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ABSTRACT

Today pyrolysis operates as a fundamental waste-to-energy process because it transforms
numerous waste materials into beneficial products of biochar and bio-oil together with syngas
while maintaining low oxygen levels. The review offers a comprehensive analysis which
investigates feedstock composition as well as operational temperature and heating parameters
because these factors determine the quantity and attributes of produced materials. The research
looks at waste materials such as plastics as well as biomedical waste and electronic waste
through pyrolysis and reinforces how innovative reactors must be designed together with pre-
treatment techniques to handle dangerous substances. A detailed review focuses on the Dual-
Stage Thermochemical Reactor which includes pre-treatment methods designed to enhance
product quality with safety standards for the environment. The research investigates
applications of pyrolysis products while discussing challenges with these applications to boost
sustainable development and circular economy practices. The existing improvements in both
process optimization and catalytic systems demonstrate potential for building a commercial
industrial waste management system based on pyrolysis while maintaining higher
environmental cleanliness standards.
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INTRODUCTION

As previously noted, pyrolysis has the potential [1] for waste management and energy recovery
and offers a modern alternative to traditional disposal methods. This process, which captures
carbon dioxide and converts it into biochar, syngas and bio-oil, involves the heating of organic
materials in the absence of oxygen [2,3,4]. Unfortunately, standard pyrolysis approaches often
lack the capability to remove harmful constituents like heavy metals, chlorine, and acidic gases.
These limitations pose the risk of secondary contamination and restrict widespread
applicability. This work addresses these challenges through the design of a Dual-Stage
Thermochemical Reactor with an Advanced Pre-Treatment System that selectively removes
harmful substances before pyrolysis. It aims at maximizing the quality of end pyrolysis
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products while guaranteeing safer disposal of wastes through novel gas-cleaning systems
combined with pre-treatment processes [5].

Efficiency in pyrolysis depends on variables such as temperature, residence duration, heating
rate, and feedstock composition. The removal of heavy metals and chlorine in this project is
accomplished through a pre-treatment step whereby trash is heated to 200-300 degrees Celsius.
A natural scrubber is employed afterwards to clear the gases emitted [6,7]. The waste is turned
into charcoal, pyrolysis oil and syngas in an oxygen-less pyrolysis reactor heated to 400-600
degrees Celsius. [8,9]. Screens with gas scrubbers and activated carbon filters, along with a
cyclone separator, are also designed to provide low emission standards and even greater control
of harmful emissions [10]. Such technology makes the system economically feasible,
adaptable, and environmentally friendly, which makes it suitable for industrial waste treatment
processes.

Waste management is taken a step further with pyrolysis as it converts waste into valuable
resources, making it pivotal to the circular economy [11, 12]. Enhanced agricultural
productivity, carbon sequestration in conjunction with reduced greenhouse gas emissions are
the benefits obtained from the use of biochar, which is frequently used as a soil amendment
and is one of the primary byproducts of bioenergy production [13, 14]. An alternative biofuel,
pyrolysis oil, assists in the development of renewable energy [15, 16]. The mixture of
hydrogen, carbon monoxide, and methane is known as syngas and is utilized for producing
power and industrial heating [17, 18]. The Dual-Stage Thermochemical Reactor maximizes
these product outputs and ensures better reaction efficiency and feedstock purity.

Even with its advantages, the widespread use of pyrolysis still faces challenges like its high
energy use, variability of feedstock material, and emission control inefficacies [19]. Integrating
a pre-treatment system with gas-cleaning technology will, hopefully, mitigate these particular
obstacles and allow pyrolysis to become a cleaner, more sustainable hazardous waste
management method. Given the growing global demand for sophisticated waste management
systems, this novel approach to pyrolysis is capable of bridging the divide between waste
reduction and the supply of clean energy and is maskable as a renewable invention.

Types of Waste used in Pyrolysis.

The waste products suitable for pyrolysis include plastic trash, biomass, rubber, municipal solid
waste (MSW), biomedical waste and electronic debris (e-waste). The distinct features of these
waste materials control the product properties along with their generation quantities during the
pyrolysis process [20]. Plastic-based waste generates mostly liquid fuels through the process
while biomass waste output includes biochar for agricultural use. When conducting e-waste
pyrolysis operators can recover metal values and extract hydrocarbons together with the
generation of carbon black and high-energy pyrolysis oil from discarded tires [21].

1. Pyrolysis of plastics

The different chemical compositions of plastic materials differ from the standard descriptions
found in proximate analysis. Proximate analysis refers to the assessment method that measures
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four chemical characteristics of plastics through moisture content analysis and examination of
fixed carbon content and volatile matter and ash content determination.[22]. The two primary
factors affecting the production rate of liquid oil during pyrolysis are volatile matter
composition along with mineral residue. Plenty of ash in the process diminished the amount of
liquid oil while boosting both gaseous outputs and char development while volatile matter
elevated liquid oil production.[23] The measurements indicate that plastic ash content remains
low although every plastic sample shows exceptional volatility. Results indicate plastics
should produce significant yields during thermal decomposition in accordance with the liquid
oil production method known as pyrolysis. Further discussions will emphasize important
parameters from the pyrolysis process regarding the formation of liquid because the proximate
analysis shows promising results [24].

1.1. Polyethylene terephthalate (PET)

The use of PET has become widespread for food packaging due to its popularity among plastic
makers producing containers for drinks such as fruit juice containers, soft drink bottles and
mineral water. Its natural characteristics allow PET to serve as an excellent material for
lightweight pressure-resistant storage containers with large capacity. PET serves multiple
purposes through its production in electrical insulation components as well as printing sheets
and magnetic tapes and X-ray and other photographic film and various additional applications
[25]. A mass usage of PET materials would lead to excessive PET waste accumulation in
landfills and disposal sites. The standard approach to handling collected plastic waste involved
PET waste recycling.

The increased frequency of collecting heavy plastic containers results in higher transportation
costs. Conducting recycling on PET waste requires multiple colour and grade separations
before processing which renders the recovery system ineffective and expensive. The
investigation of alternative PET recovery methods including the pyrolysis technique led
researchers to study the produced yield from this process. Cepeliogullar and Putun conducted
research into using PET in pyrolysis for generating liquid oil through a fixed-bed reactor at 500
C. The experimental conditions utilized nitrogen gas as the sweeping gas at a heating rate of
10 C/min,

The researchers obtained less liquid oil compared to the gaseous product yields. At 76.9 weight
percent the gaseous product had no solids, and 23.1 weight percent of liquid oil was recovered
from the process. The gas chromatography—mass spectroscopy (GC-MS) examination showed
benzoic acid occupied 49.93% of the oil composition. Benzoic acid in pyrolysis oil caused
deterioration of fuel quality because its corrosive nature destroys the fuel properties [26].

The industrial operation of benzoic acid faces difficulties because this general sublime material
can lead to clogging in heat exchangers and pipes [27,28]. Fakhrhoseini and Dastanian
[achieved a somewnhat elevated liquid oil production at similar heating conditions and operating
temperature. Liquid oil made up 39.89 percent of the final weight along with a gaseous portion
of 52.13 percent and a 8.98 percent solid residue. Among the products of PET pyrolysis liquid
oil reached between 23 and 40 weight percent as did gaseous products in the range of 52 to 77
weight percent. Resulting data from PET pyrolysis indicates it would be the most suitable
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material for reaction-based gaseous product generation to obtain energy needed for heating the
reactor until it reaches its required temperature [29].

1.2. High-density polyethylene (HDPE)

HDPE exists as a high strength material through its extensive linear structure outside limited
branches and deep crystalline state. HDPE finds extensive application because of its
remarkable strength in creating toys as well as oil containers and milk bottles along with
detergent bottles for multiple items. Plastic waste stands as the third-biggest plastic material
category within municipal solid waste (MSW) and contains approximately 17.6% of different
applications [30]. HDPE wastes show excellent potential for pyrolysis because different
operating parameters allow the material to produce noteworthy liquid volumes. Researchers
have extensively studied the yield of products produced through HDPE pyrolysis using
different operational conditions [29].

Research on HDPE pyrolysis was conducted through experiments in a micro steel reactor. The

micro steel reactor heated the materials between 300 and 400 C when using a heating rate of
5-10 C/min. Since the researchers used nitrogen gas as their fluidizing medium throughout
the process. Investigatory findings demonstrated that liquid obtained 80.88 weight percent
product yield together with maximum total conversion at 350 C. The solid residue weight
percentage declined to 0.54 percent at the highest temperature condition of 400 C although it
still remained high at 300 C where the weight percentage reached 33.05 percent[31] Together
with temperature ranges of 400 to 550 C HDPE producers operate semi-batch reactors.

A high weight percentage of 24.75 for gaseous products along with 79.08 wt% liquid yield was
observed at 550 C but wax started dominating the product fraction when the temperature
reached between 500 and 550 C. The pyrolytic process generated an oil with dark brown hues
that had boiling range from 82 to 352 C and showed no formation of solid deposits. The
researchers developed an oil mixture of diesel, kerosene, and petrol which fulfilled
conventional fuel characteristics according to Table 2. The HDPE pyrolytic oil contains a
minimum of 0.019% sulphur content which establishes its ecological usefulness [32]. the
HDPE pyrolysis in a batch reactor at 550 C.

The reaction produced 84.7% weight of liquid oil with 16.3% weight of gaseous products.
Higher temperature levels resulted in higher liquid oil production according to experimental
findings.

A drawback was observed in this system despite other success points. The process exceeded
its maximum thermal degradation point thus raising temperature levels generated extra gaseous
products while simultaneously decreasing liquid oil yield. Mastral and associates [33]. The
scientists running the HDPE pyrolysis at 650 C in a fluidised bed reactor obtained gaseous
products amounting to 31.5 weight percent and liquid oil products amounted to about 68.5
weight percent. The transformation of the liquid into gaseous form indicates its gasification
process. The material turns into a gas after heating it above 550 degrees Celsius [34].
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1.3. Polyvinyl chloride (PVC)

The production process of PVC stands apart from other plastics since it combines 57%
industrial-grade salt transformed into chlorine with 43% carbon drawn from oil and natural gas
ethylene [35]. The high fire-safe properties of P\VC stemming from chlorine content prove this
material an outstanding selection for electrical insulation. PVC functions as a versatile material
because it accepts a wide range of additives for use. Wood or metal frames used together with
PVC form common building elements while PVC insulation covers wires and cables.
Additional applications include footwear, synthetic leather, food foil and medical equipment
as well as blood bags and car interiors as well as packaging and credit cards and various
additional items.

Few scientists have studied PVC pyrolysis in written publications due to its dangerous chemical
outputs during heating processes at high temperatures. The batch reactor used to pyrolyze PVC
operated at temperature ranges from 225-520 C under a heating rate of 10 C/min. Under
vacuum and a total pressure of 2 kPa the experiment took place. The production of liquid oil
during the experiment had a low yield which ranged from 0.45 to 12.79 percent by weight
while temperature levels were rising. The produced tar accumulated to values exceeding the
amount of generated liquid oil and reached a maximum of 19.6 weight percent. The experiment
primarily produced a chemical substance named hydrogen chloride (HC) [36]. PVC yields very
minimal liquid oil during pyrolysis which proves that PVC was not the optimal material for
this process.

During the waste analysis less than 3% of accumulated PVC products constituted the total
plastic waste share [30]. The production of hazardous substances including HCI combined with
chlorobenzene compounds in the pyrolysis liquid leads to environmental toxicity. A PVC
dichlorination process served to lower the chlorine content in liquid oil during the process. The
achievement of this process can be attained through various techniques which encompass
stepwise pyrolysis and catalytic pyrolysis and pyrolysis with adsorbents that are added within
the PVC sample. The industry experienced a major drawback because PVC pyrolysis needed
additional expenditures to perform a dichlorination process [30].

1.4. Polypropylene (PP)

The saturated hydrocarbon-chained linear polymer knows strong chemical along with heat
resistance properties. PP maintains its structure as a solid material when exposed to
temperatures below 160 C because HDPE does melt under this condition. Its density is lower.
Its superior hardness and rigidity surpasses HDPE thus the plastics industry selects this material
as their preferred choice. PP represents 24.3% of plastic waste materials within the plastic
waste category that contains the highest amount of plastics in MSW [30]. The application range
of materials includes flowerpots alongside office files and pails while automobile bumpers and
carpets and furniture and storage boxes are additional items among many others.

PP pyrolysis operates as a waste management approach to collect energy because commercial
PP usage heightens each year. Different researchers have investigated PP pyrolysis under
various conditions to study the production alongside the characteristics of liquid oil [37]. They
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executed PP pyrolysis tests inside a miniature steel reactor within the temperature range of
250-400 C. The investigation team discovered that 300 C yielded optimal liquid oil yields
equivalent to 69.82 weight percent while achieving complete conversion of 98.66%. When the
temperature reached 400 C, both weight percent solid residue and product conversion rate
decreased from 1.34% to 5.7% and 98.66% to 94.3% respectively.

The results indicated that when temperatures increased coke production became more
dominant in the reaction process. The process takes place at 380 C for PP pyrolysis when
compared to typical operating conditions. The experiment generated higher liquid amounts
reaching 80.1 weight percent together with 6.6 weight percent gaseous byproducts and 13.3
weight percent solid residue [38]. The reaction of PP at 500 C led to the production of over
82.12 weight percent liquid. Rising the temperature beyond 500 C resulted in reduced liquid
production. The research conducted by Demirbas involved PP pyrolysis in a batch reactor at
740 C resulting in 48.8% liquid products and 49.6% gaseous products together with 1.6 weight
percent char [29].

1.5. Low-density polyethylene (LDPE)

The numerous branches within LDPE reduce intermolecular forces and lead to decreased
tensile strength and material hardness. The structure of LDPE becomes less crystalline through
its side branching and this makes it more workable so it exhibits greater ductility than
HDPE. The excellent waterproof capability of LDPE allows it to be widely used for plastic
bags and packaging materials and trash bags among other items. LDPE waste has become the
second-biggest plastic waste in MSW after PP because these items appear regularly in our daily
lives [30].

The researchers conducted LDPE pyrolysis using nitrogen as fluidizing gas in an experimental
run of 20 minutes at 500 C reactor temperature with 10 C/minute heating rate in a fixed-bed
reactor. Scientists discovered that the process produced 95 weight percent liquid products
together with minimal gas products and trace amounts of char while obtaining 93.1 weight
percent liquid oil [33].

A batch reactor operated at 550 C with a heating rate of 5 C/min performed the experiment at
a different time period. Several researchers have studied LDPE pyrolysis at working
temperatures below 500 C[39]. The production of liquid oil would increase by utilizing
pressure during the process at lower temperatures in the reactor system. According to Onwudili
et al. [34] the pyrolysis of LDPE at 425 C took place within a pressure-controlled batch reactor
under pressures ranging from 0.8 to 4.3 MPa. The obtained products consisted of 89.5% liquid
oil with 10 weight percent gaseous products and 0.5 weight percent char from the experimental
setup. The outcome of future pyrolysis product analysis depends on pressure applications as a
result [40].

1.6. Polystyrene (PS)

The liquid petrochemical provides styrene monomers that lead to the production of PS. A
single chain of hydrocarbon molecules forms the basis where phenyl rings connect next to each
atomic carbon. PS itself has no colour but receives its aesthetic qualities through additional
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colouring agents. PS has become one of the most popular polymers because of its thermal
stability and acceptable durability along with strength and low weight which allows industries
such as toys electronics construction and food packaging and medicine to adopt it for various
usages.

The extensive quantity of PS waste accumulated in MSW during each year becomes evident
through various industrial applications. The roadside recycling program does not accept PS
items because it only permits people to reuse glasses, papers, cans and certain types of plastic.
Most people choose to throw foam food packaging into the general trash even though there
exists a plastic recycling container. Low density polystyrene foam material known as PS exists
in the general trash because collecting it for recycling does not prove economically feasible nor
does the waste separation process work well. The pyrolysis process represents the sole
possibility to utilize all PS waste because it transforms the material to produce valuable oil that
avoids permanent landfill storage [40].

A batch pressurised autoclave reactor maintains chemical decomposition of PS for an hour
using temperatures between 300-500 °C. Retort conditions operated between 0.31 MPa to 1.6
MPa pressure with 10 C/min heating rate. Pyrolysis experiments at 425 C produced a superior
weight percentage (97.0) of liquid oil as the main product. The highest production level of
petrol reached 2.5 weight percent while petrol generation remained minimal [41]. PS
underwent fluidised bed reactor pyrolysis between the temperature range of 450 and 700 C.
Among the experimental conditions the highest weight percent of liquid oil reached 98.7 at 600
C. The liquid oil production at 450 C with a weight percentage of 97.6 received comparable
positive assessments as the higher quantity by 1.1 weight percentage. The primary focus on
energy conservation led people to choose colder temperatures as a way to minimize energy
bills. Demirbas [36] reported that PS pyrolysis produced 89.5 weight percent liquid oil when
performing in a batch reactor at 581 C. The research demonstrated that running PS pyrolysis
above 500 C would produce sub-optimal liquid oil yields so this mode of operation should be
avoided [42].

2. Pyrolysis of Biomedical Waste

Waste management strategies became extremely difficult due to growing biomedical waste
generation which poses serious questions about improper disposal risks. Health risks in
communities arise when biomedical waste spreads as an infection. Massive medical waste
requires effective and safe waste processing methods to reduce health threats in human
populations [42,43].

The pyrolytic gas conversion of SW/SBW produced three main end products using different
tools as well as materials and chemicals. The research materials of disposable syringes and
saline bottles originating from hospitals and clinics in Khulna city were obtained for pyrolysis
studies in Bangladesh. The researchers cleaned the wastes thoroughly by washing them with
detergent followed by water to remove all physical and impure components attached to the
biological waste. Following cleaning procedures, the raw materials underwent solar drying
then personnel used scissors to slice them into small fragments [45]. The production of BMW
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at BMW combines biological and medical procedures in their research and service delivery for
disease diagnosis and prevention and treatment processes.

Medical facilities together with their associated emergency rooms and nursing homes along
with clinics produce biomedical waste frequently throughout their operations. The calorific
value of BMW lies between 12,550 kJ/kg and 16,740 kJ/kg depending on average
measurements [46]. The rising accumulation of BMW poses a severe threat to human beings
along with environmental harm. The composition of such waste types shows extensive
variation which makes precise identification impossible. Particular methods need to be utilized
to recycle this waste material [47]. Per treatment studies medical waste becomes subject to
incineration at rates of 59-60% while steam sterilization (autoclaving) handles 37-20% of these
wastes and alternative treatment techniques including landfilling and microwave and plasma
pyrolysis contribute to only 4-5% disposal.

The disposal of materials mentioned in BMW requires incineration as the primary worldwide
waste management approach for explosive materials such as papers and polyvinyl chloride
polymers along with abandoned equipment. The engineering approach of incineration allows
practitioners to destroy medical waste organic components through high-temperature thermal
oxidation above 900 C to 1200 C. The production of extremely hazardous dioxins and toxic
compounds like benzo(a)pyrene and furans at cremation sites creates potential health concerns
for the persons involved. The autoclave relies on a steel enclosure with a self-locking door
which integrates steam entry and exit pipelines through hatches to bear high pressure and
temperature conditions. The healthcare waste industry considers microwave technology for
clinical waste treatment to be an improved method compared to incinerators. Steam-based
procedures enable sterilization through electromagnetic wave frequencies between radio and
infrared which use either wet waste contents or additional steam [48].

The process of electric arc plasma surpasses waste incineration by achieving superior
ecological and sanitary-hygienic safety through extensive atmospheric emission reductions of
dioxins and benzo[a]pyrene together with furans along with a decrease in slag and ash products.
Plasma generates powerful heat which allows proper elimination of all waste categories from
hazardous waste to biomedical waste to municipal solid waste. Electric power serves as the
only disadvantage for plasma generation operations within the plasma gasification process. The
produced syngas serves as a foundation material that enables the production of ammonia and
methanol and hydrogen as well as power generation through fuel cells or gas turbines or leads
to liquid fuel through the Fischer-Tropsch process [49].

3. Pyrolysis of Electronic Waste (E Waste)

Landfills became the disposal destination for electronic and electrical products including
mobile phones and TVs and computers. The inclusion of hazardous substances such as CFCs
together with PCBs and Pb and Hg and others poses severe risks to the environment. The
European Commission maintained the WEEE Directive under the codenamed 2002/96/EC
during multiple years of development. The directives entered into effect on February 13, 2003
while national laws of UE members needed implementation before August 13, 2004. The
directive requires recovering between 70 to 80 percent of electrical and electronic equipment

PAGE NO: 370



KRONIKA JOURNAL(ISSN NO-0023:4923) VOLUME 25 ISSUE 4 2025

items. WEEEs composed of numerous material types make them difficult to recycle (metals,
glassware, rubbers, plastics, etc.).

The recycling of non-metallic components such as plastics and rubbers found in WEEEs
remains without an obvious alternative and experts focus mainly on metal recovery. Plastic
waste from WEESs represents sixteen percent of total WEEs yet Western Europe accumulated
nine hundred thousand tons of plastic trash in 1997 and scientists project this number will
increase to one million four hundred thousand tons by this decade [50]. This investigation
involved selecting four actual WEEE stream specimens as test materials. Two main criteria
determined the selection of samples because these wastes needed to contain higher
concentrations of polymers while also facing impractical recycling possibilities. The following
details the chosen samples' origin and makeup: The majority of copper and aluminium elements
are separated from wires through flotation methods before WEEE processing facilities collect
the remaining polyethylene (PE) wire mass as waste.

Through this process a main polyethylene product emerges but some copper and aluminium
remain inside the material. The WEEE processing facility generates Table phones waste after
magnetic components separation and table phone grinding (including base and card phone and
wire). WEEE recycling plants obtain these phones in their mutilated state after the magnetic
component’s removal process ends. Circuit boards which are printable consist of combined
numerous technical components alongside substantial metal content [51]. The majority of
copper and aluminium elements are separated from wires through flotation methods before
WEEE processing facilities collect the remaining polyethylene (PE) wire mass as waste [52].
Through this process a main polyethylene product emerges but some copper and aluminium
remain inside the material. The WEEE processing facility generates Table phones waste after
magnetic components separation and table phone grinding (including base and card phone and
wire) [53].

WEEE recycling plants obtain these phones in their mutilated state after the magnetic
component’s removal process ends. Circuit boards which are printable consist of combined
numerous technical components alongside substantial metal content. The FTIR Nicolet Impact
410 apparatus was used to perform FTIR investigations in order to gather data regarding the
functional groups and, consequently, the polymers included in the WEEE samples [54].
It was challenging to identify polymers and generate suitable spectra from the samples due to
their complexity (complex mixture of several polymers and other components), and
guantitative information could not be extracted. Actually, the PE wire sample provided
absolutely no suitable spectrum. The three more samples' FTIR spectra—printed circuit boards,
cell phones, and table phones [55].

Pyrolysis Process and Mechanism:

The thermochemical separation process of pyrolysis takes place at elevated temperatures
throughout an atmosphere free of air. The method finds widespread use in converting biomass
alongside plastic and other organic materials to obtain biochar alongside bio-oil and syngas as
valuable products. The classification of pyrolysis divides into three main elements which
consist of heating rate together with operational temperature and processing duration. The
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dividing lines in pyrolysis are defined through the four main classifications which include slow
pyrolysis and fast pyrolysis together with flash pyrolysis and catalytic pyrolysis.

1. Slow Pyrolysis

The process of slow pyrolysis happens within temperature ranges of 300 to 700°C with heating
rates at 0.1-1°C/s alongside extended residence durations between minutes and hours. Biochar
production through this process maintains substantial feedstock quantities as solid carbon
therefore it is mainly used to create biochar [56]. Several studies indicate that slow pyrolysis
produces more biochar than alternative techniques during the production process. The
excellent qualities of the resulting product transforms biochar into a valuable material for
adsorption processes while making it suitable for carbon sequestration techniques and serving
as a soil amendment solution [57,58]. Research indicates that biochar quality can reach its
maximum by adjusting key regulatory factors such as feedstock composition together with
temperature and duration during the pyrolysis process [59].

2. Fast Pyrolysis

Fast pyrolysis primarily aims to optimize bio-oil generation to use as chemical feedstock
alongside renewable fuel [60]. A study demonstrates that fast pyrolysis generates bio-oil from
75% of lignocellulosic biomass while syngas and biochar constitute the remaining product
portions [61]. The fast pyrolysis bio-oil product contains high oxygen content that reduces its
energy density and stability characteristics. The researchers studied fractional condensation
together with hydrodeoxygenation along with co-pyrolysis with hydrogen-rich materials as
approaches to enhance bio-oil quality [62,63].

3. Flash Pyrolysis

To operate flash pyrolysis at advanced levels researchers, apply temperatures from 450 to
1000°C while maintaining peak heating speeds above 1000°C/s and keeping the reaction time
under 1 second [64]. This technology aims to boost the number of liquid products by
diminishing the formation of char. Research indicates that flash pyrolysis effectively turns
microalgae and waste plastics into valuable hydrocarbon products [65]. Bio-oil production
both in quantity and quality has received improvement through innovative reactor technology
implementing fluidized beds and microwave-assisted systems [66, 67].

4. Catalytic Pyrolysis

Bio-oil quality receives improvement through catalyst-assisted pyrolysis alterations of reaction
pathways which selectively generates beneficial hydrocarbon products [68]. Bio-oil oxygen
content reduction and aromatic hydrocarbons such as benzene, toluene, and xylenes (BTX)
production happen through this technique [69]. The characteristics of bio-oil and
deoxygenation process performance have been greatly improved using HZSM-5 zeolite-based
catalysts through extensive research studies [70]. The main obstacles in catalytic pyrolysis
require innovative approaches to resolve catalyst regeneration processes along with coke-
deposition issues [71, 72].
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Key Process Parameters:

1. Temperature:

Temperature stands as an essential operational variable in pyrolysis which controls the way
organic chains break during the cracking process. The polymer structure stays intact through
Van der Waals forces acting between molecules to stop their breakdown. An increase in system
temperature speeds up molecular vibrations and makes molecules escape more likely from the
object surface. The energy output from Van der Waals forces exceeds bond enthalpy within
the C—C chain link to result in carbon chain destruction [73]. The thermal degradation
characteristics of plastics become evaluable through the use of thermogravimetry analyzers.
The analyzer creates dual plot distributions consisting of thermogravimetry analysis (TG) curve
and derivative thermogravimetry analysis (DTG) curve. The TG curve measures weight
changes of substances while they are in contact with time at different temperatures [74].

The DTG curve features degradation transformation peaks which indicate the stages of process
degradation through peak counting [74]. Cepeliogullar and Putun [75] studied PET pyrolysis
and identified that PET starts to decompose at 400 °C while the temperature ranges from 200—
400 °C resulted in limited weight loss. The maximum weight reduction of the material
happened at 427.7 °C. The analysis revealed no substantial variations after the temperature
exceeded 470 °C. The authors determined that PET undergoes thermal degradation in the
temperature range between 350-520 °C. According to Chin et al. [76] thermal degradation of
HDPE started between 378-404 °C before finishing between 517-539 °C which researchers
determined through thermogravimetric analysis (TG) at heating rates between 10-50 °C/min.
The study showed that higher heating rates would speed up weight loss reactions. The research
by Marcilla et al. [77] revealed that HDPE reached its fastest degradation point at 467 °C.
Researchers need to factor in this essential temperature limit during their pyrolysis work to
optimize their liquid production results. Major weight loss in PVC occurs in two different
temperature areas according to Cepeliogullar and Putun's findings [75].

During the temperature range from 260 °C to 385 °C the actual weight loss exceeded 62.25%
of the original weight. During the temperature interval of 385 °C to 520 °C the weight loss
amounted to about 21.74% of the original material weight. The material showed near minimum
weight loss of 1.62% when the temperature reached 800 °C. The experts determined PVC
undergoes degradation between 220 °C and 520 °C [75]. LDPE pyrolysis led to the initial
development of liquid oil between 360 to 385 °C according to Marcilla et al. [78]. The
maximum amount of liquid product was produced within the temperature range 469 — 494 °C.
The production of oil from LDPE started at 410 °C according to the research findings of
Onwudili et al. [79]. The conversion of oil remained incomplete when a brown waxy substance
formed during the reaction below 410 °C. Researchers determined that LDPE liquid yield
reached its highest value when using 425 °C as the temperature parameter.

The study produced by Marcilla et al. [80] showed that 550 °C stood as the optimal temperature
for producing maximum liquid oil output. Rising temperatures from 600 °C reduced the amount
of liquid product that was acquired [81]. The thermal decomposition process of LDPE takes
place between temperatures of 360-550 °C. The thermal degradation threshold of PP occurred
at a lower temperature than HDPE. The research by Jung et al. [82] showed that temperature
variations in a fluidized bed reactor affected HDPE and PP decomposition through DTG curve
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analysis by demonstrating principal decomposition occurrences between 400 to 500 °C. The
PP fraction initiated its weight loss process at temperatures that remained below 400 °C before
the HDPE fraction commenced its loss. The maximum temperature of degradation for PP
reached 447 °C yet HDPE required 467 °C to complete decomposition and lose the most weight
according to Marcilla et al. [77]. The rapid degradation rate of PP occurs due to its structural
makeup since half the carbon atoms are tertiary carbon bondage that accelerates tertiary
carbocation formation [82]. The degradation process for PS led to the lowest temperature
among all plastic kinds. Onwudili et al. [79] conducted studies on PS pyrolysis within batch
reactors but they reported reactions would not begin until reaching 300 °C. At the lower
temperature condition of 350 °C PS fully transformed into a thick opaque dark oil according
to their results. The research team obtained the maximum amount of liquid oil at a temperature
setting of 425 °C yet elevated the temperature to 581 °C which caused liquid oil production to
decrease and generate more gaseous products [83].

The thermal degradation temperature for PS usually falls between 350-500 °C. Studies show
that temperature directly impacts reaction rates because it affects the composition of liquid and
gaseous and char product outputs from all previously discussed plastics. The temperature
requirements depend intensely on the selected end products. Gaseous or char products can only
be obtained at thermal temperatures beyond 500 °C. The production of liquid-based products
requires temperature ranges between 300 and 500 °C according to suggestions which are
equally applicable to all plastics.

2. Residence Time:

The average time duration for which catalyst particles spend inside the reactor affects product
distribution according to research [84]. An increased reaction time enables greater conversion
of primary substances into stable thermally produced products that include low molecular
weight hydrocarbons and non-condensable gases [85]. Product distribution remains unaffected
by residence time when the process reaches a specific temperature point. Mastral et al. [86]
investigated how delaying time and heating levels affected the distribution of products obtained
from HDPE thermal decomposition in a fluidized bed reactor. Research findings demonstrated
that longer residence time (2.57 seconds) reached maximum liquid production levels when the
temperature remained below 685 degrees Celsius. When the operating temperature exceeded
685 °C the length of residence time produced no significant variation in the yields from both
liquid and gaseous products.

3. Heating Rate:

Sources of thermal impact function as primary controlling factors in pyrolysis outcomes
because they affect both reaction speeds and determine both biomass degradation structures
and other organic materials. The speed of heating decides both the production rates of biochar
and bio-oil and syngas from the material. The production of biochar achieves optimal results
when heating progresses at a speed between 0.1 and 1°C/s to enable full secondary reaction
involvement [87]. Biochar maintains elevated quantities of fixed carbon while forming better
porous arrangements which develop advantageous conditions for bettering soil quality and
increasing storage capabilities and absorption features [88]. Premium bio-oil results occur
through fast pyrolysis heat rates between 10 to 200 °C/s because it controls volatile second-
order breakdown reactions and reduces char formation production [89]. The production of bio-
oil increases at heating rates above 50°C/s because research shows this fast thermal breakdown
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simultaneously leads to suppressed gas degradation [90]. Flash pyrolysis depends on heating
speeds above 1000°C/s to pull volatile compounds right away for producing significant
amounts of syngas together with minimal leftover solid matter [91]. The specific amount of
heat serves to achieve optimal results across various feedstock types where proper heating
temperatures enable cellulose and hemicellulose decomposition from lignocellulosic biomass
[92] and plastic waste mixtures and algal biomass need distinct heating conditions for
successful liquid fuel generation [93]. The heat management process in pyrolysis systems relies
on different reactor types such as fixed-bed and fluidized-bed and microwave-assisted reactors
to achieve optimal heating rates [94]. The control of heating rates remains key to modifying
pyrolysis operations since it enables targeted product generation along with maximum thermal
conversion when handling biomass and waste materials [95].

4.Products of Pyrolysis and Their Applications

Organic materials decompose through pyrolysis under elevated temperatures between 300°C
and 800°C when kept in an oxygen-free environment. The process transforms different waste
substances that include biomass along with plastics into three distinct products made of biochar
and bio-oil along with syngas. The products of pyrolysis exhibit different characteristics which
enable their utilization across agricultural and energy-based applications together with
environmental needs. nasledively accommodating waste management needs enables pyrolysis
to become an important advancement in ecological waste disposal and renewable energy
production (96).

4.1. Biochar

Biochar represents the permanent solid carbon-rich residue which undergoes production from
the pyrolysis process. The mix of empty spaces and large surface area in biochar makes it useful
for soil amendments because it improves water storage capabilities and brings better access to
nutrients and microorganisms. Through its long soil sequestration the carbon embedment
process enhances agricultural output as well as helps reduce greenhouse gases in the
atmosphere. The excellent adsorption capabilities make biochar useful for wastewater
purification because they allow it to efficiently take out heavy metals and organic pollutants
from the water (97,98).

4.2. Biooil

Bio-oil and its alternative term "pyrolysis oil" results from vapor condensation of volatile
compounds which form during the treatment of pyrolysis. Bio-oil possesses high energy
denseness that permits its transformation into sustainable gasoline and diesel fuels which
substitute conventional petroleum-based fuel products. Bio-oil functions as an industrial
heating fuel in addition to its conversion potential into renewable fuel products such as diesel
and gasoline. Bio-oil functions as a chemical raw material supply for making chemicals such
as resins and adhesives along with lubricants through acetic acid and phenols production
(99,100).
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4.3. Syngas

The mixture of gas components known as Syngas contains mainly carbon monoxide (CO) and
hydrogen (H:) besides methane (CH4) and carbon dioxide (CO-). The flexible nature of syngas
enables operators to utilize it directly within gas turbines because they transform it into
electricity and heat. The chemical synthesis process involving Fischer-Tropsch synthesis uses
syngas as feedstock to convert synthesis gas into synthetic aviation fuel together with diesel.
Syngas serves as a key starting material for hydrogen production activities that fuel cell
technology depends on (101, 102, 103).

4.4. Types of pyrolysis and distribution

The production outputs from pyrolysis alongside their chemical makeup depend heavily on
how operators adjust the process dimensions. If pyrolysis proceeds slowly under a temperature
range of 300-500°C with extended residence time then maximum biochar can be produced.
The preferred output from fast pyrolysis occurs at high temperature (450-600°C) operation
periods combined with brief retention times that yield bio-oil. At flash pyrolysis conditions of
above 700°C with short residence times the main objective remains the production of syngas.
The chosen operational mode receives specific optimization for particular product needs that
determine its end-use application (104, 105).

4.5. Environmental and Economic Benefits of Pyrolysis

The conversion process of waste materials into valuable end-products through pyrolysis results
in multiple environmental advantages with economic benefits. The environmentally beneficial
aspects of this process involve lowering waste sent to landfills and trapping greenhouse gases
within biochar while achieving carbon sequestration. Biochar and bio-oil and syngas
manufacturing for the market enables dual revenue generation and renewable energy sector
position creation. The process continues to face obstacles in terms of efficiency improvements
and standardization of output and production scalability. Researchers today study catalytic
pyrolysis together with advanced refining methods to solve existing problems while making
processes commercially viable (106).

Challenges and Limitations of Pyrolysis Technology
1. Design and Function of Reactors

The process of designing and developing the reactor represents a core technological obstacle
in pyrolysis. The reactor needs to control the changing gas and liquid phases while providing
uniform heat transfer for distributing fuel uniformly. Because of their cost-effectiveness and
simple design characteristics fixed-bed reactors do not work well at industrial production
scales. The heat transfer capabilities of fluidized-bed and rotary kilns surpass those of other
possible designs despite their challenges for engineers. Heterogeneous products along with
suboptimal pyrolysis occur from temperature distributions that are too severe. The exit points
of reactor systems face potential serious operational interference due to tars and char material
that accumulates during processing by-product filtration. The selection of materials used to
build reactor walls and heat exchangers and insulators requires equal importance since it
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directly affects corrosion resistance and thermal fatigue prevention. Scalable operation
necessitates ongoing reactor design innovation and automation system integration. [107, 108]

2. Process Control and Optimization

Pyrolysis is affected by several variables, including temperature, heating rate, pressure, and
residence time. These variables have a significant impact on the yield and structure of the final
product. For instance, high temperatures favor the gas production, whereas low temperatures
result in higher char. Maintaining a constant process is challenging as the feedstock is not
homogeneous. The control systems of today are too imprecise to make adjustments in real time.
Designing advanced sensors and embedding machine learning algorithms can optimize process
parameters and enhance product quality. Energy efficiency is also a very critical parameter;
waste heat recovery systems conserve fuel and minimize emissions but require prudent thermal
integration. Predictive modeling, the success of control and optimization also rests, though still
in its infancy for comprehensive pyrolysis systems [109, 110, 111].

3. Feedstock Limitations

Feedstock availability and quality mostly define pyrolysis viability. Biomass and waste are
heterogeneous in nature and hence induce performance fluctuation. Fluctuation in ash,
moisture, lignin-cellulose composition, and inorganic contaminants affects reaction rates and
product quality. Preprocessing operations like drying, size reduction, and sorting add to the
complexity of operations. Secondly, toxic materials such as chlorine heavy metals present in
municipal solid waste can damage equipment or contaminate the product. Feedstock supply
chains are also less established everywhere, presenting challenges to around-the-clock plant
operation. Feedstock standardization, pre-treatment processes, and logistics planning are
crucial to continuous pyrolysis operation [112, 113].

4. Product Quality and Utilization

Even though pyrolysis products are highly promising, product quality normally restricts direct
application. Bio-oil, for example, is low in heating value, highly acidic, and contains high
oxygen and water content, and thus is not stable to be stored. Upgrading pathways such as
hydrotreating or emulsification need to be employed to make it fuel specification compliant at
extra cost. Before turbiners and engines use generated syngas they need conditioning steps that
follow filtration treatments to remove tars and other particles. Different conditions of feedstock
combined with temperature variations will lead to biochar with varying pore sizes and nutrient
retention abilities thus affecting its ability to serve the soil effectively. For commercial
utilization and market acceptability, therefore the necessity for product certification and
standardization [114, 115, 116].

5. Economic and Environmental Consequences

Pyrolysis technology has been put in the positive environmental light when improperly
controlled leads to emission of dangerous compounds in the form of volatile organic
compounds (VOCs), carbon monoxide, and polycyclic aromatic hydrocarbons (PAHSs). Gas
cleaning systems must be implemented despite their high cost to achieve effectiveness. The
running cost of pyrolysis facilities remains high along with their demand for significant
monetary resources. For financial sustainability pyrolysis operations need continuous
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subsidies together with market stability of their output products and specialized economic
incentives. Investment returns in such cases remain difficult to predict especially when both
feedstock and raw material prices experience market volatility. Cost-benefit analysis and
environmental assessment have to be undertaken to enable the stakeholders to make informed
choices [117, 118, 119].

6. Scale-Up and Commercialization Barriers

Scaling up pyrolysis from laboratory-scale or pilot-scale to full commercial scale is fraught
with numerous challenges. Temperature uniformity and throughput consistency become
increasingly hard to achieve. Large-scale unit feeding systems become more complicated
because of the requirement to handle waste streams that are both steady and variable. Public
opinion and zoning requirements together with necessary permits can possibly delay or limit
the implementation of pyrolysis plants. Limited success stories and a lack of standardized
designs deter potential investors. The necessary scale-up obstacles require support from
government organizations and the commercial sector and research institutes to collaborate.
[120, 121]

Progress in Catalyst Advancement

The successful operation of the pyrolysis technology depends on catalysts because these
elements improve both reaction speed and end-product quality. Recent research emphasizes:

1. Scientific research achieves better biomass conversion when experimenters control
product porosity at nanometer scale. Activated sites in the process become accessible with
catalysts under specific conditions that promote the production of target outcome products
[122].

Hybrid and Co-Pyrolysis Methods

Several materials processed through the pyrolysis system can enhance the productivity of
chemical reactions while operating.

2. Biomass-plastic co-pyrolytic processes enable superior production of oil products in
addition to boosting bio-oil yield levels. Bio-oil production is possible through stable output
from co-pyrolysis biomass and plastic waste processing methods which also provide an
efficient and economically beneficial waste management approach for energy generation [123].

3. Laboratory tests performed in rotary kilns establish that mixing plastic waste with
agricultural waste leads to better oil production while enhancing the oil quality. The production
system requires additional advancement until this method becomes accessible for industrial
purposes [124].

Alignment with Circular Economy Principles

The circular economy transforms waste into profitable production items through the utilization
of the pyrolysis process.

4. These operations adopt sustainable operations to recover resources while enhancing
waste management through material efficiency.

Potential for Large-Scale Industrial Implementation

PAGE NO: 378



KRONIKA JOURNAL(ISSN NO-0023:4923) VOLUME 25 ISSUE 4 2025

Multiple obstacles exist before the industrial mainstream application of pyrolysis systems
becomes possible.

5. Technical progress enabled reactor designers to construct large-scale industrial
manufacturing processes.

6. Multiple available waste management and energy systems can benefit from integrating
pyrolysis systems under current Renewable Energy promotional policies.

Conclusion

Through pyrolysis thermochemical treatment waste materials prove effective at transforming
plastics biomass and medical plus electronic waste into valuable products such as biochar bio-
oil and syngas. The results show that adjusting pyrolysis conditions including temperature,
heating duration and speed lets us produce preferred outputs for particular market needs. The
research shows that how you prepare feedstock materials and set up treatment methods before
pyrolysis strongly affects how well the method works and what impact it has on the
environment. To prepare biomedical and electronic waste types for pyrolysis treatment special
methods are required that remove or make harmless elements such as heavy metals and acidic
compounds. The Dual-Stage Thermochemical Reactor suggestion merges pre-treatment
functions to deliver better products with reduced emissions while making the process eco-
friendlier. Scientists found LDPE and PP plastics produce more liquid oil during pyrolysis but
PVC plastic causes serious harm to the environment by releasing harmful substances like HCI.
The pyrolysis reactor type directly impacts system results - fixed-bed reactors remain easy to
use but need additional research to scale operations. The end-products of pyrolysis hold many
different functional possibilities. Biochar helps maintain soil quality enables more carbon
storage and filters water effectively. The utilization of bio-oil needs upgrading due to its oxygen
and moisture content because it shows promise to replicate fuel and industrial materials with
renewable sources. Syngas has two main uses in energy production and in manufacturing
chemical products. Biochar production and related practices support environmental
sustainability by following the principles of the circular economy.
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