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ARTICLE DETAILS ABSTRACT

Article History: Municipal solid waste (MSW) creation is a major issue for the international population, which is predicted to
surpass 10 billion individuals by 2058 after surpassing 6 billion in 2021. Waste-to-energy is one way to
manage MSW. This includes using thermochemical techniques to turn MSW into carbonised solid fuel (CSF).
Concerns have been raised, meanwhile, about the leakage of organic compounds that are volatile from CSF
during usage and storage. Such discharges may pose risks to the environment and human health, even though
the subject is still not well understood. This article critically evaluates the VOC generation from waste-derived
CSF, especially carbonised refuse-derived fuel. It focuses on research gaps, differences in VOC measurement
methods, and regulatory concerns. Unlike previous studies that primarily examine process emissions, this
study focuses on the expulsion of volatile organic compounds (VOCs) throughout storage and handling. To
shed light on mitigation techniques for reducing VOC releases during handling and storage, a system for
integrating process-condition modelling and post-production release evaluation was put forth. Our results
point to important research needs in long-term exposure risks, predictive modelling, and VOC
characterization. The management of waste-derived solid fuels requires more stringent regulatory control
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and standardized procedures, as this review highlights.
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1. INTRODUCTION

The output of municipal solid waste, or MSW, will unavoidably increase as
the world's population continues to expand, surpassing 8 billion people in
2022 and is expected to reach 10  Dbillion by 2058
(www.worldometers.info). This will become a significant barrier to the
sustainable treatment of trash. Approximately one-third of today's MSW
cannot be adequately handled. Since it has become necessary to address
the problems of the substantial volume of MSW and its management in
profitable, environmentally friendly, and financially viable ways, several
solutions have been proposed throughout time. The Waste-to-Energy
(WtE) approach is among the most promising of these (Meng et al., 2023).
Utilizing incineration, anaerobic fermentation, gasification, and pyrolysis,
MSW is transformed into heat, electricity, gases, water, and solid fuels. One
important WtE strategy is the production of waste-derived gasoline (RDF),
which is obtained from non-recyclable parts of MSW.

RDF can be used in industrial settings such as specialised WtE facilities or
cement kilns. Recent studies that have examined the pyrolysis and
gasification of RDF have demonstrated its potential for efficient energy
recovery as well as benefits to sustainable waste management practices.

Quick Response Code

Some studies suggest that carbonised waste can be used for material
recovery and environmental cleanup. The use of RDF-derived biochar and
carbonised solid fuel (CSF) began to draw attention to the possible
drawbacks, particularly the risks to the environmental and human health
risks. One concern is the release of volatile organic compounds (VOCs).
Since this is not essential for energy production or the efficiency of biochar
applications, the issue has only recently been recognized. The health risks
posed by VOCs in biochar and CSF can be particularly severe for workers
involved in production, storage, and application processes (Abolore et al.,
2023).

The majority of volatile organic compounds (VOCs) are man-made
substances with high vapour pressure, low water solubility, and boiling
points between 50 and 100 °C to 240 and 260 °C. People can be impacted
by VOCs through ingestion, inhalation, and dermal absorption. Inhaling
contaminants is the primary method of contamination because of the high
vapour pressures of volatile organic compounds. Long-term exposure to
VOCs is receiving greater attention since the negative consequences are
more severe, even though short-term exposure might have some
immediate symptoms such as headache, weariness, dizziness, and
irritation of the skin and eyes (Prasad et al,, 2023). It may lead to serious
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health problems like leukaemia, nasal tumours, central nervous system
disorders, and reduced lung function. However, according to US and EU
regulations, long-term VOC exposure limits are less stringent than short-
term ones. The WHO has put guidelines with suggested levels for certain
chemicals into effect. Since indoor VOC concentrations are often greater
than outside concentrations, several organisations in various nations have
set indoor air quality (IAQ) regulations. The characteristics of CSF and
biochar differ based on the process parameters and feedstock employed.
Estimating VOC concentrations is necessary to comprehend how
carbonaceous  material affects people and their health.
Understanding how VOCs are formed during procedures of
thermochemical conversion is therefore essential (Roy and Chundawat,
2023). Several studies have shown that the breakdown of organic
components into lower chemical mass compounds which then get trapped
in the material's pores is the reason for the presence of VOCs (volatile
organic compounds) such as phenols, alcohols (this includes cresols),
acetic, bacterial, butyric, alongside propionic acidic conditions and
ketones in biochar and CSF.

It is well recognised that VOCs are a natural part of biochar and CSF,
regardless of the conditions in which they are used. However, the quantity
and composition of VOC emissions are significantly influenced by several
circumstances (Giileg et al, 2023). For example, different pyrolysis
processes (such as flash, fast, and slow pyrolysis) produce variable rates
of thermal degradation, which have an immediate impact on the range of
volatile While slow pyrolysis, that features longer retention periods,
typically produces less VOC emissions but a larger percentage of heavier
compounds, fast pyrolysis produces more lighter VOCs due to its rapid
thermal breakdown. Additionally, the kind of feedstock influences the
molecular composition of volatile organic compounds (VOCs), since lignin-
rich materials may provide different VOC profiles compared to cellulose-
dominant feedstocks. Specific VOC release is further modulated by process
variables such as temperature, retention duration, and oxygen availability;
higher temperatures typically increase total VOC emissions and change
their composition.

This variation highlights the need to optimise conditions to lessen the risks
that VOC exposure presents to the natural environment and public health
(Mujtaba et al.,, 2023). Since the kind of feedstock is one factor affecting
VOC emissions, it is essential to comprehend the properties of the
materials applied to make biochar and CSF. RDF is commonly treated via
torrefaction, which increases its calorific value and reduces the expense of
waste preparation.RDF is composed of many types of plastic, glass, paper,
kitchen waste, textiles, and metals, and includes pollutants such as
chlorine, heavy metals, phthalates, as well as volatile organic compounds
(VOCs). Thermochemical conversion may subsequently cause RDF
contaminants to evaporate or transform into other hazardous materials,
such as volatile organic compounds (Gallego-Garcia et al.,, 2023). To far,
most studies on the emission of VOCs, which are volatile organic
compounds, from carbonised materials have focused on the synthesis of
VOCs from lignocellulosic biochar rather than waste-derived fuels. We
have lately collected such data. VOC profiles, process parameters, and
feedstock variability are not all connected by a single framework.

The published research, which is currently available, does not thoroughly
analyse the influence of feedstock and process parameters. As a result,
currently available investigations focus on characterising volatile organic
compounds, or VOCs for short, without systematically linking VOC
generation to specific process conditions or regulatory consequences.
Information on the post-production process release from solid fuel is still
lacking; however, most studies focus on VOC emissions throughout
thermal conversion (Areeya et al, 2023). The production of volatile
organic compounds during thermochemical conversion processes has a
direct impact on their release from stored CSF. The makeup of the solid
product's residual volatiles, which are subsequently released during
handling and storage, is determined by VOC emissions during torrefaction.
Process, storage, and substrate composition all affect this slow release.
Therefore, reducing threats to the environment and human health
requires an understanding of and control over VOC behaviour during both
the development and post-production phases.

With an emphasis on formation methods, influencing factors, as well as
potential mitigation techniques, this review methodically assesses VOC
release from CSF. By examining the mechanics underlying the creation of
volatile organic compounds (VOCs), suggesting strategies for mitigating
their release, and emphasising the significance of rules for sustainable
waste management, this review fills in these gaps (Kumar et al,, 2023). In
contrast to previous research, this study not only summarizes the state of
the art but also analyzes measuring methodological discrepancies,
determines whether it is feasible to implement on an industrial scale, and
makes recommendations for controlling VOC emissions. By integrating

these elements, this analysis provides a more thorough understanding of
VOC emissions from RDF products of breakdown and their implications
for WtE applications (Reis et al,, 2023).

2. BIBLIOMETRIC EVALUATION OF RESEARCH PUBLICATIONS

This review looks at the pollutants included in RDF and its components, as
well as the VOCs (volatile organic compounds) released by RDF-derived
CSF, to conduct a literature examination. Which encompassed studies
published from 2010 to 2024. Relevant articles were found using
keywords such as "biochar,” "volatile chemical compounds,” "pollutants,”
"emissions,” "carbonised solid fuel,”" "refuse-derived combustibility,"
"health," "toxicity," "hazard," and "contamination.” To further explore VOC
emission from certain RDF components, other keywords were used,
including polymers, organic fraction, wood, rubber, plant matter, and
specific polymers, including polyethylene, polypropylene, and polyamide
The snowball process was started by a few of the discovered papers, which
made it possible to improve the subsequent evaluation. To map research
patterns, a term co-occurrence analysis was carried out through
VOSviewer.

nn

Co-occurrence was selected as the kind of analysis in VOSviewer, while all
keywords were selected as the unit of analysis. A keyword's minimum
frequency of occurrence was set at two (Kumar et al., 2023). Clusters are
represented by different colours. With 83 papers answering these
keywords, Fig. 1 illustrates the connections among risk, volatile organic
chemicals, and municipal solid waste. Clusters identified three main
themes: VOC dynamics over time (yellow), landfill emissions and odour
treatment (green), and health risk assessment (red). VOC release through
RDF-derived CSF is an understudied topic, though, as there isn't a
specialised cluster that focuses on it. The absence of terms about
feedstock-specific VOC analysis and process optimisation further
emphasises the need for further focused study. The map's primary focus
is on volatile organic compounds (VOCs), which are closely associated
with phrases like waste-to-carbon technologies, biochar, and municipal
solid waste.

This shows that most of the studies in this area are about how to control
and reduce VOC emissions in thermochemical processes. Words like
pyrolysis, destruction, and RDF show that there is a heavy focus on making
these processes as efficient as possible to lower VOC emissions and raise
WHE efficiency. There are three groups on the map, each reflecting a
different study theme (Ji et al., 2023). The green cluster is mostly on the
technical side of VOC emissions, especially when it comes to
thermochemical processes. It shows how to employ biochar and waste-to-
carbon technologies. The red cluster is mostly about how to deal with
agricultural waste, using words like "swine manure,” "sustainable
agriculture,” and "odour control." Research on the emission of volatile
organic compounds from the agricultural industry is still being conducted,
as this cluster illustrates. An interdisciplinary approach to comprehending
and tackling environmental issues is shown in the blue cluster's focus on
more general issues like waste management, air pollution, and
performance (Amesho et al.,, 2023).

The map identifies some research gaps despite the identified groups.
Although occupational safety is included in the green cluster, it is not given
much attention, which suggests that personnel in waste management
facilities are still not fully aware of the risks connected with VOC exposure.
Similarly, even though the red cluster uses solid-phase microextraction
(SPME) as a methodological technique, current research should further
use SPME's potential to enhance VOC analysis in RDF-derived CSF. These
gaps point to the need for more focused research on the effects of VOC
emissions on health and safety. With strong ties between waste
management & air quality, the map also demonstrates interdisciplinary
connections, pointing to a growing emphasis on coordinating WtE
technologies with more comprehensive environmental regulations
(Sharma et al., 2023).

All things considered, this analysis highlights the necessity of a more
coordinated strategy for VOC reduction that prioritises worker safety in
disposal facilities and makes use of cutting-edge analytical techniques.
After more research, 27 pertinent publications were found by combining
the keywords fuel, volatile organic chemicals, and municipal solid waste
(Fig. 3). The trend analysis reveals that while the number of publications
varies, the number of citations steadily rises, reaching its highest point in
2021. Sustained citation numbers emphasise the importance of high-
impact studies studying VOC emission from RDF and RDF-derived CSF.

The literature study reveals that, despite growing knowledge of RDF's
negative environmental effects, research has not largely examined how
RDF-generated CSF produces volatile organic compounds (VOCs) among
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other dangerous chemicals (Pang et al, 2023). There are still few
systematic studies on how process parameters and biomass content
contribute to the production of dangerous chemicals. Given the possible
dangers of hazardous organic compounds, thorough research is
desperately needed to understand the processes that lead to their creation
and create mitigation plans.

What effects do RDF's composition and manufacturing circumstances
have on the kinds and amounts of organic chemicals—including volatile
organic compounds (VOCs)—that are produced in CSF obtained from
RDF? For further investigation, this is a crucial topic. Applications of RDF-
derived CSF may be safer and more sustainable if process conditions were
optimised to properly handle organic pollutants (Harrison et al., 2023).

3. CUTTING EDGE
3.1 Using municipal solid waste as a source of energy

To address the economic, environmental, and health aspects of MSW,
effective management techniques are necessary, as its volume is
continuously increasing. Understanding MSW's composition, nature, and
quantity, all of which differ based on a person's location, culture, way of
life, and economic standing, is essential to selecting the best management
strategy (Riseh et al., 2024). WtE is seen to be a desirable substitute for
burning fossil fuels. The MSW WtE conversion techniques for the
biodegradable MSW fraction include physicochemical conversion (the
transformation), biochemical conversion (anaerobic digestion and
composting), and thermal treatment (pyrolysis, gas extraction,
incineration, and torrefaction).

Carbonaceous materials generated by thermochemical processes are
commonly referred to as CSF, or simply solid (bio)fuel. CSF is mainly used
in the literature to describe solid fuel derived from RDF, which is notable
for its high thermal capacity (lower heating value (LHV) up to about 20
MJ-kg-1 (Namasivayam et al, 2023). This content is also known as
carbonised RDF (CRDF). Torrefaction, hydrothermal treatment, and
pyrolysis can all result in the production of CSF. Up to 65% of the solid
fraction is produced by pyrolysis of MSW, which is normally carried out
inertly at temperatures between 300 and 800 °C.

The average higher thermal conductivity (HHV) of pyrolysed RDF is 29.5
M]J-kg 1. Torrefaction is carried out at temperatures between 200 and 300
oCinan oxygen-limited atmosphere. Torrefaction of RDF has a higher solid
proportion mass yield than pyrolysis. Studies reveal yields of more than
80% and an HHV of 30.5 MJ-kg-%. Energy density can be improved by
hydrothermal carbonisation (HTC), which is typically carried out at 180-
300 °C under extreme conditions, especially for wet feedstocks. HTC
processes produce HHV of up to 37 M]-kg-1 and solid yields ranging from
61 to 82%. Process temperatures, atmosphere, material yield, as well as
energy content are the main distinctions between these processes. Table
1 provides a succinct summary and presentation of these differences
(Srivastava et al., 2023).

Energy density can be upgraded with hydrothermal carbonisation (HTC),
which is typically carried out at 180-300 °C under high pressure,
especially for wet feedstocks. HTC processes can produce solid yields of
61-82% and HHV of up to 37 MJ-kg-1. Process temperature, atmosphere,
energy content, and solid product yield are the main distinctions between
these processes. Table 1 provides a succinct summary and presentation of
these variations. MSW is also useful for cleaning up pollution. Char made
from MSW has demonstrated promise as a means of adsorption for
pollutants, nutrient retention, landfill capping, reactive barriers, and
leachate treatment. Used the organic fraction of MSW to remove arsenic
and chromium (Przypis et al.,, 2023).

3.2 Identification and measurement of VOCs in CSF

The dispersion of volatile organic compounds (VOCs) from CSF has been
investigated using headspace equipment. The HS-SPME/GC-MS
(headspace microextraction of solid phase supplemented to gas
chromatography with mass spectrometry) was used to separate and
identify the volatile organic compounds (VOCs) produced from CSF. 77
different solid products from different thermochemical processes were
evaluated using the same technique.

Ghidotti et al. (2017) used the HS-SPME/GC-MS technique to assess the
VOC contents in pelletised pyrolysis products. The advantages of SPME,
which was created by Arthur Pawliszyn in 1990, are its affordability, ease
of use, speed, and automation, as well as its versatility (it may be used to
get solid, liquid, and gaseous samples) (Pham et al., 2023).

It is non-destructive, offers broad detection limits, requires smaller
sample volumes, and does away with the need for organic solvents. The
fibre sits above the sample in the headspace mode, which prolongs the
coating's lifespan and is frequently chosen for VOC extraction. VOCs move
from the sample into the mental space and are absorbed onto the fibre
when the sealed vial is incubated at a specific temperature and duration.
The analytes are then released into the chromatographic column and used
for separation, identification, and quantification after the fibre is inserted
into the hot injector of the GC, where desorption takes place (Dongare and
Pawar, 2023).
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Figure 1: Keywords "risk," "volatile organic compounds," and "municipal
solid waste" are visualised as a network. Various themes are represented
by colour-coded clusters. The relationships demonstrate how
complicated VOC production, release, and mitigation are in waste
management.
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Figure 2: Network visualisation of the terms "volatile organic
compounds” and "refuse-derived fuel,” or "RDF." The words are grouped
according to their thematic significance. The term' interdependence
emphasises how interdisciplinary VOC research in CSF production and
use (Ab Rasid et al,, 2021).
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Table 1: Comparison of RDF's hydrothermal carbonisation, pyrolysis, and torrefaction processes (Nasar et al., 2022).

Parameter Torrefaction Pyrolysis Hydrothermal Carbonization
_ R 300-700 °C (slow); >700 °C _ o
The Process Temperature 200-300°C (fast, /,flash) 180-250°C

For Subcritical water (wet,

Atmosphere Inert (usually N;) Inert (N, Ar, etc.) pressurized friendly environment)
Yield of the Solid (%) 60-80% 30-50% 50-70%
Higher Heating Value (HHV) 20-25 M]/kg (improved raw RDF) 25-30 M]/;(I:gogﬁ?tcil;;z; varies by 18-25 M]/kg (hydrochar)

3.3 VOCs formation factors

The EPA classifies VOCs into three main categories: very volatile organic
substances (VVOCs), volatile organic compounds (VOCs), and semi-
volatile sources of natural compounds (SVOCs). Boiling points range from
0 to 50 to 100 °C for VVOCs, from 50 to 100 to 240 to 260 °C for VOCs, and
from 240 to 260 to 280 to 400 °C for SVOCs (USEPA, 2023). The
temperature profile of the breakdown process is displayed in Figure 4,
with a focus on the different phases and the generation of associated
volatile organic molecules. The temperature of the feedstock causes the
production and release of water, VVOCs, VOCs, and SVOCs (Soomro and
Ahmad, 2021). During the chilling process, some of the VOCs condense and
dissolve onto the surface of the produced CSF, polluting it. When RDF is
thermochemically processed, a variety of processes contribute to the
creation of volatile organic compounds (VOCs) (Sankaran et al,, 2020). The
heating process during depolymerisation breaks down the long chains of
polymers contained in plastics into smaller hydrocarbons and volatile
organic compounds (VOCs).

This procedure often produces hydrocarbons such as ethylene, toluene,
benzene, and ethane. When the organic components in RDF, such as
cellulose and lignin from paper or wood, undergo dehydration, the
reduction of carbon dioxide fragmentation, and depolymerisation, volatile
organic compounds (VOCs) such as aldehydes, ketones, and alcohols are
created. For example, compounds like formaldehyde and acetic acid may
be generated during the breakdown of cellulose (Vieira et al., 2020). At
temperatures higher than 300 °C, thermal cracking breaks down big
hydrocarbons into smaller volatile organic compounds (VOCs). This
procedure is frequently seen in waste streams that contain a lot of plastic
cans. Alkylation, aromatization, isomerization, dehydrocyclization, and
dehydrogenation are additional reactions that occur during thermal
conversion.

Polycyclic aromatic hydrocarbons, more commonly known as PAHs, are
produced in RDF-derived CSF as a result of dehydrocyclization, which is
the rearranging of hydrocarbon structures to create aromatic rings. When
hydrogen atoms are removed during dehydrogenation, unsaturated
hydrocarbons are formed, which affects the release of volatile organic
compounds (Prasad et al,, 2023). In feedstocks that are high in polymers,
these routes are particularly significant. Recent studies have shown that
these processes influence the volatile organic compounds (VOCs) that are
emitted when solid waste is converted. This emphasises how important it
is to enhance thermochemical conversion process conditions to reduce the
adverse environmental consequences of utilising CSF. Isomerisation is the
process by which the molecular structure of some volatile organic
compounds changes without altering their molecular formula. Aromatic
intermediate states through three crucial stages—cyclization,
aromatisation, and the primary cause of PAH generation during the
torching of scrap tires is the Diels-Alder process (Lobato-Peralta et al.,
2021).

The main cause of PAH formation is the breakdown of materials at
temperatures that are elevated in inert or low-oxygen environments.
Optimising WtE technologies and reducing environmental pollutants
requires an understanding of the precise mechanisms underlying VOC
formation during RDF thermochemical processing. Further research that
enhances these routes and improves the predictability of VOC emissions
might be beneficial for the development of ecologically conscious thermal
processing techniques for RDF. Studies concentrating on other feedstock
types have also been taken into consideration in this section because this
subject is still being closely examined, particularly regarding RDF and
RDF-derived CSF (Siddique etal., 2021).

The amount, quality, quantity, as well occurrence patterns of volatile
organic compounds (VOCs) released about CSF and biochar remain
unclear, as evidenced by the significant diversity of VOCs found in
carbonised material after thermochemical rehabilitation was performed

on the same feedstock under corresponding process conditions. However,
the literature has identified and described a few dependencies (Ehite,
2023).

3.4 Temperature

The amount and quality of volatile organic compounds (VOCs) in biochar
are significantly influenced by temperature. Alcohols, furans, and
aldehydes are among the short-chain volatile organic compounds (VOCs)
that biochar maintains at lower pyrolysis temperatures. For example, the
amounts of 2-propanal, ethyl acetate, and 2-hexenal in the biochar
produced at 200 °C were significant, and they gradually dropped as the
temperature increased to 350 °C and above. At higher temperatures, these
lighter chemicals volatilise more easily, which is the primary cause of this.
Processing biochar made from sewage sludge at warmer temperatures
(450-600 °C) resulted in a significant decrease in volatile organic
compounds (VOCs) such as glycolaldehyde, the presence of dimethyl
acetal alongside decalin derivatives (Lobato-Peralta et al, 2021). The
volatilisation effect gets stronger as the temperature rises, which results
in fewer organic molecules remaining in the solid fraction.

This tendency was also observed by Pivato et al. (2024); the quantity of
volatile organic compounds (VOCs) that have been found in gas emitted
from the burning of RDF, such as formaldehyde, the aforementioned to and
benzene, tends to increase with operation temperature. Temperature has
an impact on SVOCs like PAHs in addition to VOCs. PAH concentrations
rose with temperature, reaching a peak at 400-500 °C before
progressively falling (Keiluweit et al, 2012 ; Devi and Saroha, 2015).
Finding that biochar produced at higher pyrolysis temperatures (600-900
°C) had lower levels of total PAHs. This is most likely because these bigger
molecules decompose at greater temperatures. As a result, although lower
temperatures encourage the preservation of lighter VOCs, higher
temperatures encourage the decomposition of these compounds and
reduce the overall VOC emission (Siddique et al.,, 2021).

3.5 Rate of heating and residence time

Residence length of stay and heating rate are additional variables that may
affect the production of volatile organic compounds (VOCs) in carbonised
materials. According to the majority of researchers, variations in duration
of residence have had very little effect on VOC concentrations. Generally
speaking, a shorter thermochemical conversion process results in a higher
release of VOCs and PAHs. Slow pyrolysis is thought to increase the
likelihood of volatile substances escaping in gaseous form into the
atmosphere. Nevertheless, during rapid pyrolysis, such substances tend to
accumulate on the biochar/CSF surface (Ehite, 2023).

3.6 Oxygen

According to certain research, the quantity of VOCs that are sorbed may
also be impacted by the availability of oxygen (02). A higher 02 presence
results in a lower amount of sorbed volatile organic compounds (VOCs),
according to (Spokas et al,, 2011). However, lowering the amount of 02
and increasing the flow of the carrier gas (N2) resulted in lower
concentrations of PAHs in biochar (Buss et al, 2016). The same
phenomenon, stating that the concentration of PAHs increases with
increased access to Oz (Rajendran et al., 2018).

3.7 Feedstock type

The kind of feedstock utilised has a significant impact on the percentage of
volatile organic compounds (VOCs) and other potentially hazardous
pollutants. Found that feedstock type has little effect on VOC content, other
research shows that different feedstocks can result in significant
variations in release. Showed that the composition of the feedstock affects
the variability of volatile fatty acids (VFAs), with biochar derived from
chicken litter having greater amounts of VFAs (4-9 mg kg-1) than biochar
derived from cornstalk (2-4 mg kg-1). Similar to this pyrolysed six
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different biomass types were pyrolyzed and discovered that while there
was a consistent VOC pattern in all samples, the VOC quantities differed
depending on the feedstock (Rahmati et al, 2020). This highlights the
complexity of VOC generation and how certain biomass properties
influence it. Furthermore, the feedstock's effect on PAH levels was not
always obvious after observing differences in PAH concentrations among
different biochars (Bucheli etal,, 2015). Fedstock contaminants, including
organic pollutants and heavy metals, have a significant impact on the
release of volatile organic compounds (VOCs) and other pollutants from
biochar and are contingent on the material's origin. This variation
highlights the need for more investigation into the effects of feedstock
composition on biochar's environmental quality (Kram et al.,, 2023).

Section 3.5 discusses the possible impacts of RDF constituents on VOC
emissions. One of the most important variables influencing the amount
and quality of volatile organic compounds, or VOCs, in biochar and CSF is
temperature. Research has consistently demonstrated that fast
volatilisation lowers the total amount of volatile organic compounds, also
known as VOCs, as the temperature of the thermochemical processes rises.
Temperature is still the most reliable indication of VOC profiles in
carbonised materials, even though other variables like residence time,
heating rate, and feedstock type can have a big influence on VOC emissions
(Zhang et al,, 2021).

3.8 VOC types and concentrations in CSF

The release of volatile organic compounds (VOCs) from biochar has been
the subject of some research, but the release from CSF has not been
sufficiently documented. The primary volatile organic compounds (VOCs)
found in RDF-derived CSF, respectively, RDF components, are listed in this
section along with their concentrations and CSF synthesis variables. Two
studies directly examined the release of volatile organic compounds
(VOCs) from CSF (Biatowiec etal., 2018b, 2019). In their first investigation,
they used the HS-SPME-GC/MS technology to evaluate the release from
CSF that was collected at 260 °C for 50 minutes. There were 16.4 mg-kg-1
of VOC emissions (Guiao et al, 2022). They used the same procedure
settings in their second investigation to examine the VOC emission from
CSF. Comparably, 84 substances have been found and categorised into 5
groups: reduced health risk chemicals, heterocyclic amine derivatives.
Alkyl groups of two-ring aromatic hydrocarbons, alkyl derivatives of
phenols or benzene, and others.

Compounds that were deemed immediately hazardous to life or health
were responsible for more than 8% of the total emissions. The majority of
the chemicals identified in the first investigation were likewise identified
in the second, but in much smaller amounts. The variations may result
from variations in the RDF's makeup (Mujtaba et al, 2023) This, in
addition, explains why the CSF's lower heating value in the first trial was
around 26 MJ-kg-1, whereas it was roughly 27 M]-kg-1 in the second
study. Focused on the release of PAHs using carbonised compost
generated from MSW. Only for naphthalene did they find a VOC release
quantity more than 500 pg-kg-1 (1200 pg-kg-1). 3.5. The composition of
MSW and the possibility of VOC emission. Since there is little data on the
emission of volatile organic compounds (VOCs) from carbonised Waste
and its components, studying the release from MSW under different
circumstances might provide useful information for CSF. Research on the
volatile organic compounds (VOCs) emitted by MSW facilities, particularly
mechanical-biological treatment (MBT) plant life, has consistently shown
the presence of hazardous materials that might jeopardise the health of
nearby workers and residents (Zhang et al., 2023).

In their health risk evaluation of the local community near an MBT factory,
formaldehyde as a major constituent of concern because of its high
concentration, which is above both the non-carcinogenic along
carcinogenic risk criteria (Vilavert et al.,, 2014). Given its direct effects on
public health, this highlights how important it is to monitor volatile
organic compounds (VOCs) in wastewater treatment plants, especially
formaldehyde (Dhara et al, 2023). In a related study on MBT on-site
workers that while no VOC concentrations exceeded occupational safety
thresholds, benzene remained a major concern due to its classification as
a known carcinogen with no safe exposure level by the International
Agency (Yousefian et al., 2020). This highlights the importance of ongoing
VOC monitoring even in situations where direct dangers may appear
minor, as long-term prolonged contact with carcinogenic VOCs, such as
benzene, is dangerous. 43 volatile organic compounds (VOCs) that were
generated during the early stages of MSW decomposition were
categorised into oxygenated, hydrogenated, hydrocarbon, sulphur, and
aromatic groups (Esquivel-Hernandez et al., 2022).

With substances like gasoline and methyl sulfide having both odour and
health effects, this study is essential to comprehending the variety of VOCs

released during garbage decomposition. The large range of VOCs found
emphasises how complicated MSW emissions are and how careful
monitoring of various chemical groups is necessary to completely evaluate
their effects on the environment and human health. In line with
observations in other areas, Chiemchaisri et al. (2019) also verified that
the most common volatile organic compounds (VOCs) released from MSW
z007Adumpsites in Thailand are BTEX chemicals (benzene, toluene,
ethylbenzene, and xylenes). The fact that BTEX is found in a variety of
settings indicates that these substances are important markers of MSW
emissions, necessitating stringent regulation measures to reduce any
possible health hazards (Pham et al.,, 2023).

The existence and behaviour of volatile organic compounds (VOCs) in
landfill cover soils were examined. Alkanes, aromatics, and O-substituted
chemicals made up the majority of the diverse VOCs they found. They also
underlined the concern over these VOCs due to their potential harm to the
environment and human health. The body of research indicates that VOC
emissions from MSW removal and treatment plants pose serious health
concerns. Because of their effects on health, especially in terms of
carcinogenicity, formaldehyde and BTEX chemicals become important
pollutants of concern. The requirement for customised risk evaluations
based on the particular chemicals and local environmental circumstances
is highlighted by the variation in VOC profiles between studies (Yoo et al,,
2020). This emphasises how crucial it is to manage VOC emissions from
MSW by ongoing monitoring and the use of stronger regulatory measures.
Contaminants of RDF components.

The bulk of MSW is composed of organics, paper, glass, plastics, metal, and
other debris, including textiles, leather, rubber, and e-waste; however, the
exact composition is contingent on the source. Paper, wood, textiles,
plastics, and organic components make up the majority of RDF. Between
50 and 80 percent of RDF is made up of plastic and paper. Understanding
the composition and potential pollutants in the RDF's constituent parts is
crucial to comprehending the VOC emissions from CSF. Table 2 provides a
summary of each component's typical composition, potential
contaminants, and related emissions (Chen et al,, 2023). The primary
components of plastic waste in RDF, despite their origins, are polyethylene
(PE), polypropylene (PP), polystyrene ( PS ), polyvinyl chloride (PVC),
polyethylene terephthalate (PET), and polyamide (PA). Plastic polymers
have been found to have negative effects on both human health and the
environment (Rodrigues et al,, 2019).

Plastics may be harmful due to a variety of manufacturing-related
chemical additives, including bisphenol A (BPA), phthalates,
polybrominated diphenyl ethers (PBDEs), and other antioxidants. These
substances can enter the bodies of individuals and creatures (for instance,
through digestion) and contaminate the environment once they are
released from the polymers. VOC emissions from several consumer
products made of polymers, including PVC, PE, PS, and PP, were
investigated. Compounds like m/p-xylene, o-xylene, a chemical called
phenol, acetophenone, as well as 2-phenyl-2-propanol were included in
the products (Thi et al., 2016). Propylene, a colourless gas classified as a
volatile organic compound, is utilised in the production of PP. Propylene
migration into the atmosphere may result from PP degradation.
Furthermore, a variety of contaminants, including metals, PAHs,
pesticides, and pharmaceuticals, are adsorbed by polymers due to their
elevated ratio of surface to volume and hydrophobicity. The VOC
emissions from burning both non-biodegradable and biodegradable
plastics were examined. Non-biodegradable plastics generally had greater
emissions, with 1,3-butadiene having the highest levels across all plastic
kinds.

Some have suggested that among all the volatile organic compounds
(VOCs) found in that investigation, this one could be the most hazardous
(Nahak et al., 2022). Chloroform, tetrachloroethylene, dichloromethane,
benzene, toluene, styrene, ethylbenzene, 1,2-dichloroethane, and carbon
tetrachloride were among the other volatile organic compounds found.
PVC had the best results for all specified VOCs, followed by PET, PP, and
PE. Rubber is made from a variety of chemicals, including sulphur, organic
disulphides, thiazoles, guanidines, aluminium oxides, benzoic acid,
salicylic acid, phthalic acid anhydride, N-nitrosodiphenylamine, N-
(cyclohexylthio)phthalimide, anti-degradants, amines, and 1,3-bis
(citranimidomethyl) benzene (IARC, 2012). Employment in the rubber
manufacturing industry has been associated with leukaemia as well as
stomach, lung, and bladder cancer. In addition to substances like PAHs,
phthalates, benzothiazoles, and phenols, they found very small levels of
volatile organic compounds (VOCs) such as benzene, toluene,
ethylbenzene, o-xylene, p/m-xylene, and styrene in rubber granulate used
on sports grounds (Wang et al, 2021).
Organics include things like food waste, yard waste, wood, paper, and
process waste. According to a study, a significant amount of volatile
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organic compounds (VOCs) are emitted from biodegradable parts of MSW
during digestion by anaerobic means, composting, and landfilling. VOCs
are what give organics their aroma. Examined how biomass-derived
biochars, even biomass constituents including lignin, cellulose, and
hemicellulose, released volatile organic compounds (VOCs). For pure
components, they discovered 32 volatile organic compounds (VOCs),
including nonanal, benzaldehyde, furfural, and octan-1-ol. Ink is one of the
additives that might increase VOC emissions, in addition to the natural
cellulose present in paper (Raud et al., 2019). Since ink is a combination of
many different substances, including pigments, dyes, and solvents, it may
contain a range of alcohols (isopropanol, butanol, and cyclohexanol),
glycols that serve (ethylene, diethylene, and tetraethylene glycol), ethers,
and ammonia. They can cause odours and pose serious health risks. After
investigating the VOC emissions from the printed paper packaging
materials, n-hexane, n-heptane, propionaldehyde, acetone, methanol, 2-
propanol, n-propyl acetate, 1-propanol, hexanal, and 1-butanal (Leks-
Stepie’, 2016). Unfortunately, there is a dearth of knowledge about the
release of volatile organic compounds from RDF components. This
knowledge might help lower emissions and put the right policies in place
to lessen health risks (Fatma et al., 2018).

Temperature and humidity control, as well as filtration based on
adsorption. These kinds of solutions might guarantee worker safety and
compliance with environmental standards by substantially decreasing the
buildup of volatile organic compounds (VOCs) in storage facilities. A large-
scale study on this topic is necessary, nevertheless. All of the
aforementioned strategies can help reduce VOC emissions, but further
research on the topic would enable a deeper comprehension of the issue
and the use of the best practices. 3.7.4. Fuelling with VOCs Converting
dangerous VOCs into fuel is a topic that has been garnering increasing
attention lately. Acetic acid, ketones, aldehydes, and furfural are examples
of condensable liquids that develop during the torrefaction process (Ullah
etal,, 2015). However, they are said to constitute both potential resources
and hazardous byproducts. A neural network framework was created to
maximise the conversion of toluene into fuel using catalytic steam.
Because of its great potential to transform toluene-rich tar into hydrogen-
rich syngas, this process has been receiving more attention. Some VOCs
can be converted by capturing them, which will stop them from
condensing on the surface of the CSF (Hoang et al,, 2021).

4. HEALTH RISKS AND REGULATIONS

VOCs can be released during the production, storage, transportation, and
handling of biochar and other carbonised materials. This can have long-
term health impacts, particularly for those who work in such facilities.
According to the EPA standard reference and risk values, VOCs that can be
produced from CSF are separated into those that are carcinogenic and
those that are not (USEPA, 2009). When examining the discharge from
CSF, biochar, or MBT facilities, it is important to take into account the
various regulations governing the emission of volatile organic compounds
(Sharma et al.,, 2019). Explains a few of the standards that are applicable
in Poland and the United States. Using the data and the levels they
obtained, they classified 11 compounds as IDLH. 8.25% of the total VOCs
emitted in their research were released by them (1196 pug-kg-1). It has
also been highlighted that several VOCs found in the CSF under
examination had concentrations beyond the criteria set by the standards
(Table 3). Some of the organic chemicals that are volatile (VOCs) in
torrefied MSW can cause serious health problems and lead the material to
self-ignite, whereas others are often found in food and do not pose a
serious health danger to people (Rahardjo et al., 2021).

Exposure to volatile organic compounds (VOCs) was shown to pose health
hazards. VOC mixtures are frequently released instead of single chemicals.
This must be considered when doing health risk assessment, since the
overall effect on human health could be more severe compared to when
examining only certain drugs. As suggested by prior investigations in
human health assessments, an additive exposure approach must be
applied. Stressed in their study that working with contaminated
carbonaceous materials increases the danger of exposure since handling
and storage of these materials may cause relatively high amounts of
volatile organic compounds (VOCs) to be released (Prasad et al., 2016).
Additionally, noted even after two weeks of storage, VOC-rich biochar
continued to produce detectable levels of VOCs, indicating that employing

such materials in enclosed areas may be dangerous for both users and
employees. The lack of globally accepted and followed standards for the
emission of volatile organic compounds from WtE facilities and the
production of VOCs from CSF made from RDF gives rise to several
problems. The exposure limits established by the U.S. Environmental
Protection Agency and the European Union for important volatile organic
compounds (VOCs), such as formaldehyde, toluene, and benzene, differ by
region. The European Union enforces stricter VOC emission rules under
the Industrial Emissions Directive (IED). Nonetheless, state-level
restrictions are allowed to be flexible under the U.S. Clean Air Act (USEPA,
1990). These statutory differences provide challenges for multinational
waste management companies and hinder the development of uniform
mitigation strategies (Ab Rasid et al,, 2021).

Because it occurs throughout handling, storage, and usage, VOC release
from CSF remains an issue. Measures to reduce emissions do exist, but
they are often limited by economic factors and regional regulatory quirks.
Enforcing VOC regulations in lower-income communities is challenging
due to infrastructural and financial limitations. Therefore, better emission
control and storage technologies are not adopted as quickly. These
disparities underscore the urgent need for international standardisation
of VOC monitoring techniques and regulatory frameworks to ensure VOC
emissions from CSF are accurately measured, reported, and regulated
(Mahmood et al,, 2019). The VOC emissions pose risks to the environment
and public health, contributing to the formation of photochemical smog
and worsening air quality. Because it occurs throughout handling, storage,
and usage, VOC release from CSF remains an issue. Measures to reduce
emissions do exist, but they are usually limited by economic factors and
regional regulatory quirks. Implementing and enforcing VOC regulations
in lower-income communities is challenging due to infrastructural and
financial limitations.

Better emission control and storage technologies are therefore not
embraced as rapidly. These disparities highlight the urgent need for
international standardisation of VOC monitoring techniques and
regulatory frameworks to ensure that VOC emission from CSF is accurately
measured, reported, and regulated. There are risks to the environment
and public health as a result of the VOC emissions, which also contribute
to the creation of photochemical smog and worse air quality (Bharadwaj
et al,, 2023). Additionally, storing CSF in poorly ventilated spaces may
increase the risk of indoor air pollution. Sustainable CSF storage options
and more precise real-time VOC monitoring systems must be given top
priority by industry stakeholders to reduce these concerns. To ensure
compliance with environmental standards, further study is required to
characterise the dynamics of VOC emission from stored RDF-derived CSF.

By understanding the factors influencing VOC emissions, policymakers
and corporate leaders may develop more adaptable regulatory
frameworks that consider variations in fuel type, storage conditions, and
the impacts on the natural environment and human health (Malik et al,,
2022). This research shows that carbon composites made from MSW and
RDF emit volatile organic compounds (VOCs), with profiles that differ
greatly based on temperature, feedstock content, extraction techniques,
and thermochemical process parameters. Determining precise
correlations between material attributes and VOC levels is made more
difficult by this fluctuation. Understanding VOC production mechanisms,
release Kinetics, and the impact of process factors on the release is crucial
since the release contains dangerous substances that may have negative
effects on human health and the environment (Wang et al, 2021). A
review of the literature reveals that variables like process type or elevated
temperature might affect VOC emission, opening the door to release
control. To improve safety and environmental standards, it is crucial to
focus the research on these dependencies. It is imperative to establish
strong rules for secure storage and distribution of CSF since, if mitigation
techniques are not implemented, the VOC emission poses threats to
ecosystems in addition to workers. Further investigation into the
processes of VOC production in RDF-derived CSF is advised due to the
possibility of negative effects (Yang et al, 2023). Additional research
should concentrate on evaluating strategies to reduce VOC concentration,
including process adjustments, the impacts of different feedstock
components, and optimizing processing parameters. Expanding the study
might potentially yield information on occupations (Farid and Andou,
2022).

Table 2: An overview of the RDF's constituents, impurities, and discharge.

Common

RDF Components contaminants

Emissions/Impacts Key references

Pathogens, high moisture, heavy

Waste of organic metals (from food packaging)

High moisture lowers energy value; produces

(Srivastava et al., 2023)

methane if landfilled
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Table 2 (Cont): An overview of the RDF's constituents, impurities, and discharge.

Common .
RDF Components contaminants Emissions/Impacts Key references
Waste of paper Inks, coatlr.lgs, ad.hES‘lVES, and Releases VOCs and fine particulates when (Srivastava et al,, 2023)
plastic lamination burned
Textile waste Dyes, rr}lcroplastlcs, and synthetic Toxic gases (e.g., HCN,.NOX), microplastic (Periyasamy et al, 2023)
fibers (e.g., polyester) pollution
Kitchen waste High moisture, oils, fats, and Ra_plc.l decay, high CO,, apd metl.la}ne (Roy etal, 2021)
bones emissions under anaerobic conditions
Wood waste Paints, yarmsh, glues, Heavy metals (e.g., lead, chror.mum) and VOCs (Pascoli et al, 2022)
nails/metals during combustion

Table 3: Main Polish and USA health standards of VOCs’ threshold values and inhalation exposure (Stanley et al.,, 2022)

standard Explanation Source
NIOSH The National Institute for Occupational health [66]
and Safety
EPA Environmental Protection Agency [67]
PEL Permissible Exposure Limit [67]
TWA Time Weighted Average [68]

Approximately four days after the ground CSF was released, Table 3
displays the VOC release and a simulation of its concentrations in the
headspace of the storage hall. Bold text indicates volatile organic
compounds (VOCs) of particular concern that are over the breathing
threshold limit. Hazards, in addition to environmental safety. This might
lead to improved regulation and best practices for CSF applications and
RDF breakdown. Until these issues are adequately addressed, RDF-
derived CSF should be used with caution going forward (Saini et al., 2022).
This VOC release study provides important insights into MSW's possible
function within frameworks for the circular economy, highlighting both
the advantages and disadvantages of employing it for energy recovery. 5.
A new paradigm for comprehending and reducing VOC emissions from
fuels generated from RDF. We provide a unique paradigm that aims to
systematically connect VOC emission, process parameters, and feedstock
composition to fill these gaps. There are three main parts to this
framework (Ahmed et al,, 2022).

4.1 Extensive studies on VOC emissions from CSF at WtE facilities

Comprehensive research on CSF VOC emissions at WtE facilities: Even
though a lot of research has been done on VOC release from diverse indoor
sources, large-scale studies on VOC production from stored CSF in WtE
facilities are nonetheless uncommon. Given the potential for prolonged
workers experiencing VOCs in CSF handling and storage scenarios,
research should focus on real VOC assessments in industrial settings. The
adoption of comprehensive monitoring campaigns at WtE facilities may
provide crucial insights into industrial exposure problems, in addition to
facilitating the development of more effective mitigation measures and
workplace safety regulations (Asif et al., 2024).

4.2 Standardised VOC quantification techniques

Inconsistencies in the data reported result from the absence of a well-
recognised methodology for calculating VOC emissions from CSF. Future
research should concentrate on creating measuring methodologies and
validating sophisticated post-production analytical methods (such as GC-
MS) that yield precise VOC profiles in a range of scenarios.

4.3 Machine learning for VOC releasing prediction

Complex computational methods, such as machine learning models, may
be trained using experimental thermochemical conversion data to
estimate the production of volatile organic compounds (VOCs) based on
feedstock composition and process parameters. This would allow for the
implementation of more efficient release control methods. This approach
was used to forecast the CO, CO2, and NOX emissions from steam boilers
(Jatoi etal,, 2023).

4.4 Long-term wellness and sustainability studies

Chronic exposure to VOC emissions from CSF, which are currently poorly
known, may pose a major risk to workers in WtE plants. Future studies
should examine long-term exposure to flammable organic compounds and
potential carcinogenic risks. Furthermore, comprehensive environmental

studies are needed to assess the persistence and transit of VOCs to
establish accurate release thresholds (Siddiqu et al.,, 2024).

4.5 Process optimisation for reducing VOC emission

An Experimental study should look at other thermochemical conversion
settings, catalysts, and substances that might lower VOC emission without
compromising the properties of CSF fuel. Biomass pre-treatment and post-
processing stabilisation may further reduce the volatility of CSF, making it
safer and more efficient for industrial applications.

4.6 Standardisation of policies and regulations

Since regional VOC laws differ, interdisciplinary research is needed to
develop an overall regulatory structure that is applicable everywhere and
balances environmental preservation, public health issues, and
commerecial feasibility in WtE applications. Cross-regional research may
help determine best practices and recommend release thresholds that are
pertinent globally for the treatment and storage of CSF (Jatoi et al., 2023).

4.7 Examining pre-treatment options

Nothing is known regarding the potential applications of washing pre-
treatment for RDF-derived fuels, although it has been thoroughly
researched for burning biomass. To improve the sustainability of WtE
processes, future studies should investigate whether pre-washing RDF
fractions before thermochemical processing could successfully lower
post-production VOC emissions. By solving these gaps, CSF's sustainability
as a power source will be strengthened, and the groundwork for more
effective VOC abatement technologies will be laid (Siddique et al., 2024).

5. CONCLUSIONS

The volatile organic compounds (VOCs) emitted by the results of
thermochemical conversion processes, specifically, carbonised MSW and
RDF, are thoroughly synthesised in this review.lt highlights the
significance of connections between VOC profiles, process parameters,
and feedstock composition. In contrast to earlier reviews, this work
identifies important gaps in regulatory frameworks, release mitigation
techniques, and VOC measurement methodologies. By analysing these
factors, this study lays the groundwork for further investigation and
commercial use of WtE processes. The absence of standardised VOC
quantification techniques is one of the most significant obstacles to RDF
thermal conversion, which restricts the ability to successfully compare
study results. Stabilisation techniques for post-production materials could
optimise the reduction of volatile organic compounds. The accuracy of
release characterisation from stored fuels may be improved by
implementing sophisticated post-production VOC analysis techniques.
Additionally, cutting-edge technologies like machine learning modelling
may enhance strategies for mitigating and predicting VOC releases,
thereby lessening the adverse environmental effects of WtE plants. Global
standardisation is desperately needed, as evidenced by the current
regional variations in VOC release limits. It is necessary to develop
standardised guidelines for RDF torrefaction-based VOC mitigation. This
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will increase compliance and provide a more sustainable transition to
alternate waste-based fuels. Future studies should also concentrate on the
dangers of long-term VOC exposure in WtE plants, especially in
underdeveloped countries where waste control methods are less common.
Creating plans for process optimisation could reduce VOC emissions even
more while preserving the quality of  RDF fuel.
In conclusion, ensuring that RDF conversion using thermochemical
methods is workable and durable WtE solutions requires addressing these
research gaps. In addition to encouraging a more circular economy, VOC-
related issues with health and the environment might be reduced by
integrating multidisciplinary research, rules and regulations, and
technology improvements.

REFERENCES

Ab Ab Rasid, N. S., Shamjuddin, A., Rahman, A. Z. A, and Amin, N. A. S. 2021.
Recent advances in green pre-treatment methods of lignocellulosic
biomass for enhanced biofuel production. Journal of Cleaner
Production, 321, 129038.

Ab Rasid, N. S., Shamjuddin, A, Rahman, A. Z. A, and Amin, N. A. S. 2021.
Recent advances in green pre-treatment methods of lignocellulosic
biomass for enhanced biofuel production. Journal of Cleaner
Production, 321, 129038.

Abolore, R. S, Jaiswal, S., and Jaiswal, A. K. 2023. Green and sustainable
pretreatment methods for cellulose extraction from lignocellulosic
biomass and its applications: A review. Carbohydrate Polymer
Technologies and Applications, 22, 100396.
https://doi.org/10.1016/j.carpta.2023.100396

Ahmed, S. F., Mofijur, M., Chowdhury, S. N., Nahrin, M., Rafa, N., Chowdhury,
A. T, and Ong, H. C. 2022. Pathways of lignocellulosic biomass
deconstruction for biofuel and value-added products production. Fuel,
318,123618.

Akram, H. A., Imran, M,, Javaid, A., Latif, S., Rizvi, N. B., Jesionowski, T., and
Bilal, M. 2023. Pretreatment and catalytic conversion of lignocellulosic
and algal biomass into biofuels by metal organic frameworks.
Molecular Catalysis, 539, 112893.

Amesho, K. T, Lin, Y. C., Mohan, S. V., Halder, S., Ponnusamy, V. K., and
Jhang, S. R. 2023. Deep eutectic solvents in the transformation of
biomass into biofuels and fine chemicals: a review. Environmental
chemistry letters, 21(1), Pp. 183-230.

Areeya, S., Panakkal, E. ], Sriariyanun, M. Kangsadan, T. Tawai, A,
Amornraksa, S, and Yasurin, P. 2023. A review on chemical
pretreatment of lignocellulosic biomass for the production of
bioproducts: mechanisms, challenges and applications. Applied
Science and Engineering Progress, 16(3), 6767-6767.

Asif, M., Laghari, M., Mukwana, K. C., Hussain, S., Bashir, 1., Siddiqque, M.,
Selele, M. 1., Abdulrahim, M., Ahmed, Z. D., Hasnain, M., and Abubakar,
A. M. 2024, October 16. Groundwater implications of water pollution
in Pakistan: A review on sustainable environmental management of
solid waste. Journal of Pollution Monitoring, Evaluation Studies and
Control, 3(1), Pp. 47-58. https://doi.org/10.54117 /jpmesc.v3il.6

Bharadwaj, A. S., Dev, S,, Zhuang, ], Wang, Y., Yoo, C. G., Jeon, B. H,, and Kim,
T. H. 2023. Review of chemical pretreatment of lignocellulosic
biomass using low-liquid and low-chemical catalysts for effective
bioconversion. Bioresource technology, 368, 128339.

Chen, W. H,, Naveen, C., Ghodke, P. K,, Sharma, A. K,, and Bobde, P. 2023.
Co-pyrolysis of lignocellulosic biomass with other carbonaceous
materials: A review on advanced technologies, synergistic effect, and
future prospectus. Fuel, 345, 128177.
https://doi.org/10.1016/j.fuel.2023.128177

Dhara, S., Samanta, N. S., Uppaluri, R,, and Purkait, M. K. 2023. High-purity
alkaline lignin extraction from Saccharum ravannae and optimization
of lignin recovery through response surface methodology.
International Journal of Biological Macromolecules, 234, 123594.

Dongare, P. P., and Pawar, H. S. 2023. Biohydrogen production from dark
fermentation of lignocellulosic biomass. In Green Approach to
Alternative Fuel for a Sustainable Future Pp. 223-242. Elsevier.
https://doi.org/10.1016/B978-0-12-824318-3.00019-9

Ehite, E. H. 2023. Examining the relationship between lignocellulosic
biomass structural constituents and its flow behavior.
https://orcid.org/0000-0002-4648-3613

Esquivel-Hernandez, D. A., Garcia-Pérez, |. S., Lopez-Pacheco, 1. Y., Igbal, H.

M., and Parra-Saldivar, R. 2022. Resource recovery of lignocellulosic
biomass waste into lactic acid-Trends to sustain cleaner production.
Journal of Environmental Management, 301, 113925.

Farid, M. A, and Andou, Y. 2022. A route towards graphene from
lignocellulosic  biomass: Technicality, challenges, and their
prospective applications. Journal of Cleaner Production, 380, 135090.
https://doi.org/10.1016/j.jclepro.2022.135090

Fatma, S., Hameed, A., Noman, M., Ahmed, T., Shahid, M., Tariq, M., Sohail,
I, and Tabassum, R. 2018. Lignocellulosic biomass: A sustainable
bioenergy source for the future. Protein and Peptide Letters, 25(2), Pp.
148-163. https://doi.org/10.2174/0929866525666180122144504

Gallego-Garcia, M., Moreno, A. D., Manzanares, P., Negro, M. |, and Duque,
A. 2023. Recent advances on physical technologies for the
pretreatment of food waste and lignocellulosic residues. Bioresource
technology, 369, 128397.

Guiao, K. S., Tzoganakis, C., and Mekonnen, T. H. 2022. Green mechano-
chemical processing of lignocellulosic biomass for lignin recovery.
Chemosphere, 293, 133647.
https://doi.org/10.1016/j.chemosphere.2022.133647

Giileg, F., Parthiban, A., Umenweke, G. C., Musa, U., Williams, O., Mortezaei,
Y., Suk-Oh, H,, Lester, E., Ogbaga, C. C., Gunes, B., and Okolie, J. A. 2023.
Progress in lignocellulosic biomass valorization for biofuels and
value-added chemical production in the EU: A focus on
thermochemical conversion processes. Biofuels, Bioproducts and
Biorefining. https://doi.org/10.1002/bbb.2544

Harrison, T. R., Gupta, V. K., Alam, P., Perriman, A. W., Scarpa, F., and
Thakur, V. K. 2023. From trash to treasure: Sourcing high-value,
sustainable cellulosic materials from living bioreactor waste streams.
International Journal of Biological Macromolecules, 233, 123511.

Hoang, A. T, Nizeti¢, S., Ong, H. C., Mofijur, M., Ahmed, S. F., Ashok, B., and
Chau, M. Q. 2021. Insight into the recent advances of microwave
pretreatment technologies for the conversion of lignocellulosic
biomass into sustainable biofuel. Chemosphere, 281, 130878.

Jatoi, A. S., Ahmed, ]., Akhter, F., Sultan, S. H., Chandio, G. S., Ahmed, S,
Hashmi, Z., Usto, M. A, Shaikh, M. S, Siddique, M., and Maitlo, G. 2023.
Recent advances and treatment of emerging contaminants through
the bio-assisted method: A comprehensive review. Water, Air, and Soil
Pollution, 234(1), 49. https://doi.org/10.1007/s11270-022-06037-2

Ji, Q. Yu, X, Chen, L., Mustapha, A. T., Okonkwo, C. E., Zhou, C,, and Liu, X.
2023. Comprehensive depolymerization of lignin from lignocellulosic
biomass: A review. Critical Reviews in Environmental Science and
Technology, 53(21), Pp. 1866-1887.

Kumar, A, Sood, A, Maiti, P, and Han, S. S. 2023. Lignin-containing
nanocelluloses (LNCs) as renewable and sustainable alternatives:
Prospects, and challenges. Current Opinion in Green and Sustainable
Chemistry, 41, 100830.

Kumar, N., Sharma, R, Saharan, V., and Aggarwal, N. K. 2023. Enhanced
xylanolytic enzyme production from Parthenium hysterophorus
through assessment of the RSM tool and their application in
saccharification of lignocellulosic biomass. 3 Biotech, 13(12), 396.
https://doi.org/10.1007/s13205-023-03817-3

Lobato-Peralta, D. R., Duque-Brito, E., Villafan-Vidales, H. 1., Longoria, A,
Sebastian, P. ]., Cuentas-Gallegos, A. K., and Okoye, P. U. 2021. A review
on trends in lignin extraction and valorization of lignocellulosic
biomass for energy applications. Journal of Cleaner Production, 293,
126123.

Mahmood, H., Moniruzzaman, M., Igbal, T., & Khan, M. J. 2019. Recent
advances in the pretreatment of lignocellulosic biomass for biofuels
and value-added products. Current Opinion in Green and Sustainable
Chemistry, 20, Pp. 18-24.

Malik, K., Sharma, P., Yang, Y., Zhang, P., Zhang, L., Xing, X., and Li, X. 2022.
Lignocellulosic biomass for bioethanol: Insight into the advanced
pretreatment and fermentation approaches. Industrial Crops and
Products, 188, 115569.

Mankar, A. R, Pandey, A.,, Modak, A, and Pant, K. K. 2021. Pretreatment of
lignocellulosic biomass: A review on recent advances. Bioresource
Technology, 334, 125235.

Meng, X, Wang, Y., Conte, A. ]., Zhang, S., Ryu, J., Wie, ]. ]., and Ragauskas, A.
J. 2023. Applications of biomass-derived solvents in biomass
pretreatment-Strategies, challenges, and prospects. Bioresource

Cite the Article: Mariam Mir Memon, Muhammad Shoaib, Mohammad Siddique, Jaffar Hussain, Abrar Ahmad, Abdul Ahad, Suleman Ahmed,

Behram Ali, Muhammad Hamza Arif (2026). Volatile Organic Compounds From Municipal Solid Waste -Derived Carbonized Fuels :
Environmental Risks, Mitigation Approaches, And Policy Challenges. Acta Chemica Malaysia (ACMY), 10(1): 01-11.




Acta Chemica Malaysia (ACMY) 10(1) (2026) 01-11

technology, 368, 128280.

Mujtaba, M., Fraceto, L. F., Fazeli, M., Mukherjee, S., Savassa, S. M., de
Medeiros, G. A, and Vilaplana, F. 2023. Lignocellulosic biomass from
agricultural waste to the circular economy: a review with focus on
biofuels, biocomposites and bioplastics. Journal of cleaner production,
402, 136815.

Mujtaba, M., Fraceto, L. F., Fazeli, M., Mukherjee, S., Savassa, S. M., de
Medeiros, G. A, and Vilaplana, F. 2023. Lignocellulosic biomass from
agricultural waste to the circular economy: a review with focus on
biofuels, biocomposites and bioplastics. Journal of cleaner production,
402,136815.

Nahak, B. K., Preetam, S., Sharma, D., Shukla, S. K., Syvajarvi, M., Toncu, D.
C., and Tiwari, A. 2022. Advancements in net-zero pertinency of
lignocellulosic biomass for climate neutral energy production.
Renewable and Sustainable Energy Reviews, 161, 112393.
https://doi.org/10.1016/j.rser.2022.112393

Namasivayam, S. K. R,, Prakash, P, Babu, V., Paul, E.],, Bharani, R. A,, Kumar,
J. A, and Moovendhan, M. 2023. Aquatic biomass cellulose fabrication
into cellulose nanocomposite and its application in water purification.
Journal of Cleaner Production, 396, 136386.

Nasar, M. S, Soomro, S. A, Aziz, S., Kakar, E. K., Mengal, A. N., Khan, L., and
Khan, K. 2022. Green pre-treatment method and Lignin extraction
from lignocellulose biomass for enhanced biofuel production. Journal
of Applied and Emerging Sciences, 12(2), Pp. 90-97.

Pang, Y. L., Lim, S,, Lai, S. O., and Chong, W. C. 2023. Green Chemistry for
the development of biomass conversion process into cellulose and
bioethanol. In Green Sustainable Process for Chemical and
Environmental Engineering and Science Pp. 121-137. Elsevier.

Pascoli, D. U., Dichiara, A., Roumeli, E., Gustafson, R., and Bura, R. 2022.
Lignocellulosic nanomaterials production from wheat straw via
peracetic acid pretreatment and their application in plastic
composites. Carbohydrate Polymers, 295, 119857.

Periyasamy, S., Isabel, ]. B,, Kavitha, S., Karthik, V., Mohamed, B. A., Gizaw,
D. G., and Aminabhavi, T. M. 2023. Recent advances in consolidated
bioprocessing for conversion of lignocellulosic biomass into
bioethanol-a review. Chemical Engineering Journal, 453, 139783.

Pham, C. D, Dang, M. D,, Ly, T. B,, Tran, K. D,, Vo, N. T, Do, N. H,, and Le, P.
K. 2023. A review of the extraction methods and advanced
applications of lignin-silica hybrids derived from natural sources.
International Journal of Biological Macromolecules, 230, 123175.

Pham, C. D,, Dang, M. D., Ly, T. B, Tran, K. D,, Vo, N. T, Do, N. H,, Mai, P. T,,
and Le, P. K. 2023. A review of the extraction methods and advanced
applications of lignin-silica hybrids derived from natural sources.
International Journal of Biological Macromolecules, 230, 123175.
https://doi.org/10.1016/j.ijbiomac.2023.123175

Prasad, A, Sotenko, M., Blenkinsopp, T., and Coles, S. R. 2016. Life cycle
assessment of lignocellulosic biomass pretreatment methods in
biofuel production. The international journal of life cycle assessment,
21(1), Pp. 44-50.

Prasad, B. R, Padhi, R. K, and Ghosh, G. 2023. A review on key
pretreatment approaches for lignocellulosic biomass to produce
biofuel and value-added products. International Journal of
Environmental Science and Technology, 20(6), Pp. 6929-6944.
https://doi.org/10.1007 /s13762-022-04252-2

Prasad, B. R, Padhi, R. K, and Ghosh, G. 2023. A review on Kkey
pretreatment approaches for lignocellulosic biomass to produce
biofuel and value-added products. International Journal of
Environmental Science and Technology, 20(6), Pp. 6929-6944.
https://doi.org/10.1007/s13762-022-04252-2

Przypis, M., Wawoczny, A., and Gillner, D. 2023. Biomass and cellulose
dissolution—The important issue in renewable materials treatment.
Applied Sciences, 13(2), 1055.
https://doi.org/10.3390/app13021055

Rahardjo, A. H,, Azmi, R. M., Muharja, M., Aparamarta, H. W., and Widjaja,
A.2021, February. Pretreatment of tropical lignocellulosic biomass for
industrial biofuel production: a review. In IOP Conference Series:
Materials Science and Engineering (Vol. 1053, No. 1, p. 012097). IOP
Publishing.

Rahmati, S., Doherty, W,, Dubal, D., Atanda, L., Moghaddam, L., Sonar, P.,
and Ostrikov, K. K. 2020. Pretreatment and fermentation of

lignocellulosic biomass: reaction mechanisms and process
engineering. Reaction Chemistry & Engineering, 5(11), Pp. 2017-
2047.

Rajendran, K, Drielak, E., Sudarshan Varma, V., Muthusamy, S., and Kumar,
G. 2018. Updates on the pretreatment of lignocellulosic feedstocks for
bioenergy production-a review. Biomass conversion and biorefinery,
8(2), Pp. 471-483.

Raud, M, Kikas, T., Sippula, O., and Shurpali, N. ]J. 2019. Potentials and
challenges in lignocellulosic biofuel production technology.
Renewable and Sustainable Energy Reviews, 111, Pp. 44-56.
https://doi.org/10.1016/j.rser.2019.05.020

Reis, C. E. R, Milessi, T. S., Ramos, M. D. N,, Singh, A. K., Mohanakrishna, G.,
Aminabhavi, T. M., and Chandel, A. K. 2023. Lignocellulosic biomass-
based glycoconjugates for diverse biotechnological applications.
Biotechnology advances, 68, 108209.

Riseh, R. S., Vazvani, M. G., Hassanisaadi, M., and Thakur, V. K. 2024.
Agricultural wastes: A practical and potential source for the isolation
and preparation of cellulose and application in agriculture and
different industries. Industrial Crops and Products, 208, 117904.

Roy, S., and Chundawat, S. P. 2023. lonic liquid-based pretreatment of
lignocellulosic biomass for bioconversion: A critical review.
BioEnergy Research, 16(1), Pp. 263-278.
https://doi.org/10.1007/s12155-022-10425-1

Roy, S., Dikshit, P. K., Sherpa, K. C,, Singh, A,, Jacob, S, and Rajak, R. C. 2021.
Recent nanobiotechnological advancements in lignocellulosic
biomass valorization: A review. Journal of Environmental
Management, 297, 113422.

Saini, J. K, Kaur, A, and Mathur, A. 2022. Strategies to enhance enzymatic
hydrolysis of lignocellulosic biomass for biorefinery applications: A
review. Bioresource Technology, 360, 127517.
https://doi.org/10.1016/j.biortech.2022.127517

Sankaran, R, Cruz, R. A. P, Pakalapati, H., Show, P. L., Ling, T. C., Chen, W.
H. and Tao, Y. 2020. Recent advances in the pretreatment of
microalgal and lignocellulosic biomass: a comprehensive review.
Bioresource technology, 298, 122476.

Sharma, H. K, Xu, C, and Qin, W. 2019. Biological pretreatment of
lignocellulosic biomass for biofuels and bioproducts: An overview.
Waste and Biomass Valorization, 10, Pp. 235-251.
https://doi.org/10.1007 /s12649-017-0059-y

Sharma, S., Bangotra, R., and Bajaj, B. K. 2023. Application of nanomaterials
for biofuel production from lignocellulosic biomass. In
Nanotechnology for Advanced Biofuels Pp. Pp. 189-212. Elsevier.
https://doi.org/10.1016/B978-0-323-91759-9.00005-8

Siddique, M., Soomro, S. A., and Aziz, S. 2024, November. Characterization
and optimization of lignin extraction from lignocellulosic biomass via
green nanocatalyst. Biomass Conversion and Biorefinery, 14(22), Pp.
28523-28531. https://doi.org/10.1007/s13399-022-03598-4

Siddique, M., Soomro, S. A., Aziz, S., and Akhter, F. 2021. An overview of
recent advances and novel synthetic approaches for lignocellulosic
derived biofuels. Jurnal Kejuruteraan, 33(2), Pp. 165-173.

Soomro, S. A, and Ahmad, H. 2021. A comprehensive review of nocellulosic
biomass and potential production of bioenergy as a renewable
resource in Pakistan. Journal of Chemistry and Nutritional
Biochemistry, 2(2), Pp. 46-58.

Srivastava, N., Singh, R, Srivastava, M., Mohammad, A., Harakeh, S., Singh,
R. P, and Gupta, V. K. 2023. Impact of nanomaterials on sustainable
pretreatment of lignocellulosic biomass for biofuels production: An
advanced approach. Bioresource Technology, 369, 128471.

Srivastava, R. K, Nedungadi, S. V., Akhtar, N., Sarangi, P. K., Subudhi, S.,
Shadangi, K. P,, and Govarthanan, M. 2023. Effective hydrolysis for
waste plant biomass impacts sustainable fuel and reduced air
pollution generation: a comprehensive review. Science of The Total
Environment, 859, 160260.20

Stanley, J. T, Thanarasu, A. Kumar, P. S, Periyasamy, K,
Raghunandhakumar, S., Periyaraman, P., and Subramanian, S. 2022.
Potential pre-treatment of lignocellulosic biomass for the
enhancement of biomethane production through anaerobic digestion-
A review. Fuel, 318, 123593.

Thi, N. B,, Lin, C. Y., and Kumar, G. 2016. Waste-to-wealth for valorization

Cite the Article: Mariam Mir Memon, Muhammad Shoaib, Mohammad Siddique, Jaffar Hussain, Abrar Ahmad, Abdul Ahad, Suleman Ahmed,

Behram Ali, Muhammad Hamza Arif (2026). Volatile Organic Compounds From Municipal Solid Waste -Derived Carbonized Fuels :
Environmental Risks, Mitigation Approaches, And Policy Challenges. Acta Chemica Malaysia (ACMY), 10(1): 01-11.




Acta Chemica Malaysia (ACMY) 10(1) (2026) 01-11

of food waste to hydrogen and methane towards creating a
sustainable ideal source of bioenergy. Journal of Cleaner Production,
122, Pp. 29-41. https://doi.org/10.1016/j.jclepro.2016.02.034

Ullah, K., Sharma, V. K,, Dhingra, S., Braccio, G., Ahmad, M., and Sofia, S.
2015. Assessing the lignocellulosic biomass resources potential in
developing countries: A critical review. Renewable and Sustainable
Energy Reviews, 51, Pp. 682-698.

Vieira, S., Barros, M. V., Sydney, A. C. N., Piekarski, C. M., de Francisco, A. C,,
de Souza Vandenberghe, L. P., and Sydney, E. B. 2020. Sustainability of
sugarcane lignocellulosic biomass pretreatment for the production of
bioethanol. Bioresource Technology, 299, 122635.

Wang, F.,, Ouyang, D., Zhou, Z., Page, S. ], Liu, D, and Zhao, X. 2021.
Lignocellulosic biomass as sustainable feedstock and materials for
power generation and energy storage. Journal of Energy Chemistry,
57,247-280. https://doi.org/10.1016/j.jechem.2020.08.060

Wang, W,, and Lee, D. ]. 2021. Lignocellulosic biomass pretreatment by
deep eutectic solvents on lignin extraction and saccharification
enhancement: A review. Bioresource Technology, 339, 125587.

Yang, E., Chon, K, Kim, K. Y., Le, G. T., Nguyen, H. Y, Le, T. T., and Chae, K. ].
2023. Pretreatments of lignocellulosic and algal biomasses for
sustainable biohydrogen production: Recent progress, carbon
neutrality, and circular economy. Bioresource Technology, 369,
128380.

Yoo, C. G.,, Meng, X, Pu, Y., and Ragauskas, A. J. 2020. The critical role of
lignin in lignocellulosic biomass conversion and recent pretreatment
strategies: A comprehensive review. Bioresource Technology, 301,
122784. https://doi.org/10.1016/j.biortech.2020.122784

Zhang, N., Han, Q., and de Vries, B. 2021. Building circularity assessment in
the architecture, engineering, and construction industry: A new
framework. Sustainability, 13(22), 12466.
https://doi.org/10.3390/su132212466

Zhang, Y. Ding, Z., Hossain, M. S.,, Maurya, R, Yang, Y., Singh, V., and
Awasthi, M. K. 2023. RETRACTED: Recent advances in lignocellulosic
and algal biomass pretreatment and its biorefinery approaches for
biochemicals and bioenergy conversion. Bioresource technology, 367,
128281.

- 9=
——————————————e

Cite the Article: Mariam Mir Memon, Muhammad Shoaib, Mohammad Siddique, Jaffar Hussain, Abrar Ahmad, Abdul Ahad, Suleman Ahmed,

Behram Ali, Muhammad Hamza Arif (2026). Volatile Organic Compounds From Municipal Solid Waste -Derived Carbonized Fuels :
Environmental Risks, Mitigation Approaches, And Policy Challenges. Acta Chemica Malaysia (ACMY), 10(1): 01-11.




