Diamond ATR (Perkin Elmer Spectrum 2) for estimating chemical structures
and chemical compounds from rice husk and plastic waste (LDPE, HDPE) and their blends.
The FTIR instrument operates based on the vibrational and rotational modes of molecular
motion. When compared to the absorption outlines of all other compounds, an organic

compound's infrared band gives a distinct appearance that may be shown.

3.4 Catalyst characterization technique

3.4.1 XRD Analysis

X-ray diffraction (XRD) analysis was conducted to evaluate the crystallinity and phase

structure of ZSM-5 and dolomite catalyst samples. The measurements were carried out at
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the Materials Characterization Laboratory, IISER Bhopal, using a Rigaku Miniflex 600
diffractometer equipped with Cu Ko radiation (A = 1.5406 A). The instrument operated at
40 kV and 15 mA, with data collected over a 26 range of 10°-80° at a step size of 0.02°
and a scan rate of 2°/min. In a complementary setup, a single-crystal X-ray diffractometer
was also employed to record XRD patterns at low temperature using Cu-Ka radiation (9.0
kW, 250 mA) over a 20 range of 5°-70°, to further assess the crystal structure at room
temperature. Powdered samples were evenly spread on a flat sample holder without binders
to prevent interference. The crystallinity index (CI) of the catalysts was calculated using
the Scherrer equation.

3.4.2 BET Analysis

The analysis was conducted using a surface area and porosity analyzer. Before analysis,
the samples were degassed at 200 °C for 6 hours under a vacuum to remove moisture and
volatile impurities. The measurements were carried out at the Materials Characterization
Laboratory, IISER Bhopal to find the surface area was determined using the Brunauer—
Emmett-Teller (BET) method, while the Barrett—Joyner—Halenda (BJH) method was
applied for the calculation of pore size distribution from the desorption isotherms. All
measurements were conducted using nitrogen gas at 77 K. These technical specifications
have now been incorporated into the Experimental section of the manuscript. We thank the
reviewer for highlighting this important aspect and helping improve the methodological

clarity and reproducibility of our study.

3.4.3 DLS Analysis

The measurements were carried out at the Materials Characterization Laboratory, IISER
Bhopal, by using a particle size analyzer, and the particle size of the catalyst ZSM-5 and
dolomite samples was ascertained. Studies involving transient absorption and fluorescence
upconversion can be performed using the Ultrafast Laser system. Five centimeters of
material were placed into the cuvette. The material was illuminated with a HeNe laser (780-

120 nm wavelength), which caused oscillations in the scattered light's intensity. For
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particles that moved more swiftly and smaller in size, the variance was absorbed more

slowly.
3.4.4 FE-SEM and EDX Analysis

The catalyst's surface morphology, particle size, and internal micro-structure were
observed using field emission scanning electron microscopy (FE-SEM) equipped with an
energy-dispersive X-ray spectrometer (EDX) at the Central Instrumentation Facility,
IISER Bhopal. The catalyst particles' high porosity, as seen by the FE-SEM, suggests a
large specific surface area. This increases the catalyst's activity since there are more active
sites accessible for catalytic reactions, which facilitates effective mass transport and
reactant molecule diffusion. To avoid sample charging, the oven-dried catalyst samples
were placed on carbon tape and coated with a thin layer of gold. High vacuum conditions
were maintained while the FE-SEM was operated at acceleration voltages between 5 and
20 kV. The EDX results were used qualitatively to identify the elemental composition of
the samples; quantitative analysis was not performed due to the semi-quantitative nature

of EDX under these conditions.
3.5 Instrumentation for thermal analysis

Thermogravimetric analysis (TGA) was performed to study the pyrolysis behavior of the
samples under non-isothermal conditions. The experiments were conducted in IISER
Bhopal using both a TGA 4000 (PerkinElmer) and a TA Instruments SDT Q600 analyzer
for cross-validation of results. Approximately 10 + 0.5 mg of each sample was placed in
ALOs crucibles and heated from ambient temperature up to 600 °C. The analysis was
conducted under a high-purity nitrogen atmosphere (99.999%) to ensure an inert
environment, with flow rates of 20 mL/min (PerkinElmer) and 100 mL/min (TA
Instruments), respectively. Heating rates of 10, 20, 30, and 40 °C/min were applied to
observe the effect of temperature ramp on thermal degradation. Baseline correction was

carried out using an empty reference pan under identical thermal conditions, and the
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instruments were calibrated for both temperature and weight using standard reference

materials to ensure data accuracy.

3.5.1 Instrumentation, control, and limitations

By monitoring mass changes as a function of temperature, thermogravimetric analysis
(TGA) is a vital method for determining the thermal stability, composition, and breakdown
kinetics of materials. The highly sensitive balance, the precise temperature-controlling
furnace, the temperature-measuring thermocouples, the gas flow system for maintaining
an inert atmosphere, and the data collection system for real-time monitoring and analysis
make up the TGA setup. Despite its efficiency, TGA has limitations, including the ability
to handle only small sample sizes, the major influence of heating rates on findings, and the
requirement for high-purity inert gases to prevent oxidation. Furthermore, data
interpretation might be complicated owing to overlapping thermal events, and establishing
homogeneous heating can be difficult. Long-term instrument drift, as well as possible
interactions between the sample and holder materials, make reliable observations difficult.
To address these constraints, precise control of experimental conditions and regular
calibration are required to achieve consistent findings.

3.5.2 Kinetic analysis

Using a different approach, the kinetic analysis of the thermal decomposition of biomass

waste
The reaction rate Z—‘: of the pyrolysis of biomass (RH) and plastic samples (LDPE and PET)

can be expressed as follows [11]

& = K(T) X F(a) 8]

_ wi—wt

[9]

wi—wf

Where A is a pre-exponential factor (s™). o is the reaction conversion, t is the time (min),

and k is the reaction rate constant (K™!),. Ea is the activation energy (kJ/mol), and R is the
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universal gas constant (8.314 J mol'.K'!), Wi is the starting weight of the sample used in

the experiment; T is the temperature in Kelvin.

W¢: is the sample's current weight in milligrams. W The remaining weight of the sample

after the experiment. For non-isothermal pyrolysis, the heating rate () can be defined

d . T
asf = —T, and the equation can be simplified as:
dt

B == dexp(—2) x F(a) [10]

Accurately obtaining kinetic parameters is required for the creation of a highly effective
kinetic model that can explain the pyrolysis procedure. Utilizing TGA data at various
heating rates, the activation energy can be determined using iso-conversional (model-free)
models like the KAS Equation (11), FWO Equation (12), Freidman Equation (13), Starink
Equation (14), and Tang Equation (15). These five models were included in this study since

they are some of the most widely used models.
3.5.3 Iso-conversional methods

The iso-conversional techniques are predicated on the notion that the degree of conversion
is constant and that the rate constant (k) for a reaction depends solely on temperature.
Methods for iso-conversion might be either differential or integral [12]. In this
research, five iso-conversational techniques, including the Friedman, Tang, Starink, FWO,
and KAS approaches, are used in this study to calculate the activation energy. All these

methods have been discussed below.
3.5.3.1 Kissinger Akahira Sunose model

S =

The value of kinetic parameters for each conversion is represented by the slope of the figure
In B /T?vs. 1/T [13].
3.5.3.2 Flynn Wall Ozawa model
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AE,

log(B) = log (s

The value of kinetic parameters for each conversion is represented by the slope of the linear
plot between log (B) and 1/T [14].
3.5.3.3 Starink model

B

) —2.315—0.457 % [12]
RT

Eq

log(715;) = constant —1.0008 — [13]

The value of kinetic parameters at each conversion is given by the slope of the graph
between

In B /T'?and 1/T [15].

3.5.3.4 Friedman method

The Friedman equation is represented as follows:

dx

n(Z)=Inf@)+ma—< [14]

The kinetic parameters can be calculated using this equation. A straight line carrying the
activation energy is produced by plotting the In(dx/dt) and 1/T curves [16].
3.5.3.5 Tang model

() = C; — 1.001450 = [15]

T1.894-661
The value of kinetic parameters at each conversion is given by the slope of the graph
between

[n( —zbrezy) and 1/T [17].

3.5.3.6 Thermodynamic parameter
The FWO method and KAS method were employed to estimate the thermodynamic triplets
like AH, AG, and AS using the relations below

AH = Ea-RT [16]

KT
AG=E+RTIn| —
(hAj [17]
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AH —AG
AS=| 22
= )

Here, K is the Boltzmann constant (1.381x10°%* J/K) and h represents Planck's constant
(6.626x1073* J-s).

3.6 Comprehensive pyrolysis index

The following comprehensive pyrolysis index (CPI) was used to quantify pyrolysis

performance:
CPI = [19]
Tl-><Tfp><AT1/2

The following parameters can be used to assess biomass and plastic waste pyrolysis

performance

T; —initial devolatilization time, T,- DTG maximum peak time, ATy, 2 - half-peak width
range, Mr — final weight loss, R. - Average decomposition rate, Rn- maximum

decomposition rate, CPI- comprehensive pyrolysis index.

3.7 Experiment Setup for pyrolysis and co-pyrolysis experiments

3.7.1 The experimental procedure for a tubular reactor

The tubular pyrolysis reactor was designed to ensure efficient and homogeneous heat
transfer for the thermal decomposition of biomass and plastic samples. The external
dimensions of the reactor are 100 cm in length and 34 cm in width, with the holding vessel
having a diameter of 14 cm. The internal chamber measures 41 cm in length and 30 cm in
width, with a holding capacity of up to 500 g of feedstock. A mesh sample container was
placed inside the reactor, constructed from a 1 mm-thick stainless-steel sheet welded into
a cylindrical pipe. The inner and outer diameters of the pipe are 6 cm and 7cm,
respectively, and the mesh height is maintained at 34 cm to store biomass and charcoal
both before and after pyrolysis. The reactor operates within an optimal temperature range

of 500-800 °C, with heating rates adjustable from 10 to 50 °C/min. A nitrogen gas flow
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rate of 50—200 mL/min. is supplied to maintain an inert atmosphere during the process. The
system’s temperature is precisely regulated using a PID temperature controller, which
modulates the power supply to the heating elements based on feedback from a centrally
placed K-type thermocouple. The setup allows for accurate control of temperatures from

ambient up to 800 °C, with a control precision of +1 °C.

Figure 3.4 Design and development of the experimental setup
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Figure 3.5 Real Image view of pyrolysis reactor for bio-oil production.
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Figure 3.6 Schematic diagram of batch-type pyrolysis reactor
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Figure 3.7 Schematic representation of the experimental arrangement for the pyrolysis of

waste materials, illustrating the different components involved.
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3.7.2 Experimental reactor for co-pyrolysis technique

The plastic waste (LDPE, HDPE) and biomass (RH) materials underwent thermochemical
conversion in a fabricated furnace that can operate up to 1100°C temperatures. The furnace
consists of a tube-shaped reactor, a proportional-integral-derivative (PID) controller based
on relays, a thermocouple, coil-type heating elements, and an insulator made of cerawool
to avoid heat loss. Additionally, to condense the gases, a cooling water circulator (Model-
R134a, Coal-Parmer) was connected to the sample collection system. The flow rate of N>
gas was 200 ml/min during the experiments. A second thermocouple was also inserted into
the SS-316 reactor (dimension: 20 cm length x 10 cm ID) to record the reactor's inside
temperature in real time. The complete setup for the pyrolysis of waste material is
illustrated in Fig. 3.9 A typical experiment involved feeding 200 grams of feedstock and
heating it to 500 °C at a heating rate of 10 °C per minute and holding it at that temperature
for another 50 minutes. Subsequently, we determined the pyrolysis process yield by
estimating the mass percentage of liquid product, gas product, and solid char product.
Further characterization of the liquid sample was conducted to evaluate the influence of
the feedstock composition.

Characterization of pyrolysis products

0, (%) ~o . 100% [20]
WF

C, (%) ~Te 100% [21]
WF

Gy (%) = 100% — (Oy + Cy)% [22]

Where the Oy, Cy, and Gy represent product yields (%) of pyro-oil (liquid product), solid-
char (residue product), and pyro-gas (gaseous products), respectively. Additionally, Wo,
Wc, and Wr represent the weight of pyro-oil (liquid product), solid-char (residue product),

and raw material feedstock in grams.
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3.7.3 Experimental reactor for catalytic pyrolysis technique

In a similar tabular reactor described in section 3.2, catalytic pyrolysis was also carried out
using a variety of samples, including plastic waste (HDPE and LDPE) with biomass (RH)
at 80:20. Two distinct catalysts were used, and the catalyst-to-feed ratio was found to be
1:20 during the catalytic pyrolysis process. A PID controller was installed in the reactor to
track the internal reaction temperature at 500 °C, which was ramping up to 10°C every
minute. Nitrogen gas was utilised in each experiment, provided in an inert environment at
a rate of 200 millilitres per minute. The reactor was filled with a catalyst and a
predetermined amount of feedstock (200 g) before the thermal cracking process began.
Measuring the products was the last stage in obtaining the yield, which was then stated as
a weight proportion of gas, liquid, and solid residue. Further study was performed on the
liquid product, often referred to as pyro-oil, to ascertain the makeup of the feedstock and

the effects of different catalysts.

3.8 Physio-chemical characterization of liquid sample
Physio-chemical characterization of bio-oil for the determination of different fuel
parameters. Produced bio-oil properties will be analyzed by the different ASTM methods

which are discussed below.
3.8.1 Density of bio-oil

The analysis will be conducted using an ASTM-D1217-based density meter. The relative
density can be measured with a 25 ml capacity relative density bottle. After the bottle has
been oven-dried, its initial weight should be noted. The bottle will then be filled with bio-
oil, and to make sure there are no air bubbles within, a capillary stopper will be carefully
fitted on the neck of the bottle. The combined weight of the oil and the relative density

bottle will be recorded. The density will be calculated using the following equation:
d=(W2-W1)/25 [23]

d = density of oil samples in g/ml
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Where W2 = Weight of the relative density bottle with liquid fuels gram (g) W1 = Weight
of the empty relative density bottle (in grams).

A thermometer will be inserted into the density bottle to measure the impact of temperature
on the density of bio-oil. The density of the liquid sample at the designated temperature
will next be determined by following the previously mentioned protocol. Measurements
were conducted in triplicate, and the average density value was reported along with the standard

deviation to reflect measurement reproducibility. The mass measurements were taken using a

calibrated analytical balance with an accuracy of £0.1 mg.

Figure 3.8 Pycnometer for density analysis of bio-oil

3.8.2Analysis of Flash and Fire Point of Bio-oil

Flash-point is a property of the fuel where flames ignite the vaporized fuel mixer with air and
continuously increased temperature repeat the ignition and becomes continuous burning of the fuel
is known as fire point of the fuel. The pyro-oil's flash and fire points were determined through the
utilization of Abel's Apparatus in a closed-cup setup, following the principle outlined in IP-170
(ISO 13736:2008). This testing technique is commonly applied to ascertain the flash point of
flammable liquid fuels temperature within the range of 70 °C to -30 °C.
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Figure 3.9 Real-view image of flash/fire point instrument
3.8.3 Analysis of Aniline point of bio-oil

Using an aniline point instrument, the U-tube method described in IP-2 was used to
determine the aniline point (AP) of the liquid fuel samples. To determine the number of

aromatics in bio-oil, utilize the aniline point method.

Figure 3.10 Image view of aniline point apparatus.

109



3.8.4 Analysis of Cloud and Pour Point of Bio-oil

The cloud point and pour point of the samples were ascertained using the ASTM D-2500
and ASTM D-97 protocols. The pour point is the lowest temperature at which oil will flow

under typical test settings.

Figure 3.11 Cloud and pour point instrument
3.8.5 The higher heating value of bio-oil

An automated bomb calorimeter can be used to analyze higher heating values (HHV). The
higher heating value (HHV), commonly referred to as the gross calorific value, is an
essential characteristic of solid, liquid, and gaseous fuels. It may be expressed in a number
of ways, including Kcal/Kg, Joules/gram, KJ/Kg, and MJ/Kg.

Procedure: The primary use of the bomb calorimeter is standardized by the combustion of
a fuel with a known calorific value, such as benzoic acid. The solid sample is oven-dried,
crushed, and converted into a powder form, then pelletized using a pelletizer. Within the
bomb calorimeter, a weighted sample weighing less than one gram is burnt in oxygen. The
heat value of the solid or liquid sample is taken into consideration when the weight and
heat value of the cotton thread and nichrome wire, which are measured beforehand, are
known. A gelatin capsule is utilized to hold liquid bio-oil while it is being measured. The
following expression is used to determine the sample's heating value, whether it is solid or

liquid: The following formula is used to determine the total amount of heat released:
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Total heat liberated = Water equivalent x Modified temperature rise of water

To determine the heat released by the solid fuel, the heat generated by the thread and
nichrome wire is deducted from the total heat radiated. The solid fuel's actual heat emitted

is then divided by its weight in kilograms to get its calorific value:

Figure 3.12 Bomb calorimeter for measuring calorific value.

3.8.6 Analysis of Carbon Residue of bio-oil

A Ramsbottom carbon residue instrument was used to analyze the propensity for
carbonaceous deposition, which is assessed as carbon residue (CR) in weight percent
(wt.%), following the ASTM D-524 technique. After weighing a known amount of the
sample in a crucible and subjecting it to destructive distillation, the carbon residue was
ascertained. Throughout a predetermined amount of severe heating, the residue goes
through thermal cracking and coking processes. The crucible containing the carbonaceous

residue is heated and then cooled in a desiccator until it is ready to weigh.
3.8.7 Analysis of Viscosity of Bio-oil

Viscosity will be measured by an ASTM D-445 method-based viscometer. Kinematics
viscosities will be determined at 25 °C to 60 °C temperatures using the standard technique

ASTM D445. A kinematic viscometer will be used for the measurement of the kinematics
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viscosity of the liquid sample. The kinematic viscosity of the pyro-oil sample was assessed
using the Cannon-Fenske apparatus (Model: Hamco 50-259) with a viscosity range of 0.8
— 4 ¢St by introducing an 8 ml liquid oil sample in it. The kinematic viscosity, measured
in centistokes (cSt). Before testing, the viscometer was cleaned and calibrated using certified
viscosity reference oils with known kinematic viscosity values traceable to national standards.
The calibration ensured that the instrument provided accurate flow times within the expected
viscosity range of the samples. Each measurement was conducted in triplicate to ensure

reproducibility, and the average value was reported along with the standard deviation.

Figure 3.13 Image view of the kinematic Viscometer

3.8.8 Analysis of pH measurement:

The pH of the bio-oil is a key parameter that indicates its acidic or basic nature. To assess
this, pH measurements were conducted using a digital pH meter (Model: pH Tutor, Eutech
Instruments). The pH meter was calibrated before use with standard buffer solutions of pH

4.00, 7.00, and 10.00 at room temperature to ensure accuracy across the full pH range.

During calibration and measurement, the electrode was thoroughly rinsed with distilled

water between each buffer and sample to prevent cross-contamination. Approximately 1—
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2 mL of the bio-oil sample was used for each measurement. All measurements were

performed in triplicate, and the average value was reported as the final pH of the bio-oil.

3.8.9 Analysis of API gravity

The °API, an estimate of liquid fuel density compared to water at 60°F (15.6 °C), was

determined using the following scientific method.

APl =222 1315  [24]

15.60C
Diesel Index = Aniline point (°F) x °API gravity.
In contrast, the cetane index (CI) of the liquid sample produced by pyrolyzing separate and
combined plastic waste with rice husk was determined using the formula Cetane Index =

0.72 x D.I. + 10. Additionally, the table provides comprehensive analytical methods for

the items' characterization.

Table 3.1: Physicochemical Characteristics of Pyro-Oil by Using Analytical Techniques

SI. No. Parameter Analytical Techniques Instrument's name
1. Pour and Cloud point ASTMD-2500, ASTM D- Pour and cloud point
97 apparatus

2. Fire and Flashpoint IP-170 Abel’s apparatus

3. Density (at 30 °C) ASTM D-1217 Bingham Pycnometer

4. Specific Gravity ASTM D-1298 Hydrometer

5. Kinematic viscosity ASTM D-445 Cannon-Fenske method

(40 °C)

6. Calorific value (CV) IP-12 Bomb calorimeter
Apparatus

7. Carbon residue (CR) ASTM D-524 Ramsbottom carbon residue
Instrument
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8. pH value direct measurement with PH Tutor (Eutech
calibrated pH meter Instrument)

3.9 Elemental Analysis of Liquid Sample

The oil samples were analysed with a CHNS analyser (Model: Elementar; Vario EL-
cube) to determine the composition of the original samples and the pyro-oil that was
produced by co-pyrolyzing of rice husk, plastic trash, and their combinations. The final
analysis gives a precise breakdown of the elements that make up bio-oil, including how
much carbon, hydrogen, nitrogen, and sulphur there are. Using the following formula,
deduct the total quantity of other components from the total amount to find the oxygen
content:

[Oxygen% = 100 - (Carbon content% + Hydrogen content% +Nitrogen content%+ Sulfur
content%]. The study follows the ASTM standard procedure D3176-74. The CHNS/O
analyzer is used to estimate these elements as a percentage.

3.10 Characterization of composition

The analysis of pyro-oil involved two techniques: gas chromatography (GC) & nuclear
magnetic resonance (NMR). For GC analysis, we utilized Agilent-7890A gas
chromatography with a 5975C MS (mass spectrometer) and a dual detector. This analysis
performed at material characterization instrument facility (CIF), IISER Bhopal, Madhya
Pradesh. The gas chromatography system had an HP-5 capillary column (30 meters long,
0.25 millimeters in diameter, and 0.25 micrometers in thickness). Helium served as the
carrier gas, and it was pumped at a rate of 1.1971 milliliters per minute at a pressure of
14.36 psi. The temperature schedule called for an initial 5-minute interval at 50°C,
followed by 5 minutes at 280°C and a progressive ascent from 50°C to 280°C at a rate of
5 °C per minute. The split ratio was one to 10. The analysis took fifty-six minutes to finish.
As previously indicated, a temperature of 300 °C was maintained for the detector. Electron
ionization (EI) was utilized to detect mass over the mass-to-charge ratio (m/z) range of 0

to 700 atomic mass units, with an ionization energy of 70 eV.
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3.10.2 NMR Analysis

The pyrolysis liquid products were subjected to 'H and '*C NMR analysis, which was
conducted using a Bruker NMR spectrometer (AVANCE-III 500 MHz FT). NMR analysis
performed at the Material Characterization Instrument Facility (CIF), IISER Bhopal,
Madhya Pradesh. For this analysis, samples were prepared using CDCls at a 1:20 ratio, and
the data were analyzed using MestreNova software to estimate the proportions of paraffin
content, olefin content, and aromatics content based on the proton and carbon atom
compositions within the liquid fuel. For the estimation of various hydrocarbons, the

correlations mentioned below have been utilized.

N, = 0.7216H, + 1.3323H,, — 0.1400H, + 10.692 [25]

N, = —0.4980H,, + 3.5374H, + 0.5267H,, + 6.9846 [26]

N, = —4.2327H, — 1.2499H, + 0.4106H, + 62.576 [27]
— Ha

D=4 [28]

Where N, indicates the aromatic content, N, indicates the olefin content, and N, signifies
the paraffin content in the fuel. While the variable ‘D’ signifies the degree of branching in
the hydrocarbons. Additionally, the aromatics content, olefins content, and paraffin content
(volume fraction) in the liquid fuels derived from plastic waste with rice husk and their
combinations at different ratios were also estimated. The detailed calculation for the
identification of hydrocarbon types can be found elsewhere.

3.10.3 FTIR investigation of liquid oil

Fourier Transform Infrared (FTIR) spectroscopy using a Perkin-Elmer instrument was
employed to analyze the functional groups present in the liquid pyro-oil samples. This test
was analysed at material characterization instrument facility (CIF), IISER Bhopal, Madhya
Pradesh. The analysis was conducted over the spectral range of 4000400 cm™ with a
resolution of 4 cm™. The samples were analyzed directly without any dilution or
preprocessing, as the Attenuated Total Reflectance (ATR) mode allows for direct scanning
of liquid samples. Each spectrum was obtained by averaging 42 scans to improve the
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signal-to-noise ratio. The pyro-oil samples were placed in the liquid cell window, and
spectral data were processed using Perkin-Elmer Spectrum software, which included
baseline correction and spectral normalization to ensure accurate peak identification and

comparison.

3.11 Distillation unit

Figure 3.14 Process of bio-oil filtration through the distillation unit.

Distillation of oil is a process vital to refining crude oil into its various components,
including pyro-oil. This method involves heating the crude oil in a distillation unit,
typically a tall column with multiple trays or plates. As the crude oil is heated, its various
components vaporize at different temperatures ranging from 100 to 300 °C. The sample of
crude oil is placed into the heating mantle, where it undergoes intense heating. As the
temperature rises, lighter hydrocarbons such as gases and gasoline vaporize first, rising the
column. These vapors then condense at different heights depending on their boiling points
and are collected separately. The heavier components, like pyro-oil, which have higher
boiling points, remain in liquid form at the bottom of the column. Through this process,
impurities are separated, and the desired components, including pure distilled oil like pyro-

oil, are obtained.
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Chapter - 4

Thermal parameters of Rice husk, plastic waste and Kinetics of

individual Feedstocks

4.1 Introduction

The use of alternative energy methods, including pyrolysis, gasification, fermentation, and
liquefaction, can help India overcome its energy issue by lowering its reliance on fossil
fuels. A sizable amount of the nation's energy needs might potentially come from biomass.
In addition to reducing greenhouse gas emissions, creating jobs, promoting rural
development, and protecting the environment, biomass-based energy production
techniques offer a sustainable energy source. Designing and refining a modern pyrolysis
reactor requires a deep understanding of the thermal behaviour and kinetic characteristics
of feedstocks, such as rice husk, low-density polyethylene, and polyethylene terephthalate.
To encourage the use of alternative energy sources in India, a comprehensive strategy

including the public, corporate sector, and government is required [1-2].

To effectively use this extra biomass and reduce dependency on fossil fuels, India is
focusing on exploiting it through a range of energy conversion techniques, such as
pyrolysis, gasification, fermentation, and liquefaction. Biomass may be used using these
methods to produce heat, power, and biofuel. Using rice husk as a feedstock for energy
generation is one of India's main priorities. Because of the vast amount of rice produced in
India, rice husk, a byproduct of rice manufacturing, is easily accessible there [3]. Rice husk
has a high energy content and may be pyrolysed to provide energy that is useful. Research
and development in biomass conversion technologies must be stepped up to further boost
the viability of using biomass as an alternative energy source in India [4]. Kinetic studies
on Solar hemp, an Indian fibrous plant-based product, utilizing different model-free
techniques revealed activation energies between 93.3 and 104.8 kJ/mol [5]. The activation

energies of the biochar gasification and pyrolysis processes on maize straw were 239.43,
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232.82 kJ/mol and 180.82, 180.42 kJ/mol, respectively [6]. By modelling the breakdown
of biomass using the reaction rate correlation and addressing it with several models for
variable heating rates and reaction temperatures, large-scale pyrolytic reactors can be
developed, and their optimal reactor process parameters may be determined [7]. One of the
most popular and useful methods for researching the kinetic and thermogravimetric
analysis (TGA) properties is to examine biomass pyrolysis [8]. TGA 1is used to
continuously measure the growth or loss of biomass mass as the reaction temperature rises.
Using TGA data for various heating rates, kinetic parameters are calculated [9].

The present work uses thermogravimetric analysis to perform a thermal and kinetic
examination of plastic trash (LDPE and PET) and rice husk. By examining the materials at
ambient to 6000C and with different heating rates, the goal is to learn more about the
pyrolysis conditions and thermal stability of the materials. The paper also explores thermal
decomposition kinetics to characterise the pyrolysis process and assesses several methods
for evaluating non-isothermal solid-state kinetic data. The activation energy of the samples
is determined using thermo-gravimetric analysis with five different methods such as
Friedman, Starink, Tang, Flynn-Wall-Ozawa, and Kissinger-Akahira-Sunose methods.
The research also compares the utility of the samples as an energy feedstock by comparing
the activation energy of rice husk and plastic waste. This research aims to provide better
clarity of the pyrolysis process and to identify the most efficient and effective methods for
converting these materials into clean energy. Furthermore, a detailed investigation was
conducted into the impact of thermodynamic parameters on the pyrolysis behaviour of RH,
LDPE, and PET, as well as the pyrolysis performance index. These factors included change
in enthalpy (AH), change in entropy (AS), and change in Gibbs free energy (AG)

fluctuation.
4.2 Physio-chemical characterization of feedstock’s

The proximate and elemental content of the chosen feedstock, rice husk (RH), and plastic
waste (LDPE, HDPE, and PET; Low-Density Polyethylene, High-Density Polyethylene,

and Polyethylene Terephthalate), as well as its mixes, are listed in Table 1.
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4.2.1 Proximate Analysis

The present samples had a notable moisture content of 0.6% in LDPE, 0.02% in PET, and
6.75 percent in RH. Less than 10% moisture content biomasses are typically preferred for
the pyrolysis process. The result indicated that RH represented low volatile matter (61.8
%) but PET and LDPE represented a high number of volatile matters 87.5 and 98 wt.%
because of high polymeric contents. High volatile matter content is advantageous for
thermal breakdown through pyrolysis because it is highly reactive, devolatizes easily, and
yields a significant amount of bio-oil. High organic content also favours the higher heating
value and good combustible properties as solid fuel. RH has a high ash level (16.8 weight
percent), however PET and LDPE have lower ash contents (1.8 and 0.1 weight percent).
By using elemental analysis, the carbon and hydrogen contents in RH, PET, and LDPE
were determined to be 35.84 weight percent, 6.14 weight percent, 63.02 weight percent,
7.92 weight percent, 71.71 weight percent, and 15.26 weight percent, respectively. PET
and LDPE were found suitable sources for the pyrolysis process due to their high bio-oil
yield and high heating value. The higher heating values observed in PET and LDPE were
18.05 and 21.2 MJ/Kg.

Table 4.1- Proximate Properties of RH, LDPE, HDPE, PET and its mixture.

Feedstocks Moisture (%) Volatile matter Ash content Fixed carbon

(%) (%) (%)

RH: LDPE (100:0) 6.75 61.8 16.8 14.65
RH: LDPE (0:100) 0.6 98 0.1 1.3
RH: LDPE (75:25) 34 71 13.6 11.2
RH: LDPE (25:75) 0.9 88 5.7 5.1
RH: LDPE (50:50) 2.7 80 11.3 5.5

RH: PET (0:100) 0.02 87.5 1.8 10.68
RH: PET (25:75) 1 70 12.3 13.7
RH: PET (75:25) 1.6 81.8 7.3 9.1
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RH: PET (50:50)

RH: HDPE (0:100)
RH: HDPE (20:80)
RH: HDPE (35:65)

RH: HDPE (50:50)

1.3

1.4
1.8
2.1

74.7
99
98.2
96.7
95.2

9.6
0.7
0.2
0.4
1.0

12.9
0.3
0.2
1.1

1.7

4.2.2 Ultimate analysis

The CHNS analyser will be used to investigate this test and assess the samples' carbon,
hydrogen, nitrogen, and sulphur levels. This research will determine the elemental purity
of the samples. The "Dumas method," which involves "flash combustion," or the total and
instantaneous oxidation of the material, is how the analyser worked. The organic molecules
C, H, N, O, and S were found by the thermal conductivity detector after the combustion

products were separated using a chromatographic column. An output signal that was

proportionate to each component's concentration in the combination was the end result.

Table 4.2 Elemental analysis of all the raw samples -

Feedstocks Carbon Nitrogen Oxygen Hydrogen Sulfur
(“o0) (“0) (%) (%) (“e)
RH: LDPE (100:0) 35.84 0.44 57.57 6.14 0
RH: LDPE (0:100) 71.71 0.09 12.03 15.26 0.92
LDPE: RH (50:50) 47.2 0.29 46.83 10.68 0
LDPE: RH (25:75) 44.71 0.37 45.84 8.77 0.32
LDPE: RH (75:25) 56.78 0.2 29.62 12.16 1.23
PET: RH (100:0) 63.02 0.09 31.97 4.92 0
PET: RH (50:50) 52.54 0.27 35.74 10.43 1.02
PET: RH (25:75) 38.21 0.47 56.55 5.78 0
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PET: RH (75:25) 57.43 0.04 50.07 0.46 0
HDPE: RH (100:0) 81.71 0 3.03 15.26 0
HDPE: RH (50:50) 50.3 0.27 39.4 10.4 0
HDPE: RH (80:20) 75.24 0.11 11.45 13.4 0
HDPE: RH (65:35) 64.3 0.19 24.72 11.6 0

4.2.3 Higher heating value

The automated bomb calorimeter will be used to calculate the greater heating value. A
greater heating value will indicate the solid fuel's heat quality. It will analyse the heating
value in KJ/Kg. Greater heating value (HHV) is a crucial factor in the planning and
execution of energy systems powered by biomass. The automated adiabatic bomb

calorimeter was used to calculate the calorific value (CV).

Table 4.3 Experimental and theoretical Heating values of all the samples

Sample HHV(MJ/KG) HHV HHV(CHANNIWALA) LHV

(EXP) (DULONGS) (MJ/KG) MJ/kg)

(MJ/KG)

RI({foLoI:?)l))E 14.81 13.59 o2 13.46
RI({0::1L(5)1))E 212 2034 200 17.85
Ll(jslaol?é(%H 17.34 16.71 16.33 14.99
Ll(jzpsl?;gH 16.91 17.54 16.92 14.98
L]()7PSE25I§H 20.63 21.54 19.48 17.96
P(Elg(:)%)H 20.75 22.65 A0 19.67
P(Esg::5%§1 16.76 16.48 16.53 14.47
P(g:%)H 15.72 14.72 15.66 14.45
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PET: RH

(75:25) 17.64 18.34 17.91 17.54
RI({()::?(KE 30.2 29.7 292 26.85
RI({2:0}:I§)§E 28.5 29.1 28.4 26.22
SGseh 253 » or 2295
RI({5:0}:151?)§)E 23.1 23.7 5 20.16

4.3 Thermal Analysis by TGA and DTG Method

The RH, LDPE, HDPE, and PET degradation processes for all three samples are shown in
the data. But at this moment, the baseline weight of each sample had only been lowered by
0.2% to 5.40%. The weight loss during the second stage of the volatile area degradation
process, which takes place at higher temperatures between 200 and 500°C, ranges from
43% to 82%. The third stage, which happens at temperatures between 500 and 600°C,
results in weight loss between 1 and 10% at the conclusion of the thermal process. The
following tables (4.4, 4.5, 4.6, and 4.7) for RH, LDPE, PET, and HDPE describe thermal

characterization.

Table 4.4 Thermal stages of rice husk (RH) in TGA analysis.

First level Second level Third level
B Start End Weight Start End Weight Start End Weight
Loss (%)
(°C min'!) Loss (%) Loss (%)
10 30.2 91.2 4 243.7 383.3 48 402 793 14
20 31.8 92.1 5.5 248 385 45 393 604 10
30 30.15 99 5 266 397 44 401 592 9.4
40 30.19 105 3.7 273 402 43 415 600 8

Start is the temperature at which the specified breakdown process begins. End describes the temperature at
which the specified breakdown stage comes to an end.
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Table 4.5 Thermal stages of low-density polyethylene (LDPE) in TGA analysis

First level Second level Third level

B Start End Weight Start End Weight Start End Weight

(°C min") Loss (%) Loss (%) Loss
(%)

10 30.8 100 0.2 412 493 82.4 510 796 2.3
20 31.7 82.8 0.6 437 503 53 513 605 1.3
30 31.7 108 1 439 515 54 521 600 1.1
40 31.7 130 1.2 431 522 65 529 601 1

The temperature at which the specified breakdown process begins is referred to as "start." End is a term used
to describe the temperature at which a certain decomposition stage ends.

Table 4.6 Thermal stages of polyethylene terephthalate (PET) in TGA analysis.

First level Second level Third level
B Start End Weight Start End Weight Start End Weight
(°C min™") Loss (%) Loss (%) Loss (%)
10 30.1 97 1 390 467 80.2 491 798 3.5
20 30.2 91.3 0.2 438 506 63 513 597 1.5
30 30.4 99 0.4 414 486 78.1 492 606 3
40 30.12 97 0.3 418 493 81.8 507 599 2.6

Start refers to the temperature at the start of the stated decomposition process. End refers to the temperature
at the end of the stated decomposition stage

Table 4.7 Thermal stages of High-density polyethylene (HDPE) in TGA analysis.

First level Second level Third level
B Start End Weight Start End Weight Start End Weight
(°C min‘") Loss (%) Loss (%) Loss (%)
10 31.1 99 0.3 398 460 82.2 500 608 2.5
20 31.5 95.3 0.4 420 506 72.1 530 597 1.3
30 31.7 100 0.3 434 497 80.1 504 606 2,8
40 31.6 102 0.2 440 513 78.8 510 599 2.2

Start refers to the temperature at the start of the stated decomposition process. End refers to the temperature
at the end of the stated decomposition stage

4.3.1 Weight loss analysis of feedstocks

The DTG curve's first and second absorption peaks corresponded to the weight loss peaks
of the hemicellulose and cellulose decompositions. Figure 4.1 (a-f) displays the

temperature-dependent DTG analysis of RH, LDPE, and PET at four distinct heating
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speeds (10, 20, 30, and 40 °C/min). At lower temperatures, the rate of mass loss is quite
modest; nevertheless, it increases during the second stage of the process. Due to char
production at 500 °C, the mass loss rate is once again modest. The DTG peaks are visible
in the RH sample at 356, 369,376 and 381°C at heating rates of 10, 20, 30 and 40 °C/min
in the second stage of degradation and LDPE at temperature peak at 480, 492,498 and 505
°C and polyethylene terephthalate at a peak temperature of 440, 454, 466 and 469°C
respectively. The DTG peak's location and size are influenced by the pace of heating.
Degradation requires a higher temperature, as fig. 4.1 (a—f) illustrates. A greater heating
rate leads the peak to move towards a higher temperature because the reaction time is
shorter [19]. The TGA and DTG curves of common biomasses as sawdust, seaweed,
almond fruit, and garlic husk have been seen to exhibit comparable observational
tendencies [20, 21]. Peak decomposition temperatures are 307°C, 314.54°C, 320.81°C, and
330.86°C for the heating rates of 5°C, 10°C, 15°C, and 20°C/min, respectively. The
breakdown processes of RH, LDPE, and PET appear to follow a multi-step kinetic reaction
mechanism with several inflection points, according to the TG and DTG graphs. Raising
the heating rate did not appear to have any influence on the mass and loss quantities or the
form of DTG profiles, based on the little increase in peak temperatures [20]. This increase
in maximum decomposition temperature with increasing heating rate might be attributable
to increased heat transport constraints. A high heating rate indicates that the biomass is
heated unevenly across its volume due to the short period it is maintained at a given
temperature. As a result, higher heating rates and a higher temperature are needed to

complete the degradation of the same amount of biomass [22].
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Figure 4.1 (a) TGA and (b) DTG graph of Rice husk at 10, 20, 30 and 40°C/min.(c) TGA

and (d) DTG graph of LDPE at 10, 20, 30 and 40°C/min. (e¢) TGA and (f) DTG graph of
PET at 10, 20, 30 and 40°C/min

4.4 Kinetic analysis

The kinetics analysis used to determine activation energy is shown in Figs. 4.2, 4.3, and
4.5 below. The thermal behaviour of RH, LDPE, and PET was investigated kinetically
using iso-conversional techniques. The Flynn wall Ozawa, Kissinger Akahira Sunose,
Friedman, Starink, and Tang iso-conversional models were used to analyse the TGA data
at different heating rates between 10 and 40 °C/min. These methods were applied to
examine the effects of different kinetic variables on the variation in activation energy
levels. Equations (7), (8), (9) (10) and (11) were used to calculate the slopes of the plots
against (1/T, weight loss) to get the kinetic parameter in the conversion range of 0.2 to 0.8.
Tables 4.8, 4.9, and 4.10 provide the activation energy values for each conversion level as

well as the associated average values for each of the five models [11].
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Figure 4.2 Kinetics graph of RH with 5 different methods
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Figure 4.3 Kinetics graph of LDPE with 5 different methods
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Figure 4.4 Kinetics graph of PET with 5 different methods
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Table 4.8 Thermal degradation kinetics analysis of RH using iso-conversional methods

Differential method Integral method
Conversion FWO Friedman KAS Starink Tang
E, R2 E, R2 E, RrR2 E, RrR2 E, R2
(kJ mol") (kJ mol- (kJ mol (kJ mol -l
1) I) I) (Kj mol )
0.1 106 0.99 118 0.99 116 0.99 107 0.98 119 0.99
0.2 118 0.99 119 0.99 117 0.99 110 0.99 113 0.99
0.3 113 0.99 122 0.98 121 0.99 112 0.99 118 0.99
0.4 112 0.99 124 0.99 112 0.99 110 0.99 119 0.99
0.5 117 0.99 127 0.99 118 0.99 108 0.98 118 0.99
0.6 111 0.99 130 0.97 117 0.97 107 0.99 119 0.99
0.7 108 0.99 131 0.98 110 0.98 108 0.99 117 0.99
0.8 119 0.99 133 0.98 122 0.98 119 0.96 113 0.99
Average 113 0.98 123 0.98 120 0.98 117 0.97 121 0.99

Table 4.9 Thermal degradation kinetics analysis of low-density polyethylene using iso-
conversional methods.

Differential method Integral method
Conversion FWO Friedman KAS Starink Tang
Eq R2 Eq R2 Eq R2 Eq R2 E. R2
(kJ mol” (kJ mol” (kJ mol” (kJ mol (kJ
D D D D mol™)
0.1 102 0.99 103 0.99 106 0.99 104 0.98 109  0.99
0.2 110 0.99 105 0.99 108 0.99 103 0.99 103 0.99
0.3 112 0.99 106 0.98 105 0.99 110 0.99 106 0.99
0.4 110 0.99 104 0.99 104 0.99 105 0.99 107 0.99
0.5 108 0.99 101 0.99 107 0.99 106 0.98 108  0.99
0.6 107 0.99 105 0.97 101 0.97 107 0.99 104 0.99
0.7 114 0.99 110 0.98 108 0.98 108 0.99 109  0.99
80.8 113 0.99 103 0.98 101 0.98 109 0.96 107 0.99
Average 109 0.98 103 098 05 0.99 106 0.97 101 0.98
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Table 4.10 Thermal degradation kinetics analysis of polyethylene terephthalate using iso-
conversional methods.

Differential method Integral method
Conversion FWO Friedman KAS Starink Tang
E, R2 E, R2 E, R2 E, R2 E, R?
(kJ mol") (kJ mol ) (kJ mol ™) (kJ mol™) (kJ mol
1
)
0.1 115 0.99 108 0.99 119 0.99 119 0.99 117 0.99
0.2 117 0.99 103 0.99 120 0.99 117 0.99 113 0.99
0.3 112 0.99 102 0.99 123 0.99 110 0.99 114 0.99
0.4 111 0.99 101 0.99 116 0.99 112 0.99 117 0.99
0.5 115 0.99 105 0.99 117 0.99 114 0.99 116  0.99
0.6 117 0.99 110 0.97 118 0.97 116 0.99 119  0.99
0.7 102 0.99 109 0.98 110 0.98 118 0.99 119  0.99
0.8 100 0.99 108 0.98 119 0.98 110 0.99 115  0.99
Average 111 0.98 105 0.98 117 0.98 114 0.99 115 0.98

A detailed explanation of Tables 4.8, 4.9, and 4.10 and Figures 4.2,4.3, and 4.4 shows that
activation energy values are obtained using both differential and integral-based methods.
In addition to differential-based approaches like the Friedman method and the FWO
(Flynn-Wall-Ozawa) method, this inquiry employed integral-based techniques, including
the KAS (Kissinger-Akahira-Sunose), Starink, and Tang methods. The average activation
energy values of polyethylene terephthalate, low-density polyethylene, and rice husk were
determined using the FWO approach. The results showed that the values were, in order,
113 kJ/mol, 109 kJ/mol, and 111 kJ/mol. These findings suggest that because LDPE and
PET require less activation energy during the pyrolysis process, they are better choices as
feedstock. The Friedman technique was also used to compute the activation energy values,
which came out to be 123 kJ/mol, 103 kJ/mol, and 105 kJ/mol, respectively. 120 kJ/mol,
105 kJ/mol, and 117 kJ/mol were the results of the KAS technique; 117 kJ/mol, 106 kJ/mol,
and 114 kJ/mol were the results of the Starink method. The activation energy values of 121
kJ/mol, 101 kJ/mol, and 115 kJ/mol were obtained using the Tang technique. These
findings offer a thorough comprehension of the kinetic characteristics and thermal
behaviour of RH, LDPE, and PET during pyrolysis.

Furthermore, it can be inferred that by comparing the results obtained from different

methods, a more accurate and reliable conclusion can be drawn about the suitability of
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these materials as feedstocks for pyrolysis. These results indicate that LDPE and PET are
more suitable as feedstock for the pyrolysis process as they have a lower activation energy
requirement. When conversions with Ea values between 0.1 and 0.3 show a noticeable rise,
the primary pyrolysis process begins. Ea values in the range of 0.3 to 0.8, on the other hand,
indicate that the reaction has progressed to the charring stage, which is distinguished by
similarly high Ea values. A detailed discussion has also been added in the table on how the
activation energy (Ea) varies with the degree of conversion (o). The response mechanism
is consistent across all conversion processes, as indicated by the best-fitting curves in Figs.
4.2, 4.3, and 4.4 for conversions between 0.2 and 0.8. The apparent activation energy
values gradually increase as the conversion ratio increases, indicating that the apparent
activation energy is dependent on both temperature and conversion ratio [23]. The lower
Ea observed for LDPE and PET reflects their lower thermal stability and faster degradation
kinetics, which contributes to higher liquid yields and enhanced hydrocarbon selectivity
during co-pyrolysis. In contrast, the higher Ea of rice husk correlates with slower
devolatilization and greater char formation due to its lignocellulosic composition. These
kinetic differences also impact reactor design considerations, such as heating rate
requirements and residence time optimization.

4.5 Error calculation

Standard error (SE) for different methods applied can be calculated using the following
equation:

Standard error (SE) = Standard deviation (SD)/ Vn

Where,

- _ /1 n
Standard deviation (SD) =V- — > o X — X)?

where X is the mean value of total inputs, n is the number of methods/ observation.
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Table 4.11: Mean activation energy (Ea), standard deviation (SD), and standard error (SE)
calculated for different kinetic methods applied in the analysis of thermal degradation. The
standard error quantifies the variability of the mean activation energy estimate, based on
eight conversion points (o = 0.1-0.8).

Method Mean Ea (kJ/mol) SD SE
FWO 113 4.33 1.53
Friedman 123 5.1 1.8
KAS 120 4.2 1.48
Starink 117 4.15 1.47
Tang 121 2.54 0.9

Through Table 4.11 the standard deviation (SD) of activation energy provides insight into
the consistency and reliability of a kinetic method across varying conversion levels. Among
the methods evaluated, the Tang method exhibited the lowest standard deviation (2.54
kJ/mol), indicating a high level of consistency in the activation energy values across the
conversion range (o = 0.1 to 0.8). In contrast, the Friedman method showed the highest SD
(5.10 kJ/mol), suggesting more variability and potentially less robustness in capturing
uniform kinetic behavior. A lower SD reflects greater stability and reliability of the method,
making the Tang method more suitable for kinetic studies where consistent activation
energy is critical. Therefore, based on statistical variation, the Tang method appears to offer

a more accurate and reproducible estimation of activation energy in this study.
4.6 Pyrolysis Performance Index (CPI)

The comprehensive pyrolysis index (CPI) improved significantly with increasing heating
rate; it was found that increasing heating rate is favorable for pyrolysis, it is given below
in Table 4.11. The entire volatile release index (CPI) of RH, LDPE, and PET at 600 °C in
Nz atmospheres was 0.4 to 4.5 and 2.02 to 8.5 and 1.6 to 7.5 times that of the reactions in

the whole process, respectively. In other words, it was more conducive to the pyrolysis of
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all the samples at 600 °C. R, (Average decomposition rate), Rm (maximum decomposition

rate) and CPI values all significantly increased, indicating that the high heating rate

improves pyrolysis performance. The CPI index is calculated by using equation [20]. CPI

of RH, PET and LDPE has been discussed below in Table 4.12.

Table 4.12 CPI analysis of three different samples at four different heating rates.

Sample J Ti Tp Ra Rm ATy CPI
RH 10 215.2 356.2 -1.12 -8.10 87.3 0.4
20 272.9 369.4 -2.16 -15.3 81.7 1.5
30 279.5 376.2 -3.19 -22.3 75.7 34
40 292.6 381.5 -4.29 -28.08 78.9 4.5
PET 10 383.5 440.29 -1.48 20.5 375 1.6
20 405.5 454.04 -2.91 -41.09 38.2 2.4
30 4123 466.17 -4.26 -63.7 37.2 5.5
40 424.8 469.59 -5.66 -84.7 38.11 7.5
LDPE 10 414.02 480.7 -1.518 2632 38.2 2.02
20 431.5 492.7 -2.120 -27.7 51.8 3.61
30 439.1 498.01 -3.067 -46.07 48.02 5.1
40 448.7 505.2 -4.203 -64.9 45.9 8.5

4.7 Analysis of Thermodynamic Parameters

The thermodynamic parameters and their interaction may be a good way to characterize

different stages of biomass breakdown. For each model-free iso-conversional strategy, the

thermodynamic parameters were obtained using the equations presented in Chapter 3.
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For each model, the variance of the change in the values of enthalpy (AH) and Gibbs free
energy (AG) has been computed. In a chemical process, the change in enthalpy (AH)
represents the energy difference between the reactants and products. It also shows if the
process is endothermic or exothermic. The activation energy and the change in enthalpy in
this study have a relatively modest energy difference (~ 5 kJ/mol), which indicates that the
chemical reaction is happening quickly. The modest discrepancy between activation energy
(Ea) and enthalpy (H), which suggests that the products may be synthesized with minimal
additional energy, facilitates the synthesis of activated complexes [24]. The highest amount
of work is found using the change in Gibbs free energy (G) of any system at a given
temperature and pressure. The amount of energy that a biomass sample may produce is
shown by a thermodynamic "state function" [25]. Table 9, given below, illustrates the

frequency factor and thermodynamic triplets of the selected samples.

A closed analysis of parameters which was given in Table 4.13, it indicated that a change
in entropy (A S) value indicates that the material has crossed the energy barrier and is
approaching equilibrium. The material is less reactive in this state, and product formation
takes a long time. Conversely, a high (S) value denotes a fast-reacting substance that yields
a product faster [26]. It is shown that the breakdown process tends to become more chaotic
when AS tends to take on positive values. Most of this can be attributed to the
devolatilization phase, which requires progressively more energy input until all volatiles
separate from the solid. The reaction experiences reduced resistance because of lower
degrees of disorderliness, as evidenced by the negative AS values at lower conversions,
which are in keeping with earlier findings [27]. The minimum entropy indicated less
disorder during the reaction. The results for distinct thermodynamic parameters that were
calculated using five different iso-conversional model-free approaches were very similar,
which supports the validity of the thermodynamic study and the findings. These data and
results, which relate modifications in thermodynamic parameters to many stages of the
breakdown process, allow a detailed investigation of the pyrolysis reaction. The DTG

analysis of the thermodynamics characterization is shown in Table 4.12 below.
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Table 4.13 Thermodynamic parameters of all three samples with five different methods.

Methods
The conversion used during the analysis was from 0.1 to 0.8
RICE LDPE PET
A AH  AG AS A AH AG AS A AH AG  AS
KAS 37E+15 114 130 0.062 3.6E+1 100 11  -0.038 26E+8 111 126  -0.052
1 6
FWO 29E+17 107 124 -0066  1.7E+I 103 11 0047 28E+1 105 116  -0.049
0 9 0
FRIED-  5.5E+16 118 137 0.074 12B+1 98 11 -0.040 27B+1 100 118  -0.055
MAN 6 7 1
STARIN  7.6E+15 111 129 20.070  1.5E+1 101 11  -0.042 25E+1 98 114 -0.065
K 9 5 0
TANG 6.4E+15 115 135 -0.078  24E+1 95 10 -0050 2.1E+9 109 126  -0.057
3 5

AH-kJ/mol; AG-kJ/mol; AS-kJ/mol K.
4.8 Conclusions

This study provides valuable insights into the thermal breakdown characteristics of various
wastes at different heating rates by utilizing both differential and integral techniques to
quantify the kinetic parameters, such as activation energy and pre-exponential factor. For
RH, LDPE, and PET, the average activation energy values were determined using the five
different methods. The resulting ranges of values were, in order, 113-123 kJ/mol, 101-109
kJ/mol, and 105-117 kJ/mol. In light of their lower activation energy consumption, our
findings indicate that PET and LDPE provide superior feedstock options for the pyrolysis
process. The ranges of 99.4—113 kJ/mol, 105-131 kJ/mol, and -0.043—0.07 are reported
for the average value of thermodynamic triplets, AH, AG, and AS, respectively. This
suggests that the reaction is non-spontaneous and endothermic. Additionally, the
parameters of thermodynamic parameters and pyrolysis performance index of all three
samples were thoroughly analysed by kinetics. This kinetic analysis of all materials used

in this work is significant and helpful for designing a contemporary pyrolysis reactor.
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CHAPTER -5

Thermogravimetric Analysis of Rice Husk and Low-Density

Polyethylene Co-Pyrolysis: Kinetic and Thermodynamic Parameters
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5.1 Introduction

Fossil fuels are employed as a source of energy these days, and due to their dependency on

several economic sectors and urbanisation, they now hold a dominant position in the global
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energy market [1]. To overcome these issues, researchers from all around the world are
creating new renewable resources that will be used as energy fuels [2]. Biomass is a
renewable energy source that is both safe and good for the environment [3, 4].

The use of biomass sources as an energy source is the main objective of this effort. Because
of the significant yearly production rate of rice husk in Punjab and Haryana, which comes
from rice mills in metric tons, rice husk has been selected for this study. The bulk is
incinerated or landfilled, with a tiny amount going towards animal feed. We also use plastic
waste as a way to lower the environmental carbon footprint. They may be more important
in our daily lives than other conventional materials like plastics and biomass (agricultural
waste), and their affordability, versatility, and low cost of production make their increasing
use acceptable [5]. Since plastic is non-biodegradable and burning it in the open is bad for
the environment and people, and illegal plastic dumping concerns the ecosystem. However,
in a controlled heating environment, researchers used a thermogravimetric analysis in an
inert atmosphere to explore the co-pyrolysis characteristics of blending rice husk with
LDPE to learn more about the interactions between the two. Numerous writers have
investigated plastic pyrolysis and demonstrated how the technology might be used to try to
address plastic waste [6]. The several pyrolysis process types, reactor designs, and
operating parameters that impact product quality were all covered in detail by Zamanet al.
2017 [7]. The IAE annual report (2006) covers the larger process of decomposition product
creation from agricultural biomass [8]. Thermogravimetric measurements indicate that
biomass starts to disintegrate at lower temperatures [9]. However, depending on the kind
of plastic, items created with it decompose between 400 and 500°C [10]. In the last several
years, thermal gravimetric analysis has been widely employed to control the temperature
and time-dependent weight loss in the sample as well as to investigate the thermal

outcomes and kinetics related to the breakdown of carbon-based materials.

A thorough grasp of thermogravimetric analysis and de-volatilization kinetics will make
planning, building, and managing industrial pyrolysis systems easier [11,12]. One of the
easiest methods for assessing the kinetics and thermal breakdowns of the pyrolysis process

for solid raw natural resources like plastic and biomass is a thermo-gravimetric
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examination [13,14]. Many researchers have investigated the kinetics of pyrolysis
processes by calculating certain mass degradation slopes using the Arrhenius equation
[15,16]. For analysis and comparison, a thorough investigation of the co-pyrolysis process
and the kinetic behaviour of biomass and plastic waste under the same experimental
circumstances is therefore essential. an extremely effective technique for examining the
dynamics and pyrolytic characteristics of plastics-biomass utilising thermogravimetric
(TG) measurement. To properly build and run thermochemical conversion units, one needs
to have a solid understanding of the chemistry, pyrolytic characteristics, and kinetics of the
basic pyrolysis process [17]. Co-pyrolyzing solid waste with plastic garbage has the
potential to improve the quality of the final product [18]. In plastic trash, the H/C ratio is
high while the O/C ratio is relatively low. Because co-pyrolysis does not need waste
separation, it can ease the co-pyrolysis of solid biomass, which by nature has a high O/C
ratio and a low H/C ratio, improving product quality and uniformity and minimizing coke
deposition from the pyrolysis of plastic waste [19]. The heating value of oil is greatly
increased when LDPE and biomass pyrolysis are combined. The combined pyrolysis of
biomass (sugarcane bagasse) and plastic waste resulted in significant HHV (around 40
MIJ/Kg) by reducing the quantity of oxygenated molecules. In order to promote liquid
formation during co-pyrolysis, low-density polyethylene can act as an H-donor medium
[20]. In order to predict the pyrolysis behaviour of a material, design an appropriate reactor,
and numerically simulate the reactor for process optimization, it is frequently required to
comprehend the pyrolysis kinetics of the primary thermal breakdown process. Process
parameters, mass and heat transfer limitations, sample physical and chemical properties,
systematic errors, and other variables can all have an impact on the kinetic parameters [21].
The features of co-pyrolysis can be ascertained by kinetic research and thermogravimetric
examination. Numerous kinetic models may be used to calculate the kinetic parameters.
Burra and Gupta (2018) used the distributed activation energy model (DAEM) to find
synergy in the co-pyrolysis of PP and PET with biomass [22]. Oyedun et al. 2018 [9]
investigated the co-pyrolysis kinetics of polymers and their blends with biomass. This

study demonstrates that the E. values in the first and second breakdown phases increase
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and decrease, respectively, based on the number of plastics in the mixture. Researchers
have also used various conversion methods, like the FWO technique and the KAS strategy
to forecast the kinetic variables associated with the pyrolysis process [23,24]. To ascertain
the distribution of activation energy across the reaction/process, iso-conversational
approaches make use of thermal degradation data at various temperatures. Huang evaluated
the heat degradation of soybean straw under non-isothermal circumstances using a
thermogravimetric analyzer [25]. The kinetic parameters were investigated using three
different methodologies: OFW, KAS, and CR. The average Ea was determined to be
154.15 kJ mol-1 using the FWO and KAS procedures [26]. Sugarcane bagasse (SB)
physicochemical characteristics and pyrolysis kinetics were investigated in a TGA by
Varma and Mondal (2016) using the KAS and FWO systems. The average Ea of SB was
reported to be 91.64 and 104.43 kJ mol™!. The kinetic parameters at active heating rates of
Prosopis Juli flora fuel wood were studied by Chandrasekaran through thermogravimetric
analysis. Several techniques were used to compute the energy needed to activate the
pyrolysis, including the Friedman, OFW, Kissinger, and KAS models. The findings
revealed that the activation energies were 164.6, 203.2, 204, and 219.3 kJ mol™, in that
order [27]. The intricacy of thermal deterioration at different conversion phases can be
explained by a variable activation energy. Despite several studies on biomass kinetics, no
effort has been made to determine the kinetics of the co-pyrolysis reaction between LDPE
and RH feedstocks to produce useful chemicals and green fuels. Understanding the thermal
deterioration and physicochemical properties of RH and LDPE blends was the primary
goal of this investigation. The current work employed a thermo-gravimetric analyser to
evaluate the physicochemical composition and kinetic properties of a combination of

LDPE and RH in an inert environment. Figure 1 shows the entire process.
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Fig. 5.1 Process flowchart of rice husk and LDPE co-pyrolysis.

The feasibility and benefits of combining LDPE with RH are examined in this study as
presented in Figure 5.1. After the kinetics parameters were determined by fitting the TGA
data at various heating rates, the kinetic parameter (E) was found using two separate
techniques: the KAS and FWO methods. To examine whether these samples are suitable
as energy feedstock, their activation energy is compared to samples of blended feedstock.
Moreover, an extensive investigation was conducted to determine the thermodynamic
parameters of blended samples, including variations in enthalpy (AH), entropy (AS), and
Gibbs free energy (AG), and how these changes affected the samples' pyrolysis behavior.
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5.2 Thermal analysis of the sample

Tables 5.1,5.2 and 5.3 provide information on the weight loss process in three stages of the

blended samples RH: LDPE (50:50), RH: LDPE (75:25), and RH: LDPE (25:75) and the

amount of weight loss that started initially and increased due to the water content of the

biomass components in the mix. Nonetheless, only 1.42% to 4.40% of the sample's initial

weight was lost during this initial phase as presented in Fig. 5.2 (a-c). The range

temperature 200 to 500°C is the maximum weight loss that the mixture can experience

during the 2nd stage of the volatile region degradation process, which occurs when the

temperature is higher by 50% to 70%. In the last stage, only 4 to 5% weight loss occurs

because of adding LDPE, so the ash content will be low.
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Figure. 5.2. Thermal analysis of all three graphs (a) LDPE: RH (50:50) (b)LDPE: RH
(25:75), (c) LDPE: RH (75:25).

Table 5.1. Thermal process in different temperature ranges of LDPE: RH (50:50)

First phase Second phase Third phase
Heating  Initial Final Lossin Initial  Final = Lossin Initial Final Loss in
rate weight weight weight
(°C/min)  temp  temp (%) temp temp (%) temp temp (%)
10 302 1113 3.2 271 497 70 499 598 3.11
20 30.8 192 3.0 254 503 56.2 514 600 2.3
30 30.15 210 2.8 261 520 55.4 527 600 1.8
40 31.8 232 2.1 266 522 54.2 525 600 1.53

The start is the initial temperature of a decomposition process that has been indicated. The end is used to describe the final
temperature of a decomposition phase.
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Table 5.2 Thermal process in different temperature ranges of LDPE: RH (25:75)

First phase Second phase Third phase
Heating Initial Final Lossin Initial Final Loss in Initial Final Loss in
rate weight weight weight
(°C/min)  temp temp (%) temp temp (%) temp temp (%)
10 30.2 96 3.7 256 500 70 502 599 4
20 31.8 104 3.2 249 510 77 510 600 3.1
30 30.15 107 2.8 266 530 75 530 606 2.4
40 30.19 111 2.1 273 560 76 560 600 2.3

The start is the initial temperature of a decomposition process that has been indicated. The end is used to describe the final temperature of a
decomposition phase.

Table 5.3 Thermal process in different temperature ranges of LDPE: RH (75:25)

First phase Second phase Third phase
Heating  Initial Final Lossin Initial  Final = Lossin Initial Final Loss in
rate weight weight weight
(°C/min) temp  temp (%) temp temp (%) temp temp (%)
10 30.2 91.2 2.1 243 483 56 483 599 4
20 31.8 92.1 1.8 248 485 60 485 598 33
30 30.15 99 1.5 266 497 62 497 599 3.1
40 30.19 105 1.2 273 472 68 472 600 2.3

The start is the initial temperature of a decomposition process that has been indicated. The end is used to describe the final
temperature of a decomposition phase.

5.3 Kinetic analysis

When co-pyrolyzing plastic and solid biomass, TGA is a commonly employed method to
study reaction kinetics and synergistic effects. Understanding how plastic and solid
biomass are converted into fuel, as well as optimizing process parameters and designing
effective gasification and pyrolysis reactors, all depend on thermal and kinetic analyses of
the materials. Additionally, for quantitative kinetic analysis, Ea, A, and n can play a
significant role. These findings can subsequently be used in mathematical modeling to

create improved reactors [22]. By estimating E, and A using two distinct techniques, such
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as KAS and FWO methods, the kinetic parameter for the pyrolysis process is determined
and for kinetic analysis of all three samples, the pyrolysis range is between 200- 600°C.
The value of Eain LDPE: RH (50:50) is determined to be 107 kJ/mol from the slope of the
KAS plot and 102 kJ/mol from the FWO plot. For the second sample, the LDPE: RH
(25:75) has a value of activation energy is 100kJ/mol from KAS and 101kJ/mol from the
OFW plot, and the third sample LDPE: RH (75:25) value of Ea is 110kJ/mol for the KAS
plot and 117kJ/mol for the FWO plot shown in Figure 5.3 (a-c). Future research ought to
take into account the co-degradation of waste plastic, LDPE blends with solid biomass RH
as feedstocks, in contrast to current studies, which only look at binary mixtures. It takes
time to extract a single recyclable plastic or a single solid biomass fragment from trash,
mix the chosen feedstock to create the ideal circumstances for achieving the required co-
pyrolysis outcomes, and then leave the resulting combination alone. Therefore, it is
necessary to look at multicomponent feedstocks that are comparable to actual garbage
mixtures. Consequently, the pyrolysis features of rice husk combined with plastic waste
are improved in terms of Ea, heating value, volatile content, and carbon content.
Conversely, ashes, nitrogen, sulphur, and moisture show a decline. Low-density
polyethylene significantly raises the activation energy, calorific value, and decreased char
residues of LDPE: RH (50:50), LDPE: RH (25:75), and LDPE: RH (75:25). The pyrolysis
findings of rice husk and plastic waste showed that the thermal characteristics enhanced
the performance of the material, resulting in a significant energy release and decreased ash
residue. The results of low-density polyethylene pyrolysis and rice husk pyrolysis show

that these alternative energy sources may be used as fuel.

Table 5.4 Thermal kinetic Insights: Ea(kJ/mol) and Regression Factors for LDPE: RH
(50:50) Using KAS and FWO methods.

KAS FWO
a Equation R? Ea Equation R? Ea
0.1 Y=-19962x+43.09 0.99 132 Y =-4074x+25.50 0.99 74
0.2 Y =-10145x+9.84 0.99 84 Y=-3318.2x+11.76 0.99 60
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0.3 Y=-11192x+11.53 0.99 93 Y=-5574x+10.22 0.99 101

0.4 Y=-18227x+30.45 0.99 151 Y=-7148x+39.26 0.99 130
0.5 Y=-15528x+15.57 0.99 129 Y=-8919x+15.68 0.99 162
0.6 Y=-12630x+15.29 0.99 105 Y=-4550x+12.11 0.99 82
0.7 Y=-10602x+5.70 0.99 88 Y=-6312.9x+9.49 0.99 114
0.8 Y=-11435x+9.28 0.99 95 Y=-5928.4x+10.27 0.99 107
0.9 Y=-10739x+11.89 0.99 89 Y=-4743.1x+9.85 0.99 86
Average 107 102

Table 5.5 Thermal kinetic Insights: Ea(kJ/mol) and Regression Factors for LDPE: RH
(25:75) Using KAS and FWO methods.

KAS FWO
o Equation R? Ea Equation R? Ea
0.1 y=-9361x+23.4 0.99 130 y=-13000x+41.9 0.97 108
0.2 y=-7490x+20.7 0.99 136 y=-13125x+37.2 0.98 109
0.3 y=-4694x+25.1 0.99 95 y=-13602x+48.1 0.99 113
0.4 y =-6445x+28.8 0.99 117 y=-13310x+67.1 0.99 110
0.5 y=-5238x+43.6 0.97 95 y=-14041x+109.5 0.97 116
0.6 y=-6230x+55.2 0.99 113 y=-13238x+31.4 0.96 110
0.7 y=-7253x+38.6 0.98 131 y=-13084x+80.2 0.99 108
0.8 y=-6712x+21.4 0.99 122 y=-13356x+86.6 0.98 111
0.9 y=-4491x+42.8 0.98 81 y=-12613x+30.4 0.99 104
Average 117 110
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Table 5.6 Thermal kinetic Insights: Activation Energies (kJ/mol) and Regression Factors
for LDPE: RH (75:25) Using KAS and FWO methods.

KAS FWO
a Equation R? Ea Equation R? Ea
0.1 y=-9512x+34.49 0.98 173 y =-10893x+66.4 0.99 90
0.2 y=-4049.2x+16.6 0.99 73 y=-10892x+26.99 0.98 90.5
0.3 y=-5273x+21.3 0.99 95 y=-11750x+38.18 0.99 97
0.4 y=-5373x+27.18 0.99 97 y =-11971x+59.07 0.98 99
0.5 y=-6411x+42.8 0.98 116 y=-14881x+105.89 0.99 121
0.6 y=-5509x+56.08 0.99 100 y=-12325x+126.7 0.99 102
0.7 y=-5500x+49.9 0.98 100 y=-13851x+106.4 0.99 114
0.8 y=-4016x+58.5 0.99 73 y=-12893x+121.3 0.99 107
0.9 y=-4532x+17.29 0.98 82 y=-11683x+20.07 0.98 97
Average 101 100
, KAS FWO
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Figure 5.3. (a) Kinetic curves in the different conversions of LDPE: RH (50:50)
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Tables 5.4, 5.5, and 5.6 show the activation energies, regression coefficient, and associated
fitted calculations for conversion values between 0.1, 0.2, ..... 0.9 computed by using these
2 different methods. The pyrolysis kinetic parameters of the RH and LDPE combination
were determined using TGA data based on KAS and OFW procedures for the final
activation energy. The nonlinear process of pyrolysis entails a slow process known as
thermal degradation, which is contingent upon the kind of biomass and heating rate. The
general rate equation for pyrolysis of blended samples LDPE: RH (50:50), LDPE: RH
(25:75), and LDPE: RH (75:25) as a function of conversion. Additionally, it is
demonstrated in Fig. 5.4 that the KAS method has higher activation energy than the
OFW method, and the kinetic parameter from both models rises with the conversion rate
from 0.4 to 0.9. The variety in reaction mechanisms for the pyrolysis process is what causes
the difference in Ea with a conversion factor. The lowest amount of energy needed to start

a reaction, according to the definition of Ea, is lower and indicates a quicker reaction [30].
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Figure 5.4 (a) Comparison analysis of KAS Method (b) Comparison analysis of FWO

Method
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5.4 Synergistic effects of co-pyrolysis

The most crucial component in raising the yield and quality of pyrolysis is the synergistic
impact, which might have a complicated mechanism due to feedstock interactions and co-
pyrolysis process parameters. The pyrolysis feedstock's kind and connection, together with
operational factors like temperature, heating rate, and catalyst count, might affect the final
product's quality [31]. The initial stage in the breakdown of RH and LDPE was the thermal
breakdown of rice husk, which happened at a lower temperature than that of LDPE. The
solids from the biomass degradation process were employed as radical donors at a pyrolysis
temperature of 400°C. The generated radicals gave the biomass particles hydrogen donors,
which triggered plastic polymer chain scission. The fraction of biomass blending did not
affect the initial scission of the polymer chain. A selection of recent studies showing
synergistic effects during biomass and polymer co-pyrolysis is shown in Table 5.7. The
observed synergistic effects were consistently supported through comparative trends in oil
yield, gas composition, and hydrocarbon content across repeated experiments under

controlled conditions.

Table 5.7 Insights into Activation Energy: Comparative Analysis of Different Feedstocks

with Present Sample.

Samples E.(kJ/mol) References
LDPE: RH (50:50) 102-107 Present study
LDPE: RH (25:75) 101-102 Present study
LDPE: RH (75:25) 110-117 Present study

Rice husk 51-100 [32]
Plastic bag 211 [33]
CS-PET 171.4 [34]

HS-PET 139.04 [34]
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SFR-PET 261.38 [34]

ER-PET 316.7 [34]
PAW 189-190 [35]
50PAW:50PP 137-141 [35]
75PAW:25PP 136-140 [35]
25PAW:75PP 152-158 [35]
PP 149-153 [35]

PAW-Paulownia wood, PP —polypropylene, PET- polyethylene terephthalate, Cotton stalk, hazelnut shell, sunflower

residue, and Euphorbia rigida.

5.5 Analysis of Thermodynamic parameters

Table 5.8 shows the thermodynamic parameters that were obtained using the Equations in
Chapter 3. Throughout the reaction phase, the AH indicates the energy variation between
the reactants and products. Additionally, it shows if the process is endothermic or
exothermic. The study discovered a small energy variation (~ 5 kJ/mol) among the enthalpy
change and E., suggesting that the chemical reaction started quickly. The synthesis of
activated complexes is made easier by the minute difference between Ea and AH, which
also shows that the products can be produced with very little additional energy (Kumara et
al. 2020). The maximum amount of work is determined using the AG of a thermodynamic
system at a particular T and P [35]. The magnitude of AS indicates that the substance has
passed the energy barrier and is getting close to thermodynamic equilibrium. Production
of products requires a long time owing to the less reactivity in this current state. On the
other hand, a substance with a high entropy score interacts quickly and produces a product
quickly. Table 5.8 shows the average values AH, AS and AG for the KAS model for the
following samples: LDPE: RH (50:50), which has 113 kJ/mol, -0.063 J/molK, and 130
kJ/mol; LDPE: RH (25:75), which has 107 kJ/mol, -0.072 J/molK, and 129 kJ/mol; and
sample LDPE: RH (75:25), which has 115 kJ/mol, -0.058 J/molK, and 136 kJ/mol.

155 | Page



Similarly, for the OFW model, the values of AS, AH, and AG were 150.63 kJ/mol, 6.34
J/molK, and 151.64 kJ/mol, respectively. The credibility of the thermodynamic analysis
and the conclusions made from it are specified by the near-approximation of the findings
for various thermodynamic parameters evaluated with three iso-conversional model-free
approaches. For a comprehensive analysis of the pyrolysis reaction, these explanations and
deductions linking disparity in thermodynamic triplets to distinct stages of the breakdown

process are helpful.

Table 5.8 A Comparative Analysis of Thermodynamic Parameters in LDPE: RH (50:50),
LDPE: RH (25:75) and LDPE: RH (75:25)

Thermodynamic LDPE: RH LDPE: RH (25:75) LDPE: RH
parameter (50:50) (75:25)
KAS Method

AH(kJ/mol) 112 107 115
AG(kJ/mol) 130 129 136
AS(J/molK) -0.063 -0.072 -0.058
FWQO Method

AH(kJ/mol) 107 106 122
AG(kJ/mol) 128 126 143
AS(J/molK) -0.059 -0.076 -0.051

5.6 Conclusions

This chapter concluded that the comparative co-degradation kinetics of RH with LDPE
ratios of 50:50, 25:75, and 75:25 were investigated in this work. Low-density polyethylene
and rice husk together may be used as feedstocks for the thermochemical conversion
processes, according to thermal characteristics. Using the Kissinger-Akahira-Sunose and
Ozawa Flynn wall methods, a thermogravimetric analyzer calibrated to operate between
30°C and 600°C at varying heating rates of 10—40 °C/min in a nitrogen atmosphere was
used to examine the co-pyrolysis behaviours of LDPE: RH (50:50), LDPE: RH (25:75),
and LDPE: RH (75:25). This study results adding more plastic ratio into rice husk give

more good results. The calculation of activation energy was made using the KAS and FWO
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methods, yielding results of 107 and 102 kJ/mol with the LDPE: RH (50:50), 101 and 100
kJ/mol with the LDPE: RH (25:75), and 117 and 110 kJ/mol with the LDPE: RH (75:25).
Additionally, higher heating levels were calculated experimentally with a bomb
calorimeter and theoretically with the Dulong formula. Though the outcomes of these
computations were remarkably similar, LDPE: RH (75:25) outperformed LDPE: RH
(50:50) and LDPE: RH (75:25). The experimental heating value of LDPE: RH (75:25) was
20.61 MJ/kg, whereas the theoretical value recorded was 20.31 MJ/kg.
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Chapter — 6

Thermal pyrolysis of Rice husk with plastic waste blends for

Bio-oil Production
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6.1 Introduction

Municipal solid waste poses a significant environmental encounter, primarily comprising
biomass and plastic products. The widespread use of plastics adds to pollution in the
environment, while the usage of fossil fuels makes energy shortages and environmental
harm worse. Researchers have been looking for creative ways to solve these problems, and
pyrolysis has emerged as a viable technique for producing alternative fuels and recycling
trash [1-3]. Pyrolysis is a valuable process that may transform waste polymers including

low- and high-density polyethylene, polyethylene terephthalate, polystyrene, and polyvinyl
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chloride into chemicals that are useful. In addition to addressing plastic waste, this strategy
provides a substitute energy source. Simultaneously, biomass which is rich in cellulose,
hemicelluloses, and lignin, presents an opportunity for energy production through
thermochemical transformations like gasification, combustion, and pyrolysis [4]. However,
because of its unstable fuel properties, including greater oxygen and moisture content,
biomass-based bio-oil has limits when used in car engines. Researchers suggested a co-
pyrolysis method, in which polymers and biomass are combined in an appropriate ratio to
produce fuels, to improve the fuel's qualities [5]. Research shows that co-pyrolysis, in
which plastics act as hydrogen donors, produces bio-oil of higher quality and yield than
single biomass pyrolysis. Prominent studies have shown that co-pyrolyzing low-density
polyethylene with biomass, such sugarcane bagasse, improves liquid production, increases
calorific value, and decreases undesired chemicals [6]. Further research explores the co-
pyrolysis of LDPE with various biomasses, revealing higher oil yields, increased
hydrocarbon content, and a composition akin to diesel fuel [7]. The resulting pyrolysis oil
exhibits environmental advantages with reduced carbon residue and sulfur content,
offering economic benefits at a lower production cost than conventional diesel fuel [8].
Additionally, the process of co-pyrolysis has been found to raise the production of aromatic
compounds, prevent coke formation, and improve the H/Ce ratio within the raw material
system. This positively contributes to the quality of biofuel by promoting the dehydration
of oxygen-containing compounds while impeding certain undesirable reactions [9].
Overall, the integration of plastic waste into biomass pyrolysis processes demonstrates a
promising approach for addressing environmental challenges, creating alternative fuels,
and promoting sustainable waste management [10]. Co-pyrolyzing biomass with plastic
waste has been introduced and proven to be a potential way to boost the characteristics and
output of the resulting bio-oil for fuel applications, as the bio-oil generated by the pyrolysis
of biomass alone has limits. This study looks on the co-pyrolysis of rice husk combined
with plastic waste. A common agricultural leftover that contains cellulose, hemicellulose,
and lignin is rice husk. Conversely, LDPE and HDPE are typical plastics that have a low

temperature of thermal degradation and a high hydrogen concentration. Plastic and biomass
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may interact in a way that enhances the quality and stability of the bio-oil generated during
co-pyrolysis. Plastic addition is thought to improve the co-pyrolysis bio-oil product's
characteristics and quicken the rice husk pyrolysis reaction. Since biomass, like rice husk,
typically decomposes at higher temperatures (approximately 500—800°C), low-density
polyethylene (LDPE) typically decomposes at a lower temperature range (approximately
300-500°C). As a result, the LDPE and HDPE are likely to break down first and produce
an oil phase that can help transfer heat to the rice husk particles. Due to this difference in
thermal stability, LDPE decomposes earlier in the co-pyrolysis process, producing an oil
phase. This early decomposition of LDPE generates hydrocarbons that can act as a medium
for heat transfer, facilitating more uniform heating and more efficient thermal
decomposition of the rice husk particles [11]. This, coupled with the hydrogen donating
capacity of LDPE, HDPE could maximize bio-oil production and lead to a bio-oil fuel with
optimized combustion properties, stability, and composition. The purpose of this work is
to illustrate the benefits and technological viability of co-processing plastic waste and rice
husk biomass thermochemically [12]. According to this work and related studies, co-
pyrolysis of plastic and biomass has the potential to decrease material waste, make
important chemical recycling easier, and provide energy substitutes for fossil fuels.
Furthermore, co-pyrolysis technology could act as a catalyst for developing an efficient
blend of traditional fossil energy sources and emerging renewable energies [13]. The
current study demonstrated a thermochemical process to produce from rice husk and a
mixture of waste plastics (LDPE, HDPE) with varying compositions, viz. 100:0, 80:20,
65:35, and 50:50 (wt./wt.) %. To provide a comprehensive understanding of the co-
pyrolysis process, the precise ratios of 20:80, 35:65, and 50:50 were used. The objective is
to maximise the yield and quality of pyrolysis oil while addressing the use of waste and
renewable resources. According to the varied techniques suggested by the American
Society for Testing and Materials (ASTM), it was discovered that the addition of LDPE
and HDPE with distinct hydrocarbon chains generated from the co-pyrolysis considerably
alters the fuel qualities. Additionally, other analytical methods including GC-MS, FTIR,

elemental analyzer, 'H, and 1*C NMR analysis, were used to validate the alterations in the
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fuel’s chemical characteristics including the determination of aromatic, paraffin, and olefin

contents in the fuel.
6.2 Influence of the composition of the rice husk on adding plastic

After collecting the pyrolysis oil from the reactor, we employed a distillation process to
remove moisture and impurities. This critical step not only refines the oil but also enhances
its quality and usability. During distillation, the crude pyrolysis oil is heated, causing the
moisture and light impurities to vaporize and separate from the main oil body. The vapors
are then condensed and collected, effectively reducing the water content and eliminating

undesirable impurities.

A 30% oil yield was achieved by pyrolysis when rice husk was utilised as the only
feedstock. The greater tar content in rice husk, which is essential to the production of oil
overall, is the cause of the increased output. The yield percentage of various products from
the co-pyrolysis of low-density polyethylene (LDPE) and rice husk (RH) has been

calculated using the formulas given in Chapter 3.

The liquid product (i.e. pyro-oil) of 71 wt.% with LDPE: RH (100:0) was achieved
followed by 66 wt.% with LDPE: RH (80:20), 55 wt.% with LDPE: RH (65:35), and 47
wt.% with LDPE: RH (50:50). While for other composition of rice husk and high-density
polyethylene the liquid product is 75 wt.% for HDPE: RH (100:0), 68 wt.% for HDPE: RH
(80:20), 57 wt.% for HDPE: RH (65:35) and 50 wt.% for HDPE: RH (50:50). It was found
that as the rice husk amount in the combination grows, so does the weight percentage of

char. Fig. 6.1 displays all of the product distribution's specific details.

Table 6.1 The output results from the thermochemical transformation of separate rice

husks and combined waste plastic materials.

Sample Pyro-oil (wt. %) Solid-char (wt.%) Pyro-Gas (wt. %)
RICE HUSK 30 47 33
LDPE: RH (100:0) 71 16 13
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LDPE: RH (80:20) 66 20 14

LDPE: RH (65:35) 55 25.7 19.3
LDPE: RH (50:50) 47 35 18
HDPE: RH (100:0) 75 10 15
HDPE: RH (80:20) 68 15 17
HDPE: RH (65:25) 57 25 18
HDPE: RH (50:50) 50 30 20
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Figure 6.1 The weight percentages of products generated through the thermal conversion

of plastic and rice husk blend via co-pyrolysis
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Figure 6.3 The appearances of pyrolysis oils in different ratios of HDPE and RH.
6.3 The physical and chemical characteristics of pyrolysis oil.

As was discussed in previous chapters, after collecting the pyrolysis oil from the reactor,

we employed a distillation process to remove moisture and impurities. This critical step
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not only refines the oil but also enhances its quality and usability. During distillation, the
pyrolysis oil is heated, causing the moisture and light impurities to vaporize and separate
from the main oil body. The vapors are then condensed and collected, effectively reducing
the water content and eliminating undesirable impurities. To ensure experimental accuracy
and reproducibility, all co-pyrolysis tests were performed in triplicate for each feedstock
blending ratio and temperature configuration. The mentioned results for bio-oil, gas, and
char yields are the average of three separate trials. Minor variations noted the physical and
chemical characteristics of the pyro-oil produced from plastic waste and rice husk, as well
as their various combinations, were investigated using a range of analytical techniques to
assess the fuel's quality. We then compared these findings with those of commercial diesel
fuel, as presented in Table 6.1. This study set out to determine how fuel properties are
influenced by the mix of feedstock and thermo-chemical processes. In pursuit of this goal,
a detailed assessment of several key fuel properties was carried out. The properties
examined include cloud point (CP) and pour point (PP), kinematic viscosity, flash point
(FP) and fire point, calorific value (CV), carbon residue (CR), and more. The subsequent

sections contain a presentation of the results obtained.

Moreover, co-pyrolysis often produces a higher liquid yield and reduced solid (char)
formation compared to the pyrolysis of biomass or plastic alone. Overall, co-pyrolysis
offers a promising route for producing upgraded bio-oil while managing two major waste

streams efficiently.
6.3.1 Analysis of Density, Specific Density, and API Gravity of Bio-oil

After the pyrolysis process, the densities of the pyrolysis oils obtained from rice husk are
1.3 g/cm™ and adding plastic LPDE both separate and mixed compositions of LDPE: RH
fell within the range of 0.813 to 1.12 g/cm?, for other composition, the densities of all liquid
fuels produced by all the samples HDPE, RH, and its mix composition were discovered to
be between 0.814 and 0.991 g/cm’, whereas the same for commercial diesel is 0.820 g/cm®.
Lower density in a fuel corresponds to a higher API gravity, representing better oil quality.

The pyro-oil specific gravity measurements of RH are 1.0 while the composition of RH
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and HDPE ranged from 0.787 to 0.864, for RH and LDPE the range is between 0.79 to
0.99 whereas the commercial diesel's specific gravity was 0.795. API gravity is a measure
of oil density in water at 60°F (15.56°C), and it provides valuable information about the
relative weight of the petroleum product associated with water. Fuels with an advanced
API gravity possess a lesser density, indicating superior fuel quality. The API gravities of
the RH-based bio-oil were 29.5, for LDPE pyrolysis oil were 43.8, and for HDPE-based
oil were 48.2. The analysis of API gravity of the liquid oil samples obtained from various

combinations of plastic and RH feedstocks ranged from 32.2 to 41.4.
6.3.2 Analysis of Cloud and Pour Points of Bio-oil

A fuel's cloud and pour points serve as indicators of its flow characteristics in cold
conditions. In cold temperatures, most liquid fuels tend to undergo a phase change,
transitioning into a semi-solid or solid state, which can result in the creation of wax crystals
within the liquid [14]. Consequently, examining the cloud points and pour points is
imperative to ascertain how well the oil can power the engine seamlessly without
disruptions when operating in significantly low temperatures. In addition, to evaluate these
qualities, the liquid oil's cloud point and pour point were found [15]. It was discovered that
the pour and cloud points of the pyrolysis oils from different biomass rice husk were 16°C
and 8°C, respectively, and that the plastics had pour and cloud points of 8°C and -9°C with
HDPE sample and 9°C and 1°C with LDPE sample. It was observed that the cloud points
and the pour points for the pyrolysis oils were examined to be for both pyrolysis oils
obtained from blended LDPE and rice husk were identified at 10°C and 2°C for LDPE: RH
(80:20),11°C and 4°C, for the LDPE: RH (65:35), 13°C and 5 °C for LDPE: RH (50:50)
respectively. On the other hand, the cloud points and pour points of the liquid sample for
the liquid sample that was obtained from the co-pyrolysis of HDPE and RH were as
follows: For the combination compositions of HDPE: RH (80:20), HDPE: RH (65:35), and
HDPE: RH (50:50), respectively, the temperatures are 10°C and -7°C, 13°C and -5°C, and

15°C and -1°C. We measured the diesel's cloud point and pour point for comparison, and
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the results showed that they were similar to bio-oils. The cloud point of diesel was recorded

at -3°C, while the pour point was measured at -13°C.
6.3.3 Analysis of Flashpoint and Fire point of liquid product

This test technique is frequently used to find flammable liquid products flash points around
70°C and -30°C. For a separate Rice husk sample, the flash points were measured at
80.1°C, while the fire points for the bio-oil derived from RH were 82.3°C. For waste
plastic, the flash points were measured at 52.3°C for LDPE, while the fire points for the
liquid sample derived from LDPE were 54.4°C. When assessing another plastic sample,
the flash points for HDPE were found to be 58.5°C, Additionally, the fire points for the
pyrolyzed oils derived were 63.2°C for HDPE respectively, when waste plastic and
biomass were co-pyrolyzed at varying weight percentages of LDPE and RH, there was a
noticeable change in both flash point and fire points. Specifically, the measured values
were 64.2°C and 67.1°C, 70.1°C and 73.4°C and 77.2°C and 80.5°C for the compositions
of LDPE: RH (80:20), LDPE: RH (65:35), and LDPE: RH (50:50). Diesel, on the other
hand, has fire and flash points of 64°C and 57°C, respectively. The procedure outlined here
is frequently used to determine the flash point of flammable liquid products that are
between 70°C and -30°C in temperature. Regarding the oils produced by co-pyrolyzing
HDPE and RH at different weight percentages, an intriguing finding was that there was a
discernible variation in both the flash and fire points. The recorded values were as follows:
59.7°C, 60.8°C, 61.6°C, and 64.8°C, 66.1°C, 68.3°C for compositions of HDPE: RH
(80:20), HDPE: RH (65:35) and HDPE: RH (50:50). Respectively, for diesel, the
determined flash points and fire points were 57°C and 64°C [16].

6.3.4 Analysis of kinematic viscosity of the liquid product

Kinematic viscosity is a crucial factor in any fuel as it offers insights into how the fuel will
spray and atomize when inserted into the combustion chamber. Lower-viscosity fuels are
preferred for engine starters and general performance as they enable simple atomization,

hence improving combustion [17]. Furthermore, high-viscosity fuels can pose significant
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challenges during engine start-up, particularly in cold weather, as they can impede the
proper operation of injectors by restricting the fluidity of fuel in the ignition chamber. Thus,
the ASTM D-445 technique was used to test the kinematic viscosities of the liquid product

at numerous temperatures. The results are shown in Figure 6.4.

The data reveals a consistent decrease in kinematic viscosity as the temperature rises, and
this trend is consistent across all the samples. The viscosities of pyrolysis oils derived from
separate plastic were determined to be 1.39 ¢St for HDPE plastic, 1.92 ¢St for LDPE plastic
and 1.41 cSt for RH-based pyrolysis oil. The kinematic viscosity of the liquid sample falls
within the range of 1.81 to 1.46 ¢St at 40 °C, However, the viscosities of the liquid sample
obtained from a blend of plastics and biomass (HDPE and RH) were examined as follows:
1.22 ¢St, 1.19 ¢St, and 1.12 ¢St for the HDPE: RH mixtures in ratios of 80:20, 65:35 and
50:50 respectively, while adding rice husk to plastic waste the viscosity will reduce which
is notably lower than that of diesel fuel, which measures 2.46 ¢St at 40 °C. The liquid oil
derived from plastic and rice husk-produced oil has the lowest viscosity. This lower
viscosity of the liquid oil, whether from LDPE, Rice husk, or their combined composition,
suggests that it would not pose any adverse effects on the fuel injector and would promote
smooth engine operation. Temperature fluctuations can also affect the viscosity of the
liquid oil, which can affect engine performance. Consequently, we looked into how

temperature affected kinematic viscosity, and the findings are shown in Figure 6.4(a, b).

The fluctuations in the kinematic viscosity of liquid samples originating from plastic and
RH may be attributed to factors such as process parameters, experimental settings, and
potential contaminants. When comparing the current findings with earlier data, it becomes
evident that the liquid sample obtained from the thermochemical conversion of biomass by
adding plastic exhibits improved fluidity characteristics throughout the engine combustion

process, mainly owing to its lower viscosity.
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6.3.5 Calculation of calorific value

Another crucial parameter for evaluating liquid products is their calorific value (CV),
which is directly linked to the energy released upon combustion. The projected CV for the
liquid sample was 46.31 MJ/kg for HDPE and 16.34 MJ/kg for RH biomass and LDPE
was 39.7 MJ/Kg. Notably, the pyro-oil derived from LDPE and Rice husk composition in
an LDPE: RH (80:20), LDPE: RH (65:35), and LDPE: RH (50:50) displayed the calorific
value at 34.6 MJ/Kg,29.3 MJ/Kg, and 27.1 MJ/Kg. In the instance of co-pyrolysis of HDPE
plastic and RH, the calorific values for fuel samples were measured as 42.30 MJ/kg, 39.48
MJ/kg, and 36.68 MJ/kg, for HDPE: RH (80:20), HDPE: RH (65:35) and HDPE: RH
(50:50), respectively. Estimating the quantity of heat energy that can be released during the
burning of pyrolysis oil is the process of determining the calorific value. These results are
in line with published findings on CVs, which range in value from 42 MJ/kg to 48.4 MJ/kg.
Overall, the results show that the examined samples' calorific values (CV) are quite
comparable to those found in the body of current research. The efficient method that helped

produce the bio-oil with a high calorific content in Table 6.1.
6.3.6 Analysis of pH value of liquid sample

To assess how corrosive the bio-oil products are the pH of the liquid sample was gauged
using a pH meter by Eutech Instruments, specifically the pH tutor model. This meter's
electrode was calibrated using two buffer solutions and directly immersed into a 1-2 ml
sample of bio-oil. The resulting value obtained from this process represents the final pH
reading of the bio-oil [20]. Liquid samples made solely from biomass usually have a pH of
3.5, which is quite acidic. When plastic is added to the biomass during the pyrolysis
process, the pH of the resulting bio-oil often rises. The addition of LDPE plastic, which
contains less oxygenated compounds than biomass, might result in a bio-oil with a higher
pH value, typically ranging from 4.4 to 5.2. This is in contrast to the oil samples from the
pyrolysis of separate and blended samples of RH and HDPE, which varied in pH from 4.2
to 5.4. The PH value is rising when HDPE is added to RH. This increase in pH makes the

bio-oil less acidic and can contribute to improved stability. The production of NH3 from
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protein pyrolysis, which dissolves in the pyro oil, is thought to be the cause of the drop in
pH in the co-pyrolytic oil [21]. The commercial diesel's pH was found to be 5.5.

6.3.7 Analysis of Carbon Residue

A higher presence of carbon residue is an indicator of poorer fuel quality. Thus, it's strongly
recommended to use low-carbon residue fuel for sustainability purposes [22]. The oil
generated by pyrolysis tended to create carbonaceous deposits, as determined by the
Ramsbottom carbon residue (CR) equipment (ASTM D524). During pyrolysis of rice husk,
the residue of carbon was 0.25 and LDPE produced a carbon residue at 0.34 wt%, followed
by LDPE: RH (80:20) measured at 0.38 wt%, LDPE: RH (65:35) at 0.36 wt%, and LDPE:
RH (50:50) at 0.25 wt%. for another sample the carbon residues for the pyro-oil derived
from waste HDPE and RH and its composition HDPE: RH (100:0), HDPE: RH (80:20),
HDPE: RH (65:35), and HDPE: RH (50:50) were measured at 0.44, 0.38, 0.34, and 0.36
weight percent, while the carbon residue present in diesel at 0.54 wt%, respectively. For
the plastic and rice husk composition, the low weight percentage of carbon residue in all
cases suggests their suitability for use as fuel. In Figure 6.5 (a, b), you can observe the
variations in carbon residues for the pyrolysis oils derived from plastic (LDPE, HDPE) and

biomass (RH), and their blend compositions.
6.3.8 Aniline point of Bio-oil

The aniline point serves as an indicator of the aromatic content in oil samples. A lower
aniline point suggests a higher aromatic content, while a higher aniline point indicates a
lower aromatic content. For individual samples, RH, HDPE, and LDPE measured aniline
points were 69.5°C, 61.3 °C, and 61.2 °C, respectively. Similarly, while adding LDPE to
rice husk the aniline points decreased so for mixed plastic with RH were determined to be
64.5 °C, 66.3 °C, and 67.8 °C for fuel derived from the following mixtures: LDPE: RH
(80:20), LDPE: RH (65:35), and LDPE: RH (50:50), respectively [23]. Likewise, the
aniline point for adding HDPE with RH was determined to be 62.5 °C, 65.4 °C, and 66.6
°C for fuel derived from the following mixtures: HDPE: RH (80:20), HDPE: RH (65:35),
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and HDPE: RH (50:50), respectively [23]. Additionally, the diesel and cetane index were

determined based on aniline point data.
6.4 Elemental Composition Analysis

Utilizing an elemental analyzer, the liquid sample composition that was produced by
converting waste plastic and biomass was analyzed in order to regulate the carbon and
hydrogen content. In the pyrolysis oil made from a mixture of plastic waste (LDPE, HDPE)
and rice husk (RH) feedstock, a greater proportion of hydrocarbons was discovered,
suggesting that the oil had a higher energy content and could be utilized as fuel. The
percentage of carbon and hydrogen in oil samples determines their heating value.
Moreover, it is clear that the presence of low-density and high-density polyethylene during
the pyrolysis of rice husk (RH) modifies the properties of the fuel that is produced. The
energy potential of hydrocarbon fuels is significantly influenced by their carbon content,
while the inclusion of higher hydrogen elements further enhances the fuel's calorific value
[24]. Table 6.2. showcases the findings of the CHNS analysis conducted on fuels derived
from the separate pyrolysis of HDPE, RH, and LDPE and their combination with both the
plastic. The outcomes indicate that the oil samples exhibit a hydrocarbon content ranging

from 60-70%.

Table 6.2 The physicochemical characteristics of the pyrolysis oil generated from both
separate and combined sources of rice husk (RH) and low-density polyethylene (LDPE).

Fuel Properties LDPE:RH LDPE:RH LDPE:RH LDPE:RH LDPE: RH
(0:100) (100:0) (80:20) (65:35) (50:50)
Density (g/cm’) 1.3 0.813 0.876 0.946 1.12
Specific density 1.0 0.790 0.832 0.920 0.992
Cloud point (°C) 16 9 10 11 13
Pour point (°C) 8 1 2 4 5
Flashpoint (°C) 80.1 52.3 64.2 70.1 77.2
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Fire point (°C) 82.3 54.4 67.1 73.4 80.5

Kinematic viscosity 1.41 1.92 1.81 1.62 1.46
(@ 40 -C in cSt)

Aniline point (g/cm?) 69.5 61.2 64.5 66.3 67.8
Calorific value (MJ/kg) 23.4 39.7 34.6 29.3 27.1
Carbon Residue(wt.%.) 0.74 0.62 0.38 0.36 0.30
API gravity 28.5 40.1 37.7 34.2 31.77
pH Value 3.5 5.2 4.8 4.7 4.1
Carbon content (wt.%) 58.1 76 72.16 68.3 62.5
Hydrogen content 7.22 13.6 12.13 10.41 9.13
(Wt.%)

Nitrogen content(wt.%) 3.33 0.44 0.54 1.45 2.11
Sulfur content (wt.%) 0.1 0 0.07 0.11 0.23
Oxygen content (wt.%) 35 9.96 12.56 17.8 20.1

Table 6.3 The physicochemical characteristics of the pyrolysis oil generated from separate

and combined rice husk (RH) sources and High-density polyethylene (HDPE).

Fuel Properties HDPE:RH HDPE:RH HDPE:RH HDPE:RH  Diesel
(100:0) (80:20) (65:35) (50:50)
Density (g/cm’) 0.814 0.889 0.931 0.99 0.820
Specific density 0.787 0.818 0.845 0.864 0.794
Cloud point (°C) 8 10 13 15 -3
Pour point (°C) -9 -7 -5 -1 -13
Flashpoint (°C) 58.5 59.7 60.8 61.6 57
Fire point (°C) 63.2 64.8 66.1 68.3 64
Kinematic viscosity (@ 1.39 1.22 1.19 1.12 2.46

40 °C in cst)
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Aniline point (g/cm3) 61.3 62.5 65.4 66.6 56.8
Calorific value (MJ/kg) 46.2 441 40.3 38.6 46.18
Carbon Residue (wt%.) 0.44 0.38 0.38 0.25 0.57
API gravity 48.2 41.4 35.9 32.2 46.77
Diesel Index 67.5 59.8 53.7 48.9 62.76
Cetane index 58.5 53.05 48.6 45.2 55.19
PH Value 5.4 5.2 4.8 4.2 5.5
Carbon content (wt.%) 79.21 70.1 65.3 61.5 86.6
Hydrogen content 15.15 12.19 10.41 9.13 13.4
(wt.%).
Nitrogen content (wt.%) 0.38 0.97 1.32 2.32 -
Sulfur content (wt.%) 0 0.04 0.09 0.21 -
Oxygen content (Wt.%) 5.26 9.56 12.8 15.1 -
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Figure 6.4 (a) A comparative investigation of how temperature impacts the kinematic

viscosities of diesel fuel and pyrolysis oil derived from LDPE, rice husk, and their
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mixtures. (b) A comparative investigation of how temperature impacts the kinematic

viscosities of diesel fuel and pyrolysis oil derived from HDPE, rice husk, and their mixtures
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Figure 6.5. (a) Difference in carbon residue of liquid fuel got from LDPE, Rice husk and
their blends (b) Distinction in carbon residue (CR) of liquid fuel got from HDPE, Rice husk
and their blends.

6.5 Hydrocarbon classification and identification

To classify the chemical components, contained in the liquid product formed from the
pyrolysis process of LDPE, HDPE, and rice husk, and their combinations, numerous
analytical methods, including the NMR technique, FTIR technique, and GC-MS technique,

were applied. The findings of these analyses are shown below.
6.5.1 FTIR investigation of liquid product

Fourier-transform infrared spectroscopy (FTIR) was used to analyze the pyrolysis oil's
composition; the findings are displayed in Figure 6.6. In the spectrum area of 3000-2850
cm™1, asymmetric and symmetric vibrations linked to the methyl (-CH3) and methylene

(>CH2) sets in hydrocarbons were detected [42, 43]. A peak at 2952 cm™ corresponded to
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methyl (-CH3), associated with methyl C-H asymmetric/symmetric stretching. Peaks at
2920 cm ™ and 2849 cm™ represented the C-H asymmetric or symmetric functional groups,
indicating the presence of alkane series in the oil [35,44]. The alkene C-H stretching band
was identified as the band at 3024 cm™, showing the existence of olefin content [42]. The
absorption of the peak signal suggested the existence of aliphatic groups in the region of
1680-1600 cm™. Furthermore, the -CH3 groups were represented by the peak at 1375 cm™.
The "fingerprint region" is the term used to describe the spectral band between 1500 and
400 cm™ [23,35]. The rice husk and LDPE co-pyrolysis yields liquid products with
prominent peaks at 2956.87, 2924.09, and 2856.65 cm™'. When it comes to pyrolysis
products, the R-CH=CH2 group is visible at 910 cm™! [42]. The liquid sample derived from
separate plastic materials, specifically LDPE and RH, prominently features paraffin and
olefin compounds, consistent with the findings from {H NMR and 13C NMR spectroscopy
analyses. Additionally, the other samples of rice husk and HDPE composition will be
displayed in a table for better understanding and the FTIR spectra of these products reveal
prominent peaks in the 2800 to 3000 cm™ range, corresponding to the characteristic

vibrational frequencies of C-H bonds in alkanes and alkenes.
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Figure 6.6 FTIR spectra of mixed samples with different ratios of LDPE and RH, as well

as oil products obtained from the co-pyrolysis of plastic and biomass.
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Figure 6.7 FTIR spectrum of the oil products derived from the co-pyrolysis of plastic and
biomass (HDPE and RH) as well as mixed samples with varying HDPE and RH

compositions

Table 6.4 FT-IR analysis of pyro-oils made by thermos-chemically converting various
blends of RH and HDPE.

Wave HDPE:RH HDPE:RH HDPE:RH HDPE:RH Diesel Bond Functional group
No. identification
(em™ 1)  (100:0) (80:20) (65:35) (50:50)
3074.65 % x x x x C-H vinyl Alkenes
stretch
295621 v v v v 4 C-H methyl R-CH3
asymmetric
stretch
2924.87 % v v v v C-H methylene  Methylene (>CH2)
asymmetric
stretch
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x

Methyl C-H
symmetric
Stretch

Methylene C—
H symmetric
Stretch

Alkenyl C—C
stretching

C=C-C
Aromatic ring
stretching

Methyl C-H
symmetric
bend

C-O stretch

trans-C-H out-
of-plane bend

Vinylidene C—
H out-of-plane
bend

Alkyne C-H
bend

>CH-, Methyne

Methylene (>CH2)

olefinic (alkene)

Aromatic ring

-CH3

Cyclic ethers

olefinic (alkene)

olefinic (alkene)

Acetylenic(alkyne)

2869.79 vV v
2853.80 % x
1649.22  x x
1458.13 v v
1374.80  x x
1155.07 x
968.56  x x
887.63 v v
670.54  x x
6.5.2 NMR Analysis:

The "H-NMR method has been used to assess the fractional composition of the olefin,

paraffin, and aromatic contents of the pyrolysis oil, as described [34, 35]. Utilizing a

volume ratio of 1:20 at S00MHz, the deuterated (CDCIl3) was employed as a solvent. The

liquid sample produced by LDPE alone and in combination with RH through co-pyrolysis

oil demonstrates the predominating peak of R-CH3, R2-CH2, and R3-CH hydrocarbon

types in the 0.7—-1.5 ppm chemical peak territory. Olefinic hydrocarbons may be detected

in the 1.5-2.5 ppm peak area, whereas vinylic compounds were detected in the 4—6.2 ppm

peak range [36,37].

The involvement of RH biomass during the co-pyrolysis changes the content of olefin,

paraffin, and aromatics as shown in Fig. 6.8 (a) Similar observation where paraffin content

enhances with increasing PP content was also reported for the co-pyrolysis of LDPE and
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PP [34]. While the presence of a catalyst during co-pyrolysis impacts the hydrocarbon
contents, viz. lower carbon chain is expected [38,39]. It has been noted that increasing the
RH concentration during co-pyrolysis increases the aromatics concentrations and decreases
the paraffin contents. It was also noteworthy that biomass concentration of 20 to 50 wt. %
during co-pyrolysis also reduces the olefin contents by 12.73% as indicated. The 1H-NMR
results indicate that the LDPE pyro-oil has paraffin, olefin, and aromatic concentrations of
64.75, 21.11, and 14.75 v/v%, respectively. Conversely, the paraffin, olefin, and aromatic
content of the co-pyrolysis oil derived from LDPE and RH at varying ratios were initially
within the range 0 36.92-42.77, 42.97-49.24, and 7.99-20.11 v/v%, therefore. The example
of LDPE had the greatest paraffin concentration, and the addition of RH biomass

considerably lowered the paraffin level.
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Figure 6.8 (a) Fractional composition of the co-pyrolysis oil obtained through co-pyrolysis

of co-pyrolysis of Low-density Polyethylene (LDPE) and Rice Husk (RH) at various ratio.
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It has been noted that when RH is increased during co-pyrolysis, aromatic concentrations
are increased and paraffin content is decreased. It is also worth noting that biomass
concentrations ranging from 20 to 50 wt.% during co-pyrolysis reduce olefin levels by
12.73%, as shown. According to the '"H-NMR data, HDPE pyro-oil contains paraffin,
olefin, and aromatic at 62.14, 20.11, and 11.95 v/v%, respectively. LDPE pyro-oil's
paraffin, olefin, and aromatic concentrations are 64.75, 21.11, and 14.75 v/v%,
respectively, according to the 1H-NMR results. Yet, the paraffin, olefin, and aromatic
content of the co-pyrolysis oil derived from LDPE and RH at various ratios occurred in the
range of 36.92-42.77, 42.97-49.24, and 7.99-20.11 v/v%, correspondingly. The highest
amount of paraffin content was discovered in HDPE, and the addition of RH biomass

greatly decreases the paraffin content as shown in Fig. 6.8 (b).
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Figure 6.8 (b) The liquid product generated from HDPE, RH, and its blend ratio, together

with the volume fractional composition of aromatics, olefins, and paraffin content.
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Figure 6.9 (a) 'H-NMR examination of pyrolysis oil produced by co-pyrolyzing of LDPE
and RH (100:00).
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Figure 6.9 (b) '"H-NMR examination of the pyrolysis oil produced by co-pyrolysis of
LDPE and RH (80:20)
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Figure 6.9 (c) '"H-NMR examination of pyrolysis oil produced by co-pyrolysis of LDPE
and RH (65:35).
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Figure 6.9 (d) '"H-NMR examination of pyrolysis oil produced by co-pyrolyzing LDPE

and RH (50:50).
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Figure 6.9 (¢) ' H NMR spectrum of the liquid sample produced by co-pyrolyzing HDPE

and RH (80:20) under ideal circumstances.
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Figure 6.9 (f): "H-NMR analysis of pyrolysis oil obtained through co-pyrolysis of HDPE:
RH (65:35).
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Figure 6.9 (g): 'H-NMR analysis of pyrolysis oil obtained through co-pyrolysis of HDPE:
RH (100:0).
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Figure 6.9 (h): 'H-NMR analysis of pyrolysis oil originates through co-pyrolysis of
HDPE: RH (50:50).

6.5.2.1 3C-NMR analysis:

The 13C-NMR spectrum of the LDPE-based pyro-oil of the LDPE and RH liquid samples
has been observed to analyze the different types of carbon atoms present in the liquid
samples, the degree of branching, and the length of H-C chains. Figure 6.10 displays the
13C-NMR spectra of each co-pyrolysis sample (a-d). Paraffinic hydrocarbons are present
in all samples within the 14.10-36.31 ppm chemical shift area. The co-pyrolysis oils show
various chemical shifts due to various mixtures of carbons at various chemical shifts. The
liquid samples produced by co-pyrolyzing LDPE and RH show the presence of olefinic
hydrocarbons, as shown by the chemical shifts of 114.04 ppm and 139.22 ppm. The GCMS
results, which are also confirmed by the '*C-NMR data, are in good agreement with the

"H-NMR findings, as seen in Fig. 6.11 (a, b).

The 13C-NMR spectra of the co-pyrolysis oil from HDPE and RH oil samples were
recorded to determine the length of H-C chains, assess the degree of branching, and identify
the different carbon atom types in the pyro-oil samples. The 13C-NMR spectra of each co-
pyrolysis sample are shown in Figure 7. Across all samples, paraffinic hydrocarbons are
evident in the chemical shift range of 14.10-36.31 ppm. The co-pyrolysis oils exhibit
distinct chemical shifts, reflecting various combinations of carbons at different positions.
Notably, chemical shifts at 114.04 ppm and 139.22 ppm indicate the existence of olefinic
hydrocarbons in the oil samples obtained through the co-pyrolysis of HDPE and RH. The
BBC-NMR results align well with the '"H-NMR findings and are further supported by the
GCMS results illustrated in Figure 6.11. samples obtained through co-pyrolysis of HDPE
and RH. The 3C-NMR has a good agreement with the 'H-NMR findings as also supported
by the GCMS results shown in Figure 6.10 (e-h).
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Figure 6.10 (a): >*C-NMR analysis of pyrolysis oil produced by co-pyrolzing of LDPE:

RH (100:00).
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Figure 6.10 (b): >*C-NMR analysis of pyrolysis oil originate by co-pyrolysis of LDPE:

RH (80:20).
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Figure 6.10 (c): >*C-NMR analysis of pyrolysis oil originate by co-pyrolysis of LDPE: RH
(65:35).
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Figure 6.10 (d) >*C-NMR analysis of pyrolysis oil originate by co-pyrolysis of LDPE: RH
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Figure 6.10 (e): '>*C NMR spectrum of pyrolysis oil obtained by optimal co-pyrolysis of
HDPE and RH (80:20).
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Figure 6.10 (f) >C-NMR analysis of pyrolysis oil obtained by co-pyrolysis of HDPE: RH
(50:50).
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Figure 6.10 (g): >*C-NMR analysis of pyrolysis oil obtained by co-pyrolysis of HDPE: RH
(100:00).
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Figure 6.10 (h) >*C-NMR analysis of pyrolysis oil obtained by co-pyrolysis of HDPE: RH
(65:35).
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6.5.3 GC-MS Analysis:

The chemicals found in the pyro-oils produced by co-pyrolyzing LDPE and RH were
examined using GC-MS analysis in accordance with the methodology employed in our
earlier studies [40]. The results are shown in Table 6.5-6.8 and Figure 6.11. The results
showed that co-pyrolysis oils contain different kinds of hydrocarbons (alcohols, and esters
along with alkanes, alkenes, and alkynes) in the range of C7-C4. The hydrocarbon carbon
chain was characterized in the series of <Cy, Co-Ci2, C13-Ca4, and >Cs4. Furthermore, the
selectivity % of alcohol, esters, and other hydrocarbons was also represented as shown in
Figure 6.11. The co-pyrolysis oil obtained through LDPE: RH (80:20) gives higher
selectivity (88.93%) in the carbon range of Ci3-Cz4 which dominates the diesel fractions
[41,42]. However, this fuel oil has a higher content of oxygenated compounds (49.85%),
which influences the fuel properties as indicated in Table 6.8. The selectivity % of
hydrocarbons in the range of Ci3-Cz24 were found to be 68.47, 88.93, 67.54 and 49.13%
respectively in the case of LDPE: RH (100:00), LDPE: RH (80:20), LDPE: RH (65:35),
and LDPE: RH (50:50) pyro-oil.

Similarly, the selectivity % of the carbon chain of C9-C12 were found to be 26.43, 5.30,
32.46, and 41.37 respectively for LDPE: RH (100:00), LDPE: RH (80:20), LDPE: RH
(65:35), and LDPE: RH (50:50) pyro-oil. The involvement of RH biomass during co-
pyrolysis increases the lower carbon chain (below Ci2) significantly as shown in Figure
6.11 supported by the reported results [43]. It is noteworthy that the RH increases the Ci2-
Ca4 fraction up to 20% during co-pyrolysis, further increment in RH ratio increases the
content of Co-Cy2. Also, the involvement of RH increases the oxygenated compounds due
to the input of lignocellulosic material that has high oxygen content. Furthermore, the co-
pyrolysis oil obtained through LDPE: RH (50:50) found high selectivity (9.5%) of lower
range hydrocarbon (below Co) as compared to other pyro-oils. This investigation implies
that the suitable % ratio (20% in the current investigations) will be suitable to tune the

overall properties of the alternate fuels as represented in Figure 6.11.
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The hydrocarbon selectivity percentages within the Ci3-Ca4 range were determined to be
80.47%, 76.93%, 69.54%, and 53.13% for HDPE: RH (100:00), HDPE: RH (80:20),
HDPE: RH (65:35), and HDPE: RH (50:50) pyro-oils, respectively. Similarly, the
selectivity percentages for the carbon chain of Co-Ci2 were discovered to be 26.43%,
26.30%, 31.45%, and 36.36% for HDPE: RH (100:00), HDPE: RH (80:20), HDPE: RH
(65:35), and HDPE: RH (50:50) pyro-oils, respectively. The RH biomass addition during
co-pyrolysis greatly enhances the lower carbon chain content (below Ci2), as seen in
Figure 6.12, which is corroborated by previous observations (Ferdous et al., 2024).
Notably, RH raises the Ci2-Cz4 proportion by up to 20% during co-pyrolysis, and higher
RH ratios add to Co-Ci2 content. Furthermore, the participation of RH causes a rise in
oxygenated compounds due to the entrance of lignocellulosic material with a high oxygen
concentration. Furthermore, as compared to other pyro-oils, the co-pyrolysis oil produced
by HDPE: RH (50:50) demonstrates a high selectivity (8.50%) of lower-range
hydrocarbons (below Co). This study reveals that a reasonable percentage ratio (20% in
this case) is beneficial in modifying the overall qualities of alternative fuels, as shown in

Figure 6.12.

The molecular makeup of pyro-oil produced by copyrolyzing rice husk (RH) and high-
density polyethylene (HDPE) at an 80:20 ratio. Alkanes and alkenes with carbon numbers
between C9 and C25 make up the majority of the components that have been found. The
presence of specific compounds has been highlighted, and a comparison with previous
studies [44]. indicates similar observations. The components carried out from HDPE and RH
(80:20) are 1-decanol, 2-hexyl, 1-hexadecanol, 2-methyl, Oxalic acid, isobutyl hexadecyl
ester, The whole list of substances included oil sample made from leftover HDPE and RH
is recorded in Tables 6.9 and 6.12. The molecular makeup of oil derived from the 80:20
copyrolysis of rice husk (RH) and high-density polyethylene (HDPE). The analysis was
conducted using Gas Chromatography-Mass Spectrometry. A few of the spotted chemicals
in the HDPE and RH (80:20) co-pyrolysis are 1-decanol, 2-hexyl, 1-hexadecanol, 2-
methyl, Oxalic acid, isobutyl hexadecyl ester, cis-1,2-Cyclododecanediol, Heptadecane,
2,3-dimethyl, cis-1,2-Cyclododecanediol, cis-1,2-Cyclododecanediol, 1-Octanol, 2-butyl,
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Tables 6.9 to 6.13 include a comprehensive list of all the chemical components found in
the liquid sample made from HDPE and RH and their combination. The supplementary
information includes a comprehensive GC-MS analysis and pyrolysis oil composition from

LDPE and RH feedstocks.

80 T T T T T T T T
y I Diesel
70 - ] LDPE:RH (50:50)
I LDPE:RH (65:35) | _
60 [ LDPE:RH (80:20)
| 7] LDPE:RH (100:00)
~ 50 -
Shal i
£ 40 -
2
5 ] i
< 30-
(2] .
20
10 -
0
C8BLEFEFILPEER2R3 S NR3I88NSI
OO O0OO0OO0OO0OOLOLOLOLOLOLOLOLOLOLOLOLOLOOLOOO O
Carbon Number Distribution

Figure 6.11 Carbon number distribution of pyro-oil produced by co-pyrolyzing of LDPE
and RH at various ratios (100:00, 80:20, 65:35, and 50;50).
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Figure 6.12: Carbon number distribution and selectivity of the pyro-oil produced from co-
pyrolysis of LDPE and RH at various feed ratios (a) LDPE: RH (100:00), (b) LDPE: RH
(80:20), (c) LDPE: RH (65:35), and (d) LDPE: RH (50:50).
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pyrolysis of HDPE and RH at various feed ratios.

Table 6.5 Identified compounds present in pyro-oil produced through pyrolysis of waste

LDPE at optimum condition.

S.No. R. Time Compound Name 11:/::;11;1“13 ?Vz:;ght :;:)ea(
1 4.128 Octane CsHig 114 1.42
2 4.994 Cyclohexane, ethyl- CsHis 112 0.22

3 5.805 Cyclohexane, ethylidene- CsHig 110 0.28
4 6.318 1-Nonene CoHig 126 2.23
5 6.524 Nonane CoHig 126 2.4

6 7.895 Mesitylene CoHiz 120 0.17

7 8.531 1-Decene CioHao 140 4.2
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Undecane
1,10-Undecadiene
1-Undecene
1,9-Tetradecadiene
1-Tridecene
Dodecane
Cyclododecane
1,15-Pentadecanediol
1-Tetradecene
Tetradecane
2-Methyltetracosane
1,19-Eicosadiene
1-Pentadecene
Hexadecane

1-Dodecanol

(Z)-Tetradec-11-en-1-yl 2,2,2-

trifluoroacetate

1-Tetradecanol

Heneicosane

(R)-(-)-(Z2)-14-Methyl-8-hexadecen-1-

ol
n-Nonadecanol-1
Heptadecane

n-Pentadecanol

(R)-(-)-(Z)-14-Methyl-8 hexadecen-1-

ol
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31 19.877 1-Nonadecene Ci9Hss 266 3.16

32 21.942 Behenic alcohol C2Hi460 326 1.68
33 22.904 1-Heptacosanol C27Hs60 396 1.18
34 24.754 Tetracosane Ca4Hso 338 1.71
35 25.55 1-Hexacosanol Ca6Hs40 382 0.49
36 26.684 Bis(2-ethylhexyl) phthalate C24H3304 390 1.06
37 27.186 Dotriacontane Cs2Hes 450 0.58
38 30.161 Tetrapentacontane CssHio 759 0.56

Table 6.6 Identified of compounds present in pyro-oil produced through co-pyrolysis of
LDPE and RH (LDPE: RH; 80:20) at optimum condition.

Mol.

SNo. R.Time Compound name Mol. Formula Weight Area(%)
1 4.715 5-Octen-1-ol, (Z)- CsHi60 128 5.766
2 8.194 8-Methyl-6-nonenoic acid  CioHi30; 170 5.303
3 11.744  2-Tridecene, (Z)- Ci3Has 182 7.813
4 15.089  2-Tridecene, (Z)- Ci3Has 182 8.903
5 18.138 8-Hexadecenal, 14- C;7H3,0 252 R 614
methyl-, (Z)-

6 20.959  4-Tridecene, (Z)- Ci3Has 182 8.73
7 23.604  3-Eicosene, (E)- Ca0Hao 280 9.736
8 26.077 E-2-Hexadecacen-1-o0 CisH320 240 8.43
9 28.394 1-Hexadecanol, 2-methyl  C;7H360 256 6.799
10 30.585 1-Hexadecanol, 2-methyl  C;7H360 256 6.744
11 32.637  1-Tricosene Ca3Hae 322 5.63
12 34.595  Z-5-Nonadecene Ci9Has 266 4.508
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13 36.468 1-Decanol, 2-hexyl Ci6H340 242 3.417

14 38.248 1-Tricosene Ca3Has 322 2.613
15 39.958  Heneicosane, 10-methyl C22Has 310 1.916
16 41.595  Ethanol, 2-  Cy0H4202 314
1.43
(octadecyloxy)-
17 43.169 Ethanol, 2- C20H4202 314
1.025
(octadecyloxy)-
18 44.69 Ethanol, 2- CyoH40» 314
0.756
(octadecyloxy)-
19 46.159 Ethanol, 2- C20H4202 314
0.508
(octadecyloxy)-
20 47.579 Ethanol, 2- C20H4202 314
0.407
(octadecyloxy)-
21 48.957 10-Methylnonadecane CaoHa 282 0.299
22 Ethanol, 2-  CyoH40s 314 0.246
50.289  (octadecyloxy)- '
23 Ethanol, 2-  CyoH40s 314 0.153
51.61 (octadecyloxy)- '
24 Ethanol, 2-  CyoH40» 314 0.151
53.102  (octadecyloxy)- '
25 Ethanol, 2-  CyoH40» 314 0.104

54.878  (octadecyloxy)-

Table 6.7 Identified the compounds present in pyro-oil produced through co-pyrolysis of
LDPE and RH (LDPE: RH; 65:35) at optimum condition.

S.No. l;ime Compound Name Mol. Formula 1\\74V2:-gh ¢ gze)a
1 4.983  2-Pentadecyn-1-o Ci5H230 224 7.532
2 8.24 2,4-Undecadien-1-ol C11H200 168 8.888
3 11.817 2-Dodecenal, (E)- Ci2H220 182 11.499
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4 15.163  2-Dodecenal, (E)- Ci12H220 182 12.069

5 18.213  13-Tetradecenal Ci4H260 210 11.028
6 21.023  4-Tridecene, (Z)- Ci3Has 182 11.437
7 23.637 cis-9-Hexadecenal Ci6H300 238 10.3
8 26.044  Z-8-Methyl-9-tetradecenoic Ci5H230 240 7.253
acid

9 28.295 1-Decanol, 2-hexyl Ci6H340 242 4.831
10 30.436  1-Decanol, 2-hexyl Ci6H340 242 3.645
11 32.487 1-Hexadecanol, 2-methyl Ci17H360 256 3.152
12 34.436 1-Hexadecanol, 2-methyl Ci7H360 256 2.278
13 34.319 1-Hexadecanol, 2-methyl Ci7H360 256 1.607
14 38.107 1-Hexadecanol, 2-methyl C17H360 256 1.12
15 39.834  1-Decanol, 2-hexyl Ci6H340 242 0.833
16 41.49  1-Decanol, 2-hexyl Ci6H340 242 0.623
17 43.081 Ethanol, 2-(octadecyloxy)- C20H4202 314 0.345
18 44.621 1-Decanol, 2-hexyl Ci6H340 242 0.346
19 46.107  Ethanol, 2-(octadecyloxy)- C20H4202 314 0.287
20 47.537 Ethanol, 2-(octadecyloxy)- C20H4202 314 0.232
21 48.929  Ethanol, 2-(octadecyloxy)- C20H4,02 314 0.179
22 50.267 Ethanol, 2-(octadecyloxy)- C20H4202 314 0.149
23 51.588 Eicosane, 10-methyl Ca1Hus 296 0.123
24 53.083 Pentadecane, 8-hexyl Ca1Hus 296 0.167
25 54.857 Ethanol, 2-(octadecyloxy)- C20H4202 314 0.077

Table 6.8 Identified of compounds present in pyro-oil produced through co-pyrolysis of
LDPE and RH (LDPE: RH; 50:50) at optimum condition.
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Mol.

Mol.

S-No. Time Compound Name Formula Weight  Area(%)
1 5.019  1-Cyclohexene-1-methanol C/Hi,O 112 9.503
2 8.304  2,4-Decadien-1-o0l CioH;50 154 10.751
3 11.897 2-Decyn-1-ol CioHi30 154 15.243
4 15.243 (2,2,6-Trimethyl-bicyclo[4.1.0]Thept-1-  Ci1H200 168 15.371
yl)-methanol
5 18.247 cis-9-Hexadecenal Ci6H300 238 12.62
6 20.97  Tridecanedial Ci3H20; 212 8.808
7 23.514 9-Hexadecenoic acid Ci6H3002 254 5.794
8 25.919 1-Hexadecanol, 2-methyl Ci7H360 256 3.97
9 28.19  2-Ethyl-1-dodecanol Ci14H300 214 2.985
10 30.358 2-Hexyl-1-octanol Ci14H300 214 2.327
11 32.425 2-Hexyl-1-octanol Ci14H300 214 2.146
12 34.399 1-Hexadecanol, 2-methyl Ci7H360 256 1.861
13 36.294 Octadecane, 1-(ethenyloxy)- C20H400 296 1.569
14 38.101 Ethanol, 2-(octadecyloxy)- C20H420, 314 1.304
15 39.843 Ethanol, 2-(octadecyloxy)- C20H420, 314 1.322
16 41.51  Carbonic acid, isobutyl octadecyl ester Ci3HsO3 370 0.801
17 43.113 Carbonic acid, isobutyl octadecyl ester Ci3Hs603 370 0.827
18 44.656 Ethanol, 2-(octadecyloxy)- C20H420, 314 0.548
19 46.145 Ethanol, 2-(octadecyloxy)- C20H420, 314 0.53
20 47.577 Carbonic acid, isobutyl octadecyl ester Cz3H4s03 370 0.47
21 48.968 Ethanol, 2-(octadecyloxy)- C20H4202 314 0.466
22 50.298 Ethanol, 2-(octadecyloxy)- C20H4202 314 0.312
23 51.63  Ethanol, 2-(octadecyloxy)- C20H10, 314 0.22
24 53.13  Eicosane, 2-methyl C21Hag 296 0.25
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Table 6.9 Identified of compounds present in pyro-oil produced through pyrolysis of
HDPE at optimum condition.

SI. Ret. Time Compound Name Mol. formula  Mol. Weight Area (%)
No
1 6.124 2,4-Dimethyl-1- heptene CoHig 126 0.778
2 7.812 1-Nonane CoHao 128 0.935
3 8.049 Nonane CioH2 142 0.9
4 11.544 Decane CioH2 142 1.981
5 14.88 Undecane Ci1Hos 156 3.531
6 17.693 2-Dodecene, (E)- Ci2Ho4 168 4.51
7 17.937 Dodecane Ci2Hae 170 4.828
8 20.758 Tridecane Ci3Hag 184 5.07
9 20.866 3-Tetradecene, (Z) Ci4Has 196 1.444
10 23.379 7-Hexadecene, (Z) CisHs32 224 5.255
11 25.65 Decane, 2,3,5,8- tetramethyl Ci4Hzo 198 5.114
12 25.843 3-Hexadecene, (Z) Ci6Hs32 224 5.647
13 27.977 Tetradecane, 6,9- dimethyl Ci6Hz4 226 4.504
14 28.165 3-Octadecene, (E)- CisHse 252 5.529
15 30.357 7-Hexadecene, (Z) Ci6Hs32 224 5.066
16 32.434 3-Eicosene, (E)- C20Hao 280 4.288
17 32.252 Heptadecane, 2,6,10,14- Cy1Haa 296 1.981
tetramethyl
18 34415 3-Eicosene, (E)- C20Hao 280 3.444
19 36.298 5-Eicosene, (E)- C20Hao 280 2.606
20 37.973 Heptadecane, 2,6,10,14- Cy1Has 296 0.938
tetramethyl
21 38.107 10-Heneicosene (c,t) C21Ha 294 1.819
22 39.728 Heptadecane, 2,6,10,14- Cy1Hus 296 0.51
tetramethyl
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23 39.839 1-Decanol, 2-hexyl Ci6H340 242 1.339

24 41.504 1-Decanol, 2-hexyl Ci6H340 242 1.513

25 43.102 Methoxyacetic acid, 2-tridecyl Ci6H3203 272 1.192
ester

26 44.653 Oxalic acid, isobutyl hexadecyl =~ CHi04 370 0.768
ester

27 46.159 Oxalic acid, isobutyl hexadecyl =~ CHi04 370 0.564
ester

28 47.6 Oxalic acid, isobutyl hexadecyl =~ C2Ha204 370 0.353
ester

Table 6.10 Identified of compounds present in pyro-oil produced through co-pyrolysis of
HDPE and RH (HDPE: RH; 80:20) at optimum condition.

Peaks Ret Compound Name Mol. formula Mol weight  Area (%)
Time
1 5.014 5-Octen-1-o0l, (Z) CsHi60 128 7.649
2 8.257 4,4-Dimethyl-cyclohex-2-en-  CgH;40 126 9.809
1-0
3 11.806 3-Tetradecyn-1-ol Ci4H260 210 14.931
4 15.135 2-Dodecenal, (E) Ci2H0 182 15.294
5 18.173 8-Hexadecenal, 14-methyl-, C17H3,0 252 13.431
-
6 20.98 9-Octadecenal, (Z)- CisH340 266 10.744
7 23.603 1-Decanol, 2-hexyl Ci6H340 242 8.339
8 26.052 1-Hexadecanol, 2-methyl Ci7H360 256 6.591
9 28.343 3-Heptadecene, (Z) Ci7H34 238 3.794
10 30.518 2-Ethyl-1-dodecanol Ci4H300 214 2.763
11 32.593 Ethanol, 2-(octadecyloxy)- C20H4202 314 1.706
12 34.559 Ethanol, 2-(tetradecyloxy)- Ci6H3402 258 1.200
13 36.446 1-Tricosene Ca3Hae 322 0.904
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14 38.242 1-Decanol, 2-hexyl Ci6H340 242 0.649

15 39.966 Tritetracontane Ca3Hss 604 0.509
16 41.615 Ethanol, 2-(octadecyloxy) C20H4,0, 314 0.447
17 43.192 Ethanol, 2-(octadecyloxy)- C20H4,0, 314 0.282
18 44,723 Ethanol, 2-(octadecyloxy)- C20H4,02 314 0.190
19 46.19 1-Chloroeicosane CHaCl 316 0.183
20 47.611 Oxalic acid, isobutyl C22H4204 370 0.145
hexadecyl ester
21 48.977 Oxalic acid, isobutyl C22H4,04 370 0.120
hexadecyl ester
22 50.305 Heptadecane, 2,3-dimethyl Ci9Hao 268 0.103
23 51.616 Eicosane, 7-hexyl CasHss 366 0.076
24 53.106 Pentadecane, 8-hexyl C21Has 296 0.083
25 54.864 Oxalic acid, isobutyl C2Hi04 370 0.056

hexadecyl ester

Table 6.11. Identified compounds present in pyro-oil produced by co-pyrolysis of HDPE
and RH (HDPE: RH (65:35) at optimum condition.

Peaks Ret Compound Name Mol formula Mol weight Area
Time (%)
1 5.007 2-Pentadecyn-1-ol CisH20 224 7.649
2 8.297 5-Octen-1-ol, (Z)- CsHi60 128 9.809
3 11.897  2-Tridecene, (Z)- Ci3Ha 182 14.931
4 15.253  9-Octadecenal CisH340 266 15.294
5 18.299  2-Tridecenal, (E) Ci3H240 196 13.431
6 21.086  2-Dodecenal Ci2H»0 182 10.744
7 23.668  Ethanol, 2-(octadecyloxy)-  CiH20- 314 8.339
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8 26.074 1-Decanol, 2-hexyl Ci6H340 242 6.591

9 28.328 1-Hexadecanol, 2-methyl Ci17H360 256 3.794
10 30.478  2-Hexyl-1-octanol C14H300 214 2.763
11 32.527  2-Ethyl-1-dodecanol C14H300 214 1.706
12 34.484  3-Heptadecene, (Z)- Ci7H3z4 238 1.200
13 36.355  2-Ethyl-1-dodecanol Ci4H300 214 1.706
14 38.144  Ethanol, 2-(tetradecyloxy)- CisH3402 258 0.649
15 39.865 Ethanol, 2-(tetradecyloxy)- Ci6H3402 258 0.509
16 41.514  2-Hexyl-1-octanol Ci4H300 214 0.447
17 43.106  Ethanol, 2-(octadecyloxy)- CzH20; 314 0.282
18 44.639  1-Decanol, 2-hexyl Ci6H340 242 0.190
19 46.115 1-Decanol, 2-hexyl Ci6H340 242 0.183
20 47.542  Ethanol, 2-(tetradecyloxy)- CisH340: 258 0.145
21 48.927  Ethanol, 2-(octadecyloxy)- CzH0; 314 0.120
22 50.261 Ethanol, 2-(octadecyloxy)- CioH420» 314 0.103
23 51.581 1-Decanol, 2-hexyl Ci6H340 242 0.076
24 53.075  Ethanol, 2-(octadecyloxy)-  Cz0H20> 314 0.083
25 54.844  Ethanol, 2-(octadecyloxy)-  CzHi20> 314 0.056

Table 6.12. Identified of compounds present in pyro-oil produced by co-pyrolysis of waste
HDPE and RH (HDPE: RH (50:50) at optimum condition.

Peaks Ret Compound Name Mol formula Mol Area
Time weight (%)
1 5.043 2-Pentadecyn-1-ol Ci5H230 224 7.649
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

8.413

11.772

15.344

18.264

20.953

23.49

25.895

28.179

30.355

32.433

34.416

36.314

38.123

39.864

41.528

43.136

44.677

46.167

47.602

48.989

50.323

51.647

53.148

Z-10-Pentadecen-1-ol
3-Tetradecyn-1-ol
3-Decyn-2-ol
9-Octadecenal
E-2-Octadecadecen-1-ol
cis-11-Hexadecenal
2-Dodecenal, (E)-

2-Tridecenal, (E)-

1-Hexadecanol, 2-methyl

1-Hexadecanol, 2-methyl

1-Decanol, 2-hexyl

4-Octadecenal

1-Hexadecanol, 2-methyl

1-Decanol, 2-hexyl
2-Hexyl-1-octanol
2-Ethyl-1-dodecanol
1-Decanol, 2-hexyl

Carbonic acid, isobutyl
octadecyl ester

Carbonic acid, isobutyl
octadecyl ester

Ethanol, 2-(octadecyloxy)-

Ethanol, 2-(octadecyloxy)-

Ethanol, 2-(octadecyloxy)-

Carbonic acid,
octadecyl ester

isobutyl

Ci5H300
Ci14H260
CioH150
Ci3H340
Ci3H360
Ci6H300
Ci12H220
Ci3H240
Ci17H360
Ci17H360
Ci6H340
Ci3H340
C17H360
Ci6H340
Ci4H300
C14H300
Ci6H340

C23Hi603

C23Hi603

C20H1,0;
C20H1,0;
C20H1,0,

C23Hi603

226

210

154

266

268

238

182

196

256

256

242

266

256

242

214

214

242

370

370

314

314

314

370

9.809

14.931

15.294

13.431

10.744

8.339

6.591

3.794

2.763

1.706

1.200

0.904

0.649

0.509

0.447

0.282

0.190

0.183

0.145

0.120

0.103

0.076

0.47
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25 54.923 9-Hexadecenoic acid Ci16H3002 254 0.056

Table 6.13 Identified compounds present in Bio-oil produced by pyrolysis of Rice husk

(RH) at optimum conditions.

Peak R. Time Compound Name Molecular Molecular Area (%)
formula weight
1 3.171 Phenol C¢HsOH 94 3.98
2 3.28 2,5-Dimethylfuran CeHsO 96 0.68
3 3.23 2-Butanone C4HgO 72 2.20
4 3.32 1-Acetoxy-2- propanone CsHsOg 116 1.06
5 3.40 Decane CioH22 142 0.27
6 1-Methyltetrazole C,H4Ny 84 0.68
7 4.33 2-Hydroxy-2-cyclopenten-1- CsHgO» 98 0.54
one
8 4.45 4-octyne CsHis 110 1.07
9 4.51 1-Hydroxy-3-methyl-2- CsHi002 102 2.08
butanone
10 4.56 3-Methyl-1,2- CeHsO: 112 3.16
cyclopentanedione
11 4.67 1-Acetyl-2-methylcyclopentene CsHi20 124 0.69
12 5.08 Phenol,3-methyl- C4H3O 108 2.58
13 6.16 3-octadecene (E)- C11H1602 180 0.39
14 7.51 1-Tridecene C13H26. 144 0.71
15 7.61 2-Isopropyl phenol CoH 1,0, 182 0.64
16 8.87 3-Methyl-3-cyclohexene-1- CsHi,O 124 0.46
carbaldehyde
17 8.95 2,6-Dimethoxyphenol CsHi003 154 0.80
18 9.51 2,3-Dimethylcyclohexanol CsHi60 128 0.99
19 10.25 1-Heptanol,2,4-diethyl- Ci1H240 172 0.41
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20 10.75 2-Decanoic acid Ci10Hi1502 170 1.42

21 11.6 Tetradecane Ci4Hso 198 0.55

22 11.72 4-Hydroxy-3-methoxyphenyl Ci0Hi1203 180 0.26
acetone

23 12.65 2-Propentyl diacetate C7H 1004 158 0.83

24 12.73 Nonadecane Ci9Hao 180 0.90

26 13.66 Hexadecane Ci6Has 210 0.40

25 15.70 Naphthalene,2-phenyl CsHi2 204 1.47

6.6 Bio-oil from PET

In an initial investigation, pyrolysis of PET (Polyethylene terephthalate) was carried out to
examine the potential products it could generate. A transparent acrylic condenser was
employed within the same setup to facilitate observation during the experiment. The results
revealed that a yellowish liquid was produced and collected in the condenser, as depicted
in Figure 6.14. Over a few minutes, this yellowish liquid transformed into a solid state and
adhered to the inner walls of the condenser. This yellowish substance caused blockages in
the piping from the reactor to the condenser, leading to issues with collecting the product

and maintaining system sterility.

According to the findings of Cepeliogullar and Putun [45], this yellowish substance was
identified as benzoic acid, known for its propensity to obstruct pipes and heat exchangers.
As a result, this issue requires serious consideration when operating at an industrial scale.
These findings suggest that the pyrolysis of PET proved to be inefficient in terms of both

time and cost due to the need for frequent maintenance.
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Figure 6.14 Real view image of PET pyrolysis after effect reactor blockage.

6.7 Conclusion

The growing global energy demand and the serious environmental dangers associated with
the usage of fossil fuels have made sustainable and renewable energy sources urgently
necessary. Biomass-derived bio-oil has come to light as a viable option due to its potential
as a renewable energy source and its ability to help reduce greenhouse gas emissions.
Pyrolysis, a heat process that breaks down biomass, produces bio-oil, a liquid byproduct.
However, the traditional pyrolysis process has certain limitations, including low bio-oil
yield and poor quality. To overcome these limitations, co-pyrolysis, a promising technique
that involves the simultaneous thermal decomposition of multiple feedstocks, has garnered
significant attention. By enabling the use of various biomass feedstocks, such as
lignocellulosic materials, algae, and waste materials, the co-pyrolysis process offers a
special benefit in producing bio-oil with enhanced yield, quality, & energy content. The
combination of various feedstocks in co-pyrolysis not only enhances the energy output but
also provides an opportunity to manage waste and reduce the environmental impact.
Additionally, co-pyrolysis can help mitigate the challenges associated with feedstock

availability and variability, making it a versatile and sustainable approach for bio-oil
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production. The usability of the produced pyrolytic oil as a transportation fuel can be better
evaluated by comparing its physicochemical properties with standard specifications of
conventional fuels like diesel and gasoline. Parameters, including calorific value, viscosity,
density, flash point, and water content, were evaluated against these benchmarks. While
the bio-oil demonstrated promising energy content and comparable density, deviations in
viscosity and oxygenated compounds suggest that further upgrading or blending may be

required to meet commercial fuel specifications.
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CHAPTER -7

Upgradation of Bio-oil through catalytic cracking by using
Dolomite and DOLZSM catalyst
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7.1. Introduction

Solid waste management is a key worry for authorities in both small and large cities, since
the growing volume of solid garbage created in developing nations puts strain on municipal
finances. The financial burden is compounded by a lack of understanding of various factors
impacting the entire solid waste handling system [1]. Moreover, the increase in population,

rapid urbanization, a thriving economy, and improved living standards in developing
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countries collectively accelerate the pace, volume, and quality of municipal solid waste
generation [2]. As a global concern, the rising consumption of plastics contributes
significantly to the growth of plastic waste within municipal solid waste. Effectively
managing this challenge requires implementing various methods based on local regulations
and social acceptability. These methods encompass recycling, reusing, land disposal, and
the innovative approach of converting waste plastic to energy through pyrolysis [3].
Moreover, biomass is thought to be an abundant renewable energy source on Earth and has
a great deal of potential for use as a fossil fuel substitute if it can be transformed into
valuable commodities [4]. Pyrolysis is a unique method of managing trash that produces
solid char and gases as useful byproducts while also producing liquid oil for energy [5,6,7].
Rice husk, a common agricultural waste that may be found in the environment, is regarded
to be a sustainable energy source to produce bio-oil through the process of pyrolysis [8].
However, the oil from the bio-oil cannot be utilized directly in the engines that are now in
use due to its high oxygen concentration (high O/C ratio) and low hydrogen content (low
H/C ratio) [9]. However, further improvement procedures, including the use of a catalyst
or a hydrogen doner, are necessary for the bio-oil generated by pyrolysis [10]. Therefore,
the catalytic co-pyrolysis process holds immense potential to transform into a quality fuel
by increasing the hydrogen content (high H/C ratio) and decreasing the oxygen content
(low O/C ratio).

It has been investigated to add plastic waste to biomass to increase the energy content and
quality of the produced biofuels [4]. In order to improve the blended fuel's heating value
and combustion properties, plastic components might be mixed in during the pyrolysis
process. Compared to biomass, plastics have a higher carbon and hydrogen content but a
lower oxygen concentration [11]. Co-processing plastic with rice husk provides more well-
rounded fuel characteristics in the resulting pyro-oil. The plastic polymers break down and
react with the organic components of rice husk to produce an optimized fuel composition.
Research has shown mixing specific plastics with biomass can increase higher heating
value to over 30 MJ/kg compared to 16 MJ/kg for biomass [12,13,14]. Overall, adding

certain plastic waste feeds can enhance both the fuel's physical properties as well as the net
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calorific value [12]. Consequently, numerous strategies have been proposed to convert raw
bio-oil into a high-quality and stable oil, making subsequent catalytic processing more
feasible. In catalytic co-pyrolysis, catalysts are vital, their primary functions include
minimizing coke deposits and increasing the yield of aromatics particularly for processing
plastic and biomass blends during co-pyrolysis [15]. Moreover, these catalysts aid in
decreasing oxygen content, improving the quality of biofuels, and significantly reducing
both the energy required and tar formation [16]. The use of different catalysts, during the
pyrolysis of biomass and polymers has been the subject of several investigations such as
bentonite clay [17, 18], Ni/dolomite [19], NiO/dolomite [20,21], dolomite [22,23,24]
calcined dolomite [25,26], HZSM-5 [27], SiO2/Al,03 [28,29], CaO/MgO/Fe;04 [30],
mordenite [31], Y-zeolite [32], ZSM-5 zeolites [33,34], Ni/ZSM-5 [35], and modified CaO
and Ga/ZSM-5 [36]. However, studies are reporting the synergistic effects during pyrolysis
if catalysts such as dolomite and ZSM-5 are combined to get a versatile acid-base catalyst
for enhancing the catalytic performance [37,38]. Thus, these studies have shown that these
catalysts could increase selectivity and raise the caliber of the final product. It's crucial to
recognize that incorporating a versatile catalyst modifies both the physicochemical traits
and chemical properties of the resulting pyrolysis oil. Therefore, selecting catalysts that are
easily accessible and cost-effective is vital for minimizing production expenses and

ensuring economic viability.

In our investigation, catalytic co-pyrolysis was performed using dolomite (DOL) and
zeolite (ZSM) as catalysts, selected for their natural availability and cost-effectiveness
compared to other catalysts commonly utilized in pyrolysis processes. Dolomite, a
naturally occurring mineral composed of calcium magnesium carbonate, can serve as a
basic catalyst, when combined with ZSM-5, a synthetic zeolite rich in acidic sites, it forms
a versatile catalytic system, and this catalytic system offers advantages in the shape
selectivity functionality due to presence of ZSM-5 and also dolomite addition helps
mitigating coke formation. Additionally, the modified catalyst, DOLZSM, was employed
to enhance the efficiency of catalytic co-pyrolysis for generating valuable chemicals from

mixed biomass and plastic waste, particularly rice husk (RH) and low-density polyethylene
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and high-density polyethylene (LDPE, HDPE). Further, the biorefinery approach was
utilized by integrating an additional distillation process during the co-pyrolysis to obtain
the refined pyro-oil. The resulting liquid products, referred to as pyro-oils, were thoroughly
analysed using ASTM methods to assess their chemical composition and physical
characteristics. FTIR, NMR, GC-MS, and CHNS analytical techniques were among the several
analytical techniques used to carefully characterize the liquid sample. We call attention to
the growing importance of the biorefinery technique for bio-oil upgrading technologies in
R&D, considering that bio-oil has to be upgraded for use in automobiles, power plants,

combustion engines, and biochemical fractionation.
7.2. Characterization of catalysts
7.2.1. Catalyst Structural Evaluation

The calcined dolomite catalyst was analyzed using X-ray diffraction (XRD) to determine
its characteristics as depicted in Figure 7.1. Consistent with the findings of reported
literature, the presence of diffraction peaks at 31° (006), 37° (110), 42° (202), 63° (122),
and 67° (300) suggests that CaMg(COs)> constitutes the predominant phase in the calcined
dolomite. The characteristic peaks of dolomite (DOL) are discerned at 34.46°, 39.38°,
42.89°, 43.06°, 62.55°, and 79.290°, as observed in prior research [39]. Utilizing the
Scherrer equation, the crystal sizes of CaO and MgO were determined based on the peaks
at 20 = 37.6° and 43.06°, respectively. The calculated average particle sizes for CaO and
MgO were found to be 77.8 nm and 43.7 nm, respectively, underscoring the nanocrystalline
nature of these phases. Remarkably, elevated calcination temperatures induce surface
segregation of Mg, facilitating the dispersion of MgO nanocrystals across CaO particles
[40]. The distinctive peaks of ZSM were observed at 7.86° (010), 8.82° (020), 23.1° (051),
23.8°(303), and 24.26° (313) according to the JCPDC (ID: 42—-0024) [37]. The combined
DOLZSM catalyst exhibited distinctive peaks associated with both ZSM and calcined DOL
as shown in Figure 7.1. Peaks observed at 7.8° (011), 8.8° (020), 22° (051), 23.02° (303),
and 24.33° (313) were attributed to ZSM, whereas peaks at 31° (006), 37°(110), 63° (122)
and 67° (300) corresponded to the distinctive peaks of calcined DOL [40,34] .
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Figure 7.1. XRD spectra of calcined dolomite, ZSM, and DOLZSM catalysts.
7.2.2 FTIR analysis

Different catalysts' FTIR spectra are shown in Figure 7.2. Interestingly, when comparing
the FTIR spectra of DOL and ZSM-5 together, they differ from those of DOL and ZSM-5
alone. Furthermore, the presence of a trace amount of adsorbed surface water is verified by
the wide OH stretching associated with hydrated carbonate, which is seen in the 2500—
3500 cm™! range [41]. Notable characteristics may be seen in the FTIR spectra of calcined
dolomite (DOL) at 900°C. In particular, the carbonate bending mode, which is typical of
carbonate compounds, is indicated by the existence of a peak at 881 cm™. Moreover, the
peaks observed at 1489.03 cm™' signify the presence of carbonate ions within the sample

and it exhibited a novel hydroxyl band peak at 3654 cm™'

, suggesting the existence of the
-OH functional group and indicating the existence of calcium oxide [42] .
The ZSM-5 catalyst exhibited prominent peaks at specific wavenumbers, providing

insights into its structural characteristics. Notably, peaks were observed at 421.44, 448.67,
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and 542.71 cm™'. The silicon-oxygen bonds inside the ZSM-5 structure are shown by the
Si-O bending mode, which has a peak at 448.67 cm™'. Similarly, the presence of Si-O-H
functional groups, which are indicative of ZSM-5's double five-ring structure, especially
in its asymmetric stretching mode, is shown by the peak located at 542.71 cm™.
Furthermore, the peak that reaches its highest intensity at 1630 cm™ is credited to the
physically adsorbed water bending approach, suggesting that moisture is present in the
catalyst. Furthermore, pentasil framework disparity and crystalline substance are indicated
by the signal at 550 cm™, which helps to characterize the ZSM-5 structure further.
Moreover, the signal detected at 3621.35 cm™ indicates the vibrational stretching of the
hydroxyl group AI-OH, providing further proof of the makeup of the ZSM-5 catalyst.
ZSM-5 and dolomite components were both present in the ZSM-5/dolomite (ZSMDOL)
catalyst, as Figure 7.2 shows. This indicates the successful preparation of the hybrid
catalyst, which incorporates both ZSM-5 and dolomite materials, potentially enhancing the

catalytic properties for the pyrolysis process [43].
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Figure 7.2. FTIR spectra of calcined dolomite, ZSM, and DOLZSM catalysts.
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7.2.3 FE-SEM analysis

Field emission scanning electron microscopy (FE-SEM) was used to investigate the
catalyst's internal microstructure, particle size, and surface morphology. Figure 7.3(a), (b),
and (c) shows the FE-SEM images that were obtained. The photos demonstrated the high
porosity of the catalyst particles, indicating a large specific surface area that increases the
catalyst's activity by providing a high number of active sites for catalytic reactions. This
facilitates effective mass transport and reactant molecular diffusion. Furthermore, the
synthesized catalysts underwent an energy dispersive X-ray (EDX) analysis, the results of
which are shown in Figure 7.3(d), (e), and (f). The FE-SEM results showed that calcined
DOL catalyst consisted of CaO and MgO having uniform particle size, high porosity and
homogenous nature which can be also validated from the EDX analysis (Figure 7.4(a),
and (d)). The calcined dolomite possesses a greater surface area due to the formation of
porous grains, rough surface structure, and a cluster of tidy irregular particles [38]. Yang
et al. also observed uneven textures on the calcined dolomite catalyst which resulted in

CO» decomposition occurring over the catalyst's surface [44].

The ZSM-5 catalysts had smooth quasi-thombohedral particles (with an average size of
approximately 100 nm) into surfaces exhibiting unevenness and irregular edges, attributed
to the presence of the surrounding matrix enveloping the zeolite crystals (Figure 7.3(b)).
Additionally, the ZSM catalyst exhibited a crystalline structure with a surface morphology
resembling layers or sheets, consistent with findings previously documented [44]. Further,
the EDX analysis confirmed the acidic nature of the ZSM catalyst due to the presence of
Aluminum (Al) in the ZSM-5 (Figure 7.3(e)). Finally, the FE-SEM results of DOLZSM
catalysts showed the uniform distribution of dolomite and ZSM-5 particles, a uniform
distribution of Mg, Ca, O, Si, and Al which was also confirmed by the EDX results as
shown in Figure 7.3(c), and (f).
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Figure 7.3. FE-SEM images and EDX analysis of the (a), (d) Calcined Dolomite (b), (e)
ZSM-5, and (c), (f) DOLZSM catalysts.
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7.2.4 BET Surface Area Analysis

BET analysis was used to estimate the catalyst's specific surface area; the results are shown
in Table 7.1 and Figure 7.4(a-c). This analysis consisted of quantifying the amounts of
nitrogen gas that were absorbed and desorbed on the catalyst surface at a constant
temperature of 77 K. The BET results provided information on the catalyst's total pore
volume, specific surface area, pore volume, and average pore diameter, among other
metrics. The catalyst's pore volume and surface area have an impact on the thermo-catalytic
process's catalytic performance [37]. Therefore, to assess the catalytic efficiency of three
catalysts dolomite powder (DOL), ZSM-5 powder, and the hybrid catalyst dolomite/ZSM-
5 (DOLZSM) an examination of the precise BET surface area and pore size distribution
was essential. The surface areas of calcined DOL (calcination at 900°C), ZSM-5, and
DOLZSM were found to be 12.70, 343.3, and 138 m?%g, respectively, based on the results.
Significantly, the reduced surface area of ZSMDOL in contrast to ZSM-5 can be explained
by the inclusion of dolomite, which fills the pores within the ZSM-5 framework. This result
is in line with other studies [46,47] that found that adding metal nanoparticles to the HZSM-
5 catalyst reduced its surface area. The influence of secondary components on the porous
structure of the catalyst was further demonstrated by the decrease in specific surface area
that resulted from the addition of dolomite to the ZSM-5 structure. All things considered,
the BET analysis offered insightful information about the catalysts' surface characteristics,
which helped to clarify their catalytic behavior and suggest possible uses in thermo-

catalytic processes.
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Table 7.1. Analysis of Calcined Dolomite, ZSM, and ZSMDOL

Sample Surface area Volume Pore size
(m*g") (em’ g (nm)
Calcined DOL (at 900°C) 12.70 0.78 9.87
ZSM 3433 0.21 1.27
ZSMDOL 138 0.91 7.3

7.2.5 Dynamic Light Scattering (DLS) Data Analysis

The ZSM-5 and dolomite powder catalysts' particle size distributions were examined using
dynamic light scattering (DLS). The study's conclusions provide crucial details on the
catalyst particles' size distribution. The dolomite powder's average particle size, according
to the DLS Analysis, was 962.2 nm. It was also observed that most of the catalyst particles
were distributed within the nanometer range. This finding indicates that the dolomite
powder consists of very fine particles, contributing to its high surface area. In contrast, the
DLS analysis showed that the ZSM-5 catalyst had a larger average particle size of 3895.7
nm. Despite this larger particle size, the ZSM-5 catalyst exhibited a higher surface area of
20.26 m?/g. This discrepancy between particle size and surface area suggests that other
factors, such as pore structure and morphology, contribute to determining the catalyst’s

surface area.

7.3 Process yields and fuel property characterization

Figure 7.5 displays the product yields that were achieved by catalytic co-pyrolysis of
LDPE and rice husk. The product yield varies between 58—60 wt. % as a liquid product, 8—
10 wt. % as a solid-char, and 33-38 wt. % as a gas product when using the DOL catalyst.
However, the DOLZSM catalyst produced the most gaseous product (35-37 wt.%) with
10-12 wt. % and 53-54 wt.% of solid char and pyro-oil, respectively. In comparison to

catalytic co-pyrolysis without a catalyst, thermal pyrolysis yielded the highest pyro-oil
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(liquid product) ~ 65-66 wt. % with 19-20 wt. % and 14-15 wt. % of solid char and pyro-
gas, respectively as shown in Figure 7.5 (a) The order of pyro-oil (liquid) products was
found to be without catalyst (~66%) > DOL (~60%) > DOLZSM (54%). Because of the
catalyst's wide surface area and enhanced cracking, which produced fewer hydrocarbon
products and more gaseous products, the liquid yields under the catalytic co-pyrolysis
process fell and gas products rose [37]. However, the solid-char formation was reduced by
~40 wt.% for both DOL and DOLZSM when compared with without a catalyst due to fast
kinetics during the co-pyrolysis reaction. The order of solid-char product was found to be
DOLZSM (8%) < DOL (~10%) < without catalyst (~20%). Figure 7.5 (b) displays the
product yields that were achieved by catalytic co-pyrolysis of rice husk and HDPE. When
employing the DOL catalyst, the product yield ranges from 62% as a liquid product, 12%
as a solid char, and 26% as a gas product. However, the DOLZSM catalyst yielded the
most gaseous product 26 weight percent along with 10 weight percent and 61 weight
percent of solid char and pyro-oil, respectively. As seen in Figure 5, thermal pyrolysis
produced the maximum pyro-oil (liquid product) ~ 65-66 wt% with 10-18 wt% and 16-17
wt% of solid char and pyro-gas, respectively, in contrast to catalytic co-pyrolysis without
a catalyst. It was discovered that the pyro-oil (liquid) products were arranged as follows:

DOL (~62%) > DOLZSM (60%), > catalyst-free (~65%).
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Figure 7.5. (a) Variation of product yields without catalyst, DOL, and DOLZSM catalysts
during the catalytic co-pyrolysis of rice husk and LDPE. (b) Variation of product yields
without catalyst, DOL, and DOLZSM catalysts during the catalytic co-pyrolysis of rice
husk and HDPE.

7.4 Physical and chemical characteristics of refined pyro-oil

Table 7.2 lists the physical and chemical properties of the liquid pyro-oil that was produced
when rice husk, LDPE, and HDPE were co-pyrolyzed at a ratio of 80:20, using different
catalyst settings. The fuel attributes of pure diesel and non-catalytic pyro-oil (PO-NC) are
contrasted with those of the catalytically processed liquid fuel dolomite-based sample (PO-
DOL) and ZSM mixed Dolomite Powder (DOLZSM). The physical properties of the liquid
samples generated by the catalytic and non-catalytic co-pyrolysis techniques varied

significantly.
7.4.1 Analysis of Density, Specific gravity, and API gravity:

In the liquid sample derived from HDPE and RH combination with and without catalyst,
the densities of oil from PO-NC, PO-DOL, and PO-DOLZSM were 0.889g/cm?, 0.858
g/cm?, and 853 g/cm? aligning closely with the density of commercial diesel at 0.820 g/cm?®.
Additionally, the pyro-oil's specific gravity measurements for these samples, without a
catalyst, were 0.818, and with catalyst PO-DOL, and PO-DOLZSM were 0.795 and 0.782,
respectively, compared to 0.794 for commercial diesel. API gravity, inversely related to
fuel density in comparison to water at 60°F (15.56°C), serves as a crucial metric to gauge
the heaviness or lightness of petroleum products. Higher API gravity indicates lower
density and thus higher fuel quality. HDPE: RH (80:20) non-catalytic pyrolysis oil had an
API gravity of 41.4 and with catalyst PO-DOL, and PO-DOLZSM had 44.9, and 48.3,

respectively. Which is nearly close to pure diesel.

Notably, the liquid sample derived from catalytic pyrolysis from LDPE and RH exhibited
a density of 0.858 g/cm? for PO-DOL and 0.830 g/cm’ for PO-DOLZSM, contrasting with
the density of non-catalytic pyro-oil (PO-NC) at 0.876 g/cm?’. This discrepancy in density
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arises due to the increased cracking intensity during catalytic co-pyrolysis, leading to a
higher abundance of lower fraction hydrocarbons and reduced density in the resulting pyro-
oil. Moreover, catalytic co-pyrolysis with DOLZSM typically yielded pyro-oil with a lower
density (~0.830 g/cm?) which was very close to the commercial diesel (~0.820 g/cm?).
Additionally, it was shown that ignition properties, encompassing carbon residue, diesel
index, cetane index, flashpoints, and fire point, calorific value, & diesel index value, were

influenced by catalytic co-pyrolysis as shown in Table 7.3.
7.4.2 Flash and Fire points

The ignition properties, including flash and fire points, were calculated to be 64.2°C and
67.1°C, respectively for non-catalytic (NC) liquid fuel. For catalytic pyrolysis, the flash
and fire points were measured at 52.3°C and 58.6°C for PO-DOL and 48.7°C and -55.3°C
for PO-DOLZSM. For the other feedstocks of HDPE: RH mixture pyro oil derived from
catalytic pyrolysis. In non-catalytic pyrolysis, the pyrolysis oil of ignition properties (flash
and fire points) was measured at 59.7°C and 64.8°C respectively. Conversely, in catalytic
pyrolysis, these points were recorded as 50.2°C and 58.3°C for PO-DOL, 40.3°C and
51.1°C and PO-DOLZSM, 40.1°C respectively, the catalytic pyrolysis produces pyro oil
with lower flash and fire points, indicating more volatility and lower hydrocarbon content
compared to non-catalytic pyrolysis processes and for diesel, the determined flash points

and fire points were 57°C and 64°C.
7.4.3 Calorific Value

The liquid fuel of LDPE: RH exceeded the pyro-oil calorific value of 34.6 MJ/kg obtained
through non-catalytic co-pyrolysis produced employing the catalysts DOL and DOLZSM
had estimated calorific values of 35.5 and 37.2 MlJ/kg, sequentially. For another
composition ratio of HDPE: RH Pyro-oil derived from non-catalytic pyrolysis exhibited a
calorific value of 42.3 MJ/kg, whereas catalytic pyrolysis yielded a higher value of 43.5
MJ/kg for PO-DOL and 44.8 MJ/kg. for PO-DOLZSM. At the same time, analysis

indicates that most samples exhibit calorific values close to that of commercial diesel,
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which was calculated at 46.17 MJ/kg. Overall, the findings indicate that the calorific values

of the analyzed samples are near those reported in existing literature [22].
7.4.4 Carbon residue

An essential criterion for any fuel is its carbon residue, which can impede its engine utility
if it's higher. Figure 7.6(a) shows the ratio of LDPE: RH produced the liquid fuel without
catalyst (PO-NC) showcased a carbon residue of 0.38 wt. %, PO-DOL, and PO-ZSMDOL
demonstrated remarkably low carbon residues of 0.32 and 0.28 wt. %, respectively as
shown in Figure 7.6 (b) For the other feedstock ratio of HDPE: RH produced the pyro-oil
(PO) carbon residues derived from the non-catalytic pyrolysis process are 0.38, and
through catalytic pyro-oil, carbon residues are 0.25 for PO-DOL and 0.19 for PO-
DOLZSM. While diesel was measured at 0.57 weight percent, Carbon residue is a
significant characteristic of any fuel. A higher presence of carbon residue is an indicator of
poorer fuel quality. Thus, it's strongly recommended to use low-carbon residue fuel for
sustainability purposes [22]. respectively. Nevertheless, the low weight percentage of
carbon residue in all cases suggests their suitability for use as fuel which is shown in Figure

7.6 (a), (b).
7.4.5 Kinematic viscosity

The kinematic viscosity values were calculated as well, and as Figure 7.7(a) and (b)
illustrate, the values were originated to be lower for the liquid sample generated via
catalytic co-pyrolysis with DOL and DOLZSM. Consequently, the quality of pyro-oil may
be enhanced using catalysts throughout the co-pyrolysis process. Lower-viscosity fuels are
preferred for engine starters and general performance as they enable simple atomization,
hence improving combustion. Furthermore, high-viscosity fuels can pose significant
challenges during engine start-up, particularly in cold weather, as they can impede the

proper operation of injectors by restricting the flow of fuel into the combustion chamber.
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7.4.6 Aniline point

In fuel analysis, the aniline point is a significant indicator of the level of aromatics present.
A decreased aniline point corresponds to a higher aromatic content, while a higher aniline
point suggests a lower aromatic content. For LDPE: RH composition produced liquid fuel
for non-catalytic analysis the aniline point is 64.5°C and for catalytic pyro oil for PO-DOL
are 56.3°C and for PO-DOLZSM are 52.3°C and for other feedstock HDPE: RH ratio the
aniline points of non-catalytic oil were measured at 62.5°C and for catalytic pyro oil 63.4°C
for PO-DOL, and 64.5°C for PO-DOLZSM, respectively. While for pure diesel the aniline
point is 56.8°C.

As the biomass mix percentage increased, the bio-oil's pH level decreased. This pH
decrease is brought on by the synthesis of NH3, which is the end result of protein pyrolysis
and dissolves in the bio-oil. The calculated PH value for commercial diesel was 5.5, while
the PH for liquid samples from the thermal pyrolysis of non-catalytic pyro oil PH value
was 5.2, and for catalytic samples, the PO-DOL PH value was 5.3, and for DOLZSM 5.6.
while adding catalyst on HDPE: RH the PH value increases. For another sample LDPE:
RH non-catalytic pyro oil PH value is 4.8 and catalytic pyro oil for PO-DOL are 5.3 and
for PO-DOLZSM are 5.1 are nearly comparable to diesel fuel.

The examination of the other properties, such as the cetane index and diesel index, is also
included in Table 7.2. The cetane index of the pyro-oil produced by catalytic co-pyrolysis
was found to be greater than that of commercial diesel. This implies that, in comparison to
pure diesel, the process of combustion in the diesel engines of POs obtained through

catalytic co-pyrolysis will be more efficient and faster.

Table 7.2. Physicochemical properties of pyro-oil from RH: LDPE with different catalysts.

Fuel Properties PO-NC PO-DOL PO- Commercial
DOLZSM Diesel

Density (g/cm?) 0.876 0.858 0.830 0.820
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Specific density 0.832

Cloud point (°C) 10
Pour point (°C) 2
Flashpoint (°C) 64.2
Fire point (°C) 67.1
Kinematic viscosity 1.32
(40°Cin cst)

Aniline point (g/cm?) 64.5

Calorific value (MJ/kg) 34.6
Carbon Residue (wt.%.) 0.38

API gravity 41.4
Diesel Index 66.8
Cetane index 53.05
PH Value 4.8

0.823

523
58.6
1.18

56.3

35.5
0.32
42.5

63.6

58.4
53

0.818

2
48.7
55.3
1.04

523

37.2
0.28
44.3

61.5

56.2
5.0

0.794

13
57
64
2.46

56.8

46.18
0.57
46.77

62.76

55.19
5.5

PO- Pyrolysis oil, DOL- Dolomite, ZSM - zeolite Socony mobil-5, DOLZSM- Blends of dolomite and ZSM-

5.

Table 7.3- Properties of liquid fuel from with and without catalyst rice husk and HDPE

feedstock.
Fuel Properties NC-PO PO-DOL PO- DOLZSM Pure Diesel
Density (g/cm?) 0.889 0.858 0.853 0.820
Specific density 0.818 0.795 0.782 0.794
Cloud point (°C) 10 3 1 -3
Pour point (°C) -7 -10 -18 -13
Flashpoint (°C) 59.7 50.2 40.3 57
Fire point (°C) 64.8 58.3 51.1 64
Kinematic viscosity (40-Cin Cst) 1.22 1.15 1.11 2.46
Aniline point (g/cm®) 62.5 63.4 64.5 56.8
Calorific value (MJ/kg) 42.31 43.5 44.8 46.18
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Carbon Residue (wt.%.) 0.38 0.25 0.19 0.57

API gravity 41.4 44.9 48.3 46.77
Diesel Index 59.8 58.2 56.5 62.76
Cetane index 53.05 55.7 57.4 55.19
PH Value 5.2 53 5.6 5.5

NC- Without a catalyst, PO- Pyro oil, Dol- Calcined Dolomite Powder, ZSM-5- Zeolite Socony Mobil-5, DOLZSM- a
blend of Dolomite and ZSM-5
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Figure 7.6. Variation of carbon residue of pyro-oil obtained without catalyst, DOL, and
DOLZSM catalysts during the catalytic (a) co-pyrolysis of rice husk and HDPE (b) co-
pyrolysis of rice husk and LDPE.
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Figure 7.7 Variation of kinematic viscosity of pyro-oil obtained without catalyst, DOL,
and DOLZSM catalysts during the catalytic co-pyrolysis. (a) Rice husk and LDPE (b) Rice
husk and HDPE

7.5 Elemental Analysis of Pyro-oil

Hydrogen and carbon levels were measured in pyrolysis oil that was produced by the
thermochemical conversion of LDPE and rice husk materials, both with and without
catalysts, using the CHNS analyzer. To analyze the H/C ratio in liquid oil samples, an
elemental examination of liquid samples produced by thermal and catalytic pyrolysis of
waste plastic and rice husk under various catalyst settings was required. The H/C ratio is a
gauge of how feasible liquid fuels are as a substitute energy source; lower heating values
are associated with lower H/C values, which in turn affect viscosity, density, and calorific
values. The findings demonstrated that pyro-oil produced with a catalyst had a greater
hydrocarbon content than pyro-oil produced without a catalyst, indicating that the fuels had

a higher calorific value as shown in Table 7.3.
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Table 7.4. Elemental investigation of liquid fuel resulting from thermal and catalytic

pyrolysis processes of LDPE and RH.

Sample Carbon Hydrogen Nitrogen sulfur Oxygen H/C
PO -NC 72.16 9.5 0.54 0.07 17.73 1.57
PO-DOL 76.3 10.3 0.66 0 12.74 1.62
PO-DOLZSM 779 12.6 0.72 0 8.78 1.94
DIESEL (CD)  81.17 13.34 0.14 0 5.34 1.96

Table 7.5 Elemental investigation of liquid fuel resulting from thermal and catalytic

pyrolysis processes of HDPE and RH.

Sample Carbon Hydrogen Nitrogen sulfur Oxygen H/C O/C
PO —-NC 76 13.6 0.44 0 9.96 2.13 0.098
PO-DOL 78 12.8 0.52 0 8.68 1.95 0.083
PO- 79 13.1 0.66 0 7.24 1.97 0.068
DOLZSM

DIESEL (CD) 81.17 13.34 0.14 0 5.34 1.96 0.04

7.6 Catalytic cracking of plastic waste and rice husk

LDPE was used in a co-pyrolysis process with rice husk. The interaction between the
feedstock components exhibited favorable synergistic effects and HDPE, particularly in
the volatile reaction that took place within the char bed. With increasing temperatures,
plastic melts and forms a protective layer over biomass particles. The decomposition of
biomass occurs first due to variations in thermal stability, resulting in the formation of
radicals that subsequently react with LDPE and HDPE to generate volatile compounds at

elevated temperatures. The proportion of plastics to biomass influences the liquid's
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chemical composition and the intended product's yields. Co-pyrolysis of plastic waste
(LDPE, HDPE) and biomass (Rice husk) without a catalyst led to a brown-colored oil,
while catalytic co-pyrolysis of the feedstocks had little effect on the color of the oil (yellow-

gold color) as observed in Figure 7.8.

- .

Figure 7.8. The visual appearance of the obtained pyro-oil through a combination of Rice

husk and plastic waste (a) no catalyst, (b) DOL, and (C) DOLZSM catalytic co-pyrolysis.
7.7 Estimation of the chemical composition
7.7.1 'H and *C NMR Spectral Analysis

The fractional composition of the aromatic, paraffin, and olefin content of the co-pyrolysis
oil has been estimated using 'H-NMR and '*C-NMR analysis. The deuterated (CDCl3) was
used as a solvent with a 1:20 volume ratio at S00MHz frequency. The '"H-NMR spectra
captured in Figure 7.9 were subjected to NMR spectroscopy for hydrocarbon identification
within the pyro-oil samples. Through 'H NMR analysis, the volume percentages of
paraffin, olefin, and aromatic compounds were determined employing experimental
equations established in prior research. Notably, findings revealed that in non-catalytic

pyro oil, aromatic, olefin, and paraffin complexes constituted 7.89, 49.24%, and 42.77%
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v/v, sequentially. In contrast, catalytic pyrolysis oil exhibited variations in hydrocarbon
composition, with aromatic, olefin, and paraffin compounds content for PO-DOL at
10.27%,42.16%, and 40.11% v/v. while for PO-DOLZSM the content is 9.66%,52.8%and
38.3%, sequentially. Among the catalytic processes, the highest olefin content was
observed in PO-DOLZSM (52.8% v/v), followed by PO-DOL (42.16% v/v) as shown in
Figure 7.9(a). Although the DOL catalyst was used, the hydrocarbon composition did not
alter significantly; rather, as was previously said, it made it easier to produce lower
hydrocarbon chains. While combined LDPE and rice husk were being pyrolysis, however,
the modified DOL catalyst and ZSMDOL tended to produce olefins. These observations
highlight the importance of catalyst type in determining the hydrocarbon distribution of
pyro-oil, suggesting the feasibility of tailored catalyst design to regulate product yields in

catalytic pyrolysis processes.

PO-DOL
R GE R AR Fe I PP ISR R ESEI SR AN N RGYEGES FERREARG 2-3 SSEEFRIGERERGRES
L UL U L G L A A LA L U A U AR A R T T e e e — S o — — = —— = - - - --ddsdszz=z =
e
| f
!\
s ! H{m)
1.00
IL‘ "‘.
134
D {m) .H[m
4,99 1.65
B (dt) F (m) (=)
2,404 2.00 18
A (ddt) E{g) (]
5,8 2.08 | 1F6
C (d) G (myl O (1)
5.05 1.75) 0.92
1§
142
(=]
2
Fii(m)
Ras
i l | I J_LJJLL
& T
® B ELEELE L E L
. | 'L -
16 15 14 13 12 1 10 @ 8 & 5 4 3 F 1 0 1 2 3
1 {ppm)
(a)

236|Page



PO-DOLZSM

b0
A
Fe 1%
STE
_D.D./ =
8
Lo 20
260 ' LN
50 60
560 &0
950 [4]
260 [ 96°0
- Fo
o J 07z
=2 E1L
el DO D L
. s —_ ool
E= bce e £ o0
w v wel ——— B9
mf 3 L erg
Bt 4 T K 143
w0 T E s
b
F
— iy Fon
[ Loge
= = T oeit ~ E uaz
@ 151
I 8 = =
Lo 2 3
s N’ -~ =
. A
En m
oo
9T
Fa
e
ELY
06
& 56t
- Lot
L)
505
L~
=
Lo
567 -
56
&b
s "
s -
s s
€S i
. 95
'S r M @y
95
L)
05
Lo A
- £000 62'¢
8 ] °
€D 62 ]

237 | Page



PO-ZSMDOL

5 o
g 2
5 EhhELInaE=Ls IZsan HEBEBCEEEIIRAESERARHEY SCSEBREEEES
i e = T P ————
.
]
I
\I
- o s M 1
P | |
e s I e J
|
1bs )
c(d) H (d)
4.96 1.57
A (ddb) B () E@ |6 (m ()
5.85 5.03 2.08 1.65 0.92
1(
1.4
I:(sn
30
m
el E s
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5 2.0

3.0 2.5
1 (ppm)
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To elucidate the composition of carbon atoms and the structural properties exhibited by the
pyro-oil samples, including the degree of branching and dimension of the H-C chains, *C-
NMR spectrum of the co-pyrolysis oil derived from LDPE and Rice husk samples were
recorded. In Figure 7.11, it is evident that distinct attributes are observed in the '*C-NMR
spectra of all co-pyrolysis samples. Paraffinic hydrocarbons are observed across all
samples within the chemical shift range of 14.10-36.31 ppm. The varied chemical shifts
observed in the co-pyrolysis oils indicate diverse combinations of carbons present in the
samples. Additionally, the occurrence of olefinic hydrocarbons can be observed in the
liquid fuel samples resulting from plastic waste and Rice husk co-pyrolysis, both with and
without catalyst, with chemical shifts detected at 114.04 ppm and 139.22 ppm. These
observations from the *C-NMR spectra are consistent with findings from the '"H-NMR
analysis, as corroborated by the GCMS results shown in Figure 7.11. Utilizing '>*C-NMR
analysis proves invaluable in unravelling the structure of molecules and the makeup of the
pyro-oil samples. By supplementing data collected from other ways, this analytical
methodology advances our grasp of the chemical characteristics of the liquid products

created by co-pyrolysis procedures and fosters a thorough comprehension of them.
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Figure 7.11. 3 C-NMR analysis of pyro-oil obtained through plastic waste and RH (a)
DOL-PO from LDPE and RH (b) DOLZSM -PO from LDPE and RH (c) DOL-PO from
HDPE and RH (d) DOLZSM-PO from HDPE and RH.

7.7.2 GC-MS Analysis of liquid product (pyro-oil)

The hydrocarbon content and carbon number distribution in the liquid products resulting
from the non-catalytic and catalytic cracking of waste plastic and rice husk were analyzed
using gas chromatography-mass spectrometry (GC-MS). There was a precise temperature
regime that the GC-MS algorithm followed. This involved stabilizing the temperature at
50°C for five minutes before progressively increasing it to 280°C at a rate of 5°C per
minute. The oven then maintained the temperature at 300°C for five minutes. Figure 7.12
displays the chromatogram spectrum. Tables 7.6 and 7.7 reveal that the liquid result
comprises a diverse range of hydrocarbon types, such as alcohols, esters, alkanes, and

alkenes.
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The length of their carbon chains, which varied from less than C9 to less than C24, was
used to characterize the hydrocarbon compounds found by GC-MS. According to the
results, non-catalytic pyro-oil was found to have higher selectivity (88.93%) in the carbon
range of Ci3-C24 which dominates the pyro-oil fractions. However, this fuel oil has a higher
content of oxygenated compounds (49.85%), which influences the properties of the fuel.
For catalytic puro-oil, the hydrocarbon content was in the range Ci3—Co4 and selectivity
were found to be 26.3% and 18.9% in the pyro-oils using PO-DOL and PO-ZSMDOL
catalysts, respectively, Additionally, it was revealed that when employing ZSM-5 in
conjunction with a calcined dolomite catalyst (DOLZSM), the carbon ranges below Ci»
constituted approximately 70% of the product distribution. Conversely, the utilization of a
calcined dolomite catalyst (DOL) resulted in a notable reduction in the selectivity range
for carbon chains within the Ci3-Cy4 range, decreasing from 25.66% to 17.43%. These
findings underscore the significant influence of catalyst composition on product
distribution during pyrolysis processes, highlighting the potential for tailored catalyst
design to optimize desired hydrocarbon product yields [37]. Furthermore, the co-pyrolysis
oil obtained through a catalytic process found high selectivity to lower range hydrocarbon
(below Co) as compared to non-catalytic obtained pyro-oil. This investigation implies that
the DOL and DOLZSM catalysts both will be suitable to tune the overall properties of the

obtained pyro-oil as represented in Figure 7.13.

Gas chromatography-mass spectrometry (GC-MS) was used to examine the liquid sample
obtained from the co-pyrolysis of rice husk (RH) and high-density polyethylene (HDPE)
and to compare catalytic and non-catalytic procedures. This comprehensive analytical
approach enables detailed characterization of the pyrolysis products, facilitating insights
into the chemical composition and structural features of the resulting oils, which is crucial
for optimizing pyrolysis processes and harnessing their potential in various industrial
applications. The categorization of hydrocarbon compounds acknowledged through GC-
MS analysis was conducted according to their carbon chain lengths, dividing them into
four main groups: <Co, Co-Ci2, C13-Ca4, and >Cps. The pyro-oil that was generated

contained a wide range of carbon and hydrogen-based substances, including both
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oxygenated and non-oxygenated hydrocarbons. In both the catalytic & non-catalytic co-
pyrolysis procedures, the pyro-oil composition showed that alkanes and alkenes in the C9—
C25 carbon range dominated. The presence of specific compounds was highlighted, and a

comparison with previous studies indicated similar observations are present in Tables 7.8

and 7.9.
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Figure 7.12 Pictorial presentation of GC-MS analysis without catalyst and with catalyst
Pyro-oil from RH and HDPE blends.
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Table 7.6. GCMS analysis of pyro-oil obtained through RH: LDPE with dolomite (DOL)

catalyst.
Peak Compound Mol. Mo. Retention Area
Formula Weight (%)
Time
1 3-Decyn-2-ol CioHi30 154 5.076 8.628
2 2-Octyn-1-ol CsHi140 126 8.613 12.636
3 2,4-Undecadien-1-ol C11H200 168 12.293 14.822
4 2-Tridecene, (Z)- Ci3Hos 182 15.569 12.066
5 3-Tetradecene, (E) Ci4Has 196 18.747 10.316
6 4-Tetradecene, (E)- Ci4Has 196 21.207 5.451
7 1-Decanol, 2-hexyl Ci6H340 242 23.954 5.239
8 2-Hexyl-1-octanol Ci4H300 214 26.324 4.725
9 1-Octanol, 2-butyl Ci2H260 186 28.593 3.632
10 1-Dodecanol, 2-methyl-, (S)-  CizHx0 200 30.74 2.781
11 Ethanol, 2-(tetradecyl oxy)- Ci6H3402 258 32.791 2.460
12 Ethanol, 2-(octadecyl oxy)- C20H4202 314 34.77 1.893
13 Ethanol, 2-(tetradecyl oxy)- Ci6H3402 258 36.645 1.799
14 Ethanol, 2-(octadecyl oxy)- C20H4202 314 38.459 1.667
15 Ethanol, 2-(octadecyl oxy)- C20H4202 314 40.209 1.338
16 Docosane, 9-octyl CsoHe2 422 41.889 1.305
17 Docosane, 7-hexyl CogHssg 394 43515 1.367
18 Tetracosane Cu4Hs0 388 45.074 1.617
19 Tetracosane, 11-decyl Cs4H7o 478 46.575 1.433
20 Tetracosane, 9-octyl Cs2Hes 450 47.999 1.138
21 Ethanol, 2-(octadecyl oxy)- Cy0H420, 314 49 373 1.016
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22 Nonacosane Ca9Hso 408 50.706 0.924

23 Hexacosane, 9-octyl Cs4Hro 478 52.052 0.713
24 Hexacosane, 13-dodecyl CsgHys 534 53.606 0.665
25 Tetratriacontane Cs4H7o 478 55.439 0.369

Table 7.7 GCMS analysis of pyro-oil obtained through RH: LDPE with DOLZSM catalyst.

Peak  Compound Mol. Mo. Weight Ret. Area (%)
Formula
Time
1 3-Octene, (Z2)- CsHis 112 4.848 1.530
2 1-Heptene, 3-methyl CsHis 112 8.128 3.758
3 4-Tridecene, (Z)- Ci3Has 182 11.995 9.979
4 2-Decene, (Z)- CioHzo 140 15.514 13.761
5 2-Dodecenal, (E)- Ci2H»0 182 18.874 14.420
6 2-Tridecenal, (E)- Ci3H240 196 21.641 11.442
7 3-Undecene, (Z)- CiiHa 154 24.185 8.968
8 8-Hexadecenal, 14-methyl-, C17H3,0 252 26.548 7.080
Z)-
9 9-Octadecenal CisH340 266 28.757 5.193
10 1-Decanol, 2-hexyl Ci6H340 242 30.880 4.262
11 2-Hexyl-1-octanol Ci14H300 214 32.896 3.326
12 2-Ethyl-1-dodecanol Ci14H300 214 34.838 2.880
13 1-Octanol, 2-butyl Ci2H260 186 36.694 2.132
14 2-Hexyl-1-octanol Ci14H300 214 38.479 1.982
15 1-Dodecanol, 2-methyl-, Ci3Ha50 200 40.193 1.483
(S)-
16 2-Hexyl-1-octanol Ci14H300 214 41.853 1.243
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17 2-Ethyl-1-dodecanol Ci14H300 214 43.449 1.137

18 1-Hexadecene CieHa2 224 44.975 1.138
19 1-Decanol, 2-hexyl Ci6H34,0 242 46.458 0.771
20 Ethanol, 2-(tetradecyloxy)- Ci6H3402 258 47.881 0.884
21 Z-5-Nonadecene CioHsg 266 49.248 0.645
22 Ethanol, 2-(octadecyloxy)- C20H420; 314 50.586 0.786
23 Ethanol, 2-(octadecyloxy)- C20H4,0, 314 51.920 0.576
24 Docosane, 7-hexyl CagHss 394 53.464 0.356
25 Ethanol, 2-(octadecyloxy)- C20H4202 314 55.291 0.268

Table 7.8. Identified substances found in pyro-oil produced by co-pyrolyzing waste HDPE
and RH with dolomite powder.

Peaks Ret Compound Mol formula Mol weight  Area (%)
Time

1 5.227 1-Nonyne CoHis 124 11.354
2 8.789 6-Hepten-1-ol, 3-methyl CsHi60 128 14.673
3 12.495 3-Decyn-2-ol C1oHi1:0 154 17.022
4 15.717 3-Nonen-1-ol, (E) CoHi150 142 12.990
5 18.824 3-Octen-1-ol, (E)- CsHi60 128 8.962
6 21.453 4-Tridecene, (Z)- Ci3Has 182 6.123
7 23.932 2-Decene, (Z)- CioHao 140 4.778
8 26.321 1-Nonene CoHis 126 3.148
9 28.567 2-Dodecenal, (E) Ci2H»0 182 2.955
10 30.715 9-Octadecynoic acid CisH3,0, 280 2.432
11 32.775 1,12-Tridecadiene Ci3Haa 180 1.873
12 34.754 1-Hexadecanol, 2-methyl C17H360 256 1.633
13 36.650 2,4-Undecadien-1-o0l C11H200 168 1.518
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14 38.451 2-Ethyl-1-dodecanol Ci4H300 214 1.462

15 40.207 1-Octanol, 2-butyl C12Hz60 186 1.311
16 41.880 1-Decanol, 2-hexyl CisH340 242 1.182
17 43.488 Ethanol, 2-(octadecyloxy)- C20H4,0, 314 1.061
18 45.036 Ethanol, 2-(tetradecyloxy) Ci6H340, 258 1.051
19 46.494 Ethanol, 2-(octadecyloxy)- C20H4,02 314 0.975
20 47.948 Ethanol, 2-(octadecyloxy)- C20H4,02 314 0.919
21 49.323 Ethanol, 2-(eicosyloxy) C2Hs605 342 0.717
22 50.650 1-Hexacosene Ca6Hs2 364 0.583
23 51.983 1-Tricosene Ca23Has 322 0.588
24 53.530 1-Decanol, 2-hexyl CisH340 242 0.399
25 55.361 Ethanol, 2-(octadecyloxy)- C20H420, 314 0.290

Table 7.9. Identified substances found in pyro-oil produced by co-pyrolyzing leftover
HDPE and RH with DOLZSM.

Peaks Ret Compound Mol formula Mol weight  Area (%)
Time

1 4.918 3-Decyn-2-ol C1oHi1:0 154 3.300
2 8.742 trans-2-Ethyl-2-hexen-1-ol CsHi60 128 7.782
3 12.662 4-Octene, (Z)- CsHis 112 17.906
4 16.071 3-Tetradecyn-1-ol Ci4H260 210 20.146
5 19.230 1-Nonene CoHisg 126 15.631
6 21.849 3-Decyn-2-ol CioHi30 154 10.492
7 24.279 Z-10-Pentadecen-1-ol Ci5H300 226 7.424
8 26.564 4-Tridecene, (Z)- Ci3Has 182 5.465
9 28.714 Dodecanal Ci2H240 184 3.457
10 30.785 1-Dodecanol,2-methyl-, (S)- C13H250 200 2.236
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11 32.785 Ethanol, 2-(octadecyloxy)- C20H1202 314 1.583

12 34.695 Z-5-Nonadecene CioHsg 266 1.032
13 36.540 1-Decanol, 2-hexyl Ci6H340 242 0.759
14 38.321 1-Decanol, 2-hexyl Ci6H340 242 0.546
15 40.026 Ethanol, 2-(octadecyloxy)- C20H4,02 314 0.353
16 41.674 Ethanol, 2-(octadecyloxy)- C20H4,02 314 0.340
17 43.260 1-Tricosene Ca3Hae 322 0.258
18 44.801 Hexacosane, 9-octyl Cs4Hyo 478 0.263
19 46.277 Ethanol, 2-(octadecyloxy)- C20H420, 314 0.251
20 47.708 Ethanol, 2-(octadecyloxy)- C20H120, 314 0.190
21 49.084 Nonacosane Cx9Héo 408 0.145
22 50.430 Tetracosane, 11-decyl Cs4H7o 478 0.309
23 51.764 1-Hexacosene Ca6Hs2 364 0.131

7.7.3 FTIR Analysis of the pyro-oil

The functional groups in the oil samples resulting from the thermal and catalytic pyrolysis
processes were described using FTIR analysis. The FTIR spectra of the pyro-oil samples
are shown beside those of pure diesel in Figure 7.14. Different functional groups may be
seen in the pyro-oil produced by thermal and catalytic pyrolysis, depending on the catalyst
employed in the process. A notable peak at 3074.65 cm™, indicative of C—H vinyl
stretching, suggesting the presence of alkenes, was missing in the catalytic pyrolysis oil
produced using dolomite & ZSMDOL catalysts. The C-H methyl asymmetric stretch at
2950.21 cm™, on the other hand, consistently revealed the existence of the R-CH3 (alkanes)
functional group in all of the pyro-oil samples. The peaks at 2914.87 cm™* and 2866.79
cm™!, respectively, were further corroborated by the typical C—H symmetric stretch for
methyl and asymmetric stretch for methylene, which matched to the functional groups
(>CH2). Furthermore, the presence of C=C-C aromatic ring stretch bonds was shown in all

liquid samples by the identification of aromatic compounds with ring structures at the peak
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signal of 1458.13 cm™. The presence of cyclic ethers was indicated by the peak at 1154.07
cm™ in catalytic samples of pyro-oil (i.e., PO-DOL and PO-DOLZSM), which was absent
in non-catalytic pyro-oil, confirming the identification of C—O stretch bonds. Additionally,
signals at 968.56 cm™ and 881.23 cm™! represented olefinic hydrocarbons with trans-C-H
out-of-plane bend and vinylidene C—H out-of-plane bend characteristics, in the respective
order. Moreover, alkyne hydrocarbons were found in pyro-oil samples, as evidenced by
alkyne C—H bend bonds, specifically in the catalytic pyro-oil produced with the DOLZSM
catalyst. Moreover, the FTIR spectra of pyro-oils showed similar functional groups by
showing same peaks as seen in commercially available diesel. These findings highlight the
distinct functional group compositions influenced by the catalytic pyrolysis process,

offering valuable insights into the chemical nature of the resulting liquid products.
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Figure 7.14 (a) FTIR spectrum of pyro-oil obtained without catalyst, DOL, and DOLZSM

catalyst in comparison with the commercially available diesel.
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Fourier-transform infrared spectroscopy, or FTIR spectroscopy, is a commonly used non-
destructive analytical method. It functions by measuring the amount of energy absorbed in
the infrared region of the electromagnetic spectrum by the functional groups present in
liquid fuel. The oil absorbs infrared radiation within a certain wavelength range when
infrared light interacts with the molecules, causing the chemical bonds to expand and
contract. This absorption occurs regardless of the overall structure of the surrounding
molecules. The functional groups in the pyrolytic oil were found using FTIR analysis.
Figure 7.14 shows the transmittance versus wavenumber curves shown. The -OH vibration
found in the adsorption band between 3000 cm™ and 3750 cm™! showed the presence of
water, phenols, alcohol, aromatics, and protein [45]. The peak at 2925 cm™! shows the axial
deformation of the C-H group. The C-H and =C-H stretching vibrations, which peaked at
2612 cm’!, were used to distinguish between alkanes and alkenes [215]. A carbonyl group-
like ester (C=0) was found at peak 1730 cm™!, indicating the existence of carboxylic acid
and ether. The presence of an asymmetric stretch of methyl C-H was suggested by the
signal between 1400 cm™ and 1595 cm™. Alcohol and saturated aliphatic molecules were
indicated to be present by the signal between 1275 cm™ and 1378 cm™ [216]. The presence
of alkenes and monocyclic aromatic compounds was suggested by the signal between 606

cm™! and 880 cm™ [45].
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Figure 7.14 (b) FTIR spectrum of pyro-oil obtained from RH: HDPE without catalyst and

DOL, and DOLZSM catalyst in comparison with the commercially available diesel.

7.8 Comparative analyses of catalysts used in the co-pyrolysis of plastic and biomass

The results of a comparative analysis investigating synergies between biomass and plastic

co-pyrolysis, utilizing calcined dolomite catalyst and other catalysts across diverse

reaction conditions, are summarized in Table 7. The utilization of a dolomite catalyst led

to a decrease in oxygenated compounds in the bio-oil, bringing the percentage down to

14.68% and exhibited enhanced deoxygenation catalytic activity during co-pyrolysis,

yielding 85.32% hydrocarbons. Zheng et al. (2018) have demonstrated that the ZSM-5

catalyst exhibits selectivity towards aromatic compounds, hence improving the reaction
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and resulting in a significant decrease in reaction activation energy. According to research
by Dyer et al. (2021), catalytic zeolite upgrading catalytic zeolite upgrading resulted in
bio-oil enriched with hydrocarbons number fuel range and a low fraction of oxygenated
molecules. Harith et al. (2022) noted a transformation in pore structure from macropores
to mesopores upon incorporating N1 metal onto dolomite catalysts, leading to synergistic
effects due to the bi-functional NiO-CaO/MgO (acid-base) properties. Porosity and
surface acidity were underscored by Xu et al. (2022) as key factors influencing product
composition, particularly concerning aromatic hydrocarbons. In their investigation of
various metal-doped mesoporous graphite-like catalysts, Ni/C emerged with the highest
mesoporous surface area and mesoporosity, potentially bolstering catalytic efficiency by

enhancing the concentration of hydrocarbons, notably aromatics

Table 7.10: Comparing previous studies employing heterogeneous catalysts for the co-

pyrolysis of biomass and plastic reveals significant insights.

Feedstocks Catalyst Condition =
= 2% ]
- < < = <
Z gos £ 2 &
= = X o = B
=%~ ST zE-%
CwWx =T o © S &
Feedstock  Temp. Reactor type
Catalyst (°0)
Pine HZSM-5 1:1 450 Fixed-bed 42.87 82.17 17.90 49
sawdust & reactor
LDPE
Sawdust ZSM-5 1:1 500 2-stage Fixed- 53.10 88.30 11.70 50
pellets: catalyst bed reactor
HDPE
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Sugarcane  Faujasite 1:6 500 Fixed-bed 68.56 74.55 1.24 51

bagasse &  -type reactor

HDPE zeolite

Corn Ni/C 1:1 500 Thermogravi 47.70 50.00 50.00 52
stover: metric

Plastic analyzer

Waste (1:1)

Empty fruit NiO/Dol 1:10 500 Fluidized bed 6.4 85.32 14.68 53
bunch: omite reactor

HDPE

7.9 Conclusion

In conclusion, catalytic co-pyrolysis using a biorefinery approach stands out as a viable
strategy for enhancing the deoxygenation reaction while concurrently maximizing bio-oil
yield in the thermochemical conversion of mixed plastic and RH samples. The utilization
of inexpensive and easily accessible dolomite as a catalyst has demonstrated significant
potential in this regard. Specifically, the integration of calcined dolomite alongside the
ZSM catalyst yielded superior catalytic efficiency when compared to each process being
used independently, leading to notable enhancements in the characteristics of pyro-oil. The
presence of a catalyst resulted in reduced pour points, elevated calorific values, and
decreased densities and viscosities of the pyro-oil, indicating enhanced fuel characteristics.
Moreover, analysis via NMR, GC-MS, and FTIR revealed lower hydrocarbon fractions
such as long-chain waxy residues and tar-like substances. The catalytic action facilitated
the breakdown of oxygenated compounds and heavy fractions into lighter, more volatile
hydrocarbons, thereby improving the oil's overall quality in catalytic pyro-oils compared
to non-catalytic counterparts. These findings underscore the promising role of low-cost
catalysts in catalytic pyrolysis processes, offering avenues for further exploration in
converting diverse waste materials into valuable products. Moving forward, future studies
can leverage these insights to advance the scalability and efficiency of catalytic pyrolysis

operations, contributing to sustainable waste management and resource utilization efforts.
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In terms of cost-effectiveness and scalability, catalytic pyrolysis using low-cost catalysts
such as dolomite and modified zeolites presents a promising solution. These materials are
abundant, inexpensive, and exhibit moderate activity, making them suitable for pilot and

industrial-scale applications.
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Chapter-8

Conclusion and Future Scope

The findings of this study are presented in this chapter within the framework of the main
objective of the thesis: 'Investigation of Bio-oil Production through Co-pyrolysis
Technique Using Rice Husk and Plastic Waste”.’ The results indicate that low-density and
high-density polyethylene plastic wastes, along with the selected biomass (rice husk), are
suitable feedstocks for bio-oil production.

The co-pyrolysis of plastic and biomass waste presents a viable approach for enhancing
bio-oil yield and improving its properties. Furthermore, the study highlights the synergistic
interactions between biomass and plastics, offering a pathway to optimize fuel quality.
These findings provide a strong foundation for scaling up the process, enhancing oil quality
through catalysis, and ultimately integrating renewable fuels into industrial and
transportation sectors supporting a circular economy and sustainable energy goals.

8.1 Based on the research conducted in this thesis, the following conclusions have been
drawn:

[1] The selection of rice husk and plastic waste as feed materials for pyrolysis is crucial
due to their significant impact on bio-oil output and their availability. Plastic trash, which
is mostly made of hydrocarbons, and rice husk, which is high in cellulose, hemicellulose,
and lignin, have an impact on the quantity and quality of bio-oil that is generated. When
these materials are co-pyrolyzed, synergistic effects can be produced that improve

conversion efficiency and thermal degradation.

[2] The pyrolysis process is highly influenced by operating parameters such as temperature,
heating rate, sweep gas flow rate, particle size, and reactor residence time. Based on the
literature review, feedstock materials were selected for the co-pyrolysis process, and an

operating temperature of 500 °C with a heating rate of 10 °C/min. was employed. A fixed-
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bed reactor was designed considering the internal characteristics of the selected feedstocks

and kinetic parameters.

[3] TGA and DSC analyzers were used to estimate the kinetic parameters. The thermal
behavior of rice husk, LDPE, and PET was investigated using iso-conversional kinetic
techniques. The Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS), Friedman,
Starink, and Tang iso-conversional models were applied to analyze the TGA data at
different heating rates ranging from 10 to 40 °C/min. The average activation energies were
calculated using the five methods as follows: 113 kJ/mol by FWO with a standard deviation
of 4.33 and a standard error of 1.53; 123 kJ/mol by the Friedman method with a standard
deviation of 5.10 and a standard error of 1.8; 120 kJ/mol by KAS with a standard deviation
of 4.2 and a standard error of 1.48; 117 kJ/mol by Starink with a standard deviation of 4.15
and a standard error of 1.47; and 121 kJ/mol by the Tang method with a standard deviation
of 2.54 and a standard error of 0.9. All methods were found to be appropriate; however,

the Tang method proved to be particularly effective for kinetic calculations.

[4] FTIR (Fourier-transform infrared) analysis of biomass and plastic samples indicates
that these feedstocks are rich in functional groups such as aldehydes, carboxylic acids,
nitrogenous compounds, alkanes, alkenes, and phenols. These substances are important
because they enhance the potential of bio-oil. Therefore, the existence of these functional
groups in liquid samples obtained from the co-pyrolysis of plastic waste and rice husk
highlights the material's potential for use in fuel production. Efforts were also made to
calculate enthalpy, entropy, and Gibbs free energy. These results were supported by a
Differential Scanning Calorimetry (DSC) study, which revealed endothermic peaks
associated with sample degradation and an exothermic peak related to moisture evolution.
These insights are crucial for refining the pyrolysis process to enhance both the yield and

quality of the resulting liquid oil.

[5] The optimum bio-oil yields from selected feedstocks were 30 wt.% from rice husk, 71

wt.% from LDPE, and 75 wt.% from HDPE under the operating conditions of 500 °C
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pyrolysis temperature, 20 ml/min sweep gas flow rate, and a 10 °C/min heating rate. The
blending ratio also played a significant role in bio-oil production. Blending ratios of RH
with LDPE and HDPE (20:80, 35:65, and 50:50) demonstrated positive interactions,
highlighting the effective synergy between biomass and plastic waste. Co-pyrolysis of RH
with LDPE and HDPE resulted in increased liquid yields and enhanced fuel properties. The
optimum bio-oil yields from blends were achieved at an 80:20 ratio of LDPE:RH (66 wt.%)
and HDPE:RH (68 wt.%).

[6] Bio-oil upgradation was also performed using two catalysts, ZSM-5 and DOL. These
selected catalysts were calcined at different temperature ranges and dried in a hot air oven
at varying temperatures, then stored for use in pyrolysis experiments. Both catalysts were
also used to prepare a mixed catalyst, DOLZSM, by combining them in a 50:50 ratio. The
resulting mixture, known as ZSMDOL, was employed in the catalytic co-pyrolysis process.
During the catalytic pyrolysis tests, a catalyst-to-feed ratio of 1:20 was maintained for both
materials — calcined dolomite (DOL) and DOLZSM. The use of catalysts resulted in a
decrease in bio-oil production but enhanced the fuel properties of the bio-oil. The catalysts

increased the output gas yield (wt.%) while reducing the amount of bio-oil produced.

[7] The addition of plastic to biomass improved the fuel's characteristics, as demonstrated
by increased concentrations of aromatics and paraffin in the NMR study and the presence
of advantageous functional groups in the FTIR analysis. Alcohols and aldehydes increased
whereas oxygenated compounds and acids decreased in pyrolytic oils, according to GC-
MS study. These findings underscore the potential of co-pyrolysis as a sustainable method
for generating fuels with improved characteristics, utilizing both biomass and plastic waste

effectively.
[8] It was found that the yield of pyrolytic liquid dropped while the yield of gas rose in the
catalytic pyrolysis of rice husk (RH) and plastic waste (both LDPE and HDPE) using

dolomite and ZSM-5 updated catalyst (DOLZSM) at a feedstock ratio of 20:80 and a
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catalyst ratio of 1:20. Even with the decrease in liquid production, the pyrolytic oil's
characteristics were noticeably better. GC-MS analysis revealed that the optimized
catalytic conditions significantly reduced the presence of oxygenated compounds and
increased the proportion of alcohols and hydrocarbons in the bio-oil. The inclusion of
catalysts like dolomite and DOLZSM improves the quality of the resultant bio-oil, perhaps
making it more suited for high-quality fuel applications, even if there is a trade-off between
quantity and quality of the pyrolytic liquid. The bio-oil's fraction of alcohols and
hydrocarbons rose while the presence of oxygenated compounds was dramatically reduced
under the improved catalytic conditions, according to GC-MS analysis.

[9] Two types of plastic waste, LDPE and HDPE, were used, and blending ratios were
prepared and employed for pyrolysis. A blend of rice husk and LDPE was used for the
upgradation of bio-oil. The produced bio-oil was characterized, revealing that its density
and specific gravity were very similar to those of diesel fuel, especially in the raw bio-oil.
The flash point and fire point were highest in the raw bio-oil but decreased after catalytic
treatment using DOL and DOLZSM, becoming comparable to diesel. The calorific value
increased after catalytic upgradation and was found to be very close to that of diesel. The
diesel index and cetane value also improved significantly and were observed to be nearly
equivalent to those of diesel fuel.

Similar results were also observed with blends of rice husk and HDPE.

8.2 Future Aspects and Scope

The use of plastic and biomass waste in the creation of liquid fuel is the main focus of the
current investigation. The following recommendations for further research are made in

light of the study's findings:

1. To evaluate the emissions, fuel efficiency, compatibility, and environmental impact

of pyrolytic fuel in various engine types compared to conventional fuels.
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2. To explore innovative methods for utilizing the char produced as a by-product in
various industrial applications, and to investigate its potential in soil amendment,
adsorption processes, and as a precursor for activated carbon production

3. To investigate and develop novel, cost-effective metal catalysts that enhance the
yield and quality of pyrolytic liquid.

4. To maximize liquid production by designing and optimizing reactors that enhance
the scalability of the pyrolysis process for industrial applications, with a focus on
reactor modifications that improve heat transfer, feedstock mixing, and overall

process efficiency.

5. To apply techno-economic analysis (TEA) to estimate capital and operational costs,
return on investment, and environmental benefits. Incorporating these factors will
help ensure that the process is not only scientifically robust but also commercially

and environmentally sustainable.
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polyethylene terephthalate for co-pyrolysis characteristic.
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Second rank in a conference of RAFAS 4™ International Conference on “Recent
Advances in Fundamental and Applied Sciences”2023- Comparative Study on thermal
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Workshop- on Nano transistors and Energy Devices Technology organized by INUP-i2i,
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DELHI

Hands on training on fabrication and characterization of nanomaterials and lab visit in II'T

Guwahati by INUP-i21,2023

Hands-on training on fabrication and characterization of nanomaterials and lab visit in II'T

DELHI by INUP-i21,2023
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Workshop on Nano transistors and Energy Devices Technology organized by INUP-i2i,
T Kharagpur.

SEMINAR - "Two-Day National Seminar on Microplastics: Current Scenario,

Challenges, & Future Perspectives

Workshop- Advanced Entrepreneurship-cum Skill Development Program (e-SDP) in nit
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ICSEE Conference on MANIT BHOPAL - poster presentation in title Co-Pyrolysis of
Rice Husk and HDPE with Dolomite Catalyst for Enhancement of Bio-oil Production and

Quality.
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