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Abstract

Plastic waste management is a growing global problem. Single-use flexible
packaging plastic waste (FPPW) is one of the most challenging types of plastic
waste to recycle due to its mixed composition (including bags, containers and
films made of LDPE, HDPE, PP, PET and other materials), multi-material
characteristic (multiple thin layered plastics adhered together for a single
packaged product), and associated impurities (inks, adhesives and residual
impurities from the packaged product). This type of plastic waste is often
discarded as non-recyclable from the mechanical recycling streams. However,
the use of plastics is unavoidable as the benefits outweigh other viable
alternative materials in various applications. In this research, three holistic
and comprehensive assessments have been conducted, including the (i) life
cycle of plastic production and application, (ii) end-of-life pyrolysis treatment
and upcycling to carbon nanotubes (CNTs), and (iii) application of CNTs in
electrochemical sensing and end-of-life disposal of the CNTs, in order to
address the FPPW management.

The specific case of the life cycle assessment (LCA) of grocery bags indicated
that the environmental footprint of plastics is lower than the other prevailing
alternatives, including cotton and paper, from the perspective of a
metropolitan city with end-of-life incineration treatment. However,
incineration of the plastic waste abnegates the circularity of material flow.
Hence, a feasible and versatile integrated pyrolysis technology was developed
for the FPPW treatment. The pyrolysis of plastics was evaluated using
incineration ashes as a reforming catalyst in order to valorize the application
of incineration ashes and to alleviate the environmental footprint associated
with the utilization of synthetic catalysts. The incineration ashes
demonstrated potential to be applied as a reforming catalyst in the pyrolysis
of plastics to produce oil and non-condensable gas. However, further
advancements in the form of pre-treatments are essential to generate
performance comparable to commonly used zeolite catalysts. The LCA of the
integrated pyrolysis process along with the upcycling of non-condensable
gases from pyrolysis of FPPW to CNTs concluded superior environmental
benefits when compared to the conventional pyrolysis of FPPW without CNTs
synthesis. Notably, the integration of CNTs synthesis with the conventional
pyrolysis process benefitted with diminishing the environmental footprint in
terms of climate change, human toxicity, fossil depletion, ionizing radiation,
and terrestrial ecotoxicity potentials. The inflexion point for the CNTs yield
was identified as >2 wt.% to generate a positive effect on the environment.



Pyrolysis treatment of different waste fractions without significantly
compromising the product quality highlighted the versatility of the integrated
pyrolysis process. Furthermore, the synthesis of novel waste-derived CNTs
(WCNTs) provides an additional revenue stream for the pyrolysis plants,
enhancing their economic feasibility.

Subsequently, the synthesized WCNTs were tested in electrochemical sensing
using screen-printed electrodes (SPEs) due to its enormous growth potential
in diverse future applications. The electrochemical performance of WCNTSs
was comparable to the commercial CNTs in the detection of heavy metals,
therefore, corroborating WCNTSs as a viable alternative in SPEs application.
The LCA determined that the WCNTs demonstrated considerable
environmental advantages in comparison with the predominantly used noble
metals, including gold and platinum, as electrode material. Therefore,
substitution of the noble metals by WCNTSs is recommended.

In conclusion, the integrated LCA approach provided context of the accrued
benefits of high-value CNTs derived from plastic waste. Furthermore, the
integrated LCA approach provides a measure to enhance the circularity of the
material flow by identifying suitable alternatives, accentuating recycling and
upcycling technologies, and determining hotspots for improvement, thereby,
facilitating the environmental sustainability. The method helps to improve
the recycling rates and alleviate the existing unsustainable consumption
patterns. Importantly, similar LCA studies are unique and crucial to advance
towards a truly circular economy and achieve the sustainable development
goals.



Sammandrag

Behandling av plastavfall ar ett vidxande globalt problem. Plastavfall
bestdende av flexibla engdngsforpackningar (FPPW) ar en av de mest
utmanande typerna av plastavfall att ateranvanda pa grund av dess blandade
sammansattning (inkl. pasar, behallare och filmer av LDPE, HDPE, PP, PET och
andra material), multimaterialegenskaper (flera tunna plaster
sammanfogade i en enskild forpackningsprodukt) och orenheter (farger, lim
och kontaminationer fran den forpackade produkten). Denna typ av
plastavfall avskiljs ofta som icke-ateranviandbart frdn de mekaniska
ateranvandningsstrommarna. Anvandning av plaster dr dock oundvikligt
eftersom fordelarna overtraffar andra mojliga alternativa material i mdnga
olika tilldampningar. I denna forskning har en holistisk, utforlig och integrerad
studie genomforts inkl. livscykeln for plastproduktion, tillampning,
slutbehandling genom pyrolys, upparbetning till kolnanotuber (CNT),
tillampning av CNT i elektrokemiska sensorer, och slutférvaring av CNT, for
att analysera behandlingen av FPPW.

Det specifika fallet gillande livscykelanalys (LCA) av plastkassar indikerade
att det miljomassiga fotavtrycket av plast ar lagre dn for andra nuvarande
alternativ, sisom bomull och papper, ur ett storstadsperspektiv med
slutférbranning av avfall. Forbranning av plastavfall avviker dock fran den
cirkuldara materialstrommen. Darfér utvecklades en anviandbar, mangsidig
och integrerad pyrolysteknologi for behandling av FPPW. Pyrolys av plast
utvarderades  genom  anviandning av  forbridnningsaska  som
reformeringskatalysator  for  att uppgradera anvdndningen av
forbranningsaskor och for att minska det fotavtryck pa miljon som
anvandningen av syntetiska katalysatorer fororsakar. Forbranningsaskorna
visade sig vara potentiellt anvandbara som en reformeringskatalysator vid
pyrolys av plast for framstéllning av olja och icke-kondenserbara gaser.
Ytterligare framsteg gillande férbehandling behdvs dock for att upnd en
prestanda som ar jamforbar med vanligen anvdnda zeolit-katalysatorer. En
livscykelanalys (LCA) av den integrerade pyrolysprocessen tillsammans med
uppgradering av icke-kondenserbara gaser fran pyrolys av FPPW till CNT gav
overlagsna miljofordelar jamfort med konventionell pyrolys av FPPW utan
syntes av CNT. Det var anmarkningsvart att integreringen av CNT-syntesen
med den konventionell pyrolysprocessen hade fordelen att minska det
miljomassiga fotavtrycket i frdga om klimatférandring, toxicitet for
manniskan, utarmning av fossila ravaror, joniserande strdlning och
ekotoxiciteten pa land. Inflektionspunkten for utbytet av CNT identifierades



till >2 vikt-% for att astadkomma en positiv effekt pa miljon.
Pyrolysbehandling av olika avfallsfraktioner utan att méarkbart forsdmra
produktkvaliteten understrok den integrerade pyrolysprocessens
mangsidighet. Framstillning av nya CNT (WCNT) utgdende fran avfall
erbjuder dessutom en extra inkomstkalla for pyrolysanlaggningen, vilket
forbattrar de ekonomiska forutsattningarna.

Foljande steg var att testa framstédlld WCNT i elektrokemiska sensorer i form
av av ”screen-printade” elektroder (SPE) pd grund av deras enorma
tillvixtpotential inom diverse framtida tillimpningar. Den elektrokemiska
prestandan hos WCNT var jamforbar med kommersiell CNT vid detektering
av tungmetaller, vilket visar att WCNT ar ett beaktansvart alternativ inom
SPE-tillampninar. Livscykelanalysen (LCA) visade att WCNT hade avsevarda
miljofordelar jamfort med de mest anvianda ddelmetallerna, sdsom guld och
platina, som elektrodmaterial. Darfor rekommenderas att ddelmetaller
ersatts med WCNT.

Sammanfattningsvis kan ndmnas att den integrerade livscykelananlysen
(LCA) kunde pavisa fordelarna med vardefull CNT som framstalldes fran
plastavfall. En integrerad LCA erbjuder ytterligare en metod for att forbattra
cirkulariteten i materialstrommarna genom att identifiera lampliga alternativ
med betoning pa teknologier for ateranvdandning och uppgradering, samt
bestdmning av centrala saker att forbattra, for att pa sa satt gynna en
miljomassig  hallbarhet. = Metoden  hjalper till att  forbattra
ateranvandningsgraden och att atgirda de existerande ohéllbara
konsumtionssatten. Det ar viktigt att notera att liknande LCA studier ar unika
och oumbdrliga for att uppnd en verkligt cirkuldr ekonomi och att uppna
héllbara utvecklingsmal.

Vi
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1. Introduction

Plastic waste has become ubiquitous globally. This is attributable to the
twenty-fold increase in the application of plastics in the past 5 decades.
Moreover, it is predicted to double within the next 20 years [1]. The
applications and types of plastic have compounded since its invention. The
production of polymers (excluding fibers) has surpassed 350 million tonnes
in 2018 across the world [2]. The service life of plastics extends up to 50 years,
although the single-use packaging plastics are frequently utilized less than a
day [3]. Polyolefins, including polyethylene (PE) and polypropylene (PP),
which are produced from olefins or alkenes, are robust, lightweight,
inexpensive, exceptionally ductile and malleable, and resists deterioration by
air, water, cleaning solvents, and grease that the plastics encounter during the
course of its service life [4-6]. The major benefit of plastics is it promotes the
extension of useful life of the products (e.g., personal hygiene products and
processed food). The most prevalent plastic product is PE, which represented
26% of the plastic demand across the world in 2012 [7]. PE is utilized in
numerous beneficial applications, including flexible packaging bags and films
that accounts for up to 65% of all the applications [8]. The surge in the
utilization of plastic in diverse applications concurrently magnifies its rate of
waste generation. In industrialized countries, the plastic waste contributes
for a considerable proportion (30-35%) of the municipal solid waste (MSW)
[9]. For example, the biggest market for plastics in the USA is packaging,
which is monopolized by single-use PE and PP and contributed to 41% of the
total MSW, of which 76% is landfilled, 14% is incinerated, 8% is recycled, and
2% leaks into the natural environment [10]. The plastic waste has become
omnipresent, which is attributed to the upsurge of anthropocentric activities,
poorly designed waste management infrastructure, indiscriminate disposal
methods, inefficient and unsuitable recycling technologies, and inadequacy of
public awareness [11]. However, the complete and immediate replacement of
plastics is challenging as the advantages of its application exceeds those of
every other viable alternative material.

One of the prevalent plastic waste streams is flexible packaging plastic waste
(FPPW), which is gruelling to recycle. The recycling rate of FPPW is minimal,
owing to its divergent composition, mediocre recycling value, and vestigial
contaminations by the packaged product. The majority of FPPW constitutes
single-use plastics, which amass at a greater scale due to its unrestrained
usage. The mismanagement of MSW in low-income countries contributed to
ca 66% of the macro-plastic release into the natural environment from the



entire plastic value chain in 2015 [12]. Furthermore, more than 95% of the
material value becomes obsolete to the economy after a brief first-use life
cycle of the packaging plastic [1].

FPPW is a substantial source of marine debris and terrestrial litter that
perpetually accumulates in the aquatic and terrestrial ecosystems.
Polyolefins were reported as the predominant polymers recognized in the
aquatic and terrestrial environments [13, 14]. The weathering effects,
including oxidation at high temperatures, degradation induced by UV light,
and abrasion from rocks, sand and structures made of concrete, on the macro
FPPW discharged into the environment results in the formation of micro- and
nano-plastics. The Caspian Sea, Persian gulf, and gulf of Oman discharged 55-
158, 155-413 and 29-78 Kt of plastics from the 50 km land area within the
coastline and an increase of 15, 29 and 38% is predicted by 2030, respectively
[15, 16].

The discharged FPPW in natural environment (either in macro-, micro- or
nano-form) interact with the indigenous fauna and flora via inhalation,
ingestion, adsorption, absorption, entanglement and release of organic and
inorganic pollutants. For instance, the average ingestion of micro-plastics
from urban dust was reported as 353-2429 and 107-736 particles/year for
adults in acute and normal exposure scenarios, respectively [17]. Fatal and
sub-lethal ramifications were reported in organisms due to the ingestion and
entanglement of plastics by compromising their innate competency to hunt
and digest food, anti-predatory escape responses, locomotion, sense of
hunger, and conceivably influence other bodily functions [18]. The nano- and
micro-forms of plastics could permeate the animal and human food chains
overtime promoting fatal, sub-lethal, bioaccumulation and biomagnification
effects [11]. The plastic additives, including dyes, plasticizers, antioxidants,
photostabilizers and retardants, and surface adsorbed chemicals could
intensify the ecotoxic effect of plastics on the interacting organisms [11, 19],
despite the plastics being environmentally benign and biochemically inert.
For example, the plastic mulch films applied in farming presents a severe
hazard to the human health and ecosystem due to the presence of endocrine
disrupting phthalate esters possibly inducing developmental and
reproductive toxicities, and carcinogenicity [14]. Moreover, nanoparticles
were reported to be assimilated by the agricultural crops and plants [20-22].
A similar phenomenon could stimulate the bioaccumulation of nano-plastics
in flora from the natural environment, subsequently leading to the human



food chain. Furthermore, animal tissue and placenta samples were detected
with micro-plastics [23, 24].

Apart from the reported implications, the other potential deleterious effects
to the organisms include effects on metabolic processes, histopathological
damage, suffocation, inflammatory/immune response, transformed
enzymatic activity, altered reproductive and cellular functions, behavioural
modification, hormonal disruption, genotoxicity, and cytotoxicity, all of which
are deficient in knowledge. Although the threat to biodiversity by plastic litter
is extensively acknowledged, the ecological consequences on ocean
productivity, palatability, impact assessment models on the ecosystem
damages, species dispersal, and trophic transfer in food chain remain
unexplored [18, 25]. The complete detrimental effects of plastic pollution in
the environment are yet to be comprehensively understood. The persistence
and unexplored ramifications of plastics designate them as a concern in the
natural environment. Hence, the ideal option at present is the prevention of
FPPW discharge into the natural environment as avoiding the application of
plastics entirely is infeasible. Furthermore, the transformation of FPPW into
nano/micro-plastics would indicate a permanent and irrecoverable loss into
the natural environment. Therefore, an improved waste collection and
suitable treatment of FPPW is essential to avert the consequential effects of
macro-, micro- and nano-plastics in the environment.

Incineration, landfilling and recycling are the existing FPPW management
options. Although the FPPW is inert in a landfill or open dump, degradation
and fragmentation occur due to weathering, leading to the leaching of the
micro-plastics into the soil, surface and underground water streams as well
as atmospheric dispersion. For example, micro-plastic concentrations of 1-25
particles/L in size ranges of 100-1000 pm were reported in landfill leachate
[26]. Additionally, the FPPW could expedite the discharge of greenhouse
gases (GHGs) from the deterioration of organic waste, due to the development
of anaerobic conditions in a landfill. Therefore, a sanitary landfill with
comprehensive GHG and leachate accumulation systems that is integrated
with ensuing treatment/application is essential. Conversely, incineration
averts the direct environmental contamination of the FPPW by combusting it.
Nevertheless, the GHG emissions from incineration (96 Mt) of plastic waste
was the greatest when compared with recycling (49 Mt) and landfill (16Mt)
in 2015 [27]. This is associated with the linear mode of resource utilization
where the carbon in plastics is emitted as CO; upon combustion.



Recycling, including mechanical, chemical and thermochemical methods, has
been endorsed superior in the waste management hierarchy by the European
Union [28], due to the potential improvement in the circularity of material
flow. Nevertheless, the recycling is largely reliant on the practicality of selling
the recovered materials to promising buyers [29]. Mechanical recycling is
influenced by various factors including, the purity of the plastic materials
(including the additives and ash content), the proper segregation of plastic
types (including PP, high-density PE (HDPE), low-density PE (LDPE),
polyethylene terephthalate (PET) and others), and the deficiency of
contaminations (including food and chemical residues from the consumer
product). Furthermore, the mechanical recycling method requires a series of
steps including sorting/separation, cleaning and drying before re-extrusion
[13, 30]. Especially, the multi-layered material fraction in the FPPW, which
comprises of numerous layers of thin plastic films (including PP, PE and PET)
and non-ferrous metals (including tin and aluminium), pose a considerable
challenge for mechanical recycling. Therefore, a significant fraction of FPPW
is rejected and discarded as non-recyclable during mechanical recycling due
to its complex composition. Chemical recycling engages different chemicals to
monomerize the various polymers. Vollmer et al. [31], Thiounn et al. [32] and
Hong et al. [33] elaborately reviewed the various chemical recycling methods.
However, the economic and industrial-scale feasibilities are uncharted as
most of the research suggest that the experimental investigations are in
fundamental phases of advancement with primary focus on mono-material
recycling. The thermochemical recycling methods, including pyrolysis and
gasification, are matured technologies with superior benefits when compared
with incineration, when material and energy recovery efficiency are the
paramount objectives. Pyrolysis is a thermal decomposition process in the
absence of oxygen. Pyrolysis has numerous practical and environmental
advantages such as reduced carbon footprint over incineration and
gasification [34, 35]. It serves as a fast, efficient and complete method to treat
the non-recyclable FPPW either from domestic, industrial or recovered waste
streams. Hence, this research focusses on the integrated pyrolysis technology
with special consideration to the pyrolysis oil upgrading and synthesis of
value-added carbon nanomaterials from plastic waste, as elaborated in the
following chapters. An exhaustive evaluation of the environmental aspects of
the integrated pyrolysis process and product utilization is studied.



2. Pyrolysis and catalytic reforming

Pyrolysis of plastic waste is a promising technology that has been widely
adopted in the recent years to address the plastic waste pollution. Pyrolysis
of plastic recovers valuable energy and products including oil and non-
condensable gas [34, 36]. The pyrolysis process is flexible and versatile in its
capacity to treat a variety of feedstock, making it an attractive option. Besides
the extraction of value-added products, the thermochemical method
overcomes the barrier of multi-layered material FPPW in mechanical
recycling.

The primary product of pyrolysis of plastics is volatile organic vapors, which
are condensed to produce oil and non-condensable gas. The oil product is a
mix of hydrocarbons consisting of olefins, aromatics, paraffins and
naphthenes. Catalytic reforming is an auxiliary process to reform the
pyrolysis product formation. It uses an in-line bed of catalyst through which
the primary volatile organic vapors are reformed. Catalytic reforming
demonstrated numerous benefits including, superior selectivity, greater yield
of products, evasion of unwanted products production, and formation of oil
product with low boiling point [37-39]. Textural property, acidity, pore size
and pore volume of the catalysts influence the product selectivity and yield
[40, 41]. The typical objective of catalytic reforming of primary pyrolysis
products is to enhance the yield of BTEX compounds (i.e., benzene, toluene,
ethylbenzene and xylenes) [39, 42]. BTEX compounds are valuable products
with commercial interest and are representative of the pyrolytic oil quality
[42-44]. Furthermore, lighter fractions of hydrocarbons, which have greater
volatility, are utilized as commercial combustion fuels.

Materials of natural origin, including zeolites, silica-alumina and clay, are the
chiefly used catalysts in reforming applications [45-47]. Zeolite catalysts have
been extensively studied and reported to demonstrate superior degradation
potential for polyolefins [43, 47]. Calcination of the catalysts is a common
practice to stabilize and oxidize the precursors. Furthermore, transition
metals are commonly loaded onto the base catalyst material to improve the
catalytic performance [45, 48] and lower the activation energy [49]. However,
periodical replacement of the catalyst is required owing to the permanent
deactivation from poisoning, sintering and leaching [50], contributing to the
expenses of the process and the concomitant environmental burden. Hence,
the residual ashes from incineration of MSW are explored as a catalyst in
Paper II. MSW incineration ashes frequently recognized as incineration fly



and bottom ashes (IFA and IBA, respectively) are conventionally landfilled, as
the end-of-life disposal option. However, exploratory research activities that
intend to valorize ash usage in different utilizations, including carbon capture
[51], chemical looping combustion [52], construction and land reclamation
[53-55] are conducted in order to minimize the burden of waste disposal and
advance circularity.

Furthermore, catalyst development is one of the prospective area of ash
utilization. IBA loaded with Ni presented superior catalytic activity in the
conversion of toluene to syngas [56]. The presence of high concentration of
surface Ni, and basicity and greater reducibility of the IBA support were
attributed to the catalytic performance. Coal, waste tire and refuse derived
fuel combustion ashes used in the catalytic reforming of biomass pyrolysis
vapor demonstrated considerable improvement in gas product, which was
correlated to the inherent metal content of the ashes [57]. A further doping of
Ni metal in the ashes resulted in ca 20% improvement in H, production.
Similarly, 15 wt.% Ni-impregnated coal ash catalyst was used in catalytic
reforming of phenol and acetic acid in the presence of steam [58]. The
conversion rate of phenol and acetic acid improved from 26 and 57% to 83
and 98%, respectively, with the addition of Ni metal. In pyrolysis application
of plastics, the catalytic potential of silica-alumina catalyst from coal fly ash
fused with NaOH was parallel to commercial catalyst in yielding ‘low boiling
point’ oil products during pyrolysis of LDPE [59]. Similarly, pyrolysis of waste
PE using calcined coal power plant fly ash (800 °C, 5 h) reported
approximately 2-times increase in the BTEX compounds when equated with
thermal pyrolysis [60]. The catalytic activity was attributed to the greater
silica-alumina ratio and large surface area, resulting in enhanced selectivity.
These examples demonstrate the immense potential of various incineration
ashes in the catalytic reforming application. However, the feasibility of MSW
incineration ashes in catalytic reforming of the primary pyrolysis vapor from
pyrolysis of plastics has not been investigated.



3. Upcycling of plastic waste to pyrolysis oil and
carbon nanotubes (CNTSs)

Collection, sorting and recycling of the plastic waste is an economically
nonviable process, due to the inexpensive virgin feedstock and high volume
to weight ratio of plastics that leads to heightened transportation and
reprocessing costs [61]. The pyrolysis treatment processes plastic waste into
oil, non-condensable gases and solid residues (Paper III). The pyrolysis oil
can be exported as fuel, while the non-condensable gases are typically
combusted for energy recovery [42, 62]. However, the economic benefit of
synthesizing pyrolysis oil is inadequate. Conversely, the non-condensable gas
stream was reported to be utilised in the synthesis of carbon nanomaterials,
including multi-walled carbon nanotubes (CNTs) in recent studies [63-66].
Carbon nanomaterials are products of great economic value (CNTs > 60
USD/kg) that could potentially increase the revenue from pyrolysis of plastic
waste. Therefore, the inferior recycling rate of plastic waste can be addressed
by valorizing it into CNTs that improves the revenue stream for plant
operators. The commercial demand of CNTs is increasing due to its superior
mechanical, electrical, optical and thermal properties. Moreover, CNTs have a
very small weight to volume ratio that renders it ideal for high-tech
applications including electrochemical sensing, flexible thin-film devices,
nano-optoelectronics, structural composites and energy storage [67, 68].
Additionally, the amount of solid waste requiring treatment is reduced and
the fabrication cost of the nanomaterial is lowered by synthesizing CNTs from
plastic waste [67], thereby improving the circularity.

Circular economy (CE) paradigm is crucial to improve the recycling rates and
to address the current unsustainable consumption patterns [69]. CE helps to
retain carbon in the active material flow cycle and to progress towards
sustainable development by emphasizing upcycling and recycling
technologies. The world economy is only 9.1% circular [70]. The major
barriers to the circularity of plastics include cheap virgin feedstock, deficient
infrastructure for recovery, insufficient fee for the collected waste materials,
inferior properties of the recycled plastics, and lack of reliable markets for
recycled materials [10]. Substantial benefits from adopting CE through a
balanced approach over a 70-90 years’ time horizon was suggested by a
planetary model study on CE integrated with human, ecological and industrial
components [69].



4. Life cycle assessment (LCA)

Life cycle assessment (LCA) is an environmental management tool to
determine the global environmental impacts of production, use, recycling and
disposal of goods and to compare their alternative eco-performances [6, 71].
LCA evaluates the environmental implications from a systems perspective
and identifies hotspots for the improvement of environmental performance.
Furthermore, LCA provides the necessary impetus for improving the
environmental credentials during the development of products and processes
when applied during the initial research phases [72]. The studies using LCA
are progressively addressing global sustainability and environmental
challenges. Pyrolysis of plastic waste has been reported as a superior
environmental alternative compared to incineration or landfill by LCA studies
[73, 74].

In this research, a comprehensive integrated approach has been adopted. An
overview illustration of the life cycle of plastics (FPPW), end of life
treatments, upcycling to CNTs, application of CNTs, and transfer to the
environmental compartments and biosphere is presented in Figure 4.1. LCA
strengthens the advancement of technologies for real world applications by
providing an assessment from environmental perspective. To the best of my
knowledge, this is the first study to investigate the environmental footprint of
an integrated plastic waste value chain through LCA. The thesis provides
critical insights into the pyrolytic treatment of plastic waste and highlights
the environmental benefits of upcycling it to the waste management industry,
and thereby, achieve greater circularity of the material flow. In Review I, the
overall environmental implications of FPPW, possible management solutions,
and future recommendations for upcycling as a circular economy concept are
discussed. Paper I evaluates the life cycle of a commercial plastic product
(plastic grocery bag) and its alternatives and identifies an environmentally
friendly option from an urban city perspective. As highlighted in Chapter 1,
the use of plastics is unavoidable in the modern world and hence, a feasible
technology needs to be developed for treatment. Paper II reports the
experimental findings of the catalytic reforming of plastic pyrolysis vapors
using MSW incineration ashes as catalyst, in lieu of the conventional metal-
zeolite catalysts. Paper III studies LCA of the novel pyrolysis treatment
process of upcycling of FPPW to high value CNTs and oil. Papers II and III
demonstrate the applicability of the pyrolysis treatment for FPPW and
subsequently yield a novel product that carry significant economic and
environmental advantages. Paper IV further validates the accrued



environmental benefits of replacing the fossil derived materials with the
waste-derived CNTs and also verifies the applicability of the waste-derived
nanomaterial in electrochemical application. Finally, Review II provides the
toxicity implications of the CNTs and other predominant engineered
nanomaterials in the environment and biosphere.

Leakage of
waste plastic
into the -
______________ environment |

End of life

Tertiary consumer
{Human)

|
i i / Paper IV
------------ Lt o By ey oy ST | (L |

Figure 4.1. An overview illustration of the life cycle of plastics, end of life
treatments, upcycling to CNTs, application of CNTs, and transfer to the
environmental compartments and biosphere



5. Experimental and methodology

5.1. Materials

The commonly used plastic grocery bags in supermarkets and their
alternatives that are accessible for public consumption were used in the LCA
on grocery bags (Chapter 6.1). The standard bag (ca 31 x 53 cm; 21 um thick;
12 L volume capacity) was made of HDPE with an average weight of 8.31 g.
Although the other bags differed in capacity and dimension, the individual
weight was estimated adopting 12 L capacity for each type of bag. The five
types of grocery bags studied are HDPE plastic bag (HPB), cotton woven bag
(CWB), kraft paper bag (KPB), PP non-woven bag (PNB), and biodegradable
polymer bag (BPB).

In the pyrolysis of plastics and catalytic reforming experiments (Chapter 6.2),
2-5 mm virgin plastic pellets, including PP (70%), HDPE (24%) and LDPE
(6%), procured from Lotte Chemical Titan Pvt. Ltd., Malaysia was used. Actual
FPPW mixtures composing PP, PE, PET, aluminium, nylon, adhesives and inks
were adopted for the LCA of pyrolysis and upcycling to CNTs and oil (Chapter
6.3). The plastic waste feedstocks were labelled as PET-12 (53.0% PE, 28.2%
PP, 11.8% PET, 3.7% aluminium and others) and PET-28 (50.5% PE, 6.9% PP,
27.5% PET, 10.7% aluminium and others) referring to their respective PET
contents in the mixture. Additionally, a model virgin plastic mixture (MVP)
with 55% PE, 25% PP, 10% PET and 10% polystyrene (PS) was included in
the LCA, as a representation of the municipal plastic waste distribution from
different countries [75-78]. The moisture content of the feedstocks was <1
wt.%.

The incineration ashes used as catalysts in the pyrolysis experiments were
acquired from incineration plants. The IBA residue was obtained from Senoko
waste to energy incineration plant, Singapore. The IFA residues, including
electrostatic precipitator fly ash (ESP) and air pollution control fly ash (APC),
were procured from Tuas incineration plant, Singapore. The chemicals,
including nitric acid (65% w/w), urea, nickel(II) nitrate, hexane, benzene,
toluene, ethyl benzene, p-xylene and o-xylene, were procured from Sigma
Aldrich. Sodium acetate, acetic acid (glacial, 100%), isopropanol and N,N-
dimethylformamide (DMF) were purchased from Merck Pte. Ltd. High purity
solvents and analytical grade reagents were utilized in all experiments and
analysis. Zeolite Socony Mobil-5 (ZSM) was acquired from Alfa Aesar.
Millipore Milli-Q purification system dispensed the deionized (DI) ultrapure
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water. Commercial CNTs (CCNTs) (95%) were purchased from Nanografi
Nano Technology for electrochemical comparison with the waste-derived
CNTs (WCNTSs).

5.2. Plastic pyrolysis and catalytic reforming

The experimental setup of the pyrolysis of plastic and catalytic reforming is
depicted in Figure 5.2.1. A stainless-steel reactor (inner diameter of 8.3 cm)
contained the plastic feedstock (25 g) in a customised container and the
reforming catalyst (25 g) in a steel mesh was placed on top of the container
as represented in the Figure 5.2.1. The catalyst bed reformed the primary
pyrolysis vapour upon heating at the desired temperature and duration (500
°C; 20 °C/min heating rate; 30 min dwelling). A thermocouple was introduced
into the reactor to measure the temperature throughout the reaction duration
and ensure a stable temperature profile. N2 (99.995%, Leeden National
Oxygen Ltd.) at 50 mL/min was utilized as the gas for purging the reactor
system for 30 min preceding the heating, as the carrier gas to transport the
pyrolysis products, and as the internal standard for quantitative assessment
of the gas product. A vessel in an ice bath collected the oil product after
condensation and an E-Switch gas bag accumulated the non-condensable gas
product. The total mass recovery was calculated by summing up the weights
of recovered oil product and feedstock residue in plastic container and the
mass fraction of gas product computed using the internal standard. The
catalysts used in the experiments were prepared via a series of steps, which
are described in detail in Veksha et al. [79], Papers II and III. A hydraulic
press was used to pelletize the dried and calcined catalysts. The pellets were
subsequently crushed and screened (size: 0.2-2 mm) before application. In
order to prevent the absorption of moisture, the prepared catalysts were
sealed and stored at 60 °C.

11



___ Heated Metal
I Connector

1 Heating Belt
0

ey
1
Condenser

Furnace
Temperature
Controller

___ Pyrolysis oil Collection
vessel 2

Steel Reactor

Pyrolysis
~Oil

Gas Flow

=

Collection

I’_] Vessel 1

Figure 5.2.1. Laboratory system applied for the pyrolysis and catalytic
reforming process of plastics

The non-condensable pyrolysis gas at 50 mL/min was fed into a vertical
quartz reactor heated at 700 °C in N, atmosphere and contacted with the
calcined Ni-Ca catalyst (size: 100-315 pum) to synthesize WCNTs. The non-
condensable gas was obtained from the pyrolysis and catalytic reforming of
FPPW, including PET-12 and PET-28. A detailed description of the
experimental synthesis of WCNTs was reported by Veksha et al. [79] and
Paper III. The produced WCNTs were washed with acid and water and
dehydrated overnight at 105 °C.

5.3. Characterization methods

The moisture content was measured by drying the samples at 60 °C for 24 h
in hot air oven. The organic fraction was calculated by combusting the dried
samples at 550 °C for 2 h in a muffle furnace. CHNS elemental analyzer (Vario
El Cube Elementar®) was employed to measure the elemental proportion of
C, H, N and S. Bomb calorimeter (IKA C2000 basic) was used to measure the
higher heating value (HHV). XRD Bruker D8 was applied to measure the X-ray
diffraction (XRD) patterns of catalysts. Brunauer-Emmett-Teller (BET)
method was used to determine the surface area and Barret, Joyner and
Halenda method was used to calculate the average pore diameter and total
pore volume of the catalysts employing Quantachrome Autosorb 1-C. Field
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emission scanning electron microscopy coupled with energy dispersed
spectroscopy (FESEM-EDS, JEOL JSM-7600 F) was employed to characterize
the morphology of the samples. In order to determine the total metal
contents, microwave digestion (Milestone Ethos one) at 200 °C for 30 min
was applied to dissolve 0.2 g of catalyst samples in 65% w/w nitric acid. The
acid digested solution was filtered through a 0.45 pm PTFE syringe filter. The
filtered sample was diluted with DI water and 1.2% nitric acid. Furthermore,
inductively coupled plasma - mass spectrometry (ICP-MS, Thermo Scientific
iCAP Q) with quantification limit = 1 ug/L and inductively coupled plasma -
optical emission spectrometry (ICP-OES, Perkin Elmer Optima 8300) with
quantification limit = 1 mg/L were employed to determine the total elemental
composition of the diluted samples.

The pyrolysis oil and gas products were analyzed using gas chromatography
(GC). The qualitative and quantitative characterization of the oil product was
conducted using GC - mass spectrometry (GC-MS, Agilent 7890B - 5977A
MSD). Agilent 19091S-433 HP-5MS capillary column (30 m x 0.25 mm x 0.25
um) was employed to separate the sample components. The carrier gas used
was He, which was pumped at the flow rate of 1.2 ml/min. A detailed
temperature program of the qualitative analysis with a total analysis duration
of 71.25 min and quantitative analysis with a total analysis duration of 21.5
min using GC-MS is provided in Paper II. The qualitative analysis revealed
C6-12, C13-19 and C20-35 hydrocarbon fractions representing gasoline-like,
diesel-like and heavy hydrocarbons, respectively. A good linearity of the
calibration curve (range 0-20 ppm; 5-point calibration) with R2 values of
0.998, 0.995, 0.989, 0.994 and 0.995 for benzene, toluene, ethylbenzene, p-
and o-xylene, respectively, were obtained for the quantification of BTEX
compounds. The internal standard applied for quantifying was toluene-D8 (D
99.5%, Cambridge Isotope Laboratories, Inc). The non-condensable gas
product was quantified using a GC coupled with one flame ionization detector
and two thermal conductivity detectors (Agilent 7890B). He was used as the
carrier gas. The gas sample collected in a gas bag was injected into the GC with
front detector at 250 °C and split ratio of 80:1. The oven program was at 60
°C for 1 min initially, then raised at 20 °C/min to 80 °C, and ramped up at 30
°C/min to 190 °C, and dwelled for 1.33 min with a total analysis duration of 7
min.
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5.4. LCA methodology

ISO 14040: Principles and Framework and ISO 14044: Requirements and
Guidelines standards [80] with the prescribed four steps including, (1) goal
and scope definition; (2) life cycle inventory (LCI); (3) life cycle impact
assessment; and (4) interpretation of the results, were employed to conduct
the LCA. GaBi 6 professional software tool integrated with ecoinvent v3.5
database was applied to construct the LCA models. CML 2001 method [81, 82]
in Chapter 6.1 (Paper I) and ReCiPe midpoint method [83] in Chapters 6.3
and 6.4 (Paper IIl and IV) were used as the impact assessment methods, due
to their global scope of impact mechanisms and broad impact categories. The
consensus scientific model with hierarchist cultural perspective for a
timeframe of 100 years was adopted for the analysis conforming to the
[S014044 [84-86]. In order to identify the sources of significant emission,
hotspot analysis was conducted that aided in determining the contribution of
individual unit operations or sub-processes within the life cycle.
Furthermore, sensitivity analysis was employed to investigate the sensitivity
of a specific product on the overall process. The positive values correspond to
environmental burdens incurred from direct and indirect emissions, while
the negative values correlate to the environmental benefits accrued from
averted burdens through product displacement. The closest datasets in the
ecoinvent database were applied for the respective materials wherever
applicable [87]. Furthermore, specific goal, scope, functional unit (FU),
system boundary model, LCI, assumptions and exclusions for each of the LCA
are presented in the respective sections under Chapter 6.
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6. Results and discussion

6.1. LCA of packaging plastic: the case of grocery bags -
one of the major fractions of plastic waste

The LCA of single-use HDPE plastic grocery bags (HPB) and their alternatives
(including 2 single-use (kraft paper (KPB) and biodegradable plastic (BPB))
and 2 reusable (PP non-woven (PNB) and cotton woven (CWB)) bags), which
are currently used were compared in this chapter. The HDPE plastic grocery
bags were selected as it is one of the predominantly used packaging plastic
and its excessive usage highlights the extent of human carbon footprint [88].
A metropolitan city with enclosed waste management structure was adopted
in the LCA model to account for the growing number of cities with dense
population (>10 million inhabitants), which would further amplify the waste
generation rate of plastic bags [89]. A cradle-to-grave LCA of the grocery bags,
including production, transportation and end-of-life disposal via incineration
was conducted. The following sections describe the life cycle modelling and
results and discussion of the LCA.

6.1.1. Life cycle modelling

The goal of the LCA was to evaluate the environmental implications of HPB
used for grocery shopping and equate it with the alternative options in
Singapore. The scope of the LCA includes the production, transportation,
waste collection, incineration and ash disposal of all grocery bag variants. The
system boundary, including the foreground, background and excluded
processes, is depicted in the Figure 6.1.1. The FU of the LCA was 820 million
bag equivalents, which was the annual consumption of the grocery bags from
supermarkets in Singapore [90]. In the case of reusable CWB and PNB, areuse
approximation wherein these bags are reused 50 times before discarding as
waste was adopted equalling to 16.4 million bags for 1 FU.
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Figure 6.1.1. The various life cycle stages of a conventional grocery bag,
including foreground, background and excluded processes are depicted in the
system boundary diagram. The dashed arrow imply a possible alternative
recycling route for the grocery bags.

Laboratory analysis, ecoinvent database, calculations from commercial and
industrial sources, and published literature and reports were used to build
the original LCI. The ecoinvent database was used for the material production,
including HDPE granulates, PP granulates, cotton, kraft paper and polyester-
complexed starch biopolymer. The final step of the manufacturing process of
bags was modelled as reported in Paper I. The tonne-kilometer (tkm), a
weight factor incorporated transportation distance used in LCA, for each type
of bags based on 1 FU were estimated. The transoceanic transportation
distances were calculated based on the material-specific import data for
Singapore. The transportation distance for distribution of the bags from depot
to the point-of-sale was fixed as 30 km. The generation of waste from the six
zones in Singapore was allocated based on the population sizes of each zones
[91], while the waste collection relies on refuse chutes inside the residential
and office buildings. The collected waste was transported via trucks to the
four incineration plants that was allocated based on their respective
capacities and proximities. Subsequently, the ash residue generated at the
incineration plants was estimated from the waste treated and the ash content
of the five types of bags. The disposal of ash residue at the offshore landfill
included transport by truck to the transfer station and transport by barge (30
km) to the landfill site. A detailed description of the modelling and
calculations are provided in Paper I.
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The excluded aspects from the LCA are: (i) dyes and printing inks used in the
bags due to their negligible quantities and lack of data; (ii) consumer usage
and storage activities due to its unquantifiable nature; (iii) transport from
supermarkets to consumer destination due to the variabilities in the mode of
transport and distances traversed; (iv) secondary reuse of the single-use
grocery bags; (v) the mechanical device and humans employed in collection
of waste and cleaning activities due to the lack of information; (vi) the
transport of the vehicles after waste unloading; and (vii) transportation
within the landfill. Additionally, complete combustion assumption of the bags
was adopted during the incineration treatment.

6.1.2. Life cycle impact assessment results and discussion

The impact assessment results were obtained using the CML 2001 method for
the five variants of the grocery bags. The 9 impact indicators, including abiotic
fossil depletion potential (ADP-f), acidification potential (AP), eutrophication
potential (EP), global warming potential (GWP) (excluding and including
biogenic carbon), human toxicity potential (HTP), terrestrial ecotoxicity
potential (TETP), freshwater- and marine- aquatic ecotoxicity potentials
(FAETP and MAETP), which exemplify significant contribution to the
environmental impacts are reported and discussed in detail. The other 3
impact indicators, including steady state ozone layer depletion potential,
abiotic elements depletion potential and photochemical ozone creation
potential resulted in insignificant implications. The material properties of the
five types of bags are presented in Table 6.1.1. The LCI data for various life
cycle stages of the grocery bags are presented in Table 6.1.2.

Table 6.1.1. Material properties of the five types of grocery bags in the LCA

HPB CWB KPB PNB BPB
Weight (g/12L) 8.31 69.51 58.34 26.25 8.31
Bag equivalents 1 50 1 50 1
Weight equivalent of 1 FU (t) 6814 1140 47839 430 6814
Moisture content (%) <0.1 6.2 7.0 <0.1 0.5
Organic content (%) 74.0 92.3 89.0 81.6 84.5
Ash content (%) 26.0 1.5 4.0 18.3 15.0
C (%) 61.0 443 41.1 71.9 74.1
H (%) 9.3 6.0 6.1 11.2 121
N (%) 0.1 0.4 0.1 0.1 -
S (%) - - - 0.2 .
0* (%) 3.6 41.6 41.6 - -
Calorific value (M]/kg) 37.6 16.3 16.0 37.0 39.7

*Calculated with formula: O = 100 - (C+N+S+H) - moisture content - ash content
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6.1.2.1. Resource extraction and production

Enormous quantities of polymers, including 52 million tonnes of HDPE and
68 million tonnes of PP were produced globally in 2015 [92]. Figure 6.1.2
illustrates the results of GWP of the five types of grocery bags. PNB
demonstrated the least GWP (1.66 million kg CO; eq.) for the production of 1
FU, while the HPB reported a considerable footprint (13.5 million kg CO2 eq.)
due to the single-use consumption model of the fossil resource. Ethylene and
propylene monomers are the raw materials in the production of HPB and
PNB, respectively. Notably, the polymer production yields a superior
efficiency of conversion (> 95%) from the feedstock [93]. The greatest GWP
(excluding biogenic carbon) was reported for KPB. However, the KPB
production demonstrated an offset of the CO; for GWP (including biogenic
carbon) that is due to the pulpwood from trees. The benefits of the CO; offset
are applicable when the supply of wood is determined as a renewable
resource and acquired through sustainable measures by examining the
growth of trees, species, and other environmental factors [94, 95]. Moreover,
forest management policies, timber identification, and forest rehabilitation
are some of the challenges that need to be addressed. However, the
application of sustainable practices in paper production would determine the
actual GWP of the KPB production. Hence, the magnitude of the GWP for KPB
may vary between an offset of 43 million kg CO; eq. from the total to an
additional 72 million kg CO> eq. of the overall impact. Notably, Muthu et al.
[88] reported that the paper bags are predominantly produced using energy
from natural gas or coal and by cutting trees, which lead to the extinction of
local flora and fauna.
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Figure 6.1.2. Disaggregated life cycle global warming potential (GWP) of the
five types of grocery bags. ebc - excluding biogenic carbon; ibc - including
biogenic carbon

Major portion of the GWP of CWB originate from the production process. A
substantial consumption of fertilizers and water in the cultivation of cotton
plants contribute to the various environmental implications. The cotton
plants produce raw cotton, which is subsequently cleaned, baled, spun, woven
into cloth, cut and stitched into cotton bags. The cotton bags are
biodegradable and maintain superior tensile strength compared to HPB [96].
However, the GWP (excl. biogenic carbon) of the production process of CWB
is two-fold than that of HPB and 29-times greater than PNB, despite the
allocation of 50 bag equivalents for the re-usable bags. In the case of the
overall GWP for 1 FU, CWB and HPB report similar results, which is
predominantly contributed by the greater CO:-eq footprint of the HPB
transportation. However, the lower GWP results of re-usable bags are
attainable only when there are 50 reuses, which would displace an equal
carrying capacity of the single-use HPB, KPB, and BPB. The overall GWP of
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HPB and BPB were similar, despite the 28% offset achieved from the
embodied biogenic carbon. However, bio-plastics were reported to be more
detrimental to the environment than conventional petroleum-based plastics,
when traditional sources of energy, including coal, oil, and natural gas, are
used in the production stages [97].

The overall life cycle impact assessment results, including all the 12 impact
categories, of the five types of grocery bags are presented in Figure 6.1.3. CWB
contributed to the highest FAETP and TETP and KPB resulted in the highest
MAETP among the ecotoxicity potentials. The nature of conventional
production process of cotton, including heavy metals discharges into
freshwater and pesticide emissions into agricultural soil, are the primary
causes. Similarly, a significant discharge of liquid waste is the result of paper
bags production. The lowest toxicities during the production processes were
reported for PNB and HPB. The greatest HTP was recorded for KPB, owing to
the volatile organic carbon releases into air and heavy metals discharges into
freshwater during the production of paper. The paper production was
reported to cause significant impacts, including organic concentration load of
wastewater [98], emission of NOyx [99], combustion of sulphur compounds
[100], and discharge of chlorinated compounds [101]. Moreover, the HTP
caused by transoceanic shipping of KPB was greater than the impact of the
complete life cycle of PNB and HPB. Notably, a significant toxicity potential
was observed for CWB in instances of re-uses fewer than 50. Similarly, PNB
reported the least implications in EP and AP, while KPB caused the greatest.
In comparison to HPB, BPB and CWB resulted in 1.5- and 1.7-times greater AP
and 4.4- and 8.1-times greater EP, respectively. KPB constituted the highest
fossil depletion potential during the production process, although the plastics
are the direct product of fossil resource. The reason being the four-time
greater energy requirement of paper production when compared to plastics
[102]. CWB reported lower ADP-f than BPB and HPB.
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The plastic bags are light weight and provide greater carrying capacity per
unit of the material than KPB and CWB. Therefore, lesser weight equivalent
of plastics is required per plastic bag when compared with KPB and CWB that
diminishes the overall environmental implications. Nonetheless, the
magnitude of the production footprint of KPB greatly exceeds the HPB, CWB,
BPB and PNB. Hence, KPB is determined to cause greater negative
environmental impact on the ecosystem than other variants of grocery bags.
Moreover, a linear correlation between the number of bags and impact scores
were observed for re-usable bags via sensitivity analysis. For example, the
impact scores of PNB doubled for 25 reuses in all the impact categories. The
critical point was identified as >4 reuses for PNB in order to avoid emissions
equal to the HPB.

6.1.2.2. Transportation

Transportation is a necessary component in the life cycle footprint of various
grocery bags, given the global supply chains and dispersed locations of fossil
fuel extraction and production. The inclusion of different levels of
transportation involved in the supply chain and disposal is indispensable for
an exhaustive LCA approach. The distances between the place of origin and
the port of Singapore, local transportation to the point-of-sale, collection of
waste, and disposal of ash were computed as described in the LCA model
(Figure 6.1.1). The distances were converted to tkm unit based on the weight
(metric tonnes) and distances (km) estimated for each variant of the grocery
bag. The greatest contributor of the negative impacts was the transoceanic
shipping from the place of origin, owing to the fossil fuel consumption during
the long distances traversed and the tonnes of transported quantity. In the
case of GWP, the overall contribution of transportation chain was 7, 5, 6 and
1% for HPB, PNB, BPB and CWB, respectively. However, the GWP (excluding
biogenic carbon) for KPB generated 9% contribution from the various stages
of transportation and was attributable to the heaviness of the single-use bag.
The transportation involved in the domestic distribution and waste collection
activities are constant. In order to reduce the GWP, the procurement of
materials from nearest suppliers would commensurately reduce transport
distance for shipping. Hence, the most effective impact mitigation measure
would be to minimize the excessive consumption of the grocery bags and
avoidance of long distance transoceanic shipping.

The KPB reported the greatest environmental impacts in all the impact
categories, followed by BPB and HPB, primarily associated with the
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transportation of significant quantities and the single-use model. The notable
contribution of the waste collection system to the ADP-f and GWP are
attributable to the fossil fuel consumption and associated emissions.
However, the waste collection transport reported lower environmental
footprint than the local distribution transport, as higher capacity
compression trucks are employed. The significant reduction in volume after
combustion reduced the effects caused by ash disposal transport. A similar
transport chain model can be extended to other metropolitan cities with high
population density and comparable infrastructure. In cities with dispersed
population, the waste collection and domestic supply chain transports would
contribute to greater impacts per FU than observed in the Singapore model.
Contrarily, the environmental impacts of transoceanic shipping transport
might remain constant as the cities mainly import bags from prominent global
producers, basing their decisions on the economic feasibility.

6.1.2.3. End-of-life and ash disposal

The most common MSW management method employed globally is
incineration that yields an MSW volume reduction of up to 90% [103, 104].
The waste collected across Singapore is transported to the incineration
facilities for treatment. A consequential contribution to the GWP was
associated with the direct emission of CO from incineration of the bags. The
GWP (excluding biogenic carbon) of direct CO; emission accounted for 66, 7,
53, 68 and 68% for HPB, CWB, KPB, PNB and BPB, respectively. The direct
emissions from incineration were uncoupled from the remaining impact
categories, except EP, AP and HTP from KPB. The residual ashes from
incineration process are predominantly landfilled. Although, there are certain
applications explored globally including cement production, chemical
looping, construction and land reclamation, and catalytic applications. The
Chapter 6.2 reports the utilization of incineration ashes in the catalytic
reforming of plastic pyrolysis process. In the case of HPB, a high amount of
ash content was measured, possibly due to the addition of filler in bag
production. The ash content can be minimized to extend the lifespan of
landfills.

6.1.2.4. Air and water pollution

The influence on air and water quality varies for different types of grocery
bags, due to the specific production methods, raw materials, usage of
chemicals, manufacturing locations, and transportation distances, among
other factors. For example, the production processes of KPB and CWB are
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water intensive leading to the freshwater and agricultural soil emissions. In
comparison to HDPE, it was reported that paper, Mater-Bi biodegradable
plastic, and cotton require over 9-, 27- and 680-times additional water per kg
of fiber production, respectively [105, 106]. In metropolitan areas, the
domestic supply chain transport, waste collection activities, and emissions
from incineration plants are the sources of air emission, while the
accompanying cleaning activities and flue gas treatment contribute to the
water emissions.

Marine litter is an important aspect that can inflict significant impacts on
ecological (including aquatic organisms and their coral habitats), economic
(including disruption of fishing and tourism industries and expenditure on
ocean clean-up activities) and social values (including environmental
degradation and biomagnification leading to human health hazards) [106].
One of the most prevalent marine plastic debris is the plastic grocery bag
[107-111]. Particularly, HDPE bags exhibited the greatest potential for
marine littering when compared to PP, biodegradable and paper bags [106]
and therefore demands a proper end-of-life treatment for plastic grocery bags
to avert the discharge of waste into the natural environment. Hence, an
extensive waste management practice and stringent anti-littering measures
are essential in order to control the plastic pollution at source from cities in
to their surrounding natural environment.

6.1.2.5. Limitations and recommendations

A common practice of the secondary use of single-use plastic bags is for
garbage disposal, which could further lower the environmental footprint of
HPB. This secondary application was disregarded in this study. The final ash
residue for disposal was estimated based on the original ash content of the
bags. However, in incineration or other thermochemical treatment plant,
incomplete combustion residues would be present. The formation of the
actual residue for disposal would vary depending on various factors,
including material properties and temperature distribution in the furnace.
The net electrical output from incineration plants ranges between 20-25%
[112], which is a benefit from this product life cycle. Further improvement of
the efficiency of energy recovery in incineration plants will accrue
environmental benefits by offsetting the energy from conventional resources.
Similarly, shifting to renewable sources of energy and improvement of the
efficiency of the production process of bags would diminish the
environmental footprint. The production stage was reported to consume the
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most energy [113] and the extrusion of plastic and printing were adjudged
the most polluting in the plastic bag production process [114].

In the case of biodegradable bags, CO; is still released into the atmosphere
upon decomposition of the material, except in instances where it is consumed
by the micro- or macro-organisms (entering the biosphere) [115]. However,
the CO, emitted from the decomposition of biodegradable bags can be
excluded when biogenic material and sustainable practices are incorporated
in the production process. The studies on PHBV (PHA) [116] and Mater-Bi
biodegradable polymers [117] reported a degradation duration of up to 72
days under specific conditions. Similarly, only 33-36% of paper and 50-77%
of cotton degraded after 45 and 90 days, respectively [118, 119]. Importantly,
in the context of metropolitan cities with incineration or other
thermochemical end-of-life waste treatment, the duration of biodegradation
of cotton, paper, and biodegradable bags is trivial. Hence, plastics remain the
preference over any of the other alternative resource- or energy-intensive
options.

A ban on single-use plastic bags would incur the rise in the usage of another
type of single-use bag provided the consumer behaviour remains constant
[115,120].Itwould resultin a greater environmental footprint than the HDPE
bags, as the plastic bags demand lower energy for production among others.
The imposition of plastic ban would also act a disadvantage for the consumers
due to the increased costs [90]. Essentially, the productive measure is to
minimize the consumption of plastic bags in order to lower the environmental
implications associated with grocery bags. In the case of Singapore, more than
11 million kg CO equivalent emissions can be prevented by cutting the plastic
bag consumption by 50% of 2018 statistics. Additionally, secondary reuse of
the single-use plastic bags, including in bin liners and as grocery shopping
bags, is encouraged to minimize the environmental footprint [81, 105].

A full-scale LCA determined that HDPE plastic bags are the environmentally
preferred material choice of grocery bags for the case of Singapore and
similar cities (Paper I). Apart from grocery bags, the model can be
extrapolated to other streams of plastic waste, including straws, with similar
alternatives. Other thermal technologies, including pyrolysis, can be
implemented to achieve greater energy recovery, carbon capture, and
production of value-added materials when compared to incineration.
Chapters 6.2 and 6.3 report the technical and environmental feasibilities of
the pyrolysis of plastics for the production of value-added products.
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6.2. Plastic treatment via pyrolysis and catalytic
reforming

As the application of plastics have been demonstrated to be the preferred
option due to its comparatively smaller life cycle footprint, in this chapter, the
pyrolysis treatment of plastic to synthesize pyrolysis oil and non-condensable
gas products is presented. The plastic feedstock used was a mixture of HDPE,
LDPE and PP that represent ca 50% of all the plastics manufactured [2],
thereby constituting a considerable proportion of the FPPW stream. The MSW
IFA and IBA (raw (as-received) and calcined) were tested as a promising
environmental friendly and economic catalysts for the catalytic reforming
application. Subsequently, Ni-loading of calcined air pollution control fly ash
(C-APC) was conducted due to its desirable catalytic activity among others
and benchmarked against the 15 wt.% Ni-loaded ZSM (15Ni-ZSM) catalyst.
ZSM based catalysts are commonly utilized for oil reforming [47, 49, 121]. The
presented results report the effect of MSW incineration ashes on the
apportionment of pyrolysis oil and gaseous products.

6.2.1. Plastic pyrolysis and catalytic reforming results and
discussion

6.2.1.1. Material properties of various catalysts

The diverse metal concentrations in the three raw (R-) ash samples (R-APC,
R-ESP and R-IBA) are presented in Figure 6.2.1a. Ca, Na and K reported the
greatest concentration in R-APC and R-ESP, while Ca, Al and Fe were
abundant in R-IBA. Overall, R-ESP exhibited higher total heavy metal content
than R-APC and R-IBA, with certain metals, including Cd, Sb and As, reporting
concentration over 10-times higher. Other studies reported similar
observations [122, 123]. The high concentration of heavy metals in R-ESP was
attributed to the vaporization of metals during the incineration and
subsequent adsorption and condensation on the particle surface of fly ash
[124]. Conversely, the greatest Ca concentration in R-APC is correlated to the
downstream addition of lime for flue gas treatment [125]. The XRD patterns
of the various ashes are presented in Figure 6.2.1b. CaCIOH, CaCO3z and CaSOs,
crystalline forms were observed in R-APC and C-APC. The peak of CaCOs
enhanced after calcination, while CaClOH peak diminished. The possible
reason is the CO; reaction that converted CaCIOH into CaCO3[126, 127]. In the
case of R-ESP and calcined ESP (C-ESP), K;Ca(S04)2:H20, CaS04 and NaCl
crystalline phases were observed with negligible variation in the different
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Figure 6.2.1. Characterization results of different ash samples, including (a)
Metal concentrations and (b) X-ray diffraction patterns (1 - CaCO3, 2 - CaS04, 3
- CaCIOH, 4 - NiO, 5 - SiOz, 6 - NaCl and 7 - K2Ca(S04)2'Hz0)

Table 6.2.1. BET results of C-APC, 15Ni-APC and 15Ni-ZSM catalysts depicting
the porous characteristics

Total pore volume Average pore diameter BET surface
Catalyst
(ecm?/g) (nm) area (m?/g)
C-APC 0.003 18.3 1.5
15Ni-APC 0.018 64.7 5.6
15Ni-ZSM 0.130 16.4 267

The increase in pore volume, pore diameter, and surface area of the Ni-loaded
C-APC was affirmed by BET results (Table 6.2.1). Nevertheless, 15Ni-APC
exhibited inferior porous properties when compared to 15Ni-ZSM. Figure
6.2.2 presents the exterior morphology and Ni distribution from FESEM-EDS
analysis of R-APC, C-APC, 15Ni-APC and 15Ni-ZSM catalysts. The APC samples
exhibited inferior homogeneity with the existence of agglomerated particles,
while the 15Ni-ZSM was homogenous with particle size ranging 200-500 nm.
FESEM-EDS micrographs verified the uniform dispersion of Ni in 15Ni-ZSM
and 15Ni-APC.
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Figure 6.2.2. The surface morphology and Ni impregnation of the (A) R-APC,
(B) C-APC, (C) 15Ni-APC and (D) 15Ni-ZSM catalysts using FESEM-EDS mapping

6.2.1.2. Pyrolysis oil product

Over 90% mass recovery was achieved for all the experiments with standard
deviation of ca 6% between the triplicate experiments. The products fraction,
including oil (76-82%) and gas (13-19%), yielded for all the ash samples were
similar to the thermal pyrolysis (control, without catalyst), implying a
minimal effect of the ash types on the product fractions. Nevertheless,
incorporation of Ni metal in the C-APC catalyst produced considerably greater
oil product (85-90%) and diminished the yield of gas product (4-10%), while
15Ni-ZSM reported 77% oil and 17% gas products. Similarly, clay exhibited
increase in the oil fraction due to the mild acidity of the catalyst [128].
Contrarily, mesoporous arrangement with high BET surface and acidity of
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15Ni-ZSM influenced the oil product formation [129-131]. The average
density (0.80 + 0.03 kg/m3) and HHV (41.7 + 1.2 MJ/kg) remained consistent
across all oil samples.

The various fractions of hydrocarbons were determined by qualitative and
quantitative characterization of the oil product. C6-12 (gasoline-like), C13-19
(diesel-like) and C20-35 (heavy hydrocarbon) compounds were categorised
in the qualitative analysis [79]. The catalytic reforming using ash catalysts
yielded 38-45% C6-12, 28-32% C13-19, and 23-33% C20-35 compounds,
while the control experiments produced 42, 32 and 25%, respectively (Figure
6.2.3). Minor improvement in the C6-12 and C13-19 fractions were reported
for the C-APC and C-IBA after calcination, however, a contrary effect was
observed when using C-ESP. Conversely, the impregnation of Ni in the C-APC
provided an increase in the C20-35 fraction, which was further corroborated
by the results after a 30 wt.% Ni addition to C-APC (30Ni-APC) (C20-35: 40%
and C6-12:30%) as depicted in Figure 6.2.3. The phenomenon was correlated
to the enlarged pore size of the Ni-loaded C-APC when compared to C-APC.
Similarly, AI-MCM-41 catalysts produced greater heavy hydrocarbons when
compared to HZSM-5, attributed to the inferior acidity and considerable pore
size of AI-MCM-41 [43]. However, the application of 15Ni-ZSM amplified the
C6-12 fraction to 67%, while declining C13-19 (19%) and C20-35 (14%)
fractions.
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Figure 6.2.3. Depiction of the qualitative analysis results of the three fractions

of pyrolysis oil after catalytic reforming using different incineration ashes as
catalysts

32



Figure 6.2.4 presents the quantitative assessment results of the BTEX
compounds from the pyrolysis oil after catalytic reforming using different ash
catalysts. Both raw and calcined forms of IBA and APC produced greater
concentrations of BTEX compounds when correlated with the control
experiments. Conversely, both forms of ESP reported inferior yield of BTEX.
The selective enhancement of BTEX yield ranged between 57-103% using R-
APC when corresponded to the control. Furthermore, C-APC reported the
greatest increase in the yield amounting to 136, 120, 102, 86 and 93% of
benzene, toluene, ethylbenzene, p-xylene and o-xylene, respectively. The
positive effect can be attributed to the propitious reformation of its chemical
constituents upon calcination. Equivalently, pyrolysis of waste PE using
calcined coal power plant fly ash yielded 1.95- to 2.03-times greater BTEX
content than the thermal pyrolysis [60]. Similarly, significant increase in
BTEX yield was observed for the application of R-IBA and C-IBA with the
toluene production exceeded twice in magnitude using R-IBA in comparison
with the control experiments. The favourable catalytic performance may be
attributed to the significant Fe content in IBA [41, 132]. Although calcination
diminished the BTEX yield in IBA (which is attributable to the sintering effect
and crystalline phase transformations), it demonstrated a beneficial influence
on the APC. The variation in the outcomes of calcination can be correlated
with the innate differences of the different ash residues. The APC residues are
inherently fine particles that are generated after adsorption of acidic gases
from the flue gas by slaked lime and the particles trapped by bag filter.
Contrarily, the IBA constitutes the residual remains of the MSW incineration.
However, active components might have been exposed during the pre-
processing, including milling and crushing, in R-IBA, while the subsequent
calcination possibly transformed and sintered these components. Although
analogous results were obtained in the qualitative assessment among the
ashes, distinctive quantitative results merit the advancement of these ashes
as reforming catalysts via further refining and modification.
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Figure 6.2.4. Depiction of the quantitative assessment results of the BTEX
compounds from the pyrolysis oil

Additionally, the application of 15Ni-ZSM resulted in 287, 195, 721, 460 and
675% greater yield of benzene, toluene, ethylbenzene, p- and o-xylene
compounds, respectively, when correlated with control experiments (Figure
6.2.4). The improvement of BTEX formation has been correlated to the metal
loading of zeolites [37, 44]. The production of BTEX using Ni-APCs was
inferior to the C-APC and 15Ni-ZSM, possibly owing to their larger pore size
that favors heavy hydrocarbons (C20-35). Thereby, C-APC and Ni-APC
exhibited substandard yield of BTEX when compared to the 15Ni-ZSM.

6.2.1.3. Non-condensable pyrolysis gas product

Figure 6.2.5 presents the various non-condensable gas products from
pyrolysis of plastics when different incineration ashes are applied as
reforming catalysts. Among the gas products, C3-alkenes, methane, ethane,
hydrogen and C4-alkenes were the predominant compounds. The application
of ash catalysts caused insignificant reformation of the gas products when
compared with the control experiments, except for a minor increase in the
ethane fraction yield with the application of raw catalysts. However, the Ni
loaded catalysts exhibited considerable differences in the gas fractions. The
15Ni-APC and 30Ni-APC catalysts resulted in a considerable increase of
ethane (230 and 305%), ethylene (42 and 86%) and methane (42 and 60%);
with a concurrent reduction of C3-alkenes (35 and 100%) and C4-alkenes (33
and 69%), respectively, when compared with the control experiments.
Similarly, 15Ni-ZSM exhibited an increment of ethane (223%), hydrogen
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(165%) and methane (32%) and simultaneous decrease of C3-alekenes
(55%) and C4-alkenes (79%), respectively, when compared with the control
experiments. The effects of the Ni loaded ashes can be correlated to the
catalytic conversion of the double bonded alkenes into short-chain alkanes
and hydrogen. Thus, the formation of methane, ethane, ethylene and
hydrogen were preferred by the metal loaded catalysts, while concurrently
breaking down C4- and C3-alkenes.
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Figure 6.2.5. The composition of non-condensable pyrolysis gas product after
catalytic reforming using different ash catalysts

6.2.1.4. Limitations and recommendations

APC and IBA demonstrated potential in the application of catalytic reforming
of the pyrolysis vapors. One of the limitations is the requirement of post-
treatment of the oil and gas products due to their inferior quality when
compared to Ni-ZSM. The commercial usage of the synthesized products can
be facilitated with subsequent post-treatments, including refining and
distillation, of the oil and gas. For example, pyrolysis oil was blended with
diesel to operate diesel engines [133, 134] and ethane and propylene were
extracted from the non-condensable gas for application in the production of
polyolefin [135].
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Alternately, various chemical pre-treatments of the ash catalysts can be
employed to improve the quality of the synthesized products. In comparison
to Ni-ZSM, a greater pore diameter, mild acidity, and low surface area of the
various forms of APC could engender the inferior catalytic selectivity. Further
optimizing the calcination temperature after suitable pre-treatment may also
augment the catalytic performance, as documented for the coal power plant
fly ash by Gaurh and Pramanik [60]. Additionally, impregnation of other metal
heteroatoms into the pre-treated ash structure may enhance the selective
catalysis. Some studies applied Ga, Co, Ni, Zn and Fe onto the zeolite
framework to improve the desired product fraction [41, 136-138].

In conclusion, the utilization of ash is appealing due to its origin from a waste
resource. Although the Ni-ZSM reported considerably greater catalytic
potential, incineration ash in catalytic application can be advanced to yield a
comparable performance. Importantly, a potential dual benefit from the
successful catalytic application of incineration ashes include offsetting the
conventional catalysts used in plastic pyrolysis treatment and facilitating a
possible en masse deviation of the ashes from landfill. Additionally, the
change in metal leaching of the ashes before and after pyrolysis experiments
was also assessed according to [139], in order to study the influence of the
calcination and pyrolysis processes applied in the destabilization or
stabilization of the heavy metals (Paper II). However, in the subsequent LCA
chapter, the conventional zeolite-based catalyst was deployed for catalytic
reforming due to the inferior catalytic activity of the incineration ash
catalysts.
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6.3. LCA of plastic waste treatment to pyrolysis oil and
carbon nanotubes

In this chapter, an LCA of the pyrolysis of plastic waste to oil and non-
condensable gas, and subsequent conversion of the gas to WCNTs is reported.
The objectives of LCA were, (i) to investigate the environmental implications
of integrated pyrolysis process, including WCNTs synthesis, and (ii) to
correlate the influence of two different compositions of FPPW and MVP on the
environmental implications of the WCNTSs synthesis.

6.3.1. Life cycle modelling

The goal was to assess the environmental footprints of WCNTs and oil
synthesis from the pyrolysis of plastic waste. The scope of the LCA includes
all the unit operations involved in the system, including all the products and
processes. The FU was fixed as the treatment of one metric tonne of plastic
waste and the production of the associated pyrolysis oil and carbon
nanotubes.
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Figure 6.3.1. The system boundary diagram, including the input and output
flows and foreground and background processes of the pyrolysis treatment
systems. S1: Scenario 1 (conversion of plastic waste to pyrolysis oil) and S2:
Scenario 2 (conversion of plastic waste to pyrolysis oil and WCNTs).
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Figure 6.3.1 depicts the system boundary of the integrated pyrolysis process
(foreground process), including the synthesis of WCNTSs and oil. The system
boundary comprised of two background catalyst preparation processes, the
reforming catalyst (catalyst I) and catalyst applied in WCNTs synthesis
(catalyst 1I). The FPPW feedstock was assumed to carry no burden as the
environmental footprint of raw material extraction and production of virgin
plastic is attributed to the original product [140-142]. The production of all
the FPPW were assumed from fossil resources, as more than 90% of the
existing manufacturing of plastics were reported to be from fossil resources
[1]. The transportation of the FPPW to the treatment facility would ensue
irrespective of the waste management method, hence, was excluded.
However, a detailed transportation model was included in the LCA of plastic
grocery bags (Chapter 6.1). According to the LCA model, the as-received
FPPW is shredded, followed by pyrolysis and catalytic reforming. Pyrolysis
oil, non-condensable pyrolysis gas, solid residue (comprising char, aluminium
and ash), and spent catalyst | were obtained after the pyrolysis and catalytic
reforming process. Subsequently, WCNTSs and fuel gas were synthesized from
the decomposition of non-condensable pyrolysis gas contacted with catalyst
II via catalytic chemical vapour deposition (CCVD) process. The synthesized
WCNTs were extracted from catalyst I by washing with acid and DI water and
dried in a hot air oven. Lime treatment was applied for the wastewater
generated after the acid washing of synthesized CNTs. The energy burden of
the system was alleviated by recovering heat energy from the combustion of
by-products including char residue, fuel gas, and coke deposited from catalyst
. Complete combustion of C, S and N was assumed for the heat recovery
process emitting CO2, SOzand NO; [74]. Ash and aluminium (a loss of 5% was
assumed during treatment and recovery) were obtained from the combustion
of solid residue. Purge gas was excluded as the industrial-scale pyrolysis
process would achieve continuous flow of the pyrolysis gases due to the
creation of positive pressure in the reactor system. The application of system
expansion method averts the emissions affiliated with the conventional
products [143].

The primary source of LCI was the experimental findings. However,
secondary sources including, ecoinvent database, literature, data from Aspen
modelling and HSC software simulation, published information for industrial-
scale systems, and specification data for commercial equipment were
adopted for the missing information. The results from the laboratory-scale
experiments were extended for 1 FU. A detailed information on the chemicals
used and material balance in the background processes is provided in Paper
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III. A mass loss of 5% was assumed for each catalyst due to the numerous
steps involved in the preparation process. Limestone, ethanol, HCl, zeolite,
nickel sulphate, ferric chloride, quicklime, DI water and urea datasets were
extracted from the ecoinvent database. The catalyst preparation from nickel
sulphate and ferric chloride were adopted due to the lack of datasets for
nickel and ferric nitrates. Due to the possible implementation of a material
recovery step, the waste effluent which comprised of ammonium nitrate
solution during catalyst | preparation process was disregarded from the
system boundary. Nevertheless, air emissions from catalyst 1 and II
preparation processes were incorporated. Due to the possible reuse of
catalyst I, the end-of-life of catalyst 1 was excluded [144]. Laboratory
experiments confirmed the feasibility of the catalyst I being regenerated and
reused, hence, two applications of the catalyst was assumed in the LCA model.
However, the acid washing process employed for the recovery of WCNTSs
disintegrates the catalyst Il into CaCl; and NiCl,.

The output flow data, including product yield and emission for flue gas, are
presented in Table 6.3.1. The pyrolysis oil displaced ‘diesel production, low
sulfur’ [140]. The oil product from pyrolysis of plastics was reported to
demonstrate comparable characteristics to the fossil fuels [145].
Furthermore, oil product with high HHV, non-corrosive and non-acidic nature
is formed from pyrolysis of plastics due to its negligible water content and
low oxygen content when compared to biofuel [145-147]. The aluminium
recovered from combustion of char displaced ‘treatment of aluminium scrap,
post-consumer, prepared for recycling, at remelter’, since the aluminium
metal product would be recovered via any of the alternate thermal treatment
processes. The unavailability of data for the industrial-scale CNTs synthesis is
one of the limitations in this LCA model. CCVD is the predominant CNTs
synthesis method. The environmental footprint comparison of the synthesis
of CNTs using a non-catalytic and CCVD process from acetylene feedstock was
conducted by Trompeta et al. [86]. The non-catalytic process reported thrice
the environmental footprint than the CCVD process. The CCVD process
applied by Trompeta et al. [86] is analogous to the WCNTs synthesis from
non-condensable gas and hence, adopted in this LCA. Identical downstream
material recovery process and catalyst utilization were assumed. The
chemical consumption data for WCNTSs purification and the respective waste
emissions are provided in detail in Paper III. The liquid waste was treated at
the wastewater treatment plant with material recovery. The LCA model
included Ni (25.4% as Ni(OH); and 74.6% as NiO precipitates) recovery with
the addition of 78.4 kg Ca0O, which was estimated by deriving the equilibrium
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concentration for Ni precipitation using Outotec HSC Chemistry Software. The
remaining wastewater was excluded from the system boundary due to the
low CaCl; concentration (5.9 wt.%; pH 5.2) that can be conceivably recycled.

Table 6.3.1. Chart depicting the products and waste emission of the integrated

pyrolysis process

Product/Emission Quantity (kg/FU)

PET-12 PET-28 MVP
WCNTs 24.00 15.00 23.64
Pyrolysis oil 683.00 512.00 756.10
Aluminium (-5%) 34.77 101.65 -
Char residue 20.20 46.00 15.20
Flue gas from char residue
CO2 69.55 161.20 52.33
NO: 1.63 1.85 1.23
SO 0.07 0.00 0.00
Coke 8.40 11.55 -
Flue gas from coke
CO2 27.03 38.86 -
NO: 1.18 0.79 -
Fuel gas 132,743 (L) 128,410 (L) 151,898 (L)
Flue gas from fuel gas
CO2 201.04 232.32 372.16
H20 125.65 113.31 207.93
Ash 12.20 14.00 -

The data for energy input and outputis provided in Table 6.3.2. The electricity
inventory was customized according to the report of the Energy Market
Authority of Singapore [148]. The dataset applied was ‘electricity production,
natural gas, combined cycle power plant’ acquired from the Japanese data
repository in ecoinvent database. The data for energy consumption during
industrial-scale pyrolysis and catalytic reforming of plastics was adopted
from Haig et al. [143]. Aspen plus software program was utilized to model the
energy consumption involved in WCTNs synthesis from non-condensable
pyrolysis gas. The innate heating value of plastics (HHV (M]/kg): 38.9 for PET-
12; 29.1 for PET-28; and 39.6 for MVP), the reclaimed heat of condensation of
pyrolysis oil, the recovered heat from the combustion of coke, char and fuel
gas were directed to supplement the heat energy needed for the pyrolysis and
CCVD processes. A similar assumption was adopted by Fivga and Dimitriou
[149] for the pyrolysis of plastic waste.
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Table 6.3.2. The input and output energy flow values of the integrated pyrolysis

system

Process Energy input/output (M]/FU) Source

/Product PET-12 PET-28 MVP

Shredding 335.25 Computed from commercial
& industrial sources

Catalyst-1 329.70 Computed from commerecial

Preparation & industrial sources

Catalyst-2 614.25 Computed from commerecial

Preparation & industrial sources

Pyrolysisand  5400.00* Adopted from Haig et al.

Reforming [143]

CCVD 48235.72* Calculated using Aspen plus
software

Pyrolysis oil 26119.66 19518.75 28915.19 Derived from laboratory
analysis

Fuel Gas 3161.70 3155.39 5724.95 Derived from laboratory
analysis

Char 624.84 1418.50 470.17 Derived from laboratory
analysis

Coke 216.38 297.30 - Derived from laboratory
analysis

*energy requirement in terms of heat

6.3.2. Life cycle impact assessment results and discussion

6.3.2.1. Environmental impacts of WCNTSs synthesis

The following two scenarios, Scenario 1 (S1): conversion of PET-12 to
pyrolysis oil and Scenario 2 (52): conversion of PET-12 to pyrolysis oil and
WCNTSs were assessed and the environmental impacts are discussed in detail
subsequently. The environmental implications of including a WCNTs
synthesis process from non-condensable pyrolysis gas are highlighted via
comparison of S1 and S2. As depicted in Figure 6.3.2, S2 presented positive
effects in all the impact categories. Notably, the climate change potential
reported a 2.4-times enhancement causing an ameliorative effect on the
environment, unlike in the case of S1. The production footprint of HCI applied
in acid washing (36%), the preparation processes of catalyst I (21%) and
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catalyst Il (20%), and direct emissions originating from the combustion of by-
products, including coke, char and fuel gas, for energy recovery (14%) were
identified as the primary sources of CO; emissions. The WCNTs (76%) and
pyrolysis oil (22%) production were the predominant products contributing
to the beneficial effects (Figure 6.3.3). It highlights the environmental benefit
of adding a WCNTSs process to an existing pyrolysis plant. From the catalyst
preparation processes, the direct emissions accounted for 50% in catalyst II
and 3% in catalyst . The CO; offsetting due to the biogenic carbon resource
was negligible due to the production of plastics from fossil resources. The
production of pyrolysis oil contributed positively to the fossil depletion
potential in both S1 and S2. However, an additional 14% improvement was
observed with the inclusion of WCNTSs synthesis, due to the substitution of
acetylene feedstock.

Terrestrial ecotoxicity (kg 1,4-DB eq.) S LA AN
o§S2

mSI

Marine ecotoxicity (kg 1,4-DB eq.)
Ionizing Radiation (Bq C-60 eq. to air)
Human toxicity, non-cancer (kg 1,4-..
Human toxicity, cancer (kg 1,4-DB eq.)
Freshwater ecotoxicity (kg 1,4 DB eq.)

Fossil depletion (kg oil eq.)
Climate change (kg CO2 eq.)

-900 -700 -500 -300 -100 100
Impact indicator

Figure 6.3.2. The environmental impacts of pyrolysis of PET-12 including
WCNTs synthesis (S2) and excluding WCNTs synthesis (S1)
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Figure 6.3.3. The environmental impacts of integrated pyrolysis process (S2)
illustrating the individual contributions of the major products and processes

The advancement of human toxicity (cancer) and ionizing radiation potentials
for S2 were 30 and 248%, respectively, when compared to S1. The extraction
and synthesis of zeolite and other chemicals in the catalyst [ preparation
footprint were one of the major contributors to the environmental impacts in
both the scenarios. The synthesis of WCNTSs accrued additional benefits to the
S2 apart from the pyrolysis oil produced in both scenarios. The marine and
freshwater ecotoxicity potentials exhibited insignificant differences between
S1 and S2. The prevention of wastewater discharge from the aluminium
recovery process was the predominant contributor for the benefits associated
with the marine and freshwater ecotoxicity potentials. Apart from the climate
change potential, the terrestrial ecotoxicity and human toxicity (non-cancer)
generated the greatest benefits for S2 when compared to S1. The extraction
and production of chemicals used in the preparation of catalyst and HCI
applied in washing the CNTs were the major contributors for the impacts.
Nickel sulphate amounted to 99% of the environmental impacts associated
with the preparation process of catalyst Il in both the impact categories. Urea
(18 and 8%), iron chloride (29 and 31%), and zeolite (52 and 60%) were the
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significant contributors to the terrestrial ecotoxicity and human toxicity
(non-cancer) potentials, respectively, associated with the preparation
process of catalyst 1. The synthesis of WCNTs in S2, and pyrolysis oil
production and treatment process of aluminium in S1 and S2 were the
predominant contributors to the benefits.

Terrestrial acidification as well as freshwater and marine eutrophication
potentials were insignificant for both the scenarios due to the trace
phosphorous, sulphur and nitrogen discharge from the system. The usage of
metal-based catalysts contributed to the metal depletion potential (2.91 Kg
Cu-equivalents). The remaining impact categories, including land use,
freshwater consumption, stratospheric ozone depletion, fine particulate
matter formation, and photochemical ozone formation were determined to
be insignificant.

Three different WCNTs yields, including 1, 2.4 (obtained yield) and 4%, were
applied to evaluate the sensitivity of the product yield on the integrated
pyrolysis process (Figure 6.3.4). The benefits accrued improved
proportionately with increases in the WCNTSs yield. A critical yield of >2%
WCNTs is essential to obtain positive impacts on human toxicity (non-
cancer), climate change, terrestrial ecotoxicity, and ionizing radiation
potentials. However, over 4% yield of WCNTs is required to entirely offset the
human toxicity (cancer) potential. The most sensitive impact categories were
terrestrial ecotoxicity and human toxicity (non-cancer). Fossil depletion
potential progressively reported enhancement in environmental benefits of
-675, -850 and -1062 Kg oil eq. for 1, 2.4, and 4% yield of WCNTs,
respectively. The influence of different WCNTs yield on marine and
freshwater ecotoxicities were minimal. In conclusion, the importance of
WCNTs yield to the integrated pyrolysis process was accentuated by the
sensitivity analysis.
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Figure 6.3.4. The influence of different yields of WCNTs from the integrated
pyrolysis process as determined by the sensitivity analysis

One of the superior contributors in offsetting the environmental burdens
incurred was the pyrolysis oil with 68.3% yield from the integrated pyrolysis
process. Although deficient for some impact categories, including human
toxicity (non-cancer) and climate change potentials, the pyrolysis oil product
negated a considerable burden associated with the system. Further addition
of the synthesis of WCNTs from non-condensable gas augmented significant
benefits. The effective benefit of WCNTs synthesis from pyrolysis of plastics
is the displacement of the virgin hydrocarbon (i.e., acetylene) consumed
during the conventional synthesis of CNTs. The benefits can be further
amplified with improvements in the WCNTs yield, as demonstrated by the
sensitivity analysis. The development of superior conversion mechanisms,
including improved WCNTs/catalyst II and WCNTs/feedstock yields, and
recirculating the effluent non-condensable gas, could assist in achieving
enhanced environmental benefit along with reduced flue gas emissions and
increased carbon capture for the system. Furthermore, an increase of 9-times
higher magnitude of H, was obtained from the fuel gas discharged after
WCNTs synthesis when compared to the non-condensable pyrolysis gas.
Therefore, an additional extraction step could be included for H; as a by-
product and accrue additional environmental benefits to the integrated
pyrolysis process in future studies.
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Notably, the human toxicity (cancer) potential demonstrated environmental
burden despite the synthesis of WCNTSs and therefore, further enhancement
of the process is essential to offset the associated burden. The application of
zeolite-based catalyst I contributes considerably to the human toxicity
potential. Therefore, effective reuse or regeneration of the catalyst I could
alleviate this burden. Although multiple regenerations were reported [144],
the efficacy depreciated subsequently [150, 151]. Hence, further
advancement and testing of the catalyst |, including its regeneration potential,
would add significant value. Conversely, the associated environmental
footprint of the catalyst I in the integrated pyrolysis processes could be
alleviated by successfully substituting the use of metal-zeolite catalyst with
incineration ash residue. Although the environmental footprint could be
reduced by synthesizing catalyst from waste resources, the catalytic activity
still requires enhancement to be equivalent with metal-zeolite catalysts.

In conclusion, the environmental benefits affiliated with the synthesis of
WCNTs from non-condensable pyrolysis gas that was derived from FPPW
feedstock was paramount. One of the important advantages of the synthesis
of WCNTs from FPPW is the displacement of fossil feedstock used for
conventional CNTs synthesis. Moreover, the integration of synthesis of
WCNTs with the existing pyrolysis system could facilitate additional
economic revenue stream and contribute significantly towards the treatment
of plastic waste over alternate recycling methods.

6.3.2.2. Effect of plastic feedstock

The environmental implications of utilizing the following feedstocks for the
WCNTs synthesis were compared (Figure 6.3.5):

Scenario A (S-A): conversion of PET-12 to WCNTSs and pyrolysis oil

Scenario B (S-B): conversion of PET-28 to WCNTSs and pyrolysis oil

Scenario C (S-C): conversion of MVP to WCNTSs and pyrolysis oil

The by-products, including coke, char and fuel gas, were combusted under all
three scenarios. The correlation was conducted for the material flows in the
system in order to delineate the leverage exerted by the differences in the
material composition. The energy flow was disregarded for all the scenarios
as it was identical. Except the ecotoxicity potentials, the environmental
burden quantified by all the impact categories was greater for S-B when
equated with S-A. The primary reasons for the inferior environmental benefit
were due to the reduced yields of WCNTs and pyrolysis oil (Table 6.3.1), and
the reduced plastic fraction in the PET-28 feedstock due to the presence of
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10.7% aluminium, when analysed with respect to S-A. Moreover, the presence
of greater PET content in PET-28 further contributed to the climate change
potential via direct CO; emission. Contrarily, the recovery of 10.7%
aluminium in S-B enhanced the environmental benefits of aquatic (marine
and freshwater) and terrestrial ecotoxicity potentials by 190 and 9%,
respectively. The avoidance of the wastewater discharge in conventional
treatment process of aluminium is accredited for the accrued benefits.
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Figure 6.3.5. The results obtained on the environmental impacts of different
plastic feedstock, including PET-12 (S-A), PET-28 (S-B) and MVP (S-C), for the
integrated pyrolysis process

The S-A demonstrated commensurate benefits for all the impact categories
when compared to S-C, except the human toxicity (non-cancer) and the
ecotoxicity potentials. The outcome suggested the insignificant influence of
contaminations, including ink, adhesive and food residues that existed in the
FPPW during pyrolysis process. Nevertheless, the catalytic activity could be
affected by the impurities, necessitating further research. Although the
WCNTs yield were comparable for both the scenarios, the yield of pyrolysis
oil was minimized in the S-A feedstock by the presence of 3.6% aluminium,
which lowered the carbon content available for conversion. Contrarily, the
climate change, human toxicity (non-cancer), and ecotoxicity potentials were
reduced by the aluminium recovery. Moreover, the municipal plastic waste
could be a potential feedstock for the integrated pyrolysis process supported
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by the analogous experimental and environmental efficiency of the MVP
feedstock when compared to PET-12.

The pyrolysis treatment process was unaffected by the difference in the
feedstock composition and type. For example, PET-28 feedstock with
significantly high PET content was examined as a worst-case scenario of
FPPW. Although the yield of the products varied depending on the original
content of plastics in the feedstock, the properties of the derived products was
consistent. It highlights the versatility of the pyrolysis process in treating
various types of municipal plastic waste. The advancement and complexity of
the synthesis of pyrolysis oil from plastic waste are discussed in detail
elsewhere [34, 47, 145, 152, 153]. In conclusion, the application of low PET
feedstock was less detrimental to the environment and accrued greater
benefits than the high PET FPPW. The outcome of MVP and FPPW was
analogous in most impact categories. Furthermore, the potential in the
treatment of a disparate mixture of plastic waste through the integrated
pyrolysis process has been demonstrated.

6.3.2.3. Limitations and recommendations

The data for synthesis of CNTs that is extrapolated from lab-scale
experimental results is one of the central limitations of the LCA. Therefore,
the incorporation of data from the commercial synthesis process of CNTs
would furnish a more precise result on the environmental impacts. The other
limitation is the 60% loss of heat energy input for the pyrolysis process as
waste heat in the adopted literature data [143]. It could be rectified by
improving the efficiency of design and infrastructure to minimize the heat
loss of the system. Furthermore, the application of process data from
industrial-scale mass production system could reduce the overall energy
consumption of the integrated pyrolysis system [154].

One of the considerable contributors to the negative impacts was the
utilization of catalysts. Therefore, the environmental burdens could be
minimized with the development of catalysts from waste resources as
explored in the previous chapter (Chapter 6.2) with MSW incineration ashes.
Furthermore, the development of suitable catalysts to facilitate the
conversion of all the primary pyrolysis vapor, including condensable and non-
condensable, to WCNTs could significantly improve the environmental and
economic benefits. Additionally, the integrated process prevents the
depletion of natural and fossil resources by averting the use of virgin
feedstock in the synthesis of high-value product.
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In conclusion, the upcycling of FPPW to WCNTs and pyrolysis oil was
demonstrated as beneficial from the environmental perspective and
improves the circularity of the material flow. The outcome of the LCA aided in
recognizing definite targets for further advancements from the
environmental perspective. Furthermore, the application of the integrated
pyrolysis process would aid in the development of circular economy and
diminish the reliance on fossil resources. The next chapter demonstrates the
application of the synthesized WCNTs in electrochemical sensing.
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6.4. LCA of the material choices in electrochemical
sensor application - a comparison with waste-derived
carbon nanotubes

In this chapter, the LCA of the application of the WCNTSs is compared against
various other material selection in voltammetric sensing using screen-
printed electrodes (SPEs). A comparison with real commercial product such
as SPEs provides a comprehensive insight into the avoided materials and the
extended benefits of synthesizing the CNTs from waste. The portable, user-
friendly and field-deployable electrochemical instrumentation in on-site
detection of target analytes have expedited the development of voltammetric
sensors [155-157]. The superior sensitivity of voltammetric sensors are
useful in food safety, biomedical analysis, and environmental monitoring
applications for the trace level determination of analytes, including drugs,
toxins, pesticides and heavy metals [158-160]. A three-electrode system,
including a reference electrode (RE), counter electrode (CtE) and working
electrode (WE), is the predominant measurement setup of voltammetric
sensors [161, 162]. The principle of voltammetric sensing involves the
measurement of the current between CtE and WE as a result of
oxidation/reduction of the analyte at the WE when changing (sweeping) the
potential between RE and WE [158-163].

The quality and type of electrode materials applied for the WE significantly
influence the electrochemical performance of voltammetric sensors. Initially,
the highly reproducible, renewable and smooth surface of the liquid drop
mercury electrode was a favoured electrode material (EM) [164]. However,
the environmental and health hazard of mercury electrodes were immense.
Numerous non-mercury EMs, including noble metals (such as gold and
platinum) and carbon materials (such as glassy carbon and carbon
nanomaterials) were applied with the progressive advancements in
electroanalytical field [155, 165, 166].

One promising approach for the voltammetric sensor production is screen-
printing methodology [167-169]. The electrodes are fabricated by the
application of EM paste through a stencil design of patterned metal mesh. The
mass production of single-use, low cost, and disposable voltammetric sensors
with superior reproducibility could be achieved by the automation of the
screen-printing methodology [168, 170]. Figure 6.4.1 depicts a typical design
of an SPE with three-electrode system, including RE, CtE and WE, printed on
a single substrate surface. A considerable reduction of the required sample
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amount, superior flexibility with a wide range of EM configurations, and
elimination of pre-treatment steps (including polishing and cleaning) are the
predominant advantages of disposable SPEs over conventional electrode
systems [169, 171, 172].
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Figure 6.4.1. A typical design of the screen-printed electrode (SPE) based
voltammetric sensor

Substrate materials (SMs) and EMs are the two main components in SPEs
(Figure 6.4.1). In most cases, SMs account for the greatest weight fraction in
SPEs as it serves as the platform for the electrode components. Ceramic, glass,
plastic, textile and paper are the most common SMs applied in SPEs [173], due
to their suitable physical and chemical properties, including inertness,
temperature stability, and insulating characteristic [159, 174, 175].

Stable REs are chiefly fabricated with Ag/AgCl, while WE and CtE are
frequently made from carbon pastes in SPE based voltammetric sensors due
to minimal background currents, wide potential windows, and low cost [170,
176]. Furthermore, the electric contacts in SPEs are commonly made of Ag,
due to its superior conductivity. Additionally, modification to the WE surface
is applied by depositing electrocatalytic materials on it in order to
considerably enhance the sensor signal. The prominent electrocatalytic
materials are metal nanoparticles (such as platinum, gold, silver and copper)
and carbon materials (such as carbon black, carbon nanotubes and graphene),
which benefits by improving the surface to volume ratio, conductivity,
adsorption property, and signal intensity and minimizing the background
current in voltammetric sensors [177-180]. Notably, the CNTs have gained
significant acceptance among the scientific research community due to its
superior electrochemical detection of different analytes [180-182]. Further
enhancement to their physicochemical characteristics can be attained by
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introducing functional groups (including hydroxyl, carboxylic and carbonyl)
[183, 184].

The environmental impacts of SPEs needs evaluation due to the
predominantly single-use characteristic and the scope of the quantum of
measurements recorded using SPEs. The environmental footprint and
sustainability of the application of SPEs relies upon the selection of
appropriate component materials, including SMs and EMs. Importantly,
scarce natural resources are often commonly used in burgeoning applications
such as SPEs. In the context of finite natural resources and its assimilation
potential, the prevailing environmental footprint of humankind is
unsustainable [185]. Therefore, the objective of this LCA is to determine the
environmental footprints of the production and end-of-life of different
material selection in SPE application, including EMs (platinum, gold, silver,
copper, carbon black, CCNTs and WCNTs) and SMs (cotton textile, HDPE
plastic, kraft paper, glass and ceramic). The most eco-friendly combinations
of SMs and EMs are identified. Furthermore, the functionality of WCNTSs in
SPEs is validated by comparing it with CCNTs.

6.4.1. Life cycle modelling

The goal of LCA is to compare the environmental footprint of the different
material selection of SPE components. The scope of LCA incorporates all the
unit operations involved in the production of materials, including extraction
of resources, primary production, energy consumption, and emissions
associated with the sub-processes. The FU of LCA was defined as the
production of 1 kg of the material. The system boundary covered the
production processes of every material alternative.
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Figure 6.4.2. The production process flow chart of the studied selection of
electrode and substrate materials in SPEs

The assumption of hypothetical scenario was discounted in this LCA to
prevent the associated uncertainties, as the SPEs are still a novel technology
with immature industrial-scale manufacturing processes and supply chains,
and undetermined constitutional applications, unlike the grocery bags in
Chapter 6.1. Therefore, this LCA is focussed on the comparison of the
production processes, which has been highlighted as the significant
contributor in similar LCAs and represents the paramount concern [Paper I,
186-188]. The production of nanoforms was excluded from the LCA due to (i)
the divergent manufacturing methods involved for distinct materials, (ii) the
private licenses protecting the respective manufacturing process and
associated data, (iii) the difficulties in substantiating the lengthened lifespan
of materials/products, (iv) the challenges associated with measuring the
actual functional advantages, (iv) the complications in estimating the averted
burdens, anticipated benefits, and allocating the displaced products, and (v)
the difficulties in considering the uncertain environmental and toxicological
consequences.

6.4.2. Life cycle impact assessment results and discussion

Seven EMs, including platinum, gold, silver, copper, carbon black, CCNTs, and
WCNTs and five SMs, including cotton textile, HDPE plastic, kraft paper, glass
and ceramic, were assessed as the components of SPEs. The production
processes of various materials differ from mining and extraction to farming,
despite the application in SPEs were synonymous. The end-of-life fate under
various waste treatment methods are presented for all the EMs and SMs.
Furthermore, in order to ensure compatibility, a comparison of voltammetric
detection of different heavy metals between CCNTs and WCNTs is provided.

6.4.2.1. Environmental impacts of the production of various electrode
materials

The environmental impacts, including the 19 impact categories, of EMs are
presented in Figure 6.4.3. Gold yielded the greatest environmental impacts in
marine (18079 kg 1,4-DB eq.), freshwater (13521 kg 1,4-DB eq.) and
terrestrial ecotoxicities (132101 kg 1,4-DB eq.), human toxicity (cancer)
(21328 kg 1,4-DB eq.), human toxicity (non-cancer) (4167907 kg 1,4-DB eq.),
land use (2254 annual crop eq.-y), freshwater (505 kg P eq.) and marine
eutrophication (8 kg N eq.) potentials. Long term inorganic emission to
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freshwater and heavy metal emissions to freshwater and air are attributed to
the environmental effects. Moreover, the gold fraction in ore is frequently low.
Therefore, immense amount of ore is enforced to be extracted and processed
to produce one unit of gold that amplifies the resource and energy
consumption when compared to other ordinary metals [189]. The disposal of
sulfidic tailings from extraction and refining processes during bulk
processing contribute significantly to the ecotoxicity potentials [186].
Similarly, platinum demonstrated the greatest environmental impacts in
climate change (including (26839 kg CO: eq.) and excluding (27017 kg CO;
eq.) biogenic carbon), fossil (8408 kg oil eq.) and metal depletion (9072 kg Cu
eq.), fine particulate matter formation (625 kg PM:s eq.), and terrestrial
acidification (2113 kg SO eq.) potentials eclipsing gold. The application of
fossil energy resources and elements and the associated inorganic emissions
to air were the contributors for environmental impacts. Furthermore,
platinum and gold yielded analogous environmental impacts in freshwater
consumption, stratospheric ozone depletion, ionizing radiation, and
photochemical ozone formation (ecosystem and human health). The superior
ore quality and greater reserve of silver precipitated diminished effects on
the environment. The impacts on marine eutrophication and stratospheric
ozone depletion were insignificant for all the EMs. The least environmental
effects among metals was generated for copper due to the relative affluence
of copper. The effects were negligible in all the impact categories except
terrestrial ecotoxicity (1645 kg 1,4-DB eq.) and human toxicity (non-cancer)
(747 kg 1,4-DB eq.). However, the scope of application of copper is restricted
due to its oxidative nature and sensitivity to chemicals when compared to
other EMs.
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Figure 6.4.3. The impact assessment results comparing the production
footprint of WCNTs with the other predominant EMs

Among all the EMs, the lowest impact was observed for carbon black in all the
impact categories except fossil depletion potential (1.8 kg oil eq.).
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Importantly, positive effect was generated for WCNTs in the impact
categories, including marine (-21.64 kg 1,4-DB eq.) and freshwater (-18.21
kg 1,4-DB eq.) ecotoxicities and fossil depletion (-22.13 kg oil eq.) potentials
(not shown in Figure 6.4.3). The positive effect was attributable to the by-
product (pyrolysis oil), which yielded superior benefits than the associated
fossil resource consumption during the integrated pyrolysis process (Chapter
6.3 and Paper III). Moreover, WCNTs demonstrated smaller environmental
impacts in all the impact categories except metal depletion and human
toxicity (cancer) potentials when compared to CCNTs. Therefore, carbon
black and WCNTs are prescribed as the suitable EM selection for SPE
application. Specifically, RE and CtE could adopt carbon-based EMs to avert
the use of metals, while Ag is an essential EM for REs except where pseudo-
RE is applicable.

Importantly, it is necessary to shift towards carbon-based materials as the
noble metals, including gold, platinum and silver, are finite resources and
eventually deplete over long term utilization. Fourteen metals were listed as
scarce, comprising the metals extracted from high-grade ores, the United
States’ list of conflict materials, and the European Union’s list of critical
metals, by Arvidsson and Sanden [190] upon examining sixty elements from
the periodic table. Platinum, gold and silver that were included in the list are
commonly applied in SPEs. Excessive usage of scarce metals would lead to
permanent resource depletion-driven scarcity, which present a possible
insecurity to the modern development [191]. Hence, in order to advance
towards the sustainable development goals, exclusion of the usage of scarce
resources at the preliminary phase of a product evolution is imperative.
Conversely, carbon-based materials, including the WCNTSs, can be classified
as a boundless reserve, comparatively, provided sustainable measures are
practiced.

6.4.2.2. Environmental impacts of the production of various substrate
materials

The environmental footprint of SMs are assessed to compare different
materials and recommend a suitable combination of EM and SM from an
environmental perspective, as it constitutes a significant portion of the SPEs.
The impact assessment results for the production of cotton textile, HDPE
plastic, kraft paper, glass and ceramic are presented in Figure 6.4.4. Cotton
textile exhibited the greatest environmental impacts in all the impact
categories when compared with the other SMs. The elaborate production
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process, comprising intensive farming and manufacturing activities, and the
application of fertilizers and pesticides as highlighted in Chapter 6.1 (and
Paper 1) are the reasons for the greater environmental footprint of cotton
textile. The fossil depletion potential was predominantly influenced by the
utilization of non-renewable energy resources for all the SMs. Adopting
renewable energy resources in the entire value chain would surmount the
associated impacts. Human toxicity (cancer (94%) and non-cancer (86%))
and terrestrial ecotoxicity (90%) potentials were contributed by the
emissions to freshwater and heavy metal emission to air during the cotton
textile production, respectively. The second greatest impact in fossil
depletion and climate change potentials was exhibited by HDPE plastic due to
the utilization of fossil fuels in material extraction and production processes.
The climate change potential (excluding and including biogenic carbon) for
kraft paper was 1.5 and -0.52 kg CO; eq., respectively. Nevertheless, in order
to allocate the benefits of biogenic carbon, sustainable production practices
are essential. Kraft paper and ceramic exhibited second greatest impacts in
the case of both human toxicity potentials and similar effects in terrestrial
ecotoxicity potentials.
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Figure 6.4.4. The impact assessment results of the production of various SMs
used in SPEs. Marine and freshwater eutrophication and stratospheric ozone
depletion potentials were below 0.001 for all the SMs.

Cotton textile exhibited the greatest impact in ionizing radiation, freshwater
consumption, and land use change potentials, due to the consumption of
voluminous quantities of water and use of extensive area of farm lands.
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Fertilizers for crop cultivation and consumption of fossil fuel for material
processing are the predominant contributors for ionizing radiation. Kraft
paper yielded the second greatest effects in land use, freshwater
consumption, and ionizing radiation potentials. The significant land usage in
kraft paper and cotton indicates the relatively greater demand of land area
for timber production and crop cultivation, respectively, when compared to
the remaining alternatives. The impacts of ceramic, glass and plastic were
minimal in these impact categories when compared to paper.

The environmental impacts of the remaining impact categories demonstrated
a similar trend with the greatest impacts generated from cotton textile in all
the categories. A notable fine particulate matter formation (0.0102 Kg PMzs
eq.) and metal depletion (0.0242 Kg Cu eq.) potentials were ascertained to
ceramic. In conclusion, the least impact in 13 out of 19 impact categories was
yielded by HDPE plastic. All the remaining alternative materials exhibited a
lower impact of few orders of magnitude when compared to cotton textile.
The observed results were analogous to the case of grocery bags (Chapter
6.1), which concluded the HDPE plastic bags to be the recommended option.
Therefore, the order of preference for the selection of SM is plastic, ceramic,
glass, paper and cotton, based on the upstream production processes.
Furthermore, the specific application requirement would further determine
the utilization of materials. For example, in application requiring flexible
materials, plastic or paper SMs can be utilized rather than ceramic or glass
and vice versa.

6.4.2.3. End-of-life assessment

In order to trace the fate of WCNTs after SPE application, subsequent end-of-
life assessment was conducted and suitable options are discussed in
comparison with the alternative materials. Especially in the case of single-use
materials or products like SPEs, the evaluation of end-of-life release is
appropriate as it corroborates the disposal practices [186]. The prevailing
international solid waste management practices, including incineration, open
burning, and landfilling, or leakage into the natural environment are the
potential end-of-life fate of SPEs. Table 6.4.2 presents the comprehensive
assessment of the physical fate of the EMs and SMs in the environmental
sinks. The atmospheric emissions were disregarded due to the short-lived
nature of the air-borne particles of SPEs.

Landfilling and incineration are appropriately deliberated in determining the
fate of the EMs and SMs when compared with other environmental sinks.
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Incineration provides near complete decomposition of the carbon-based
materials. For example, incineration presumably eliminates carbon black
under optimal stoichiometric condition via complete combustion to form CO;
[192, 193]. Analogously, carbon-based nanomaterials decompose completely
at 740°C under oxidative conditions [194, 195]. The CO; discharge of carbon
black, CNTs, cotton textile, HDPE plastic, and kraft paper are 3.67, 3.67, 1.62,
2.24 and 1.51 kg CO: eq./kg of the material, respectively upon complete
combustion (Chapter 6.1). The remaining materials refrain to contribute to
direct CO; release from incineration due to their non-carbon origin. The metal
particles accumulated in the slag, bottom ash, and separated fraction from the
exhaust gases, while about 1% is discharged into the environment as
particulate emission [192, 196]. Ceramic and glass are retained chiefly in the
bottom ash or slag as they are inert and non-flammable. Conversely, the SMs
and EMs are retained indefinitely in the landfill, except cotton and paper that
decompose overtime and fragmentation and redistribution of plastic due to
the weathering effects. The redistribution of weathered fragments might
percolate the soil and surface waters via groundwater and leachate runoff
potentially leading to toxic effects on organisms. Open burning inflicts
analogous transition of EMs and SMs as in incineration. However, the
deficiency of exhaust treatment in open burning amplifies the atmospheric
emissions resulting in possible terrestrial acidification, climate change,
photochemical ozone formation, and fine particulate matter formation
effects. Moreover, the assessment of the environmental impacts of open
burning is complicated due to the formation of incomplete combustion
products.

Table 6.4.2. The fate of various EMs and SMs of SPEs in different environmental
sinks

EM/SM Incinera Landfill Open Surface Soil
-tion burning water

Platinum Inert Inert Inert Inert Inert

Gold Inert Inert Inert Inert Inert

Silver Inert Inert Inert Inert Inert

Copper Inert Inert Inert Inert Inert

Carbon black Combust Inert Combust Inert Inert

Carbon Combust Inert Combust Inert Inert

nanotubes

Cotton Combust Biodegrade Combust Biodegrade Biodegrade

textile

HDPE plastic Combust Inert* Combust Inert* Inert*
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Kraft paper Combust Biodegrade Combust Biodegrade Biodegrade
Glass Inert Inert Inert Inert Inert
Ceramic Inert Inert Inert Inert Inert

tInert: remain physically inert for >100 years; Biodegrade: can decompose in <1 year.
*Due to the weathering effect there is a possibility of plastic fragmentation and micro-
plastic formation.

# Depending on the ash content of the respective materials, ash residue will be present in
most of the combustible materials.

As highlighted in the introduction, Reviews I and II, the plastics and
nanomaterials in the environment could pose undetermined consequences in
the environment, particularly the ecotoxic effects. The impacts are presently
being studied and there has been enormous focus on this research area. For
example, the acute toxicity (24-72 h) of five types of plastic leachates from 26
commercial products was tested on Daphnia magna [197]. HDPE products
instilled toxic effect from 1 among the 5 tested samples, while plasticized
polyvinyl chloride (PVC) and epoxy demonstrated acute toxicities from all the
samples. Conversely, acrylonitrile butadiene styrene, rigid PVC, and PP
caused minimal leachate toxicity. The reasons for toxic effect was attributed
to the cationic metals and hydrophobic organics. Similarly, the acute toxicity
of different types of leachates from ground plastics of commercial products
was tested in Nitocra spinipes, in comparison with leachate from tire as
positive control [198]. At high concentration (liquid/solid ratio: 10), 38% of
the plastic leachates induced toxic effects. The influence of water hardness
and plastic nanoparticle functionality was examined for the cellular
adsorption by algal cell walls [199]. The toxicity of plastic nanoparticles was
influenced by the application of suitable dosimetry that factors
agglomeration, specific materials properties, adsorption behaviour, and
cellular attachment potential. Therefore, diverse toxic effects were observed
in different types of plastics.

Conversely, administration of high dosage of Ca0-Si0:-P,0s-B;03 glass
ceramics to female and male Sprague-Dawley rats exhibited no observed
systemic toxic effect from a 90-day intravenous toxicity study [200].
However, different concentration of silica infused calcium phosphate glass
injected intraperitoneally into C57BL/6 mice for 30-days reported higher
mortality rates with increasing silica concentration in glass [201]. The
dissolution of Si** was attributed to the toxic effects of glass and ceramic.
Nevertheless, cotton and paper are considered biocompatible materials that
undergo biodegradation in the environment.
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The EMs are predominantly utilized in micro- or nano-forms, which reported
greater toxic effects towards organisms [202, 203]. The toxicity of the
nanomaterials, including carbon nanomaterials [204-206], gold [207, 208]
and silver [209-212], have been extensively researched and reviewed. CNTs
incorporated electronic memory devices exhibited negligible environmental
effects when compared with metals and production footprint of CNTs, and
indicated minimal impacts of carbon nanomaterials in nano-enabled devices.
The non-nano emissions from CNT synthesis, including upstream production
of energy and materials, exhibited several orders of magnitude greater
aquatic ecotoxicity than the effects of direct CNT discharge into the
environment [213]. The toxicity of nanomaterials on human health and
organisms are challenging to assess, complicated to examine, and
inconclusive to forecast [211, Review II], which are significantly influenced
by environmental factors including the effects of weathering. Moreover, the
toxicity potential research on copper [214-217] and platinum nanomaterials
[218-220] requires further investigation. The apprehensions related to the
environmental impacts are aggravating as growing number of nano-enabled
products penetrate the commercial applications. Appropriate waste
treatment for nanomaterials are essential to control the environmental
effects and address the imminent problem [221]. An exhaustive review of the
fate, exposure, physico-chemical transformations, and toxicities of various
engineered nanomaterials and future directions are presented in Review II
to address the existing research gaps.

Therefore, carbon black and WCNTSs are endorsed as the appropriate EMs for
SPE utilization, due to the greater environmental footprint of metals, end-of-
life impacts, and diminished scope of metal recovery. Among all the SMs,
plastics reported minimal impacts overall, which is recommended when the
end-of-life treatment option is incineration or other thermochemical methods
(including pyrolysis). For example, the application of pyrolysis would
perpetually recirculate a portion of the carbon back into the material flow.
However, the experimental validation is essential to verify the circularity of
the carbon flow. There could be possible interferences with the presence of
impurities, including other electrode components and sample residues (for
example, heavy metals in case of environmental monitoring application),
which justifies the need for further investigations. However, the application
of SPEs might not be as confined or controlled as in the case of plastic bags in
metropolitan areas (Chapter 6.1 and Paper I). Therefore, ceramic, glass or
paper substrates are alternately prescribed as a low risk environmental
friendly SM option. The recommendation is mainly attributed to the
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associated end-of-life waste management practices. In conclusion, a
combination of any of the prescribed EM and SM would signify an
environmentally friendly selection in voltammetric application of SPEs. The
material options are accessible depending on the specific requirements of
SPEs. For example, flexible SMs, including plastic or paper, are applicable in
wearable sweat analysis, while rigid SMs are sufficient in environmental
monitoring. However, carbon-based electrodes, including carbon black or
WCNTs, can be adopted for WE and CtE in most cases in order to minimize
the environmental footprint, while RE predominantly require Ag. Therefore,
an environmentally sensitive design and material selection is essential in the
development of SPEs and application of WCNTs in order to mitigate the
associated environmental impacts.

6.4.2.4. Comparison of electrochemical performance of CCNTs and
WCNTs

Despite the WCNTs were determined as superior in terms of environmental
benefits compared to CCNTs, their voltammetric performance with SPEs
requires validation. Hence, the voltammetric sensing potential was evaluated
for various heavy metals, including Ag*, Cu?+, Cd?*, Pb2+* and Hg?+, in order to
substantiate the application of WCNTSs as a replacement for CCNTs in SPEs.
The toxic and persistent nature of the heavy metals establishes them as
crucial elements in environmental monitoring [222].

The WE was modified with CNTs for the voltammetric measurement using
expendable SPEs made of ceramic SM (DRP-C110, Metrohm). Silver paste was
used to imprint RE and electric contacts, while carbon paste was applied for
inscribing CtE and WE. The modification to WE was conducted by adding
WCNTs or CCNTs (5 mg) into a 10 mL mixture solution comprising 2 mL
isopropanol and 8 mL DMF (Merck Pte. Ltd., Singapore) and sonicated for 10
min. Subsequently, 10 pL of sonicated suspension was deposited on the WE
and dried at 60 °C for 7 min in a hot air oven. The CCNTs and WCNTs
incorporated SPEs were labelled as CCNTs-SPCE and WCNTs-SPCE,
respectively. Differential pulse anodic stripping voltammetry (DPASV) was
applied to evaluate the electrochemical detection behaviour of heavy metals
on the modified voltammetric sensors using a handheld potentiostat (uStat
300 Bipotentiostat, Metrohm). A detailed protocol of the DPASV
measurement is provided in Paper IV. The detection of heavy metals on the
SPE chip involved depositing 100 pL of sample solution.
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WCNTs-SPCE obtained greater signal strength and reduced background
current for all the heavy metals when compared to CCNTs-SPCE (Figure
6.4.5). The potential reasons include formation of a smooth WE surface with
greater surface-to-volume ratio for the modification with WCNTs, thereby
promoting the kinetics of electron transfer, signal strength, and adsorption
properties of the voltammetric sensors. Conversely, the CCNTs aggregated
and formed heterogenous deposition on the WE surface when compared to
WCNTs, resulting in unstable response signals and greater background
current. Therefore, the WCNTSs indicated potential to substitute CCNTs, due
to its superior voltammetric sensing performance. Further applications of
WCNTs in electrocatalytic oxygen reduction and modified-WCNTs in near
real-time analysis of para-cresol in wastewater were reported in Veksha etal.
[79] and Zhao et al. [184].
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Figure 6.4.5. Determination of various heavy metal ions with voltammetric
sensors using SPEs: Typical DPASVs of heavy metal ions (50 ppb, in 0.1 M acetate
buffer, pH=4.5) with WCNTs and CCNTs modified SPE chips. Acetate buffer
solution (prepared by adjusting the different ratio of 0.1 M acetic acid and 0.1
M sodium acetate) was used to dilute 1000 ppm standard solutions of Ag, Cu,
Cd, Pb, and Hg from PerkinElmer Inc. (Waltham, MA, USA) to the concentration
of 50 ppb.
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6.4.2.5. Limitations and recommendations

The LCA is limited to the primary production of materials, due to (i) the early
stages of development of commercial SPEs, (ii) unavailability of data or
privately restricted/licensed/protected production methods, and (iii)
variations in methods involved in sub-processes by the specific
manufacturers and applications. Conducting full LCA is challenging for novel
products due to the data gaps and limited industrial-scale manufacturing.
Furthermore, the interaction of nanoparticles with molecules in the
environment is excluded. For example, the toxicity potential could be
influenced by the interactions of metal nanoparticles with different flue gases
from end-of-life incineration treatment [223]. Nevertheless, the LCA
specifically highlights the imminent adverse impacts of the various materials
selection for SPEs.

Noble metal EMs demonstrated significantly greater environmental impacts
among all the EMs. A shift towards carbon-based EMs is necessary to reduce
the environmental footprint. Furthermore, the application of metals in single-
use miniature sized product would designate the recycling of it challenging,
despite the metals being absolutely recyclable natural resources. The
prevailing mechanical and electromagnetic separation and extractive
metallurgy techniques would require further development for the case of
SPEs. Importantly, the failure to facilitate numerous reuses of metals would
signify underutilization of the resource intensive production processes of
metals. Moreover, the complex composition of SPEs, scattered distribution of
the product, impurities from the sample residues, and inadequate
concentration of the recoverable materials, designates SPEs challenging to
recycle. Conversely, the affluence of carbon reserves determines the transfer
from scarce resources advantageous [190]. The materials with equivalent
functional properties and inferior embodied energy of refining and extraction
when compared to noble metals would be the suitable alternative to minimize
the environmental impacts [186, 224]. Additionally, metal extraction relies on
the availability of ores, which are confined to specific geographical locations
and their geopolitical influences, while carbon-based materials are devoid of
such externalities. Therefore, the carbon-based SPEs are prescribed with
reverence to their abundance and favourable end-of-life management
options.
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The market projections for SPEs remain positive and complacent with
growing number of applications. The electrochemical sensor market was
valued at US$ 6.19 billion in 2019, with a predicted compound annual growth
rate of 11.4% and market valuation reaching US$ 11.83 billion by 2025 [225].
The likelihood of commercial application is indicated by the market
projections and thereby, provide a preview of the possible environmental
releases. For example, millions of units of blood glucose monitors are utilized
everyday across the world [226]. Analogously, daily sweat analysis monitors
are expected to enter commercial application in professional sporting and
recreational activities and point-of-care healthcare services [227-230]. These
examples strongly indicate the possibility of immense amount of resource
utilization and waste generation, which can be contoured at the early stages
of development through LCA. Therefore, the exceptional potential
applications of SPEs were the reason for conducting LCA of SPEs by
incorporating the WCNTSs from integrated pyrolysis process (Chapter 6.3 and
Paper III). The utilization of fossil-based resources can be avoided by
adopting to the WCNTs or other waste-derived carbon nanomaterials.
Furthermore, the application of waste-derived materials would encourage
further maturation of the integrated pyrolysis technology and adoption of
industrial-scale waste treatment facilities, which would further depreciate
the life cycle footprint of WCNTs production. Thereby, the ultimate benefits
would include, the advancement of productive waste treatment technologies,
averting the utilization of fossil resources, and achieve greater recycling rates.
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7. Conclusion and closing remarks

This research work assessed the life cycle of the plastic waste, its treatment
in the form of upcycling to a novel product (CNTs), and subsequent
application of the waste-derived CNTs (WCNTs). Herein, the presented works
cover a comprehensive life cycle of virgin plastics to combustion and energy
recovery at the end of its second life cycle (i.e, WCNTSs). Initially, the life cycle
implications of a widely consumed plastic packaging product i.e., plastic
grocery bags were presented. In comparison with other alternatives in the
case of Singapore, plastics fared better in terms of environmental footprint.
The study underscored the indispensability of case specific evaluation of the
environmental implications for managing plastic waste. In a well-designed
confined metropolitan waste management system, where end-of-life thermal
treatment is practised and the leakage of waste into the natural environment
is negligible, using plastics would be the environmentally friendly option.
Shifting to cotton or paper grocery bags would aggravate the negative
environmental effects, including eco-toxicity and global warming potentials.
The concluded results may be appropriate for cities such as Singapore,
Amsterdam, Hong Kong, Frankfurt, Tokyo and Dubai, where the waste
management practice can theoretically be tightly controlled and leakage of
waste into the natural environment can be restricted. Minimizing the overall
consumption is the best option, followed by opting for reusable plastic bags.
The results implied that plastics could continue to be employed in urban
centres, due to its inherent advantages and extensive availability.

As a plastic waste treatment method, the thermochemical upcycling of plastic
waste via pyrolysis is a technologically innovative and simultaneously
economical option. The experimental results and LCA of the pyrolysis of
plastics and upcycling to CNTs were reported. The incineration ashes from
MSW treatment demonstrated potential to be employed as a low-cost
environmentally friendly catalyst for upgrading of volatile products during
plastic pyrolysis. A selective production of BTEX oil compounds were
achieved by the incineration ashes when equated with the control
experiments. In comparison to the benchmark metal-zeolite catalyst, the Ni-
loaded ash catalysts contributed to the improvement of the overall oil fraction
while reducing the gas fraction. However, the oil product yielded lower BTEX
compounds and gasoline-like fraction for Ni-loaded ash catalyst than the
metal-zeolite catalyst’s yield. In the case of gas products, the Ni-enriched
catalysts favored the formation of hydrogen and short-chain hydrocarbons,
while simultaneously reducing the C3- and C4-alkenes. This study
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demonstrated the catalytic potential and reported an exploratory
investigation of the utilization of ash in catalytic reforming. Therefore, further
pre-treatments, including size fractionation, refining, chemical treatment,
and modifications, are necessary for the full development of the ash catalysts.
The study opens an avenue for testing and development of MSW incineration
ashes in pyrolytic applications. Successful replacement of the reliance on
synthetic or natural catalysts, including zeolites, with catalyst developed from
incineration ash could accrue considerable environmental and economic
advantages. However, for the LCA study, a metal-zeolite catalyst with
commensurately greater environmental footprint was selected in order to
substitute the oil product with commercial quality fuel.

An extensive LCA was conducted to environmentally validate the synthesis of
CNTs and oil from pyrolysis of plastic. The environmental benefits of adding
a CNT synthesis process to the conventional pyrolysis were highlighted.
Additionally, various FPPW feedstocks were studied for comparison. The LCA
study demonstrated that the plastic pyrolysis process integrated with WCNTs
synthesis provides considerable environmental advantages in terms of
climate change, human toxicity (non-cancer and cancer), fossil depletion,
ionizing radiation, and terrestrial eco-toxicity potentials. A sensitivity
analysis of various WCNTs yields emphasized the range of effects that a waste
treatment facility synthesizing a high value product could impart to the
environment. The environmental benefits proportionately increased with
higher yields. Furthermore, feedstock with low PET content was less
impactful on the environment and accumulated greater benefits out of the
waste management system when matched against high PET and displayed
equivalent performance to the feedstock with MVP in most impact categories.
Moreover, divergent fractions of plastic waste can be treated with the
integrated pyrolysis process (including WCNTs synthesis) demonstrating its
versatility. In conclusion, the integrated pyrolysis process enhances the
environmental sustainability and revenue stream of the conventional
pyrolysis process, substitutes the alternative requirement for plastic waste
disposal including landfilling and incineration, and abnegates the
consumption of fossil fuel resource in conventional CNTs production.
Importantly, the integrated pyrolysis process provides circularity to the
material flow by recapturing the otherwise wasted carbon back into the
product system as WCNTs and pyrolysis oil. The subsequent application of
the WCNTSs in voltammetric determination of heavy metals was reported.
WCNTs achieved lower background current and superior signal intensity for
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the heavy metal ions when compared to CCNTs, making it a viable alternative
for CCNTs in commercial application.

Finally, an LCA of the material selection of the SPEs revealed the extended
benefits of WCNTs application beyond the commonly perceived scope of
waste-derived materials. The electrode materials exhibited environmental
impacts that were several orders of magnitude greater than the substrate
materials when assessed per unit of the material. Among all the materials
studied, platinum and gold reported the highest environmental implications,
owing to the intensive mining and processing activities. The environmentally
friendly option would be averting the usage of metals as highlighted in this
study. Specifically, the carbon-based electrode, including carbon black and
WCNTs, is recommended over the metal electrodes wherein the efficiency
would not be compromised. The order of preference is carbon black, WCNTS,
CCNTs, silver and gold/platinum. The most environmentally friendly option
for SPEs in voltammetric sensing applications would be a combination of
carbon-based EM and either plastic, ceramic, glass or paper SM. Although Ag
is required in most REs, carbon black or WCNTSs could be used in CtE and WE
in order to curtail the use of metals and thereby, the environmental footprint.
Notably, the existing options of incineration or other thermal treatment are
greatly applicable for the end-of-life waste management of carbon-based
electrodes. Importantly, WCNTs were produced from waste resources that
are abundant, economical, carry low or negative environmental footprint, and
demonstrated comparable voltammetric performance to the commercial
CNTs. Advancement to the industrial scale production of WCNTs could
further lower their environmental footprint. Hence, in order to alleviate the
associated environmental impacts and achieve the sustainable development
goals, an environmentally sensitive design and material selection in SPEs are
crucial.

Overall, the research thesis reported an integrated life cycle assessment of the
plastic material from production to end-of-life, upcycling treatment of the
plastic waste to CNT and oil synthesis, and the application of the upcycled
WCNTSs product. It provides a context for the extended benefits of the plastic
waste derived high value materials like CNTs. A clear technological and
economical value of the circular economy concept can be realised from the
environmental perspective by moving towards an integrated approach. We
ascertain that similar studies are rare and are indispensable in future
research works to advance towards a truly circular economy.
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The results reported herein are governed by the LCA models, data quality, and
assumptions. The computed results may vary depending on the deviation of
the input data. Nevertheless, the obtained results provide a valid perspective
of the environmental implications of the plastic bags and their alternatives,
plastic waste treatment to high value WCNTSs, and application of WCNTSs in
electrochemical sensing.

The focus areas for advancement in sustainable product manufacturing can
be delineated by LCA [187]. The application of LCA at the early research stage
would facilitate greater influence on the product and process design with the
necessary flexibility to enforce considerable changes [71]. It also prevents
enormous economic expenditures incurred when the switch to alternate
materials occur at the later stages due to sustainability concerns. Minimizing
the environmental footprint of every product is of paramount importance to
address the growing environmental concerns from a global perspective. The
global risk report 2020 [231] predicted that the environmental risks are the
greatest in terms of impact and likelihood when compared to the geopolitical,
societal, economic and technological risks.

Moreover, the proposed integrated pyrolysis technology in this research is
scalable in the context of the metropolitan cities, where the waste
management system is well controlled and require local treatment. It also
ensures the soil and marine littering are minimized. The United Nations
projected that approximately 60% of the global population will reside in
urban settlements [89]. The intensifying efforts towards improving global
sustainability demands documenting environmental impacts at different
scale of effects and embracing sustainable practices. Furthermore, an
exponential increase of the cost of the materials ensue as the finite resources
depletes gradually. Therefore, the economic deprivation of the material
emanates ahead of the substantial physical depletion [191, 232]. Hence, the
transformation towards sustainable and renewable material and energy
resources and supply chain is crucial to ensure the unhindered long-term
utilization of any material. Therefore, the benefits of the conclusions drawn
in this thesis would be realized when the wider movement towards
sustainability by various stakeholders across the world intensifies. The LCA
based decisive evaluation would assist in focused initiatives for waste
prevention, reduction of environmental footprint, effective resource
management and recovery, and informed policy decisions.

The global plastic waste generation has grown dramatically. The
mismanagement of plastic waste has raised numerous environmental
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concerns. Therefore, this serves as a critical juncture to address the concerns
of plastic waste disposal. Hence, the development of new upcycling
technologies that are environmentally, industrially and economically feasible
is paramount. Based on the series of LCA studies, this integrated pyrolysis
process with WCNTs synthesis demonstrated potential as one such novel
upcycling technology. The research and full-scale development of such
technologies should be supported by the governments considering the
enormous prospects of the successful and scalable solutions. Thus, the novel
integrated pyrolysis process may find application in large-scale plastic waste
management.

71



8. References

[1].

The New Plastics Economy: Rethinking the future of plastics, World
Economic Forum, Geneva, Switzerland (2016).

Plastics - the Facts 2019, PlasticsEurope (2019).

Plastics - the Facts 2017, PlasticsEurope (2017).

The world's plastic problem in numbers, World Economic Forum,
Geneva, Switzerland (2018).

H. Lewis, K. Verghese, L. Fitzpatrick, Packag. Tech. Sci. 233 (2010) 145-
160.

F. Perugini, M.L. Mastellone, U. Arena, Environ. Prog. 24 (2005) 137-
154.

W. Saibuatrong, N. Cheroennet, U. Suwanmanee, J. Clean. Prod. 158
(2017) 319-334.

Insightinto consumption and recovery in Western Europe, Association
of Plastics manufacturers in Europe (2007).

A. Tencati, S. Pogutz, B. Moda, M. Brambilla, C. Cacia, Waste Manag. 56
(2016) 35-45.

M.C. Heller, M.H. Mazor, G.A. Keoleian, Environ. Res. Lett. 15 (2020)
094034.

J. Hahladakis, Environ. Monit. Assess. 192 (2020) 267.

M. Ryberg, M.Z. Hauschild, F. Wang, S. Averous-Monnery, A. Laurent,
Resour. Conserv. Recy. 151 (2019) 104459.

L. Pietrelli, G. Poeta, C. Battisti, M. Sighicelli, Environ. Sci. Pollut. R. 24
(2017) 16536-16542.

R. Qi, D. Jones, Z. Li, Q. Liu, C. Yan, Sci. Total Environ. 703 (2020)
134722.

M. Ghayebzadeh, H. Taghipour, H. Aslani, Sci. Total Environ. 733 (2020)
138942.

M. Ghayebzadeh, H. Aslani, H. Taghipour, S. Mousavi, Mar. Pollut. Bull.
151 (2020) 110871.

S. Dehghani, F. Moore, R. Akhbarizadeh, Environ. Sci. Pollut. R. 24
(2017) 20360-20371.

C.G. Avio, S. Gorbi, F. Regoli, Mar. Environ. Res. 128 (2017) 2-11.

AA. Koelmans, N.H.M. Nor, E. Hermsen, M. Kooi, S.M. Mintenig, ]. De
France, Water Res. 155 (2019) 410-422.

Y. Su, C. Kim, V. Ashworth, A.S. Adeleye, P. Rolshausen, C. Roper, ].
White, D. Jassby, Environ. Sci-Nano, 8 (2019) 2311-2331.

72



NN
o Ul

— —— —
NN
@ 3

N
O

— ——
w W w
BwW N
—_

[35].

L.Z. Li, Q. Zhou, N. Yin, C. Tu, Y.M. Luo, Chin. Sci. Bull. 64 (2019) 928-
934.

Y. Li, D.L. Jones, Q. Chen, D.R. Chadwick, Soil Till. Res. 189 (2019) 199-
206.

L.C. de S4, M. Oliveira, F. Ribeiro, T.L. Rocha, M.N. Futter, Sci. Total
Environ. 645 (2018) 1029-1039.

A. Ragusa, A. Svelato, C. Santacroce, P. Catalano, V. Notarstefano, O.
Carnevali, F. Papa, M.C.A. Rongioletti, F. Baiocco, S. Draghi, E. D’Amore,
D. Rinaldo, M. Matta, E. Giorgini, Environ. Int. 146 (2021) 106274.

J.S. Woods, G. Rgdder, F. Verones, Ecol. Indic. 99 (2019) 61-66.

P. He, L. Chen, L. Shao, H. Zhang, F. Lii, Water Res. 159 (2019) 38-45.
J. Zheng, S. Suh, Nat. Clim. Change 9 (2019) 374-378.

Directive 2008/98/EC O] L. 312, 22.11.2008, p. 3-30.

F.L. Palombini, M.K. Cidade, ].J. de Jacques, ]. Clean. Prod. 142 (2017)
2593-2605.

K. Ragaert, S. Huysveld, G. Vyncke, S. Hubo, L. Veelaert, ]. Dewulf, E.D.
Bois, Resour. Conserv. Recy. 155 (2020) 104646.

I. Vollmer, M.J.F. Jenks, M.C.P. Roelands, R.]. White, T. van Harmelen, P.
de Wild, G.P. van der Laan, F. Meirer, ].T.F. Keurentjes, B.M.
Weckhuysen, Angew. Chem. Int. Ed. 59 (2020) 15402-15423.

T. Thiounn, R.C. Smith, J. Polym. Sci. 58 (2020) 1347-1364.

M. Hong, E.Y.-X. Chen, Green Chem. 19 (2017) 3692-3706.

Al-Salem, S., Antelava, A, Constantinou, A., Manos, G., Dutta, A, J.
Environ. Manage. 197 (2017) 177-198.

M.S. Qureshi, A. Oasmaa, H. Pihkola, I. Deviatkin, A. Tenhunen, J.
Mannila, H. Minkkinen, M. Pohjakallio, ]. Laine-Ylijoki, J. Anal. Appl.
Pyrol. 148 (2020) 104804.

A. Demirbas, J. Anal. Appl. Pyrolysis 72 (2004) 97-102.

E. lliopoulouy, S. Stefanidis, K. Kalogiannis, A. Delimitis, A. Lappas, K.
Triantafyllidis, Appl. Catal. B-Environ. 127 (2012) 281-290.

E. Saragoglu, B.B. Uzun, E. Apaydin-Varol, Int. ]. Hydrogen Energ. 42
(2017) 21476-21486.

Y. Zheng, F. Wang, X. Yang, Y. Huang, C. Liu, Z. Zheng, J. Gu, ]. Anal. Appl.
Pyrol. 126 (2017) 169-179.

AF. Anene, S.B. Fredriksen, K.A. Seetre, L.-A. Tokheim, Sustainability 10
(2018) 3979.

K.Lj,]. Lei, G. Yuan, P. Weerachanchali, J.-Y. Wang, ]. Zhao, Y. Yang, Chem.
Eng.]. 317 (2017) 800-809.

S.-H. Jung, M.-H. Cho, B.-S. Kang, J.-S. Kim, Fuel Process. Technol. 91
(2010) 277-284.

73



A. Lopez, 1. de Marco, B.M. Caballero, M.F. Laresgoiti, A. Adrados, A.
Aranzabal, Appl. Catal. B Environ. 104 (2011) 211-219.
S.Vichaphund, D. Aht-Ong, V. Sricharoenchaikul, D. Atong, J. Anal. Appl.
Pyrol. 124 (2017) 733-741.

]J. Wang, L. Wang, Energ. Source. Part A. 33 (2011) 1940-1948.

A. Auxilio, W. Choo, I. Kohli, S.C. Srivatsa, S. Bhattacharya, Waste
Manage. 67 (2017) 143-154.

R. Miandad, M. Barakat, A. Aburiazaiza, M. Rehan, A. Nizami, Process
Saf. Environ. 102 (2016) 822-838.

W. Sriningsih, M.G. Saerodji, W. Trisunaryanti, Triyono, R. Armunanto,
L.I. Falah, Procedia Environ. Sci. 20 (2014) 215-224.

N. Miskolczi, T. Juzsakova, ]. S6ja, ]. Energy Inst. 92 (2019) 118-127.
M.V. Alekseeva (Bykova), D.S. Otyuskaya, M.A. Rekhtina, O.A.
Bulavchenko, 0.A. Stonkus, V.V. Kaichev, S.G. Zavarukhin, ].W. Thybaut,
V. Alexiadis, R.H. Venderbosch, V.A. Yakovlev, Appl. Catal. A Gen. 573
(2019) 1-12.

D.B. Viet, W.-P. Chan, Z.-H. Phua, A. Ebrahimi, A. Abbas, G. Lisak, J.
Hazard. Mater. 398 (2020) 122906.

K. Yin, H. Wang, A. Veksha, X. Dou, D.K.B. Mohamed, S. Heberlein, G. Liu,
W. Chen, G. Lisak, Chem. Eng. ]. 405 (2021) 127068.

X. Dou, F. Ren, M.Q. Nguyen, A. Ahamed, K. Yin, W.-P. Chan, V.W.-C.
Chang, Renew. Sust. Energ. Rev. 79 (2017) 24-38.

K. Yin, A. Ahamed, G. Lisak, Waste Manage. 78 (2018) 401-416.

W.-P. Chan, F. Ren, X. Dou, K. Yin, V.W.-C. Chang, Sci. Total Environ.
637-638 (2018) 182-190.

J. Ashok, S. Das, T.Y. Yeo, N. Dewangan, S. Kawi, Waste Manage. 82
(2018) 249-257.

A.S. Al-Rahbi, P.T. Williams, ]J. Mater. Cycles Waste. 21 (2019) 1224-
1231.

S. Wang, F. Zhang, Q. Cai, X. Li, L. Zhu, Q. Wang, Z. Luo, Int. ]. Hydrogen
Energ. 39 (2014), 2018-2025.

J.-G. Na, B.-H. Jeong, S.H. Chung, S.-S. Kim, ]. Mater. Cycles Waste. 8
(2006) 126-132.

P. Gaurh, H. Pramanik, Waste Manage. 77 (2018) 114-130.

C.A. Ambrose, R. Hooper, A.K. Potter, M.M. Singh, Resour. Conserv.
Recycl. 36 (2002) 309-318.

Y. Fernandez, A. Arenillas, ].A. Menandez, Spain: InTech (2011).

A. Wu, M.A. Nahil, N. Miskolczi, J. Huang, P.T. Williams, Process Saf.
Environ. Prot. 103 (2016) 107-114.

74



A.Veksha, A. Giannis, V.W.-C. Chang, J. Anal. Appl. Pyrolysis 124 (2017)
16-24.

G.S. Bajad, R.P. Vijayakumar, A.G. Gupta, V. Jagtap, Y.P. Singh, J. Anal.
Appl. Pyrolysis 125 (2017) 83-90.

N. Borsodi, A. Szentes, N. Miskolczi, C. Wu, X. Liu, J. Anal. Appl. Pyrolysis
120 (2016) 304-313.

J. Deng, Y. You, V. Sahajwalla, R.K. Joshi, Carbon 96 (2016) 105-115.
P.-X. Hou, J. Dy, C. Liu, W. Ren, E.I. Kauppinen, H.-M. Cheng, MRS Bull.
42 (2017) 825-833.

N.C. Hanumante, Y. Shastri, A. Hoadley, Resour. Conserv. Recy. 151
(2019) 104460.

M. de Wit, ]. Hoogzaad, S. Ramkumar, H. Friedl, A. Douma, The
Circularity Gap Report, (2018).

S. Hellweg, L.M. Canals, Science 344 (2014) 1109-1113.

A.C. Hetherington, A.L. Borrion, 0.G. Griffiths, M.C. McManus, Int. ]. Life
Cycle Assess. 19 (2014) 130-143.

S.M. Al-Salem, S. Evangelisti, P. Lettieri, Chem. Eng. ]. 244 (2014) 391-
402.

M. Gear, ]. Sadhukhan, R. Thorpe, R. Clift, J. Seville, M. Keast, ]. Clean.
Prod. 180 (2018) 735-747.

A. Lopez-Urionabarrenechea, 1. de Marco, B.M. Caballero, M.F.
Laresgoiti, A. Adrados, ]. Anal. Appl. Pyrolysis 96 (2012) 54-62.

A. Lopez, 1. de Marco, B.M. Caballero, M.F. Laresgoiti, A. Adrados, A.
Torres, Waste Manag. 31 (2011) 1973-1983.

N. Miskolczi, F. Ates, N. Borsodi, Bioresour. Technol. 144 (2013) 370-
379.

A. Areeprasert, ]. Kaharn, B. Inseemeesak, P. Phasee, C. Khaobang, A.
Kuhavichanun, P. Theerarojprateep, W. Siwakosit, J. Mater. Cycles
Waste Manag. 20 (2018) 302-313.

A. Veksha, K. Yin, J.G.S. Moo, W.-D. Oh, A. Ahamed, W. Chen, P.
Weerachanchai, A. Giannis, G. Lisak, J. Hazard. Mater. 387 (2020)
121256.

ISO 14040 and 14044, International Organisation for Standardization,
Geneva, Switzerland (2006).

C. Edwards, J.M. Fry, Evidence report, Bristol, The United Kingdom
(2011).

R. Abejon, A. Bala, I. Vazquez-Rowe, R. Aldaco, P. Fullana-i-Palmer,
Resour. Conserv. Recy. 155 (2020) 104666.

0.G. Griffiths, ].P. O’Byrne, L. Torrente-Murciano, M.D. Jones, D. Mattia,
M.C. McManus, |. Clean. Prod. 42 (2013) 180-189.

75



[84].

[100].
[101].
[102].

[103].

M. Goedkoop, R. Heijungs, M. Huijbregts, A. de Schryver, ]. Struijs, R. van
Zelm, ReCiPe 2008: A Life Cycle Impact Assessment Method (Version
1.08), first ed. Ruimte en Milieu Ministerie van Volkshuisvesting,
Netherlands (2013).

M. Goedkoop, M. Oele, |. Leijting, T. Ponsioen, E. Meijer, Introduction to
LCA with SimaPro, 5.1 ed. PRe, The Netherlands (2013).

A-F. Trompeta, M.A. Koklioti, D.K. Perivoliotis, I. Lynch, C.A. Charitidis,
J. Clean. Prod. 129 (2016) 384-394.

S. Weber, J.F. Peters, M. Baumann, M. Weil, Environ. Sci. Technol. 52
(2018) 10864-10873.

S.S. Muthu, Y. Li, J.Y. Hu, P.Y. Mok, Atmos. Environ. 45 (2011) 469-475.
The World’s Cities in 2018 - Data Booklet (ST/ESA/ SER.A/417),
Department of Economic and Social Affairs, Population Division,
United Nations (2018).

A position paper by the Singapore Environmental Council (2018).
Population trends 2018, Singapore: Department of Statistics, Ministry
of Trade & Industry, Republic of Singapore (2019).

R. Geyer, J.R. Jambeck, K.L. Law, Sci. Adv. 3 (2017) e1700782.
Reference Document on Best Available Techniques in the Production
of Polymers, European Union, Sevilla, Spain (2006).

E.K.S. Nambiar, C.E. Harwood, D.S. Mendham, Aust. Forestry 81 (2018)
148-161.

Zero Waste South Australia, Green Industries, Southern Australia, AU
(2009).

J.A. Foulk, W.Y. Chao, D.E. Akin, R.B. Dodd, P.A. Layton, ]. Polym.
Environ. 14 (2006) 15-25.

H.H. Khoo, R.B.H. Tan, KW.L. Chng, Int. ]. Life Cycle. Assess. 15 (2010)
284-293.

R. Sharma, S. Chandra, A. Singh, K. Singh, The IIOAB Journal 5 (2014)
6-12.

E.K. Vakkilainen, K. lisa, M. Pekkanen, Proceedings of the 2005 Tappi
Engineering, Pulping, Environmental Conference. TAPPI Press, Atlanta,
GA, The USA (2006).

E.S. Izmest'ev, S.A. Rubtsova, A.V. Kutchin, Theor. Appl. Ecol. 2019
(2019) 12-22.

M. Roy, S.K. Chakrabarti, N.K. Bharadwaj, S. Chandra, S. Kumar, S. Singh,
P.K. Bajpai, M.B. Jauhari, ]. Sci. Ind. Res. India 62 (2003) 707-713.

K. Bell, S. Cave, Paper 36/11. NIAR 139-11. Research and Library
Service Briefing Note for the Northern Ireland Assembly (2011).

R. Intharathirat, P.A. Salam, Waste Biomass Valori. 7 (2016) 31-57.

76



[104].

[105].
[106].

[107].
[108].
[109].
[110].

[111].
[112].

[113].
[114].
[115].
[116].
[117].
[118].
[119].
[120].
[121].
[122].

[123].

[124].
[125].

[126].

K.W. Man, Proceedings of the 2015 International Conference on
Advances in Environment Research Volume 87 of IPCBEE (2015).

S.S. Muthu, Y. Li, EcoProduction (2014).

D. Civancik-Uslu, R. Puig, M. Hauschild, P. Fullana-i-Palmer, Sci. Total
Environ. 685 (2019) 621-630.

D.S. Green, B. Boots, D.J. Blockley, C. Rocha, R. Thompson, Environ. Sci.
Tech. 49 (2015) 5380-5389.

Ocean Conservancy, 30th Anniversary International Coastal Cleanup
(2016).

E. Rothausler, V. Jormalainen, L. Gutow, M. Thiel, Mar. Pollut. Bullet.
149 (2019) 110522.

C. Wilcox, N.J. Mallos, G.H. Leonard, A. Rodriguez, B.D. Hardesty, Mar.
Policy 65 (2016) 107-114.

D. Xanthos, T.R. Walker, Mar. Pollut. Bull. 118 (2017) 17-26.

A. Ahamed, K. Yin, B.J.H. Ng, F. Ren, V.W.-C. Chang, ].-Y. Wang, 2016. ].
Clean. Prod. 131 (2016) 607-614.

Y.Yi, Z. Wang, R. Wennersten, Q. Sun, The 8th International Conference
on Applied Energy - ICAE2016. Energy Procedia 105 (2017) 3711-
3719.

J.-D. Morales-Mendez, R. Silva-Rodriguez, Heliyon 4 (2018) e01020.

C. Chaffee, B.R. Yaros, Boustead Consulting & Associates Ltd. (2007).
W. Bidlingmaier, E.K. Papadimitriou, ORBIT Special Events, Wolfsburg,
Federal Republic of Germany, (2000).

R. Mohee, G.D. Unmar, A. Mudhoo, P. Khadoo, Waste Manage. 28 (2008)
1624-1629.

JV.L. Alvarez, M.A. Larrucea, P.A. Bermudez, B.L. Chicote, Waste
Manage. 29 (2009) 1514-1519.

L. Li, M. Frey, K.J. Browning, J. Eng. Fiber. Fabr. 5 (2010) 42-53.

R.L.C. Taylor, ] Environ. Econ. Manag. 93 (2019) 254-271.

D.Yao, H. Yang, H. Chen, P. Williams, Appl. Catal. B-Environ. 227 (2018)
477-487.

C.H. Lam, A.W. Ip, ].P. Barford, G. McKay, Sustainability 2 (2010) 1943-
1968.

K. Yin, X. Dou, W.-P. Chan, V.W.-C., Chang, J. Mater. Cycles Waste. 22
(2020) 46-55.

W. Li, Z. Ma, Q. Huang, X. Jiang, Fuel 233 (2018) 427-441.

T. Astrup, An overview of management options and treatment
methods. ISWA General Secretariat, Copenhagen, Denmark (2008).

F. Alfieri, P. Gunning, M. Gallo, A. Del Borghi, C. Hills, Proceedings of
Ecos 2012 - The 25th International Conference (2012).

77



[127].

[128].
[129].

[130].

[131].
[132].

[133].
[134].
[135].
[136].
[137].
[138].
[139].
[140].
[141].
[142].
[143].
[144].
[145].
[146].

[147].

V. Prigiobbe, A. Polettini, R. Baciocchi, Chem. Eng. ]. 148 (2009) 270-
278.

K. Gobin, G. Manos, Polym. Degrad. Stabil. 83 (2004) 267-279.

R. Miandad, M. Barakat, M. Rehan, A. Aburiazaiza, I. Ismail, A. Nizami,
Waste Manage. 69 (2017) 66-78.

Z. Sebestyén, E. Barta-Rajnai, J. Bozi, M. Blazs6, E. Jakab, N. Miskolczi, J.
Séja, Z. Czégény, Appl. Energ. 207 (2017) 114-122.

Y.H. Seo, K.H. Lee, D.H. Shin, ]. Anal. Appl. Pyrol. 70 (2003) 383-398.
H. Persson, I. Duman, S. Wang, L.]. Pettersson, W. Yang, ]. Anal. Appl.
Pyrolysis 138 (2019) 54-61.

K.D. Nileshkumar, R.]. Jani, T.M. Patel, G.P. Rathod, Int. ]. Sci. Technol.
Eng. 1 (2015) 195-203.

A. Panda, S. Murugan, R. Singh, Energ. Source. Part A. 38 (2016) 568-
576.

S.D.A. Sharuddin, F. Abnisa, W.M.AW. Daud, M.K. Aroua, Energ.
Convers. Manage. 115 (2016) 308-326.

J. Aguado, D.P. Serrano, ].M. Escola, Ind. Eng. Chem. Res. 47 (2008)
7982-7992.

M. Razzaq, M. Zeeshan, S. Qaisar, H. Iftikhar, B. Muneer, Fuel 257 (2019)
116119.

M. Xin, E. Xing, X. Gao, Y. Wang, Y. Ouyang, G. Xu, Y. Luo, X. Shu, Ind. Eng.
Chem. Res. 58 (2019) 6970-6981.

Directive 2003/33/EC. The Council of the European Union, O]
European Communities, L 11 (2003) p. 27-49.

P.T. Benavides, P. Sun, ]. Han, ].B. Dunn, M. Wang, Fuel 203 (2017) 11-
22.

R. Clift, A. Doig, G. Finnveden, Process Saf. Environ. Protect. 78 (2000)
279-287.

T. Ekvall, G. Assefa, A. Bjorklund, O. Eriksson, G. Finnveden, Waste
Manag. 27 (2007) 989-996.

S. Haig, L. Morrish, R. Morton, U. Onwuamaegbu, P. Speller, S.
Wilkinson, Final Report, Zero Waste Scotland (2013).

A. Lopez, 1. de Marco, B.M. Caballero, A. Adrados, M.F. Laresgoiti, Waste
Manag. 31 (2011) 1852-1858.

B.K. Sharma, B.R. Moser, K.E. Vermillion, K.M. Doll, N. Rajagopalan, Fuel
Process Technol. 122 (2014) 79-90.

G. Elordi, M. Olazar, G. Lopez, M. Amutio, M. Artetxe, R. Aguado, ].
Bilbao, J. Anal. Appl. Pyrolysis 85 (2009) 345-351.

N. Miskolczi, A. Angyal, L. Bartha, 1. Valkai, Fuel Process Technol. 90
(2009) 1032-1040.

78



[148]. Singapore Energy Statistics, Energy Market Authority, Singapore
(2017).
149]. A. Fivga, 1. Dimitriou, Energy 149 (2018) 865-874.
150]. P.T. Williams, P.A. Horne, Fuel 74 (1995) 1839-1851.
151]. S. Vitolo, B. Bresci M. Seggiani, M.G. Gallo, Fuel 80 (2001) 17-26.
152]. S.D.A. Sharuddin, F. Abnisa, W.M.AW Daud, M.K. Aroua, Energy
Convers. Manag. 148 (2017) 925-934.
[153]. B. Kunwar, H.N. Cheng, S.R. Chandrashekaran, B.K. Sharma, Renew.
Sustain. Energy Rev. 54 (2016) 421-428.
[154]. S. GavanKar, S. Suh, and A.A. Keller, J. Ind. Ecol. 19 (2014) 51-60.
[155]. Dhanjai, A. Sinha, X. Lu, L. Wu, D. Tan, Y. Li, ]. Chen, R. Jain, TrAC Trend.
Anal. Chem. 98 (2018) 174-189.
[156]. ]. Holmes, P. Pathirathna, P. Hashemi, TrAC Trend. Anal. Chem. 111
(2019) 206-2109.
[157]. A. Kotani, F. Kusu, K. Takamura, H. Hakamata, J. Electrochem. Soc. 167
(2019) 037517.
[158]. VK. Gupta, R. Jain, K. Radhapyari, N. Jadon, S. Agarwal, Anal.
Biochem. 408 (2011) 179-196.
[159]. A. Hayat, ].L. Marty, Sensors 14 (2014) 10432-10453.
[160]. O.1. Lipskikh, E.I. Korotkova, Y.P. Khristunova, ]J. Barek, B. Kratochvil,
Electrochim. Acta 260 (2018) 974-985.
[161]. J.H.]Jin, J.H. Kim, ].Y. Lee, N.K. Min, Analyst 136 (2011) 1910-1915.
[162]. K. Tyszczuk-Rotko, K. Pietrzak, A. Sasal, Adsorption 25 (2019) 913-
921.
[163]. F. Scholz, ChemTexts, 1 (2015) 17.
[164].].Y. Choi, K. Seo, S.R. Cho, J.R. Oh, S.H. Kahng, ]J. Park, Anal. Chim.
Acta 443 (2001) 241-247.
[165]. C. Arifio, N. Serrano, .M. Diaz-Cruz, M. Esteban, Anal. Chim. Acta 990
(2017) 11-53.
[166]. A. Economou, Sensors 18 (2018) 1032.
[167]. N. Lezi, A. Economou, P.A. Dimovasilis, P.N. Trikalitis, M.L
Prodromidis, Anal. Chim. Acta 728 (2012) 1-8.
.M. Li, Y.T. Li, D.W. Li, Y.T. Long, Anal. Chim. Acta 734 (2012) 31-44.
. ].P. Metters, R.0. Kadara, C.E. Banks, Analyst 136 (2011) 1067-1076.
. A. Morrin, AJ. Killard, M.R. Smyth, Anal. Lett. 36 (2003) 2021-2039.
.M. Maczuga, A. Economou, A. Bobrowski, M.I. Prodromidis,
Electrochim. Acta 114 (2013) 758-765.
[172]. ]. Wang, ]. Lu, S.B. Hocevar, B. Ogorevc, Electroanal. 13 (2001) 13-16.
[173]. C.C. Adley, Foods 3 (2014) 491-510.

[
[
[
[

79



[174]. B.N. Altay, ]. Jourdan, V.S. Turkani, H. Dietsch, D. Maddipatla, A.
Pekarovicova, P.D. Fleming, M. Atashbar, ACS Appl. Energy Mater. 1
(2018) 7164-7173.

[175]. ].P. Metters, C.E. Banks, Applications of Electrochemistry in Medicine.
Springer (2013) 83-120.

[176]. S.A. Wring, ].P. Hart, B.]J. Birch, Analyst 116 (1991) 123-129.

[177]. E. Bernalte, C.M. Sanchez, E.P. Gil, Sensor. Actuat. B-Chem. 161 (2012)
669-674.

[178]. M.A.G. Rico, M. Olivares-Marin, E.P. Gil, Talanta 80 (2009) 631-635.

[179]. A. Waheed, M. Mansha, N. Ullah, TrAC Trend. Anal. Chem. 105 (2018)
37-51.

[180]. G. March, T.D. Nguyen, B. Piro, Biosensors 5 (2015) 241-275.

[181]. F. Arduini, L. Micheli, D. Moscone, G. Palleschi, S. Piermarini, F. Ricci, G.
Volpe, TrAC Trend. Anal. Chem. 79 (2016) 114-126.

[182]. C.B. Jacobs, M.]. Peairs, B.]. Venton, Anal. Chim. Acta 662 (2010) 105-
127.

[183]. A. Vaseashta, D. Dimova-Malinovska, Sci. Tech. Adv. Mater. 6 (2005)
312-318.

[184]. K. Zhao, A. Veksha, L. Ge, G. Lisak, Chemosphere 269 (2021) 128699.

[185]. A.Y. Hoekstra, T.0. Wiedmann, Science 344 (2014) 1114-1117.

[186]. L. Pourzahedi, M.]. Eckelman, Environ. Sci. Technol. 49 (2015)
361-368.

[187]. L. Pourzahedi, M. Vance, M.]. Eckelman, Environ. Sci. Technol. 51
(2017) 7148-7158.

[188]. T. Walser, E. Demou, D.J. Lang, S. Hellweg, Environ. Sci. Technol. 45
(2011) 4570-4578.

[189]. G.M. Mudd, Resour. Policy 32 (2007) 42-56.

[190]. R. Arvidsson, B.A. Sanden, |. Clean. Prod. 156 (2017) 253-261.

[191]. P. S6derholm, ].E. Tilton, Resour. Conserv. Recy. 61 (2012) 75- 82.

[192]. D.R. Johnson, J. Hazard. Mater. 320 (2016) 67-79.

[193]. N.C. Mueller, ]. Buha, ]J. Wang, A. Ulrich, B. Nowack, Environ. Sci.
Processes Impacts 15 (2013) 251-259.

[194]. Y. Wang, Y. Lj, ]. Ly, ]. Zang, H. Huang, Nanotechnology 17 (2006) 3817.

[195]. S. Yang, R.J. Castilleja, E. Barrera, K. Lozano, Polym. Degrad. Stab. 83
(2004) 383-388.

[196]. A.A. Keller, S. McFerran, A. Lazareva, S. Suh, J. Nanoparticle Res. 15
(2013) 1-17.

[197]. D. Lithner, I. Nordensvan, G. Dave, Environ. Sci. Pollut. Res. 19 (2012)
1763-1772.

80



[198].
[199].
[200].
[201].

[202].

[203].

[204].

[205].
[206].

[207].

[208].
[209].

[210].
[211].

[212].
[213].

[214].

[215].
[216].

[217].

S. Bejgarn, M. MacLeod, C. Bogdal, M. Breitholtz, Chemosphere 132
(2015) 114-1109.

T.M. Nolte, N.B. Hartmann, J.M. Kleijn, ]J. Garnaes, D. van de Meent, A.].
Hendriks, A. Baun, Aquat. Toxicol. 183 (2017) 11-20.

J.H. Lee, H.-S. Ryu, J.-H. Seo, B.-S. Chang, C.-K. Lee, Drug Chem. Toxicol.
33(2010) 38-47.

M. Nagase, Y. Abe, M. Chigira, E. Udagawa, Biomaterials 13 (1992) 172-
175.

M.V. Park, AM. Neigh, ].P. Vermeulen, L.J. de la Fonteyne, HW.
Verharen, ].J. Briedé, H. van Loveren, W.H. de Jong, Biomaterials 32
(2011) 9810-9817.

G.R. Tuttle, Size and surface area dependent toxicity of silver
nanoparticles in zebrafish embryos (Danio rerio), Oregon State
University, Corvallis, OR, The USA (2012).

D.V. Berlo, M.]. Clift, C. Albrecht, R.P. Schins, Swiss Med. WKkly. 142
(2012) w13698.

J. Dong, Q. Ma, Nanotoxicology 9 (2015) 658-676.

Z. Peng, X. Liu, W. Zhang, Z. Zeng, Z. Liu, C. Zhang, Y. Liu, B. Shao, Q.
Liang, W. Tang, X. Yuan, Environ. Int. 134 (2020) 105298.

Y.-P. Jia, B.-Y. Ma, X.-W. Wei, Z.-Y. Qian, Chinese Chem. Lett. 28 (2017)
691-702.

N. Khlebtsov, L. Dykman, Chem. Soc. Rev. 40 (2010) 1647-1671.

M. Akter, M.T. Sikder, M.M. Rahman, A.K.M.A. Ullah, K.F.B Hossain, S.
Banik, T. Hosokawa, T. Saito, M. Kurasaki, ]. Adv. Res. 9 (2018) 1-16.

J. Dy, ]. Tang, S. Xy, ]. Ge, Y. Dong, H. Li, M. Jin, Regul. Toxicol. Pharmacol.
98 (2018) 231-239.

R. Foldbjerg, X. Jiang, T. Miclaus, C. Chen, H. Autrup, C. Beer, Toxicol.
Res. 4 (2015) 563-575.

D. McShan, P.C. Ray, H. Yu, J. Food Drug Anal. 22 (2014) 116-127.

M.]. Eckelman, M.S. Mauter, J.A. Isaacs, M. Elimelech, Environ. Sci.
Technol. 46 (2012) 2902-2910.

I. Gosens, F. Cassee, M. Zanella, L. Manodori, A. Brunelli, A. Costa, B.
Bokkers, W. de Jong, D. Brown, D. Hristozov, V. Stone, Nanotoxicology
10 (2016) 1084-1095.

J. Hua, M.G. Vijver, F. Ahmad, M.K. Richardson, W.].G.M. Peijnenburg,
Environ. Toxicol. Chem. 33 (2014) 1774-1782.

H. Meng, Z. Chen, G. Xing, H. Yuan, C. Chen, F. Zhao, C. Zhang, Y. Wang,
Y. Zhao, J. Radioanal. Nucl. Ch. 272 (2007) 595-598.

N. Ye, Z. Wang, H. Fang, S. Wang, F. Zhang, ]. Environ. Sci. Heal A 52
(2017) 555-560.

81



[218].
[219].
[220].
[221].
[222].

[223].
[224].

[225].
[226].
[227].
[228].
[229].

[230].

[231].

[232].

P.V. Asharani, Y. Lianwu, Z.Gong, S. Valiyaveettil, Nanotoxicology 5
(2011) 43-54.

D. Hlavkova, M. Beklova, P. Kopel, B. Havelkova, Neuroendocrinol. Lett.
39 (2018) 465-472.

S. Sgrensen, C. Engelbrekt, H. Liitzhgft, ]. Jiménez-Lamana, ]. Noori, F.
Alatraktchi, C. Delgado, V. Slaveykova, A. Baun, Environ. Sci. Technol.
50 (2016) 10635-10643.

R. Grillo, M.B. de Jesus, L.F. Fraceto, Front. Environ. Sci. 6 (2018) 34.

R. Ding, Y.H. Cheong, A. Ahamed, G. Lisak, Anal. Chem. 93 (2021) 1880-
1888.

R. Arvidsson, S. Molander, B.A. Sandén, J. Ind. Ecol. 15 (2011) 844-854.
L.J]. Dahlben, M.]. Eckelman, A. Hakimian, S. Somu, J. Isaacs, Environ. Sci.
Technol. 47 (2013) 8471-8478.

Electrochemical sensor market - growth, trends and forecasts (2019-
2025), Mordor Intelligence (2020).

C. Carrell, A. Kava, M. Nguyen, R. Menger, Z. Munshi, Z. Call, M.
Nussbaum, C. Henry, Microelectron. Eng. 206 (2019) 45-54.

Y. Chen, S. Ly, S. Zhang, Y. Li, Z. Qu, Y. Chen, B. Lu, X. Wang, X. Feng, Sci.
Adv.3(2017) e1701629.

W. He, C. Wang, H. Wang, M. Jian, W. Ly, X. Liang, X. Zhang, F. Yang, Y.
Zhang, Sci. Adv. 5 (2019) eaax0649.

H. Lee, C. Song, Y.S. Hong, M.S. Kim, H.R. Cho, T. Kang, K. Shin, S.H. Choi,
T. Hyeon, D.-H. Kim, Sci. Adv. 3 (2017) e1601314.

H.Y.Y. Nyein, M. Bariya, L. Kivimaki, S. Uusitalo, T.S. Liaw, E. Jansson,
C.H. Ahn, J.A. Hangasky, ]. Zhao, Y. Lin, T. Happonen, M. Chao, C. Liedert,
Y. Zhao, L.-C. Tai, ]. Hiltunen, A. Javey, Sci. Adv. 5 (2019) eaaw9906.
The global risks report 2020, World economic forum, Geneva,
Switzerland (2020).

].M. Allwood, M.F. Ashby, T.G. Gutowski, E. Worrell, Resour. Conserv.
Recy. 55 (2011) 362-381.

82






Abo Akademi
University

ISBN 978-952-12-4080-5



	Preface
	Abstract
	Sammandrag
	List of publications
	Contribution of the author
	Table of contents
	List of abbreviations
	1. Introduction
	2. Pyrolysis and catalytic reforming
	3. Upcycling of plastic waste to pyrolysis oil and carbon nanotubes (CNTs)
	4. Life cycle assessment (LCA)
	5. Experimental and methodology
	5.1. Materials
	5.2. Plastic pyrolysis and catalytic reforming
	5.3. Characterization methods
	5.4. LCA methodology

	6. Results and discussion
	6.1. LCA of packaging plastic: the case of grocery bags – one of the major fractions of plastic waste
	6.1.1. Life cycle modelling
	6.1.2. Life cycle impact assessment results and discussion
	6.1.2.1. Resource extraction and production
	6.1.2.2. Transportation
	6.1.2.3. End-of-life and ash disposal
	6.1.2.4. Air and water pollution
	6.1.2.5. Limitations and recommendations


	6.2. Plastic treatment via pyrolysis and catalytic reforming
	6.2.1. Plastic pyrolysis and catalytic reforming results and discussion
	6.2.1.1. Material properties of various catalysts
	6.2.1.2. Pyrolysis oil product
	6.2.1.3. Non-condensable pyrolysis gas product
	6.2.1.4. Limitations and recommendations


	6.3. LCA of plastic waste treatment to pyrolysis oil and carbon nanotubes
	6.3.1. Life cycle modelling
	6.3.2. Life cycle impact assessment results and discussion
	6.3.2.1. Environmental impacts of WCNTs synthesis
	6.3.2.2. Effect of plastic feedstock
	6.3.2.3. Limitations and recommendations


	6.4. LCA of the material choices in electrochemical sensor application – a comparison with waste-derived carbon nanotubes
	6.4.1. Life cycle modelling
	6.4.2. Life cycle impact assessment results and discussion
	6.4.2.1. Environmental impacts of the production of various electrode materials
	6.4.2.2. Environmental impacts of the production of various substrate materials
	6.4.2.3. End-of-life assessment
	6.4.2.4. Comparison of electrochemical performance of CCNTs and WCNTs
	6.4.2.5. Limitations and recommendations



	7. Conclusion and closing remarks
	8. References


 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: 6.929 x 9.843 inches / 176.0 x 250.0 mm
      

        
     Blanks
     0
     Always
     118
     1
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     Custom
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     8.5039
     -0.2835
            
                
         Both
         1
         AllDoc
         88
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     36
     96
     95
     96
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all even numbered pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: move right by 8.50 points
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     Fixed
     Right
     8.5039
     -0.2835
            
                
         Even
         1
         AllDoc
         88
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     5
     96
     95
     48
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all odd numbered pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: move left by 8.50 points
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     Fixed
     Left
     8.5039
     -0.2835
            
                
         Odd
         1
         AllDoc
         88
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     5
     96
     94
     48
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 2
     Page size: 6.929 x 9.843 inches / 176.0 x 250.0 mm
      

        
     Blanks
     0
     Always
     118
     2
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     Custom
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: 6.929 x 9.843 inches / 176.0 x 250.0 mm
      

        
     Blanks
     0
     Always
     118
     1
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     Custom
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: 6.929 x 9.843 inches / 176.0 x 250.0 mm
      

        
     Blanks
     0
     Always
     118
     1
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     Custom
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: 6.929 x 9.843 inches / 176.0 x 250.0 mm
      

        
     Blanks
     0
     Always
     118
     1
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     Custom
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     None
     Left
     8.5039
     -0.2835
            
                
         Both
         1
         AllDoc
         88
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     143
     175
     174
     175
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 147 to page 154; only odd numbered pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: move left by 2.83 points
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     Fixed
     Left
     2.8267
     -0.2835
            
                
         Odd
         147
         SubDoc
         154
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     146
     175
     152
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 147 to page 154; only even numbered pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: move right by 2.83 points
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     Fixed
     Right
     2.8267
     -0.2835
            
                
         Even
         147
         SubDoc
         154
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     146
     175
     153
     4
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 7.717 x 10.630 inches / 196.0 x 270.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20210607153417
       765.3543
       Blank
       555.5906
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     None
     Right
     2.8267
     -0.2835
            
                
         Both
         147
         AllDoc
         154
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     151
     175
     174
     175
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: before current page
     Number of pages: 2
     Page size: 6.929 x 9.843 inches / 176.0 x 250.0 mm
      

        
     Blanks
     0
     Always
     118
     2
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     Custom
     BeforeCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: 6.929 x 9.843 inches / 176.0 x 250.0 mm
      

        
     Blanks
     0
     Always
     118
     1
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1289
     415
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     Custom
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     -4
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     Tall
     1
     0
     No
     1910
     350
     QI2.9[QI 2.9/QHI 1.1]
     None
     Right
     3.7423
     -0.2835
            
                
         Both
         125
         AllDoc
         132
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

        
     177
     178
     177
     178
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     Blanks
     0
     Always
     118
     1
     /E/Työt/Yksityiset/Rantaralli 2018/aikakortti_takasivu_2018.pdf
     1
            
       D:20150206130427
       708.6614
       B5
       Blank
       498.8976
          

     LAST-1
     Tall
     1289
     415
    
     AllDoc
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0k
     Quite Imposing Plus 3
     1
      

   1
  

 HistoryList_V1
 qi2base





