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Increasing global population and urbanization, coupled with rising standards of living have contributed
to two of the world’s most important challenges: a) increasing per capita energy consumption and global
reliance on fossil fuels, and b) increasing per capita waste generation. The UN prominently featured
addressing these two issues in goal numbers seven and eleven, respectively, of the SDGs. Waste-to-Energy
(WTE) technologies have the potential to serve as a connecting link to support the successful pursuit of
these two goals. They can control urban wastes and elevate waste as a necessary resource for energy
production. This study reviews and presents an appraisal of the fast-evolving WTE technologies and their
potential to harness energy potential of wastes in the pursuit of SDGs number seven and eleven. The
study reveals illuminates the apparent inherent potential of WTE technologies to support the SDGs due
to the considerable flexibility they present with their ability to utilize different forms of waste as
feedstock. Environmental and economic performance of WTE incineration have steadily improved over
the years, making it pivotal in pursuing these goals. Meanwhile, technologies such as gasification,
anaerobic digestion, and pyrolysis have vastly expanded the array of waste products that are diverted
from landfills for energy generation purposes. While there is lot more room for WTE technologies to
grow into the mainstream in terms of their energy production capabilities, it is without doubt that
investing and elevating WTE technologies will support the global drive towards achieving SDG numbers
seven and eleven.

Introduction

Global population continues to accelerate at tremendous levels.
Human populations are consuming significant amounts of energy
through the production and consumption of resources as there is a
general trend of increased per capita energy consumption due to
rising standards of living [1]. The rapid rise in energy consumption
is introducing high levels of GHG emissions into the atmosphere,
which is known to be fundamental to climate change. Tradition-
ally, the world has relied primarily on fossil fuels for energy supply

*Corresponding author. Acheampong, M. (michael.acheampong@okstate.edu)

[2-4]. While renewable energy has been advocated in recent years
to mitigate climate change, fossil fuel contribution to total global
energy supply has not reduced. Currently, as seen in Figure 1,
traditional fossil fuels ranging from coal, crude oil, and natural gas
account for about 13,700 TWh - about 84% - of electricity pro-
duction in the world [2,5]. The high contribution of fossil fuels to
primary energy supply remains an avenue of consternation for
environmentalists and policy-makers alike, especially, given the
continued dwindling of global fossil fuel reserves and fluctuating
oil prices combined with climate change impacts [2,6]. The
urgency of the need to continually pursue alternatives that will

1755-0084/© 2018 Elsevier Ltd. All rights reserved. https://doi.org/10.1016/j.ref.2018.09.005
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Nomenclature

EC European Commission

EPA Environmental Protection Agency

EU European Union

FAO Food and Agriculture Organization

GHGs Greenhouse Gas Emissions

IEA International Energy Agency

LCA Life Cycle Assessment

MACT  Maximum Available Control Technology

MDGs Millennium Development Goals

MSW Municipal Solid Waste

NACWA National Association of Clean Water Agencies

OECD Organization for Economic Cooperation and
Development

PES Primary Energy Savings

RDF Refuse Derived Fuel

SDGs Sustainable Development Goals

SRF Solid Recovered Fuel

UN United Nations

us United States

WID Waste Incineration Directive

WTE Waste-to-Energy

rapidly wean the globe off fossil fuels is evident in predictions such
asthat of the U.S. Department of Energy that states that the earth is
likely to warm by 1.7-4.9 °C over the period 1990-2100, due to
carbon emissions [3,7].

The United Nations (UN) currently projects the world’s popula-
tion to top 9 billion people by 2050, with more than 50 percent
inhabiting urban areas [8]. High energy consumption and waste
generation are natural consequences of such rates of high popula-
tion and urbanization. In fact, according to FAO [9], global energy
demand will increase by nearly 60% by the year 2025. As far as
waste generation is concerned, studies have estimated that munic-
ipal soil waste (MSW) generation levels will likely increase to about
2.6 billion tons by the year 2025 from its current level of 2.4, as
urbanization and income levels increase [5,10,11]. Owing to this,
the world is in dire need of sustainable urban development that
will respond to high energy demand and waste levels [5]. The
world acknowledges that continuing development and adoption
of clean and sustainable energy are critical towards the drive for

Global Energy Consumption
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Contribution of Fossil Fuels and Renewables to Global Electricity
Production [5].

sustainable development, and has vigorously pursued alternative
energy sources such as renewable bioenergy, solar radiation, wind,
and waves among others [7,12,13].

While the UN Millennium Development Goals (MDGs) did not
explicitly outline any targets in terms of global waste management
and renewable energy development, these two issues featured
prominently in the UN Sustainable Development Goals (SDGs)
adopted in 2015, highlighting the recognition of their importance
in achieving sustainable development. Specifically, the goal num-
ber 7 of the SDGs set the following targets in pursuit of sustainable
and renewable energy: a) ensure universal access to affordable,
reliable and modern energy services; b) to substantially increase
the share of renewable energy to global energy mix by 2030; c) to
double the rate of improvement of energy efficiency in countries
around the globe by 2030; d) to facilitate access to renewable and
clean energy technology and promote investment in energy infra-
structure by 2030; and e) to increase supply of modern and
sustainable energy services for all in developing countries through
infrastructure expansion and technology upgrade by 2030 [14]. In
a similar breadth, the sixth target in the goal number 11, which is
to make cities inclusive, safe, resilient and sustainable, states the
following: by 2030, reduce the adverse per capita environmental
impact of cities, including by paying special attention to air
quality and municipal and other waste management [14]. Tapping
into waste materials to produce energy seems to be one of the most
attractive options for future energy supply. This is because it holds
the potential to aid in dealing with two crucial global challenges,
which are namely: dealing with increased waste levels due to rising
world population and urbanization; and mitigating fossil fuel
driven GHG emissions [6,7]. Waste-to-Energy (WTE) technologies
have shown enough promise in both of these directions.

The concept of WTE is not necessarily new as in renewable
bioenergy development, using wastes from agricultural activities
have been critical for the development of second generation
biofuels. In recent years, however, WTE technologies have been
increasingly developed to extract energy from an even wider array
of wastes including MSW and sludge [6,7,15-17]. The appeal of
WTE technologies has spurred many countries and world com-
munities towards the quick adoption of these fast-evolving tech-
nologies [18]. Currently, the US and other developing countries
around the world handle MSW in a hierarchy of preferred meth-
odologies, where WTE far out-ranks landfilling.

Agricultural wastes, industrial and domestic wastes have been
identified as endowed with renewable materials that are capable of
producing energy in forms like biohydrogen, biogas, and bioalco-
hols [7,19-22]. Utilization of the growing levels of MSW and waste
sludge for renewable energy finds the all-important string that
connects providing a sustainable source of energy and transform-
ing waste into a well-needed resource in the form of raw materials
for energy generation [2,6]. In fact, many studies have been
conducted by different authors regarding the potential of WTE
technologies in country case studies [5,10,13,23,24] and advance-
ments on the global level to support energy production [6,25-27].
However, there is currently no study assesses the potential of WTE
technologies to support the SDGs. It is based on this observation
that the authors of this study argue that if waste resources can be
developed to be of such important value through WTE technolo-
gies, SDGs will be right on course to be able to achieve two of the
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most notable additions as the globe transitioned from the MDGs to
the SDGs era, while also contributing to the success of other goals.
For this reason, in this paper, the authors present a critical apprai-
sal of the quick-evolving WTE technologies and their break-
throughs and prevailing challenges; their trends and potential
of adoptability in the quest to support the pursuit of the dual
goals of SDG numbers 7 and 11; and how they will generally affect
prospects of the renewable energy drive in the future. This article
also outlines recommendations and research priorities for large
scale adoption of WTE technologies around the globe to support
the aforementioned SDGs. The rest of the paper is structured as
follows: an overview of the quantities of wastes produced in the
world, traditional waste disposal and management regimes, and
waste as a renewable energy resource; a critical analysis of different
WTE technologies; the benefits of large scale deployment of WTE;
a summary of the paper; and areas of research and policy priorities.

Global waste as a renewable energy resource

Types of waste for energy generation

In the European Commission Waste Framework Directive (2008/
98/EC), waste is defined as ““any substance or object which the
holder discards or intends or is required to discard” [2,28]. The
umbrella of wastes is a broad one and covers a variety of items that
includes those that are meant for further use, recycling or recla-
mation [3]. Wastes can be in the form of sludge or MSW.

MSW are wastes produced at household, commercial and industrial
levels, under waste regulations [2,3]. Typically, waste management
decisions as far as MSW are concerned are characterized by two
components: a) how much waste to produce, and b) how to dispose
ofthe waste [2]. While these two components are distinct, they are also
significantly related, as the amount of waste produced may dictate the
appropriate disposal method. MSW disposal can be undertaken by
several means, including landfilling [29,30], recycling [31,32], and
thermal and biological treatments [29,33,34]. MSW treatment can be
quite different from the treatment of sludge [35].

Global waste quantities and regional variability

Currently, the amount of MSW generated around the world exceeds
1.3 billion tons per year, and averages about 1.2 kg person per day

TABLE 1

(1.2kg/capita/day). This estimate is projected to increase to about
2.2billion tons per year by 2025, with the average waste generated by
increasing to nearly 1.5kg/person/day [11]. The global averages,
however, mask the inter-and-intra regional and country variabilities
that prevail. Africa and South Asia produce the least amount of waste
around the world, while the OECD countries, together, produce
nearly half of the wastes generated as seen in Table 1. In sub-Saharan
Africa, for instance, about 62 million tons of waste is produced
annually, with an average of 0.65 kg/capita/day, and a wide intra-
regional variation of 0.09-3.0kg/capita/day [11,36].

The amount of waste generated from industrial nations, both on
the household level and by industry, far outweigh that of their
non-industrialized counterparts. In recent decades, the amount of
wastes produced in industrial regions has seen a significant
increase. For instance, in a period of about 25 years, OECD
countries increased their MSW per capita from about 415kg in
1980 to 560 kg in 2006 [27,37]. The EU alone produced a total of
250 million tons of waste in 2005, with per capita topping over
520kgin 2007 as shown in Figure 2 below [26,38]. Similar to trends
registered in the EU, the US has substantially its waste produced
per capita, by raising it from 444 kg in 1960 to 725kg by 2012
[27,39]. It was estimated that MSW generated in the US increased
by more than 15 million tons in a two year period: an annual
growth rate of 2.5%, from 335.80 million tons in 2002 to 351.90
million tons in 2004 [24,40,41].
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Current and Projected Waste Generation around the Globe [11].

Region Current Figures Projected 2025 Figures
Total Urban Per Capita Waste Total Total Urban Per Capita Waste Total
Population Generation (kg/ (Tons/Day) Population Generation (kg/ (Tons/Day)
(Millions) Capita/Day) (Millions) Capita/Day)
Sub-Saharan 260 0.65 169,119 518 0.85 441,840
Africa
East Africa and 777 0.95 738,958 1,229 15 1,865,379
the Pacific
Eastern and 227 1.1 254,389 239 1.5 354,810
Central Asia
Latin America and 399 1.1 437,545 466 1.6 728,392
the Caribbean
Middle East and 162 1.1 173,545 257 1.43 369,320
North Africa
OECD 729 2.2 1,566,286 842 2.1 1,742,417
South Asia 426 0.45 192,410 734 0.77 567,545
Total 2980 1.2 3,532,252 4285 14 6,069,703

929



o
m
(%]
m
b
o
2}
T
o
m
S
m
=

RESEARCH REVIEW

Renewable Energy Focus * Volume 27 * December 2018

Increased waste generation around the world is a socioeconomic
and ecological problem, and an issue of public health concern,
especially in developing countries [25]. It has therefore been the
preoccupation of scientists and policy makers alike to find more
sustainable means of disposal. Over the last decade, however, there
has been a significant drive towards developing technology that
utilize waste as a needed resource in energy production.

Waste as raw material for energy generation

Traditionally, resources that are considered inexhaustible or
replenished by nature are those that are classified under renewable
energy sources. These sources energy normally include hydro [42],
solar [43-45], geothermal [46], wind [43], and biomass, among
others [10,47]. According to the US DOE [48], the term biomass
encapsulates wide range of organic matter, plant and animal
derived, that are available on renewable basis. This includes energy
crops, agricultural wastes and residues, forest and wood wastes and
residues, animal wastes, and others. MSW is currently classified
under the broad umbrella of biomass it normally contains signifi-
cant proportions of materials such as food waste, wood and yard
trimmings, paper, and others. The US EPA also classifies MSW as a
renewable resource because it is a constantly produced biogenic
material that would be destined for landfills, if not channeled
towards energy generation purposes [7,10,24,49].

Sludge has critical characteristics, including high energy and
nutrient content. These two critical components of sludge make it
technically and economically feasible to recycle nutrients and
carbon from it [6,50]. The energy recovery potential of sludge is
directly dependent on its composition. Sludge is mainly a mixture
of volatile organic matter, inert inorganic matter, and water. The
volatile solid component is the storehouse of the energy content
inherent in sludge [6,51]. When dewatered, sludge can be inciner-
ated for energy generation [27].

Waste treatment hierarchies

Historically, MSW has been primarily disposed of in landfills or
dumpsites in many countries around the globe. This means of
disposal has, however, oftentimes raised environmental and pub-
lic health concerns [5]. Similarly, landfilling has also been a
popular means through which waste sludge is disposed [6]. Other
means of dealing with MSW are composting [52], recycling [31],
and mechanical-biological treatment [24], while incineration,
ocean disposal, and application as soil conditioner are also other
common methods of sludge disposal [6].

Due to the concerns related to traditional disposal methods,
many countries especially the developed ones are pursuing the
objective of managing and controlling waste through a hierarchi-
cal system of preference. In this hierarchy, priority is assigned to
ultimately reducing waste stream [2,53]. As seen in Figure 3, the
hierarchy consists of five main steps in order of preference,
namely: 1) waste prevention; 2) reuse; 3) recycling; 4) recovery
(including energy recovery); and 5) safe disposal [2,53]. This
hierarchy provides a useful framework for enactment policies
related to waste management.

After waste prevention and reuse that are meant to reduce the
waste stream is recycling in the hierarchy of preference. After
recycling is the energy recovery. Overall lifecycle assessments
carried out by several researchers have shown that recycling is

Waste Hierarchy

Prevention

R
s
e
\. 4

Most preferred

least preferred

Waste Treatment Hierarchy in Order of Preference [2].

the most environmentally friendly waste management option in
terms of the carbon savings and costs [2]. However, recycling does
not provide the benefit of energy recovery, and materials that
cannot be recycled are usually candidates for the process of energy
recovery, preferable to traditional landfilling.

The potential of WTE to recover energy from unrecyclable
components of the waste stream has made it an indispensable
part of the concept of circular economy that has been on the rise
for over a decade. The concept of circular economy is a concept
developed to achieve a closed-loop economy in which industrial
and economic growth are decoupled from environmental degra-
dation [54,55]. The increasing recognition of the need for renew-
able energy to play a central role in a circular economy has
increased the core principles from the 3R (reduction, reuse, and
recycling) [54] to SR (reduction, reuse, recycling, recovery, and
reclamation) [55]. Pan et al. [55] observed that the inclusion of
WTE in the quest of closing the loop in a circular economy has
enhanced industrial symbiosis in ecological industrial parks where
businesses coordinate their operations to reduce waste to improve
environmental quality and increase economic gains.

At this juncture, it is important to present an overview of the
process of recycling (as it could also be an important component to
WTE as it will be explained later in a subsequent section) before
focusing on a critical appraisal of various WTE technologies.

Overview of recycling

Recycling products is a green and environmentally friendly
approach to minimize waste and produce final materials that serve
as biomass from waste for renewable energy. According to the US
Environmental Protection Agency, recycling is the development
of collecting and processing previously manufactured materials
that would be otherwise disposed in a landfill and turning them
into new products [56]. Recycling is typically understood to be a
continuous cycle of three steps, which is classically defined by the
three arrowed recycling symbol as seen below in Figure 4.

The first step of the recycling procedure requires the recovery of
previously manufactured and used resources, which would other-
wise be disposed of. Methods of resource recovery include curbside
collection, buy-back centers, drop-off centers and deposit/refund
programs [56]. The next step of the loop entails recyclable items to
be sent to a “‘recovery facility’’ where they are sorted, cleaned and
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Symbol of the Recycling Process [56].

processed into raw materials that can be used in the manufacturing
new, marketable products [56]. This step of the process varies
depending on the type of product being recycled (glass, alumi-
num, paper, e-waste, etc.). However, all recovered products go
through a method that breaks down the original material, either
through a melting or liquefying process, before it can be made into
a new material. Recycled materials can be used to manufacture an
assortment of products and are constantly being tested in new
ways, such as using recycled glass to pave roadways [S6].

The final step of the recycling sequence relies on the consumer
or businesses to continuously purchase products made from
recycled materials. These products include aluminum cans, car-
peting, motor oil, newspapers, trash bags, nails and much more
[56]. After these products have outlived their intended lifespan,
the expectation is for the materials to once again be recovered by
recycling facilities in order to begin this process over again.

The idea behind recycling has always been a practical concept
due to the economic benefits of using recycled or recovered
materials versus new, ‘‘virgin’’ materials [57]. With an ever increas-
ing demand for consumable materials, societies have had to
explore options, which offer extra sources of materials [57,58].
The importance recycling from MSW as a precursor in the WTE
process, and a critical factor in the loop of a circular economy is
demonstrated in Figure 5 below.

Evolution of WTE technologies from the rudimentary to
the revolutionary — assessing their pros and cons

With the dwindling reserves of global oil and dangers posed by
climate change, the fact that global demand for energy is expected

Recycling and Waste-
to-Energy in the
Circular Economy Loop

to increase six fold by 2100 needs immense innovation and
approaches that attempt to revolutionize the global energy sector
[7]. WTE technologies are viewed as potential alternatives to the
traditional fossil fuel production.

As represented in Figure 6 below, there are three main routes
through which energy is recovered from wastes, namely; 1) bio-
chemical, 2) thermochemical, and 3) Physicochemical. In the
biochemical pathway, organic wastes are converted to liquid or
gaseous forms of energy primarily through biomethanation and
fermentation [59,60]. For the thermochemical pathway, through
processes such as incineration, gasification and pyrolysis, waste
feedstocks are converted to energy in the form of electricity and
heat, by applying high temperatures [61,62]. In the physicochem-
ical pathway such as transesterification, organic wastes are con-
verted to energy by the use of chemical agents [38,63].

At this juncture, the different technologies are appraised for
their performance and influence on global energy systems.

Waste incineration/combustion

Waste incineration is simply the oxidation of combustible com-
ponents of waste, which is employed as the most integral part of
waste management around the globe [5,26,64]. Traditionally, the
appeal of incineration as a waste management technique lied in
the fact that it could vastly reduce the weight and volume of wastes
by approximately 80% and 70%, respectively, and contribute to
public health by destroying harmful substances [5,10,26]. In
recent years, however, the appeal of incineration is its combina-
tion with energy recovery. Incineration is the most conventional
WTE in heat and electricity generation [26]. Typically, organic
materials that are recovered from wastes have sizeable deposits of
energy of which about 65-80% can be tapped for heat and
deployed in thermal supplies [65,66].

Of all WTE technologies, the method of incineration is the most
mature and widely adopted around the globe, with the major
differentiating characteristics being the different levels of advance-
ment between countries [2,5,10,26,67,68]. The efficiency level of
the process of incineration is said to be about 25-30% and can
largely be determined by the composition of waste stream, espe-
cially for MSW as waste can be very heterogeneous (2,5,26].
Increasingly, advancements in incineration technologies are
increasing the potential for thermal treatment and the efficacy
of high energy retrieval from sewage sludge [6,26,69,70].

[1 — 3] Generated household
and industrial wastes are
o transported, and undergoes
i preliminary sorting,
classification and recycling.
[4 — 5] Unrecyclable wastes

are transported to WIE
facilities.

[6 — 7] Enerpy 1= produced

for households and industry

Schema of a Recycling and WTE as components of a circular economy.
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WTE Conversion Routes [5,6].

Generally, incineration WTEs are categorized into two. They are
the mass-burn and refuse derived fuel (RDF). The main difference
between the two is that mass-burn undergo little to no pre-proces-
sing of waste before incineration, while RDF undergoes pre-pro-
cessing by carefully sorting materials with low heat value and low
calorie content, such as glass and metals. For RDF, uniform waste
content is produced after the pre-processing to be shredded to
produce fuel with relatively more uniform characteristics com-
pared to mass-burn. While RDF may be more efficient, mass-burn
facilities are more common [18].

In the incineration WTE process, while there several different
deployed for the combustion, there are three main incinerator
types used in the combustion phase of the process, namely; a) grate
incinerators or moving grates, b) rotary kilns, and c) fluidized bed.
In grate incinerators, the grate, in a tumbling manner, moves the
waste in the combustion chamber through different zones.
Through this tumbling motion, wastes are well-mixed and uncom-
busted materials are readily exposed to the heat [18,26]. Rotary
kilns are similar to moving grates in process except that the
incineration occurs in a rotating chamber. In the rotary kiln, a
cylindrical vessel spinning around its axis, by means rollers that
are located under it, conveys waste by means of gravity [18,26]. In
the fluidized bed incineration, there is a bed of inert material that
is fluidized with at the lower section of the combustion chamber
into which waste is constantly fed. Air flowing constantly beneath
bed allows the waste to keep moving, in order to ensure a more
complete combustion. It is normally used for processing sludge or
waste that has gone through a great deal of pre-processing and
therefore, finely divided like RDF [18,26,71].

While incineration has traditionally been viewed as a costly
method for waste processing, the advent of WTE that makes it
possible to collect heat generated from steam for heating and

power generation. Funds generated from selling by-product elec-
tricity and steam improves the cost performance of incineration. It
is also worth noting that efficient WTE incineration plants possess
higher positive externalities through improvement in energy
security and reduction of GHG emissions [2,10]. This notwith-
standing, when WTE incineration is considered for its electricity
generation potential only, it is found to be less efficient compared
to fossil fuel-based conventional electricity plants. In fact, electri-
cal power production efficiency in WTE incineration can be lower
than 20% [2,27,72]. This, as Stehlik [27] and Pavlas et al. [38]
explain, could be attributed to improvement in equipment
requirements for waste incineration and cogeneration of heat
and electricity. Combined heat and power (CHP) can raise effi-
ciency of WTE incineration to about 80% [2]. A study conducted
by Cucchiella et al. [23] also showed that only electric configura-
tion of a WTE plant produced emissions greater than cogenerative
configuration by 14% i.e. environmental savings of 430 kg CO2eq
per ton of waste and 370 kg COZ2eq per ton of waste, respectively.

Some researchers have conducted studies that have revealed that
the environmental and economic performance of WTE incinera-
tion as against conventional power and heating plants is improv-
ing with time as the technology is improved. In a study conducted
by Pavlas et al. [38], the primary energy savings (PES) performance
of stand-alone WTE systems defeated natural gas-based cogenera-
tion systems in PES, revealing the potential to successfully substi-
tute fossil fuels, with better environmental gains [38].

While WTE incineration’s environmental and economic perfor-
mance has vastly improved over time, several challenges persist.
To overcome these challenges, it is important to fully understand
their nature and the inherent trade-offs that exist in the develop-
ment of incineration technologies. Additionally, it is pertinent to
illuminate some of the steps that have been and/or are being
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developed to mitigate the shortcomings. The subsequent subsec-
tions are dedicated to assessing the challenges and followed by the
mitigating steps.

Understanding the challenges of incineration

Emissions of GHGs and air pollutants

One of the biggest challenges with incineration is the emissions of
GHGs and other pollutants that is contrary to the environmental
benefits being some of the primary reasons for which it is pursued.
While WTE incineration have been found to perform better in CO
and particulate matter emissions than other technologies, it has
been found to perform worse in SOk, carbon dioxide (CO,) and
nitrous oxide (N,O) emissions, which can have significant nega-
tive effect on climate [5,10,73,38].

During the incineration process, the composition of the materi-
als may result in the formation of particulate and acid gas pollu-
tants, including SO,, VOCs, PCBs, CO, HCI, HF, HBr, and heavy
metal compounds among others [18,26,68]. Concerns about
dioxin emissions have prompted more stringent regulations in
many countries, developed and developing, such as Germany,
China and Taiwan, among others to limit dioxin emissions to
1ng toxic equivalent per cubic meter for incinerators
[10,18,68,74,75].

Fly ash public health concerns from WTE emissions
While one of the central arguments of WTE incineration has been
the potential to positively contribute to public health by killing
pathogens and other bacteria that may accumulate in garbage in
landfills, there are externalities relating to pollution from inciner-
ation that may be detrimental to public health [18,38]. However,
fly ash from incineration poses an existential health risks, includ-
ing respiratory ones, through carriage of toxic heavy metals such as
mercury and lead, along with other pollutants such as furans and
dioxins. Besides, incineration plants can be unsightly and could
also produce unpleasant odors [2,10,55,76]. Incineration facilities
can cause significant water and soil pollution through leaching, as
in the case of landfilling [24,68].

High operational cost

The cost of operating a WTE incineration plant can be steep
especially if operated without the possibility of CHP which can
improve its efficiency and increase financial gains [10]. Even with
CHP, the initial capital investments involved in WTE incineration
can be deterring for poor countries [10,26]. Incineration equip-
ment with greater capacities are normally imported by low-tech-
nology countries, which are accompanied by high operating and
maintenance costs for complex pollution control mechanisms for
modern facilities [10].

Meanwhile, other studies have revealed that running the most
environmentally efficient WTE systems may not always be the
most financially prudent, leaving proponents with a dilemma. As
previously noted, Cucchiella et al. [23] found that cogenerative
configurations in WTE systems perform better environmentally;
however, they found that it has worse financial performance
compared to the electric only configuration. In the study, profit
generated by 150kt plant in electrical configuration was signifi-
cantly higher than a 300 kt plant with cogenerative configuration
(25.4 € vs. 4€ per kiloton of treated waste).

Overcoming incinerator challenges with increased
regulations and technological advancements to support
SDGs

One of the concerns that has surrounded incineration, as previ-
ously explained, has been the enormous air pollution they can
cause [18,27]. Over the years, the US and the EU have passed
stringent air quality legislations such as maximum available con-
trol technology (MACT) regulations and the waste incineration
directive (WID), respectively, which have contributed better envi-
ronmental performing WTE incineration plants [3,18,24].

To meet the new emission standards, new age incineration
plants are equipped with modern combustion, additional pollu-
tion control technologies and flue gas cleaning systems, which
result in retrieving substantial amounts of energy from combus-
tion and reduction of emissions [18,24,27]. The implementation
of the MACT regulations in the US resulted significant reduction of
mercury emissions, and other volatile heavy metals, furans, and
dioxins by over 99% [24,77].

Performance of new generation WTE incinerators have
improved so much that the USEPA considers it as one of the
cleanest sources of energy in the US, and this has helped shift
public perception about WTE incineration favourably
[10,18,24,27,78-81]. While they may come with additional costs,
advancements such as introduction of secondary combustion
chambers, low-NOx burners, dioxin filters, heat exchangers, waste
heat recovery systems, wet scrubbers, and flue gas recirculation
systems help ensure that emissions are reduced, and contribute to
the improved environmental performance [26,27,82]. Addition-
ally, leaching of heavy metals resulting post-combustion is also
being counteracted with advanced technologies that reprocesses
and recycles plant ash, rather than disposing of under traditional
landfill conditions. Many countries have advanced technologies
that utilize this ash by-product as cement substitute, road aggre-
gate, and fill material [18].

Without a doubt, these advancements chalked in WTE inciner-
ation especially those designed for CHP, and further developments
are increasing its viability to supporting the renewable energy
drive and sustainable cities target by 2030. Besides incineration,
however, arange WTE technologies have been developed since the
1970s that have the potential to complement or serve as useful
alternatives to incineration. Some of these approaches are also
thermochemical but arguably more advanced and not adopted on
the same scale as incineration [26,53,83]. Technologies such as
thermal gasification, pyrolysis, and biogas development can be
applied to different forms of waste streams to achieve specific and
different range of desired products. Additionally, they are able to
increase efficiency that may not be achieved with incineration,
due to their greater flexibility in the energy system compared with
incineration that is characterized by high and constant heat
production [26,53]. Sections that follow sheds light on some of
these technologies and their advancements.

Gasification

Gasification is simply a process whereby organic substances are
partially oxidized at elevated temperatures, typically in the range
of 500-1800°C and reduced amount of oxygen. Besides, very high
pressure is required for the process of gasification, in the range of
0.6-2.6 MPa (MPa). The substances are broken down in ash that
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forms a molten slag, which is subsequently quenched at the
bottom of the gasifier, and incombustible gases [6,26,84]. As Tyagi
and Lo [6] and Bosmans et al. [26] have indicated, the main
products of gasification are heat and a high quality synthetic
gas (syngas) that is formed after resultant raw gas is cleaned by
removing CN, NH3 and H,S. Being an indirect process of combus-
tion, in gasification, an exothermic reaction takes place in a
reactor as a result of a reaction between carbon and O, that
produces energy to drive the reaction [5,6]. In regard of the above,
it is safe to say that the process of gasification has three main
driving parameters, which are temperature, O, concentrations,
and pressure [5].

In the process of gasification, the waste to be treated is converted
into a secondary energy carrier in the form of either a combustible
liquid, gas or solid. Subsequently, the secondary carrier is com-
busted in a turbine to produce heat or electricity or both [26]. The
first part of the process is carried out in an oxy-steam fluidized bed
reactor at relatively low temperatures of around 600-800 °C. This is
to ensure that metals like aluminum that may be part of the waste
stream are not melted, and are successfully collected at the bottom
of the gasifier. In the second phase, higher temperature gasifiers
that have the capacity to deal with flows that have a significant
content of solids above their melting point of 1300-1500°C.
Unlike WTE incineration which is only useful energy recovery,
gasification may be used for the recovery of the chemical value of
wastes. The product syngas can, therefore, be used as a feedstock in
the chemical industry after adequate processing [26].

Apart the possibility of recovering chemical value, gasification is
known to have several other advantages over WTE incineration.
Being a partial combustion process, it only requires a fraction of the
oxygen amount needed in incineration. This limits the amount of
dioxins, SO, and NO,, which reduces or eliminates the need to
purchase expensive gas cleaning equipment that is needed to
enhance environmental performance in incineration [26,85]. Addi-
tionally, gas generated by gasification is combustible and can be
integrated with gas engines and fuel cells for electricity, among
others. As far as the benefit of waste treatment is concerned, gasifi-
cation is also said to fare even better than incineration in terms of
reducing waste volume, with lower energy consumed [26,86]. As
Ouda et al. [S] noted, gasification can save between 1.9 and 3.8 MW
per ton of waste. Though relatively nascent compared to incinera-
tion, the above-listed advantages have increased the adoption of the
technology in many countries albeit on a relatively smaller scale. In
the US for instance, the number of gasification plants has seen more
than a 100% increase since 2010 [5].

The feedstock in gasification immensely affects its efficiency and
the chemical composition of the end products. In principle,
biosolids are well placed to yield greater amounts of energy.
However, gasifiers that can process biosolids and treat MSW are
still developing, as the most common forms of gasifiers are only
suitable for treatment of sludge, serving as the main drawback of
gasification. To emphasize the potential of greater energy yield
with biosolids, dry materials like green waste and wood are nor-
mally mixed in sludge gasification to meet the needed character-
istics for energy production [6,26].

The potential of gasification is further demonstrated by the rising
prominence of its utility of Solid Recovered Fuel (SRF). While SRF is
similar to RDF, they fundamentally differ in terms of the source,

components and pre-processing involved. While RDF is basically
composed of wastes generated from domestic and business activi-
ties, including biodegradables and plastics, SRF is a much more
homogenous waste derived fuel from MSW and commercial wastes
that have gone through additional pre-processing to improve qual-
ity and calorific value, and meet the European CEN/TC 343 stan-
dards [87]. It is normally composed of plastic, paper, wood, and
textiles, among others. Many researchers [87-89] have conducted
studies that SRF can be conveniently gasified to produce high quality
syngas, which can be utilized in energy applications.

While gasification may still be relatively nascent compared to
incineration, continuous advancements in the technology hold a
great potential to complement modern forms of energy and support
SDG number 7. Furthermore, even in its current state, the ability to
process sludge without the externalities that are associated with
incineration can contribute greatly to sustainable cities as stipulated
by SDG in the face of exploding urban populations worldwide.

Pyrolysis

Similar to gasification, pyrolysis is a process that can process waste —
sewage sludge and MSW - for both energetic and chemical values.
Simply, the process is an innovative and sophisticated method that
manages waste through thermal degradation under high pressure in
an oxygen deficient environment, or limited supply of oxidizing
agent. Temperatures applied in pyrolysis can be relatively low com-
pared to those of gasification (350-900°C), but usually kept under
700°C [6,26,90]. However, according to Ouda et al. [5], a typical
pyrolysis reactor is designed with a two-stage chamber in terms for
temperature operation like in gasification. In the first chamber,
lower temperatures are applied, while the temperature is ramped
up in the second chamber to ensure complete combustion. The
principal parameters driving the pyrolysis process include tempera-
ture, operating pressure and characteristics of raw materials, along
with reaction time. These factors considerably affect the yields of the
process of pyrolysis [6,91].

In the process of pyrolysis, there are three main products that
result — pyrolysis gas, pyrolysis liquid and solid coke — depending
on the method of pyrolysis and the parameters of the reaction
process [26]. The process is gaining significant traction in the WTE
research agenda because of its regarded relatively higher efficiency,
as it has the potential to recover as much as 80% of stored energy in
carbonaceous wastes [5,92]. In pyrolysis, the molecular structure
of solids are altered. During this alteration, CO, is released and
causes about 40% reduction in the mass of the solids. The carbon-
ized solids that are produced are then transformed into slurry,
which is dried by applying thermal energy and converted to solid
fuels in the form of pellets. The pelletized solid fuel, also known as
E-fuel, can be combusted directly in gasifiers, fluidized bed incin-
erators and pulverized coal boilers, or deployed for alternative fuel
purposes off-site [6,51].

Apart from the solid product, as noted previously, some pyroly-
sis processes produce liquid products or combustible gases. The
gases is basically made up of CO and H, for which reason they
could be used in gas turbines, gas engines and fuel cells. Sharing
some other advantages of gasification, the resultant synthesis gas
can also be used as chemical feedstock. In addition, it also pro-
duces lower volume of flue gas, Noy emissions, dioxins and furans
[6,26].
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The potential of pyrolysis adoption to help in production of
environmentally friendly energy and contribute to sustainable
cities through alternative treatment of waste in line with SDGs
7 and 11 is conspicuous and deserve to be researched and devel-
oped to eliminate bottlenecks and constraints. This is because the
commercial viability of the process is saddled with a number of
shortcomings. For instance, final products of pyrolysis may be
unsuitable for use as secondary fuel after all if they contain high
level of pollutants. Additionally, homogenizing waste streams that
are typically very heterogeneous to meet the inherent stringent
conditions for the pyrolysis process can incur costly pretreatment,
thereby, rendering the process economically undesirable.

Biofuel technologies
Biofuels are arguably the most advanced renewable source of
energy to serve as alternative to fossil fuels in dealing with the
global energy crisis, and as such is expected to be pivotal in the
pursuit of renewable energy targets set per SDG number seven
[7,93-96]. Biofuels are simply fuels that are produced from bio-
mass, and can be the in solid, liquid or gaseous state [6]. Biofuels
are produced from a myriad of feedstocks ranging from edible oil
like palm oil, non-edible oil like jatropha, lignocellulosic biomass,
and biological material from animals, plants, microorganisms and
wastes [93,97]. The use of food and energy crops can, however,
result in significant negative trade-offs in terms of GHG emissions
that have thrown the whole renewable and sustainability argu-
ment of biofuels in doubt. Nevertheless, biofuels obtained from
waste biomass such as traditional and urban forest residues, wastes
from wood industry, food scraps and sewage sludge are still
regarded as purely renewable feedstock [13,98-101].

Several types of biofuels can be produced from wastes including
but not limited to bioethanol, biodiesel, biogas, and biohydrogen
among others [6,102]. One of the most common approaches used
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to process wastes into energy products is anaerobic digestion or
biomethanation as presented in Figure 7. Under anaerobic condi-
tions, organic materials, such as the biodegradable-organic matter
content of MSW and sewage sludge, are converted through micro-
bial reactions into gases and manure [5-7,65]. The biomethana-
tion process is a complex one that is characterized by four main
stages. The first stage is hydrolysis in which complex organic
materials in the form of proteins, fats and carbohydrates are
converted into soluble organic materials such as sugars, and amino
and fatty acids by extracellular enzymes. The second stage of the
process is acidogenesis where products from the hydrolysis phase
are broken down into acetate, hydrogen, and higher molecular-
weight volatile fatty acids. The third stage is called acetogenesis in
which products that result from acidogenesis are further processed
into acetic acid, CO, and hydrogen by acetate-forming bacteria.
The last stage methanogenesis where methane and CO,, are pro-
duced from and acetic acid and H, [5,6,103-105].

The principal component of the resultant gas is methane within
which about 90% of substrates’ energies are retained. The amount
of biogas generated by anaerobic digestion per ton of biodegrad-
able waste is estimated to be about 250-350m?®, and can be
deployed for different uses such as cooking, lighting and fuel
electric generators and internal combustion engines [7]. In regions
like Europe, anaerobic digestion is one of the most preferred
technologies for energy recovery from waste biomass, operated
under two main conditions: mesophilic digestion under lower
temperature conditions and longer retention time, and thermo-
philic digestion under higher temperature conditions and longer
retention time [5,7].

The use of wastes and sewage sludge for production of biodiesel
has also increasingly gained prominence research and practice in
recent years around the world. In the biodiesel production process,
lipids react with alcohol in the presence of a catalyst through the
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process of trans-esterification to produce the esters of simple alkyl
fatty acids [6]. Biodiesel production from sludge is regarded as even
more lucrative due the fact that oil and fats in them are saturated
with energy-rich lipids, including monoglycerides, diglycerides,
triglycerides, phospholipids and free fatty acids [7,106].

Biohydrogen, a product of the biological process that produces
hydrogen, is considered as another form of biofuel that serves as a
promising alternative to fossil fuels. By deploying suitable biopro-
cess technologies, wastes from agricultural and food industry that
are rich in carbohydrates are used as feedstocks to produce biohy-
drogen [6,7]. Besides the biological pathway, hydrogen can also be
produced through chemical processes. One of the main advan-
tages of hydrogen fuel is that, as Tyagi and Lo [6] indicates, water,
rather than GHGs, is the by-product of its combustion with oxy-
gen. Additionally, it has nearly three times the energy content
embedded in hydrocarbon fuels [6,107].

The potential of utilizing wastes for energy products by biofuel
technologies is established and one of the most widely adopted
among the various WTE technologies. Inherent energy potential
of different forms of energy has been well studied. For instance, in
NACWA [51], it was revealed that setting up CHP plants in all
wastewater treatment facilities in the US would be able to power
over 260,000 homes. Just focusing on the inherent energy poten-
tial of garden wastes, Shi et al. [13] also estimated that the total
potential of biofuel that could be produced from them in China is
260 petajoules (PJ), which translates into over one-fifth of the
country’s urban residential electricity consumption or over 12% of
gasoline used in its transport sector. Using anaerobic digestion to
produce biogas also offers one of the cleanest routes in WTE as it
captures methane, which is one of the potent GHGs, for fuel.

Making WTE technologies central for SDGS 7 and 11 —
highlighting other accompanying benefits

While renewable energy advocacy is on the increase, so is the rising
mantra of “‘sustainable cities’”” as SDG number 11 seeks to achieve.
Waste management is pivotal and can be the definitive difference
between a sustainable city and one that is not. Given these, WTE
technologies can have the dual advantage of contributing
immensely to both SDG numbers one and eleven. Besides,
highlighting and increasing adoption of WTE technologies in
the quest to achieve the two goals may also have several concomi-
tant benefits. There are several ways in which adopting WTEs to
make good on achieving SDG number seven and 11 can benefit the
countries and the world at large, and we have elaborated on some
of the critical ones below.

Environmental protection and benefits

Due to the over-reliance on fossil fuels to sustain the global
economy, the world is currently at a place where it lives under
the constant threat and harsh realities of climate change. Com-
batting the continuous emissions of GHGs is goal of the renewable
energy drive as embedded in SDG number seven [108]. Implement-
ing WTE technologies and strategies can largely offset negative
repercussions associated with burning fossil fuels and enhance
waste utilization. For instance, as Psomopoulos et al. [24] has
indicated, every metric ton of waste used in WTE industry to
produce electricity serves to substitute 1/4 of a ton of high quality
coal or a barrel of oil, which can reduce GHGs in the US alone by

about 26 million tons of CO,. Additionally, advancing WTE in
developing countries can drastically reduce the amount of wood-
fuels burned for energy purposes, which can in turn reduce GHG
emissions from burning and forest degradation [109].

Another means through which WTE contributes to reducing
GHG emissions is the capture of methane for fuel. Methane has a
higher global warming potential (GWP) as it is 21 times more
potent than CO, in terms of its ability to trap heat in the atmo-
sphere. This gas primarily escapes into the atmosphere in landfills
during waste decomposition. Therefore, using anaerobic digestion
to capture the gas in the form of biogas serves to produce clean
energy and safe waste management and disposal [110-112].

Besides reduction in GHG emissions, WTE technologies can also
have other ecological benefits. For instance, sludge is one of the
richest sources of nutrients such as nitrogen and phosphorus,
which can be recovered in the WTE processes for other purposes.
Specifically, during the process of anaerobic digestion of wastes to
produce biogas, by-products such as biogas slurry, which is a high-
value fertilizer alternative, is produced and can be used to fertilize
agricultural soils [6,113-116].

Health benefits and implications

Developing WTE technologies and increasing their adoption can
contribute to improved public health, especially in developing
countries. In many developing countries, as previously alluded to,
household cooking and heating is carried by burning biomass.
This can cause many health problems that arise from inhalation of
smoke from burning biomass. Children are especially for vulnera-
ble to respiratory diseases caused by exposure to smoke, since they
have relatively less body weight. WTE technologies such as biogas
produced from waste to replace woodfuels in households will
improve health of a population [117,118].

Reducing GHG emissions through the wide-scale adoption of
products from WTE technologies to replace fossil fuels will con-
tribute to mitigating climate change. The extreme weather con-
ditions predicted under climate change scenarios are expected to
come with severe health consequences, which will be minimized if
the rate of climate change is reduced by the aid of WTE substitut-
ing fossil fuels. Lane et al. [119] have predicted that climate change
will likely increase floods, which are in turn likely to increase the
spread of water-borne pathogens into drinking water sources and
the discharge of untreated sewage into rivers and other freshwater
bodies. These developments hold significant potential to adversely
threaten public health, which will be minimized WTE technolo-
gies can contribute to cutting down global GHG emissions. Per the
foregoing, there is little doubt that there will be significant health
benefits for global populations if WTE technologies are developed
to take central position in the quest to achieve SDGs number seven
and eleven.

Rural development and women empowerment

Wide-scale and global level deployment of WTE technologies and
implementation of enabling policies can contribute to the decen-
tralization agenda of energy production in developing countries.
Being able to fill gaps in electricity production for off-grid, rural
communities with electricity generated from WTE technologies
via mini-grids will increase the use of renewable energy, while
ensuring their development at the same time. This is because the
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positive relationship between energy use socioeconomic indica-
tors is widely known [120].

Additionally, achieving breakthroughs with using wastes for
household level biogas plants can contribute to women empow-
erment in many poor countries. In such countries where there is a
fine delineation of gender roles, women are mostly in charge of the
upkeep of the household including chores such as cooking. Since
gathering of woodfuel to carry out this responsibility can take a toll
on the quality of life that women enjoy [109,121], women can
dedicate the significant amount of time that they dedicate to other
productive purposes such as education and active engagement in
formal employment where they can increase their standards and
quality of lives as well as that of their offspring.

Benefits of land savings

Traditional landfilling demands large-scale land acquisition that is
accompanied by high cost. The land requirement for landfills can
also increase with time, sometimes far surpassing what is initially
required. However, WTE technologies can drastically cut back on
such vast land requirements, as they usually do not require more
land than what is initially required. This is even besides the fact
that WTE facilities generally require less amount of land to process
waste as compared to landfilling [24].

Another shortcoming of landfills that can mitigated by WTE
technologies is that every new landfill require a new parcel of land,
meaning that lands that can be productive for other purposes must
be relinquished for waste processing. Landfill sites are virtually
useless after their closure. However, a new WTE plant can be sited
on an already existing WTE facility, which saves the capital cost for
land in every new plant. It is also worth noting that every saved
land contributes to net decrease in GHG emissions released from
cleared land, while also reducing formation of urban heat islands.

Recycling and recovery of heavy metals

There is a huge presence of heavy metals in both MSW and sludge
alike. The presence of these metals such as Zn, Ni, Cd, Pb and Hg,
among others is one of the main drawbacks in WTE approaches
such as incineration, since it poses a great health risk to humans
and ecosystems if not properly carried out. However, when done
under the right conditions, WTE technologies such as pyrolysis
and incineration offer a greater chance of recycling high-grade
metals from wastes [6,18].

The metal content of the resultant ash after WTE incineration is
about 8-12% ferrous metals and 0.5-1.5% non-ferrous metals in
both the bottom and fly ash combined, which can be readily
collected under controlled conditions. In fact, nearly 80% of
WTE plants in the US is said to have on-site ferrous metal recovery
programs that recover over 700,000t of metals on a yearly basis,
primarily from bottom ash after combustion. Overall, these recov-
eries have been found to contribute to greater recycling rates for
communities with WTE incineration systems than those without
at about 33% and 28%, respectively [6,18,24].

Source of innovative construction material

Many authors have acknowledged the potential of converting
WTE technology by-products into durable building materials. As
mentioned preciously, many modern-day incineration facilities
install extensive emissions control systems such as electro-filters

that capture the fly ash. One of the main issues involved with the
process is the appropriate disposal of the resulting ash, which
contemporary technologies combines with slag from the bottom
of furnace into cement and other building materials [5,26,64].

Sewage sludge is also known to be made up of substantial
portions of valuable materials such as organic carbon-containing
complexes and the inorganic composites, which as has been
demonstrated in Japan and elsewhere that can be used successfully
in building materials upon thermal solidification [6,26]. Apart
from the fact that reusing by-products in construction materials
helps deal with disposal issues, it is also worth noting that it also
contributes to conservation of non-renewable natural resources
that will otherwise be mined for construction.

Summary and priorities for research and Policy
Globally, renewable energy advocacy is on the increase and their
percent contribution to total energy supply has been rising in
many countries and regions. However, this has had little to no
impact on the total amount of fossil fuel contribution, owing to
several factors including exploding global population and
increased consumption patterns. Meanwhile, the growing global
population is contributing to unprecedented levels of urbaniza-
tion that is increasing the amounts of waste generated in cities
around the world, making them unsustainable. In the SDGs, the
UN dedicated goals number seven and eleven, respectively, to
increasing the renewable energy share of global energy supply
and making cities more sustainable, by the year 2030. While these
two goals may look rather disparate on the surface, there is a
common thread that connects the two: waste.

When cities generate uncontrollable amounts of waste, it makes
them unsustainable. However, these wastes have huge deposits of
energy that can be tapped into for their renewable energy poten-
tial. For this reason, expanding WTE technologies will help to find
a sustainable means of waste disposal while contributing the
renewable energy development, thereby, advancing the world
on the path to achieving SDGs number seven and eleven. This
study has presented an in-depth appraisal of various WTE tech-
nologies along with their strengths and inherent challenges, as
well as how they may affect prospects of renewable energy drive in
the future.

While landfilling may be least desired in the hierarchy of waste
treatment options, it is still the leading means of disposal around
the world and poses significant health risk to populations and
ecosystems. Recycling, per LCA studies, offers the most environ-
mentally friendly means of disposing of wastes. However, WTE
presents the extra incentive of energy production that increases its
overall performance in carbon savings. There are a myriad of WTE
technologies currently in deployment or development around the
world of which incineration is the most common, with varying
levels of technological advancement. Incineration generally has
lower efficiency (25-30%) when considered for only its electricity
generation potential. However, current improvements and the
advent of CHP with WTE incineration is drastically increasing
its performance, by raising its efficiency to up to 80%.

Even though the environmental and economic performance of
modern-day WTE incineration has significantly increased com-
pared to their predecessors in the 1960s and 70s, it is still fraught
with many challenges such as high levels of GHG emissions and air
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pollutants. The passage of MACT and the WID in the US and EU,
respectively, as more stringent air quality legislations have spurred
the evolution of relatively simpler incineration systems into more
complex and efficient systems. These new systems have upgraded
incineration technology with modern combustion systems, addi-
tional pollution control technologies and flue gas cleaning sys-
tems to meet air quality standards.

Besides improvements in WTE incineration, the review has
shown that the wide range of other WTE technologies such as
thermal gasification and pyrolysis, as well as biogas development
are ably complementing incineration and in some cases, serving as
even more effective alternatives. These technologies can be
applied to different forms of waste streams to achieve specific
and different range of desired products. In addition, these tech-
nologies can offer greater flexibility in the energy system.

Per the foregoing discussion, there is certainly a lot more room
for WTE technologies to grow into the mainstream in terms of
their energy production capabilities and be able to contribute to
finding a lasting solution to the global waste crisis. However, the
inherent potential for these objectives to be realized is apparent,
especially considering the flexibility it presents with the different
forms of technologies and their ability to utilize different forms of
waste as raw materials and feedstock. While the SDGs may have set
some very ambitious goals, it is without doubt that investing and
elevating WTE technologies into the mainstream sets the world on
the desired course in its drive to achieving goal numbers 7 and 11.

While WTE is primed to support the current targets for renew-
able energy and sustainable cities as within the SDGs number 7
and 11, respectively, a wider-scale adoption of these technologies
can be challenged from different perspectives. It therefore should
be pursued with diligence in order to forestall any potential
negative aspects. This is especially important as countries around
the world have different levels of economic and technological
development. In this regard, there are number of suggestions to
towards making wastes central to achieving the targets set in the
dual goals of SDGs number 7 and 11.

First of all, exploitation of wastes for energy is still constrained
with technological challenges and high operational costs. Incin-
eration, which is the most common WTE technology, is charac-
terized by low efficiency with its electricity generation potential.
While the efficiency is improved with CHP, such efficiency may
not be achieved in countries with warm climates (e.g. those in
most parts of Africa), where household heating is rarely a necessity.
It is therefore incumbent on developers and engineers to optimize
the technology to improve its electricity generation potential to
make it more attractive and economically feasible for poorer
countries. In the interim, however, many less developed countries
still rely on drying as a method of food preservation, so heat
generated can be channeled towards artificial drying that will help
to significantly cut down on food wastes. Secondly, one of the
major issues that have characterized biofuel development is the
phenomenon of land grabbing in developing countries and the
interference of energy crops with cultivation of food crops. The
2007 food crisis is evidence of the shocks in food market that can
ensue when biofuels interfere with food. These issues, aside from
infringing on the fundamental human rights of some of the
world’s poorest and most vulnerable, also decreases the environ-
mental performance of biofuels due to the negative trade-offs that

result. It is, therefore, suggested that developed countries channel
investments that optimize wastes, both MSW and sludge, as a
resource for biogas and other biofuel products, to reduce the need
for land for cultivation of energy crops.

On another note, it is important to recognize the importance of
coordination between technologically advanced countries and less
advanced countries to achieve the set global goals as they pertain
to renewable energy expansion. In the SDG number 7, the last
target is to expand renewable energy infrastructure and technol-
ogy upgrade in developing countries, in order to increase supply of
modern and sustainable energy services for all in developing
countries. This target acknowledges the need to pursue SDGs with
‘“the whole is greater than the sum of its parts” approach, where
the goals are pursued with the world as a unit than as individual
countries. With this said, subsidized transfer of technologies from
advanced countries to developing countries is central. Since WTE
technologies are farther advanced in industrialized countries, it is
important that these countries support their developing counter-
parts to develop their capabilities by sharing their technologies
and training local human resources for sustenance, maintenance,
and further development of such technologies. Additionally, one
of the greatest challenges that developing countries face is the
electrification gap between urban and rural areas. Mostly, it is very
expensive for governments to get distant, rural areas onto national
grids to meet energy targets, such as those embedded with the
SDGs. It will, therefore, be beneficial for governments in develop-
ing policies that support community-and-WTE-based mini-grid
systems to provide such communities with electricity. This will
provide viable alternatives to the placement of such areas on fossil
fuel-based national grids.

In many countries, governments subsidize conventional energy
systems that gives it undue advantage over emerging renewable
energy systems, as far as their competitiveness in the energy
market is concerned. For this reason, it is imperative that govern-
ments show commitment to achieving the SDG targets by revisit-
ing their national energy policies, in order to expand subsidies to
cover renewable energies such WTE. The offer of such subsidies
could have significant medium-to-long term impacts on the cost-
effectiveness of mini-grids to support rural electrification. Finally,
it is important to reconcile recycling and WTE in disposal of
wastes. This is because of the extensive pre-processing that is
required for some WTE technologies such as incineration, pyroly-
sis and gasification. Since the essence of the pre-processing is to
eliminate low calorie materials including glasses, it will be benefi-
cial to have recycling facilities ready to take such by-products into
the recycling stream. Otherwise, such materials are more likely to
go back into the waste stream.
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ARTICLE INFO ABSTRACT

Editor: Dr. Rinklebe Jorg Communities value water and aquatic environments for a many diverse reasons. Ensuring safe drinking water is

prioritized on the political agenda with a dedicated focus on safe and affordable drinking water under the 6th of

Keywords: the UN sustainable development goals. The occurrence of micron sized plastic fragments has been confirmed

MIFrOPlaStICS even in very remote areas. In the present study we analysed drinking water of a medium-sized Norwegian urban

PDrmck;g]]slswater treatment plants area for the presence of microplastics > 1 um. A modular filtering sampling devices was developed allowing a
yr-

sequential in-situ enzymatic and mild oxidizing driven sample preparation prior to pyrolysis gas
chromatography-mass spectrometry sample’s analysis (pyr-GCMS). Samples were taken at different stages of the
drinking water supply chain. The total amount of polymers per sites ranged from 6.1 to 93.1 ug/m?>. Higher levels
were detected in the raw water, but significant reduction rates ranging from 43% to 100% depending on the
polymer type were scored after the water treatment processes. Polyethylene, polyamide, and polyester were the
most frequently detected polymer types. Overall, the levels of MPs in the raw water influence the occurrence and
polymer type occurrence and distribution is the drinking water supply net. This study contributes to the
emerging field of plastics pollution in drinking water supply systems by providing effective methods helping with

future routine monitoring of this source of human plastic uptake.

1. Introduction

Unquestionably plastic has significantly contributed to the devel-
opment of societal well-being. However, improper or ineffective waste
management systems as well as deliberate spill actions have caused a
continuous and progressive environmental release of ever larger quan-
tities of plastic items. Nowadays occurrence of microplastics (MPs) has
been documented in nearly all investigated terrestrial and marine en-
vironments including urban areas, freshwater and marine ecosystems,
shores of remote uninhabited islands, alpine lakes and mountains,
rivers, seawater column, deep seafloor and trenches (Li et al., 2020;
Strafella et al., 2020; Peng et al., 2020; Parolini et al., 2021). The
ubiquitous occurrence of plastics in both the natural and urban envi-
ronment will unavoidably lead to human exposure to MPs. Even so,
knowledge about the main routes of exposure, the actual exposure
levels, as well as the potential human health effects related to MP
exposure is still limited (Prata et al., 2020). Thus, to be able to assess the

* Corresponding author.
E-mail address: algo@norceresearch.no (A. Gomiero).

risk associated with microplastics exposure, exposure concentrations
and uptake pathways need to be characterized.

The human body is exposed to microplastics through inhalation of
microplastics in the air and by direct ingestion of food, drinks and water
containing microplastics, (Cox et al., 2019; Vianello et al., 2019; Revel
et al., 2018). A recent study on human stool confirmed human ingestion
and pointed out that MPs bigger than 50 um may be ingested but are also
completely excreted (Schwabl et al., 2019). On the other hand, little is
known about the fraction of smaller sized particles. MPs smaller than
150 um have been suggested to be capable of passing the gut wall
(Lusher et al., 2017) and MPs smaller than 20 ym have been demon-
strated to accumulate in several organs of mice (Deng et al., 2017). Thus,
it is crucial to characterize the occurrence of MPs in identified exposure
routes with trusted analytical methods able to provide reliable exposure
dose measurements in order to correctly assess toxicological and human
health risks associated with microplastics. Water is essential for human
life and wellbeing, is critical to food production, and is a part of many
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https://doi.org/10.1016/j.jhazmat.2021.125708

Received 1 December 2020; Received in revised form 10 March 2021; Accepted 18 March 2021

Available online 23 March 2021
0304-3894/© 2021 Elsevier B.V. All rights reserved.


mailto:algo@norceresearch.no
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2021.125708
https://doi.org/10.1016/j.jhazmat.2021.125708
https://doi.org/10.1016/j.jhazmat.2021.125708
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhazmat.2021.125708&domain=pdf

A. Gomiero et al.

manufacturing and industrial processes. High drinking water quality
depends on its preservation against contaminations, including that of
plastics microlitter.

While drinking-water treatment provides an effective barrier to a
wide range of waterborne particles, probably including microplastics,
components in the treatment-plant and the distribution networks are
made from plastics and their wear and tear may contribute to micro-
plastics release into the drinking water (Mintenig et al., 2019; Piv-
okonsky et al., 2018). To date, only a few studies have reported on the
occurrence and concentrations of microplastics in drinking-water or
their removal in the drinking water treatment processes (Pivokonsky
et al., 2018; Uhl et al., 2018; Strand et al., 2018; Mintenig et al., 2019;
Kirstein et al., 2021). However, a lack of standardized methods for
sampling and analysis as well as QA/QC procedures hamper compari-
sons across studies (Koelmans et al., 2019a, 2019b). To obtain reliable
data from freshwater and drinking water studies large volume samples
are needed, and accurate extraction and purification procedures are
required to avoid sample contamination. Additionally, detection of the
smallest particle sizes is largely dependent on the size of the available
mesh, which is currently limited to a few microns, thus prohibiting
assessment of nano-sized plastic particles occurrence/concentrations.

Among available analytical methods, the spectroscopic, the thermo-
analytical and the chemical oriented ones show greatest potential for
characterization of MPs in environmental matrices. They all present
advantages and disadvantages. Fourier Transform Infrared Spectroscopy
(FTIR) and Raman spectroscopy are well established and reliable
methods that can identify particle sizes down to 10 and 1 pm, respec-
tively, but dirty samples and residual unprocessed organic matter may
slow down the analysis and hamper polymer identification.

Thermal analytical methods such as pyrolysis-GC-MS tend to require
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larger particle masses compared to the spectroscopic methods. However,
it is a fast approach and enables simultaneous assessment of additives,
and if the sample is large enough it may also identify the polymer
composition of nanoplastic particles.

The present study aimed at investigating microplastics occurrence in
water samples from the raw water up to the water meter step in the
drinking water supply network. This was supported by the imple-
mentation of sampling solutions aiming at processing large amounts of
water, by the reduction of any source of plastic contamination during
the sampling and sample preparation steps as well as by the application
of a thermoanaytical (pyr-GCMS) oriented method for the chemical
characterization of MPs in the investigated samples. A case study was
carried out focusing on MPs in freshwaters that directly enter Water
Treatment Plants (WTPs), and subsequently on microplastics determi-
nation in treated water at different collection points in the supply grid in
a medium-sized Norwegian urban area.

2. Materials and methods
2.1. Study area

The study investigated microplastic pollution in raw and treated
drinking water in an area with a population of approximately 300.000 in
the south-western part of Norway (Fig. 1). The main drinking water
treatment facility provides 41 million cubic meters of drinking water.
Water collected from two mountain lakes hereafter referred to using the
technical term ‘raw water’, is transported to the drinking water treat-
ment plant (DWTP) located 5 km from the collection point by a tunnel
dug in the rocky bed, passed through marble beads filtration, UV
disinfection and clorination (Fig. 1 — Supplementary). In the DWTP, all
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Fig. 1. Location of the drinking water suppling grid and localization of the sampling sites. S1 = Raw water collection site, Algard lakes; S2 = Sampling site after raw
water treatmen plant; S3 = Sampling site before entering the urban area; S4 = Sampling site after the urban area.
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reaction and storage tanks have an inner layer of epoxy resin to avoid
corrosion, and aeration tanks have built in rings of polypropylene (PP)
to enlarge the surface area. After purification, the drinking water is fed
into the distribution system and transported to the Sandnes and Sta-
vanger urban area through high-density polyethylene (HDPE), poly-
vinylchloride (PVC), concrete or cast iron pipes.

2.2. Water samples collection

The goal was to follow treated drinking water produced and supplied
by the WTP in order to cover variability in MP abundance throughout
the process. Water samples were collected from various points along the
process and transport chain. Samples were first taken from the raw
water reservoir at Langevatn lake via an inspection valve within the line
connecting the reservoir to the DWTP (St-1, raw water). The next sam-
ples were obtained from the stainless steel outflow of the water treat-
ment plant, immediately prior to its entry into the distribution grid (St-
2). A third set of samples were taken from a pressurization station
located within the Stavanger urban area (St-3), with a final set taken at a
more distant sampling station, beyond the main urban area, from an
hydrant located in Mekjarvik (St-4, Fig. 1). To avoid potential contam-
ination of the water during sampling no additional mechanical pumping
systems were used. The sampling device was connected by metal junc-
tions to stainless steel valves and the water samples were collected from
gravity fed or pressurized supplies. Three replicates were collected per
site during each sampling session. In detail, sampled water was passed
through a portable stainless steel multi-layered filtering system specif-
ically designed for the study. The inlet connection of the sampling device
was attached directly to the supply network (Fig. 1A- Supplementary
material). A jack up module allowing direct connection to the water
system outlets was fitted to the filtration module. Each filtration module
accommodates a cryo-welded 47 mm framed stainless-steel filter of a
defined mesh size. Every filtration module can be connected and sealed
to each other’s by a thread and a copper O-ring to realize a cascade of
filtering modules (Fig. 2- Supplementary material). The sampling device
in its largest set up can consist on a jack up module, six filtration
modules arranged in sequence and an outlet module. A flow meter
counter is connected to the outlet of the last filtering module to measure
the amount of filtered water. The sampling task was set stopping after
reaching a filtered volume of 1 m® per replica. Having several operating
modules with decreasing filter sizes in series it offers the advantage of
reducing clogging and pressure on the finer meshes filtering modules.
Thus, in the present study the sampling system was configured by con-
necting the jack up module to a cascade of three filtering modules:
> 1 um (D;), > 10 pm (D) and > 100 pum (D3), with D5 and D3 intended
to physically protect the main filtering unit (D) from rapid clogging due
to the occurrence of solid particles i.e., sandy materials, biofilms and
algae aggregates occurring in the sample and the consequent back-
pressure in the filter surface. This solution aimed at limiting the clogging
of the filters and extending the filtration time, thus increasing the
amount of processed water. The assembly was further designed to apply
in-situ sample purification from interferents (i.e., particulate organic
matter organic matter, algae, bacteria, etc). This was realized by directly
injecting into the internal fractionation chambers the solutions used for
the sample’s preparation by a stainless steel ball valve located in the first
module of the sampling device (jack up module), and the discarding of
the degraded interferents through a valve lock outlet set in the last
filtering module using a vacuum system (Fig. 2- Supplementary mate-
rial). The device enabled both the collection and pre concentration of
large quanitities of water and the sample preparation in the same device.
This limits any possible source of location and/or operator derived
contamination during the sample preparation phases). In addition it
helps minimizing the elapsed time between the sample collection and
the purification/extraction phase as the sample treatment starts imme-
diately right after the collection at the sampling site. The recovery ef-
ficiency of the sampling device was tested by flowing 1 m® of tap water
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spiked with ~ 50 pg of uneven shaped @ 20 + 10 ym deuterated poly-
ethylene (PE-d4, # 487007, Sigma Aldrich, Germany) and performing all
the sample preparation steps up to the analysis. The recovery test was
performed five times. After each sample collection the sampling device
was disconnected from the water supply grid and the primary inlet/
outled sealed by stainless steel bolts. The valve of the secondary inlet
was carefully connected by a corrugated stainless steel pipe to a 2 L
pyrex bottle filled with 5% sodium dodecyl sulfate solution (SDS) kept at
RT. In the meantime, the secondary outlet was connected to a vacuum
pump by a teflon tube (secondary inlet — Sin; Fig. 2- Supplementary
material). Vacumm was applied to fill the inner chambers of the sam-
pling device and both inlet/outlet valves closed afterwards. The device
was carried from the sampling site to a specifically designed area of the
research facility dedicated to the plastic pollution research.

2.3. Contamination control measures

To reduce at best any possible airborne plastic contamination during
the final phases of the sample preparation and analysis such area is
equipped with high efficiency ultra-low penetration HEPA filtration
class H 13 (Bravida, Norway) with an efficiency of > 99% for the most
penetrating particle size (0.3-0.5 um particles). The laboratory has
overpressure and the entrance is set with an airlock with a sticky floor
mat to avoid dust entry. The laboratory is entered with dedicated low-
abrasion shoes and a certified full cotton laboratory coat. Either no
gloves or nitrile gloves are worn. By the exeption of the teflon tube
connecting the vacuum pump with the sampling device’s secondary
outlet, non-plastic equipment is used within the clean lab.

Furtermore, to reduce samples cross-contamination phenomena the
stainless steel sampling device was disassemblend and every module
burned on a muffle oven at 500 °C for 3 h and re-assembled afterwards
after every samping session.

All tools and glasswarebeing potentially in contact with the samples
were pre-burned at 500 °C for 3h and carefully rinsed with twice-
distilled water filtered through 0.7 um GF/F fiberglass filters (What-
man, Milan, Italy). All reagents and solutions involved in every step of
the sample preparation were pre-filtered through simlar fiberglass
membranes.

Furthermore, a total of six procedural controls consisting on each of
all enzymes and strong oxidizing solutions being flown in the sampling
device during the sample’s preparation steps were analyzed for micro-
plastics content. Furthermore, each working day open beakers filled
with 250 ml of 0.7 um GF/F filtered Milli-Q water were placed in the
area where the sampling device was open to evaluate any contribution
of airborne plastics contamination. Both procedural controls and dust
deposition wet traps samples were analyzed and results reported as part
of the routine plastics contamination QA/QC assessment (Dehaut et al.,
2019).

2.4. Sample processing

In the clean lab and after 3 h of incubation at RT the SDS solution was
discarded from the secondary outlet and the sampling device refilled
with protease enzyme (P3111 Sigma-Aldrich, Germany) 1:10 (v:v) in
0.1 M glycine buffer at pH 9.0. The device was kept in an oven set at
50.0 + 1.0 °C overnight. After incubation the digestate was discarded
and the sampling device internally flushed with 1 L of MillQ from a
Pyrex bottle connected to the secondary inlet by applying vacuum from
the secondary outlet. Using the same strategy, a solution of 15%
hydrogen peroxide (H202) was loaded afterward. The inlet and outlet
valves were closed and the device kept at 50 °C for 3 h. After HyO; in-
cubation the strong oxidant solution was discharged, and the inner
chambers of the sampling device flushed with 1L of filtered MilliQ
water. Before disassembling the device by unscrewing each filtering
module the sampler was externally washed with 2 L of MilliQ and 1 L of
an ethanolic solution (EtOH; 50:50, v/v).
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Each filtering module was open and capsized in a clean beaker, filled
with 200 ml of EtOH and sonicated for 5 min to facilitate the release of
the trapped particles from the filtering surface to the EtOH solution. The
module was collected from the solution and the filtering surface gently
scratched and backflushed with an aliquot of EtOH solution. The ob-
tained EtOH solution was gently concentrated by means of a TurboVap
500 (Zymark, Norway) to a final volume of 1 ml. The 1 ml sample was
transferred to a pre-burned 25 mm GF/F (0.7 um mesh size) fiberglass
filters by means of a glass microanalysis vacuum filtration unit
(#10665961, Millipore-Merck, Norway). As described in Gomiero et al.
(2019) such vacuum filtration equipment was coupled with a glass
micro funnel specifically designed to reduce the filtering surface of the
membrane from @25 mm to @10 mm. The filters were then cut using a
sharp metal cylinder reducing their size to @ 15 mm thus enabling their
easier folding and placement into stainless steel cups suitable for
pyr-GCMS analysis.

2.5. Samples analysis - GCMS Pyrolysis

Pyrolysis GCMS measurements were performed by a Shimazu Op-
tima 2010 C GCMS controlled by GCMS solution V 4.45, equipped with a
Rxi-5 ms column (RESTEC, Bellefonte, PA) and coupled with Frontier
Laboratories Multi-Shot Pyrolizer EGA/PY-3030D with auto-shot
sampler (BioNordika, Norway). Pyrolysis was performed at 590 °C on
a stainless steel pyrolytic target cup. Thermochemolysis was performed
by adding 10 pL of tetramethylammonium hydroxide (TMAH, 25% in
water) in stainless steel cups pre-loaded with samples, allowing it to dry
at 40 °C on a heat plate prior to pyrolysis. Eight of the most commonly
used plastic polymers polyethylene - PE, polypropylene - PP, polystyrene
- PS, polyvinyl chloride - PVC, polyammide - PA, polymethyl methac-
rylate - PMMA, Polycarbonate - PC and polyethylene terphtalate - PET of
purity > 99% were purchased from Goodfellow Ltd (Huntingdon, En-
gland) to set up the calibration and quantification curves (Table 1-
Supplementary material). Furtermore, deuterated polyethylene - PE-d4
was used as internal standard to asses the overall efficiency of the
analytical method. To unambiguously identify single polymers in com-
plex environmental samples specific indicator compounds were chosen
pyrolizing the polymer standards of interest according to the instru-
mental condition reported in Table 2 (Supplementary material).
Furthermore, to allow the mass spectrometer to detect the compounds of
interest with the highest sensitivity, the SIM (Selected Ion Monitoring)
acquisition mode was used. This implis that only a limited mass-to-
charge ratio range is transmitted/detected by the instrument, as
opposed to the full spectrum range. SIM is a major application for
GC-MS and allows the instrument to be used in its most sensitive mode
for quantitative measurements (Harvey, 2005). SIM instrumental con-
ditons are presented in Table 3 (Supplementary material).

The obtained pyrograms were compared to a customized database
and cross-checked with literature data following reccomendations and
selection criteria from Gomiero et al. (2019), Hermabessiere et al.
(2018) and Matsui et al. (2020). The most abundant and/or
polymer-specific compounds from TMAH pyrograms selected as in-
dicators for polymer specific qualitative and quantitative analysis in this
study are listed in Table 4 (Supplementary material). To obtain cali-
bration curves, standards were weighed at between ~ 0.4 and 310 pg of
polymer directly into the pyrolysis stainless steel cups using a XPE205
DeltaRange Mettler Toledo balance coupled with an Compact Anti Static
Excellence Kit discharger tool (Mettler-Toledo, Germany). Individual
polymers were calibrated by means of preselected combination of
retention time and mass markers by integrating chromatograms of their
associated indicator ions and respective integration results. The stan-
dards were directly weighed into the pyrolysis stainless steel cups. For
the lowest calibration points the anti-static discharge tool efficiently
helped to measure polymers in the 0.4-1.0 ug range. To date the
methodological limitations in calibration curve range are represented by
the lowest trustable mass measurable by the adopted balance. The
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obtained calibration curves were used to quantify the polymers of in-
terest in the processed environmental samples. The evaluation of the
signal to noise ratios (S/N) of the detected peaks at the lowest concen-
tration levels in the calibration curves allowed the extrapolation to a
10:1 ratio pointing to the LOQ (Kirstein et al., 2021; Krauskopf et al.,
2020; Table 4 - Supplemetary material). Values calculated by the S/N
estimation range from ~ 0.5 to ~ 1.1 pg.

2.6. Statistical analysis

Statistical data analysis was performed using Statistica 13.5 (StatSoft
Inc., USA). All of the data were log-transformed to reduce the skewed
distribution. The homogeneity of variance and the distributions were
analyzed using Levene and Kolmogorov-Smirnov tests, respectively.
The data were then subjected to analysis of variance (ANOVA) to
identify differences in polymer type levels between the different inves-
tigated sampling sites. When the ANOVA test indicated significant dif-
ferences, the sampling sites were compared using Tukey’s test to
determine significant differences based on p < 0.05. Furthermore, the
spatial distribution of the targeted polymer levels was investigated by a
Principal Componet Analysis (PCA) using Primer 6.1.16 (Primer-E, Ltd,
UK).

3. Results

In the deuterated polyethylene spiked water sample the estimated
recoveries ranged from 98,5-99.0% validating the field application of
the designed sampling device. A total of 12 m® of water and a total of
5 m® of recovery testing samples were analyzed within the study. Using
the pyr- GCMS method, a total of 29 pyrograms were analyzed (four
sampling points with three samples each, six procedural blank, six
airborne contamination samples colleted during analyses as well as five
samples from the recovery testing).

The total amount of polymers ranged from 6.1 to 93.2 pg/m>
observed in the S4 and S1 site, respectively (Fig. 2). Within all analyzed
samples, the predominat polymer type in the drinking water supply
system was PE (21-82%) followed by PA (0-36%) and PET (0-35%,
Fig. 3). Furthermore, PP (13%) and PS (2%) where only detected in the
raw water samples. While comparing the distribution across the inves-
tigated collection points, a significant reduction of the polymers levels
was observed for all detected polymer types after the raw water sani-
tation process. PE and PA showed the higest reduction values of - 92%
and - 89%, respectively. Meanwhile, a reduction of — 80% and - 43% was
observed for PET and PVC, respectively. A complete reduction was
observed for PP and PS. However, this result may be correlated to the
already limited amounts present in the raw water samples before the
raw water treatment processes.

This trend is further pointed out by the results of the Principal
Component Analysis (PCA), a two-dimensional representation enabling
a simple visualization of the data distributionn. The PCA analysis
described most of the variance (~ 99%) by using the first two principal
components, PC1 and PC2 (Fig. 4). A clear separation was shown be-
tween the results of the raw water samples (S1) and a cluster of samples
represented by the remaining sampling sites located at increasing dis-
tances from the raw water collection in the drinking water supply grid
(S2, S3 and S4). The relatively high factorial weights of all detected
polymer types in the PCl axis (total explained variance of 91%)
contributed to explaining the horizontal separation of the sampling sites.
The factorial weights of PE and partially of PET and PS contributed to
separating S4 from S2 and S3 in the PC2 axis (total explained variance of
8%). To evaluate the contribution of the water supplying grid the
“polymer type” vs “distance” factors were compared using ANOVA. Only
PE showed a significant distance related increment throught the sam-
pling sites with low values after the sanitation step and higher avearage
values in the most distant north most sampling site (F(3, 8) = 28,28; p
value = 0,0012).
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4. Discussion

The present study aimed at strengthening the knowledge on MP
characterization and quantification in drinking water production and
supply systems analysing masses of particles up to very small sizes based
on the applied smaller pore size of the sampling device (> 1 ym).

A novel and versatile sampling device focusing on both the quanti-
tative collection of MPs from a representative sample size of 1 m® per
replica (Koelmans et al., 2019a, 2019b) and reduction of plastics
contamination during sampling and sample preparation phases pre-
sented a promising solution to overcome the limitations of current
sampling methodologies. Furthermore, the processing of large volumes
of sample water contributed towards minimizing the analytical limita-
tions of the pyrolysis- gas chromatography mass spectrometry which
tends to require larger particle masses compared to other spectroscopic
oriented analytical methods such as p-FTIR and p-Raman (World Health
Organization, 2019). To overcome such critical limitation the applica-
tion of a selected-ion monitoring chromatogram strategy focuses on a
defined core of ions instead of the summed intensity across the entire
range of masses being detected at every point in the analysis and offers
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Fig. 2. Total and relative mass estimation (ug/m>) of the
identified polymer types. PE = polyethylene, PP = poly-
propylene, PS = polystyrene -, PVC = polyvinyl chloride -,
PA = polyammide -, PMMA polymethyl methacrylate -,
PC = Polycarbonate - and PET = polyethylene terphtalate.
S1 = Raw water collection site, Langavatnet;
S2 = Sampling site after raw water treatmen plant;
S3 = Sampling site before entering the urban area;
S4 = Sampling site after the urban area. Values in brakets
are the total sum of the detected polymers (ug/m®).
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Fig. 3. Relative abbundance of detected poly-
mers in the investigated sampling sites.
S1 = Raw water collection site, Langavatnet;
S2 = Sampling site after raw water treatmen
plant; S3 = Sampling site before entering the
urban area; S4 = Sampling site after the urban
area. PE = polyethylene, PP = polypropylene,
PS = polystyrene -, PVC = polyvinyl chloride -,
PA = polyammide -, PMMA polymethyl meth-
acrylate -, PC = Polycarbonate - and
PET = polyethylene terphtalate. ~S1 = Raw
water collection site, Langavatnet;
S2 = Sampling site after raw water treatmen
plant; S3 = Sampling site before entering the
urban area; S4 = Sampling site after the urban
area.
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an increase in analytical performance in terms of sensitivity in respect to
previous performed studies in drinking water systems (Kirstein et al.,
2021).

Hence, through the combination of a large volumes sampling strat-
egy, solutions toward stringent contaminations controls during sample’s
collection and preparation and mass spectrometry based on SIM acqui-
sition mode, MPs could be identified and quantified in all analysed
drinking water sampling sites.

The highest occurrence of MPs was observed in raw water with an
overall amount of 93.2 ug/m°. In the present study the raw water was
collected from a pristine lake used as a source for drinking water pro-
duction. Microplastics frequently occur in freshwater environments,
including rivers and lakes used as open reservoirs for drinking water
production. Being open systems, these freshwater water bodies may be
potentially exposed to several type of MPs sources i.e., atmospheric
deposition, surface runoff and marginally by human activities. Hence
the occurrence of MPs in raw water in the present study was expected.

PE, PET, PVC, PA and PS were the most recurring polymer types in
the analyzed reservoir water confirming previous observations in similar
water bodies used for drinking water production. In a monitoring study
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Fig. 4. PCO ordination plot with projection of
polymer types contribution onto the ordination
axes. PE = polyethylene, PP = polypropylene,
PS = polystyrene -, PVC = polyvinyl chloride -,
PA = polyammide -, PMMA polymethyl meth-

acrylate -, PC = Polycarbonate - and
PET = polyethylene terphtalate. ~S1 = Raw
S3 water collection site, Langavatnet;

S2 = Sampling site after raw water treatmen
plant; S3 = Sampling site before entering the

S2 urban area; S4 = Sampling site after the urban
area.
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PC1

assessing the occurrence of MPS in the Rhine river Mani et al. (2015)
identified a weighted average of 892,777 MPs/Km?2. More recently Di
and Wang (2018) estimated an abundance of 1597-12,611 MPs/m> and
3400-25,800 MPs/m° respectively in the Three Gorges Reservoir and in
Taihu Lake, using a combination of visual observation followed by SEM
microscopy or u-FTIR analysis. According to the authors of the studies,
PS, PP and PE were the major polymer types of the selected plastic
particles, indicating that domestic sewage and fishing activities might be
the main sources of microplastics in the investigated lakes.

Nevertheless, very few studies have analyzed particles as small as
those detected in the present study (> 1 um). Among them, two studies
from Pivokonsky et al. (2018, 2020) reported higher levels of MPs in
three separate lakes and in the Uhlava river located in the Czech Re-
public all acting as raw water reservoirs. Using a combination of p-FTIR
and p-RAMAN imaging analysis 1384-4464 MPs/L in the lakes and
23—-1296 MPs/L in the river were identified, with most of the charac-
terized particles smaller than 10 um. Similar to what was observed
within our study, these authors reported the predominant occurrence of
PET (27-68%) followed by PP (16-26%) and PE (~ 24%). However, the
general physical conditions and the magnitude of the input sources
controlling the MPs contamination and the level of anthropogenic ac-
tivities in the different water basins may be different. The MPs total
masses level obtained by converting the no of particles per volume
(MPs/ m3) and their relative sizes into a mass balance (pg/mg) falls in
the range of hundreds of pg which tend to show higher values that those
reported in this study.

Few recent studies have attempted to directly correlate the outcomes
of particles enumeration vs mass-based estimation characterizing tech-
niques in critical environmental matrices (Primpke et al., 2020)
including drinking water (Kristein et al., 2021). Both pFTIR imaging and
pyr-GCMS are reported to have successfully determined very low MP
loads in comparable concentrations. Some discrepancies in some sam-
ples with very low levels of MPs showed a general underrepresentation
of specific plastic types. This was mainly related to limitation in the
polymer-specific detection limit of pyr-GCMS rather than in the FTIR
imaging technique. The present study overcomes such limitation by
using a selected ion chromatogram strategy to improve the sensitivity of
the thermoanalytical method, targeting the mass estimation of limited
amounts of MPS most likely brought by the smaller MPs size fraction.

With respect to the raw water, lower concentration for all the detected
polymers were found in the drinking water sanitation process and in the
following distribution system indicating an efficient removal of MPs
during drinking water treatment by simple conventional sand filtration
technology. Removal efficiency was partially affected by the initial
amounts of MPs in raw water and it varied from 43% for PVC to 100%
for PS If compared with other studies, limited data are available about
MPs removal rates for such water treatment systems as few research
initiatives have investigated the occurrence of MPs along the whole
drinking water treatment process. Only Pivokonsky et al. (2018) re-
ported an overall MPs removal rate ranging from 70% to 82% in a
conventional coagulation-clarification-filtration driven DWTP. In
another study Uhl and co-workers (2018) assessed the occurrence of
MPs in 24 Norwegian DWTPs however levels in the raw water were
below the detection limits of the applied visual analyse oriented method
while an average of 4.1 MPs/L were found in the tap water. However,
the absence of MPs in the raw water as well as the limited amount found
in the treated water might be due to the small sample volumes used
(3 L/sample) or the missing identification of particles. Overall, no firm
conclusion can be drawn. However, even if drinking water treatment
systems are not specifically designed for MPs removal; they are
considered highly effective in removing particles with characteristics
similar to those of MPs. Properties playing a central role in the removal
effectiveness are mainly the particle’s surface charge, size, shape, den-
sity and biofilm formation in sand beads and drinking-water pipes.
Biofilms in drinking-water are formed when microorganisms grow on
drinking-water pipes and other surfaces. Furthermore, microorganisms
responsible for biofilm formation attach more rapidly to hydrophobic,
nonpolar surfaces, such as plastics, than to hydrophilic surfaces. Large
quantities are formed in the sand beads used for raw water filtration.
Such biologically formed films may attract particles, including MPs by
their strong surface charge, and act as a collector in the sanitation
process. This leads to another environmental issue as plastics are not
usually destroyed, but rather moved from the liquid phase to a solid one.
Thus, attention should be given to waste associated with water treat-
ment processes as they could be considered an underestimated source of
microplastics contamination in the environment.

Overall, although there are only limited data available on the effi-
cacy of microplastic removal during drinking-water treatment, such
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treatment has proven effective in removing far more particles of smaller
size and at far higher concentrations than those of microplastics. Con-
ventional treatment, when optimized to produce treated water of low
turbidity, can remove particles smaller than a micrometre through
processes of coagulation, flocculation, sedimentation/flotation, and
filtration (Pivokonsky et al. (2018, 2021). After water treatment process
a total of 6.1-12.8 pg/m°® of plastics polymers were detected in the
distribution grid. This distribution system consists of a combination of
cement, stainless steel, PE and hardened glass pipes. Overall, the present
study identified four polymer types in the treated drinking water: PA,
PET, PVC and PE. Despite of the levels of most of the investigated
polymers remained similar through the distribution network, PE showed
a significant increase through the distribution line. As such points out to
a minor contribution of the distribution line which is likely to be
explained by the mechanical abrasion of PE based pipes. Abrasion
phenomena are also reported by Pivokonsky et al. (2018, 2020) as a
main driving factor in the observed distribution of MPs on a drinking
water suppling system fed by groundwater in the north of Germany. This
study characterized the occurrence of an average of 0.7 MPs/m® of PE,
PA, PVC and epoxy resin particles falling in the range from 50 to 150 um,
with 1-3 particles scored at the water meter sampling sites. If converting
the reported particle size to mass-based estimations using the density of
PE as guiding value, the obtained results, in the range of few pg, are
lower respect to those observed in the present study. However, this
should be put in relation with the different origin of the raw water in the
two different drinking water supply systems and the higher vulnerability
of open water bodies to plastic pollution contamination than that of
groundwater reservoirs. Conversely, the assessment recently performed
by Kristien et al. (2021) on a Swedish drinking water distribution system
concluded reporting that the age of pipes had no significant impact on
MPs load.

The occurrence of MPs in products designated for human consump-
tion such as drinking water is receiving increasing attention due to the
discovery of small MPs translocating to inner organs (Deng et al., 2017).
Cartus and Schrenk (2017) estimated 5 mg/kg body weight per day as
the level of no concern for humans strictly related to the Tolerable Daily
Intake (TDI) value. Comparing the results obtained by the present study
and considering an adult’s daily water consumption of 2 litres of tap
water (World Health Organization, 2017) for an adult having a default
body weight of 60 kg and a day intake of 0.02-0.2 ug MPs /L day it may
be concluded that the risk to human health associated with the con-
sumption of the analysed drinking water is limited. Higher daily intake
values of about 2.0 pg/L are extrapolated by using the same above
presented assumptions on particle numbers and shape results obtained
from the study of Omann et al. (2018) and Schymanski et al. (2018) on
bottled mineral water as well as from drinking water systems by Piv-
okonsky et al. (2018). In contrast, estimated MPs intake from drinking
water based on the work of Mintenig et al. (2019) provide more com-
parable estimations (~0.01 ug MPs /L day) to the present study. How-
ever, more research is needed before being able to provide a reliable
human risk assessment for MPs uptake.

Overall, future efforts need to address a better understanding of the
occurrence of plastic particles in potable water systems that obtain raw
water from different sources, their levels and polymer type composition
as well as their relative and total masses. Such data are essential for
toxicologist to define exposure routes and create natural exposure sce-
nario to investigate realistic biological effects and define reliable
toxicity thresholds to be adopted at regulatory level.

5. Conclusions

In this study a total of 12 individual m® drinking water samples were
examined resulting in a total amount of polymers ranging from 6.1 to
93.2 pg/m3 as microplastic particles > 1 um based on the pore size of
the adopted sampling device. The most dominant polymer type in the
analyzed samples were PE>PA>PET>PP>PS. Despite some significant

Journal of Hazardous Materials 416 (2021) 125708

contributions from the drinking water suppling system in increasing the
final levels of PE at the water meter step in the sampling grid, no general
and firm conclusion can be drawn about the aging effect of the supply
grid as some conflicting outcomes are reported by other authors on the
topic (Mintenig et al., 2019; Kirstein et al., 2021). Furtermore, even
though of drinking water treatment systems are not specifically designed
for MPs removal, the performances of the investigated system as well as
of others compared within the present study are considered highly
effective in removing MPs. In this context, the level of MPs pollution in
raw water appears to be a more relevant factor influencing the final
levels in the supplied drinking water as results from the present study
indicate, with this further supported by previous observations (Mintenig
et al., 2019; Pivokonsky et al., 2018). Further research is needed in
tracking the MPs fluxes of MPs in the various processes within drinking
water production i.e., those procedures aimed at routinely removing
biofilm from sand filtration beads or flocculator reactors as formed
biofilms are likely to act as major trap of floating MPs in the processed
raw water (World Health Organization, 2019). Such research is likely to
lead to a better understanding of the significance of treatment related
waste streams as contributors of microplastics to the environment.
Overall, the outcomes of the present study showed low MPs loads in the
drinking water sample up to the water meter stage in the supply grid
suggesting a low risk to human health. The introduced combination of
enhanced sampling and analytical detection techniques support future
tailored, quality-controlled investigative studies to better understand
the sources and occurrence of microplastics in both produced tap and
bottled water, the efficacy of different treatment processes and combi-
nations of processes, and the significance of the potential return of
microplastics to the environment from treatment waste streams.
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Keywords:
Pyrolyzing
Eucalyptus oil
CNT
Ferrocene
SDG

To comply with the sustainable development goals (SDGs), bio-based production of carbon nanotubes (CNTs)
was investigated using co-pyrolysis of eucalyptus oil and ferrocene instead of non-valorizable petroleum-based
hydrocarbons. Attributed to high carbon content of eucalyptus oil, CNTs with substantial yield could be produced
within a pyrolyzing temperature (T,) range of 800—900 °C and different molar ratios of eucalyptus oil to
ferrocene (R,y) including 1:1, 2:1 and 3:1. Typical FESEM analyses of as-produced CNTs revealed that CNTs with

agglomeration of amorphous carbon could be produced at low T, and low R.. Meanwhile higher T, and Rys could
provide CNTs with lower content of amorphous carbon. TGA analyses could confirm the superior thermal sta-
bility of the resultant CNTs which were produced at high T, and Ros. The highest CNT yield of about 45 % was
obtained at T}, of 850 °C and Ry of 1:1. It could be confirmed that T, of 900 °C and R, of 3:1 was the optimal
condition for production of high quality CNTs from valorizable eucalyptus oil.

1. Introduction

With an aim of contribution to the Sustainable Development Goals
(SDG) of the United Nation, Goal No. 12: ensuring sustainable con-
sumption and production patterns has stimulated various emerging
research and development works in many countries [1]. Accordingly,
there are many technological progresses in resource usage, sustainable
and responsible consumption with decreasing waste generation as well
as CO, emissions. Exploration on finding alternative renewable re-
sources for production of novel materials is also a crucial issue for
stimulating many research teams around the world. At presence, various
biomass-based precursors have become an attractive precursor for pro-
duction of some high value-added products, which could promote the
Bio-Circular-Green (BCG) economy for the SDGs [2]. Accordingly, py-
rolysis with strategic usage of alternative raw materials, especially
biomass, would provide new potential of resource valorization [3].

Meanwhile, the discovery of carbon nanotubes (CNTs) by Iijima in
1991 has stimulated a sky-rocketing increase in investigation on effec-
tive production of CNTs [4]. Since then, CNT growth mechanism has
been debatable issue, resulting in many different models have been
proposed regarding to components and physical states of raw materials

and operating conditions. So far, CNTs could be produced from
hydrocarbon-based precursors, such as alcohol, methane, which are
non-valorizable resources [5-9]. Some works with focus on utilizing
polymeric waste were also reported previously [10]. Meanwhile, there
was only a limited amount of previous studies in the use of renewable
biomass. Based on our literature review, the use of biomass-based car-
bon feedstock for CNT synthesis via pyrolysis method has been reported
in several studies [11-13]. However, lack of systematic investigation on
effect of various synthesis variables on CNT properties is still a
remaining issue. It should be noted that high carbon contents in euca-
lyptus oil could make it become a potential carbon precursor for CNT
synthesis [14]. A simple technique of co-pyrolysis of eucalyptus oil with
commercially available metallocene provides a large-scale production,
low investment cost, and high-quality CNTs when compared with other
techniques, such as arc discharge and laser ablation techniques [5,
15-18]. Herein, a novel aspect on using a combination of eucalyptus oil
and ferrocene which were subject to pyrolysis for examining possibility
to synthesize CNTs with controllable properties was raised. Accordingly,
two major variables, which were pyrolyzing temperature and molar
ratio of eucalyptus oil to ferrocene, were experimentally examined and
discussed. The CNT production via co-pyrolysis of eucalyptus oil and
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Fig. 1. Experimental setup for producing CNTs by co-pyrolysis of eucalyptus oil and ferrocene.

ferrocene was conducted using a tubular reactor equipped with an
electrical furnace and temperature controller. All resultant CNTs pro-
duced under each condition were comprehensively characterized using
field-emission scanning electron microscopic, Ny adsorption/de-
sorption, thermogravimetric, and Raman spectroscopic analyses for
clarifying their properties. Finally, dependence of production yield and
characteristics of resultant CNTs on pyrolyzing temperatures and molar
ratio of eucalyptus oil to ferrocene were discussed.

2. Experimental

For production of CNTs, eucalyptus oil and ferrocene were vaporized
within a quartz tube reactor using an electrical furnace equipped with a
temperature controller. Eucalyptus oil (70 % proportion of eucalyptol,
Peerasuk Chemicals, Thailand) and ferrocene (98 % purity, Aldrich,
Germany) were used without additional purification. Based on CHNS/O
elemental analysis (FlashSmart Elemental Analyzer, Thermo Scientific,
USA), the main elemental composition of typical samples of eucalyptus
oil was carbon of 85.23 %, oxygen of 12.14 %, and hydrogen of 2.63 %
with negligible amount of nitrogen.

Schematic diagram of the quartz tube reactor and relevant

equipment was depicted in Fig. 1. With this setting, it could be
confirmed that pyrolyzing temperature (T),) could be controlled at the
designated range of 800-900 °C. With the set of the electrical furnace
and temperature controller, the quartz tube reactor (diameter of 3 cm
and length of 100 cm) was heated from room temperature to a desig-
nated T, in 30 min under nitrogen (99.9 % purity, Linde, Thailand) flow
of 1.2 L/h at atmospheric pressure. When temperature inside the reactor
reached the set-point temperature, the ceramic boat containing 1 g
ferrocene was shifted into a position which could vaporized it gradually.
Then, eucalyptus oil with a designated molar ratio of oil to ferrocene
(Rop) including 1:1, 2:1, and 3:1 was supplied into the heating zone of the
reactor with a constant flow rate 0.01 L/h. After 30 min of operating
time and cooling down to room temperature, black particulate products
were collected from the inner wall surface of the tubular reactor and
taken out for comprehensive analyses. In each experiment, it could be
observed that all raw materials (eucalyptus oil and ferrocene) were
completely converted without any remaining residue. Characteristics
and production yield of CNTs produced under each condition were re-
ported and discussed in the following sections.

Microscopic structure and morphology of CNTs was characterized by
field emission scanning electron microscope (FESEM, S-3400 N, Hitachi,

Pyrolysis temperature (T,)

Molar ratio (R,¢) of eucalyptus oil to ferrocene

Fig. 2. Microscopic structure of CNTs produced at different T, and Roy.
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Japan) at an accelerated voltage of 20 kV and their specific surface area
was determined by Ny adsorption/desorption (3Flex, Micromeritics,
USA). Thermal stability of CNTs produced under each condition was
analyzed by Thermogravimetric analyzer (TGA, TGA8000, Perkin-
Elmer, USA) under nitrogen atmosphere with a heating rate of 10 °C/
min up to 900 °C. Graphitic and amorphous carbons content of the
resultant CNTs was characterized by Raman spectroscopy (NTE-
GRASpectra, NT-MDT, USA) with a wavelength of 633 nm. Based on Eq.
(1), production yield of resultant CNTs (wt%) could be confirmed based
on the ratio of the total weight of collected products against the sum-
mation of total weight of eucalyptus oil and ferrocene.
We

CNT Production yield = ———— (€8}
Woil + err

whereas W, represented weight of carbon product

W, represented weight of eucalyptus oil

Wy, represented weight of ferrocene

Meanwhile, production yield of resultant CNTs per unit mass of
ferrocene was determined based on Eq. (2):

Wc
(2)
fer

CNT Yield per unit mass of ferrocene =

3. Results and discussion
3.1. Dependence of CNT microscopic property on T, and Ryf

Typical FESEM images in Fig. 2 exhibit microscopic structure and
morphology of CNTs produced at different T, and R, Such FESEM
images revealed that there were both CNTs (tubular structure) and
carbon nanoparticles (irregular structure) in all resultant products. In
general, quality of produced samples could be estimated by the pro-
portion of well-aligned CNT structure in such micrographs. With a
designated Rysof 1:1, an increase in T, from 800 to 900 °C could provide
the resultant product with higher content of well-aligned CNTs. Mean-
while, an increase in R, from 1:1 to 3:1 with any designated T, could
also lead to the resultant products with higher contents of well-aligned
CNTs. Accordingly, higher content of well-aligned CNTs in typical
samples produced with higher T, and Ry suggested their higher quality.
Using more complicated catalyst of cobalt on titanium boride
(Co@TiBy), Lin et al. also reported that a synthesizing temperature could
improve the excitation growth rate of CNTs when compared to that of
carbon nanoparticles [7]. Thermodynamically, an increase in pyrolyzing
temperature could enhance the decomposition of amorphous carbon
nanostructure because of their higher reaction activity and higher spe-
cific surface area [10]. Hence CNTs became dominant species in the
resultant samples produced at a higher T,.

It should be noted that an increase in eucalyptus oil content (higher
Ryp) could provide a certain amount of carbon dioxide (CO2) as a by-
product, which could contribute to the decomposition of amorphous
carbon content via oxidation [19]. The use of CO, as selective oxidant of
amorphous and defective carbon has been reported with remarkable
efficiency and selectivity [20,21]. It is reasonable that a higher content
of eucalyptus oil would provide more CO3 as one of the major gaseous
products after its decomposition. Therefore, such CO, generated from
decomposition of eucalyptus oil could engage in reacting with amor-
phous carbon content in the resultant products at an elevated temper-
ature above 800 °C. As confirmed by FESEM analyses, a decrease in
amount of carbon nanoparticles together with an increase in CNTs could
be observed when Ryr was increased from 1:1 to 3:1. Therefore, these
morphological analyses would suggest that regulation of T, and Ry
could provide effective CNT production via co-pyrolysis of eucalyptus
oil with the presence of ferrocene. In addition, further confirmation
using Raman spectroscopy and TGA analyses would be discussed in the
following sections.

Meanwhile, nominal diameter of CNTs produced under each
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Fig. 3. Size distribution of typical samples of CNTs produced with R,y of 3:1 at
T, of 900 °C.

Table 1
Average diameter of as-synthesized CNTs at various T, and R

Average diameter (nm)

TP
Ry=1:1 Ry =2:1 Ry =31
800 °C 39 44 45
850 °C 44 49 55
900 °C 42 51 59
50
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Fig. 4. Specific surface area of CNTs produced at different T, and R,y.

condition was analyzed via Image Processing by employing the ImageJ
software. Statistical analyses of a few hundred CNTs in typical FESEM
images were conducted for acquiring their nominal diameter distribu-
tion. As a result, the nominal diameter distribution of the CNTs pro-
duced at T, of 900 °C Ry of 3:1was depicted in Fig. 3 while Table 1
summarizes the average diameter of all as-synthesized samples (the
nominal diameter distribution of all CNT samples was provided in
Supporting Information). It could be clearly observed that the resultant
CNTs exhibited a normal distribution in their nominal diameter within a
range of 30—70 nm, which is defined as MWCNTSs [12-14]. When T, was
increased from 800 to 900 °C and Rys was increased from 1:1 to 3:1 while
the average nominal diameter was shifted from 39 to 59 nm, respec-
tively. The increment of the nominal diameter of the resultant CNTs
would be attributed to the growth of catalytic Fe nanoparticles at a
higher temperature. With an increase in synthesizing temperature, the
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Fig. 5. (a) Effect of T, on Thermal stability of CNTs produced at R, of 3:1 and
(b) effect of R, on Thermal stability of CNTs produced at T, of 900 °C.

nominal diameter of synthesized CNTs would be increased with an in-
crease in the graphene layer induced by the catalytic particles with a
larger size [15]. Based on TEM analyses, Li et al. also reported that a
higher synthesizing temperature could result in CNTs with higher
graphitic content depositing on the surface of agglomerated Fe nano-
particles doped on SiO5 support [22]. In addition, an increase in diam-
eter of synthesized CNTs with increasing molar ratio of carbon precursor
to ferrocene had also been reported by Thonganantakul et al. [23].

Furthermore, specific surface area measurements of all resultant CNT
samples were conducted by N5 adsorption/desorption method as shown
in Fig. 4. It could be observed that when T}, was increased from 800 to
900 °C, the specific surface area of CNTs produced with Ry of 1:1 was
shifted from 44.1 to 29.6 m?/g, respectively. Repeated tendency of
dependence of the specific surface area of the produced CNTs on the
eucalyptus oil content was also confirmed with different R,s. An increase
in T, and Rys could result in a decrease in the specific surface area of the
produced CNTs. Lee et al. also reported that an increase in synthesizing
temperature would stimulate a decrease in amorphous carbon content
which was more reactive due to its higher surface area [24,25]. In
addition, it should be noted that an increase in eucalyptus oil content
with a fixed amount of ferrocene would certainly attribute to an increase
in CO; content generated from eucalyptus oil decomposition. Such CO,
content would attribute to the oxidation of reactive amorphous carbon.
As also confirmed by the analytical results in Fig. 3, the increase in the
nominal diameter of the CNTs produced at a higher T, would also
attribute to their lower specific surface area. Consistency in all micro-
scopic analyses mentioned above would suggest that co-pyrolysis of
eucalyptus oil and ferrocene could attribute to production of CNTs with
regulatable quality. Anyway, further confirmation of thermal stability
and production yield of CNTs produced by this method would also be
examined and discussed.

3.2. Dependence of thermal stability of CNTs on T, and R

Thermal stability of all CNT samples produced with regulated T, and
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Fig. 6. (a) Effect of T, on Ip/I of CNTs produced at R, of 3:1 and (b) effect of
Ry on Ip/Ig of CNTs produced at T, of 900 °C.

Rf could be confirmed by thermogravimetric analyzer (TGA) under Oz
atmosphere. Fig. 5(a) exhibits TGA and DTG curves of CNT samples
obtained from co-pyrolysis at Ryy of 3:1 with T}, in the range of 800—900
°C. Significant weight loss of CNT samples observed at 430—600 °C
could be attributed to the decomposition of carbon content within the
samples [24]. Meanwhile, the remaining residue (24 + 2 wt%) could be
assigned to the Fe content which was obtained from ferrocene during the
co-pyrolysis of carbon precursor and ferrocene [26-28]. Such slight
difference in residual content would be due to the fixed amount of
loaded ferrocene.

Furthermore, effect of R,y on the thermal stability of CNTs produced
at a pyrolyzing temperature of 900 °C is depicted in Fig. 5(b). Similar
thermal stability could be observed that significant weight loss of CNT
samples took place in the treating temperature range of 430-600 °C.
Also, DTG analysis was employed to figure out a peak temperature with
maximum weight loss rate. It could be confirmed that the peak tem-
perature was shifted from 525 to 542 °C when R, was increased from 1:1
to 3:1, indication greater thermal stability of CNTs synthesized at higher
Rys. These results would be ascribed to the different portion of amor-
phous carbon content in the CNT samples. Basically, amorphous carbon
is more reactive than graphitic structure because of its less stable
microscopic structure and larger specific surface area [28]. Within the
accuracy of the TGA analyzer, it should be noted that there was a
detectable decrease in the residue content when the CNTs produced with
the higher R,r was subject to TGA analyses. The residue content was
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Fig. 7. (a) Dependence of yield of CNTs on T, and R, and (b) Dependence of
CNT yield per unit mass of ferrocene on T, and R,y

decreased from 29 to 24 wt% when the Rswas increased from 1:1 to 3:1,
respectively. These results would be attributed to the relative content of
carbon and Fe within CNTs produced with the different loading of car-
bon source and metal catalyst [27]. An increase in R, could be implied
that higher amount of carbon could be supplied to the CNT formation
with lower amount of Fe. As a result, CNTs produced at 900 °C with R,¢
of 3:1 possessed the lower residual content.

Raman spectroscopy is widely applied to investigate the structural
property of carbon-based materials, which could be employed for sup-
porting their thermal stability. The graphitization/crystallinity of CNTs
produced at regulated T, and R, could also be confirmed by Raman
spectrum as shown in Fig. 6(a) and (b), respectively. The dominant band
(G-band), which appeared at a Raman Shift of 1576 cm™?, could be
assigned to the vibration of sp? bonded carbon atom. In general, such G-
band was applied to identify graphitic structure in CNTs. Meanwhile, the
other dominant band (D-band) at a Raman shift of 1344 cm™! could be
assigned to the vibration of non-sp? bonded carbon atom which could
identify amorphous configuration of carbon clusters within a sample
[28]. The intensity ratio of D-band to G-band (Ip/I;) was used to eval-
uate the quality of carbonaceous material based on its crystallinity or
graphene layer. In general, carbonaceous material including CNTs
which contain more graphene layers in their tubular structure would be
identified by lower Ip/I.

Accordingly, Fig. 6(a) reveals effect of T, on Ip/Ig of CNTs produced
at Ryrof 3:1. An increase in T, from 800 to 900 °C resulted in a significant
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decrease in Ip/I from 1.83 to 0.72. Meanwhile, effect of Rys on Ip/Ig of
CNTs produced at T, of 900 °C was depicted in Fig. 6(b), suggesting that
an increment of eucalyptus oil portion when compared to ferrocene
could also result in a decrease of Ip/Ig from 1.62 to 0.72. These
analytical results are consistent evidence for supporting the TGA ana-
lyses which could confirm that CNTs produced at a higher T, and a
higher Ros would exhibit superior thermal stability due to the avail-
ability of higher graphitic content [14,28]. Based on all analytical results
discussed above, it could be confirmed that high quality CNTs could be
produced by co-pyrolysis of eucalyptus oil and ferrocene by regulating
two key variables, which are T, and R,y.

3.3. Dependence of production yield of CNTs on T, and Re¢

In addition to the quality of CNTs produced by co-pyrolysis of
eucalyptus oil and ferrocene, its productivity is also an important issue
worth for investigation. Based on Eq. (1), Fig. 7(a) reveals effect of T,
and Ryron dependence of yield of resultant CNTs with respect to the total
amount of precursors which were eucalyptus oil and ferrocene. With a
designated R of 1:1, an average CNT production yield was increased
from 41.4 % to 46.8 % when T, was increased from 800 to 850 °C,
respectively. On the other hand, the CNT production yield was
decreased from 46.8 % to 41.7 % when T, was further increased from
850 to 900 °C, respectively. With Rys of 2:1 and 3:1, a similar tendency
was also confirmed. These results were in a good agreement with some
previous works which used other hydrocarbon precursors. Using acet-
ylene (CyHy) as precursor, Li et al. reported that an increase in pyro-
lyzing temperature from 600 to 900 °C could lead to a significant
increase in the CNT production yield. Meanwhile, a further increase in
the pyrolyzing temperature resulted oppositely in the lower CNT pro-
duction yield [29]. It is well recognized that CNTs could be produced
through multiple steps of dissolving, diffusing, and precipitating of
carbon clusters, which were affected by both pyrolyzing temperature
and supplying of precursor [29]. An increase in T}, in a lower range could
enhance the thermal decomposition of both eucalyptus oil and ferro-
cene, which played an important role in sufficient supply of carbon and
catalytic Fe clusters for promoting the CNT production yield. However,
the excessive increase in T, would attribute to enhancing agglomeration
of Fe clusters and decomposition of amorphous carbon content, which
resulted oppositely in a decrease in the CNT production yield.

Meanwhile, a distinct decrease in the CNT production yield was
confirmed when Ry was increased from 1:1 to 3:1 with a designated T),.
These results would be ascribed to the role of excessive amount of CO,
and insufficient amount of Fe catalysts due to the increase in eucalyptus
oil content when compared to ferrocene. When R was increased from
1:1 to 3:1, higher amount of CO5 decomposed from eucalyptus oil would
engage in oxidation of emerging carbon clusters while lower amount of
Fe clusters would be insufficient for accommodating the formation of
CNTs [30]. These quantitative analyses would also be in a good agree-
ment with the analytical results of TGA and Raman spectroscopy as
discussed in previous section.

It should be noted that consideration on CNT yield with respect to the
total amount of eucalyptus oil and ferrocene would not provide a
viewpoint of ferrocene utilization. In fact, the cost of ferrocene (8.60
baht/g), which is employed as catalyst is more expensive than that of
eucalyptus oil (2.25 baht/g). A focus on the unit mass of ferrocene would
suggest the efficiency of ferrocene utilization. Based on Eq. (2), Fig. 7(b)
reveals effect of T and R, on yield of resultant CNTs per unit mass of
ferrocene. Consistent tendency of dependence of CNT yield per unit
mass of ferrocene could be confirmed with respect to all T, and Ros. With
a designated T, the increase in Ry resulted in an increase in the CNT
yield unit mass of ferrocene, indicating there was higher possibility of
CNT growth when supplying more content of eucalyptus oil into the
reactor. The lowest R,¢of 1:1 could provide limited carbon content when
compared to the excessively available amount of active surface of Fe
clusters, resulting in the lowest CNT yield unit mass of ferrocene.
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Fig. 8. Schematic diagram of CNTs produced by co-pyrolysis of eucalyptus oil and ferrocene.

Meanwhile, the increase in Tj, from 800 to 900 °C with a designated Ro¢
of 1:1 could also lead to the increase in the CNT yield per unit mass of
ferrocene from 0.722 to 0.897. These results would be ascribed to the
enhancement of eucalyptus oil decomposition, which would play an
important role in sufficient supply of carbon atoms for CNT growth
[24-27].

Based on all analytical results which were discussed above, sche-
matic diagram of CNT formation mechanism via co-pyrolysis of euca-
lyptus oil and ferrocene was illustrated in Fig. 8. At a designated T,
above 800 °C which is higher than decomposition temperatures of
eucalyptus oil and ferrocene, both precursors would be decomposed to
provide carbon and Fe clusters. Self-assembly of CNTs would take place
on the catalytic surface of Fe clusters while amorphous carbon would
also competitively be formed as impurities. Under the condition of lower
T, (800 °C) and Ry (1:1), fewer amount of CNTs would be obtained due
to the insufficient dissolution, diffusion, and precipitation of carbon and
Fe clusters emerging from decomposition of both precursors. Mean-
while, an increase in T, and R, could lead to an increment in both
carbon and Fe clusters, resulting in production of CNTs with higher
quality and promoted production yield. As a supporting evidence, TGA
and Raman spectroscopic analyses suggested that the increase in T,
would attribute to enhancing decomposition of amorphous carbon
content. According to all consistent analytical results and discussion, it
would be summarized that co-pyrolysis of renewable eucalyptus oil with
the presence of ferrocene is a promising technique to valorize eucalyptus
oil for bio-based production of CNTs.

4. Conclusions

Eucalyptus oil is one of the promising biomass-based carbon feed-
stocks for bio-based production of CNTs via co-pyrolysis with ferrocene.
The synthesizing conditions at low pyrolyzing temperature (T,) and low
molar ratio (R,y) could provide the regulatable CNT yield of 41.38 % and
specific surface area of 44.1 m2/g. On the other hand, despite its lower
product yield and surface area, high T, and R, could provide high
content of CNT yield with higher thermal stability as confirmed by
FESEM, TGA and Raman spectroscopic analyses. The increase in Rof
could enhance the CNT quality due to the enhanced oxidation of
amorphous carbon content while the increase in T}, could promote the
thermal stability of the resultant CNTs. In summary, Tj, of 900 °C and Ryf
of 3:1 was the optimal condition for production of high quality CNTs
from co-pyrolysis of eucalyptus oil and ferrocene.
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ARTICLE INFO ABSTRACT

Keywords:

Biochar
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Bioenergy

Emerging pollutants
Soil management

Global warming, management of soil health, remediation of contaminated wastewater,and sustainable alternate
source of energy are the major challenges of the 21st century. Biochar has an enormous potential in addressing
these global issues and can act as a catalyst in achieving sustainable development goals (SDGs). Biochar produced
from waste biomass (crop residues, algal biomass, municipal waste, etc.) has dual advantages of waste man-
agement along with its application in different sectors. The mineral contents and buffering capacity of biochar
make it an ultimate catalyst for anaerobic digestion which significantly enhances bioenergy production. Sup-
plementing anaerobic digestion with biochar can increase biogas and biological hydrogen production up to 57%
and 118% respectively, over control. Biochar addition to soil improves soil health, porosity and aeration which
mitigates greenhouse gas emission from soil. Addition of biochar at the optimum level in rice can reduce cu-
mulative methane emission up to 60%. In this manuscript, the potential of biochar for bioenergy production
(biogas and biological hydrogen production), greenhouse gases mitigation, carbon sequestration in soils, and
waste water remediation is discussed in detail along with the challenges and future prospects of biochar. This
review identifies the key issues which need to be addressed for sustainable utilization of biochar.

temperatures, land inundation in coastal areas, and loss of biodiversity.
Secondly, drinking water is a rare resource on planet Earth and good
quality drinking water is not distributed uniformly and is scarce in
several countries. According to the World Health Organization (WHO),
80% of global diseases are related to water contamination. Globally,

1. Introduction

The increasing global human population is the foremost culprit for

several environmental problems such as global warming, water scarcity,
shortage of quality food and shelter, waste management, loss of biodi-
versity, and others. The sustainable development goals (SDGs) have
been introduced for wise utilization of natural resources for fulfilling the
present human needs and to conserve these resources for future gener-
ations. The hasty development of cities, industries, and agricultural
practices has led to deterioration in environmental quality. The rapid
increase in the ambient greenhouse gases (GHGs) concentration (CO,
CHy4, and N20) is the main culprit for the enhanced greenhouse effect.
Enhanced global warming is triggering several adverse impacts such as
flash floods, severe droughts, high fluctuation of day-night and seasonal
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crop production is adversely affected by global warming and poor soil
health. Thus, mitigation of GHG emission, remediation of contaminated
water, and soil health management is extremely important for achieving
the SDGs.

A vast range of remedial methods for these issues have been sug-
gested by scientists worldwide. Biochar, (“black carbon™) is a rich carbon
source. It is derived from the heating of lignocellulosic biomass like
plant and crop residues, municipal solid waste, algal biomass, etc. in the
partial presence or absence of oxygen via pyrolysis. Application of bio-
char in agriculture can potentially mitigate the concentration of
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Abbreviations

SDGs sustainable development goals

GHGs Greenhouse gases
N>O Nitrous oxide

CHy4 Methane

CO, Carbon dioxide

HM Heavy metals

AD Anaerobic digestion
MFCs Microbial fuel cells
v/v Volume per volume
g/8 gram per gram

g VS/L9%  gram volatile solid per liter per day
m?/g meter square per gram

H,S hydrogen sulfide

MJ/Nm Megajoule per newton meter

ppb part per billion

MJ/kg  Megajoule per kilogram

g/L gram per liter

mg/L Milligram per liter

mW/m? Milliwatt per square meter

W/m®  Watt per meter cube

Pt/C Platinum/carbon

Mg ha™! Megagram per hectare; kg ha™?, Kilogram per hectare
kg CH,~C ha™' Kilogram methane-carbon per hectare

kg N,O-N ha™! Kilogram nitrous oxide-nitrogen per hectare

g CH4 m~2 Gram methane per meter square

g N,O m~2 Gram nitrous oxide per meter square

kg Cha! kilogram carbon per hectare

kg CO,-C ha™! kilogram carbon dioxide-carbon per hectare
NHZ Ammonium ion

NO3 Nitrate

mg/g Milligram per gram
mg/kg  Milligram per kilogram
Cd Cadmium

Cu Copper

Zn Zinc

Cr Chromium

Pb Lead

Ni Nickel

Ti Thallium

As Arsenic

ppm art per million

potential GHGs such as CH4, CO;, and N2O emissions from soils [1,2].
Biochar due to its slow degradation rate is the best available option for
long-term carbon seizure in agricultural soils. Plants directly uptake
atmospheric CO, and fix it in the form of plant biomass. Biochar pro-
duced from plant biomass has a significant amount of organic carbon
and this carbon can be sequestered up to 2000 years mean residence
time in soil via biochar application [3,4]. Biochar application to agri-
cultural soils hinders the production and emissions of GHGs and thereby
checks global warming. Further, biochar application improves soil
health by enhancing soil porosity, soil moisture retention, enhances the
nutrient supply capacity of soils, and thereby enhances the overall crop
production. Besides this, it also removes heavy metals from soils [5].
Wastewater pollutants, such as pesticides [6], antibiotics [7], heavy
metals (HMs) [8], dyes [9], and nutrients, can be efficiently and easily
fixed through biochar application. Biochar has a high surface area which
is helpful for the removal of water contaminants through various
mechanisms such as sorption, pore filling, ion exchange, electrostatic
interaction, etc. [10].

The versatile application of biochar for hydrosphere (wastewater
contamination), lithosphere (soil health management), and atmosphere
(GHGs mitigation) related problems has led to a growing global interest
in its application to solve environmental issues. Scattered literature/
information is available thus justifying its importance for the decon-
tamination of wastewater, soil health management, and GHGs mitiga-
tions. However, an inclusive holistic review article discussing all these
issues together and taking up the complete utilization of biochar in
various environmental issues is presently lacking. To the best of our
knowledge, a review article covering the role of biochar in energy
(biogas, biological hydrogen, and ion-based batteries), climate change
mitigation options (carbon sequestration and CHy, and N,O mitigation),
and wastewater treatment has not been published yet. Therefore, this
manuscript presents the potential applications of biochar pertaining to
wastewater management, soil health management, mitigation of GHGs
emission from soils, and carbon sequestration, so as to comprehensively
present a mechanistic understanding of the same.

2. Techniques of biochar production

Pyrolysis, gasification, and torrefaction are the main thermochem-
ical processes through which biomass is converted into valuable

products such as biochar, biofuel, and syngas [11]. Biomass is decom-
posed into biochar at high temperature, and pressure, in the presence of
negligible oxygen. The percentage of valuable products (biochar, bio-
fuel, and biogas) formation is affected by the pyrolysis conditions
(Fig. 1). In the following section, different biochar production technol-
ogies are described.

2.1. Pyrolysis

Pyrolysis (complex thermochemical process) involves thermal
decomposition of biomass into biochar (carbon-rich), gases, and
condensed liquids (bio-oils/biofuel). Pyrolysis is carried out in an
oxygen-free environment at a high temperature ranging between 300
and 1000 °C. This oxygen-free environment prevents the combustion of
biomass and allows heating above the limit of thermal stability. The
composition of biochar, gases, and bio-oil products varies depending

mBiochar mBiofuel = Syngas

100% 1

90% 1 | !
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Fig. 1. The production of biochar, bio-oil, and gases obtained from different
pyrolysis techniques (Data from Qambrani et al. [11] and Roy and Dias, [12]).
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upon feedstock, temperature, residence time, heating rate, etc. (Fig. 1).
The solid product of pyrolysis is carbon (C) rich, but is not pure C.
Rather, it is a mixture of C, oxygen (O), nitrogen (N), calcium (Ca),
sulfur (S), and other elements depending on the composition of the
biomass employed for the formation of biochar [13]. Further, pyrolysis
is classified as slow and fast depending on the basis of temperature,
pressure, residence time, and heating rate. The yield of major products
of slow and fast pyrolysis vary, thus resulting in the production of bio-
char and bio-oil as major products, respectively [12].

2.1.1. Slow pyrolysis

Slow pyrolysis is a conventional method of producing biochar (BC)
from biomass. Under slow pyrolysis process, biomass is heated for a
longer residence time (ranging from min to hours) at a low temperature
as compared to fast pyrolysis. The heating rate ranges from 0.1 to 0.8 °C
per second or less than 50 °C per min [12]. Again, the production of BC
and bio-oil depend upon the feedstock properties, heating rate and
processing temperature, and gaseous environment of pyrolysis. BC yield
gets reduced with the amplifying pyrolysis temperature (Fig. 1), and
residence time. It has been found that the rate of BC production at a low
heating rate is higher as compared to a high heating rate in the pyrolysis
process [14]. Angin [14] reported that at 400 °C, the biochar yield got
reduced from 34.18 to 29.70% on increasing the rate of heating from
10 °C/min to 50 °C/min. Hossain et al. [15] reported that biochar
production from wastewater sludge feedstock reduced from 72.3% of
original feedstock to 52.4% on raising the temperature of pyrolysis from
300 °C to 700 °C. The study conducted by Angin [14] and Hossain et al.
[15] clearly indicate that the yield of biochar decreased with the in-
crease in the temperature of pyrolysis and the highest biochar yield can
the achieved with slow pyrolysis. In slow pyrolysis, almost 50% of
feedstock carbon is stored in a stable form in the biochar [16].

2.1.2. Intermediate pyrolysis

The amount of biochar produced through slow pyrolysis is relatively
higher than biochar production through fast, and intermediate pyroly-
sis. Intermediate pyrolysis is usually followed to obtain a balanced
concentration of different pyrolysis products such as biochar, biofuel,
and syngas (Fig. 1). Operating conditions such as heating temperature
(500-600 °C), residence time (300-1000 s), etc., lie between fast and
slow pyrolysis [17]. Concentration of by-products generated during in-
termediate pyrolysis was reported to be 15-25% of biochar, 20-30% of
syngas, and 40-60% of biofuel [17,18]. However, Ahmed et al. [19]
observed a higher content of biochar (38.78%) on intermediate pyrolysis
(temperature-500 °C, and heat rate-25 °C/min) of Acacia holosericea and
Accacia cincinnata species. The production of biochar from agro-residues
and woody biomass under intermediate pyrolysis (temperature-500 °C)
ranged from 27.5 to 40% of total pyrolysis product [20]. Yakub
Mohammed et al. [21] also investigated the intermediate pyrolysis of
Napier grass and observed 20.06% of biochar yield at 600 °C tempera-
ture with a heating rate of 50 °C/min.

2.1.3. Fast pyrolysis

Heating of feedstocks above 500 °C/min for less than 2 s of vapor
residence time in the absence of oxygen is known as fast pyrolysis [22].
Under such operating conditions, mostly vapors (bio-oil) are produced
with some amount of charcoal (Fig. 1). Fast pyrolysis is an advanced
process to obtain a high yield of bio-oil, and a low amount of biochar and
gases. Usually, in fast pyrolysis, peak temperature is maintained in the
range 500-550 °C to produce high bio-oil [22]. The major product of fast
pyrolysis i.e. bio-oil is miscible in water (~20-25 wt %) and polar or-
ganics (~75-80 wt %) [23]. Fast pyrolysis is preferred over slow and
intermediate to prevent the polymerization of intermediates, secondary
cracking, and condensation during the process [24]. One of the crucial
factors that affect the process of fast pyrolysis is particle size and it is
recommended to reduce the feedstock particle size to less than one mm.
In pyrolysis reactors, the feedstock is heated rapidly to decompose the
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biomass into gases and short-chain molecules. The gases produced are
cooled down to form bio-oil. The fraction of gases that do not condense
is used as fuel gases in the process of reheating the pyrolysis reactors
[25]. The desired product of fast pyrolysis is mainly bio-oil (40-70%),
but biochar (10-25%) and gaseous products (20-40%) are also obtained
in the process.

2.2. Gasification

In gasification (thermochemical process), small size carbonaceous
feedstock (<5 mm) is heated (>650 °C) in a partially oxidative atmo-
sphere under controlled air (gasification agent) supply by air/steam-air/
COo/steam/steam-oxygen/steam-air. The products generated during
gasification include syngas/synthetic gas/producer gas (low down
heating of 3.5-10.0 MJ Nm®3"), and small amounts of ash, char, and tar
[22,26]. The fraction percentage of the by-products generated during
gasification depends on the moisture percentage and biomass compo-
sition of the feedstock [27]. The burn-off percentage (30-55%) and
activation temperature (700-850 °C) are important parameters for
syngas production. The gasification process occurs in three phases (1)
endothermic pyrolysis-heat converts biomass into volatile matter and
char (methanol, steam, tars, and acetic acids), (2) exothermic
process-oxidation of carbon into CO; (3) reduction of volatiles, steam,
and some CO5 into CO, Hy and CH4 which is further diluted with the Ny
present in the air and unreduced CO». The syngas chiefly consists of COo,
CO, Hy, and hydrocarbons [28]. The syngas produced during gasifica-
tion can be used as a direct source of energy in gas turbines or boilers, or
gas engine after some purification or converted into high-quality
chemical/fuel products such as Hp, CH4, CoHsOH, and CH4OH [28].
Biochar production from gasification is significantly lower than slow
pyrolysis (Fig. 1) due to high operating temperature conditions. Based
on the feedstock composition, metals, minerals, and ash content may
differ in charcoal. Gasification can also be used to improve the textural
properties of charcoal produced during pyrolysis process and the pro-
duction of activated carbon for adsorption and catalytic uses.

2.3. Torrefaction

Torrefaction is a thermal decomposition and biomass treatment
process that produces biochar from the biomass/waste feedstock in an
inert atmosphere at 1 atmosphere pressure. Torrefaction decreases the
volatiles and water content from biomass thus improveing fuel proper-
ties in terms of higher energy density, elimination of biological activity,
hydrophobic behaviour, easier grindability, and homogeneous compo-
sition, etc. [29]. Torrefaction efficiency mainly depends on temperature
(200-300 °C) and retention time (15-60 min). Torrefaction feedstocks
are lignocellulosic (crop residue, chips, wood pellets, and tree bark,
etc.), organic non-lignocellulosic (cattle manure, paper sludge, poultry
waste, olive mill waste, and bagasse, etc.), and other feedstocks
including sewage sludge, digestate from biogas plants, food waste, and
spacecraft solid wastes consisting of low/or no lignocellulose content. In
torrefaction, the lignocellulosic compounds (cellulose, hemicellulose,
and lignin) are degradation products in which removal of COz and H;0
takes place, thus reducing O and H and in turn increasing C contents in
the remaining torrefied residue. Cellulose and lignin degradation de-
pends on the torrefaction temperature [30]. The torrefied biomass
contains initial mass (60-70%) and low heating value (90%). Torre-
faction biochar has a high energy density (potential energy - 80-90%)
and a further 30% can be increased through decreasing biochar mass up
to 70-80% [31]. Torrefied biochar is a hydrophobic reducing agent with
increased fixed carbon content (25-40%) and reduced oxygen and O/C
ratio making it an attractive substrate for incineration, co-combustion,
and gasification [32].
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3. Biochar and bioenergy

Biochar has a significant role to play in energy perspectives. It can be
utilized either as a feedstock for biogas production [33,34] or can be
utilized for biogas enrichment (for the removal of impurities from
biogas) [35,36]. Other than biogas production and purification, it can be
utilized for biological hydrogen production or for enhancing bioenergy
production in microbial fuel cells. Also, it can be utilized in ion batteries.
The application of biochar in each of these sectors is described in the
section below.

3.1. Role of biochar in biogas production

The decomposition of organic matter in an anaerobic environment
produces biofuel known as biogas which is a mixture of CH4 (40-65% v/
v), CO3 (35-55% v/v), hydrogen sulfide (HsS) (0.1-3% v/v), moisture
and other trace gases [37]. Anaerobic digestion (AD) is a multiple-stage
complex process which is affected by temperature, pH, feedstock
composition (C/N ratio), hydraulic retention time, and organic loading
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rate [38,39]. To achieve the optimum C/N (20:1-30:1) required for
biogas production, feedstocks are often co-digested or specific amend-
ments are added [37,40]. Biochar along with other organic matter can
be used as an amendment in AD for the enhancement of biogas pro-
duction [33,34]. C/N ratio of substrate and pH of AD significantly affect
biogas production [41]. Zhao et al. [42] investigated the effect of pH on
methanogenesis, hydrolysis, and acidogenesis in AD and reported that
pH 8 is suitable for all three processes in AD. Addition of highly
biodegradable substrates having a low C/N ratio reduces process pH and
thus leads to acidogenenic processes.

Acidogenesis suppresses the activity of methanogenic (CH4 produc-
ing) bacteria and results in lower biogas production. Under the acidic
environment of AD, the methanogenesis recovery takes a long time.
However, the application of biochar balances the C/N ratio as well as pH
thus resulting in quick restoration of the methanogenesis process [41].
Cerén-Vivas et al. [40] investigated the influence of substrate C/N ratio
on CH4 production in AD and observed the highest CH4 production at a
14.2 balanced C/N ratio. Higher and lower C/N ratio also plays a
negative role and inhibits CH4 production in AD. Higher C/N ratio

Table 1
Role of biochar in biogas (biological methane) and biological hydrogen production.
Reference Organic matter/substrate Duration of Biochar Increase in Methane/ Remarks
used experiments feedstock hydrogen production
(%)
Biogas
Sanchez et al. Swine waste 8 days Wheat and 25-37% Biochar supplies several trace metals to the methanogenesis
[60] corn straw process.
Sugiarto et al. Food wastes 40 days Pine sawdust 33.2-46.9% Biochar is leached with Fe and it enhances CH,4 production.
[61]
Sharma and Water hyacinth 35 days Cow dung 40.6-57.6% In this study, three level of biochar doses (v/v) (0.5%, 1.0% and
Suthar, [44] 1.5%) were used.
Qin et al. [49] Sludge of kitchen waste 25 days Bamboo 2.13% Biochar was synthesized at 500 °C. Incubation experiment was
Corn stalk —2.82%* conducted at 35 °C. *Note: Negative sign indicates a decrease in
Oak Wood 11.95% CH,4 production over control (without biochar).
Pine wood 10.18%
Apple wood 15.36%
Rice straw 1.18%
Wei et al. [45] Primary sludge 116 days Corn stover Up to 17.8% Incubation experiment conducted at 55 + 1 °C.
Pan et al. [47] Chicken manure 72 days Fruitwood 69% Biochar was produced at 550 °C. Anaerobic digestion was
conducted at 35 + 1 °C
Wang et al. Sludge + food waste (4:1) 55 days Sawdust 22.4-40.3% Pyrolysis temperature for biochar production was 500 °C.
[50]
Sunyoto et al. Aqueous carbohydrates 39 days Pine sawdust 10-41% Aqueous carbohydrate culture with biochar was incubated at pH
[48] 7 at 35 °C. Biochar was produced at 650 °C.
Biological hydrogen
Li et al. [62] Clostridial growth 40-60 h. Rice straw 79.6-118.4% Biochar was produced at 700 °C pyrolysis temperature.
medium
Sugiarto et al. Food waste 6 days Pinewood 45-54% Leached biochar was used in this study.
[63]
Zhao et al. Cow dung compost 30 h. Cornstalk 7-69% Biochar was prepared from cornstalk residue after pretreatment
[64] and hydrolysis.
Yang and Grass biomass (Lolium 48 h. Sawdust 89.8% Biochar was produced at 500 °C pyrolysis temperature
Wang [65] perenne L)
Wang et al. Dewater activated sludge 7 days SD300 27.89% SD-Sawdust; SS-Sewage sludge; PS-peanut shell; WB-wheat bran.
[66] and food waste (1:4 ratio) SD500 32.66% Biochar was produced at 300 °C, 500 °C, and 700 °C pyrolysis
SD700 110.05% temperature.
$S300 109.80%
SS500 60.80%
SS700 63.82%
PS300 57.29%
PS500 18.59%
PS700 70.35%
WB300 31.41%
WB500 64.32%
WB700 61.81%
Zhang et al. Glucose 27 h. Corn-bran 48.35% Biochar was produced at 600 °C.
[67] residues
Sharma and Municipal solid waste 12 h. Woody mass 44.59-76.65% 15 batch experiments using 100% organic biochar produced at
Melkania 400-500 °C pyrolysis was used.
[68]
Sunyoto et al. Aqueous carbohydrates 08 days Pine sawdust 31-36% Aqueous carbohydrate culture with biochar was incubated at pH

[48]

5 at 35 °C. Biochar was produced at 650 °C.
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provides optimum nitrogen to methanogenic bacteria enough for its
protein demand, and at lower C/N ratio, nitrogen is present in ammonia
form which suppresses the activity of methanogenic bacteria [40,43].
Recently, Sharma and Suthar [44], observed that the addition of biochar
at the rate of 1.0%(v/v) reduced the C/N ratio of AD setup from 21.80 to
14.28 which simultaneously enhanced biogas production by 57.6% over
non-biochar treatment (Table 1).

Balanced biochar addition in AD is a feasible option for maintaining
an optimum C/N ratio. Shen et al. [34] found that the addition of corn
stover feedstock biochar in AD increased CH4 production rate and biogas
CH4 percentage got enhanced by 37% and 25% respectively, over con-
trol. Addition of corn stover biochar (1.82, 2.55, and 3.06 g/g total
solid) into the primary sludge feedstock in AD enhanced CH4 production
from 67.5% to 81.3-87.3% [45]. Addition of biochar increased the hy-
drolysis of primary sludge along with conductivity, buffering capacity,
and alleviated ammonia inhibition resulting in higher CH4 production
(Fig. 2) [45,46]. Giwa et al. [46] used both commercial biochar and local
biochar in the anaerobic digester with high organic load (6.0 g vs/Ld2y)
in a long-run (365 days) experiment and observed a 5% higher CHy
production over the control (Table 1). In the laboratory AD batch
experiment, Pan et al. [47] biochar derived from air-dried chicken
manure, fruitwood, and wheat straw, and observed that CH4 production
improved by 69% with fruitwood biochar (Table 1).

The addition of biochar in two-phase digestion of liquid carbohy-
drates (obtained from food waste) at 35 °C pH 7 for 39 days enhanced
CH,4 yield from 10 to 41% over control [48]. In another study, Sunyoto
et al. [48] found that the addition of biochar in the AD system stimulated
the methanogenic population which boosted CH4 yield over control.
Physicochemical properties of biochar such as electron donor capacity
and specific surface area play an important role in improving biogas
production yield [49]. Qin et al. [49] investigated the effect of adding
biochar produced from seven different feedstocks of corn stalk, rice
straw, applewood, oak wood, bamboo, and pinewood on AD process.
The properties of biochar differed in the surface area ranging from 77.14
to 253.39 m?/g. The addition of woody biochar (oak, bamboo, and
pinewood) enhanced CH4 production from 10.18 to 15.35% over no
biochar although no significant difference in CH4 yield was observed
among woody biochar (Table 1). The highest increase in CH4 production
was observed with the addition of applewood biochar may be due to
higher C content and lower ammonia formation in AD (Table 1).

Biochar addition in AD is also known to shorten the lag phase of
biogas formation [50]. A study of Wang et al. [50], found that addition
of sawdust biochar to food waste and sludge in AD reduced the lag phase

Lower biogas
Low biological hydrogen production

Biogas
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time from 27.5 to 64.4% and improved CHy4 production from 22.4 to
40.3% over conventional operation and AD without sawdust biochar,
respectively. Biochar amendment in AD has a great potential for maxi-
mizing the biogas recovery with several other benefits such as sludge
reduction, sludge nutrient enhancements and pH buffering.

The addition of biochar to AD also promotes the direct interspecies
electron transfer (DIET) and sustains the methanogenic population [51,
52]. Wang et al. [52] investigated the effect of biochar addition in
up-flow anaerobic sludge blanket reactor and reported that the addition
of biochar maintains the balance between acidogenesis and methano-
genesis. High loading shock without biochar reduced biogas production
while biogas production is rapidly restored in high organic loading with
biochar. The addition of biochar helps in balancing the C/N ratio,
buffering capacity, moisture content, pH, methanogenic population,
shortening lag phase, etc., which in combination improve the overall
biogas production efficiency of AD.

3.2. Role of biochar in biogas enrichment

Biogas enrichment involves the removal of CO3 and other impurities
(H2S and other trace gases) from biogas for increasing its energy effi-
ciency and application as a vehicular fuel. This process increases the
methane content to more than 90%. Consequently, the enriched biogas
has an approximate heating value of 35.8 MJ/Nm® which is comparable
to natural gas [39]. Conventional biogas enrichment technologies such
as pressure swing adsorption, membrane separation, and water scrub-
bing suffer the drawback of high operating costs ranging between
$0.15-0.4/Nm® of biogas [53]. Comparatively, biological enrichment
technologies are more cost-efficient and easier to operate [35].
Biochar-based biogas enrichment can be done either in-situ wherein the
biochar is added to an anaerobic digester serving a dual purpose of
enhancing biogas production as well as adsorption of impurities or
ex-situ where the biogas produced is allowed to pass through a column
packed with biochar for effective adsorption of the impurities. In-situ
enrichment has the advantage of cost-reduction but suffers from
various technological challenges such as increased pH and gas-liquid
mass transfer of Hy [54]. However, studies have reported that biochar is
highly efficient in in-situ biogas enrichment resulting in the production
of biomethane with >90% purity and <5 ppb of HaS [55].

Shen et al. [56]utilized biochar derived from corn stover during in
situ biogas enrichment for removal of CO; and HaS from biogas and
reported high adsorption efficiency of the biochar resulting in >95%
methane content. The CO, removal efficiency was found to vary
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Fig. 2. Impact of biochar on biogas and biological hydrogen production in anaerobic digestion.
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between 54.9 and 86.3% based on the dosage of biochar. The in-situ
removal of CO, was attributed to the micropores existing in biochar,
higher surface area, electrostatic interaction, and polarity attraction.
With the increase in biochar dose, an increase in methane content and
substrate degradation was observed. However, at a higher dose, process
inhibition was observed, which was attributed to high concentrations of
alkali-metal beyond the acceptable limits thus leading to cation toxicity.
Under thermophilic conditions, the cationic toxicity was observed to be
lower as compared to mesophilic conditions as efficient hydrolysis and
microbial activity occur prior to cation release [57].

Biochar has also been utilized for the adsorption of biogas impurities
under ex-situ conditions. Sahota et al. [58], utilized leaf waste biochar
for ex-situ biogas cleaning and observed that biochar synthesized at
different temperatures (200, 300, and 400 °C) varied in their H,S
adsorption efficiency. Biochar produced at 400 °C showed highest HoS
removal efficiency of 84.2%. This was attributed to the fact that higher
carbonization temperature results in the generation of a greater number
of micro-/meso-pores resulting in increased pore volume and surface
area leading to increased HyS removal. The pH of biochar was also found
to be an important parameter influencing H,S adsorption. With the in-
crease in carbonization temperature, biochar pH was found to increase
due to the formation of alkaline species. Further, lowest H/C ratio in the
biochar prepared at 400 °C resulted in low hydrophilicity due to which
an increase in HyS adsorption was observed. Kanjanrong et al. [59],
applied biochar produced from woodchips and AD residue for ex-situ
elimination of H,S from biogas. An efficiency of >90% removal of HaS
from biogas was reported, which the authors attributed to the alkaline
nature of biochar and high humidity of inlet HyS gas from the reactor.
Fourier Transform Infrared (FTIR) spectroscopy provided evidence for
the existence of carboxylic and hydroxide radical groups on biochar
surface which were probably responsible for the adsorption of HaS. The
authors also suggested that this sulfur-laden biochar can be used as an
amendment to soils deficient in sulfur.

3.3. Role of biochar in biological hydrogen production

Hydrogen is considered as the future fuel due to its high energy
density and wide availability. The gravimetric energy of hydrogen (120)
is 2.70 times higher than gasoline (44.5 MJ/kg) [69]. Hydrogen can also
be produced from biomass and organic waste through microbial
photosynthesis and AD. During fermentation (AD), biomass and organic
matter undergo microbial decomposition and result in hydrogen pro-
duction. The role of biochar in biological hydrogen production is sig-
nificant in terms of energy and environment. The addition of biochar in
organic matter prevents ammonia inhibition, acid formation and acts as
a pH buffer which enriches microorganism biofilm formation (Fig. 2)
[65,68]. The biofilm formation in AD has a positive correlation with
hydrogen production. Biochar reduces the lag time in AD by maintaining
the stability of the medium via buffering capacity and results in higher
hydrogen production as compared to the organic matter without biochar
amendment [48].

The addition of organic biochar (12.5 g/L) produced from woody
biomass at a pyrolysis temperature of 400-500 °C to municipal solid
waste reduced the lag phase from 12.5 + 0.6 h to 8.1 + 0.5 h and
resulted in 44.59-76.65% higher hydrogen production over control
(Table 1). Sunyoto et al. [48] also observed that addition of biochar
shortened the lag phase of AD and improved hydrogen production by
31-36% as compared to the control. Hydrogen production from grass
fermentation got enhanced by 89.8% with the addition of biochar (600
mg/L) combined with zero-valent iron nanoparticles (400 mg/L) [65]
(Table 1). Biochar with zero-valent iron nanoparticles shortened the lag
time and enhanced the microbial population of Clostridium species
which efficiently degraded the biomass and resulted in higher hydrogen
production [65]. The role of iron with biochar in boosting hydrogen
production in AD has also been reported by Zhang et al. [67]. It was
reported that biochar with ferrous iron in a 3:1 ratio has synergistic
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effects on hydrogen production (Table 1). Recently, Li et al. [62] studied
the effect of adding different concentrations of biochar on ethanol and
butyrate-type fermentation. The hydrogen production in ethanol and
butyrate-type fermentation with biochar addition at 0, 3, 6, 9, and 12
g/L concentrations was 57.64, 125.87, 122.62, 122.69, and 117.54 mL,
respectively [62]. The biochar dosage of 3 g/L was observed to be most
favorable for both butyrate and ethanol fermentative hydrogen pro-
ductions. The highest increase in hydrogen production in butyrate and
ethanol fermentation was 79.6% and 118.4%, respectively (Table 1) due
to buffering and continuous nutrient releasing capacity of biochar.

Wang et al. [66] explored different biochar types, produced from
four different feedstocks namely sawdust, sewage sludge, peanut shell,
and wheat bran at three different pyrolysis temperatures (300 °C,
500 °C, and 700 °C), for the biological hydrogen production using the
same substrate of dewatered activated sludge and food waste (4:1 ratio)
(Table 1). The authors reported that the hydrogen production from
control was 39.8 mL/day. With the addition of 10 g/L biochar, the
hydrogen production increased by 27.89-110.05%, 60.80-109.80%,
18.59-70.35%, and 31.41-64.32% over control by adding biochar ob-
tained from sawdust, sewage sludge, peanut shell, and wheat bran,
respectively (Table 1). The biochar produced from sewage sludge
although had low surface area and high ash content but promoted the Hy
production by maintaining pH through buffering capacity potential
[66].

Biochar leaching reduced the mineral content (Fe, Ca, and K) of
biochar with no significant change in hydrogen, carbon, and nitrogen
content. Sugiarto et al. [63] investigated the effect of the leached bio-
char and unleached biochar on hydrogen production in mesophilic AD
and observed that the addition of unleached biochar significantly
increased the hydrogen production rate up to 54% over control
(Table 1). The addition of leached biochar in AD resulted in lower
hydrogen production in comparison to unleached biochar treatment
which indicates that the leached fraction constitue the mineral content
in biochar and plays a crucial role in promoting hydrogen production
[63]. Addition of biochar d from cornstalk residue after pretreatment
and hydrolysis at the rate of 15 g/L to cow dung feedstock in AD
enhanced biological hydrogen production from 2264 mL/L to 3990
mL/L (Table 1). Zhao et al. [70] reported that the residue of the AD
system can also be pyrolyzed to biochar and biological hydrogen can be
produced from this biochar. Mineral content such as Fe, Ca, Na, K, etc.,
present in biochar makes it an ideal catalyst for biological hydrogen
production and biochar production cost make it economically viable
[63,71,72]. Therefore, it can be concluded that biochar can play a sig-
nificant role in the biological hydrogen production process and will have
an unprecedented impact in the area of green energy.

3.4. Role of biochar in microbial fuel cells

Microbial fuel cells (MFCs) are an emerging technology that deals
with the bioremediation of inorganic, organic contaminations, nutri-
ents, heavy metals, etc. along with bioenergy generation through the
action of exoelectrogenic microorganisms [73-75]. The rate of biodeg-
radation of contaminants and bioenergy is affected by several factors
such as MFCs architecture (anode, cathode, proton exchange mem-
brane), and operating conditions, etc. Generally, MFCs consist of elec-
trodes (cathode and anode) separated by a proton exchange membrane
(Fig. 3). In MFCs the bioenergy generated is harnessed by connecting an
external load between anode and cathodes. The biodegradation of
organic contaminants/nutrients liberates electrons and protons and the
transfer of these electrons from anode to cathode in MFCs generates
bioenergy. The terminal electron acceptor, such as hexacyanoferrate or
oxygen consumes electrons and protons at the cathode by reduction.

Electrodes affect the MFCs in term of performances (energy gener-
ation/biodegradation) as well as economics (fabrication/production
cost). Huggins et al. [76] quoted only electrode material can contribute
up to 20-50% of the total fabrication cost of MFCs. To have optimum
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Fig. 3. Schematic illustration of a dual-chamber microbial fuel cell.

performance an ideal electrode should have a higher surface area, sta-
bility, biocompatibility, and conductivity [76]. Both in terms of cost and
performance, the application of biochar as electrodes in MFCs has
abundant scope.

Huggins et al. [76] experimentally investigated the role of
wood-based biochar as electrodes in MFCs. Two types of biochar were
produced from compressed milling residue, and forestry residue feed-
stocks that showed power outputs of 457 mWm 2, and 532 mWm 2,
respectively [76]. Biochar has also been employed for the fabrication of
air cathode in MFCs as reported by Chang et al. [77]. It was observed
that air cathode fabricated from Balsa wood chip at 800 °C successfully
achieved power density up to 200 mW,/m? in single-chamber MFCs. The
porous nature and high oxygen reduction reaction enhanced the power
density of the biochar air cathode [77]. The thickness of biochar cathode
also significantly affected the power density of the soil MFCs. Chang
et al. [77] observed a power density of 72 mW/m? with 3.5 mm biochar
which was 45% higher than the power density obtained with the com-
mon carbon felt floating anode used in soil MFCs. Huggins et al. [78]
firstly reported that biochar can be potentially used as anode and
cathode material in open circuit MFCs and they found peak power
density of 6 W/m?®. Biochar produced from water hyacinth (Eichhornia
crassipes) at 900 °C pyrolysis temperature was reported to have high
oxygen reduction catalytic activity and therefore it is suggested to be
used as an inexpensive electro-catalyst in place of Pt/C catalyst [79].
Allam et al. [79] observed a maximum power density of 12.3 mW/m?
and 24.7 mW/m? with water hyacinth biochar and Pt/C catalyst
respectively, in air cathode single-chamber MFCs. Although, the power
generation from water hyacinth biochar air cathode was approximately
half as compared to the power generation from Pt/C catalyst in
single-chamber MFCs, this finding opens the way for replacing
metal-based catalysts such as Pt/C with an economic and environmen-
tally friendly catalyst such as water hyacinth biochar [79]. Li et al. [80]
also found that biochar produced from corncob can also be used as
catalysts in air cathode MFCs.

The biochar produced from corncob feedstock at 650 °C consisting of
655.89 m2/g electrochemical active area achieved 458.85 mW,/m? and
0.221 V of maximum power density and output voltage respectively, in
air cathode MFCs [80]. Recently, Zhang et al. [81] reported that N
doping in biochar extensively improved the oxygen reduction catalyst

role of biochar by increasing specific surface area (by 5 times), porosity,
and electrical conductivity. The maximum power density of 907.2
mW,/m? was achieved with N-doped biochar in MFCs which was slightly
lower than the power density (1022.9 mW/m?) of expensive Pt/C
catalyst [81]. Biochar can also improve the power generation in sedi-
ment MFCs effectively. In a laboratory scale experiment in
sediment-MFCs, Chen et al. [82] added coconut biochar at the rate of
10% of the dry weight of sediment and found a 2 to 10 times increase in
power generation over no biochar experimental setup. Based on the
above discussion, it can be concluded that biochar application as anode,
cathode, and catalyst has a significant effect on bio-energy generation
and cost-reducing in MFC technology.

3.5. Role of biochar in lithium-sodium ions batteries

The depletion rate of oil, gas, coal, and other non-renewable re-
sources is upsurging with the human population explosion. The majority
of non-renewable energy resources are used in industrial activity and
vehicles. Currently, the application of power-storing devices such as
lithium/sodium batteries in many types of vehicles and portable devices
has gained global desirability. Rechargeable ions (sodium/lithium)
batteries have higher power, energy density, and higher energy effi-
ciency storage options with long service life [83,84]. In this battery, ions
move from anode to cathode through an electrolyte during discharging
cycle and vice-verse flow during the charging cycle. The efficiency of
electrodes plays a significant role in the overall performance of the ion
batteries. A larger surface is not considered appropriate for ion (lith-
ium/sodium/silicon) batteries due to safety purposes. Biochar is an
economically feasible and sustainable material with a high specific ca-
pacity which enhances its application as an electrode in ion batteries
[85].

Activation via KOH/annealing process led to enhanced electronic
conductivity and increased microspores structure of the biochar [85].
Application of such activated biochar as cathode in lithium-sulfur bat-
tery resulted in high retention capacity (1295 mA h/g) with more than
95% coulombic efficiency [85]. Rios et al. [86], elucidated the feasi-
bility of using biochar obtained from different woody feedstocks such as
resinous wood (pine), deciduous wood (ash wood), wheat straw, and
miscanthus as anode in sodium-ion batteries. The coulombic efficiency
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of Pine, Ashwood, wheat straw, and miscanthus biochar based elec-
trodes in sodium-ion batteries were 85%, 79%, 65%, and 80%, respec-
tively [86]. The lowest coulombic efficiency with wheat straw biochar
was related to its high surface area as compared to others [86]. High
surface area promotes the consumption of electrolyte species in form of
solid electrolyte interphase due to degradation of electrolyte which re-
sults in lower coulombic efficiency [86]. Biochar doped with iron further
improves its carbon content and the utilization of magnetic biochar as an
electrode in lithium-ion batteries showed higher initial specific
discharge capacity over unmagnified biochar electrodes [87]. Based on
the above discussion, it can be summarized that biochar application as
electrodes in ion-based batteries has great feasibility due to its sustain-
able and cost-effective production method.

4. Role of biochar in GHGs mitigation from agricultural soils

CHy4, N0, and CO; are the three main GHGs emitted from agricul-
tural soils. Biochar has a great potential in the mitigation of GHGs
emissions from agricultural soils and thereby in mitigating global
warming [88]. Several strategies such as management of nitrogenous
fertilizers, irrigation water management, management of organic mat-
ter, tillage management, and cultivar selection were commonly adopted
for the mitigation of GHGs from soils. Recently, the potential of biochar
to mitigate GHG emissions from agricultural soils was also studied. The
CH4 and N»O emission mitigation from biochar amended soils are dis-
cussed herewith.

4.1. Methane mitigation

CH4 contributes 16% to the total anthropogenic global warming
[89]. Agricultural soils contribute around 15-30% of total CH4 emission
and the majority, i.e. 12% of it, occurs from paddy cultivation [90,91].
Rice cultivation is 2nd most significant source of CH4 emission after
livestock. Therefore, most of the CH4 mitigation strategies have been
focused on mitigation from the paddy fields. These strategies are water
management (alternate wetting and drying, midseason drying, system of
rice intensification), direct-seeded rice, and use of Azolla-based bio-
fertilizers, etc. [92,93]. In the rice ecosystem, flooded water generates
anaerobic environment, which stimulates the growth of methanogenic
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microbes. These methanogens consume soil organic carbon (SOC) and
emit CH4 gas as a byproduct during the methanogenesis process [94,95].
Usually, the organic matter added to the rice soils significantly enhances
CH4 emission [96,97]. However, soil amended with biochar as organic
matter shows a negative correlation with CH4 emission and mitigates the
overall concentration [98-100].

CH4 emission from any soil is a resultant of two processes viz.
methanogenesis (anaerobic condition) and methanotrophy (aerobic
condition). CH4 mitigation can be carried out either by enhanced ac-
tivity of methanotrophic bacteria or inhibition of methanogenic activity.
Biochar stimulates the growth of type-I and type-II methanotrophs and
thereby enhances the CH4 consumption and reduces the net CH4 emis-
sions [101,102]. Soil may act as a source or sink depending upon the
biotic and abiotic factors. Application of biochar in soil also reduces
NHJ content by adsorption. NHJ inhibition in turn enhances CHy4
oxidation consequently resulting in lower CH4 flux from soil (Fig. 4).
Moreover, higher NHJ content in soil suppresses the activity of methane
monooxygenase (MMO) enzyme. MMO is the first enzyme required for
CH4 oxidation in the methanotrophic pathway. On the other hand,
biochar addition to soil reduces soil density, enhanced aeration, and acts
as soil buffer which likely suppresses methanogens and stimulates
methanotrophic bacteria [102]. Ameding the soil with 2% and 4% (w/w
soil) rice husk biochar resulted in a significant reduction of 45.2 and
54.9% in CH4 emission [103]. This CH4 emission reduction under bio-
char amended soils was attributed to increased activity of methano-
trophic bacteria controlled by the methanotrophic pmoA gene [104]. Ly
et al. [105], investigated the influence of rice straw and biochar on CHy4
emission in rice and reported 29% lower CH4 emission from the soil
amended with biochar as compared to rice straw. This higher CHy
emission from rice straw amended soil was mainly due to higher labile
carbon content [105]. Sriphirom et al. [99] studied the effect of
mangrove (Rhizophora apiculata) biochar alone and with compost
application on CHy4 emission and found that CH4 emission was reduced
by 40.57% and 29.5%, respectively in comparison to the respective
control (Table 2).

Wu et al. [106] studied the impact of biochar in a six-year field
experiment with rice-wheat and recommended that biochar incorpora-
tion at the rate of 20 and 40 Mg ha~! with 250 kg N ha! significantly
reduced the CH4 emission by 11.19%, and 17.45%, respectively over the
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Fig. 4. Mechanism involved in methane mitigation in terrestrial/agricultural soils under biochar amendment.
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Table 2

Influence of biochar addition to agricultural soil on methane and nitrous oxide emission.
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Reference & study

Treatments details

CH4 emission kg

N3O emission kg

CO,, emission kg

Remarks

location (Mg ha™') ha~! (% mitigation) ha~! (% mitigation) h' (% mitigation)
Rice
Sriphirom etal. [99],  Biochar (0) 244 (control) - - Biochar was produced from mangrove (Rhizophora
Thailand Biochar (10) 145 (40.57) - - apiculata) feedstock through slow pyrolysis.
Biochar (10) + 172 (29.51) - -

Yang et al. [2], China

Shao et al. [112],
China

Xiao et al. [90],
China

Wang et al. [109],
China

Kowshika et al.
[113], India

Pandey et al. [114],
Vietnam

Singla and Inubushi
et al. [115], Japan

Wheat
Shao et al. [112],
China

Wu et al. [106],
China

Heetal. [116],
China

Niuetal. [117],
China

Xiang et al. [118],
China

Maize
Yang et al. [119],
China

Niu et al. [120],
China

Compost (1.5)
Biochar (0)

Biochar (20)

Biochar (40)

Control (0)

USS* (20)

Biochar (20)

Biochar (0)

Biochar (20)

Biochar (40)

Biochar (0% w/w of
soil)

Biochar300 (3% w/w
of soil)

Biochar500 (3% w/w
of soil)

Biochar700 (3% w/w
of soil)

Control (150 kg N
ha™ 1)

Biochar (10)

Biochar (10) + SSB
(12.5kgha™)
AWD-FYM (10)
AWD-biochar (6.67)
PF-FYM (10)
PF-biochar(6.67)
Ammonium sulphate
(AS) (160 mg pot™)
AS + biochar (790 mg
Cpot™h)

Control (0)
USS (20)

Biochar (20)

N (250 kg N ha™ ) +
biochar (0)

N + biochar (20)

N -+ biochar (40)
ON (125 kg N ha )
ON + biocharl (7.5)
ON + biochar2 (15)
ONI (125 kg N ha™ 1)
ONI + biocharl(7.5)

ONI + biochar2 (15)

Biochar (0)
Biochar3 (3)
Biochar6 (6)
Biochar12 (12)

N (200 kg N ha™!) +
biochar (0)

N + biochar3 (3)

N + biochar6 (6)

N + biocharl2 (12)
ON (225 kg N ha 1)
ON + biochar (3.75)
ON + biochar (7.50)

Biochar (0)

Biocharl5 (15)
Biochar30 (30)
Biochar45 (45)
N (120 kg N ha™1)
N -+ biochar (3)
N + biochar (6)

114.8 (control)
80.55 (29.83)
100.4 (12.54)
16.28 (control)
149.73 (—820)
12.63 (22.44)
154.2 (control)
108.4 (32.94)
130.1 (15.63)
58.2** (control)

93.4 (—60.48)
62.6 (—7.56)
63.4 (—8.93)
54.9 (control)

46.9 (14.57)
46.0 (16.21)

105 (control)
46 (56.19)
353 (Control)
140 (60.34)
169 (control)

347 (-105)

0.026 (control)
0.026 (at par with
control)

—0.026 (200)
62.45 (control)

55.45 (11.19)
51.55 (17.45)

0.196 (control)
0.132 (32.65)
0.145 (25.85)

—0.299 (control)

—0.559 (-87.27)
—0.606 (—103)
—0.076 (74.54)

4.84 (control)
5.27 (—8.89)
3.58 (26.06)
5.86 (control)
3.76 (36.27)
4.90 (16.80)

57.9%* (control)
17.9 (69.08)
1.28 (97.79)

0.59 (98.98)

0.97 (control)
0.67 (30.93)
0.44 (control)
0.27 (38.64)
0.2 (control)

—0.4 (100)

1.95 (control)
2.09 (-7.26)

1.32 (32.26)
5.55 (control)

4.46 (19.55)
4.09 (26.35)
3.93 (control)
2.73 (—9.43)
3.38 (—35.22)
2.22 (control)
1.26 kg N ha™!
(43.26)

1.26 kg N ha™!
(43.26)

0.35 (control)
0.41 (—18.18)
0.40 (—13.64)
0.44 (—27.27)
0.94 (control)

0.88 (6.67)
0.84 (10)
0.93 (1.67)
6.38 (control)
6.32 (0.99)
5.97 (6.40)

0.319 kg ha!
(control)
0.134 (58.15)
0.067 (79.15)
0.185 (76.49)
1.57 (control)
1.32 (16)
1.35(15)

5142 (control)

4007 (22.08)
4035 (21.53)
3550 (30.97)

Biochar was produced from rice straw through pyrolysis at
600 °C temperature.

*USS is unpyrolyzed municipal sewage sludge. Biochar was
produced from dry municipal sewage sludge at 800 °C.

Biochar was obtained from rice-straw through pyrolysis at
600 °C temperature.

Biochar300, biochar500, and Biochar700 were produced
at 300, 500, and 700 °C, respectively, from rice straw.
**Note: Unit of CH4 and N,O is mg kg~! soil.

SSB-Silica solubilizing bacteria.

Biochar was produced from rice straw at 500 °C temp.
(AWD-alternate wetting and drying and PF-permanent
flooding, FYM-farmyard manure)

Biochar was produced from biogas digester solid slurry at
330 °C temperature.

USS is unpyrolyzed municipal sewage sludge. Biochar was
produced from dry municipal sewage sludge at 800 °C.

Biochar was produced from wheat straw at 500 °C. Six
years average result of a field experiment conducted with
rice-wheat rotation.

Wheat straw biochar produced at 450 °C is used.
ON-Optimal N dose; ONI-optional N dose + nitrification
inhibitor (DCD, 5% by w/w) and urease inhibitor
(hydroquinone, 0.3% by w/w)

BC was produced from maize straw feedstock through
pyrolysis at approximately 450 °C.

Wheat-derived biochar was used in this study. ON-optimal
nitrogen fertilizer dose

Biochar was made from corn straw feedstock ta
400-500 °C. Negative sign indicates CH4 consumption in
soil.

Biochar was produced from maize straw at 450 °C
pyrolysis temperature.

(continued on next page)
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Table 2 (continued)
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Reference & study

Treatments details

CH4 emission kg

N3O emission kg

CO;, emission kg
h~! (% mitigation)

Remarks

Biochar was produced from maize straw feedstock through
pyrolysis heating at approximately 450 °C.

location (Mg ha™') ha~! (% mitigation) ha~! (% mitigation)
N + biochar (12) - 1.27 (19)
Niu etal. [117], Control (0) - 0.90 (control)
China Biochar3 (3) - 1.38 (—54.39)
Biochar6 (6) - 1.46 (—63.16)
Biochar12 (12) - 1.73 (—92.98)

N (200 kg N ha™) + -
biochar (0)

5.19 (control)

N + biochar3 (3) - 3.11 (40.0)
N -+ biochar6 (6) - 3.55 (31.52)
N + biochar12 (12) - 3.38 (34.85)
Zhang et al. [121], CF (239 kg N ha 1) —0.42 3.08 (control)
China CF + biochar (20) —0.42 2.09 (32.14)
CF + biochar (40) —0.54 2.00 (35.20)
BF (217 kg N ha™!) —0.60 0.99 (control)
BF + biochar (20) -0.73 0.93 (5.60)
BF + biochar (40) -0.74 0.94 (4.76)
Hiippi et al. [122], Control - 5.55 (control)
Switzerland Biochar (20) - 2.67 (51.84)

5837 (control) Biochar was produced from wheat straw at 450 °C

6171 (—5.72)* temperature.

6259 (—7.26)* CF-conventional fertilizer; BF-Balanced fertilizer.
5966 (control) *Negative sign indicates consumption of CH, in soil.
6109 (—2.43)*

6714 (-12.57)*
- Green waste mostly obtained from tree pruning was
- utilized for biochar production.

control (i.e. application of 250 kg N ha! alone). Feng et al. [98] studied
the effect of three types of biochar prepared at different temperaturesi.e.
300 °C, 400 °C, and 500 °C on CH4 emissions from rice soil in a field
experiment. Cai et al. [107] also studied the CH4 mitigation potential of
three biochar prepared at 300 °C, 500 °C, and 700 °C temperature in an
incubation experiment using paddy soils. Feng et al. [98] and Cai et al.
[107] both reported a significantly lower CH4 reduction in the biochar
prepared at higher temperature as compared to biochar prepared at a
lower temperature. Therefore, it was concluded that biochar produced
at higher temperature has more CH4 reduction potential [107]. In an
anaerobic environment such as paddy fields and natural wetlands, the
application of biochar enhanced the anaerobic oxidation of methane
(AOM). In agricultural and other terrestrial soil, sometimes the AOM
process is coupled with the denitrification process and the process is
known as denitrifying anaerobic methane oxidation (DAMO) [102].
DAMO process consumes CH4 as electron donor and NO3 as electron
acceptors. Biochar in soil stimulates the DAMO process as it acts as an
extra electron acceptor. Nan et al. [108] reported that biochar adsorbs
the soil organic carbon on its surface and limits its availability for
methanogens resulting in lower production of CH4 gas (Fig. 4). Biochar
is porous and alkaline, and its addition in soil enhances the porosity of
rhizospheric zone and stimulates CH4 oxidation (Fig. 4).

Contrastingly, some studies have also concluded that biochar
amendments stimulate the CH4 emissions from rice soil. Wang et al.
[109] investigated the influence of biochar produced from rice straw
feedstock on CH4 emissions (Table 2). They reported that the CHy4
emission from biochar treated soils prepared at 300, 500, and 700 °C
was 60.48%, 7.56%, and 8.93% higher than control (Table 2). The au-
thors concluded that the increase in CH4 emission was mainly because of
increased soil dissolved organic carbon content of biochar amended
soils. They further argued that biochar prepared at 500 °C (68.1 m 2
g’l) and 700 °C (161 m~? g’l) have a larger surface area than biochar
prepared at 300 °C (4.40 m~2 g~ 1). The larger surface area enhanced the
population of iron-reducing bacteria in soil, which competes with CHy4
producing bacteria and therefore resulted in lower CH4 emission. Qi
et al. [110] also reported similar findings at the field level in biochar
amended rice soils in Chongqing, China (Table 2). They concluded that
biochar application at the rate of 10 Mg ha™! increased the dissolved
organic carbon content of the soil which resulted in 264.79% higher CHy4
emission over control (0 Mg biochar ha’l). Thus, based on the above
discussions, it can be concluded that biochar can play a significant role
in CH4 mitigation from rice soils. However, the mitigation potential of
biochar varies with the feedstock, amount of biochar added, pyrolysis
temperature, water management, agronomic management, and in-
teractions of biochar with other organic matter and chemical fertilizers
[98,101,111].
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4.2. Nitrous oxide mitigation

N2O is a potent GHG having an atmospheric lifetime of 114 years
GWP 265 which contributes 5% to the total anthropogenic global
warming [123]. Its concentration has increased from 285 ppb in the
pre-industrial era (1750) to 350 ppb at a rate of 0.73 ppb per year during
the last thirty years [89]. Agronomic soils are the largest source of NyO
emissions contributing 67% of total anthropogenic N,O emission [89].
Globally, the N5O emissions from agricultural soils have increased from
1.44 Tg in 1960 to 4.25 Tg in 2010 [124]. N2O emissions from Indian
agriculture has increased from 0.14 (1960) to 0.71 (2014) [123]. The
mitigation of N2O emissions from agricultural soils is of global concern.
There are several options for NyO mitigation from the agricultural soils
such as the use of neem oil coated urea (NOCU), nitrification inhibitors
(NIs), Azolla biofertilizers, etc. [91,93,125,126]. Recently, it has been
concluded that the incorporation of biochar to agricultural soil also
mitigates the N2O emission with a very high efficiency.

The potential of biochar for NoO mitigation from the major cereal
crops is presented in Table 2. Wu et al. [106] conducted a six years field
experiment in a rice-wheat system and observed that biochar applica-
tion at the rate of 20 and 40 Mg ha! significantly reduced N,O emission
by 19.55% and 26.35%, respectively over control. In rice crops, Yang
et al. [2] reported 8.89% higher N,O emission over control with a lower
dose of biochar (20 Mg ha™!), while increasing biochar dose from 20 Mg
ha~! to 40 Mg ha~! resulted in 26.06% lower N,O emission (Table 2).
Yang et al. [119] applied four concentrations of biochar (0, 15, 30, and
30 Mg ha™!) and reported the highest mitigation of NyO emission
(79.15%) in 30 Mg ha~! treatment over control. Further increasing
biochar concentration from 30 to 45 Mg ha ™! reduced N»O emission by
76.5%, which indicates that application of an optimum dose of biochar
is very much essential for achieving highest NyO mitigation.

Wang et al. [109] conducted an ex-situ study with biochar prepared
at 300, 500, and 700 °C temperature i.e. biochar300, biochar500, and
biochar700, respectively. They applied biochar by 3% of soil weight
basis and reported 98.98%, 97.79%, and 69.08% N3O mitigation in
biochar700, biochar500, and biochar300, respectively, over control (no
biochar). The biochar produced at higher pyrolysis temperature had
larger pore size which enhanced the soil pH and subsequently sup-
pressed the activity of nitrate reductase enzyme responsible for con-
version of nitrate/nitrite to N2O which therefore resulted in higher NyO
mitigation [109]. Niu et al. [117] investigated the effect of biochar
application alone and with inorganic fertilizers on NoO emission in
maize crop. Biochar application alone at the rate of 3, 6, and 12 Mg ha™?
increased N2O emission by 54.39%, 63.16%, and 92.98%, respectively
over control (0 Mg biochar ha™1). However, biochar application with
urea at the rate 3, 6, and 12 Mg ha~! reduced N,O emission by 40%,
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31.52%, and 34.85%, respectively. They concluded that on application
with inorganic N fertilizers biochar adsorbs NH4 on its surface which
suppresses the ammonification and nitrification process and thereby net
N>O emission [117].

Recently, a metadata analysis of published studies about biochar
potential for N»O mitigation were done. Cayuela et al. [127]
meta-analyzed the global data and found that biochar amended soils
mitigate almost 50% of NoO emissions. Verhofstad et al. [128] reported
average reductions of 9-12% in N2O emission from biochar amended
soils. Lately, a global meta-analysis by Borchard et al. [129] reported a
38% average reduction of N,O emissions from biochar amended soils as
compared to control. On the other hand, a few investigations indicated
enhancement in the N3O emission from agricultural soils after biochar
amendment. Qi et al. [110] reported that biochar application (10 Mg
ha™1) to rice soil increased N-O emission by 98.17% over control soil
lacking biochar amendment. Shokoor et al. [130] conducted a global
meta-analysis for comparing the effect of biochar and animal manure on
NoO emission from agricultural soils. Direct application of animal
manure improved soil organics, soil microbial population, soil fertility,
etc., but it also resulted in higher N>O emission having a negative impact
and enhanced global warming (Fig. 5). The authors observed that the
application of organic matter in the form of biochar reduced cumulative
N0 emission by 19.7% over non-biochar soil, and the application of
animal manure emitted 17.7% higher NyO over control [130].

Shakoor et al. [130] found that N,O emission factor for biochar and
animal manure application in soil were —0.08% and 0.46% respectively,
which indicated the application of organic matter in the form of biochar
play a significant role in N3O emission mitigation. Organic compost and
animal manure have a high content of readily available nitrogen,
phosphorus, carbon, and other nutrients, and its application increased
substrate (nitrogen and carbon) for nitrification and denitrification
processes and enhanced the N,O flux (Fig. 5). Biochar also has high
nutrient content but they are not readily available for microbial pro-
cesses [130]. Higher oxygen content in biochar applied soil inhibits
denitrification process and result in lower N2O emission over animal
manure or compost (Fig. 5).

The N2O mitigation from agricultural soils mainly depends on the
biochar properties and interaction between soil and biochar. Many
biochar properties such as acidic and basic functional groups, pH,
porosity, redox properties, and its specific surface area vary with the
pyrolysis temperature and feedstock used for biochar preparation [127,
131]. The biochar temperature, dose of application, and its application
with inorganic N greatly influence its N2O mitigation potential. Biochar
produced at higher pyrolysis temperature mitigates NoO emission more

Reduction

Renewable and Sustainable Energy Reviews 149 (2021) 111379

efficiently due to its larger specific surface area [109]. The dose of
biochar incorporation also plays a crucial role in the mitigation of NyO
emissions from soils. At a lower rate of application, biochar enhances the
N2O emission, while, at higher doses, it reduces the N2O emission [2,
119]. The performance of biochar for NyO mitigation gets enhanced
with inorganic N fertilizers due to adsorption of NH4 and reduction of
NH{ and NOj3 for nitrification and denitrification processes, respectively
which restricts N2O emissions [117]. Once biochar is applied to soils, it
can modify the soil pH, microbial symphony and ultimately reduces the
N2O efflux [132,133]. Biochar application to soil enhances the soil pH,
which suppresses the activity of the nitrate reductase enzyme and results
in N2O emission reduction [109]. The application of biochar to agri-
cultural soils neutralized the soil pH, thereby reducing the population of
nitrifying bacteria and consequently N2O emissions [109]. Besides this,
it may increase the pH of the soil and N3O reductase which escorts
conversion of NoO into Ny and thus decreases NoO emissions [133].

5. Carbon sequestration and soil health management

Biochar plays a significant role in combating climate change by
carbon sequestration in agricultural soils. Biochar is a promising option
for long-term soil carbon sequestration. The preliminary estimates of
Jacquot et al. [134] suggested that, if biochar is produced from agri-
cultural wastes generated in 2.5% of earth’s agricultural land and
applied to soil then the pre-industrial (1752) level of atmospheric CO4
might be achieved by 2050. Lehmann et al. [135] estimated that, if
Jhum cultivation (slash-and-burn) is replaced by the slash-and-char
(biochar agriculture) then 12% of total anthropogenic emission from
the land-use changes can be offset. This huge potential of biochar for
carbon sequestration can be attributed to its very stable and high carbon
content. Biochar is resistant to carbon degradation and can persist for a
longer time in the soil as compared to other sources of carbon such as
compost, farmyard manure, and other organic carbon forms of soil biota
[136,137].

The stability of biochar is substantially affected by feedstock and
production procedures. Generally, the biochar produced at a higher
temperature is more stable than biochar produced at a lower tempera-
ture [138,139]. Singh et al. [139] reported that 0.5-8.9% of biochar
carbon was mineralized over five years period. Biochar produced from
the manure-based feedstocks showed faster carbon mineralization than
feedstocks based on plants [139]. Thus, it can be wrapped up that bio-
char produced at higher temperature from plants-based feedstock have
more carbon sequestration potential than the biochar produced at lower
temperature from the manure-based feedstock. The 50% of the feedstock
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Biochar molecule adsorbed ammonium and nitrate ions on its surface and simultaneously
increased soil aeration which slow down both nitrification and denitrification processes of
N,O production in soil by supplying sufficient oxygen and mitigate N,O emission.

Fig. 5. Mechanism involved in nitrous oxide mitigation from soil under biochar amendent
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carbon can be sequestered through biochar in comparison to carbon
hold after biomass burning (3%) and decomposition through biological
pathways (10-20% after 5-10 years) [135]. Therefore, the biochar itself
is a source of carbon stock that persists in soil for a longer duration.
Besides this, it can also act together with the indigenous soil organic
matter and can either reduce or enhance the rate of microbial decom-
position of soil native carbon [140]. Yang et al. [119] found that the
application of corn residue biochar at the rate of 30 t ha~! enhanced soil
carbon sequestration by 16% in a sandy loam soil of China. Zhang et al.
[141] applied wheat straw biochar to soil at the rate of 40 t ha! and
reported that soil organic carbon content was increased by 76.29% in 5
years of application.

The carbon sequestration rate in soils is affected by several biotic
(microbial numbers, macro fauna, and plant species) and abiotic (soil
texture, pH, moisture, temperature, biochar carbon content, O/C ratio,
H/C ratio, etc.) factors [138,142]. El-Naggar et al. [143] reported that
carbon sequestration is significantly affected by soil texture and it was
higher in sandy soil than sandy loam soil. They reported that soil carbon
sequestration through biochar application is negatively correlated with
temperature. The carbon mineralization rate at 40 °C soil temperature
was higher (0.97-2.71% of total biochar carbon application) than 20 °C
soil temperature (0.30-1.14%) [144]. The carbon sequestration process
is generally higher in alkaline soil as compared to acidic soils [145]. The
drastic negative priming effect in alkaline soil (pH 7.81) controls the
biochar degradation in alkaline soil, however, in acidic (pH 5.19) soils,
higher degradation of biochar results in lower carbon sequestration and
higher CO, emissions [145].

Biochar application improves soil health through increasing cation-
exchange capacity, neutralizing soil acidity, enhancing water retention
capacity, increased microbial diversity, improved nutrient status,
reverse soil degradation, discourage deforestation along with reducing
Nj leaching, NoO emission, and increasing carbon in soils [146-148].
Wang et al. [149] confirmed that biochar-C significantly contributes
towards soil aggregate stability. Liu et al. [150] observed enhanced soil
water-stable aggregate with the application of wheat straw biochar.
Wang et al. [149] reported improvement in soil aggregates of a
fine-textured soil (silty loam) with the addition of the softwood biochar.
In the case of Ny, the manure-based feedstock for biochar is generally
preferable. Ny in biochar is present on the surface in the form of C-N
heterocyclic structure having low bioavailability [147]. The available
phosphorous from the biochar is in the range of 0.4-34% [151]. How-
ever, potassium, calcium, and magnesium can be bioavailable in the
range of 55-65% [151]. Berek et al. [152] observed that most of the
potassium present in biochar is available in the water-soluble form if
biochar is prepared through slow pyrolysis.

Berek and Hue [153] observed that calcium and magnesium are
present mostly in carbonate, phosphate, and/or oxide compounds of
calcium and magnesium. The biochar can be used to minimize the soil
bulk density [154,155]. The higher porosity of biochar minimizes the
bulk density and enhances the water holding capacity of the biochar
treated soil [156-158]. Due to porous structure, higher internal surface
area, and water retention capacity of biochar, it contributes towards
favorable microbial (bacteria and fungi) habitats [159,160]. Bhaduri
et al. [161] emphasized the strong interaction between extracellular
enzymes and biochar. Demisie et al. [162] observed enhanced activity of
B-glucosidase, dehydrogenase and urease enzymes in a red soil amended
with an oakwood/bamboo biochar. Luo et al. [163] observed abundance
of actinobacteria, gram-negative, gram-positive bacteria, and fungi in
biochar amended soil. Gomez et al. [164] observed that biochar addition
increased the microbial activity in soils and can alter the community
composition as biochar serve as a C source for microbial activity to
varying degree [165]. Thus, based on the above discussion, it can be
concluded that BC can play a significant role in maintaining/improving
soil health by changing the soil biological, physical, and chemical
properties.
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6. Remediation of contaminated wastewater

Biochar can be potentially used for the removal of pesticides
[166-168], heavy metals [169], dyes [9], antibiotics [7], nutrient load,
and other contaminants from water/wastewater. In the subsequent
section, the applications of biochar for the remediation of wastewater
have been discussed.

6.1. Pesticides removal through biochar

Pesticides are the chemicals used for enhancing agricultural pro-
duction by controlling pests. However, due to lack of accurate applica-
tion protocol and outbreak of new diseases, they are extensively used,
resulting in the contamination of water, soil, and air [170,171]. Water
resources are highly fragile and adversely affected by pesticide
contamination and therefore need to be removed for sustaining water
ecosystems. The role of biochar in the removal of pesticides from water
resources has been documented in several scientific studies (Table 3).
The adsorption efficacy for pesticides of biochar can be enhanced by
doping phosphorus into feedstock. Suo et al. [172] observed 79.6 mg/g
of atrazine adsorption capacity with biochar produced from corn straw
doped with phosphorus (Table 3). The pore size of biochar (3.18 nm) is
generally higher than the atrazine diameter (7.2-7.8 A) and conse-
quently, atrazine gets arrested on the meso and micropores existing on
the surface of biochar [172]. The adsorption capacity of biochar pro-
duced is directly affected by temperature [6].

Biochar produced at a lower temperature (300 °C) shows lower
adsorption capacity (chlorpyrifos-4.32 mg/g, and chlorpyrifos-methyl-
15 mg/g) as compared to biochar produced at higher (600 °C) temper-
ature (chlorpyrifos-14.8 mg/g, and chlorpyrifos-methyl-50.5 mg/g) [6].

Table 3
Removal of pesticides from wastewater through biochar amendments.
References Name of Removal rate  Remarks
pesticides
Chan et al. Atrazine 37-97% Biochar produced at 450 °C
[176] Naphthalene 49-93% pyrolysis temperature from
Phenanthrene ~100% mixed feedstock (pine, fir
Anthracene ~100% woodchip, and spruce).
Okoya et al. Chlorpyrifos 93.7 Rice husk was used as feedstock
[177] for biochar production in this
study.
Suo et al. Atrazine 79.6 mg/g The phosphorus-doped biochar
[172] show maximum adsorption
(79.6 mg/g) at 25 °C.
Zheng et al. Chlorpyrifos 4.32-14.8 Biochar synthesis at lower
[6] mg/g temperature (300 °C) show
Chlorpyrifos- 15.0-50.5 lower adsorption capacity
methyl mg/g (chlorpyifos-4.32 mg/g,
chlorpyifos-methyl-15 mg/g)
as compared to biochar
produced at higher (600 °C)
temperature capacity
(chlorpyifos-14.8 mg/g, and
chlorpyifos-methyl-50.5 mg/
8.
Mandaletal.  Atrazine 12.3-89.8% In this study, different Agri-
[173] Imidacloprid 5.9-89.5% waste biochar (eucalyptus
bark, corn cob, rice husk, rice
straw, bamboo chips, and acid-
treated rice straw) sorption
potential were explored.
Wang et al. Chlorpyrifos 16 mg/g The maximum adsorption was
[174] recorded with biochar
synthesis from wheat straw
feedstock at 750 °C pyrolysis
temperature.
Zheng et al. Atrazine 451-1158 Green-waste feedstock is used
[168] mg/kg for the synthesis of biochar and
Simazine 243-1066 pyrolysis temperature for the
mg/kg production was 450 °C.
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Mandal et al. [173] used different agri-feedstocks (corn cob, eucalyptus
bark, rice husk, rice straw, bamboo chips, and acid-treated rice straw)
for biochar production for the sorption of atrazine and imidacloprid
(Table 3). The removal efficiency for atrazine and imidacloprid ranged
from 12.3 to 89.8% and 5.9-89.5% respectively, and best removal
performances were observed in biochar produced with phosphoric acid
treated rice straw [173]. Biochar’s pH, polarity, pore diameter, and
aromaticity affect adsorption [173]. Chlorpyrifos removal through
wheat straw biochar was reported by Wang et al. [174]. The highest
adsorption (16 mg/g) was observed with straw-derived biochar at
750 °C (Table 3). In chlorpyrifos pesticides, the n---n stack was formed
among the aromatic rings and these aromatic rings of chlorpyrifos were
adsorbed on the surface of biochar which resulted in their removal from
wastewater [174]. Tan et al. [175], produced KOH modified corn straw
biochar, and NayS modified corn straw biochar and studied their role in
the sorption of atrazine pesticides from aqueous solution. The sorption
capacity for atrazine with KOH modified corn straw biochar, and NayS
modified corn straw biochar was 46.39% and 38.66% times higher than
the corn straw biochar [175]. The higher surface area and presence of
higher porous and aromatic structures in modified corn straw biochar
were the significant parameters that boosted the sorption capacity for
the atrazine [175].

The sorption of pesticides by biochar is affected by several parame-
ters such as solid/solution ratio, contact time, particle size, and solution
pH [168]. Zheng et al. [168] attempted to explore the optimum removal
parameters for pesticides (simazine and atrazine) from agricultural
wastewater. Pesticides removal efficiency with small particle size bio-
char was higher than the larger particle sized biochar [168]. Zheng et al.
[168] observed that removal efficiency of biochar is inversely propor-
tional to solid/solution ratio. The sorption efficacy for atrazine and
simazine increased by 156.76% (451-1158 mg/kg) and 338.68%
(243-1066 mg/kg) respectively, when solid/solution ratio was
decreased by 20 times (from 1:50 to 1:1000) [168].

6.2. Heavy metals removal through biochar

The contamination of heavy metals (HM) is a common issue in sur-
face water [178], groundwater [179,180], and wastewater [181]. Both
natural and anthropogenic sources are responsible for the contamina-
tion of various water resources. The consumption of such contaminated
water may pose a health risk and need to be remediated for the welfare
of the human population. Biochar has the potential to play a significant
role in mitigating HM contamination (Table 4). The removal mechanism
such as complexation, chemisorption (electrostatic interaction), ion
exchange, precipitation, and sorption may play an imperative role in
controlling the HM concentration in an aqueous solution [181,182].
Recently, Li et al. [183] used the magnetite-based biochar produced
from watermelon rinds for the removal of thallium from wastewater
(Table 3). The adsorption capacity of up to 1123 mg/g for thallium was
recorded with magnetite-based biochar (Table 4). Mostly mono-metal
removal is targeted through biochar applications. Magnetic loofah
sponges biochar with chitosan was used for the removal of Cr (VI) from
aqueous solution. The adsorption capacity of 30.14 mg/g was recorded
(Table 4) with magnetic loofah sponges biochar combined with chitosan
and it was 40% higher over pristine biochar.

The role of iron doping in feedstock was also reported by Son et al.
[8]. Doping of iron in algal feedstock enhanced adsorption capacity by
many folds for Cd, Cu, and Zn [8]. Son et al. [8] found that magnetite
biochar (iron-doped biochar) derived from macro-algal biomass showed
adsorption capacity varying from 19.40 to 23.16 mg/g, 47.75-55.86
mg/g, and 19.13-22.22 mg/g for Cd, Cu, and Zn, respectively (Table 4).
Park et al. [184] conducted a study using sesame straw biochar for the
adsorption of mono-metal and multi-metals (Table 4). The adsorption
capacity for each HM (Cr-65 mg/g, Pb-102 mg/g, Cd-86 mg/g, Cu-55
mg/g, and Zn-34 mg/g) was found to be higher in mono-metal experi-
ment than the adsorption capacity for HM (Cr-21 mg/g, Pb-88 mg/g,
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Cd-5 mg/g, Cu-40 mg/g, and Zn-7 mg/g) in multi-metals experiment
under similar conditions (Table 4). The reduction in adsorption capacity
for HM in the multi-metals experiment is due to high interference
created by competition between ions adsorbed which affected adsorp-
tion of all HM [184]. Pretreatment of feedstock with KMnO, before
pyrolysis improved the sorption potential of biochar for the HM [185].
KMnO, pretreatment enhanced the amount of oxygen-containing func-
tional group on biochar surface which results in better sorption of HM
(Table 4). Biochar produced from different feedstocks has dissimilar
adsorption capacity and it varied due to physical (moisture, ash, volatile
matter, carbon, etc.) properties of feedstock [186]. Role of different
biomass as adsorbent for the HM from wastewater has been investigated
[187,188]. Ahuwlaia et al. [187] reported that plant biomass adsorption
capacity ranged from 5 to 641 mg/g mainly for Zn, Ni, Pb, Cd, and Cr.
Biomass adsorption capacity can be enhanced by treatment [188]. Renu
et al. [188] quoted that ozone treatment rice husk biomass adsorbent
capacity ranged from 8.7 to 13.1 mg/g. Ambaye et al. [189] reviewed
the adsorption capacity of biochar produced different biomass for the
removal of HM and report that biochar adsorption capacity up to 133
mg/g which was comparatively higher over treated biomass.

Agrafioti et al. [186] used three types of biochar produced from
different feedstocks (rice husk, sewage sludge, and waste solid) and
observed that the As (53%) and Cr (89%) removal was highest with
biochar produced from sewage sludge (Table 4). The biochar produced
from sewage sludge has Fe;O3 on the matrix of biochar which result in
higher removal of As and Cr (Table 3). Mohan et al. [190] used the
magnetic oak wood and oak bark biochar for remediation of Cd and Pb
(Table 4). The adsorption capacity with magnetic oak wood biochar
(Cd-7.4 mg/g and Pb-30.2 mg/g) was comparatively higher than the
adsorption capacity with magnetic oak bark biochar (Cd-2.87 mg/g and
Pb-10.13 mg/g) (Table 3). Kili¢ et al. [191] used the almond shell
feedstock biochar for the removal of Ni and Co from aqueous solution.
The adsorption capacity of the almond shell biochar for Ni and Co was
found to be 22.22 mg/g and 28.09 mg/g respectively (Table 4), at pH 7
with adsorbed dose of 7 g/L of solution (concentration of Ni/Co was 100

ppm).
6.3. Antibiotic removal through biochar

The production and use of pharmaceutical products have increased
with human population growth. The occurrence of antibiotics such as
tetracycline (TCs), fluoroquinolone (FQs), sulfamethoxazole, chloram-
phenicol, moxifloxacin (MOX), ciprofloxacin (CIP), and others in waste/
wastewater is of high concern for human health and environment.
Biochar due to its high sorption capacity is extensively used for the
adsorption of antibiotics from water/wastewater, drinking water, and
other water sources [7,195,205]. Cheng et al. [195] found that a
KOH-activated biochar produced from Pomela peel efficiently removed
TCs (476.19 mg/g), chlortetracycline (555.56 mg/g), and oxytetracy-
cline (407.5 mg/g) from swine wastewater (Table 3). Pore filling,
adsorbate, n-n interactions between the adsorbent, and electrostatic
interaction are the main mechanism involved in the adsorption of an-
tibiotics from wastewater [195]. Huang et al. [196] used the biochar
derived from hickory chips, bamboo, and bagasse for the sorption of
sulfapyridine and sulfamethoxazole from aqueous solution (Table 4).
Ball milled biochar produced from hickory chips at 450 °C showed best
removal efficiency for antibiotic sulfapyridine (89.6%, with adsorption
capacity of 58.6 mg/g), and sulfamethoxazole (83.3%, with adsorption
capacity of 25.7 mg/g) (Table 4).

The efficiency of biochar synthesized at lower carbonization tem-
perature (200-500 °C) showed higher adsorption capacity (246.3 mg/g)
for tetracycline (trade name Oxytetracycline) antibiotic at 30 °C oper-
ating temperature [197]. Biochar prepared at low carbonization tem-
perature has a uniform and regular pore similar to honeycombs which
results in higher adsorption capacity for antibiotics [197]. At higher
carbonization temperature (>400 °C), the wall micro pores get melted
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Table 4
Role of biochar in heavy metals and antibiotics removal from water/wastewater.
Reference Biochar feedstock Metal/antibiotic Adsorption Mechanisms involved Remarks
capacity (mg/g)
Heavy metals

Li et al. [183]
Ni et al. [192]
Xiao et al. [169]

Son et al. [8]

Son et al. [8]

Tan et al. [193]

Park et al. [184]

Park et al. [184]

Trakal et al.
[194]

Wang et al.
[185]

Agrafioti et al.
[186]
Agrafioti et al.
[186]
Agrafioti et al.
[186]
Mohan et al.
[190]
Mohan et al.
[190]
Kiligetal. [191]

Antibiotics
Cheng et al.
[195]

Huang et al.
[196]

Zhang et al.
[197]
Wei et al. [198]

Suo et al. [172]

Lietal. [199]

Oladipo and
Ifebajo [200]

Kong et al.
[201]

Shang et al.
[202]

Wang et al.
[203]

Rajapaksha
et al. [204]

Watermelon rinds
Anaerobically
digested sludge

Loofah sponges

Kelp

Hijikia

Rice straw

Sesame straw

Sesame straw

Nut Shield

Hickory wood
treated with KMnO4

Rice husk
Sewage sludge
Solid wastes
Oakwood

Oak bark

Almond shell

Pomela peel

Hickory chips

Corn stover
Sewage sludge
Corn straw
Potato stem and
leaves

Chicken bone
Astragalus
membranaceus
residue
Astragalus
mongholicus residue

Bamboo

Burcucumber plant

Thallium (Ti)

Pb
Cd
Cr (VD)

Ccd
Cu
Zn
Ccd
Cu
Zn
cd

Cr
Pb
Ccd
Cu
Zn
Cr
Pb
Cd
Cu
Zn
Cd

Pb
Cu
Cd
As
Cr (VD)
As
Cr (VD)
As
Cr (VD)
Pb
Ccd
Pb
cd
Ni
Co

Tetracycline
Oxytetracycline
Chlortetracycline
Sulfamethoxazole
Sulfapyridine

Oxytetracycline

Tetracycline
Doxycycline
Triazine

Norfloxacin
Ciprofloxacin
Enrofloxacin
Tetracycline

Ciprofloxacin

Ciprofloxacin

Enrofloxacin
Ofloxacin
Sulfamethazine

1123

0.61 mmol/g
0.44 mmol/g
30.14

23.16
55.86
22.22
19.40
47.75
19.13
49.261

65
102
86
55
34
21
88
5
40
7
50.60

153.1
34.2
28.1
25%
18%
53%
89%
55%
44%
30.2
7.4
10.13
2.87
22.22
28.09

476.19
407.5
555.56
25.7
58.6

246.3

104.86
128.98
79.6

6.94
8.37
7.19
98.89

68.9

42.9

19.91
13.31
37.7

Surface complexation and oxidative
precipitation

Adsorption

Adsorption, precipitation, surface
complexation & ion exchange
Adsorption and magnetic

separation

Adsorption and magnetic
separation

Adsorption

Sorption and magnetic separation

Sorption

Sorption

Surface adsorption

Adsorption via precipitation and
electrostatic interaction

Sorption
Sorption

Adsorption

Pore filling, electrostatic
interaction, and n—r interactions
between the adsorbent

n—n interaction, hydrophobic
interaction, electrostatic
interaction, and hydrogen bonding
Sorption due to high surface pore

Hydrogen bonds and n—n
interaction
Pore filling, hydrogen bonding, and

electrostatic interaction

Adsorption

Sorption, Pore filling
Sorption, and n—x interaction
n-n interactions electrostatic,
hydrophobic hydrogen bond
Sorption

Sorption, hydrogen bond, and n-n
interactions

In this study, magnetite-based biochar coupled with
hypochlorite oxidation was used.

Biochar produced from anaerobically digested sludge
has high adsorption capacity.

Magnified loofah sponges biochar combined with
chitosan was used in this study.

The macro-algae (kelp) was doped with iron and the
modified biochar was used for the adsorption of the Cu,
Cd, and Zn from aqueous solution.

The macro-algae (Hijikia) was doped with iron and the
modified biochar was used for the sorption of the Zn,
Cd, and Cu from aqueous solution.

In this study, magnetic rice straw biochar was prepared
and used for the remediation of Cd.

Result of mono metals experiment. The adsorption
capacity of each HM was higher than in multi-metal
experiments

Result of multi-metal experiment. Comparatively the
adsorption capacity for HM was reduced in multi-metal
experiments

Magnetic nut shield biochar was used for the sorption
of Cd.

Pretreatments of feedstock with KMnO, increased the
amount of oxygen containing surface functional group
of biochar which resulted in better sorption.

The higher removal with sewage sludge biochar was
due to higher content Fe,O3 content in its ash.

Magnetic oak wood was used as feedstock material for
biochar production.

Magnetic oak bark was used as feedstock material for
biochar production.

Almond shell biochar was effective and low-cost
adsorbent for the adsorption of HM.

In this study, the cost-effective removal of tetracycline
was explored.

The ball mining significantly enhanced the adsorption
capacity of biochar.

Biochar prepared at 500 °C showed the highest
sorption capacity at 30 °C.

The role of iron-doped biochar for the removal of
antibiotics was explored.

The P doping increased the meta-phosphate and
carboxyl on the biochar surface which boosted
adsorption capacity.

The removal efficiency with manganese oxide biochar
was more than pristine biochar.

Magnetic chicken bone biochar removed tetracycline
efficiently.

Iron doped herbal medicine waste biochar increased
the adsorption capacity for the antibiotic.

In this study, Chinese herbal medicine Astragalus
mongholicus residue was used for the biochar
preparation.

Salinity had a negative effect on the adsorption
capacity of biochar

The impact of steam activation of biochar on
sulfamethazine adsorption was demonstrated in this
study.
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and burnt which may result in lower sorption for biochar prepared at
high temperatures [197]. The adsorption capacity of biochar can be
enriched by doping of iron [198], zinc [206], nitrogen [207], phos-
phorus [172], etc., during the process of biochar production. Wei et al.
[198] found that the iron-doped biochar has larger functional groups of
carboxyl, hydroxyl, and aromatic rings on biochar surface which result
in higher adsorption capacity for tetracycline (104.86 mg/g) and
doxycycline (128.98 mg/g) (Table 4). The doping of biochar with iron
increased the n—n complexation and electrostatic interactions along with
hydrogen bonding which results in higher adsorption capacity [198].
Phosphorus (P) doped corn straw biochar showed higher adsorption
capacity (79.6 mg/g) than pristine biochar (Table 4) for triazine anti-
biotic from wastewater due to the presence of additional
meta-phosphate and carboxyl groups on biochar surface which boosts
adsorption capacity via more pore filling, hydrogen bonding, and elec-
trostatic mechanism [172]. Kong et al. [201] prepared magnetic biochar
from Astragalus membranaceus residue (herbal medicine waste) and used
it for the removal of ciprofloxacin from aqueous solution. The highest
adsorption capacity (68.9 mg/g) for the ciprofloxacin was found at pH 6
with herbal magnetic biochar produced from A. membranaceus residue
(Table 4).

The pore volume and surface area of manganese oxide biochar pro-
duced from potato stem and leaves feedstock at 500 °C are higher than
raw biochar produced from potato stem and leaves feedstock [199]. The
removal of norfloxacin, ciprofloxacin, and enrofloxacin from water with
magnetic biochar was 1.2, 1.5, and 1.6 times higher as compared to
non-magnetic biochar [199] due to more pore volume and higher sur-
face area. Wang et al. [203] found that the adsorption capacity of bio-
char for ofloxacin, and enrofloxacin, decreased by 32.85% (from 19.82
mg/g to 13.31 mg/g), and 28.18% (from 19.91 mg/g to 14.30 mg/g)
respectively, after increasing the NaCl dose from O to 3 g/L. Based on the
findings of Wang et al. [203] it can be concluded that the salinity of
aqueous solution has a negative impact on biochar adsorption capacity.
Oladipo and Ifebajo [200] found that magnetic biochar prepared from
chicken bone feedstock led to the removal of tetracycline efficiently with
the highest adsorption capacity of 98.89 mg/g from aqueous solution.
Rajapaksha et al. [204] studied the effect of steam activation on biochar
sorption capacity for the removal of sulfamethazine from aqueous so-
lution. The adsorption capacity for sulfamethazine antibiotic under
similar operating condition was enhanced by 55% due to steam acti-
vation of biochar and highest sorption capacity up to 37.7 mg/g was
recorded with steam-activated biochar.

6.4. Dyes removal through biochar

Textile industry wastewater is the major source of the dyes in water
bodies. The removal of dyes from wastewater is of global concern and
biochar has tremendous potential in this area [208,209]. Ionic-based
sorption, n-n stacking, hydrophobic interaction, and hydrogen bonding
between dyes and biochar are the major mechanism involved in the
removal of the dye from wastewater [209]. Biochar’s physical properties
such as surface area, and pore size also play a significant role in dye
removal [209]. Physical properties of biochar are affected by nature of
the feedstock, pyrolysis temperature, heating rate, etc. Chen et al. [210]
studied the adsorption capacity of microalgal biochar produced at
400 °C, 600 °C, and 800 °C and found highest adsorption of malachite
green dye (5306.2 mg/g) with biochar produced at 800 °C temperature.
This behaviour was attributed to the highest surface area and higher pH
which enhanced dye adsorption [208]. Biochar generally has a nega-
tively charged surface area which favors the physical adsorption of
positively charged dyes from aqueous solution [208,211].

Abd-Elhamid et al. reported an adsorption capacity of 44.64 mg/g
and 90.91 mg/g for the crystal violet and methylene blue dyes,
respectively through rice straw biochar [212]. Biochar produced from
Litchi peel due to its high pore volume (0.588 cm®/g) and surface area
(1006 m?/g) was able to adsorb 2468 mg/g and 404.4 mg/g of malachite
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green and congo red dyes, respectively through pore filling, hydrogen
bonding, n-r interactions, and electrostatic interactions [213]. Recently,
the adsorption potential of magnetic biochar produced from an edible
seaweed named wakame has been reported for methylene blue dye
[214]. Yao et al. [214] observed a maximum adsorption capacity of
479.49 mg/g for the methylene blue dye through magnetic wakame
biochar produced at 800 °C temperature. The adsorption capacity of
biochar synthesized from cow dung, rice husk, and domestic sludge at
500 °C pyrolysis temperature for methylene blue dye was investigated
by Ahmad et al. [215]. The highest adsorption capacity (99.0%) was
observed for biochar obtained from cow dung.

7. Future prospects

Further research on the biochar applicability especially its use in
modern areas for energy storage, remediation process, to enhance the
agriculture sustainability needs to be prioritized so as to achieve sus-
tainable development goals. The importance of biochar is evident in its
potential for global warming mitigation, utilization in ion batters, as
well ass wastewater remediation. The protocols for these applications
need to be developed fully so as to maximize the benefits and scale-up
these to field-scale in near future. For example, industrial wastewater
generation and its discharge into the freshwater bodies without or with
partial treatment is still a big challenge even in the presence of strong
legislation. Industries need an easy, low-cost, regenerative and effective
solution for multiple problems. Biochar is having the potential to serve
as a single solution for many problems at various scales. However, to
achieve this, many gaps need to be bridged with a clear-cut standardi-
zation and our understanding of the processes. Further research needs to
be carried out in the following areas:

e Effective utilization of biochar as amendment in anaerobic digestion
needs further focus especially for the optimization of biogas recover,
y sludge reduction, sludge nutrient enhancement, and functioning as
a pH buffer.

Production, application, and promotion of sulfur-laden biochar in
sulfur deficient soil and its effect on the bioavailability of other nu-
trients needs to be goal-oriented.

e More focused research is needed on the utilization of biochar on its
pH buffering potential in hydrogen production [66].

Biochar is having all the characteristics such as high surface area,
high stability, high conductivity, biocompatibility, low cost, and
high performance to be utilized as electrodes (anode, cathode, and
catalyst) in microbial fuel cells (MFCs) technology [76]. Thus more
research and policy support is needed to exploit its full potential for
the large-scale application.

e The utilization of magnetic biochar as an electrode in lithium-ion
batteries is also a promising area to solve the issues related to sec-
ondary pollution and prime energy support [87].

Optimization of mixed biochar synthesis and operating parameters
to remove various types of contaminants from the wastewater is the
need of the hour. The purification efficiency needs optimizing
especially for the removal of persistent multi-chemicals in a
sequential or step-wise manner. This will improve the wastewater
discharge quality and reduce the cost of wastewater treatment, and
finally reduce the cost of the end product of various industries.
Policy formulation for the micro as well as macro-level entrepreneur
development to utilize biochar at the highest levels needs immediate
attention for judicious use of agricultural waste/organic waste, sus-
tainable employment generation, and development.

8. Conclusions

The available findings of biochar research strongly justify the po-
tentials of environmental benefits and limitations of biochar for
expanding its use in renewable energy production, GHG mitigation from
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agro-ecosystem, and remediation of contaminated wastewater. Biochar
has enormous potential for renewable energy production and its appli-
cation potentially enhances the methane and hydrogen production
during anaerobic digestion. It can be a cheap and potential alternative
for microbial fuel cell electrode and can significantly reduce the cost of
ion-based batteries. It can be potentially utilized for the removal of
pollutants such as pesticides, antibiotics, heavy metals, dyes, etc. from
contaminated wastewater. The application of biochar in the agro-
ecosystem boosts the soil carbon sequestration and mitigates the CHy4
and NoO emissions. Therefore, the appropriate application of biochar
can be recommended for tackling environmental issues in the atmo-
sphere, hydrosphere, and lithosphere. To utilize the full potential of
biochar to achieve the goal of renewable energy, wastewater remedia-
tion, and GHG mitigation, it is necessary that these sectors need to be
integrated properly. Although the use of biochar is not a complete so-
lution for all the environmental problems, it is indeed a potential
candidate that requires serious attention in the environmental sustain-
ability for energy-water-agroecosystem nexus. The availability of feed-
stocks for biochar and environmental problems varies with region to
region. Therefore, region specific and target specific biochar needs to be
developed for better utilization of various waste materials. The incessant
research activities in this area would boost the refinement of biochar for
solution to various environmental problems which can enhance the
environmental sustainability in various regions.
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ABSTRACT

Energy storage is essential to conserve and deliver energy to end-user with continuity and durability. A
sustainable energy supply with minimal process losses requires cost-effective and environmentally
friendly energy storage material. In this study, self-co-dopes N (3.65 %) and O (6.44 %) porous biochar
were produced from pyrolysis of biomass pellets (made from garden wastes) and examined for energy
storage application. The presence of co-doped-heteroatoms within the carbon matrix of biochar resulted
in enhanced surface wettability, fast charge transfers, increased electrical conductivity, and low internal
resistance. Biochar produced at 800 C (i.e. biochar-800) showed desirable pseudocapacitive nature
induced by self-co-doped heteroatoms. Two-electrode measurements in aqueous 1 M H,SO,4 revealed
that biochar-800 possessed 228F g~! of specific capacitance at a current density of 1 Ag~! Additionally,
biochar-800 exhibited a high energy density of 7.91 Wh kg~' in aqueous electrolyte and promising cycling
stability with 88% capacitance retention after 5000 cycles at 10 A g~'. Enhanced capacitive performance of
biochar-800 was assigned to the presence of self-co-doped heteroatom, the high specific surface area of 312
m?g~!, and self-formed mesopores (pore size around 15.2 nm). This study demonstrates the great promise
of porous biochar derived from biomass pellets as a low-cost electrode material for high-performance
energy storage devices.
© 2021 Published by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

the electrochemical cycle and hence depend on the electrode and
electrolyte materials for their efficiency. Compared to the electro-

The growing population and industrial energy demand, deplet-
ing traditional fossil fuels, and deteriorating environment have
prompted efforts to look for sustainable energy and storage [1].
Nowadays, batteries and supercapacitors are widely used as energy
storage devices. Large amounts of energy can be stored in metal-air
[2], sodium-sulfur [3], and lithium-ion batteries [4], which can
later be utilized when needed. Most batteries, however, work on
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bai.edu.in (A.B. Pandit).
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chemical cycle-based batteries, the supercapacitor is electrostati-
cally controlled and shows promising features in operation and
sustainability [5,6]. In the context of performance, supercapacitor
holds several advantages over batteries, such as high power capac-
ity, fast charging/discharging from several thousand to millions of
cycles, but it has the constraint of low energy density [7]. Several
nanostructured materials such as graphene [8,9], carbon nan-
otubes (CNT) [8,10], carbon nanosheets [11], graphene quantum
dots (GQDs) [12], porous and mesoporous carbon [13], 3-D gra-
phene sponge, and foam [ 14] are explored to increase the efficiency
of supercapacitor. Notably, it is easy to produce and characterize
the nano-materials mentioned above on the laboratory scale; how-
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ever, due to the high price of precursor and related tedious synthe-
sis process, nano-material production at a large scale remains chal-
lenging. Also, the manufacturing cost of nano-materials is reported
to be high (=~ $150 - $200 per kg) [15]. As an alternative, a poten-
tially cheaper biomass-based nano-sized biochar would be more
attractive in this scenario (i.e., coconut shell-derived biochar as
supercapacitor material, $5 - $40 per kg) [15]. Similarly, metal
oxide and conducting polymer-based supercapacitor possess an
advantage over biochar-based supercapacitors due to high specific
capacitance and pseudocapacitive nature. However, metal oxide
suffers in electrical conductivity while conducting polymers expe-
rience a gradual loss of capacitive performance [16-18]. It is a
known fact that the most critical component for the supercapacitor
is the electrode material, which determines its performance.
Therefore, the emerging field of supercapacitor research is manu-
facturing cost-effective and high-performance materials using an
easy synthesis method applicable on a large scale [7,19].

A detailed literature review reveals that biomass-derived bio-
char can be an electrode material for charge storage applications
[7,20-22]. Moreover, biomass-derived products can be utilized
for energy generation and storage [7,23,24]. The different
biomass-based precursors, viz. cellulose, orange peel, coconut-
shell, corncob, peanut shells, carbon stalk, have been investigated
for their conversion into supercapacitor material (or biochar)
because of their abundant availability, cost-effectiveness, and
renewable nature [19,25-29]. Moreover, the biochar showed a
unique microstructure, good electrical conductivity, high specific
surface area (800-3012 m?g~'), and the chemical composition
comprising natural self-doped heteroatoms [7,30-32]. The natu-
rally embedded heteroatoms in the biochar structure, i.e., nitrogen
(N), sulfur (S), phosphorus (P), calcium (Ca), play an essential role
as an electron donor, maintaining surface hydrophilicity and excel-
lent cyclic stability [33-38]. Further, the hetero-atoms improve
carbon wettability, electron conductivity, and basic strength,
inducing pseudo-capacitive behavior [7]. The synergistic effect of
the pore structure, which is due to unique feedstock (biomass)
microstructure and rich heteroatoms, makes the self-doped bio-
char a potential candidate for the energy storage device [39].

Xu et al. performed the carbonization of gelatin (an animal
derivative) under an inert atmosphere to make self-doped bio-
carbon (specific surface area ~ 3012 m?g~!) and test for superca-
pacitor application [40]. The nitrogen on the carbon surface
remained the most common mono-heteroatom, which was further
classified into four standard forms, such as pyridine-N (N-6),
pyrrolic/pyridine-N (N-5), quaternary- N (N-Q), and oxidized
pyridine-N (N-X) [41]. Consequently, in multiple heteroatom co-
doping, carbon materials comprised O-N-S heteroatoms [41].
Numerous research has shown the potential of O-N-S co-doped
hierarchical porous carbon for use as supercapacitor electrodes
(summarize in Chen et al., 2019) [2,42,43]. Compared to mono-
heteroatom doping, carbon with multi-heteroatom doping showed
a higher specific capacity [43].

The literature suggests that biochar prepared from the pyrolysis
of biomass precursors (e.g., agricultural waste, wood residue, and
manure) hold a hierarchical porous structure and remain promis-
ing for supercapacitor applications [44,45]. Wang et al. demon-
strated that Ni-loaded biochar prepared from dairy manure and
sewage sludge pyrolysis could be a good supercapacitor material
with 123 Fg~! specific capacitance [46]. The specific capacitance
of biochar was reduced by only 2% after 1000 charge-discharge
cycles. In another report, the biochar prepared from the carboniza-
tion of southern yellow pine sawdust was utilized as an anode
electrode material in the supercapacitor [47]. The capacitor exhib-
ited the specific capacitance of 21 Fg~' at 5 mV s~ ! along with no
decay in performance after 1000 cycles. The Bamboo fibers were
prepared using two-step carbonization (viz. hydrothermal treat-
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ment at 180 °C in acidic media followed by pyrolysis at 800 °C
under Argon atmosphere indicated a high specific capacitance of
510 Fg 'at 0.4 A g ! [45]. Further, it showed excellent charge stor-
age stability over 5000 charge-discharge cycles. Furthermore, fol-
lowing gamma radiation, the biomass-derived biochar
demonstrated enhanced supercapacitor performance [48]. After
gamma irradiation (dose of 100 kGy), the biochar showed higher
specific capacitance (246.2 Fg~!) than the untreated biochar
(115.3 Fg~'). Additionally, the biochar depicted around 96% capac-
ity retention for 10,000 cycles at 2 Ag~! because of its particle size
and enhanced porosity (after irradiation). The hollow tubular-like
porous carbon (HT-PC) was prepared from the biomass (or waste
feather finger grass flower) carbonization (via pyrolysis at 550 °C
followed by acid wash and drying) [49]. HT-PC indicated the high-
est specific capacitance of 315 Fg~! at 1 Ag™! and retained 96% of
its capacitance after 50,000 cycles. The supercapacitor features of
the biochar remained strongly dependant on the biomass sources
and the preparation methods. The reports on nano-sized biochar
prepared from garden waste biomasses are rarely available in the
literature to the best of our knowledge. Therefore, the current
research is aimed to produce nano-sized biochar (from the waste
garden biomass material or biomass pellet) equipped with a high
energy density for supercapacitor applications. This work explicitly
utilized biochar (one of the byproducts of the biomass pyrolysis
process) and demonstrated its potential for use as an energy stor-
age material for supercapacitors. The biochar containing heteroa-
toms were prepared at 600 ‘C and 800 ‘C and named biochar-600
and biochar-800, respectively. The ability of the biochar as a super-
capacitor was evaluated by extensive characterization such as X-
ray diffraction (XRD), Raman spectroscopy, energy-dispersive X-
ray (EDX), transmission electron microscopy (TEM), BET surface
area analysis, and X-ray photon spectroscopy. Additionally, the
biochar’s cyclic voltammetry and specific capacitance measure-
ments were performed at various current densities to evaluate its
capacitance, cyclic stability, and energy storage capacity.

2. Experimental section

The preparation of biomass pellets from garden biomass waste
and biomass-derived biochar formation is shown in Fig. 1[A] and
discussed below.

2.1. Preparation of biomass pellet

The following steps were involved in the preparation and pro-
duction of biomass pellets from garden waste:

(i) Collection of biomass such as wood straw, chips, grass, and
garden waste (ii) Size reduction of biomass in a crusher/shredder
to achieve it in the form of powder (particle size ~ 1 - 4 mm)
(iii) Addition of water to the shredded biomass for the process of
lignin melting that served as a binder (iv) Transformation of bio-
mass powder into pellets (dia. 8 - 10 mm and length 15 -
35 mm) in a Pellet Maker PM-125 machines (Fig. 1[A]). The bio-
mass pellet density and moisture content were estimated at
1100-1300 kg~ ' m> and 7 - 10 wt%, respectively.

2.2. Production of biochar

The dried biomass pellets (i.e., 10gm) with an initial moisture
content of 7 wt% was placed in the quartz boat for the pyrolysis
process. The pyrolysis of biomass pellets was conducted in a tubu-
lar quartz reactor at 600 °C and 800 °C at constant heating rate 5 °C/
min to convert it into biochar (Fig. 1[B]) During the pyrolysis pro-
cess nitrogen (N) gas at a 100 ml/min flow rate was supplied to
maintain the inert atmosphere. Pyrolysis vapors were released by
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Biomass Waste

(Wood straw, chips, grass,
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Digital Temperature Control Unit

Fig. 1. [A] Preparation of biomass pellets [B] Preparation of biomass-derived
biochar [C] Camera image of biomass-derived biochar (biochar-800).

the thermal decomposition of biomass pellets, which instantly left
the reactor system because of the constant sweeping by the inert
nitrogen gas, leaving behind carbonaceous biochar as the final
product. The product samples (i.e., biochar-600 and biochar-800)
were collected from the reactor at the end of the operation. Finally,
to obtain the nano-sized carbon sheet within biochar, the collected
biochar-600 and biochar-800 were crushed in mortar-pestle, dis-
persed in an ethanol solution, and kept for 6 h in an ultrasonic
bath. The biochar-800 image is shown in Fig. 1[C]. The biochar
samples were then employed to fabricate a coin cell for the two-
electrode system, which is discussed in the next section.

2.3. Fabrication of cell for two-electrode measurement

The two-electrode coin cell used to fabricate the supercapacitor
is depicted in Fig. S1 (supporting information). The electrode mate-
rial was prepared by adding 90 wt% of biochar (in powder form),
5 wt% acetylene black, and 5 wt% polyvinylidene fluoride (PVDF)
into the 2 ml N-Methyl-2-pyrrolidone (NMP) followed by bath son-
ication to form the uniform slurry. The current collector (i.e., con-
ducting carbon sheet) was weighed before and after the material
deposition to control the electrode material’s mass loading. Besides
the two conducting carbon sheets, the slurry of the electrode mate-
rial was spin-coated evenly, followed by drying at 60 °C in the vac-
uum oven. Mass loading of 1.5 mg was uniformly deposited on
each electrode with a surface area of 0.9 cm?. An electrolyte-
soaked glass fiber separator (Whatman) was placed between these
two electrodes, and the supercapacitor cell was assembled in the
CR2032 type coin cell. All electrochemical measurements were
conducted on the CHI-302 N electrochemical workstation. In 1 M
H,S04, cyclic voltammetry (CV) measurements were performed
in the range of 0 V to 1 V by varying the scan rate in 5 mVs~! to
150 mVs~!. The H,SO, was selected as an electrolyte over KOH
(potassium hydroxide) or KNOs; (potassium nitrite) electrolytes
because of its smaller ions size, which readily enters into the elec-
trode pores and thus helps in enhancing the electrochemical
energy storage performance. Further, the galvanostatic charge-dis-
charge (GCD) measurement was conducted in the range of 1 Ag™!
to 10 Ag~' and over a voltage range of 0 V to 1 V. Further, the elec-
trochemical impedance spectroscopy test was conducted with an
A.C. amplitude of 10 mV in the frequency range of 10 kHz to
10 mHz.

For quantitative purposes, in the two-electrode symmetric cell,
the specific capacitance (Cs) of the electrode was measured from
the charge-discharge curve value using the equation (1) [50].
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2 x IAt
G = mAv

(1)

Csdenotes the specific capacitance of electrode in (F g71); I (A)
represents the constant discharge current, ‘m’ indicates the mass
of active material loaded on one of the electrodes, and Av signifies
the potential change in (V) within the discharge time At (in sec-
ond). The energy density of the supercapacitor was calculated by
using equation (2).

1

E=5 CV? 2)

2.4. Characterization of biochar

The detailed characterization of biochar for its potential as a
supercapacitor is discussed below.

o The crystallinity of biochar: Using the powder X-Ray diffraction
technique (XRD), the prepared biochar’s crystalline nature was
determined, and the patterns were reported using CuKo radia-
tion (a = 1.54 A) in BRUKER D8 ADVANCE.

o Surface morphology of biochar: The surface morphology and
structures of biochar samples were characterized using
higher-resolution transmission electron microscopy (HR-TEM).
JEM 2100F by JEOL instrument was used to measure particle
size and dispersion of biochar with an operating voltage of
200 kV.

¢ Surface area and pore structure analysis of biochar: Brunauer-
Emmett-Teller (BET) technique was used for the specific surface
area measurement of biochar samples in a SMART SORM 93
instrument. The pore size distributions were calculated using
the Barrett-Joyner-Halenda (BJH) method. Moreover, BRUKER
RFS 27 Standalone FT-Raman Spectrometer was used to under-
stand the scattering center of a porous structure of biochar sam-
ples with a spectral range of 4000-50 cm~' using Nd: YAG
1064 nm LASER source.

o Surface chemical composition of biochar: The surface composi-
tion of biochar samples was determined through X-ray photo-
electron spectroscopy (XPS) on a PHI 5000 Versa Probe III (by
physical electronics) with a monochromatic, micro-focused,
scanning x-ray source.

3. Result and discussion
3.1. X-ray diffraction analysis of biochar

The results on X-ray diffraction (XRD) analysis of biochar-600
and biochar-800 samples are shown in Fig. 2[A]. The 26 values of
XRD measurement are found in the range of 10° to 60° at 0.02°
steps with a count time of 0.2 s. The diffraction peak intensity at
angle 20 values of 25.8° and 43.7° are assigned to (002) well-

B
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Fig. 2. Characterization of biochar via [A] X-Ray Diffraction and [B] Raman
spectroscopy.
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developed graphitic stacking and (100) reflection of the disordered
carbon layer, respectively. With an increase in the pyrolysis tem-
perature, the intensity of peaks (002) and (100) of biochar-800
sample decreased, referring to the graphitic structure of amor-
phous carbon [51]. Furthermore, the diffraction peak intensity at
43.7° of biochar-800 is reduced at a higher temperature, confirm-
ing pore formation within the material [52]. In the case of
biochar-800, the diffraction peak intensity at 28.1° was due to inor-
ganic components (SiO,) within the biomass collected from the
garden. The diffraction peak intensity at 29.4° revealed CaCO;
due to the presence of the minerals in natural biomass [53].

3.2. Raman spectroscopy analysis of biochar

Raman spectroscopy was performed to analyze the defects and
nature of the disorder within the biochar materials. In Fig. 2[B], the
spectra for biochar-600 and biochar-800 show the peaks at nearly
1317 cm'and 1327 cm™! are assigned to the D band (disorder sp?
hybridized carbon atoms of graphite and defect site). The peaks
located at 1581 cm™! and 1583 cm™! are G band which corre-
sponds to the phonon mode in-plane vibration of sp? bonded car-
bon atom and serve as graphitic carbon fingerprints. The D and G
bands’ intensity ratio (Ip/Ig) reflects the degree of disorder in the
carbon material [54]. Herein biochar-800 shows the comparatively
lower Ip/Ig ratio of 1.2 than biochar-600 (Ip/I¢ ratio of 1.7), which is
assigned to the high density of disorder and defects in biochar-600
[55]. As a result, the biochar-800 has low sp> amorphous carbon
rather than nanocrystalline graphite, which is consistent with the
XRD results [56].

3.3. Surface area analysis of biochar

The surface area and porosity are the essential properties of bio-
char to assess its capacitive performance. Fig. 3[A] shows the N,
adsorption/desorption isotherm analysis of biochar samples at var-
ious temperatures, which demonstrates a type I and type Il pattern
for relative pressure P/Py and high P/Py with an appropriate Hy hys-
teresis loop [57,58]. The biochar samples showed a certain amount
of N, adsorption below the relative pressure P/Py (less than 0.1),
suggesting the presence of a mesoporous structure. The increase
in relative pressure beyond P/Py > 0.9 reflected the integral poros-
ity in biochar samples, caused by the interspace between the car-
bon layer, which provided the sufficient mesopores channel to
access the electrolyte [58]. The biochar sample obtained at the
higher temperature, i.e., biochar-800, exhibited an enhanced por-
ous structure than the biochar-600, which was also revealed by
the TEM image in Fig. S2. Further, the BET surface area of the
biochar-800 showed a higher value of 312 m?g~! than the
biochar-600 (99.1 m2g~1). Thus, an increase in activation tempera-
ture contributed to an increase in the capacity to generate narrow
mesopores as well as pre-existing mesopores. As a consequence,
the porosity of biochar samples increased, which is attributed to

A
[A] 12| Biochar carbon-600 = [B] o6 —* Biochar carbon-600
o Biochar carbon-800 —e— 5 "o —e— Biochar carbon-800
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Fig. 3. [A] N, adsorption isotherm of biochar samples [B] Pore diameter and volume
of biochar’s.
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the increased surface area and pore volume of the biochar-800,
as seen in Fig. 3B [59]. Table 1 reports the values of surface area,
total and mesopores volume, and average pore diameter for differ-
ent biochar samples. The higher surface area of biochar-800 is
likely to improve the electrochemical charge storage performance
of the supercapacitor by enhancing the capacitance, although the
increased porosity could facilitate the transport of electrolyte ions
within the pores of the supercapacitor during the operation.

3.4. Characterization of surface morphology and heteroatoms of
biochar

To prepare the sample for TEM examination, 1 mg of biochar-
800 powder was mixed with 1 ml of ethanol solution and sonicated
for 15 min to obtain a homogeneous suspension. Later, 5 pl of the
suspension was dropped on a 3.05 mm diameter Cu grid followed
by drying under the LR. lamp. The established porous structural
features of biochar-800 were verified by TEM and high-resolution
TEM analysis. The TEM analysis of biochar-800 revealed a hierar-
chical microporous feature of carbon, which facilitated the elec-
trolyte ion transfer and decreased the resistance to ion diffusion
(cf. Fig. 4[A] to [C]). The biochar-800 was identified as a composite
of graphitic carbon rings assigned to the interlayer spacing of the
(002) plan. Besides, the scanning transmission electron
microscope-high-angle annular dark-field (STEM-HAADF) and its
corresponding Energy-dispersive X-ray spectroscopy (EDS) ele-
mental mapping images revealed the presence of heteroatoms
and metal elements (Fig. 4[D] to [J]). The elemental mapping
images exhibited the homogeneous distribution of C, N, O, effec-
tively incorporated into the carbon structure and uniformly dis-
tributed in biochar-800 at the nanoscale. The presence of Ca, Fe,
and Si elements was likely due to the dust particles attached to
the biomass during the collection and palletization process, which
interestingly enhanced the electrical conductivity of the biochar-
800. The corresponding selected area electron diffraction (SAED)
pattern exhibited the blurred diffraction ring, and it is assigned
to the disorder or defected carbon structure, which could provide
more adsorption sites to improve the capacitance performance
(cf. Fig. 4[K]).

3.5. Characterization of surface composition of biochar

The XPS analysis revealed the chemical composition and chem-
ical interaction/binding energy of the surface functional groups of
biochar-800. The biochar-800 survey spectrum showed the pres-
ence of carbon (C), nitrogen (N), and oxygen (O) elements, indicat-
ing the self-doping heteroatoms within the biochar structure, as
shown in Fig. 5[A]. The high-resolution spectra of C 1s are decon-
voluted into four different binding energies viz. 284.7 eV,
285.4 eV, 287.1 eV, and 289 eV corresponding to C-C, C-N, C-0,
and C = O species, respectively (cf. Fig. 5[B]). The C-C bond at
284.7 eV indicated that most of the sp? carbon atoms in biochar-
800 are arranged in a conjugated honeycomb lattice. It was
observed that binding energy acquired by C-C remained higher
than the rest of the bond in the C 1s spectrum [60].

Further, the high-resolution spectrum of N 1s was divided into
three constituent peaks: 399.8 eV, 400.5 eV, and 401.19 eV,
assigned to the pyridine N (N-6), pyrrolic N (N-5), and quaternary
N (N-Q), making a contribution of lone pair of the electron to the
conjugated carbon, as depicted in Fig. 5[C] [61,62]. N-Q exhibited
the ability of the electron donor and promoted the electron trans-
fer kinetics. However, N-5 and N-6 were considered to contribute
pseudo capacitance because it was situated at the edge of the C site
[63,64]. Therefore, increased N-content, particularly N-5 and N-6
peak intensity, remained an effective strategy to enhance
hydrophilicity and capacitance of the carbon-based electrode
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Table 1. S
Surface area, pore volumes, and average pore diameter of biochar samples
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Sample name Sger (m? g71) Total pore volume (Vo) cm® g~! Mesopores volume cm> g~! Average pore size (nm)
Biochar-600 199.1 28.18 0.0613 23.45
Biochar-800 312 43.95 0.143 15.12
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Fig. 4. [A] to [C] HR-TEM images of biochar-800 [D to J] STEM image and corresponding EDX elemental mapping of biochar-800 [K] SAED pattern of biochar-800.

[65,66]. It is worth noting that the nitrogen in the graphitic carbon
matrix of biochar possesses higher binding energy (401.19 eV) and
active nature than the rest of the nitrogen (Fig. 5[D]). Moreover, the
deconvoluted O 1s spectrum showed the binding energy as
533.4 eV and 536.3 eV, which corresponded to the single-bond of
oxygen with carbon (i.e.,, C-O and C-O.H. groups, O-II), while
double-bound of oxygen with carbon (i.e., C = O group, O-I) was
observed at 532.2 eV. Further, the peak intensity observed at
536.3 eV can be attributed to carboxylic or chemisorbed oxygen
or water (i.e., O = C-O group, O-Ill) [67,68]. The presence of
oxygen-containing functional groups promoted the electrolyte
ion’s penetration into the biochar nanopores and enhanced the sur-
face wettability. The surface composition analysis of the biochar
samples via XPS thus revealed several key species responsible for
supercapacitor performance. The schematic representation of the
N and O co-doped carbon matrix, which played a crucial role in
deciding electrochemical behavior, is represented in Fig. 5[E].

4. Electrochemical performance of biochar

4.1. Specific capacitance and galvanostatic charging-discharging
(GCD) behavior of biochar

The supercapacitor study of the heteroatom-rich biochar was
examined using a two-electrode system in 1 M H,SO,. The CV mea-
surement of biochar-600 and biochar-800 was performed at a scan

rate of 50 mVs~! to evaluate the electrochemical kinetics of the
electrode (cf. Fig. 6[A]). A couple of very well-defined redox peaks
between 100 mV and 300 mV were distinctly seen from the CV
curves of biochar-600 and biochar-800, which emerged primarily
from the reversible faradic redox reaction associated with the pres-
ence of heteroatoms in the carbon structure of biochar. These het-
eroatoms remained electrochemically active, and the CV curve
showed assertive pseudocapacitive behavior [69,70]. Even at a
higher scan rate of 50 mVs~! the biochar-800 showed an excellent
redox peak and its large enclosure area relative to the biochar-600,
which suggests that at the higher temperature, the prepared mate-
rial could possess a comparatively greater specific surface and
hence higher specific capacitance.

Furthermore, the comparative galvanostatic charging-
discharging (GCD) performance of the biochar-600 and biochar-
800 as shown in Fig. 6[B]. The specific capacitance calculated from
the discharging curve of biochar-600 and biochar-800 was 206F
g ! and 228F g!, respectively, which can be assigned to an
increased specific surface area at a higher temperature and the
slightly distorted triangular shape of the GCD curve, which confirm
the pseudocapacitance nature of the biochar. In addition, using
equation (2), the measured energy density at 1 A g~! for biochar-
600 and biochar-800 was determined as 7.27 Wh kg~! and 7.91
Wh kg~!, respectively. In two-electrode measurements, biochar-
800 exhibited higher or comparable specific capacitance to the pre-
viously mentioned biomass-derived nanostructured biochar sum-
marized in Table 2. No activation reagent is required in the
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Fig. 5. [A] XPS survey scan spectra of the biochar-800 and high-resolution scan of [B-D] C 1s, N 1s, and O 1s [E] Schematic representation of different N and O functionalities.

synthesis of biochar-800 to increase the surface area of the mate-
rial, which gives it an edge over other materials and lowers the
processing cost of the biochar-800.

The electrochemical impedance spectroscopy (EIS) measure-
ment was carried out in a 0.01 Hz to 0.1 GHz frequency window
to evaluate the electrode/electrolyte interface, which triggered
the overall impedance of the supercapacitor. In a Nyquist plot
Fig. 6[C], the point where the plot intersects the real axis (x-axis)
refers to equivalent series resistance (ESR), also known as the solu-
tion resistance (Rs), which was found as 3.4 Q and 3.49 Q, respec-
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tively, for biochar-600 and biochar-800 samples. The slight
increase in the ESR value of biochar-800 is assigned to the
increased pyrolysis temperature, making the biochar surface more
hydrophobic and reducing the contact area at the electrode-
electrolyte interface. This electrode also exhibited a nearly vertical
line in the low-frequency region, suggesting a good capacitive per-
formance. Extrapolating the vertical portion (low-frequency area)
to the real axis yields the total cell resistance (Rce). Notably, the
biochar-800 showed lower Reej (4.9 Q) compared to the biochar-
600 (6.9 Q), due to its lower charge transfer resistance (Rct). The
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Fig. 6. [A] Cyclic voltammogram of biochar-600 and biochar-800 at a scan rate of 50
mVs~! in 1M H,SO,, [B] GCD curve of biochar-600 and biochar-800 at a current
density of 1 A g', [C] Nyquist plot of biochar-600 and biochar-800 samples (inset
shows the electrochemical equivalent circuit), [D] Bode plots of biochar-600 and
biochar-800 samples

semicircle region of Fig. 6[C] revealed electrochemical reaction
impedance of the electrode, while the smaller diameter of the
semicircle denoted lower Rcr. Nyquist plot suggested that the
biochar-800 had a smaller arc radius than biochar-600, confirming
the fast electric response with the lowest R¢r value of 1.3 Q com-
pared to biochar-600 (3.24 Q), which suggested the promotion of
charge transfer in the case of biochar-800. The Warburg resistance
(WR) is estimated by subtracting Rcr and ESR from the Reey value,
and it remained as 0.27 Q and 0.12 Q for biochar-600 and
biochar-800, respectively. Thus, the smaller Rcr and Wy values of
biochar-800 indicated better charge transfer and ion penetration,
resulting in excellent rate performance.

Fig. 6[D] demonstrates the Bode phase plots of the impedance
phase angle vs. frequency obtained from the EIS plot. Since the
capacitive and resistive impedances are identical at a phase angle
of — 45°, the relaxation time constant (t) can be calculated by
T :} at the particular phase. The relaxation time shows how fast

the stored energy of the electrode can effectively be distributed.
The phase angles are close to — 90° at low frequencies, suggesting
ideal capacitive behavior. The biochar-800 showing the maximum
phase angle of — 66° at the low-frequency region can be assigned
to the capacitive behavior; the phase angle remained less than that
of an ideal capacitive nature — 90°, demonstrating the pseudoca-
pacitive nature of the electrode material [71]. The characteristic

Table 2
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frequencies (f) for a phase angle of — 45° are 0.186 Hz and
0.48 Hz, corresponding to the relaxation time constant of 5.3 s
and 2.0 s for biochar-600 and biochar-800, respectively. As the
pyrolysis temperature increased, the diffusion coefficient of elec-
trolyte in biochar-800 increased due to the high specific surface
area, electrical conductivity, and mesopores structure. The mass
transfer process and electrochemical reversibility of the biochar-
800 were also improved with more prominent capacitive
characteristics.

4.2. CV characteristic, internal resistance, and cycling stability of
biochar

The CV measurement of the biochar-600 and biochar-800 sam-
ples at different scan rates from 10 mVs~! to 150 mVs~! and
between 0.0 V and 1.0 V is demonstrated in Fig. 7[A] and [B].
Fig. 7[A] and [B] show that as the scan rate increased, the oxidation
and reduction peaks of biochar-600 and biochar-800 shifted
towards more positive and then negative values, primarily due to
polarization and ohm resistance during the faradic processes. Sim-
ilarly, as pyrolysis temperature increased (or from biochar-600 to
biochar-800), slight improvements in the shape of the CV curves
of biochar-800 were observed, such as the increase in the CV curve
area and current density, which resulted in superior capacitance
value. Dunn’s power law equation was adapted to define the
energy storage mechanism of biochar-600 and biochar-800,
respectively, where the relationship between measured current
(i) and scan rate (v) dependent equation is given as [81].
i=a.b

3)

Where ‘b’ represents the adjustable parameter, which can be
obtained from the slope of the plot of log (i) vs. log (v) at particular
potential, as shown in Fig. 7[C] and [D]. A value of b = 0.5 is related
to the diffusion-controlled Faradic process, while b = 1 implies to
the capacitive (i.e., non -faradic) process. Futher, a value of b
between 0.5 and 1 suggests an integrated process (i.e., faradic
and non-faradic process). Fig. 7[C] and [D] exhibit that the ‘b’ value
for biochar-600 and biochar-800 for anodic and cathodic peaks
remained at 0.53, 0.63, and 0.51, 0.87, respectively, suggesting that
the energy storage is a combination of diffusion-controlled and
charge storage process which conformed the pseudocapacitive
contribution[82]. Fig. 7[E] and [F] show the GCD curve at the differ-
ent current density from 1 A g 'to the 5 A g~'. As current density
increased, the internal resistance (I.R.) drop increased sharply due
to the electrolyte’s enhanced ionic motion velocity over a short
period which posed difficulty for the electrolyte ions to penetrate
within the pores of the biochar material. At 1 A g, the biochar-
600 showed an increased L.R. drop of 0.007 V compared to the
biochar-800 (0.003 V). At a current density of 1 A g~!, the
biochar-800 exhibited a specific capacitance of 228F g~' in a

Two electrode-specific capacitance measurements of electrode prepared by using various biomass-derived biochar

Biomass Activation agent Sger (m%g™1) Electrolyte Specific capacitance (F g~!) Current density (A g71) Ref.
Phonex tree leaves K;FeO4 2208 6 M KOH 254 05Ag! [72]
Silkworm Cocoon KOH 3386 6 M KOH 155.1 5Ag! [73]
Tea waste KOH 911.9 6 M KOH 167 1Ag! [74]
Cotton KOH 2307 6 M KOH 193 0.1-50 A g [75]
Lecithin KOH 1803 1 M H,S04 178 05Ag! [76]
Soybean root KOH 2143 6 M KOH 276 05Ag™! [77]
Dried Fungus KOH 2959 6 M KOH 235 1Ag™! (78]
Bean dregs KOH 2876 1 M H,S04 210.2 1Ag™! [79]
Bagasse KOH 1260 1 M H,S0,4 225 1Ag! [80]
Biochar-600 No-Activation 199.1 1 M H,S0,4 206 1Ag! Presentwork
Biochar-800 No-Activation 312 1 M H,S0,4 228 1Ag! Present work
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Fig. 7. [A - B] CV curve of biochar-600 and biochar-800 in a two-electrode system [C - D] log (i) vs log (v) plot at different scan rate [E - F], Galvanostatic charge-discharge
curve of biochar-600 and biochar-800 [G - H] Specific capacitance at different current densities [I] Cyclic stability of biochar-800 at a constant current density of 10 A~'g up to
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two-electrode cell. However, for an increase in the current density
up to5A g, the specific capacitance of biochar-800 retained up to
84 % as compared to biochar-600 (~70 %), as shown in Fig. 7[G] and
[H]. The high specific capacitance retention % of biochar-800 can be
attributed to the reduced internal charge transfer resistance,
increased specific surface area, and mesopores at higher tempera-
tures. The cycling stability of biochar-800 was examined by the
GCD of the electrode between 0 V and 1 V. Fig. 7[I] shows that after
5000 charge-discharge cycles and at a high current density of 10 A
g~!, the capacitance retention % of biochar-800 remained near 88%,
possibly due to the heteroatoms and porous carbon structures of
biochar-800 which enabled access of electrolyte ions, and led to
long-term cycling life and excellent reversibility of the biochar-
800 electrode [83-85].

4.3. Application of biochar-800 as a coin cell supercapacitor

Fig. 8[A] shows a schematic of the coin cell device supercapac-
itor developed from biochar-800, as it showed the best electro-
chemical performance. The coin cell supercapacitor was
constructed by spin coating 14 mg of biochar-800 slurry on con-
ducting carbon paper containing 90 wt% of biochar-800, 5 wt% car-
bon black, and 5 wt% PVDF. The separator was placed between the
electrodes after being immersed in 1-ethyl-3mthylimdazolium
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Fig. 8. [A] Schematic illustration of biochar-800-coin cell configuration, [B]
Demonstration of working biochar-800-coin cell device glowing LED after the
30 s charging
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tetrafluoroborate (EMI-BF,) ionic liquid as the electrolyte for a
non-aqueous solution. The coin cell was pressed in a hydraulic coin
cell crimping machine. The coin cell device was charged for the
30 s by applying 3 V; consequently, it glows 3 V LEDs for up to
60 s without any external power source Fig. 8[B]. The working of
the coin cell device via video is demonstrated in the supporting
information.

5. Conclusion

In summary, an electrode material was proposed and developed
for symmetric pseudocapacitors with high specific capacitance and
long cycling stability at higher current density. The prepared bio-
char exhibited N and O co-doped heteroatoms in the hierarchical
porous carbon structure with a high micropore volume of
0.143 cm?/gm. The biochar produced at 800 °C showed a specific
capacitance of 228F g 'at 1 Ag 'in 1 M H,S0, and a rate capabil-
ity of ~ 84.1% when current density increased up to 5 Ag~' (191.9F
g~ 1). Remarkably, the biochar-800 also showed an excellent energy
density of 7.91 Wh kg~' in 1 M H,SO, electrolyte and improved
cycling stability 88% capacitance retention after 5000 cycles at a
high current density of 10 A g~ The increased specific capacitance
is assigned to the existence of N and O co-doped heteroatoms
within the graphitic carbon matrix of biochar, which enhanced
the electrical conductivity, and ion adsorption on the surface, at
ambient temperature. Furthermore, the low relaxation time con-
stant, drop in the internal resistance, high specific surface area,
and the presence of micropores played a crucial role in enhancing
the electrochemical performance of biochar-800. Thus, the current
study demonstrates that the low-cost co-doped heteroatoms rich
hierarchical porous biochar material derived from the biomass pel-
lets pyrolysis would be an excellent choice for a high-performance
pseudocapacitive energy conversion device.
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ARTICLE INFO ABSTRACT

Keywords: Waste furniture boards (WFBs) contain hazardous formaldehyde and volatile organic compounds when left

Fiberboard unmanaged or improperly disposed through landfilling and open burning. In this study, pyrolysis was examined

Ely‘tA’mlOdb i as a disposal and recovery approach to convert three types of WFBs (i.e., particleboard, plywood, and fiberboard)
articleboart

into value-added chemicals using thermogravimetric analysis coupled with Fourier-transform infrared spec-
trometry (TG-FTIR) and pyrolysis coupled with gas chromatography/mass spectrometry (Py-GC/MS). TG-FTIR
analysis shows that pyrolysis performed at an optimum temperature of 250-550 °C produced volatile prod-
ucts mainly consisting of carbon dioxide, carbon monoxide, and light hydrocarbons, such as methane. Py-GC/MS
shows that pyrolysis at different final temperatures and heating rates recovered mainly phenols (25.9-54.7%) for
potential use as additives in gasoline, colorants, and food. The calorific value of WFBs ranged from 16 to 18 MJ/
kg but the WFBs showed high H/C (1.7-1.8) and O/C (0.8-1.0) ratios that provide low chemical energy during
combustion. This result indicates that WFBs are not recommended to be burned directly as fuel, however, they
can be pyrolyzed and converted into solid pyrolytic products such as biochar with improved properties for fuel
application. Hazardous components, such as cyclopropylmethanol, were removed and converted into value-
added compounds, such as 1,4:3,6-dianhydro-p-glucopyranose, for use in pharmaceuticals. These results show
that the pyrolysis of WFBs at high temperature and low heating rate is a promising feature to produce value-
added chemicals and reduce the formation of harmful chemical species. Thus, the release of hazardous form-
aldehyde and greenhouse gases into the environment is redirected.

Hazard mitigation
Waste valorization

1. Introduction recovery, and 12.1 million tons (2/3) ended up in landfills (Karidis,
2021). This high waste volume could be attributed to the demand for

According to a report by the United States Environmental Protection new furniture and the undesirable approach (e.g., landfill) currently
Agency (USEPA), the production of wood waste, such as waste furniture used to dispose this type of waste. Moreover, when companies are
boards (WFBs), reached 18.0 million tons in 2018. Of these, 3.1 million relocated or face closure, unused furniture may be discarded as waste,
tons were recycled, 2.8 million tons were combusted for energy thus adding to the waste volume (Ikiz et al., 2021). The disposal of WFBs
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is problematic due to its bulky size, making it difficult to be transferred,
recycled and, sold; moreover, it contains hazardous materials, such as
binders, waxes, flame retardants, paints, and coating, all being difficult
to dispose safely thereby having environmental impacts (Rodgers et al.,
2021).

Plywood (PW), particleboard (PB), and medium-density fiberboard
(MDF), containing adhesives such as urea-formaldehyde (UF-resin) and
phenol-formaldehyde, are commonly used in furniture manufacturing
due to their low fabrication cost, fast curing rate, light color, and non-
combustibility (Khan et al., 2020; van den Broek et al., 2020). Other
adhesives, such as phenolic, melamine, and isocyanates, are also used
but their costs are higher than UF-resin (USEPA, 2002). These additives
are carcinogenic and thus toxic to human health, causing irritation of
nose, eyes, skin, and throat and even cancers (Zhao et al., 2019).
Moreover, these boards are further processed to become water-resistant
through the application of waxes and paints containing a complex
mixture of pigments, additives, and binders. In addition, flame re-
tardants are also added to the boards for fire protection and these
chemicals are associated with adverse health effects, including neuro-
toxicity, cancer, and reproductive toxicity (Rodgers et al., 2021; Wi
et al., 2021). Therefore, these chemicals make it difficult to dispose
WEFBs through conventional approaches, such as landfilling.

WFBs mostly end up in landfills or are combusted either by incin-
eration or open burning, which causes considerable air and soil pollu-
tion. The combustion of WFBs emit hazardous air pollutants (HAPs)
including formaldehyde due to the presence of binding resin, releases
volatile organic compounds (VOCs) such as toluene, xylene, and ben-
zene due to the presence of waxes and paints, and generates COg2, SO,
CO, and NOy. HAPs and VOCs are hazardous gases that cause not only
mild effects on human health (e.g., irritations, headaches, and nausea)
but also major harmful effects, including liver lesions, central nervous
system and kidney failure, and cancer (USEPA, 2020, 2021). Landfills
often generate methane, which is one of the chemicals listed as an HAP
component causing global warming among other (USEPA, 2020). In
addition to emitting pollutants, wood waste poses low biodegradability
while landfills produce leachate that seeps into the surrounding aquatic
environments and thereby pollutes the ground water that in turn
threatens drinking water security and safety (Kapelewska et al., 2019).

Thus, landfilling and combustion cause long-term and undesirable
hazardous effects to the environment; in view of this, thermochemical
conversion methods, such as pyrolysis, are introduced as a promising
technology for the disposal of WFBs (Chen et al., 2020; Ren et al., 2020).
Pyrolysis is a thermochemical process to decompose biomass/waste
material into pyrolytic products (e.g., biochar, bio-oil, and biogas) in an
inert or oxygen-limited environment (Foong et al., 2021). This simul-
taneous reduction of waste and production of bioenergy via thermo-
chemical technologies, such as pyrolysis, has been attracting increased
attention due to the depletion of reserved fossil fuels. Pyrolysis usually
occurs in enclosed systems, thus it limits the emission of HAPs, VOCs,
and gases such as CO3, NOy and SO into the atmospheric environment.
The overproduction of WFBs and the abundance of lignocellulosic con-
tent in WFBs make it suitable as feedstock in pyrolysis for the recovery of
value-added products (Undri et al., 2015). Among pyrolytic products,
biochar is used as a bio-fertilizer, dye absorbent, and catalyst (Lam et al.,
2018b; Liew et al., 2018b; Nam et al., 2018; Yek et al., 2019). The bio-oil
produced may be upgraded into biofuel or used as chemical additives,
whereas the biogas can potentially replace fossil fuel and supply elec-
tricity (Ge et al., 2021; Gonzalez-Arias et al., 2020). This provides
motivation for developing countries to pyrolyze wastes and then utilize
the recovered pyrolytic products for industrial and domestic applica-
tions (Gonzalez-Arias et al., 2020), considering that developed coun-
tries, such as the US and the UK, have also developed pyrolysis plants for
fuel recovery from plastic waste (Honus et al., 2016; Riedewald et al.,
2021).

Thermogravimetric analysis coupled with Fourier-transform infrared
spectrometry (TG-FTIR) is used to determine the gaseous products
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emitted from the pyrolysis process. These instruments enable identifi-
cation of the major gaseous products emitted at a temperature ranging
from room temperature to 800 °C (Liang et al., 2018). However,
TG-FTIR only operates at low heating rates (< 50 °C/min) due to limited
heat conduction, and only compounds with a small size and low boiling
point are detected, making it less applicable for pyrolysis studies (Qiao
et al., 2019). Therefore, pyrolysis coupled with gas chromatography/-
mass spectrometry (Py-GC/MS) is introduced to improve the specificity
of the gaseous components produced from the pyrolysis process.
Py-GC/MS is used to study pyrolysis reaction during varied heating rates
and final pyrolysis temperatures and enables the real-time detection of
volatiles released as they enter the chromatography column directly,
thereby minimizing the occurrence of secondary reactions (Zhang et al.,
2019). However, Py-GC/MS has a limitation on the detection of light
gases (e.g., COy, CHy4, Hy, and CO) released during pyrolysis, whereas
TG-FTIR enables the detection of light gases according to temperature
changes. As such, Py-GC/MS and TG-FTIR provide precise measurement
and detection of the gaseous components emitted, and is an important
method to study the pyrolysis behavior of selected components (Liang
et al., 2018).

The pyrolysis behavior and gaseous products of various wastes,
including municipal solid waste (Ma et al., 2019; Xu et al., 2018),
biomass (Lee et al., 2021; Liu et al., 2019; Wang et al., 2019), and food
waste (Cai et al., 2019; Ming et al., 2020), have been analyzed using
TG-FTIR and Py-GC/MS. Most of the research examined the volatiles
emitted at specific pyrolysis temperatures, activation energy or kinetic
pyrolysis models, and the product distribution of emitted gases. For
instance, Aslan et al. (2018) studied the kinetics and the gaseous prod-
ucts emitted from the pyrolysis of MDF using TG-FTIR and Py-GC/MS,
showing that the gas components detected at the maximum decompo-
sition temperature (i.e., 800 °C) included alkenes, ketones, phenols, and
cyclic compounds. Han et al. (2015) analyzed the pyrolysis properties of
MDF and PB with TGA and Py-GC/MS, showing that the majority of the
oil products were obtained at 500 °C. Xu et al. (2019) studied the py-
rolysis behavior of oak timber with TGA and Py-GC/MS, reporting that
the gaseous product being ketones, phenols, furans, esters, alcohols, and
acids, with acids (37-43%) being the dominant components. Other
studies showed that pyrolysis of poplar wood gave slightly different
composition in the gaseous products including furans, carbonyls, and
ketones, with phenols being the dominant (36%) (Wang et al., 2017).
The difference in the component of the gaseous products could be
attributed to the composition and content of lignocellulosic compounds
in the wood, where the high content of lignin favored the formation of
phenols, whereas the high content of hemicellulose favored the forma-
tion of acids (Stas et al., 2020).

Although previous studies have provided valuable information on
the kinetics and gaseous components produced from the pyrolysis,
limited research has been performed on the evaluation of gases emitted
from WFBs pyrolysis using TG-FTIR and Py-GC/MS (Moreno and Font,
2015; Plis et al., 2016). Therefore, this study aims to explore the po-
tential of using pyrolysis for an efficient and environmentally friendly
approach to dispose harmful WFBs while converting the material into
value-added chemicals. To the best of the author’s knowledge, no study
has so far combined TG-FTIR and Py-GC/MS analyses to perform an
in-depth investigation of pyrolysis behavior and gases emitted from
WEFBs pyrolysis. The first step investigates pyrolysis behavior and the
characteristics of gaseous products emitted from WFBs via TG-FTIR,
whereas the second varies the final pyrolysis temperatures and heat-
ing rates via Py-GC/MS to study the composition and product distribu-
tion of gases emitted by WFBs pyrolysis. These results provide a
fundamental understanding of WFBs pyrolysis and propose a new
approach to waste reduction, hazard mitigation (e.g., limiting the
emission of HAPs and VOCs), and recovery of biochemicals (e.g., phe-
nols) from WFBs.
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2. Materials and methods
2.1. Preparation of WFBs

Three types of WFBs, namely PW, PB, and MDF, were collected from
a furniture manufacturing factory in Zhengzhou (Henan), China. The
samples had a size of 80 mm x 150 mm x 15 mm (Fig. 1a). They were
dried in an oven at 105 °C for 12 h to remove moisture. These boards
were crushed into 20-30 mm using a lopping shear (Fiskars 32-inch
PowerGear Bypass Lopper) and further ground into powder form using
a laboratory blender (7010S, Waring). The powder was sieved to a
particle size of < 125 pm as shown in Fig. 1b and stored in a sealed bag
before being subjected to analysis.

2.2. Chemical properties of WFBs

The elemental contents of carbon (C), hydrogen (H), nitrogen (N),
and sulfur (S) of the WFBs were analyzed using a CHNS elemental
analyzer (FlashEA 1112, Thermo Electron Corporation, USA). The
powder was dried in an oven at 105 °C for 1 h to remove the remaining
moisture before analysis. Approximately 3 mg of WFBs powder were
filled into a tin capsule and subjected into the autosampler of the
elemental analyzer for analysis. The sample was combusted at 1000 °C
to produce gaseous products such as water, SO, and CO; in order to
detect C, H, and S via an infrared absorption detector. A thermal con-
ductivity detector was used to detect N content. The oxygen (O) content
was calculated from the mass difference as shown in Eq. 1 (Liew et al.,
2018c).

Oxygen (0) = 100 wt.% — Carbon (C) — Hydrogen (H) — Nitrogen (N)
— Sulfur (S) (€]

The proximate analysis of WFBs were determined via a thermogra-
vimetric analyser (STA-8000, PerkinElmer, country) with a constant
argon flow of 50mL/min to determine the volatile matter (VM), mois-
ture content, ash content, and fixed carbon. Approximately 10mg of
sample was heated from ambient temperature to 900°C at a constant
heating rate of 20°C/min. Moisture content and VM were determined
from the weight loss of the sample at <150°C and 150-550°C, respec-
tively. Ash content was obtained from the analysis of the lignocellulosic
component. Fixed carbon content was calculated by the mass difference
as shown in Eq. (2) (Lam et al., 2018a).

Fixed carbon (wt.%) = 100 wt.% — moisture — volatile matter — ash
(2

The lignocellulosic components (i.e., biochemical contents) of the
WEFBs were determined by the Van Soest method using a fiber analyzer
(ANKOM 2000, Macedon, USA) as the digestion device (Ma et al., 2019;
Van Soest et al., 1991). The neutral detergent fiber (NDF), acid detergent
fiber (ADF), and acid detergent lignin (ADL) contents were determined
from this test. Approximately 0.5g of WFBs powder was weighed and
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sealed in a filter bag (ANKOM F57, Macedon, USA). The sample bag (i.e.,
filter bag) was digested in the fiber analyzer using 1.3L of neutral
detergent solution (ANKOM FND20C, Macedon, USA) at 100°C for
75 min, followed by washing with 100 °C deionized water for three times
(3-5min each time) to remove the excess neutral detergent solution.
Next, the bag was immersed in acetone (Sigma-Aldrich) for 3-5min for
extraction of non-lignocellulosic components. The bag was then
air-dried and oven-dried at 105°C for 4h to remove the remaining
moisture. Lastly, the dried sample was cooled to room temperature and
weighed to obtain NDF content. ADF content was measured in a similar
procedure as NDF, with the neutral detergent solution replaced by 1N
sulfuric acid (H2SO4) (ANKOM FAD20C, Macedon, USA), and WFBs
powder replaced by the remaining NDF. ADL content was measured by
hydrolyzing ADF with 72% (w/w) H2SO4 solution (Fisher scientific) at
room temperature for 3h. The residue was filtered and dried in an oven
at 105°C for 4h. ADL content was obtained after the dried sample was
cooled to room temperature and weighed. ADL was combusted in a
muffle furnace at 550 °C for 2h to identify the ash content. The contents
of hemicellulose, cellulose, and lignin were quantified from Eqs. (3)-(5)
(Adjalle et al., 2017; Liu et al., 2021; Patowary and Baruah, 2018).

Hemicellulose (wt.%) = NDF (wt.%) - ADF (wt.avb%) 3)
Cellulose (wt.%) = ADF (wt.%) - ADL (wt.%) 4)
Lignin (wt.%) = ADL (wt.%) - ash (wt.%) 5)

2.3. Energy properties of WFBs

The energy properties of the WFBs were assessed with indicators
such as higher heating value (HHV), molar ratios of O/C and H/C, and
fuel ratio (FR) to identify the energy content of the WFBs. HHV (i.e.,
calorific value) refers to the maximum amount of heat produced by a
material when completely burnt (Perea-Moreno et al., 2016), while the
molar ratios of O/C and H/C were used to determine the energy contents
according to the oxygen-carbon and hydrogen-carbon bonds contained
in a material (Hidayat et al., 2018b), and FR was used to determine the
quality of material as solid fuel. A low FR often leads to less char com-
bustion, quick burnout, and more flaming combustion, which is not
preferable (Adeleke et al., 2020). These indicators were calculated ac-
cording to Eqs. (6)-(9). The changes in elemental ratio are also illus-
trated in detail via the van Krevelen diagram, a graphical plot commonly
used to investigate fuel properties according to different chemical
compositions.

HHV (MJ/kg) = —13675 + 03137C + 0.7009H + 0.03180

(6)
0/C = (Owrs/MW of O)+ (Cwrs/MW of C) @)
H/C = (Hyrs/MW of H) =+ (Cwrs/MW of C) )

Fig. 1. (a) WFBs from a furniture manufacturing factory; (b) WFBs powder of PW, PB, and MDF.
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FR = Fixed carbonygg/Volatile matteryrg (©)]
2.4. TG-FTIR analysis

Pyrolysis behavior and gaseous product distribution can be investi-
gated via a thermogravimetric (TG) analyzer (STA-8000, PerkinElmer,
USA) combined with an online FTIR. The heating rate of the WFBs in the
TG analyzer was set at 20 °C/min to ensure the pyrolysis of WFBs were
under kinetic-controlled regime. In this work, approximately 10 mg of
the sample was heated from room temperature to 900 °C with argon
flow at 50 mL/min. The mass of the sample loaded for each run was less
than 15 mg to ensure the kinetic control of the process and possible
temperature gradient in the sample (Gu et al., 2013). The evolved gases
entered the FTIR via a transfer line, in which the temperature was
maintained at 200 °C to avoid possible gas condensation and secondary
reactions. The FTIR spectrum was collected at a resolution of 4 cm ™! in a
wavenumber ranging from 400 cm™! to 4000 cm™!, with a scan fre-
quency of 16 scans/min. The National Institute of Standards and Tech-
nology (NIST) spectrum database was used to interpret the FTIR spectra
of the WFBs. Some homo-diatomic gases, such as Hy and N3, were not
detected by FTIR due to the limitation of the analyzer.

2.5. Py-GC/MS analysis

Py-GC/MS analysis was conducted using a vertical type pyrolyzer
(5977B, Agilent, USA) coupled with a gas chromatography/mass spec-
trometry (7890B, Agilent, USA). Py-GC/MS is frequently used to
determine the fast pyrolytic product distribution of samples at
isothermal temperature conditions. Approximately 1 mg of sample was
placed into a quartz capillary column. The probe consisted of a quartz
column surrounded by platinum wire, whereas the probe provided
different heating conditions during the pyrolysis process. Different final
pyrolysis temperatures (i.e., 500, 600, and 700 °C) and heating rates (i.
e., 30, 60, and 90 °C/min) were selected to investigate the effect of the
selected conditions toward the pyrolytic product distributions. A heating
rate of 50 °C/min and a pyrolysis time of 10 s were set for various final
pyrolysis temperatures, whereas a final temperature of 600 °C and py-
rolysis time of 10 s were set for various heating rates. The injection valve
and pyrolytic product transfer line temperature was set to 300 °C to
avoid possible gas condensation. The GC separation of pyrolysis vapor
was performed using a TR-5MS column (30 m x 0.25 mm x 0.25 um).
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The carrier gas selected was highly purified helium. Shunt mode was
used, with a split ratio of 50:1 and a shunt rate of 50 mL/min. The GC
program began at an initial temperature of 40 °C, which was maintained
for 2 min, increased to 200 °C at a heating rate of 5 °C/min, and then
increased to 280 °C at 10 °C/min and maintained at 280 °C for 15 min.
Ion source temperatures were set at 230 °C with an ionizing voltage of
70 eV and an ionization current of 150 pA for electron ionization; the
scanning quality range was 28-500 amu. The components obtained
were identified by comparing with the NIST mass spectral library using
similar indices of > 70%, and the quantification of components was
obtained by calculating the percentage areas of each component from
pyrolysis volatiles. The calculated data were used to interpret the
experimental results. The solid residue of the pyrolysis was not
measured because the focus of this study is to examine the pyrolysis
vapor comprising majority of the components of the WFBs. The analysis
was performed for at least three times to obtain the mean value for the
data and to ensure the reproducibility of the experiment.

3. Results and discussion
3.1. Thermogravimetric analysis

Fig. 2 shows the thermogravimetry (TGA) and derivative thermog-
ravimetry (DTG) curves for PW, PB, and MDF at a heating rate of 20 °C/
min. PB showed a lower weight loss than PW and MDF within a
decomposition temperature range of 250 °C to 550 °C. In addition, PB
showed a smaller peak compared to PW and MDF at its maximum
decomposition temperature (i.e., 366 °C) in the DTG curve; this result is
consistent with the lower mass loss representing the volatile content
detected in PB (64.4 wt%) compared to PW (69.1 wt%) and MDF
(67.8 wt%).

Interestingly, PW showed two peaks in the DTG curve, indicating two
different decomposition stages at a temperature ranging from 250 °C to
550 °C. This phenomenon is due to the possible decomposition of
binding resin (e.g., urea-formaldehyde) at lower temperatures (Lai et al.,
2018). The thermal degradation of urea-formaldehyde (UF-resin) that
occurred at temperatures ranging from 177 °C to 457 °C likely decom-
posed ahead of lignocellulose component because UF-resin consists of
thermally unstable methylene, carbonyl, and imino group network
structures (Zhan et al., 2019). The cellulose and lignin of the lignocel-
lulose component started to decompose at 280 °C and 430 °C,
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Fig. 2. Degradation stage during pyrolysis of WFBs at a heating rate of 50 °C/min.
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respectively, resulting in an overlap of the UF-resin and lignocellulose
decomposition stages. The formation of two peaks in the PW DTG curve
is probably due to the inhibition of cellulose decomposition at 349 °C.
During pyrolysis, the end of the hydroxymethyl group split from the
UF-resin to produce formaldehyde, followed by a C-N bond cleavage to
produce N-containing volatiles. The N-containing volatiles are reactive
and unstable at high temperatures, thus tend to react with cellulose in
the lignocellulose components, resulting in accelerated bond cleavage as
observed from the first peak of the DTG curve of PW (324 °C). However,
a lower mass loss was observed at 349 °C, which could be due to an
inhibition of cellulose decomposition. At this temperature, an inhibition
of cellulose decomposition may occur due to the produced free radicals,
which likely react with lignin instead of cellulose to produce thermally
unstable intermediates. As a result, the rate of cellulose decomposition
was reduced, leading to a lower mass loss. The unstable intermediate
was likely converted into oxycarbides and N-containing components
that react and decompose with lignin as observed from the second peak
at 385 °C (Zhan et al., 2019).

The thermal decomposition stages, including drying (<170 °C),
devolatilization (170°C to 600°C), and decomposition stages
(>600 °C) during WFBs pyrolysis are shown in Fig. 2. First, weight loss
was observed at the drying stage during which the WFBs underwent
devolatilization where most of the VM was released at temperatures
ranging from 170 °C to 600 °C. Around 70 wt% of the weight loss was
then observed at the devolatilization stage, revealing that most volatiles
were released due to the decomposition of lignocellulosic components.
Lignocellulosic components mainly comprise hemicellulose, cellulose,
and lignin, which decompose at different temperature ranges due to
their various chemical structures as illustrated in Fig. 2 (Cai et al., 2019).

The devolatilization stage can be further divided into three sub-
stages. Sub-stage I represents the devolatilization of the hemicellulose.
Hemicellulose comprises mannose, galactose, xylose, arabinose, and
glucose (light component), which have the lowest thermal stability
among other lignocellulosic components; thus, it decomposes at lower
temperatures (i.e., 170-310 °C) (Ma et al., 2015). Sub-stage II occurs at
310-430 °C, corresponding to cellulose devolatilization. Cellulose has
slightly higher thermal stability than hemicellulose due to the presence
of linear and unbranched structures that decompose at higher temper-
atures (i.e., 280-400 °C) (Fateh et al., 2013). Sub-stage I (i.e.,
430-600 °C) corresponds to the devolatilization stage of lignin having
the highest thermal stability and decomposing at temperatures higher
than 430 °C due to its complex polymer network containing phenoxy
and phenyl groups. The presence of aromatic rings in lignin requires
higher energy for bond cleavage compared with C-C and C-O bonds in
cellulose and hemicellulose. These results are in agreement with previ-
ous research on devolatilization of lignocellulosic materials, where
thermal degradation starts at 200 °C and the highest mass loss is
observed at temperatures ranging from 200 °C to 600 °C (Lam et al.,
2016b; Ming et al., 2020; Xu et al., 2018).

The final WFBs pyrolysis stage is the decomposition stage, where
most of the volatiles are released and the remaining non-volatile carbon
undergoes carbonization to produce biochar (Lam et al., 2016a). Over-
all, the optimum WFBs pyrolysis temperature is 200-550 °C as most VM
releases and converts into potentially useful liquid and gaseous prod-
ucts. Pyrolysis temperatures above 600 °C represent the carbonization
stage where char forms.

3.2. Chemical properties of WFBs

The chemical properties of WFBs are shown in Table 1. The major
elements in PW, PB, and MDF were carbon (C) and oxygen (O), followed
by small amounts of hydrogen (H) and nitrogen (N), whereas no sulfur
(S) was detected. The presence of high contents of C and O in WFBs are
mostly due to lignocellulosic components containing hydrocarbon and
phenolic components (Ma et al., 2019). PW had the highest VM and
cellulose content and the lowest FC and C contents among the three
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Table 1
Chemical properties of WFBs in the present study.

Proximate analysis (wt%) PW PB MDF
Moisture” 4.5 4.1 5.2
Volatile matter” (VM) 69.1 64.4 67.8
Fixed carbon™“(FC) 23.3 27.5 23.7
Ash® 3.1 4.0 3.3
Elemental analysis (wt%)

Carbon”(C) 38.0 41.8 41.2
Hydrogen"(H) 5.5 6.4 6.3
Nitrogen"(N) 7.7 5.2 5.2
Sulphur”(S) - - -
Oxygen™* (0) 48.8 46.7 47.3
o/c” 0.963 0.838 0.861
H/C" 1.737 1.837 1.835
Biochemical composition (wt%)

Hemicellulose” 14.0 12.7 14.9
Cellulose” 46.0 35.1 35.6
Lignin® 36.9 48.2 46.2
HHV® (MJ/kg) 15.96 17.72 17.48
Fuel ratio (FR) 0.337 0.427 0.350

«.” refers to not detected.
@ Based on a dry basis.
b Molar ratio.
¢ By difference.

WEFBs. Lignin comprises complex carbon structures and thus having high
thermal stability. During the heating process, the remaining non-volatile
carbon is known as FC and was likely to be derived mainly from lignin,
whereas hemicellulose and cellulose with lower thermal stability easily
volatilized during heating, thus contributing to the VM content (Liew
et al., 2018a). This phenomenon explains the high cellulose and low
lignin content of PW, which result in high VM and low FC. A small
amount of ash detected in WFBs (3.1-4.0 wt%) may comprise Na, Al,
Mn, Fe and K and could act as an inorganic catalyst that increases
cracking processes and thereby increases the yield of VM (Liew et al.,
2018c).

MDF showed a different biochemical composition despite having
nearly the same elemental contents compared to PW. This result could
be due to the differences in wood type used in the furniture boards. MDF
has a higher hemicellulose content (14.9 wt%), which decomposed into
organic volatiles at a similar pyrolysis condition as PW (14.0 wt%)
(Table 1), thus contributing to higher VM content. This result is
consistent with the research carried out by Zhao et al. (2017), showing
that hemicellulose is rich in random, branches and amorphous struc-
tures that can easily be decomposed to form volatiles at low tempera-
ture. As a result, MDF with a higher content of hemicellulose produced
larger amounts of VM than PW with a lower hemicellulose content. PW
consisted of the highest N content (7.6 wt%) compared to PB and MDF
probably due to the higher amount of N-containing bind resin used in its
manufacturing (Zhan et al., 2019). Combustion of materials with a high
amount of N would produce NOy (i.e., NO, NO5, and N»0), and these
gases lead to acid rain. Moreover, S was not detected in the WFBs,
probably due to the low content of S to be detected by the elemental
analyzer. Thus, the formation of SO, (a major component contributing
to acid rain) is likely to be negligible from WFBs pyrolysis and com-
bustion (Cruz et al., 2020). However, direct burning of WFBs is not
encouraged because it produces NOy causing air pollution.

3.3. Energy properties of WFBs

The high heating value (HHV) of WFBs range from 16 MJ/kg to
18 MJ/kg with PW showing the lowest HHV, whereas PB and MDF
having similar HHVs (Table 1). However, WFBs consisted of high O
content (i.e., 46.7-48.8 wt%) and could result in the production of
liquid oil with high O content from the pyrolysis of WFBs, causing un-
stable liquid oil products during storage. As a result, the liquefaction
process of fuel was hindered, thereby reducing its calorific value.
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C-O bonds have a higher bond dissociation energy than C-C bonds.
During combustion, less heat energy is produced from components with
C-O bonds (305 kJ/mol) compared to components with C-C bonds
(411 kJ/mol), thus reducing the performance of fuel including its
calorific value (Cruz et al., 2020; Kaufman, 1993). Therefore, PW had
the lowest HHV (16.0 MJ/kg) due to the high O content (48.8 wt%).
Fig. 3 shows the van Krevelen plot for the WFBs compared to the con-
ventional solid fuel lignite and the biochar derived from PW, PB, and
MDF; the results on the biochar were obtained from the pyrolysis of PW,
PB, and MDF in a lab scale pyrolysis unit from previous studies (Hael-
dermans et al., 2019; Liu and Balasubramanian, 2013; Mitchell et al.,
2013). The biochar had lower H/C and O/C ratios compared to WFBs
and lignite, indicating a higher energy potential in the biochar (Ayiania
et al., 2019).

The low O/C ratio in biochar reflects fewer C-O bonds and more C-C
bonds. Hence, a higher chemical energy was obtained from biochar with
low O/C ratio as lesser energy is required to break the C-C bond having a
lower bond dissociation energy (607 kJ/mol) compared to the C-O
(1077 kJ/mol); as a result, the HHV of biochar increased (Lee et al.,
2019; Speight, 2017). Moreover, solid fuels (e.g., biochar) with low H/C
and O/C ratios are recognized as clean fuels since they produce less
water vapor and smoke during combustion (Lee et al., 2019). Therefore,
given its higher H/C and O/C ratios, WFBs could be converted into
biochar with improved fuel properties. The FR of PW, PB, and MDF was
within the range of 0.34-0.43, which is lower than lignite (0.84) (Liu
and Balasubramanian, 2013), whereas the lower FR indicates poor
combustion performance and increased emission of air pollutants. Thus,
burning these boards is not recommended for energy recovery; instead,
they should be converted into liquid or gaseous fuels due to their high
VM contents.

3.4. TG-FTIR analysis

The time evolution of the FTIR spectra for all three types of boards
showed similar behavior in the released gases. Fig. 4 displays the FTIR
spectra of the WFBs at different time intervals and temperatures. For the
pyrolysis of PW, almost no gaseous substances were detected at tem-
peratures below 60 °C. The FTIR spectra started to show weak peaks of
water vapor after 2 min at a temperature around 70 °C, whereas mul-
tiple FTIR peaks were detected within the ranges of 3500-4000 cm
and 1300-2000 cm ™, indicating the presence of water vapor. On top of
the water vapor peaks, weak peaks were detected at 2350 cm™! and
~700 em ™!, suggesting the presence of CO, in the gas mixture. The
released gaseous product became predominantly CO, after 8 min at
200 °C, where prominent peaks were found at 2400 cm™* and 700 cm™*
along with weaker peaks of water vapor. In addition, multiple peaks
were detected at ~3300 cm ™! and 950 em ™}, suggesting the presence of
NHj at this temperature. It should be noted that as the temperature of
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Fig. 3. Van Krevelen plot for WFBs, including PW, PB, MDF, PW-biochar, PB-
biochar, MDF-biochar, and lignite.
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the experiment progressed to a higher temperature (approximately
300 °C), the CH,4 peaks at 2800-3100 cm ™' and 1200-1350 cm™*
became more prominent. After 20 min, the presence of CO became more
prominent as evidenced by 2100 cm™! and 2200 cm ™! peaks at 430 °C
in the FTIR spectra. This finding is consistent with that of Fateh et al.
(2013), showing that CO5 peaks were found at a temperature higher
than 280 °C. The result was further supported by the FTIR of PW at
12 min and 270 °C, where no CO peak was found in the spectra. The
presence of new peaks at 500-700 cm* and 1500-1800 cm ! at a later
stage was likely due to the presence of volatile aromatic hydrocarbons,
such as benzene and toluene. At this point, inferring the composition of
the gas mixture became difficult as the FTIR spectra became heavily
convoluted.

The FTIR spectrum of PB pyrolysis did not exhibit any significant
release of gaseous components before 70 °C. A weak CO, peak at around
2400 cm ™! was detected at approximately 70 °C. The CO peak became
more prominent as the experiment progressed to 4 min, where a sharp
peak was detected at around 2400 cm™! and a weaker peak was
observed at around 500 cm ™! in the FTIR spectra. Multiple peaks after
8 min at 2500-3700 cm ™! and 1300-1800 cm™! bands indicated the
presence of water vapor. The water vapor peaks were presumably the
absorbed water in the wood composites. The absorbed water required a
higher temperature (>100 °C) to reach the boiling point. The water
molecule collided with the wood composites, thus creating pressure.
This pressure was transmitted throughout the absorbed water molecule
causing the water molecule hard to form bubbles and escape as gas
molecules (start boiling); thus, a higher temperature was required to boil
the absorbed water. At around 12-16 min (>300 °C), more absorbance
peaks started to register on the FTIR spectrum, indicating the presence of
multiple components in the vapor phase. At this point, it is difficult to
deconvolute the FTIR spectrum and identify the exact composition of the
gas mixture. However, we could still deduce that CO5 (dominant peak at
2400 cm’l) remains to be the main component of the mixture. The new
peaks at around 2900-3000 cm ™! and 1200-1400 cm ™! suggested the
presence of volatile alkane gases, such as methane. This finding is
similar to the FTIR spectra of wood lignin where the peak appears
around 2900-3000 cm ™! and 1200-1400 cm ™, indicating the presence
of C-H stretching and C-H bending vibrations of the methyl group,
respectively (Zhao et al., 2014). The presence of new peaks at around
1500-1800 cm ! was likely due to volatile aromatic hydrocarbons, such
as benzene and toluene, which were by-products of pyrolysis. After
20 min, the volatile alkane and aromatic hydrocarbon became less
prominent as the experiment progressed to 30 min. It is noteworthy that
at the later pyrolysis stage around 24-30 min, the IR spectra of CO at
2100 cm ™! and 2200 cm™! peaks became more prominent, indicating
that CO is released at a higher temperature.

The FTIR spectra of MDF below 70 °C showed no release of volatile
components, whereas water peaks started to appear at
3500-4000 cm™', 1400-1900 cm™!, and 500-700 cm™', where the
sample temperature reached 70 °C, indicating the release of retained
water. When the experiment progressed to 4 min at around 110 °C, extra
peaks started to emerge at 600-800 cm ™! and 2300-2400 cm ™! along
with the water vapor peaks detected earlier, indicating the release of
CO4 possibly due to the side chain C-C bond breakage in lignin (Liu et al.,
2008). As pyrolysis progressed to a higher temperature (~200 °C), the
CO4 concentration of the vapor phase increased, and the pyrolysis
became so convoluted that an exact breakdown of the gas phase
composition became impossible (without further processing). However,
new peaks were registered in the FTIR spectrum at the 1500-1800 cm ™!
and 2900-3100 cm ™! bands, suggesting the presence of volatile alkanes
(e.g., CHy) or aromatic hydrocarbons (e.g., toluene or benzene) in the
gas phase. The FTIR spectra of the gas phase remained the same until the
reaction progressed to 20 min, where the release of CO, became
significantly weaker, whereas the release of CO (at the 2100 and
2200 cm ! peaks) increased at the later stage of pyrolysis.

Overall, the main components released from WFBs were CO3, CHy,
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Fig. 4. FTIR spectra of (a) PW, (b) PB, and (c) MDF at different time intervals and temperatures.

CO, H0, and aromatic compounds, such as toluene and benzene.
Combustible gases, such as CO, Hy, and CHa, are fuel sources; thus, the
use of pyrolysis provides an alternative to transform the hazardous
components (e.g., benzene and toluene) in WFBs into biofuel (Chen
etal., 2021). The release of CO2, CH, and CO was due to the cleavage of
functional groups, such as carbonyl, ether, carboxyl, and methoxyl, as
well as the secondary cracking of phenolic compounds (Chen et al.,
2019a). CO was observed at higher temperatures (>700 °C) due to the
Boudouard reaction between char and CO2 (Ong et al., 2020; Yang et al.,
2021). The FTIR spectrum of the WFBs also shows that the organic
components in WFBs undergo thermal degradation at sub-stage II of
pyrolysis to produce light molecular weight compounds, such as ben-
zene and toluene. These components can be added to gasoline to
improve the octane rating and provide an alternative to recover useful
chemicals from WFBs and divert the waste from combustion and land-
fills that burden the environment.

3.5. Py-GC/MS analysis

The chemical components detected and obtained from WFBs pyrol-
ysis can be classified into phenols, carbonyls, alcohols, hydrocarbon,
nitrogenous, and other oxygenates. Among them, compounds, such as
aldehyde, ketone, ester, and carboxylic acids, are grouped into “car-
bonyls”, whereas compounds, such as silicone and oxygenates other
than carbonyl, are grouped into “other oxygenates”. Amines and amides
are grouped into “nitrogenous” compounds. The pyrolytic products are
also classified according to carbon number ranges: C;—Cs, Cg—Cio,
C11-Ci5s, C16-C20, and Csg0. Lower molecular weight compounds, such
as CO, CHg4, and H», were not detected due to the detection limit of GC/
MS.

3.5.1. Effect of final pyrolysis temperature

Final pyrolysis temperature refers to the highest temperature ach-
ieved and recorded during the pyrolysis process, representing one of the
key factors affecting the product distribution of pyrolytic products. The
extent of chemical reactions that occurred during pyrolysis is influenced
by different final pyrolysis temperatures. For example, a high final

pyrolysis temperature improves the degree of decarbonylation and
secondary reactions such as addition, aromatization, and saturation
reactions (Qiao et al., 2019). Fig. 5 shows the distribution of pyrolytic
products at different final pyrolysis temperatures according to product
series and carbon number range for WFBs with a standard error of 5%.
Different types of WFBs showed different products during pyrolysis; this
variation could be attributed to the use of different types of wood and
the addition of different components, such as adhesives, paints, coat-
ings, and additives, during the manufacturing process. Woods, such as
poplar, oak, larch, cherry, and maple, with different compositions of
lignocellulosic component would result in varied final product distri-
butions. During pyrolysis, hemicellulose and cellulose are converted
into carbonyls through cracking, whereas lignin is converted into phe-
nols via dehydration, depolymerization, and decarboxylation (Wang
et al., 2017).

As shown in Fig. 5a, the phenol group in PW decreased by 23.5% and
the oxygenates increased by 20.6% when the final temperature
increased from 500 °C to 700 °C. These changes are likely due to the
reaction between PW and UF-resin at a high temperature (700 °C).
When heating was provided, the UF-resin decomposed to form a ther-
mally unstable N-containing intermediate. This intermediate could react
with lignin in PW and thus improve the decomposition of lignin. Phenol
is one of the products produced from lignin decomposition. As the
temperature increased, recondensation, hydration, and polymerization
reactions between phenols and other volatiles (e.g., oxygenated com-
ponents released during pyrolysis) were promoted, reducing the pro-
duction of phenols and promoting the formation of other oxygenates at
high temperature (Zhan et al., 2019).

The pyrolysis of MDF produced the highest percentage of phenols
(45.6-49.8%). The heat received by the MDF (compressed wood
sawdust/powder) could be inhibited due to the compactness and smaller
particle size of the wood powder in MDF as compared to PB (compressed
wood chips) and PW (glued wood pieces). Additional heat energy was
required to initiate the decomposition of MDF as the heat was trans-
mitted from the outer core into the inner core of particles during py-
rolysis. This result is in agreement with that reported by Suriapparao
and Vinu (2018), indicating that a decrease in particle size would
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increase the activation energy. As a result, additional heat energy is
required for the pyrolysis decomposition of feedstock with small particle
size.

Carbonyls and alcohols are other main products from WFBs pyroly-
sis, suggesting that the lignocellulosic components fragmented into
smaller molecules, such as ester, carboxylic acid, aldehyde, and ketones,
through dehydration, cracking, scission, decarbonylation, and cycliza-
tion (Yu et al., 2021). Moreover, oxygenates, such as ketones and car-
boxylic acid, were produced from hemicellulose decomposition and
aldehydes and phenols from lignin degradation (Taghizadeh-Alisaraei
et al., 2017). Interestingly, products from PB pyrolysis show the highest
content of hydrocarbons (up to 15%) compared to that observed from
PW and MDF pyrolysis. High final pyrolysis temperature promotes
decarboxylation by removing carboxyl groups from carbonyl com-
pounds, resulting in the production of hydrocarbons and COy (Mishra
et al., 2020). However, the hydrocarbon content decreased around
700 °C, probably due to re-condensation of hydrocarbons with moisture
or other volatiles, forming additional phenol and other oxygenates
(Fig. 5a, f). Table 2 shows the main components produced from the
pyrolysis of WFBs at different final pyrolysis temperatures.

The pyrolysis of PW produced components with a higher carbon
number range of C;6-Ca and lower carbon number range of C¢-C19 when
the temperature increased. This result was possibly due to the reactions,
such as recondensation, hydration, and polymerization, which occurred
more frequently between PW, UF-resin, and light molecular weight
components (compounds with Cg¢-C1g) at higher temperatures. Light
molecules received a higher amount of energy at higher final tempera-
tures and hence reacted more frequently with volatiles (e.g., phenol)
released during pyrolysis via reactions, such as re-condensation and
polymerization, resulting in the production of higher molecular weight
components (Jiang et al., 2019). The C-N bond in UF-resin was likely to
be cracked at a high temperature, producing thermally unstable
N-containing compounds (e.g., amines and amides), which could react
more frequently with the light hydrocarbons to produce complex carbon
components, thus increasing the amount of components with high car-
bon number at 700 °C (Zhan et al., 2019).

In addition, an increase in temperature resulted in increased sinapyl
alcohol and decreased 4-ethylsyringol for PW pyrolysis. As the tem-
perature increased, 4-ethylsyringol was likely to react with methanol
(cracking of hydroxymethyl attached to cycloalkane rings or aromatic
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Table 2

Main components produced (%) at different final pyrolysis temperatures and heating rates for PW, PB, and MDF.

MDF

PB

PW

Compounds

No.

90 °C/
min

60 °C/

600°C 700°C 30°C/
min min

500 °C

90 °C/

60 °C/
min

min

30°C/

60 °C/ 90 °C/ 500°C 600°C 700°C
min min min

700°C 30°C/
min

600 °C

500 °C

1.0
5.6
1.0

0.9
6.6

1.6
6.9

0.8
3.6
0.8

0.7
4.3

0.9
4.0
0.7

0.2
2.6

0.7

1.3
3.8
3.9

Cyclopentanedione

21

5.7 7.1

0.6

4.6

5.5

5.3
1.4

4.3

5.6 5.3

2.6
6.1

5.2

Cyclopropylmethanol
1,4:3,6-Dianhydro-p-

glucopyranose

20

0.9

1.7

1.0

1.2

1.4

1.3

0.9

4.2

4.4

1.9

2.8

18

0.3

0.4

0.5

0.7

0.3

0.8

0.1

0.4

0.2

3-Ethyl-2-hydroxy-2-

cyclopenten-1-one
4-vinylguaiacol

19

3.5 2.1 4.9 4.9 4.3 6.2 5.2 5.8 6.5 7.3 7.1 6.1 6.0 5.8 6.1 7.1 6.1
3.3 3.3 2.6 3.3 3.1 3.1

4.8
3.9

3.4 3.1

3.0

3.5

2.7

0.3

2.5

3.2

3.0

2.0

3.1

3,5-Dimethoxy-4-
hydroxytoluene
Acetosyringone

Syringol

17

0.8
7.1

1.0
9.6

0.7
6.4

1.0
7.1

1.0
6.8
0.3
9.3
5.0
9.3

0.9
7.4
0.3

0.7
7.4

0.8
6.8

0.9
6.4

0.7
5.9
0.5

0.1

0.8
7.2
0.7

1.0
7.9

0.9

1.1
7.4

0.7
3.5

0.1

1.0
7.4
0.2

1.0
7.9
0.3

5.0
0.3

7.6

0.3

Guaiacol

9.4
3.8

9.6

9.9
5.3

7.4
4.3

7.0
3.3
6.3

7.7
4.8
6.7

6.3

9.8

17.4

4-ethylsyringol
Isoeugenol

10

5.3
9.8

5.0
8.8

3.8
7.8

5.8
7.0

5.1

4.1

3.3

3.5 2.8

9.4

1.2
4.3

1.9
7.0

3.0
8.1

9.5

7.5 7.5

6.2

8.6

9.0

4-Propenyl-2,6-

12

dimethoxyphenol
Syringylacetone

3.0
0.7
1.3
1.4
1.3

2.9
0.6

1.8
1.7

0.7

2.2

2.2
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2.3

1.9
1.8
2.0
0.6

2.2
2.1

2.8
2.6

1.3
3.4
2.4
2.3

1.2

4.2
1.8

0.6

1.4
2.5

2.5

3.0 3.1

1.3
10.1

1.8
7.8

1.7
1.4

2.5

3.6
1.6

1.1

1.0
1.4
1.5
2.9

2.7

1.0
2.5

1.3
2.6
2.0

Sinapylalcohol

11
22

1.3
0.9
0.5

1.5
1.5
2.5

1.9
2.0

2.6
0.3

1.9
1.4

4.2

2.5
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1.5
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Hexadecanoic acid
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0.6

2.3
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1.4
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refers to not detected.
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rings), followed by dehydrogenation to form sinapyl alcohol (Xu et al.,
2018). The increased amount of sinapyl alcohol could be contributed by
4-propyl-2,6-dimethoxyphenol and syringol via reaction with the hy-
droxyl radical and butene-3-ol, respectively. Paromomycin decreased
and cyclopropylmethanol increased with increased temperature from
500 °C to 600 °C but showed an opposite trend at 700 °C. The cracking
of paromomycin at a lower temperature could produce cyclo-
propylmethanol and N-containing structures, but these structures were
likely to recondense to produce paromomycin when receiving higher
heat energy during pyrolysis, thus explaining the fluctuating trend for
paromomycin and cyclopropylmethanol (Zhan et al., 2019).

The pyrolysis of PB showed a slightly different trend from the py-
rolysis of PW, where pyrolysis at a final temperature of 600 °C produced
less C¢—Cy9 components but more C;1-C15 components. Interestingly,
the hydrocarbon content of PB at 600 °C increased, suggesting that the
pyrolysis of PB at 600 °C favored the formation of C;;-Cy5 hydrocar-
bons. Components with carbon number C. 3y and Cs-C;o decreased at
600 °C but increased at 700 °C; by contract, C4_¢ showed the opposite
trend. This result can be explained as when the temperature increased,
the decomposition of C. 5y components improved due to the higher heat
energy provided at a higher temperature, resulting in the production of a
high amount of component with carbon number C4_¢ and a low amount
of component with carbon number C.99. When the temperature
increased further (700 °C), additional heat energy became available,
resulting in increased reactions, such as hydration, polymerization, and
re-condensation of C4_¢ compounds with C. 3y and C¢-C1¢ compounds.

For the pyrolysis of MDF, the trend in carbon number and product
series were nearly similar at different final pyrolysis temperatures,
suggesting that the amount of heat energy supplied during the pyrolysis
had less influence on the product distribution. Thus, final pyrolysis
temperature was not the main factor that altered the chemical compo-
sition in VM from MDF pyrolysis. Therefore, 500 °C is suggested to be
the optimum temperature for pyrolysis of MDF to obtain components
with low carbon numbers and high phenol contents. Overall, the final
pyrolysis temperature showed an obvious effect on the pyrolysis of PW
and PB but less effect on the pyrolysis of MDF. In general, the pyrolysis
of WFBs at 500 °C produced the highest amount of 4-ethylsyringol,
which can be used as food additives, but the pyrolysis at 700 °C pro-
duced the highest amount of sinapyl alcohol, which may cause skin, eye,
or respiratory irritation. Value-added chemicals, such as paromomycin
(used as an antimicrobial for parasitic infections) and 3,5-dimethoxy-4-
hydroxytoluene (pharmaceutical formulation for spasmolytic or anti-
spasmodic agent), can also be recovered from WFBs pyrolysis. The py-
rolysis at 700 °C reduced the formation of cyclopropylmethanol, a
danger component that is flammable, corrosive, and irritating, and is a
health hazard. Moreover, the pyrolysis of WFBs produced a high amount
of phenols, which can be used as gasoline additives, food additives,
colorants, pesticides, and antioxidants, as well as intermediates for the
pharmaceutical industry. This result suggests that WFBs can be a suit-
able raw material for the recovery of phenol via pyrolysis.

3.5.2. Effect of pyrolysis heating rate

Heating rate is also an important factor that affects the pyrolysis
process. An increase in heating rate indicates that the feedstock receives
higher energy per unit of time. Thus, pyrolysis with a higher heating rate
could improve the breaking of chemical bonds and promote the con-
version of feedstock into pyrolytic products. The increase in heating rate
also favors the breaking of higher bond dissociation energy chemical
bonds due to the huge amount of energy gained in one time. However,
when the heating rate is too high, heat transfer may become a rate-
control step for the pyrolysis process, resulting in an incomplete
decomposition of the feedstock (Qiao et al., 2019). During the pyrolysis
process at high heating rates, the volatiles released from biomass are
immediately fragmented upon gaining a high amount of heat energy.
The hot volatile then exits the reactor immediately, resulting in a shorter
reaction time to obtain the desired products (Qiao et al., 2019). Fig. 6
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shows the distribution of pyrolytic products from WFBs at different
heating rates according to product series and carbon number with a
standard error of 5%.

Pyrolysis of WFBs produced the highest amount of phenols, followed
by carbonyls and alcohols (Fig. 6). For PW pyrolysis, the high heating
rate improved the heat energy transferred to PW, resulting in the
improved thermal cracking of different components in PW. However,
the lignin in PW required higher bond dissociation energy for decom-
position to form phenols due to its complex structure with high thermal
stability. As aforementioned, a high heating rate favors the breaking of
higher bond dissociation energy chemical bonds. Therefore, the increase
in heating rate promoted the decomposition of lignin into phenol, thus
increasing phenol production. By contrast, a lower heating rate limited
the heat transfer in PW; thus, components, such as cellulose and hemi-
cellulose, with lower thermal stability were decomposed to produce
carbonyl and alcohol.

For the PB pyrolysis, a high content of oxygenates was observed from
the pyrolysis at 30 °C/min and 90 °C/min (Fig. 6f). The optimum py-
rolysis heating rate for PB is 60 °C/min that provided sufficient heat
energy to decompose PB and produce phenols and carbonyls. When the

10

heating rate was increased to 90 °C/min, additional energy was supplied
to PB, resulting in the formation of additional radical fragments. These
fragments can recombine with oxygen-containing volatiles generated in
the reaction region and in turn increase the proportion of “other oxy-
genates”. This result concurs with the result obtained by Xiong et al.
(2020), claiming that a fast heating rate (50 °C/s) in the pyrolysis of
lignocellulosic biomass promoted the formation of oxygen-containing
components.

The pyrolysis of MDF was highly affected by the heating rate (Fig. 6).
The amount of C. ;¢ compounds obtained at 30 °C/min was much higher
than that obtained at 60 °C/min and 90 °C/min due to the decomposi-
tion of low-thermal stable cellulose and hemicellulose, which in turn
increased the hydrocarbon content. However, the limited heat received
by MDF at a low heating rate probably led to the incomplete decom-
position of the lignin component in the MDF. In addition, reactions, such
as decarboxylation and decarbonylation of lignin, required a high
amount of heat energy to produce CO and CO; (Akhtar and Saidina
Amin, 2012). Therefore, the lignin in MDF received insufficient heat
energy to eliminate the oxygen molecule, resulting in the increased
formation of other oxygenates. By contrast, a high heating rate provided



S.Y. Foong et al.

a high amount of heat energy to lignin in MDF, thus promoting the
decomposition of lignin to produce phenols and alcohol.

According to Table 2, the pyrolysis of PW produced a lower amount
(2.6 wt%) of cyclopropylmethanol (hazardous carbohydrate-derived
products) at 30 °C/min. The increased amount of 1,4:3,6-dianhydro-p-
glucopyranose was due to the re-condensation of cyclopropylmethanol
(Chen et al., 2017) when the heating rate was increased. At a low
heating rate, the heat energy that transferred to the cellulose in PW
decreased, thus reducing the extent of PW cellulose decomposition.
However, the energy is still sufficient for cellulose to decompose into
lighter molecules, such as cyclopropylmethanol owing to its low thermal
stability properties. Meanwhile, it could re-condense with the volatiles
retained in the reaction region to produce a high molecular weight
component as 1,4:3,6-dianhydro-p-glucopyranose; 1,4:3,6-dianhy-
dro-p-glucopyranose was reported to show beneficial biological activity
in phobic disorder treatment (Ragupathi et al., 2018). The results
demonstrate that pyrolysis is a potential approach to convert hazardous
components, such as cyclopropylmethanol (flammable, irritating, and
corrosive) into value-added pharmaceutical chemicals.

The pyrolysis of PB showed a similar product distribution trend with
PW with respect to the carbon number at increasing heating rate, where
most of the compound was having the carbon number ranging from Cg to
Cy5. However, a fluctuation in the carbon number distribution of PB was
observed (Table 2). Paromomycin increased at 60 °C/min but decreased
at 90 °C/min. The heating rate at 90 °C/min promoted the decomposi-
tion of paromomycin due to the high heat energy gained. However, a
low amount of paromomycin was obtained at 30 °C/min, probably due
to insufficient heat energy for the decomposition of complex compo-
nents with a high bond dissociation energy in PB to produce paromo-
mycin. This result explains the different amounts of paromomycin
produced at different heating rates. Therefore, 60 °C/min is an optimum
heating rate for the production of paromomycin that can be refined for
use as an antimicrobial for parasitic infections (Kempf et al., 2013).

For the pyrolysis of MDF, an obvious increase in the production of
lower molecular weight components (C.13) such as 4-propenyl-2,6-
dimethoxyphenol, cyclopropylmethanol, isoeugenol, and syringylace-
tone was observed, demonstrating that the high heating rate promoted
the decomposition of MDF. The limited recombination of light com-
pounds was due to the immediate removal of volatiles in the reaction
region at high heating rates. The syringol content showed a similar trend
with the paromomycin in PB pyrolysis, where 60 °C/min is the optimum
heating rate for the maximum production of syringol.

Overall, the pyrolysis heating rate showed a noticeable effect on the
pyrolysis of MDF but less effect on the pyrolysis of PW and PB. The MDF
is composed of compressed wood powder, whereas PW and PB are made
up of wood pieces and woodchips, respectively. Wood powder has a
smaller particle size than wood pieces and wood chips, and the particles
in MDF could easily receive the heat energy and decompose to produce
pyrolytic products (Foong et al., 2020). The MDF in powder form
(present in smaller particle sizes) has a higher surface area than wood
chips and pieces, thus having a larger surface area to receive heat energy
and subject to decomposition. In addition, the smaller particle size in
MDF suggests that it would take a shorter distance and less time for heat
to transfer from the outer surface to the core of the particle, thus
improving the decomposition of MDF during pyrolysis. By contrast,
wood chips and pieces have larger particle sizes, which require a longer
time to heat up. As a result, a more significant effect was observed by
varying the heating rate for MDF pyrolysis compared to the pyrolysis of
PW and PB.

Phenols were the main component obtained from WFBs pyrolysis.
The optimum pyrolysis heating rate for WFBs were suggested to be
60 °C/min to obtain a pyrolytic product with a lower carbon number
while ensuring complete decomposition and avoiding undesired sec-
ondary reaction among the volatile released during pyrolysis. Cyclo-
propylmethanol, a harmful chemical, was less produced via the
pyrolysis of WFBs at a heating rate of 30 °C/min. 4-vinylguaiacol, a

11

Journal of Hazardous Materials 421 (2022) 126774

flavoring agent for peanut, spicy, wine-like or apple flavors, can be
obtained from the pyrolysis of WFBs at a heating rate of 60 °C/min.
Optimum pyrolysis conditions for WFBs should be examined and
selected by minimizing the production of hazardous compounds and
maximizing the production of value-added chemicals.

3.6. Pyrolysis pathway for WFBs involving the reaction mechanism,
product distribution, and conversion of hazardous components

The proposed pyrolytic reaction mechanisms for WFBs using ther-
mogravimetric analysis, FTIR and Py-GC/MS are shown in Fig. 7. The
hemicellulose, cellulose, and lignin components in wood decompose at
different temperature ranges (Moreno and Font, 2015). Hemicellulose
and cellulose consist mainly of sugar units, whereas lignin consists of
phenyl propane monomers (p-hydroxyphenyl propane, guaiacyl pro-
pane and syringyl propane) linked together with different bonds, such as
B-B, p-1, p-5, 5-5, p~O—4 and a—0-4 (Mei et al., 2019; Song et al., 2016).
Reaction pathways for WFBs pyrolysis vary at different final pyrolysis
temperatures and heating rates. It is worth noting that some of the
components produced from WFBs pyrolysis at different final tempera-
tures are not observed from the product from WFBs pyrolysis at different
heating rates. For example, cyclopentane-1,2-dione (21), 3-ethyl-2-hy-
droxy-2-cyclopentene-1-one (19), guaiacol (2), and 4-ethylsyringol
(10) were not observed at different pyrolysis heating rates likely due
to bond cleavage of lignocellulosic components (Kumar et al., 2020).

The lignin structure (Fig. 7) reveals that the homolytic cleavage of
the C,—O bond in lignin (a) of WFBs produces radical 1, followed by
hydrogenation to produce guaiacol (2). Another pathway of producing
guaiacol (2) is the direct cleavage of compound a with lower energy
(186.5 kJ/mol) compared with the reaction with free radical in the in-
termediate state (340.7 kJ/mol) (Huang and He, 2015). The homolytic
cleavage of the C,—Cp bond in lignin (a) is unlikely to occur during py-
rolysis as radical 1 favors the production of 2-hydroxybenzaldehyde
instead of guaiacol (2), according to the research by Huang and He
(2015). Variation in heating rate does not produce guaiacol (2) probably
because the dissociation of chemical bonds in lignin favors the formation
of components with higher bond dissociation energies such as syringol
(6) (Qiao et al., 2019). Cg-O bond has a lower bond dissociation energy
than C,—Cp in lignin pyrolysis (Huang et al., 2014). The $-O-4 bond
exists as the major type of linkage (48-60%) depending on the type of
wood (Britt et al., 2000; Ouyang et al., 2013). The Cg—O bond in lignin
(b) has decomposed into radical 3 and then undergoes hydrogenation to
form isoeugenol (4). The result is similar with the research by Yu et al.
(2021), showing that intermediate radicals formed from C,~O and Cg-O
bonds often react with H radicals to achieve a stable state. In addition,
some of the isoeugenol (4) undergo ethenolysis to produce 4-vinylguaia-
col (5) (Baader et al., 2013). This reaction was not affected by final
pyrolysis temperature and heating rate as it formed exothermically in
pyrolysis which required lower energy compared to endothermic
reaction.

Syringol-derivatives were also a major product from WFBs pyrolysis
at different final pyrolysis temperatures and heating rates. Up to 9.5% of
syringol (6) was produced and predicted from the cleavage from the C-C
bond in the lignin structure. Approximately 3% of 3,5-dimethoxy-4-
hydroxytoluene (17) was produced via the cleavage of the C-C and
C-O bonds. Thus, the formation of syringol (6) is preferable as there is
only one type of bond cleavage, thus requiring lower bond dissociation
energy. Syringol (6) can react with the acetic acid to produce aceto-
syringone (7), where acetic acid could be a product from the pyrolysis
process. Chen et al. (2019b) showed that the pyrolysis of hemicellulose
caused the O-acetyl and pentose units to degrade thermally into furfural
and acetic acid. Therefore, the result further supports the formation of
acetosyringone (7) as a product from WFBs pyrolysis. Furthermore,
syringol (6) can undergo demethylation to produce syringaldehyde (14)
and then further reacts with acetone to produce 4-(4-hydroxy-3,
5-dimethoxyphenyl)-3-buten-2-one (15), followed by hydrogenation to
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produce syringylacetone (16). This compound was patented as a pre-
servative for cosmetic composition, showing that the pyrolysis of WFBs
have the potential to contribute to the cosmetic field by providing
chemical additives needed in cosmetic production.

On the other hand, 5-(3-hydroxypropyl)-3-methoxy-1,2-benzenediol
(8) was produced from the cleavage of the C-O bond in the lignin, fol-
lowed by the hydrogenation process. Next, it was predicted to undergo
methylation to produce compound 9. Compound 9 then underewent
dehydroxymethylation to form 4-ethylsyringol (10). The 4-ethylsyringol
(10) can also react with methanol produced by the cracking of
hydroxymethyl attached to cycloalkane rings or aromatic rings, fol-
lowed by dehydrogenation to form sinapylalcohol (11). The 4-ethylsyr-
ingol (10) can also undergo demethoxylation followed by
dehydrogenation to produce 4-vinylguaiacol (5). Interestingly, the for-
mation of 4-ethylsyringol (10) was not observed in pyrolysis at different
heating rates but it was produced in different final pyrolysis tempera-
tures of PW (Table S1). Therefore, the pyrolysis of PW at different
heating rates prefers the formation of higher dissociation energy com-
pounds, such as 4-propenyl-2,6-dimethoxyphenol (12). Moreover, the
formation of 4-vinylguaiacol (5) in PW was proposed via the ethenolysis
of isoeugenol (4) that occurs exothermically during pyrolysis. Com-
pound 9 can undergo dehydrogenation to produce sinapyl alcohol (11)
followed by dehydroxylation to produce 4-propenyl-2,6-dimethoxyphe-
nol (12).

Apart from the specific fragmentation of lignin components in WFBs
pyrolysis, some general fragmentations of lignocellulosic components of
WEFBs were observed. Cellulose is formed by a repeating unit of six-
carbon ring known as pyranose. The pyranose rings are linked by the
p-1,4-glycoside bond. During pyrolysis, cellulose undergoes dehydra-
tion, open-ring, and transglycosylation reactions when receiving heat
energy, thus forming compounds, such as cyclopentane-1,2-dione (21),
cyclopropylmethanol (20), 1,4:3,6-dianhydro-p-glucopyranose (18),
and 3-ethyl-2-hydroxy-2-cyclopentene-1-one (19) (Quan et al., 2016).
This result is aligned with the research performed by Dai et al. (2019) on
cellulose pyrolysis, further supporting that 1,4:3,6-dianhy-
dro-p-glucopyranose (18) is a cleavage from cellulose via double dehy-
dration reaction of glucopyranose. Acids produced from WFBs pyrolysis
are mainly from the fragmentation of the hemicellulose component
(Zong et al., 2020). The amount of hexadecenoic acid produced from
WFBs are in the range of 0.7-2.6%, showing that most of the acids un-
dergoes decarboxylation during pyrolysis to produce light molecular
weight components.

As mentioned in Section 3.5, cyclopropylmethanol (20) is classified
as a “dangerous” chemical with properties, such as corrosive, flam-
mable, and irritating. The formation of this chemical increases with the
decrease of final pyrolysis temperature and the increase in heating rate.
Several chemical pathways lead to the production of cyclo-
propylmethanol (20), including the cracking of paromomycin, 1,4:3,6-
dianhydro-p-glucopyranose (18), and cyclopentanedione (21). Accord-
ing to the mechanism proposed by Ragupathi et al. (2018), cyclo-
pentanoses (compound 19 and 21) can be produced from cellulose
decomposition at low pyrolysis temperature via dehydration and
decarbonylation. Therefore, high pyrolysis temperature could provide
additional heat energy to decompose the cellulose in WFBs, in turn
enhancing the secondary reaction (e.g., recondensation and polymeri-
zation) between cyclopropylmethanol (20), cyclopentanedione (21),
and 3-ethyl-2-hydroxy-2-cyclopenten-1-one (19) in forming high mo-
lecular weight components, such as paromomycin and 1,4:3,6-dianhy-
dro-p-glucopyranose (18), resulting in the low yield of these compounds.
Increasing the heating rate also resulted in an increased yield of cyclo-
propylmethanol (20). This result was obtained probably because the
high heating rate eliminated the possible occurrence of a secondary
reaction. At a high heating rate, components, such as 1,4:3,6-dianhy-
dro-p-glucopyranose (18), receive high amounts of heat energy, result-
ing in complete decomposition to produce cyclopropylmethanol (20).
The produced cyclopropylmethanol (20) then left the reaction region
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immediately and was not subjected to secondary reactions with other
volatiles in the reaction region. As a result, additional cyclo-
propylmethanol (20) were produced with the increase in heating rate.
As previously mentioned, cyclopropylmethanol (20) can be eliminated
via the secondary reaction during the pyrolysis process. Therefore, low
heating rate and high final pyrolysis temperature are proposed for the
pyrolysis of WFBs to reduce the formation of the hazardous cyclo-
propylmethanol (20) component. It is worth noting that the reactions
shown in Fig. 7 are the possible chemical pathways inferred from the
Py-GC/MS and TG-FTIR analysis of WFBs; thus, it may not be the only
pathway for WFBs pyrolysis to reduce the hazardous components and
produce value-added components in the pyrolytic products.

Table 3 shows the end-products from the pyrolysis of a number of
selected feedstocks. Compared to the information in Table 3, pyrolysis of
wood-based feedstock in this study produced mainly phenols. This result
could be attributed to the high contents of lignocellulosic component
(lignin) yielding high amounts of phenols. By contrast, the paperboard is
rich in cellulose and hemicellulose with glucose structural units bonded
with the p-0—4 glycosidic bond, showing a low degree of polymerization
and thermal stability. Therefore, these thermally unstable components
are easily decomposed to produce higher carbonyl compounds such as
levoglucosan, acetic acid, and acetaldehyde (Kumar et al., 2020). The
pyrolysis of sawdust yielded high amounts of acids via the chemical
reactions, such as depolymerization and pyran ring cleavage. Pyrolytic
products with high carbonyl contents (e.g., aldehydes and ketones) are
undesirable due to their highly reactive properties that react easily to
form undesirable components, such as oxygenates (Ma et al., 2019).
Therefore, pyrolysis of MDF is suitable as a feedstock for production of
products with less carbonyl components. Compared to the above
mentioned studies, pyrolysis of waste dahlia flower led to formation of
hydrocarbons used as a fuel source for combustion (Mishra et al., 2020).
However, the WFBs produced low amounts of hydrocarbon from py-
rolysis, indicating that it is not suitable for recovery into renewable
liquid fuel using pyrolysis.

3.7. Comparison between pyrolysis, landfill, and combustion of waste
materials with respect to hazard mitigation and waste recovery

Pyrolysis and combustion (incineration) are waste-to-energy recov-
ery technologies that can reduce greenhouse gas emission by up to 68%
(Dong et al., 2019). According to the life cycle assessment (LCA) by
Dong et al. (2018), pyrolysis recovered higher energy amounts and
lower emission of harmful gases, such as NOy and SO, in comparison
with combustion. A similar study by Hu et al. (2020) on oily sludge
reported that pyrolysis achieved only 7% of ecotoxicity impact of
combustion, which has lower adverse effects on soils and groundwater.
The normalized life cycle environmental impacts showed that pyrolysis
registered the lowest total normalized score value (47.3 impacts per
person per year), followed by landfill (586 impacts per person per year)
and combustion (701 impacts per person per year). Thus, pyrolysis is
considered a promising approach for low-impact refinery oil sludge
treatment.

Combustion accounts for majority of the impact in different cate-
gories, including global warming potential, ecotoxicity, fossil fuel
depletion, and photochemical smog formation. For instance, the com-
bustion of 1000 kg of oil sludge released 12,000 kg of CO2-eq, 32 kg of
N-eq, and 49 kg of SOy-eq into the atmosphere (Hu et al., 2020). A
research performed by Fernandez-Lopez et al. (2015) revealed that py-
rolysis yielded lower amounts of greenhouse gases and did not emit
pollutants, such as NOy and SO». By contrast, Dong et al. (2018) reported
that pyrolysis reduced up to 34% direct emission of pollutants as
compared to combustion due to the homogeneous gas-gas reaction and
lower amount of flue gas released from syngas combustion in the py-
rolysis plant.

Landfilling is associated with the most significant effects in terms of
global warming potential (GWP) and ecotoxicity. The GWP impact was
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Table 3
Product distribution of selected feedstock under different pyrolysis conditions.
Feedstock Operation condition Pyrolytic products (%) Ref.
Phenols Carbonyl  Alcohol Hydrocarbon  Nitrogeneous  Other
oxygenates
Plywood Final temperature: 500, 600, 25.9-49.4 20.9-27.1 13.4-20.3 2.4-6.4 3.2-4.7 5.2-26.7 Current research
700 °C
Particleboard Final temperature: 500, 600, 34.1-42.6 22.9-26.5 12.8-13.9 7.6-15.0 1.0-4.8 2.9-3.6 Current research
700 °C
Medium density Final temperature: 500, 600, 45.6-49.8 20.7-24.4 14.7-18.2 3.3-5.7 2.9-3.6 1.7-6.7 Current research
fiberboard 700 °C
Plywood Heating rate: 30, 60, 90 °C/ 34.2-50.0 21.1-40.8 9.6-14.1 4.9-7.2 2.6-3.7 5.4-6.2 Current research
min
Particleboard Heating rate: 30, 60, 90 °C/ 45.2-49.4 21.2-25.2 9.0-11.5 7.2-8.5 3.6-6.3 2.4-10.2 Current research
min
Medium density Heating rate: 30, 60, 90 °C/ 38.1-54.7 19.3-21.2 7.7-13.7 5.5-13.6 2.7-4.0 4.5-17.7 Current research
fiberboard min
Paperboard Temperature: 500 °C 2.0 36.8 5.74 33.1 3.8 6.8 (Ma et al., 2019)
Sawdust Temperature: 500 °C 17.5 48.62 8.1 4.15 19.7 11.8 (Ma et al., 2019)
Waste tea Temperature: 600 °C 4.0 54.4 3.23 10.4 4.0 - (Cai et al., 2019)
Waste dahlia flower Temperature: 600 °C 8.8 21.1 1.8 51.2 2.5 7.9 (Mishra et al.,
2020)
Imperata cylindrica Temperature: 500 °C 57.8 26.1 6.8 11.9 - - (Hidayat et al.,
2018a)
Imperata cylindrica Temperature: 600 °C 51.0 29.8 6.3 15.8 - - (Hidayat et al.,
2018a)
Jerusalem artichoke Heating rate: 100 °C/s 21.8 53.8 - - - 24.4 (Wang et al., 2019)
stalk
Jerusalem artichoke Heating rate: 1000 °C/s 21.5 56.7 - - - 21.9 (Wang et al., 2019)
stalk

@ 2

refers to not detected.

mainly due to CO; (23%) and methane (77%) emissions, which
contributed to 93% of to the total GWP impact as reported by Hu et al.
(2020). The ecotoxicity effect (4.02 x 10* CTUe) was contributed by the
anaerobic and aerobic biodegradation of petroleum hydrocarbon, which
could potentially contaminate ground water and soil by leachate (con-
taining heavy metals and polycyclic aromatic hydrocarbon) (Hu et al.,
2020). Demetrious and Crossin (2019) reported that compared with
pyrolysis, landfilling increased the emission of biogenic CH4 and nitrate,
thus resulting in more severe air and water pollutions.

Previous research has revealed that landfilling and combustion need
to be avoided because they will increase the emission of greenhouse
gases and pollutants, such as NOy, SO, and leachate. Therefore, these
two approaches are becoming increasingly impracticable for the
disposal of WFBs as it will emit harmful gases and pollutants into the
environment. Pyrolysis can potentially be used to treat and recover
WEFBSs as it can be operated in an enclosed system, whereas the release of
volatiles can be condensed into biofuel or subjected into further recov-
ery or treatment process in the pyrolysis plant. Thus, these harmful gases
and leachate are not released to the environment and endanger the
living organism. Moreover, pyrolytic products can be upgraded into
biofuel or solid fuel as an alternative to mitigate the depletion of fossil
fuel.

3.8. Future perspectives and challenge for scale-up

The present research proposes a pyrolysis approach that converts
WEFBs into value-added chemicals at low heating rate and high final
pyrolysis temperatures. It is envisaged that future studies could be
performed to investigate the feasibility and scalability of this approach
by optimizing the key process parameters including process tempera-
ture, heating rate, carrier gas flow rate, and feedstock size as these are
important for optimizing the types, yield, and properties of the desired
pyrolytic products such as biochar, bio-oil, and syngas. For instance,
pyrolysis at a higher heating rate and temperature favored the formation
of bio-oil or gaseous product, whereas a lower heating rate favored the
formation of biochar (Liew et al., 2018c). The use of feedstock with
different particle sizes may be influenced by pyrolysis temperature
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which affects the product yield (Deng et al., 2021). The current un-
derstandings of the reaction mechanism during WFBs pyrolysis at
different reaction conditions does not allow an accurate estimation of
the pyrolytic products.

Scaling up the pyrolysis of WFBs is challenging as it is a complex
mixture comprising different types of materials, including wood,
binders, waxes, flame retardants, coatings, and paints. These compo-
nents can be further classified according to their types, such as different
wood species (varies lignocellulosic content) and formaldehyde binder
(phenol and urea). Each of these components having different chemical
composition could show different pyrolysis behavior. For instance, Hu
et al. (2019) reported that the pyrolysis of poplar produced more char
and less tar, but the pyrolysis of pine produced less char with more gas
and tar. This result was attributed to the C/H ratio as well as the
lignocellulosic content of the wood species. However, research on the
pyrolysis of complex furniture waste, such as the WFBs, is limited. Thus,
the reaction mechanism and the synergistic effects between these
components should be further investigated to improve the scalability of
this approach.

Heating source is important for upscaling of pyrolysis as it is required
to heat and increase the feedstock temperature to reach the desired high
temperature for pyrolytic decomposition. The current set up for the
pyrolysis of WEBs utilized electric heating as energy source, which may
result in low energy efficiency due to the heating mechanism of electric
furnace. The heat energy was transferred from the surface to the core of
the feedstock for the decomposition to occur. Excess electricity was
required to heat up the reactor, and heat was lost during heating of the
feedstock, thus lowering the energy efficiency. Microwave pyrolysis can
be used to improve the heat transfer by utilizing microwave radiation as
the heat source to provide a uniform and rapid feedstock heating (Foong
et al., 2021). As a result, the energy input and duration needed for py-
rolysis process could be reduced while the consistent heating helps to
treat larger feedstock volumes and thereby facilitate upscaling (Tagade
et al., 2021).

Previous research has also demonstrated that the optimum pyrolysis
conditions obtained from the bench scale experiments are not suitable
for direct application in the pilot scale operation. Upgrading the
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pyrolysis from bench scale to pilot scale affects the yield of pyrolytic
products. For instance, Soni and Karmee (2020) investigated the py-
rolysis of sawdust in the bench and pilot scale systems and the results
showed that the pilot scale system produced higher bio-oil yield but
lower biochar yield. During the bench scale, the biochar trapped the
generated volatiles and underwent secondary tar cracking, thus
increasing the yield of biochar. By contrast, the biochar in the pilot scale
experiment was continuously removed from the reactor, thereby
decreasing the secondary cracking of tar to form solid char and pro-
ducing less biochar. Therefore, further research is required to optimize
the process parameters of WFBs pyrolysis to make it more suitable for
pilot and full-scale rectors.

In addition to the above, it is important to perform life cycle (LCA)
and energy efficiency (EEA) assessments for the recovery of WFBs using
pyrolysis. LCA is important to measure the environmental impacts,
where EEA is applied to compare the energy conversion rate of WFBs
pyrolysis. Techno-economic analysis also helps to examine the economic
feasibility of WFBs pyrolysis. However, no study is reported on the LCA
and techno-economic analysis for the pyrolysis of WFBs so far. There-
fore, these analyses are suggested to estimate the effects of the process to
the environment, net present value (an economic indicator used to
evaluate the profitability), and energy efficiency of WFBs pyrolysis.

4. Conclusion

WFBs are made up of a complex mixture of potentially hazardous
resin, paints, waxes, and coatings, thus causing undesired environ-
mental pollution if improperly disposed by landfilling and open burning.
Pyrolysis has potential to reduce the release of hazardous formaldehyde
and greenhouse gases into the environment through the conversion of
WFBs into value-added chemical additives, such as paromomycin. The
possible reactions occurred during pyrolysis of WFBs include depoly-
merization, cracking, dehydrogenation, decarbonylation, and dehydra-
tion. The pyrolysis of WFBs should be performed at high final
temperatures and low heating rates to minimize the generation of haz-
ardous chemicals, such as cyclopropylmethanol, by promoting the sec-
ondary reaction with volatiles released during the pyrolysis process to
form value-added chemicals instead of hazardous compounds. Further
research on the effect of other operation conditions, parameters, and
modeling in the bench scale or pilot scale is recommended to improve
the feasibility for applying this technology to the safe disposal and re-
covery of WFBs.
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ARTICLE INFO ABSTRACT

Keywords: In the present study, microwave co-pyrolysis (MCP) was used to simultaneously convert medical plastic waste
PXYOIYSiS (MPW) and waste frying oil (WFO) into liquid oil products. The MCP process demonstrated a faster heating rate
Microwave (24 °C/min) and shorter process time (20 min) compared to conventional pyrolysis techniques converting MPW
FM::;ZTt::f:;e and WFO into liquid oil (>80 wt%). The MCP reduced the oxygen content from 25.7 to 9.82 wt% in liquid oil
Bioplastics encompassing light aliphatic hydrocarbons ranging from Cjo to Cgg, generating a novel sustainable liquid fuel.
The liquid having a high carbon content (approximately 77.1 wt%) and low carbon to nitrogen ratio (27.9) is a
suitable energy feedstock for polyhydroxyalkanoate (PHA) bioplastic production in the form of poly3-
hydroxybutyrate [P(3HB)]. The liquid oil acted as an energy source for the growth of Bacillus sp. During mi-
crobial fermentation, yielding approximately 11% (w/w) P(3HB). Bioplastics are biodegradable, biocompatible
with humans and non-toxic to marine organisms, representing a valuable additive in the production of cosmetics,
detergents, and as medical scaffolds for tissue engineering. The results indicate the promising upcycling of waste
products by this approach through pyrolytic biorefinery into value-added fuel and bioplastic products, being

important for the future sustainable production of renewable resources.
industry have increased significantly over the last few decades leading to
1. Introduction massive production of medical waste, further aggravated by the recent
coronavirus pandemic (COVID-19) [1]. The COVID-19 pandemic has
The global population growth and development of the healthcare amplified the use of plastic-based personal protective equipment such as
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surgical masks, gloves, medical gowns, feet and surface protectors,
leading to a sudden surge in medical waste. In addition, COVID-19 has
triggered the utilization of single-use plastic materials such as intrave-
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cooking oil and waste plastic increased the yield of liquid oil products by
84 wt%, compared to the wastes being pyrolyzed individually [10].
Table 1 shows the current pyrolysis technologies used to convert waste

Nomenclatures

Notations

Tc Crystallization temperature

Tg Glass transition

Tm Melting temperature

AH, Enthalpy of fusion of the sample

AH,(; Enthalpy fusion of 100% crystalline P(3HB) (142 J g’l)

Abbreviations

ATP Adenosine triphosphate
C Carbon

CDW Cell dry weight

CoASH Coenzyme A
COVID-19 Coronavirus pandemic

DSC Differential scanning calorimetry

FTIR Fourier Transform Infrared Spectroscopy

GC-FID Gas Chromatography with Flame Ionization Detection
GCMS  Gas Chromatography-Mass Spectrometry

H Hydrogen

KBr Potassium bromide

KH,;PO, Potassium dihydrogen phosphate

LDPE Low-density polyethylene
LPS Lipopolysaccharides

MCP Microwave co-pyrolysis
MPW Medical plastic waste
MSM Minimum salt medium

N Nitrogen
NayHPO, Disodium hydrogen phosphate

NH4Cl  Ammonium chloride
NOx Nitrogen oxides

NR Nutrient rich

0} Oxygen

PHA Polyhydroxyalkanoate

PhaA (R)-3-hydroxybutyryl-CoA by p-ketothiolase
PhaB  NADPH-dependent acetoacetyl-CoA reductase
PhaC PHA synthase

P(3HB) Poly3-hydroxybutyrate

S Sulphur

SDGs Sustainable Development Goals

TGA Thermogravimetric analysis

VOCs Volatile organic compounds

WFO Waste frying oil

nous drips, saline bottles, and syringes. These practices significantly
increase the existing challenges to disposing plastic waste. In fact,
approximately 1.6 million tonnes of plastic have been produced daily
worldwide since the COVID-19 outbreak, leading to an estimated 3.4
billion pieces of single-use medical plastic being discarded on a daily
basis [1].

Several approaches are applied to reduce the amount of medical
plastic waste including incineration, landfilling, autoclaving, and
chemical disinfection. Landfilling is not a viable option as it requires
huge land space and generates leachate that pollutes soil and aquatic
environments, including groundwater [2]. Incineration is the most used
technique as it reduces the volume of medical plastic waste by approx-
imately 90%, while generating heat and energy for boilers and diverting
waste from landfills [2,3]. Despite its benefits, incineration also poses
risks to human health and the environment because of the release of
hazardous compounds such as polychlorinated dibenzofurans (furans),
polychlorinated dibenzo-p-dioxins (dioxins), heavy metals (i.e. cad-
mium and arsenic), and volatile organic compounds (VOCs), all of which
are considered carcinogens [2,4].

The limitations of existing waste disposal and recovery of value-
added products highlight the potential of microwave pyrolysis in con-
verting plastic waste into energy sources. Pyrolysis is a thermochemical
method operating under hypoxic conditions and high operating tem-
peratures of approximately 400-800 °C using microwave radiation,
during which waste materials decompose into energy products such as
liquid oil and gases [5,6]. Microwave pyrolysis of plastic waste produces
liquid oil that comprises aliphatic and aromatic hydrocarbons as po-
tential fuel or chemical additives [7]. Nevertheless, liquid oil obtained
from the microwave pyrolysis of plastic waste alone possesses high
viscosity and contains waxy paraffinic components due to the unsatis-
factory decomposition of long-chain paraffin wax compounds [7].

Owing to this problem, microwave co-pyrolysis may rectify the
limitations of conventional microwave pyrolysis, as it involves the
processing of two or more feedstock materials to generate a positive
synergistic interaction, improving the oil yield and properties [8,9].
Previous studies reported that microwave co-pyrolysis of household

cooking oil and plastic into liquid fuel, including the product yield and
limitations. Nevertheless, there are lack of studies investigating the
capability of the liquid oil obtained as carbon source in bacterial
fermentation for bioplastics production.

Liquid oil produced by microwave co-pyrolysis is an energy and
carbon-rich product with potential as energy source in bacterial
fermentation for the production of bioplastics, particularly poly-
hydroxyalkanoate (PHA). These PHAs are polymers produced by mi-
croorganisms under nutrient-limited and carbon-enriched conditions
owing to their petrochemical plastic properties, biocompatibility, and
biodegradability [14]. According to Yustinah et al. [15],
poly-3-hydroxybutyrate [P(3HB)] is the most common PHA. Studies
have shown that PHA films can naturally biodegrade in the mangrove
environment [16], lakes [17] or marine environments [18] within six
weeks, making PHA a suitable replacement for common non-degradable
petrochemical-based plastics.

In recent studies, PHA has shown tissue biocompatibility in both
humans and animals [19]. A review on the in vivo degradation of PHA
polymers by Bhubalan et al. [20] reported that 3-hydroxybutyric acid
and 4-hydroxybutyric acid were present in human and animal blood.
Moreover, PHA possesses plastic characteristics, making it a viable
replacement for synthetic plastics; however, PHA production is often
hampered by the production costs, as the energy feedstock for microbial
fermentation is expensive. An alternative, yet inexpensive continuous
supply of carbon as an energy source would be suitable for PHA pro-
duction. Previous studies have revealed that feedstock derived from
sweetwater [21], molasses [22], and glycerol [21] are viable for PHA
production. Several microorganisms including Ralstonia eutropha (pres-
ently known as Cupravidus necator), Pseudomonas sp., Alcaligenes sp.,
Aeromonas sp., Enterococcus sp., Brevundimonas sp., and Bacillus sp.,
enable the synthesis of PHA [23,24]. For example, PHA produced by
gram-negative bacteria, R. eutropha, possesses an outer layer membrane
of lipopolysaccharides (LPS), an endotoxin responsible for inflammatory
reactions contaminating the PHA and rendering it unsuitable for use in
vitro [25]. In contrast, the PHA produced by gram-positive bacteria does
not possess the LPS membrane, which gives it a wider application in the
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Table 1
Current research in pyrolysis of waste cooking oil and plastic waste.

Feedstock Pyrolysis system Main findings Refs.

Waste cooking  Conventional pyrolysis
oil using fixed-bed reactor
Waste origin: Borj-Cedria
Technopark refectory

Yield of liquid oil: 80 wt% [11]
Calorific value: 37 MJ/kg
Main composition of liquid
oil: alkanes, alkenes, cyclic
hydrocarbons, carboxylic
acids, aldehydes, ketones,
alcohols, and esters
Potential application: fuel
Drawback: high amount of
oxygenated compounds and
low calorific value

Waste cooking  Catalytic microwave
oil vacuum pyrolysis
Catalysts: HZSM-5 and
metal oxide

Yield of liquid oil: 37.5 wt% [12]

Main composition of liquid
oil: benzene, toluene,
ethylbenzene, and xylene
Potential application:
industrial chemicals
Drawback: Low yield of
liquid oil

Waste origin: Yihai Kerry
Oils and Foodstuffs Co.
1td. (Nanchang, Jiangxi)

Plastic waste Catalytic microwave
pyrolysis

Catalysts: ZSM-5

Yield of liquid oil: 42.2 wt% [13]
Yield of wax: 17 wt%

Main composition of liquid

oil: aromatic, alkanes,

alkenes

Potential application: Fuel
Drawback: low yield of

liquid oil and high wax

production

Waste origin: high-
density polyethelene

Plastic waste Microwave pyrolysis Yield of liquid oil and wax: [7]
69%

Main composition of liquid

oil: aromatic, alkanes,

alkenes

Potential application: Fuel
Drawback: high wax

production

Waste origin: high-
density polyethelene

Waste cooking

Microwave vacuum co-

Yield of liquid oil: 84 wt%

oil and pyrolysis
plastic Waste origin: Palm oil Main composition of liquid
waste and high-density oil: alkanes, alkenes

polyethelene

Potential application: Fuel

[10]

medical industry. According to Mohapatra et al. (2017) and Bhubalan
et al. (2011), Bacillus sp., which are gram-positive, are capable of pro-
ducing PHA copolymers depending on the carbon and energy source,
benefitting the industrial sector, especially in agriculture, biomedicine,
automobiles and packaging [19,20,26-28].

The use of biodegradable products from renewable sources repre-
sents an alternative resource that helps reduce plastic waste, which
suffocates and contaminates the ecosphere. Bioplastics also decrease the
carbon footprint, offer energy savings in processing, and does not use
non-renewable raw materials during fermentation, while reducing the
use of harmful chemicals [29]. In addition, the development of biode-
gradable bioplastics via upcycling of non-biodegradable plastic waste
supports the United Nations Sustainable Development Goals (SDGs),
especially Goal #12, to ensure sustainable consumption of waste, with
the intention of minimising waste generation and maximising the pro-
duction of value-added products.

To our best knowledge, no studies have reported the production of
liquid oil for the synthesis of bioplastics. Previous studies have reported
bioplastics production using microbial fermentation [28,30]. In
contrast, this study promotes the energy application of liquid oil pro-
duced from the microwave co-pyrolysis of waste materials and use this
liquid oil as an energy source for microbial fermentation to produce
bioplastics. The valorisation of waste materials into value-added prod-
ucts, including fuel, bioplastics, and chemical additives via microwave
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co-pyrolysis technology is a novel ground-breaking method to ensure
sustainable consumption and production of renewable materials.

2. Materials and methods
2.1. Preparation of feedstock materials

The feedstock materials used in this study were medical plastic waste
(MPW) and waste frying oil (WFO). The MPW consisted of glucose and
saline bottles made of low-density polyethylene (LDPE) obtained from
KPJ Penang Specialist Hospital, Malaysia. MPW used in this study was
non-infectious waste that has no direct contamination from the patients.
As a precaution step prior to pyrolysis, the MPW was cleaned with de-
tergents and decon 90 cleaning solution to kill any germ or bacteria from
the waste. The MPW was then dried in an oven at 30-40 °C within 1 or 2
h to remove the moisture content. After drying, it was shredded (5-10
mm) in order to fit for insertion into the pyrolysis reactor. The WFO was
obtained from restaurants near the Universiti Malaysia Terengganu,
Malaysia. Large solid particles and impurities in the WFO were removed
using Whatman Filter Paper (grade 40) and vacuum filtration.

2.2. Microwave co-pyrolysis

The co-pyrolysis experiment was conducted in a 800 W microwave
oven that has been modified. The co-pyrolysis apparatus was assimilated
with several core parts: 1) a quartz reactor (150 x 100 x 100 mm) with
two necks was fabricated to pyrolyse the wastes, and the reactor was
enfolded within a ceramic fibre blanket to reduce heat loss; 2) a mi-
crowave oven was utilised as the source of heating; 3) a condensation
system containing a liebig condenser, a vigreux column, cold traps, and
liquid oil containers; 4) a temperature controller and a type K thermo-
couple to monitor the temperature and heating rate during microwave
co-pyrolysis; 5) nitrogen was purged into the pyrolysis reactor to elim-
inate air and maintain an oxygen-free condition. The detailed setup of
microwave co-pyrolysis apparatus is reported in our previous work [10].

In this study, various microwave powers (600, 700, and 800 W) were
investigated to examine its influence on the production and character-
istics of the produced liquid oil. A feedstock ratio of 1:1 (50 g of WFO
and 50 g of MPW) was inserted to the pyrolysis reactor. Activated carbon
(50 g) was also added to the pyrolysis reactor to act as a microwave
absorbent. Both WFO and MPW are poor microwave absorbers, thus
activated carbon assists the heating process by absorbing the microwave
radiation, efficiently converting it into heat to pyrolyse the feedstocks.
The heating rate was determined according to the maximum tempera-
ture attained versus the heating time during the experiment. Microwave
pyrolysis of MPW and WFOwas also performed separately to compare
the performance of co-pyrolysis with the pyrolysis of individual
feedstock.

The pyrolysis experiment was terminated after the generation of
pyrolytic volatiles discontinued in the reactor. The yield of the liquid oil
product was determined by measuring the increased weight of the liquid
oil container after the experiment (Eq. (1)). The experiments were per-
formed in triplicate to obtain the average reading for each sample. The
yields of char and gases were not the main focus of this study; thus, they
were excluded from analysis.

weight of liquid oil

Yield of liquid oil (wt.%) = weight of feedstocks

100 @

2.3. Analytical method to analyse feedstock and liquid oil

The thermal behavior and proximate content of feedstocks, viz.
WVO, PKS and HPW were determined using a thermogravimetric (TGA)
analyser (Mettler-Toledo TGA/SDTA851e, Switzerland). The feedstocks
were heated from ambient temperature to 900 °C at a heating rate of
20 °C/min. Argon was used as the carrier gas that vented through the
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system at a flow rate of 0.1 L/min. The amount of volatile matters in the
feedstock was obtained based on the weight loss occurred between
100 °C and 600 °C [31]. Further weight loss occurred at 600-900 °C
indicated the presence of char residue [32]. Fixed carbon content was
obtained by subtracting the char residue and volatile matter content and
from the dry mass of the feedstock [33].

Elemental analysis of the liquid oil was executed using a Vario
MACRO elemental analyser (Elementar Analysemsysteme GmbH, Ger-
many) to determine the elemental composition (i.e., hydrogen, oxygen,
nitrogen, carbon, sulphur) in the liquid oil. Gas chromatography-mass
spectrometry (GCMS) analysis of the liquid oil was performed using a
6890 GC-MS instrument equipped with a mass spectrometer detector.
The column used was 5% phenyl methyl siloxane from HP-5MS (length,
30 mm; diameter, 0.25 mm; film thickness, 0.25 pm). The initial tem-
perature of the oven was 30 °C, with a holding time of 1 min. The
temperature of the oven was subsequently set at the rate of 5 °C/min,
from 30 °C to 300 °C. The concentration of each compound was calcu-
lated as a percentage of the total area of all the peaks in the analysis.

2.4. Bacterial strain isolation and preservation

Bacillus megaterium UMTKB-1 (GenBank accession number:
KF991583) was previously isolated from tissue samples of the marine
sponge Callyspongia sp., obtained from the waters near Langkawi Island,
Malaysia [21]. The strain was maintained in a nutrient rich (NR) broth
at 30 °C and 200 rpm, and preserved in 40% (v/v) glycerol stock at
—80 °C for long-term storage.

2.5. Media and culture conditions

Media preparation and culture conditions were based on Yatim et al.
(2017) [21]. The seed culture was prepared using NR medium (10 g/L
peptone, 10 g/L meat extract and 2 g/L yeast extract). The PHA pro-
duction was performed in minimal salt medium (MSM) which comprised
1.5 g/L KHyPOy, 3.6 g/L NayHPO,, 0.5 g/L NH4CL, and 1 ml/L of
MgS04-7H50 (0.1 M) supplemented with 1 mL/L of trace element so-
lution. The components of trace elements (Table 2) were dissolved in
0.1 M HCl.

2.6. Biosynthesis of polyhydroxyalkanoate with shake-flask culture

A one-stage shake-flask cultivation technique was implemented to
synthesise PHA using the strain B. megaterium UMTKB-1, as previously
reported by Yatim et al. (2017) [21] with some modifications. The effect
of liquid oil produced from microwave co-pyrolysis of MPW and WFO at
different microwave power on the PHA production was tested by sup-
plementing 5 g/L of liquid oil with 0.5 g/L of ammonium chloride
(NH4CI) as the sole supply of nitrogen. The influence of liquid oil pro-
duced from microwave pyrolysis and co-pyrolysis on PHA production
was determined. The seed culture of B. megaterium UMTKB-1 was pre-
pared by adding 1 mL/L of inoculum to NR broth incubated for 14 h at
200 rpm and 30 °C. The inoculum size for biosynthesis was maintained
at 3% (v/v) for 48 h.

Table 2
Components of trace element solution.

Constituents Concentration (g/L)

Cobalt (II) sulfate heptahydrate (CoSO4-7H,0) 2.81
Manganese (II) chloride tetrahydrate (MnCl,-4H50) 1.98
Iron (II) sulfate heptahydrate (FeSO4-7H,0) 2.78
Calcium chloride dihydrate (CaCl,-2H,0) 1.67
Zinc sulfate heptahydrate (ZnSO4-7H,0) 0.29
Copper (II) chloride dihydrate (CuCl,-2H50) 0.17
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2.7. Polyhydroxyalkanoate content determination

The amount of PHA produced by B. megaterium UMTKB-1 was
determined using GC 2010 (Shimadzu, Kyoto, Japan). This method was
adapted from the work of Yatim et al. (2017) [21]. Freeze-dried bacte-
rial cells (15 mg) were added to sulphuric acid and methanol (15:85, v/v
%). The mixture was incubated for 2 h and 20 min at 100 °C to transform
PHA monomers into methyl esters. The mixture was left to cool to room
temperature, followed by the addition of 1 mL distilled water. The
mixture was vortexed to encourage the phase separation. The bottom
layer with the reaction product was extracted and dehydrated using
anhydrous sodium sulfate. The moisture-free product was analysed by
GC-FID with a Supelco SPB™-1 fused silica capillary column of di-
mensions 30 m x 0.25 mm x 0.25 pm (Sigma Aldrich, USA).

2.8. Polyhydroxyalkanoate characterisation

2.8.1. Fourier Transform Infrared analysis

Approximately 5 mg of PHA and 100 mg of potassium bromide (KBr)
were weighed and pounded into a fine powder. The mixture was
pelletized using a KBr pellet and inserted into a Fourier Transform
Infrared (FTIR) spectrometer [RTracer-100, Shimadzu. The PHA was
scanned 50 times to determine the functional groups at a resolution of 4
cm ! and a spectral range of 4000-400 cm ™. This method was adapted
from Vigneswari et al. (2015), with some modifications [34].

2.8.2. Differential scanning calorimetry analysis

The thermal properties of the PHA materials were analysed using
differential scanning calorimetry (DSC), which was performed using a
Diamond PerkinElmer Pyris 1 thermal analyser that was paired with a
liquid nitrogen cooling accessory. An estimated 5-8 mg of polymer was
encapsulated within an aluminium pan. The sample was heated from
—50 to 200 °C at a rate of 10 °C/min under a N flow [35]. The sample
was maintained at 200 °C for 2 min and then rapidly quenched to —50 °C
for 5 min. The sample was then reheated from —50 to 200 °C at a rate of
10 °C/min. The DSC curve of the second heating was employed for PHA
thermal property analysis. The glass transition temperature (Tg) was
derived from the heat capacity change midpoint, whereas the melting
point (Tp,) and enthalpy of fusion (AHp,) were derived from the melting
endotherm peak. The percentage of crystallinity was calculated based on
the study by Gumel et al. (2012) [36] and the formula is as follows (Eq.
(2)):

AH,,

Crystallinity (%) = (2)

AHp,: enthalpy fusion of the sample.
AH‘; : enthalpy fusion of 100% crystalline P(3HB) (142 J g’l).

3. Results and discussion
3.1. Characteristics of waste frying oil and medical plastic waste

Fig. 1 shows the thermogravimetric analysis of WFO and MPW. The
first stage of thermal decomposition occurs from ambient temperature
(28°C) to 110 °C, which is also known as the dehydration stage [32]. As
illustrated in Fig. 1, both WFO and MPW show negligible mass reduction
prior to reaching 110 °C, indicating low moisture content in both sam-
ples. Interestingly, MPW and WFO started to decompose at 390 °C and
285 °C, respectively, indicating that MPW has a higher decomposition
temperature than the WFO. MPW is composed of long-chain hydrocar-
bons with a high degree of crystallinity and higher bond strength that
require higher energy and temperature to break the bond. In contrast,
WFO consists of low molecular-weight hydrocarbons (e.g. fatty acid
chains) that can be broken down at lower temperature [32].

Most volatile matter was released prior to 600 °C, followed by a
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Fig. 1. Thermogravimetric analysis (a) and derivative thermogravimetry (b) of waste frying oil and medical plastic waste.

slight weight reduction observed at 600-900 °C, suggesting that limited
charring occurred for WFO and MPW, producing less than 0.5 wt% of
fixed carbon in both samples. Approximately 99 wt% of the content are
released as volatile matter, hence limiting the char production during
the decomposition process. Both MPW and WFO showed high weight
loss between 200 and 600 °C, indicating the presence of high volatile
matter content (~99 wt%) in both feedstocks. This signifies the desired
characteristic of MPW and WFO to decompose and convert into mainly
volatiles that condense to form potentially useful liquid oil product for
use as fuel [10,37].

As aforementioned, MPW is a polymer consisting of long-chain hy-
drocarbons that is rich in carbon (86.2 wt%) and hydrogen (13.3 wt%),
with a potential to be converted into aliphatic hydrocarbons that can be
used as a source of fuel or energy for bacterial growth. Additionally,
WFO contains saturated, unsaturated, and short-fatty acid chains
composed of carboxylic acid groups, thus containing a high carbon

(52.6 wt%), oxygen (26.3 wt%) and hydrogen (17.8 wt%) content [38].
The high carbon content in WFO and MPW demonstrates their potential
as energy and carbon sources for the selected bioplastics producing
bacteria [39]. The carbon content of feedstocks could act as an energy
source in the metabolic activities of bacteria, which influence bacterial
growth, redox potential of cell metabolism, composition, and yield of
bioplastic polymers [40]. This implies that WFO and MPW are poten-
tially suitable for enhancing bacterial growth and accumulating PHA for
use as bioplastics. Moreover, WFO and MPW show low nitrogen content
(0.02-0.33 wt%) with no sulphur, which validates their potential as a
green feedstock for bioplastics production. This is due to the limited
nitrogen content with potential to promote and boost homogeneous
bioplastics production [39,41].

Fig. 2 shows the FTIR spectra, functional groups, and classification of
components obtained from WFO and MPW. A strong peak was discov-
ered at wavenumbers ranging from 3000 to 2800 cm ! for both samples,
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Frequency Wavenumber (cm™)  Functional Classification of compounds
. -1
range (cm™) WFO MPW group
(1) 3700-3600 3713.0 - O-H stretching ~ Alcohol
(2) 3000-2600 2922.2, 2912.5, C-H stretching Aliphatic CH (e.g. alkane,
2856.6 2848.9 alkene)
(3) 1800-1700  1743.7 - C=0O stretching  Carboxylic acid
(4) 1600-1400 14524 1548.8 C-H bending Aliphatic CH; and CH3
(5) 1200-1100 1157.3 - C-O stretching  Carboxylic acid

Fig. 2. FTIR spectra, functional group and classification of compounds content in waste frying oil and medical plastic waste.
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signifying the existence of aliphatic hydrocarbons such as alkanes with
C-H stretching vibrations. The presence of aliphatic hydrocarbons was
further confirmed by the peak at 1600-1400 cm ™" for both WFO and
MPW [32]. There was a difference in FTIR spectrum observed between
WFO and MPW at 3713.0 cm™?, 1743.7 cm ™! and 1157.3 ecm ™ which
can be attributed to O-H stretching, C=O0 stretching and C-O stretching,
respectively, resulting from oxygenated compounds such as carboxylic
group in WFO [42]. Additionally, MPW consists of polymers with
repeating units and only C and H; thus, no peaks were observed at
wavenumbers within the range of 3700-3600 cm™!, 1800-1700 cm™ Y,
and 1200-1100 cm'. The FTIR results reveal that WFO and MWP
consist of aliphatic hydrocarbons such as alkanes and alkenes, exhibiting
their potential as carbon sources for the production of bioplastics and
biofuels.

3.2. Temperature behaviour and heating rate

Fig. 3 shows the temperature profile versus heating time during
microwave co-pyrolysis of the combined WFO and MPW, and WFO and
MPW, individually. The microwave power significantly affects the
temperature behaviour and heating rate during co-pyrolysis and mi-
crowave pyrolysis of all samples. A lower microwave power (600 W)
decelerates the heating rate during the pyrolysis process, with the
maximum temperature achieved after 30 min. The main decomposition
of samples into volatiles and active pyrolysis cracking occurs at
maximum temperatures of 300-480 °C [43,44]. This is followed by
passive pyrolysis, where the remaining feedstock is transformed into
volatiles during declining temperatures, until no more volatiles are
formed. The long heating time required to achieve maximum tempera-
ture results in a low heating rate (10-15 °C/min) for all samples oper-
ated at 600 W. Conversely, a higher microwave power resulted in a
higher heating rate, and a maximum temperature of approximately
486 °C for 20 min at 800 W, with the highest heating rate (24 °C/min).
This is likely because a high microwave power with a higher energy
input results in a faster heating rate [45].

During microwave pyrolysis with only WFO, pyrolytic volatiles were
produced at 200-300 °C and 8-10 min after the initiation of the ex-
periments. The maximum temperature of 306-364 °C was observed at
20-30 min of heating time with a slower heating rate (10-12 °C/min)
compared to both microwave pyrolysis of only MPW and co-pyrolysis.
Microwave pyrolysis of MPW alone generated pyrolytic volatiles at
150-200 °C after 10-15 min, with extended volatiles generation as
compared to WFO. MPW is a polymer that possesses high thermal sta-
bility and can withstand high temperatures; thus, extended heating
times and higher temperatures are needed to break the long MPW
polymer chains, especially the C-C bonds, compared to WFO [46].

Interestingly, during microwave co-pyrolysis of WFO and MPW,
pyrolytic volatiles generated at 300-350 °C within 4-7 min after initi-
ation of the experiments. Shorter time was needed to heat and pyrolyse
WFO and MPW into volatiles, and the maximum temperature was ach-
ieved at 438-486 °C. This suggests that microwave co-pyrolysis has a
positive synergistic effect on waste materials to reach a high pyrolysis
temperature (i.e. showing a higher heating rate) compared to microwave
pyrolysis of WFO and MPW, individually.

3.3. Production of liquid oil

The liquid oil yield from microwave pyrolysis of WFO, MPW, and co-
pyrolysis is shown in Fig. 4. As the production of pyrolytic gases and
char is not the focus of this study, these are not discussed. The liquid oil
generated from the co-pyrolysis of WFO and MPW was higher than that
generated by WFO and MPW, individually. This is attributed to the
positive synergistic radical interactions [47] that occur during the
co-pyrolysis of WFO and MPW. The interaction of free radicals with
other polymers or long hydrocarbon chains in MPW and WFO may
stimulate chain breaking reactions (e.g. fragmentation and
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depolymerisation) to produce pyrolytic volatiles containing smaller
compounds (e.g. light hydrocarbons) that additionally condense into
liquid oil products [48]. Furthermore, previous research reported that
MPW contained a higher volatile matter content (97-98 wt%) compared
to WFO (~90 wt%) [49,50]. The high content of volatile matter likely
increases the formation of pyrolytic volatiles, and consecutively en-
hances condensation to generate more liquid oil [51]. This explains the
high yield of liquid oil attained using microwave co-pyrolysis of WFO
and MPW.

As the microwave power increased from 600 to 700 W, the liquid oil
produced from all the samples increased significantly. Nevertheless, as
the microwave power increased to 800 W, the liquid oil produced
individually from WFO and MPW decreased likely because of secondary
cracking reactions that normally occur at high microwave power,
leading to high process temperatures [52-54]. As discussed in Section
3.2, the process temperature increases with microwave power, which
promotes secondary cracking reactions (e.g. decarboxylation, decar-
bonylation, depolymerisation, and carbonisation). These reactions
convert pyrolytic volatiles into gases or char [55,56], thus reducing
liquid oil production. Surprisingly, the liquid oil produced from the
microwave co-pyrolysis of WFO and MPW increased to approximately
81.1 wt% with an increase in microwave power up to 800 W. Perhaps,
the increased production and interactions between free radicals gener-
ated at higher microwave power during the co-pyrolysis of WFO and
MPW stimulated chain-breaking reactions and volatile formation that
condensed into liquid oil.

3.4. Elemental and chemical composition of liquid oils

The elemental compositions of liquid oils are shown in Table 4.
Liquid oils are mainly composed of carbon, oxygen, and hydrogen pro-
duced at a lower microwave power (600-700 W) with a higher carbon
content (72.4-77.1 wt%) compared to those obtained at a higher mi-
crowave power of 800 W (68.2 wt%). The carbon content is likely
derived from aliphatic hydrocarbon compounds found in liquid oil,
which corroborates with the GCMS analysis of the liquid oil, indicating a
higher concentration of aliphatic hydrocarbons in liquid oil obtained at
600 and 700 W (~96%) as compared to 800 W (~90%). In addition, the
higher temperature at higher microwave power increases the occurrence
of intensive secondary cracking reactions, such as decarbonylation,
polymerisation, and decarboxylation, which convert hydrocarbon
compounds into gases (e.g. CO, CO2, Ca2Hy, CoHy). Conversely, a lower
temperature at a lower microwave power may reduce the extent of
secondary cracking reactions, thereby producing liquid oil with higher
amounts of carbon and hydrogen compounds.

Sulphur was absent in the original feedstock and liquid oils, while
lower nitrogen was detected in the liquid oils compared to the original
WFO. Similarly, a lower oxygen content was observed in liquid oils
compared to the original WFO, indicating that the interaction between
MPW (containing low oxygen with almost no nitrogen content) and
WFO reduced the nitrogen and oxygen-containing compounds in the
oils. The presence of free radicals during co-pyrolysis reactions may
convert nitrogen-containing compounds into nitrogen oxides (NOx) or
nitrogen gasthat can be released into the atmosphere. Nevertheless, the
composition of the gases needs to be verified in future studies. Addi-
tionally, the role of MPW as a hydrogen-rich material stimulates the
formation of hydrogen radicals, thereby increasing decarbonylation and
decarboxylation. The oxygen-containing compounds in the liquid oil are
likely reduced because of the elimination of compounds with carbonyl
group (C=O0) and carboxyl group (COOH) in MPW and WFO, while
oxygen-containing compounds are converted into aliphatic hydrocar-
bons and gases such as CO and CO; [10].

Fig. 5 shows the chemical components of the liquid oil produced
from microwave co-pyrolysis of MPW and WFO. The liquid oils pri-
marily comprise of aliphatic hydrocarbons (e.g. alkanes and alkenes),
carboxylic acids (e.g. fatty acids), aromatics (e.g. benzenes), and other
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Fig. 3. Temperature behavior versus heating time. (a) pyrolysis performed at microwave power of 600 W, (b) pyrolysis performed at microwave power of 700 W, (c)
pyrolysis performed at microwave power of 800 W.
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Fig. 5. Chemical composition of liquid oil obtained from microwave pyrolysis of MPW alone, WFO alone and microwave co-pyrolysis of MPW and WFO at 600 W,

700 W, and 800 W of microwave power.

unidentified compounds. Liquid oil produced at 700 W had the highest
aliphatic hydrocarbons (96.1%), followed by liquid oil produced at 600
W (95.8%) and 800 W (90.1%). The aliphatic hydrocarbons are mainly
decane (C1oH2) to octacosane (CygHsg). Octadecane (CigHsg) and
pentacosane (CgsHsy) were the major compounds found in the liquid oil
produced at 600 W, whereas heptadecane (C;7Hs4) and heneicosane
(C21Hy4) were the major compounds found in liquid oil produced at 700
and 800 W (Table S1). This suggests that high process temperatures
enhance the thermal cracking reactions of hydrocarbon molecules in
MPW and triglyceride molecules in WFO, subsequently cracking heavier
hydrocarbon compounds into lighter ones. In addition, higher micro-
wave power may stimulate the production of hydrogen radicals during

the random scission polymer degradation reaction, which normally oc-
curs during co-pyrolysis. Other polymer chains may interact with free
radicals to break the chains of the polymer into lighter hydrocarbon
components.

Aromatic compounds were absent in the liquid oil produced at a
lower microwave power (600 W). At a higher microwave power (700
W), 1.02% of aromatics was produced, while oil produced at 800 W had
the highest content of aromatics. This signifies the occurrence of sec-
ondary cracking reactions, such as the depolymerisation of poly-
ethylene, along with increased microwave power, converting aliphatic
hydrocarbons into aromatics such as benzenes [31]. This is also
corroborated by the lower aliphatic hydrocarbons in the liquid oil
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produced at 800 W (90.1%) compared to other liquid oils produced at a
lower microwave power.

Carboxylic acids in liquid oils include hexadecanoic acid, octadeca-
noic acid, and 9-octadecenoic acid, which is derived from the original
WFO, with the highest content of carboxylic acids in the liquid oil
produced at 800 W, followed by 600 W and 700 W. At 700 W, intensive
deoxygenation of oxygenated compounds (e.g. aldehydes, ketones, and
fatty acids) enhances its conversion into aliphatic hydrocarbons, espe-
cially alkanes and alkenes. Low carboxylic acids detected in the liquid
oil following 700 W treatment are desirable for use as alternative fuels,
because the characteristics of carboxylic acids degrade liquid oil quality
during storage, thus reducing the stability of the oil [10]. Nevertheless,
the higher carboxylic acids detected in the liquid oil produced at 800 W
is desirable as a supplement for microbial fermentation to produce
bioplastics, because the fatty acids can serve as a bacterial food source,
creating the ester bond during PHA formation.

The results show the strong potential of the liquid oil produced from
the microwave co-pyrolysis of plastic waste and waste frying oil for its
use as an alternative fuel, as reflected in our previous studies [10,32,51].
In the subsequent section, we emphasize the use of liquid oil as an en-
ergy source and growth substrate to produce bioplastics.

3.5. Production of polyhydroxyalkanoate using liquid oil produced from
microwave co-pyrolysis of medical plastic waste and waste frying oil

A negligible growth of B. megaterium UMTKB-1 was observed with
limited PHA accumulation when the liquid oil generated from micro-
wave pyrolysis of MPW and WFO, individually, was used as the energy
source and carbon substrate for bacterial growth (Table 5). Probably, the
deficiency of WFO carbon (52.6 wt%, Table 4) inhibits bacterial growth
and PHA accumulation. Additionally, WFO also contains the antimi-
crobial compound, i-Propyl 11,12-methylene-octadecanoate, which can
inhibit bacterial growth [57]. The non-existence of nitrogen content in
the liquid oil produced from MPW likely contributes to the absence of
bacterial growth and PHA. In addition, excessive carbon content can
inhibit the pathway of PHA synthesis, revealing that extreme conditions,
such as excessive and deficient nutrient content (e.g. carbon and nitro-
gen), inhibit bacterial growth and PHA accumulation [58].

Interestingly, B. megaterium UMTKB-1 strain accumulated PHA in the
form of P(3HB) using the liquid oil obtained from the microwave co-
pyrolysis of MPW and WFO. The liquid oil served as carbon substrate
and energy source for the bacteria to grow and accumulate PHA
simultaneously (Table 5). This implies that the encouraging synergistic
effect between MPW and WFO increases the carbon and nitrogen con-
tent in liquid oil, resulting in a higher carbon to nitrogen ratio that fa-
cilitates the growth of B. megaterium, and subsequently, the
accumulation of PHA. More specifically, the highest PHA content was
observed while using liquid oil produced at 600 W, followed by liquid oil
produced at 800 and 700 W (Table 4). This was likely due to the
desirable properties of liquid oil produced at 600 W, such as higher
carbon content (77.1 wt%), lower carbon to nitrogen ratio content
(27.9), and slightly higher carboxylic acid (3.52%) content compared to
other liquid oils. PHA is a linear polyester comprising monomers of
hydroxy acid linked to an ester bond produced by linking the carboxylic
group of a monomer to the hydroxyl group of a compound [59].

The levels of PHA accumulation observed using the liquid oils ob-
tained from 600 W to 800 W of microwave power was expected because

Table 3
Properties of waste frying oil and medical plastic waste.
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the C/N ratio of liquid oil obtained at 700 W was the highest compared
to the C/N ratio obtained at 600 and 800 W (Table 3). Previous studies
reported that PHA accumulation occurred in a limited nitrogen-excess
carbon environment, which agrees with our current finding [60-62].
Notably, higher cell dry weight (CDW) was observed when the liquid oil
obtained at both 700 and 800 W were used as the energy source
compared to the liquid oil obtained at 600 W. Sufficient amounts of
nitrogen and carbon facilitate bacterial growth, rather than accumulate
PHA [41]. However, the limitation of nitrogen in the culture medium is
an important factor for PHA production; therefore, the liquid oil ob-
tained at 600 W is the best carbon source, because of its high carbon and
low nitrogen content, which fits the criteria for PHA accumulation.

The fatty acids in liquid oil serve as an energy source for bacterial
propagation mainly through the following biosynthesis pathways. The
adenosine triphosphate (ATP) molecules, coenzyme A (CoASH), and
acyl-CoA synthetase activate fatty acids into acyl-CoA before entering
the p-oxidation cycle [63]. Although the acetyl-CoA produced from the
B-oxidation cycle usually enters the Krebs cycle for ATP production,
nutrient-deficiency decrease the electron transport activity and hence
generating lesser ATP and triggering PHA accumulation as an alterna-
tive energy storage approach [64]. The metabolic pathway of P(3HB)
accumulation in B. megaterium UMTKB-1 naturally competes for the
B-oxidation of fatty acids to produce acetyl-CoA that is not only used in
development of growth but also vital for P(3HB) production, which may
explain the reasons of the low PHA accumulation (Fig. 6) [65]. Two
acetyl-CoA molecules are formed into acetoacetyl-CoA and subsequently
(R)-3-hydroxybutyryl-CoA by B-ketothiolase (PhaA) and
NADPH-dependent acetoacetyl-CoA reductase (PhaB), then polymerized
by PHA synthase (PhaC), thus releasing CoA to be used for P(3HB)
synthesis replacing the Krebs cycle. However, during normal conditions
without malnourishment, CoA prevents the generation of PhaA in the
Krebs cycle.

In liquid oil, these fatty acids help to promote bacterial growth by
utilising the readily available alkanes. The alkane is degraded by oxy-
genases that introduce oxygen atoms into alkane substrates and target
the terminal methyl group of alkanes to produce fatty alcohols. Subse-
quently, alcohol dehydrogenases oxidise alcohols to form fatty acids that
then enter the p-oxidation pathway, hence allowing liquid oils to be
utilised with other substrates, such as reducing and non-reducing sugars
[66]. Although there have been reports of PHA conversion from waste
oils, not all PHA-producing bacteria produce the necessary enzymes to
perform the biological syntheses and conversions from waste oils and
plastic wastes needed for PHA synthesis and ATP production, thus
making the mentioned conversion ability observed in this study
considered as valuable [9,11,15]. Furthermore, microwave-pyrolyzed
waste oils and plastics have altered properties and compositions
compared to non-pyrolyzed wastes [40,42,47]. To date and to our
knowledge, this is the first report of PHA production from medical
plastic waste and waste frying oil using B. megaterium. Further studies
are needed to further optimize the approach in producing higher yield of
PHA.

FTIR analysis provides further insights into the chemical structure of
the P(3HB) homopolymer. Fig. 7 shows the functional groups of P(3HB)
produced by B. megaterium UMTKB-1. The IR spectra recorded peaks at
2978.09 (-CH group), 1737.86 (C=O stretch), and 1286.52-1068.56
(C-O stretch) cm’l, which corresponded with the previous studies [15,
28,70]. Absorption bands detected at 2735.06, 2384.02, and

Feedstock Elemental analyses (wt.%) Proximate analyses (wt.%)

C H N S o Moisture Volatile matter Fixed carbon Char residue
WFO 52.6 17.8 3.33 0 26.3 0 99.8 0.2 0
MPW 86.2 13.3 0.02 0 0.48 0 99.5 0.5 0
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Table 4

Elemental composition of the liquid oils.
Elemental Analysis Carbon (wt%) Hydrogen (wt%) Nitrogen (wt%) Sulphur (wt%) Oxygen (wt%) H/C C/N
Original WFO 52.6 17.8 3.33 0 26.3 4.06 18.4
Original MPW 86.2 13.3 0.02 0 0.48 1.81 -
600 W (1:1) 77.1 10.3 3.18 0 9.82 1.60 27.9
700 W (1:1) 72.4 7.22 2.19 0 18.8 1.19 38.5
800 W (1:1) 68.2 9.14 2.28 0 20.7 1.61 34.9

(—) not available.

964.41-509.21 cm ™! correspond to —CH stretching, C=C stretching, and
—OH groups, respectively. The detection of the C=0 bond at 1737.86
cm ! represents the character of P(3HB). Additionally, DSC was con-
ducted to investigate the melting temperature (Tp,), glass transition (Tg),

Table 5
Biosynthesis of P(3HB) by B. megaterium UMTKB-1 using pyrolysis liquid oil as
growth substrate.

Liquid oil PHA content [% (w/w)]  Cell dry weight, CDW (g/L) crystallization temperature (T.), and degree of crystallinity of P(3HB).
MPW Trace amount” Trace amount” The T of the P(3HB) obtained was 2.00 °C, which was comparable with
WFO Trace amount Trace amount previous studies by Wellen et al. [71] and Gunaratne et al. [72]. The Ty,
MPW + WFO (600 W) 11.03 0.13 & 0.04 and T, of the P(3HB) obtained was 172.65 °C and 48.20 °C, respectively.
MPW + WFO (700 W) 0.80 0.16 + 0.04 . . ;

MPW -+ WFO (800 W) 154 + 0.13 0.16 + 0.07 The T, was comparable to that reported in previous studies by

Mohanrasu et al. [73] and Trakunjae et al. [74] while T, was in agree-
ment with Wellen et al. [71]. The degree of crystallinity of P(3HB) was
55.75% in the present study, which exhibited results approximately
similar to the previous studies [75,76]. These analyses provided suffi-
cient data to confirm the identity of the synthesised polymer, P(3HB).
Numerous studies have been performed on the valorisation of waste

CDW = cell dry weight; MPW = medical plastic waste; WFO = waste frying oil.
# PHA content <5 wt%.
b Cell dry weight <0.05 g/L.
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Fig. 6. n-alkane degradation pathway, p-oxidation of fatty acids pathway and P(3HB) biosynthesis pathway. Reproduced from previous studies [67-69].
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Fig. 7. FTIR spectrum of P(3HB) homopolymer generated by B. megaterium UMTKB-1. Resolution = 4 cm™!; 50 scans.

as the sole energy and carbon source for PHA production. Table 5 shows
the various bacteria, and wastes used as carbon sources and growth
substrates for PHA production. Although previous studies (Table 6) had
similar purpose of valorising wastes to produce PHA, the carbon was
mainly sourced from organic wastes. The novel aspect that sets our study
apart from the previous studies is that P(3HB) was produced from the
liquid oil generated by the microwave co-pyrolysis of medical plastic
wastes and waste frying oil. However, the P(3HB) yield [11% (w/w)]

Table 6

Previous studies of polyhydroxyalkanoate production using various bacteria and
different energy feedstocks.

Bacteria Carbon feedstock PHA type  PHAyield Refs.
[% (w/
w)]
Bacillus megaterium Microwave co- P(3HB) 11 This
UMTKB-1 pyrolyzed MPW and study
WFO
B. megaterium R11 Oil palm empty fruit ~ P(3HB) 58 [78]
bunch hydrolysate
B. megaterium NCIM Cheese whey P(3HB- 87 [79]
5472 permeate co-3HV)
B. megaterium NCIM Ultrafiltered cheese P(3HB) 75 [80]
5472 whey
B. megaterium Glucose P(3HB) 59 [81]
Glycerol P(3HB) 62
B. megaterium Sugarcane molasses P(3HB) 12 [21]
UMTKB-1 Sweetwater P(3HB) 7
Glycerol P(3HB) 49
Defluviicoccus vanus Sugarcane molasses PHA 37 [82]
Burkholderia sacchari Wheat straw P(3HB) 57 [83]
DSM17165 hydrolysate P(3HB- 27
co-4HB)
Glucose P(3HB)
Cupravidus necator Used cooking oil P(3HB) 37 [84]
DSM 428
Haloferax Whey PHA 70 [25]
mediterranei
DSM1411
Bacillus cereus suaeda Glucose P(3HB) 43 [15]
B-001 Oil palm empty fruit  P(3HB) 40
bunch
Bacillus subtilis RS1 Pre-treated P(3HB) 45 [23]
sugarcane molasses
Recombinant Sludge palm oil P(3HB- 74 [85]
C. necator RE2058/ co-
pCB113 3HHx)
Pseudomonas Frying oil P(3HB) 53 [86]

aeruginosa STN-10

11

obtained in our study was lower than that obtained in other studies,
which suggests the need for further optimisation of the biosynthesis
processes using the feedstock obtained in this study.

The liquid oil produced from the pyrolysis of MPW and WFO has
potential and is beneficial as an energy source and carbon substrate for P
(3HB) production. This is the first initiative where plastic waste com-
bined with waste cooking oil can be converted into biodegradable P
(3HB). One of the main challenges in a circular economy is reducing the
generation of solid wastes [77]. Studies on PHA production utilising
different organic wastes as an energy source and carbon substrate have
been performed, but none to date on synthetic wastes or a combination
of organic and synthetic wastes. The potential of waste has yet to be
uncovered, and the combination of MPW and WFO can be one of the
alternatives to reduce plastic waste and carbon footprint (Table 6).

4. Practical implications of the study

This work was initiated due to massive accumulation of MPW at
hospitals in Malaysia, which require high cost for disposal via inciner-
ation and specific sanitary landfill. The COVID-19 pandemic has led to
sudden upsurge of MPW and this exacerbates the problem for its
disposal. The current disposal approach such as incineration and sani-
tary landfill could escalate environmental pollution due to the release of
harmful gases including dioxins, furans and COy [87]. Therefore, the
present work demonstrates the practicality of applying microwave
co-pyrolysis to simultaneously reduce waste materials (MPW and WFO)
while recovering energy from these wastes.

The addition of WFO into MPW during microwave co-pyrolysis is
effective to reduce the production of undesirable wax and increase the
yield of liquid oil compared to pyrolysis of plastic waste alone (Fig. 4).
The MPW also represents other types of plastic waste produced from
household and industry sectors. This study also demonstrated the
capability of MPW to facilitate the pyrolysis of WFO, leading to the
reduction of oxygenated compounds and increase the carbon, hydrogen
and aliphatic hydrocarbons composition in the liquid oil, thereby
showing potential to be upgraded into fuel. The high carbon content in
the liquid oil is also desirable to be used as energy source during bac-
terial fermentation for producing bioplastics. This suggests that micro-
wave co-pyrolysis is a desirable approach to enhance the quantity and
quality of the liquid oil product, thereby showing support to the United
Nations Sustainable Development Goals (SDGs) in producing affordable
and clean energy (Goal#7) and ensuring sustainable consumption and
production (Goal #12). The feedstocks used during microwave co-
pyrolysis are not limited to MPW and WFO only, but other feedstocks
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that exhibit similar properties could be used to generate a liquid oil
product with desirable properties. This study could be a suitable refer-
ence for researchers or industrial operators who seek for a sustainable
approach in using waste materials as feedstocks to produce energy.

Further research is needed to optimize and scale up the technology
for industrial application. A microwave co-pyrolysis system can be
developed and constructed at hospital so that the MPW can be converted
into energy on-site, thus reducing transportation cost for waste disposal.
In addition, the liquid oil may be further converted into fuel or ignited in
boilers to generate power and electricity. Nevertheless, more research is
needed to assess the environmental sustainability of the developed
technology via exergetic, exergoenvironmental and exergoeconomic
assessments.

5. Concluding remarks and future perspectives

Microwave co-pyrolysis of MPW and WFO produced liquid oil
significantly higher than the microwave pyrolysis of MPW and WFO
individually, and at higher heating rates and reduced process time.
Liquid oil consists of light aliphatic hydrocarbons ranging from Cjg to
Cog and contains low oxygen, thus exhibiting potential for use as an
alternative fuel. The liquid oil produced from the microwave co-
pyrolysis at 600 W with a C/N ratio of 27.9, acts as an energy source
for microbial fermentation and produces higher P(3HB) content
compared to the range of microwave power considered. The production
of bioplastics from synthetic plastic waste is possible using the micro-
wave co-pyrolysis technique. Since this finding is relatively new, the
future direction of related research includes optimisation of microwave
pyrolysis parameters such as microwave temperature, retention time,
presence of catalyst, physical and chemical fermentation parameters,
and bioreactor production scale-up for increased yields of P(3HB).
Moreover, future research on co-polymer production should also be
considered.

This study showed that microwave co-pyrolysis reduced the content
of heteroatoms (e.g. oxygen and nitrogen) and increased the composition
of aliphatic hydrocarbons compounds in the liquid oil, which can
potentially be applied as fuel. Nevertheless, it should be mentioned that
the presence of heteroatoms such as oxygen and nitrogen could generate
nitrogen-containing and oxygen-containing compounds, which could
deteriorate the quality of the liquid oil. For instance, the oxygen-
containing compounds (e.g. carboxylic acids) could cause corrosive-
ness to the engine if the liquid oil is applied as fuel. In addition, the
nitrogen-containing compounds could emit harmful NOx during the
combustion of the liquid oil as fuel. Therefore, future studies should be
performed to further improve this pyrolysis technique and the compo-
sition of the liquid oil:

1. Upgrading techniques to reduce or eliminate the content of hetero-
atoms in the liquid oil. For example, ionic liquids can be applied as
extraction solvents for the reduction of nitrogen compounds from the
liquid fuel [88].

2. Examination of microwave co-pyrolysis models using uncertainty
analyses that identify and quantify possible faults of this approach.
By performing this analysis, the range of possible outputs can be
determined based on the uncertainty of the inputs applied to scru-
tinize the impact of the errors or lack of knowledge of the model.

3. This study showed that B. megaterium UMTKB-1 was able to accu-
mulate PHA when fed with microwave co-pyrolyzed MPW and WFO
liquid oil. However, the yield is relatively low when compared to
previous studies. The liquid oil contains oxygen which can be
oxidized and polymerized to generate unfavourable compounds for
bacteria growth. Post-treatment can be considered to further stabi-
lize the oil. The bioavailability of carbon from the liquid oil also
affects its utilization by the bacteria to accumulate PHA. It was
observed from the biosynthesis that solidified liquid oils still present
after 48 h. The bacteria were likely not able to fully utilize the liquid
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oil due to low total surface area. This phenomenon was common
when oily substrates with high melting point compared to the bac-
teria fermentation temperature were used as carbon source. To
‘break’ the oil higher agitation speed, addition of biosurfactant or
biological or physicochemical treatments can be considered to in-
crease the bioavailability of the carbon from the liquid oil. None-
theless the effect of this factors on the PHA yield is yet to be fully
understood.

4. Find other factors that could affect the PHA yield such as the type of
strains, genes and enzyme produced [89]. The B. megaterium
UMTKB-1 strain may not be the most suitable candidate to accu-
mulate PHA when fed with liquid oil produced from microwave
pyrolysis. It is important to emphasize that the carbon source utili-
zation is strain dependent. Hence, a quest to search for a more
suitable wild-type strain or a robust genetically engineered strain can
be considered that can withstand the impurities of the liquid oil is
necessary and accustomed to utilising liquid oil for PHA accumula-
tion purposes [30]. Additionally, the gaps in the physiology and
complete metabolic pathways of bacterial PHA-producers using
liquid oil as carbon source still pose question regarding other
competing pathways or inhibitors. Therefore, the findings here show
the possible conversion of pyrolyzed bio-oil into PHA but this re-
quires future research in the optimisation of culture conditions and
treatment of feedstocks for higher PHA yield.
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