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Abstract:

In Europe over 5.25 billion tonnes of waste has been landfilled between 1995 and 2015.
Among this large amount of waste, plastic represents typically 5-25 wt % which is significant
and has the potential to be recycled and reintroduced into the circular economy. To date there
is still however little information available of the opportunities and challenges in recovering
plastics from landfill sites. In this review, the impacts of landfill chemistry on the degradation
and/or contamination of excavated plastic waste are analysed. The feasibility of using
excavated plastic waste as feedstock for upcycling to valuable chemicals or liquid fuels
through thermochemical conversion is also critically discussed. The limited degradation that
is experienced by many plastics in landfills (> 20 years) which guarantee that large amount is
still available is largely due to thermooxidative degradation and the anaerobic conditions.
However, excavated plastic waste cannot be conventionally recycled due to high level of ash,
impurities and heavy metals. Recent studies demonstrated that pyrolysis offers a cost
effective alternative option to conventional recycling. The produced pyrolysis oil is expected

to have similar characteristics to petroleum diesel oil. The production of valuable product
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from excavated plastic waste will also increase the feasibility of enhanced landfill mining
projects. However, further studies are needed to investigate the uncertainties about the
contamination level and degradation of excavated plastic waste and address their viability for

being processed through pyrolysis.
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1. Introduction

Over the last two decades, the amount of waste being managed by landfill disposal each year
has decreased across Europe and the UK. According to the Eurostat (2016) waste estimation,
473 kg per capita of MSW was generated in 1995 in EU-27, of which 64 wt % were disposed
in landfill and 11 wt % were recycled. In 2015, the EU-27 reported 477 kg of MSW per
capita of which 28 wt % were recycled, 26 wt % incinerated (including energy recovery), 25
wt % landfilled, and 16 wt % were processed by composting and digestion (Eurostat, 2016).
New legislation, such as Council Directive 1999/31/EC (European Parliament. Council of the
European Union 1999) and Waste Framework Directive 2008/98/EC (European Parliament.
Council of the European Union, 2008), has driven the changes in the management of landfill,
encouraged sustainable waste management and resulted in the closure of many landfills
(Hogland et al., 2011). The waste management hierarchy included in Framework Directive
2008/98/EC has become part of the European waste management, defining different aspects
of this topic such as waste, recycling, recovery, secondary raw materials and by-products

(European Commission, 2016).

Recently, Europe has moved towards the ‘new’ concept of a Circular Economy, aiming to
recycle 65 wt % of MSW and reduce the amount of MSW disposed in landfill by 10 wt %
before 2030 (European Parliament. Council of the European Union, 2015). However, there
are between 125,000 and 500,000 landfills (EURELCO, 2017) in Europe, many of which are
now closed; waste in landfills represents an important legacy that needs to be addressed. It is
estimated that over 5.25 billion tonnes of waste were deposited in landfills between 1995 and
2015 across the EU-27 countries (Eurostat, 2016). The first landfill mining (LFM) project
was carried out in Israel in 1953 (Savage et al., 1993), but only until the late 1980s, interest
began to increase, especially in USA and Europe (Hogland et al., 2004). The concept of

enhanced landfill mining (ELFM), which started to develop in 2008 (Jones et al., 2013),
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focuses on maximising the valorisation of waste found in landfills and dump-sites as material
(WtM) and energy (WtE) (Jones et al., 2012). Landfills can be considered as temporary
storage for waste while the technologies for their valorisation are improved and achieve large-
scale deployment (Bosmans et al., 2013). Landfills operating between the 1950s to the mid-
1990s have been identified as the most suitable for ELFM, because they were not affected by
the directives that lead to a minimization and pre-treatment of waste disposed in landfills and
have higher content of valuable and combustible materials (Hogland et al., 2011; Van Passel

et al. 2013).

A key challenge exists in the recovery of value from materials excavated from landfills,
which has been partially addressed in previous academic publications, however this review
specifically focuses on plastics. Here there is an opportunity to explore alternative methods
of recovering value from plastics as conventional recycling/recovery methods will not be
viable. Similarly, recovery of energy from waste and advanced conversion processes require
further research and development due to the pollution and the unknown effects of landfill

contamination on the chemical transformation pathways.

A variety of the landfilled materials can theoretically be recycled or used for energy recovery,
which can contribute to the security of energy supply and substitute raw materials (Greedy,
2016). For example, recovery of secondary raw materials available within landfills such as
valuable metals (Gutiérrez-Gutiérrez et al., 2015) can mitigate the increasing concern about
the availability and security of critical raw materials (European Commission, 2017).
Opportunities also exist in the recovery of plastics, which represent between 5-25 wt % of the
total waste deposited; the proportion increases in landfills during time due to the degradation
of organic matter and its consequent weight loss (Garcia et al., 2016; Sel et al., 2016;
Minnich et al., 2015; Quaghebeur et al, 2013; Jones et al., 2013; Van Passel et al., 2013; Van

Vossen and Prent, 2011).



The annual worldwide plastic production has increased from 1.5 Mt in the 1950s to 322 Mt in
2015 (PlasticsEurope, 2016). In 2014 59 Mt and 311 Mt of plastics were generated in Europe
and in the world respectively (PlasticsEurope, 2016). In the same year, of 25.8 Mt of plastic
waste produced, 29.7 wt % were recycled, 39.5 wt % used for energy recovery and 30 wt %
were landfilled (PlasticsEurope, 2016). Over the years, the inadequate plastic waste
management has led to the accumulation of plastics in the environment, causing pollution
and consequent health risks (Singh and Ruj, 2016; Thompson et al., 2009). The conjunction
of increasing energy demand and scarce resources such as fossil fuel has resulted in a need
for sustainable secondary fuels and chemical resources (Sharma et al., 2014; Singh and Ruj,
2016). Plastics from landfills can potentially be reprocessed to other plastic products, used as
part of a waste-derived fuel for energy or used as a feedstock to produce valuable base
petrochemicals (Al-Salem et al., 2009; Mastellone, 1999). Because 90 % of the plastic are
produced from petroleum, pyrolysis of plastic waste is considered a feasible process to
recover chemical building blocks and a valuable alternative to the ordinary plastics disposal

routes, such as landfill (Al-Salem et al., 2009; Al-Salem and Lettieri, 2010).

Critical reviews and studies on technical and economic aspects of LFM and ELFM has been
previously published (Krook et al., 2012; Jones et al., 2013; Bosmans et al., 2013; Van Passel
et al.; 2013). However, these do not focus on the excavated plastic waste fraction and
therefore do not consider its chemical characteristics. This paper reviews the research
focusing on excavated plastics and the physico-chemical properties of this fraction along
with the gaps in scientific knowledge that need to be filled to consolidate and enable
development of upcycling technologies. The aim of the work is to critically review the likely
impacts of landfill chemistry on the degradation and/or contamination of plastic waste and its
properties, and assess the viability of using excavated plastic waste as feedstock for upcycling

to valuable chemicals or liquid fuels via thermochemical conversion.



2. Plastic components of landfill waste and factors affecting their degradation

2.1. Plastic components of landfill waste

Plastics can be thermoplastic, which are capable of melting and flowing at a certain
temperature without undergoing chemical changes, and thermoset such as bakelite, which
are characterised by irreversible cross-linked polymer chains formed at high-temperature
treatments (Jasso-Gastinel et al., 2017). The molecular structure is characterised either by a
random arrangement of polymer chains forming an amorphous structure such as PS and
PVC, or by an alternation of random and regular orders forming semi-crystalline structure

such as PE and PP (Gilbert, 2017).

Thermoplastics have secondary bonding between molecules while thermosets cross-linking
often have primary covalent bonds and occasionally hydrogen bonds (Lampman, 2003).
Chemical reactivity and thermal stability are related to the primary bonds while the solubility

of the polymers is associated with the secondary bonds (Brydson, 1999).

Thermoplastics include polyethylene (PE), which can be sub-divided into low-density
(LDPE) and high-density polyethylene (HDPE), polyethylene terephthalate (PET),
polypropylene (PP), polystyrene (PS), and polyvinyl chloride (PVC). Thermoplastics
represent approximately 80 wt % of the consumed plastics and constitute most of the plastic
fraction of municipal plastic waste (Dewil et al., 2006; Andrady and Neal, 2009; Lettieri and

Al-Salem, 2011).

2.2. Factors affecting plastic waste degradation

Their chemical composition and structure influence their degradation behaviour (Brydson,

1999). Thus, polymers with heteroatoms such as PET, are more susceptible to degradation



than polymers with pure carbon backbones (Zheng et al., 2005; Muller et al., 2001). The
water permeability of plastics is directly proportional to their polarity; hence nonpolar

polymers are less affected by water permeability (McKeen, 2014).

Most common plastics can be classified from the most polar to the less polar as follows: PET
> PU > PC > PS > PE > PP (McKeen, 2014). Polymers with unsaturated double bonds are
more prone to degradation than polymers with saturated bonds (Gewert et al., 2015).
However, the presence of impurities, such as traces of catalyst residues, additives, or metals
from processing equipment can accelerate/initiate degradation of polymers with saturated
bonds, i.e. PE, PP and PVC (Gijsman et al., 1999, Grassie and Scott, 1988, Scott, 2002,

Vasile, 2005, cited in Gewert et al., 2015).

The degree of unsaturation (DoU) gives information on the unsaturated (double, triple and
rings) bonds present in the monomer. The fluidity of the polymer is directly proportional to
the degree of unsaturation, increasing the saturation level the fluidity decreases. DoU of a
polymer can be calculated from its repeating unit (Equation 1), which does not consider the O

and S due to their neutrality in saturation (McKeen, 2014).
Equation 1. Formula of polymer degree of unsaturation.

2+2+N—-X—H
DoU = >

where C, number of carbon; N, number of nitrogen; X, number of halogen (F, Cl, Br, 1); H,

number of hydrogen.

Degradation of plastics in the environment can occurs either by photodegradation, auto-
oxidative degradation, thermooxidative degradation, thermal degradation and biodegradation

(Andrady, 2001). The degradation process is normally initiated by UV-light and heat



followed by auto-oxidation of the polymers and scissions into smaller polymer fragments

which can be degraded by microorganisms (Andrady, 2011).

Degradation of plastic waste in landfills covers a period over 20 years and it is mainly related
to thermooxidative degradation and anaerobic condition (Webb et al., 2013). The most
common cause of degradation of polymers without heteroatoms, such as PP, PE and PS, in an
aerobic environment, is the photodegradation followed by oxidation (Gijsman et al., 1999).
Fig. 1 shows the mechanism for a general polymer auto-oxidation process. Free radicals are
initially formed from photo and thermal degradation. They react in the presence of oxygen to
form peroxy radicals, which further react with organic material leading to hydroperoxides
formation (ROOH) (Gijsman, 2008). New radicals are generated from the hydroperoxides,
sustaining the process. Transition metals such as Fe, Cu, Ti and Cr can accelerate the
degradation process (Gijsman, 2008). Transition metals such as Fe, Co, and Mn, can catalyse
the formation of free radicals from hydroperoxides (Ammala et al., 2011). Photodegradation
is more affected by iron, while thermal degradation is catalysed by cobalt and manganese

(Ammala et al., 2011).

>>>>>Insert Figure 1<<<<<<

Thermooxidative degradation, which occurs at moderate temperature (~70 °C), is one of the

main oxidative degradation steps (Andrady, 2011; Gijsman, 2008).

Several studies reported anaerobic biodegradation of plastics in landfills into water and
methane (Gu et al., 2000 cited in Shah et al., 2008). The polymers are broken down into
shorter chains by microorganism enzymes, until they reach a small size (M»~500 g/mol) and
are able to penetrate the bacterial membranes (Andrady, 2011; Shah et al., 2008). Muenmee
et al. (2016) also found that semi-aerobic condition in landfills enhanced the plastics

biodegradation and decreased the methane emission. In aerobic conditions, biodegradation



produces CO, and H,O (Shah et al., 2008). Adamcova and Vaverkova (2014) studied the
degradation of HDPE with totally degradable plastic additives (TDPA) and 100 %-
degradable PE samples placed in Stdpanovice landfill for a period of 12 months. Neither
decomposition nor degradation was found in the samples, and only a change in colour was
reported (Adamcova and Vaverkova, 2014). This observation is likely to be because
degradation of plastics is a long process and requires years to occur. Table 1 shows some

degradation characteristics of most common plastics types.

>>>>>|nsert Table 1<<<<<<

Plastic degradation affects the material physical properties leading to visible changes, such as
discoloration and brittleness, and chemical changes, such as bond scissions and new
functional groups formation (Pospisil and Nespurek, 1997; Shah et al., 2008). Microorganisms
tend to attack the amorphous polymer structure while the crystalline component, characterised
by slower degradation, is separated from the material structure (Shah et al., 2008). Moreover,
the degradation of plastics releases pollutants into the air and leachate, such as benzene,
toluene, xylenes, ethylbenzenes, trimethyl benzenes, bisphenol A (BPA) and nonylphenols
(NP) (Teuten et al., 2009; Tsuchida et al., 2011; Urase et al., 2008; Webb et al., 2013; Xu et

al., 2011).

Further to this, several factors can influence plastic degradation in landfills such as presence
of oxygen, leachate, corrosive chemicals, relatively elevated temperature, and acidic pH.
Hydrogen sulphide (H,S) is one of the chemicals that can cause corrosion of plastics (Table
2). H,S formation occurs in landfills when sulphate-reducing bacteria (SRB) convert sulphate
(SOZ™) to sulphite (SO%™), and this into sulphide (S%°) and H,S at low pH (Ko et al, 2015;

Tsuchida et al., 2011). Different types of waste have an opposite effect on H2S production. Co-



disposed landfill waste can influence H,S production changing the pH in the landfill; for
example concrete increases the pH whereas wood waste decreases the pH under the optimum
SRB pH range (Yang et al., 2006). New waste has greater influence on the increase in the level
of HS than aged waste due to the decrease of sulphur compounds with time (Ko et al, 2015).
Tsuchida et al. (2011) remarked the use of some organic plastic additives such as phenols and
organic phosphates as electron donors by SRB for H,S production in inert waste landfills. In
addition, SRB uses gypsum drywall, organic waste and sludge of wastewater treatment plants as
a sulphur source in landfills in anaerobic condition (Ko et al, 2015). The activity of SRB is also
affected by the presence of nitrate and ferric compounds which increase the propagation of
nitrate and iron reducing bacteria respectively (Eckford and Fedorak, 2002; Lovley, 1991).

>>>>>|nsert Table 2<<<<<<

Plastic contains a variety of additives which during degradation can leach in the environment
increasing the risk of pollution (Beimann et al., 2013; Prudent et al, 1996; Quaghebeur et
al., 2013; Teuten et al., 2009). Parameters such as the polymer pore size, the size and type of
additive and temperature, influence the release mechanisms of additives from polymers in
landfills (Teuten et al., 2009). Furthermore, leachates can exhibit different characteristics, such
as pH and ionic strength, which result in different additive extraction potentials (Xu et al.,
2011; Teuten et al., 2009). Additives are typically used to enhance the processing and the
properties of plastic. Generally, additives with short alkyl chains tend to be more readily

released in the leachate than those with longer alkyl chains (Teuten et al., 2009).

Phthalates (alkyl/aryl esters of 1, 2-benze-nedicarboxylic acid) are commonly used as
plasticisers in PVC (Hahladakis et al. 2018). It has been reported that plasticisers with high
solubility such as dimethyl phthalate (DMP) are released in landfills in greater amounts than
hydrophobic plasticisers such as diethyl-hexyl phthalate (DEHP) (Teuten et al., 2009).

Migration of plasticiser decreases when the polymer reaches its glass transition state
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(Ejlertsson et al. 2003). Alkylphenols are additives with plasticising and stabilising
properties (Hahladakis et al. 2018; Teuten et al., 2009). Organotin compounds are highly
used in rigid PVC as stabilisers and can be toxic for humans (Folarin and Sadiku, 2011).
The release of phthalate esters and organotin compounds occurs in the neutral leachate of
the methanogenic phase (Bauer and Herrmann 1998; Bjorn et al., 2007). BPA, which is
used in building blocks of polycarbonate plastics, PVC and printer ink, has been reported to
be released from the polymer in the acidogenic phase (Asakura et al., 2004). Different
plastic types such as polycarbonates and epoxy resins can release BPA in the leachates, and for
this reason larger quantity of plastic waste can lead to a major dispersion of this pollutant in the

environment (Xu et al., 2011; Teuten et al., 2009).

Leachate characteristics are variable (Table 3) along with its potential to degrade plastics and
their additives (Teuten et al., 2009). Thus, the leachate from anaerobic landfills tends to be
more acidic than that from semi-aerated landfills, due to the high amount of putrescible
organic during the anaerobic degradation of MSW, and a higher concentration of BOD, COD
and ammonia (Cossu et al., 2003). During the acetogenic phase, the leachate presents low pH
level and high ionic strength which inhibit the release of plasticisers (Bauer and Herrmann,
1998). Some example of leachate chemicals which can affect plastics are given in Table 4.
On the other hand, plastics have also a fundamental role as a sorbent organic matter for
hydrophobic organic contaminants (HOCs) (Saquing et al., 2010). For this reason, plastics
from landfill are likely to carry HOCs for instance toluene. Glassy or hard plastics which
have high glass-transition temperature such as PVC (T4 87 °C), are characterised by slower
desorption of HOCs than rubbery or soft polymers such as PE (T4 -78 °C) (Saquing et al.,

2010; ASM International, 2003; Yang et al., 2016).

>>>>>|nsert Table 3<<<<<<
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>>>>>|nsert Table 4<<<<<<

3. Landfill mining projects for recovering plastic waste
Although ~700 landfill mining projects have been carried out, project setup and parameters
included are not always fully detailed making difficult to compare the results of different

studies (Krook et al., 2012).

Tielemans and Laevers (2010) investigated the “Closing the circle” project for the landfill
site of Group Machiels in Belgium, studying the material distribution and energy
valorization. The samples comprise of MSW waste and IW waste excavated from REMO
landfill. The thermal valorisation was based on the process of RDF from the excavated waste
through a Gasplasma™ system. The excavated waste was classified in three fractions based
on particle size, fine fraction <4 mm, fraction between 4-10 mm and fraction >10 mm; the
fraction <10 mm represented the highest percentage, between 44-56 wt % for MSW and 64-
80 wt % for IW (Tielemans and Laevers, 2010). Plastics suitable for material valorisation
were identified in the fraction >4 mm (Tielemans and Laevers, 2010). Gasplasma™ was
identified as an appropriate technology for landfill waste to energy valorisation using RDF as

feedstock (Tielemans and Laevers, 2010).

Quaghebeur et al. (2013) characterised the excavated waste for REMO landfill in Belgium,
which maximum storage time was between 9-29 years. Chemical characteristics of the
excavated plastic following years of storage are summarised in Table 5. The waste was
manually sorted and not washed, for this reason plastic analyses were influenced by
impurities such as soil particles (Quaghebeur et al., 2013). Plastic from IW presented a higher
amount of metals than plastic from MSW (Table 5) (Quaghebeur et al., 2013). TOC of plastic
from IW and MSW was similar, and plastic degradation was found to not have a significant

effect on calorific value (Quaghebeur et al., 2013). The authors concluded that the
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thermochemical processing of recovered plastic to produce energy is a feasible alternative to
recycling because they present a good level of calorific value (18-28 MJ/Kg), and cannot
produce high-quality recycled material due to high level of contamination (Quaghebeur et al.,

2013).

Zhou et al. (2014) analysed excavated plastics from Yingchun MSW landfill in China, which
had a maximum storage of 24 years (Table 5, Table 6). The amount of plastics was larger in
the layers between 1997 and 2004 than that from the period from 1989 to 1996. The total
plastic samples were divided in white ‘PE bag’ (11.3 wt %), ‘coloured PE bag’ (29.8 wt %),
‘other plastic bag’ (28.0 wt %) and ‘other mixed plastics’ (30.9 wt %) (Zhou et al., 2014).
The presence of soil and sand impurities in plastics were high (71.0 = 6.3 wt %), especially in
the older plastics stored for longer periods (Zhou et al., 2014). The major pressure present in
the deepest layers could be a reason for resistance of impurities, embedded in plastics, even
after washing them (Zhou et al., 2014). The calorific value is not affected by the years of

storage (Quaghebeur et al., 2013; Zhou et al., 2014).

According to Zhou et al. (2014) and Quaghebeur et al. (2013) alteration of ultimate analysis
results, such as higher level of oxygen, silicon and aluminium content in excavated plastic
waste compared to fresh plastic waste (this term refers to plastic waste that has not been in
landfill), is probably related to the presence of impurities, such as soil and sand particles,

which major constituents are SiO,, Al,O3, oxynitride etc.

The recycling potential of excavated plastic waste from the Nonthaburi dumpsite in Thailand
has been analysed in two different studies (Prechthai et al., 2008; Chiemchaisri et al., 2010).
In Prechthai et al. (2008) study the excavated MSW (Table 6) samples were stored 3-5 years
and were divided in particle size ranges <25 mm, between 25-50 mm and >50 mm. 90 wt %

of the plastics were recovered from the coarse fraction (>50 mm) and 10 wt % from the
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medium particles fraction (25-50 mm) (Prechthai et al., 2008). In Chiemchaisri et al. (2010)
plastic waste was taken as well from Nonthaburi dumpsite in Thailand and the maximum
storage time was 10 years (Table 6). They divided the excavated plastics into ‘carry bags’,
‘other bags’ and ‘other plastic’. Excavated plastic was found in both studies to have the

potential to be recycled as RDF after further processing (Prechthai et al., 2008).

Wolfsberger et al. (2015) chemically analysed the plastic fraction found in two different
landfills in Austria. The maximum storage age was 20 and 30 for landfill site 1 (LF1) and
landfill site 2 (LF2) respectively. The plastic fraction from LF2 showed a higher level of lead,
cadmium, chromium, cobalt and mercury. The reason was attributed to the fact that the waste
disposed in LF2 was pre-treated in the MBT before disposal and was not related to a longer

storage time.

Bhatnagar et al. (2017) assessed the value of waste material excavated from the municipal
landfill of Kudjape in Estonia, between 2012 and 2013. The analysed waste was stored 4-8
years. The plastic waste fraction was comprised of different types of plastics and textile
because it was not possible to distinguish the synthetic textile from the natural textile. The
waste PE represented the highest profit between all the plastic waste. The authors stated that
soft plastic (e.g. PE), which represented 20 wt % of the excavated materials, has potential for
an income with a hypothetical market value of 35 €/t (Ventosa et al., 2014). Furthermore,
SRF was considered as the most marketable materials after applying a pre-treatment to

reduce the moisture content.

>>>>>|nsert Table b<<<<<<

>>>>>|nsert Table 6<<<<<<
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4. Applicability and limitation of the current recycling technologies for energy recovery

from excavated plastics

Fresh plastic waste is recovered in different ways, which can be summarised as reuse
(primary), mechanical recycling (secondary), chemical or feedstock recycling (tertiary) and
energy recovery (quaternary) (Al-Salem et al., 2009; Datta and Kopczynska, 2016). Primary
recycling involves the re-extrusion of semi-clean plastic scrap to produce similar material
(Al-Salem et al., 2009). In the secondary or mechanical recycling, the plastic waste
preferably characterised by single-polymer is processed by mechanical means to produce new
products, for example the production of polyester fibers from PET bottles (Al-Salem et al.,
2009). Tertiary recycling, or chemical and thermochemical recycling, involves the production
of feedstock from plastic waste to be used as fuel or for synthesis of petrochemicals and
plastics but for the moment there are no large-scale industrial applications (Al-Salem et al.,
2009; Mastellone, 1999). Quaternary recycling, or energy recovery, involves the production
of heat, steam and electricity from thermochemical processes, such as incineration (European

Parliament. Council of the European Union, 2008; Korai et al., 2016).

Both fresh plastic waste and excavated plastic waste need to meet certain requirements
concerning the presence of chemical elements to be applicable for recycling process
(Johansson et al., 2017). REACH (European Parliament, 2009) established a series of
restrictions on dangerous substances. For example, Cd limit in plastic products is 0.01 wt %,
phthalates, used in plastics additives such as benzyl butyl phthalate, dibutyl phthalate,
diisononyl phthalate and diisodecyl phthalate, must not exceed 0.1 wt % if plastic is going to
be used in toys and childcare articles (European Parliament, 2009). As it is summarised in
Table 5, excavated plastic waste may content Cd and other heavy metals in concentrations
that exceed the 0.01 wt % limit. This high level of impurities makes the reuse of excavated

plastics more challenging than the reuse of fresh plastic waste, and creates uncertainties on
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the profitability of the products which should conformed to industry standards (Bosmans et

al., 2014; Breyer et al., 2017; Zhou et al., 2014).

4.1. Sorting

Sorting of plastics is an important step to enhance plastic recovery and recycling, and
changes depending on the nature of feedstock, recycling method applied and product

required. Common sorting techniques of plastic waste are summarised in Table 7.

>>>>>|nsert Table 7<<<<<<

Excavated waste can be separated into different sizes and streams using a series of processes
such as screening, air separation, metal separation and wet separation (Vrancken et al., 2017).
The different types of plastic waste can be further divided with sorting methods such as
hydrophobicity method and optical technologies (Vrancken et al., 2017). The impurities
present in the excavated plastic waste can modify their properties and thus interfere with the
sorting process, especially with technique sensor based, such as NIR (near infrared). In
addition, separation based on density differences will be difficult for excavated plastics as the
presence of impurities can change their density (Zhou et al., 2014). Other techniques can be
employed in the sorting excavated plastics, such as triboelectric separation, speed accelerator,
X-ray fluorescent (XRF) spectroscopy but further research is needed to assess their

applicability on excavated plastic waste (Al-Salem et al., 2009).

4.2. Mechanical recycling

Mechanical recycling of plastic waste involves a series of processes including pretreatment:

cutting/shredding, contaminant separation, sorting, milling, washing and drying,
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agglutination, extrusion and pelletization, and quenching (Al-Salem et al., 2009; Aznar et al,
2006; SubsTech, 2013). Prior to secondary recycling, the plastics need to be sorted and

washed (Al-Salem et al., 2009).

As in the case of fresh plastic waste, mechanically-treated excavated plastic can be used as
construction materials. For example, different types of plastics such as PET, PC, PVC and PE
could be mixed with concrete, improving its ductility and reducing the risk of concrete
cracking (Saikia and de Brito, 2012; Sharma and Bansal, 2016). Nevertheless, they need to
meet the limit criteria for leaching and exposure (Johansson et al., 2017), and the typical
pollutants present in plastic waste, such as lead, cadmium, chromium and BPA, represent a
leaching risk (Saikia and de Brito, 2012). Mechanical recycling of excavated plastic waste
faces three main problems which are the uncertainties of chemical and physical condition of
excavated plastic waste, regulatory framework and marketability. In fact, the variations on
factors such as age and the environmental condition during storage do not allow to assume
that sufficient cleaning of the treated waste can be always obtained. Furthermore, there are
not univocal regulations, but they change in different countries. Moreover, for the moment
there are no incentives to buy excavated material due to uncertainties in material quality and
high cost derivate also from the treatment process which is needed to eliminate the impurities

from the products.
4.3. Energy recovery via incineration

Plastic has a high calorific value that makes it feasible to be used as an energy source through
incineration (Al-Salem et al., 2009). Nevertheless, incineration of synthetic polymers such as
PVC, PET, PS and PE, leads to the production of air pollutants such as CO,, NOx, SOx,
volatile organic compounds (VOCs), particulate-bound heavy metals, polycyclic aromatic

hydrocarbons (PAHSs), polychlorinated dibenzofurans (PCDFs) and dioxins (Al-Salem et al.,
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2009). Therefore, high-performance cleaning units are required in-situ or downstream of the
furnace to clean the flue gases at the required levels. Various technologies are applied, such
as ammonia addition to the combustion chamber, flue gas cooling, acid neutralisation,

activated carbon addition and filtration (Al-Salem et al., 2009; Yassin et al., 2005).

Plastics excavated from landfill, along with other combustibles, will contain impurities (Zhou
et al., 2014) and elevated levels of heavy metals (Rotheut and Quicker, 2017) (Table 5 and
Table 6) due to contact with soil-like fines and leachate exposure respectively. Therefore, the
use of excavated landfill materials as RDF requires consideration of the increased emissions
and utilisation of pre-treatment. Although Rotheut and Quicker (2017) concluded that
conventional flue gas systems can cope with the increased emissions, technical performance
of the existing cleaning strategies needs to be properly addressed. Consideration on the
management of air pollution control residues (APCr) is also needed. Thus, the extra cost for
the already expensive management of these hazardous residues due to the use of RDF from

landfill and the impact on the gate fees associated with such RDF must be assessed.

4.4. Chemical and thermochemical recycling

Tertiary recycling covers a series of chemical and thermochemical technologies which yield
products that can be used as fuels or feedstock for synthesis of chemicals and new plastics
(see Fig. 2). During chemical recycling, the polymer chains are broken with the aid of
decomposition agents such as diols, alcohols, and amines, at a relatively low temperature
around 200 °C (Zia et al., 2007). On the other hand, the thermochemical recycling uses
higher temperatures (300-1000 °C) and reacting atmospheres such as Hz, H>O or
stoichiometric content of O2 to produce monomers, fuels and industrial chemical precursors

(Datta and Kopczynska, 2016).

18


https://www.scopus.com/authid/detail.uri?authorId=56913271700&amp;eid=2-s2.0-85013029128
https://www.scopus.com/authid/detail.uri?authorId=6603273597&amp;eid=2-s2.0-85013029128

>>>>>|nsert Figure 2<<<<<<

Zhou et al. (2014) concluded that incineration and RDF production was the most convenient
treatment for excavated plastics based on input requirements, which in the case of pyrolysis
were identified as particle size between 1-20 mm, moisture <0.5 wt % and ash <2 wt %.
However, pyrolysis produces syngas and usable solid residue, with less NOx and SOx
emissions than incineration (Younan et al., 2016). In addition, the capital costs for pyrolysis
gas treatment is less expensive than the incineration gas treatment because it has a smaller
volume (Bosmans et al., 2013). Datta and Kopczynska (2016) recognised pyrolysis as an
adequate technology to recover high yield of monomers from fresh plastic waste especially
PS, PMMA and PTFE, when comparing tertiary recycling processes such as pyrolysis,

catalytic cracking, hydrogenation and gasification.

Bosmans et al. (2014) analysed the pyrolysis kinetics for excavated waste to identify the
optimum parameters to maximise the product yield. They used a mixture of RDF obtained
from excavated MSW and IW, with 29 and 24 years of maximum storage respectively. The
results showed that the ‘less stable plastics’ (E = 99 kJ/mol) had lower activation energy than
fresh waste, which may be related to changes of the excavated waste properties compared to
fresh waste in composition, and the catalytic effect of impurities such as metals (Bosmans et
al., 2014). Breyer et al. (2017) used excavated plastics from Mont-Saint-Guilbert landfill in
Belgium in co-pyrolysis with lubrication oils. Most plastics were categorised as LDPE (85 wt
%) while the rest (15 wt %) included PE, PP, PS and PET (Breyer et al., 2017). The plastics
presented a variety of contaminants such as wood, textile, fines and metals. The degradation
temperature increased with the mixture of plastics and oil, by maximum 20 °C, compared to

the decomposition process of individual material (Breyer et al., 2017). The authors concluded
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that the co-pyrolysis of excavated plastic with oil was feasible even from an energy point of
view; indeed, the combustion of the produced pyrolysis liquid yielded greater energy than

that consumed during its production process (Breyer et al., 2017).

Santaweesuk and Janyalertadun (2017) studied the production of fuel oil by slow thermal
pyrolysis of excavated plastic waste (PP, LDPE, HDPE and mixed plastics) from the
Warinchamrap municipal landfill, Thailand. The parameters used were temperature between
350 and 450 °C, atmospheric pressure, and retention time 4-6 hours. The gas was condensed
at 25-30 °C. The yields of liquid fuel were 80 wt %, 73 wt %, 70 wt % and 46 wt % for PP,
LDPE, HDPE and mixed plastics respectively. The pyrolysis liquid fuel was then distilled,
and it was found to be a mixture of heavy naphtha (C7-C1o), gasoline (Cs-C10) and light gas
oil (C10-C20). Higher operating temperature was found to increase the liquid and gas products.
The authors concluded that quantity and quality of the produced pyrolysis liquid fuel is

influenced by the plastics type.

The pyrolysis of plastic waste has been largely studied (Anuar Sharuddin et al., 2016)
compared with the pyrolysis of excavated plastic waste, which can benefit from the findings
of the former. The properties of pyrolysis oil from plastic waste and excavated waste are
similar to petroleum diesel oil (Miandad et al., 2016; Santaweesuk and Janyalertadun, 2017).
In most of the studies on pyrolysis of plastic waste the heating rate was between 10 and 25
°C/min (Anuar Sharuddin et al., 2016). Various sweep gases have been used in pyrolysis of
plastics; nitrogen is the most common one due to its relatively low reactivity, but also helium,
argon, ethylene, propylene and hydrogen (Anuar Sharuddin et al., 2016). Typical reactors
used for pyrolysis of plastics are fluidized bed reactors, batch reactors and screw kiln reactors
(Kumar et al., 2011). Each type of reactor allows a different heating rate which affects the
final product distribution. Thus, fluidized bed reactors allow a rapid heating and more

uniform heat distribution within the unit (Kunwar et al., 2016), and are preferred for
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enhancing the production of the liquid fraction via fast pyrolysis. However, fluidization
reactors require higher maintenance and capital cost compared to fixed bed reactors (Chen et
al., 2015). Table 8 summarises the pyrolysis types according to the heating rate, final
temperature and residence time employed. As explained above, pyrolysis product distribution
depends on the temperature used during processing. In the case of plastics, temperatures >500
°C lead to more gas formation, while liquid yield is major at a lower temperature around 450
°C (Anuar Sharuddin et al., 2016; Miandad et al., 2017). Singh and Ruj (2016) stated that at
higher heating rate the degradation is partially prevented due to shorter residence time of the
volatile products at high temperature. Residence time is therefore particularly important,
mainly when the process runs at temperatures <450 °C; at higher temperatures, its effect is
less evident (Anuar Sharuddin et al., 2016). General problems related to the properties of
plastic waste, such as the sticky behaviour of fused plastics, may compromise the reactor
performance during pyrolysis (Lopez et al., 2017). Fast pyrolysis is normally the most
appropriate operating mode to avoid this issue due to its high heat transfer rate (Lopez et al.,

2017).

>>>>>|nsert Table 8<<<<<<

Pyrolysis of fresh plastic waste has been largely studied especially using thermogravimetric
analyser (TGA) and laboratory scale reactors (Wong et al., 2016). Kunwar et al. (2016)
studied the kinetics of pyrolysis of plastics using TGA. The activation energy was found to
necessarily change according to the different number and type of bonds; for example, C-C
has lower dissociation energy than C—H and C=C, i.e. 347, 414 and 611 kJ/mole respectively
(Brydson, 1999; Kunwar et al., 2016). Sgrum et al. (2001) used differential thermogravimetric

(DTG) curves to identify the temperatures of the maximum degree of weight loss for PS, PP
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and LDPE, being 413, 456 and 472 °C respectively. Discrepancy of results obtained on the
activation energy and degradation temperature values may be present in different studies due
to the diverse methods of calculation and parameters used (Grammelis et al., 2009; Sgrum et

al., 2001).

Grammelis et al. (2009) examined the thermal stability of some thermoplastics, classifying
them from the most stable, that decomposes at high temperature, to the less stable: PC
(maximum rate 510°C) > HDPE (maximum rate 495 °C) > LDPE (maximum rate 495 °C) >
PP (maximum rate ~460 °C) > PA (maximum rate ~455 °C) > PS (maximum rate ~450 °C) >
PVC (maximum rate 320 °C and 470 °C). Furthermore, they identified the order of activation
energy, i.e. the energy required to start the pyrolysis, as follow: Exppe (445.2 kd/mol) > Erppe
(437.1 kd/mol) > Eps (414.9 kd/mol) > Epp (373.4 ki/mol) > Epc (340.7 ki/mol) > Epa (256.6

kJ/mol) (Grammelis et al., 2009).

Singh and Ruj (2016) studied the pyrolysis kinetics of fresh plastic waste through TGA
analysis and found that individual fresh plastic waste type and a simulated mixture of them
degrade between 350 and 520 °C while the mixed fresh plastic waste starts to degrade at
lower temperature 300-550 °C. No explanation for the decrease of degradation temperature

was provided by the authors.

Caballero et al. (2016) studied the pyrolysis of plastic waste from landline and mobile
phones, which comprises mostly of acrylonitrile-butadiene—styrene copolymer (ABS) and
polycarbonate (PC). Aromatics were present in very high percentage (> 90 % area of GC-MS
spectra) in the liquid product, likely due to the catalytic effect of metals such as Fe, Co, Ni,
Zn, etc. (Caballero et al., 2016). Most of the Cl and Br contained in the plastic waste was
transferred to the pyrolysis gas as HCI and HBr, which are corrosive and need to be removed

before further gas utilisation (Caballero et al., 2016). The authors concluded that valuable
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chemicals can be extracted from the pyrolysis liquid of plastic waste such as styrene, toluene,

ethyl-benzene and a-methylstyrene (Caballero et al., 2016).

Catalytic pyrolysis is a possible modification to improve the quality of the product fractions
in-situ and eliminate some pollutants. Some of the most common catalysts used in catalytic
pyrolysis of plastic waste include NZ, ZSM-5, and HZSM-5 zeolites, fluid catalytic cracking
(FCC) catalyst, Al,03, and Red Mud (Miandad et al., 2016). Although catalytic pyrolysis can
improve the product quality and reduce the required temperature, it has disadvantages such as

high cost of catalysts and the limited possibility of catalysts reuse (Miandad et al., 2016).

Studies have shown that some plastics are better feedstocks for pyrolysis processes. Among
the most common plastic waste, PS and PP have appropriate properties to be processed
through pyrolysis, such as lower thermal degradation temperature compared to other plastics
and good fuel properties (Miandad et al., 2016). On the other hand, PVC and PET are
considered not suitable for pyrolysis. PVC yields a high level of chlorine into the pyrolysis
products. PET gives rise to low liquid yields with a high level of benzoic acid in composition
(Anuar Sharuddin et al., 2016; Miandad et al., 2016). PE tends to convert into wax instead of
oil due to its long chain structures, although the utilisation of relatively higher temperature
(>500 °C) or catalysis can favour the wax cracking (Anuar Sharuddin et al., 2016; Miandad et
al., 2016). In general, plastics with high volatile matter and low ash content are preferred to
produce pyrolysis liquid (Abnisa and Wan Daud, 2014). The ash content in the excavated
plastics has been found generally higher than that in fresh plastic waste, which may decrease
the liquid yield (Zhou et al., 2013). Therefore, their use as pyrolysis feedstock requires

comprehensive assessment.
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5. Discussion on current trends and future developments

While excavated plastic waste from landfills present a great opportunity of resource recovery,
presence of impurities and contamination with trace heavy metals or corrosive compounds
(see Table 5 and 6) hampered their use in conventional energy recovery processes. Further to
this the heterogeneity of the plastic components found in landfill sites means that different
environments characterised by the structure of the landfill or dump-site, the climate in the
area and type of waste collected can influence the chemical and physical changes of the
plastic waste in landfill. Mechanical recycling of excavated waste can be a valuable recycling
route if the degree of degradation is low and the sorting step allows the separation of different
plastic types. These aspects significantly affect the quality of the products therefore their
marketability. Assessing a time limit to plastic storage in landfill can increase the feasibility
of this route. It is also important to consider that the excavated plastic waste derives from
plastics potentially produced decades ago and under less restrictive legislation on plastics
production, which differs from the current requirements, such as the new restrictions

introduced with REACH in 20009.

Incineration of excavated waste for energy recovery requires less pre-treatment and
preparation than other process such as pyrolysis (Zhou et al., 2014). However, the emissions
released, with a feedstock in the form of RDF, have been reported as being higher than the
emissions from non-landfilled wastes. Whilst these elevated emissions are not expected to
cause problems for current flue gas cleaning technologies, this requires further consideration
due to the impacts on air pollution control residues. Important barriers for incineration of
excavated plastic waste are the ash content, which has been found to be higher than 20% in
different samples analysed, and the chlorine content, which should be less than 1.5%
(Johansson et al., 2017). Effective sorting and separation of PVC can reduce the level of

chlorine.
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Upcycling of excavated plastic waste through pyrolysis has been highlighted as an alternative
option to conventional recycling or combustion. This process requires a series of pre-
treatments such as sorting, cleaning and drying. Understanding the heterogeneity of the
excavated plastic waste and different changes in the chemical and physical characteristics of
each type of excavated plastic due to the degree of degradation and variation in the levels of
contamination is crucial to address their suitability as feedstock from thermochemical
processing. The experiments on pyrolysis of excavated plastic have shown positive results
but more studies are needed to identify the most suitable parameters in relation to the

feedstock characteristics (Breyer et al., 2017; Santaweesuk and Janyalertadun, 2017).

Excavated plastic waste value can increase with an effective separation of different plastics
resins with low contamination level. Although there are some technical barriers associated
with the technologies used for the waste separation that need to be overcome to guarantee
efficient sorting, pyrolysis of excavated plastic waste offers a promising alternative that
contributes to (i) the reduction of fossil fuels for energy production, (ii) increased production

of liquid fuels and (iii) support the economic feasibility of ELFM.

. Furthermore, there is a lack of specific legislation regarding the recycling of excavated
plastic waste. However, the introduction of the ELFM concept into the EU Landfill Directive

is the first step for regulating and promoting the use of secondary raw materials from landfill.

6. Summary and conclusions

Landfills potentially contain large quantities of resources, including plastics, which have the
potential to be recycled and reintroduced into a circular economy. Pyrolysis of fresh plastic
waste has been studied previously for the potential to convert the plastic waste into valuable

building blocks which can be further used as fuels and chemical precursors. This paper has
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highlighted different aspects related to the use of excavated plastic waste and the possible

process encountered during the storage in landfills which can be summarised as follow:

e Plastics represent 5-25 wt % of the total waste in landfills. In 2014, 30 wt % of
the total plastic waste produced in Europe was disposed of in landfills;

e 80 wt % of the generated plastics is represented by thermoplastics which
include a series of resins that have different chemical and physical
characteristics. These differences lead to diverse degradation processes in the
landfill;

e Plastic waste degradation in landfills may be caused by biological activity
(e.g. microorganisms) and chemical decomposition via compounds such as
H.S (in gas and solubilised forms) and organic acids found in leachate;

e Excavated plastic waste generally presents higher level of ash, impurities and
heavy metals than fresh plastic waste. For this reason, pyrolysis is a more
viable alternative than conventional recycling and combustion;

e Separation of single-polymer plastics can improve the value of products from
recycling of excavated plastic waste;

e Contamination level and degradation of excavated plastics need to be further

studied to evaluate the production of valuable products through pyrolysis.

This review summarises key gaps in the scientific understanding of plastic degradation
pathways in landfill environments. This impacts the viability of recycling plastics recovered
from landfills using conventional methods, therefore further studies are required to enhance
scientific evidence of the feasibility of managing excavated plastics through pyrolysis

processes.
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