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Fuelled by further planet degradation concerns, the circular economy concept spreads worldwide, incorporating
the need for the closing of material loops. This can be done not only by waste prevention and recycling but also
by excavating old landfill sites. In line with this need, the Enhanced Landfill Mining concept was developed,
which covers mining of old landfills combined with material and energy recovery from the excavated material.
Site-specific investigations of excavated material are required because the way of excavated material utilisation
has to be individually tailored to the material features. In this article, the valorisation options for the excavated
waste from the old part of the landfill located in Mont-Saint-Guibert (Belgium) are preliminarily assessed. Seven
separated waste fractions were analysed regarding their thermal decomposition pattern (TGA), pyrolysis po-
tential (Py-GC/MS), and elemental composition (ICP-OES). Most of the analysed fractions are characterised by a
highly heterogeneous composition, which excludes their primary or secondary recycling. The fractions are also
characterised by high calorific value, which indicates the potential for thermochemical utilisation (i.e., pyrol-
ysis). The presence of a significant amount of heavy metals (especially Hg and Pb) and chlorine may, however,
pose a considerable risk of the contamination of pyrolysis products. It may require costly washing of the feed-
stock prior to the utilisation or cleaning of the process products prior to their use. Therefore, in order to limit

additional costs, collective pyrolysis of all fractions seems to be a feasible way of their utilisation.

1. Introduction

Unquestionably, waste generation has been an inevitable conse-
quence of economic activities over the centuries. Swift industrialisation,
urbanisation and, consequently, population growth led to the accumu-
lation of residues and their disposal in the form of landfills. Those
landfills pose a considerable risk of groundwater and soil pollution
(Hernandez Parrodi et al., 2019b), for instance, caused by asbestos
Brand and Spencer (2018) or microplastics (He et al., 2019). However,
at the time when Earth’s climate is on a slope of irreversible and
calamitous change, the action against further planet degradation is a
necessity. In response to this threat, the circular economy concept
spreads worldwide, addressing the need for waste prevention and
recycling (European Commission, 2020; Ghosh et al., 2020; Pesce et al.,
2020).

Closing of material loops by following the circular economy
approach can be done not only by recycling of pre- and post-consumer
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residues but also by mining old landfill sites (Jones et al., 2013).
Landfill mining in its early form, however, was primarily motivated by
the end of landfill’s operational life or the need of land reclamation
(Hogland et al., 2004; Johansson et al., 2012). Furthermore, the incin-
eration of excavated material was seen as the most feasible way of their
utilisation (Quaghebeur et al., 2013; Zhou et al., 2014). Nevertheless, as
a result of the progressive implementation of the circular economy
concept, the transformation of the existing landfills into the source of
secondary materials and energy have recently gained public attention
(Esguerra et al., 2019). Consequently, landfill mining evolved into the
so-called Enhanced Landfill Mining (ELFM). The ELFM includes exca-
vation of old landfills combined with the material recovery and the
subsequent formation of refuse-derived fuel (RDF) from non-recyclable
plastics, textiles, wood, and paper while fulfilling rigorous ecological
and social criteria (Jones et al., 2013).

The excavated waste features vary according to, among others, their
type (i.e., industrial, construction and demolition, hazardous, or
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municipal solid waste), landfill age or its geographical location (Kaar-
tinen et al.,, 2013; Lokahita et al., 2019; Singh and Chandel, 2019;
Ximenes et al., 2018). Despite this, some congruity between them can be
listed, such as the relatively high contents of heavy metals and low
calorific value due to the considerable content of a soil-like fraction.
Overall, however, the site-specific investigations are always essential
(Krook et al., 2012), and the technologies for the excavated material
utilisation have to be individually tailored to the material features.

Finding a feasible way to valorise the excavated material may be
arduous due to, inter alia, the aforementioned significant content of soil-
like material. This material could be used as soil fertiliser, construction
material or top-soil cover for operating landfills, although with prior
treatment reducing its biological activity and possibly its heavy metal
content (Monkare et al., 2019). (Monkare et al., 2019, 2017, 2016)
attempted to answer the question on the feasibility of the biological
treatment of such excavated soil-like material, based on available
technologies for waste and contaminated soil management. The pro-
posed solution is technically feasible, yet economically ambiguous due
to a wide range of unknowns, especially connected with the income from
treated material (i.e., its price as, for example, construction material).
This uncertainty can only be addressed individually for a particular case,
taking into account the excavated material composition, contamination
and the current social and legal context (i.e., landfill tax).

Previous investigations also concentrated on the potential valor-
isation of the excavated paper, wood, textiles (Quaghebeur et al., 2013;
Wolfsberger et al., 2015), and plastics (Zhou et al., 2014). Due to their
heterogeneous composition and high contamination level, incineration
is currently considered as the most suitable method of their utilisation.
Nonetheless, the new Circular Economy Action Plan for a cleaner and
more competitive Europe European Commission (2020) encourages the
stimulation of the circular economy by implementing several economic
instruments such as landfill and waste incineration taxes. This fuels
attention for other available waste-to-energy technologies, such as
gasification or pyrolysis.

Pyrolysis and gasification are considered as competing technologies
(Salaudeen et al., 2018). Both of them, however, offer complementary
ways of excavated waste valorisation, especially for non-recyclable and
non-compostable fractions (Ciuta et al., 2017a, 2017b). Therefore,
research on both of them is advantageous for the Enhanced Landfill
Mining (ELFM) which, as an emerging concept, faces a deficit in generic
knowledge on it as a whole and, consequently, lacks systematic under-
standing of its economic performance (Laner et al., 2019).

Several studies have been performed on excavated waste gasifica-
tion. (Agon et al., 2016) investigated plasma gasification with seven
different gasifying agents, whereas (Zaini et al., 2019, 2017) studied
kinetics and char reactivity in steam and steam/air gasification of
refuse-derived fuel (RDF) formed from excavated waste. Additionally,
(Zaini et al., 2020) studied excavated waste and biochar co-gasification
in a steam atmosphere with various waste/biochar ratios at different
temperatures. On the contrary, a thorough search of relevant literature
yielded only two articles on the excavated waste pyrolysis. (Bosmans
etal., 2014) performed a thermogravimetric analysis of excavated waste
pyrolysis, whereas (Breyer et al., 2017) studied the pyrolysis of exca-
vated plastics and used lubrication oils to produce an alternative fuel
suitable for cement kilns. The limited number and narrow scope of
previous studies on excavated waste pyrolysis show the need for more
research on this matter as identified also by (Canopoli et al., 2020,
2018).

As stated above, the way of excavated material utilisation has to be
individually tailored to the material features. Therefore, the main
objective of this investigation is the characterisation of the excavated
waste fractions individually as the preliminary assessment of their
further applications. Given the above knowledge gap on the pyrolysis of
excavated waste, this study presents an assessment of the analysed
fractions’ pyrolysis potential. For this purpose, thermogravimetric
analysis was combined with analytical pyrolysis (Py-GC/MS) to
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investigate the fractions’ thermal degradation pattern and their material
composition qualitatively. Several fractions were taken into account,
namely: two plastic fractions, wood, paper, textiles and the remaining
unclassified fraction (further referred to as the rest fraction). Addition-
ally, the analysis was extended with the determination of the fractions’
elemental compositions, including the heavy metal contents, broad-
ening the perspective on their possible application. To the best of our
knowledge, this is the first characterisation of excavated waste using Py-
GC/MS technique presented in the open literature.

2. Material and methods
2.1. Feedstock preparation

The material used within the study was excavated from the oldest
part of a landfill located in Mont-Saint-Guibert (Belgium). Approxi-
mately 5.7 million m® of construction and demolition waste, municipal
solid waste, and non-hazardous industrial waste were disposed at the
landfill between 1958 and 1985 (Greisch, 2002; Hernandez Parrodi
et al., 2019a), from which approximately 130 m® were excavated. Af-
terwards, the material was directly processed with a ballistic separator
"STT6000 Stadler Anlagenbau GmbH" with two sieves, 200 mm and 90
mm. In total, 374 tonnes of landfill waste were excavated and me-
chanically processed in September 2017. The flowchart of this process
and the photographs of the separated fractions can be found in Fig. A1-2
in the Supplementary material, and the detailed description of the
excavation and sorting process can be found in (Garcia Lopez et al.,
2019).

Initially, the excavated material was ballistically separated into three
material flows, according to their shape, density, and particle size. One
of the obtained flows (under-screen material) had a particle size < 200
mm, and it was further processed with a 90 mm sieve and divided into
three subfractions (3D 200-90 mm, 2D 200-90 mm and <90 mm). One
of them, the so-called 2D subfraction (i.e., relatively light, soft particles),
was subjected to further investigations within this study due to its
highest potential for energy use (i.e., high calorific value). This sub-
fraction was further processed by drying and manual sorting into ten
separate fractions.

2.2. Feedstock properties

The aforementioned 2D subfraction (200-90 mm) was further
investigated within this study. The feedstock was collected according to
the German guideline for physical, chemical and biological testing in
connection with the recovery/disposal of waste (LAGA PN 98). Subse-
quently, the collected sample was subjected to drying (initial moisture
content was 32 wt%), which enabled a manual sorting of the sample into
ten separate fractions, namely: 2D plastic, 3D plastic, ferrous metals, fines
(< 20 mm), inert, paper, rest, textiles and wood fraction. The feedstock
was dominated by the 2D plastic, fines and rest fractions, which repre-
sented 37wt%, 31wt% and 10wt%, respectively. The exact composition
of the 2D subfraction can be found in Table Al in the Supplementary
material. Three fractions (ferrous metals, inert and non-ferrous metals)
were excluded from this study due to their low energy potentials.

The distinguished material fractions belong to general categories and
do not have specified compositions, i.e. the wood fraction consists of all
types of wood. Similarly, all kinds of carton and cardboard can be found
in the paper fraction. The 2D plastic fraction contains primarily thin foil
and plastic bags, whereas the 3D plastic fraction is mainly made of thick
and hard plastic debris. The textiles fraction likely consists predomi-
nantly of synthetic fibres since natural materials (e.g., cotton) are more
prone to degradation (Arshad and Mujahid (2011)). The inert fraction
contains mostly ceramic and mineral fractions; so does the fines fraction
with an ash content of approx. 74 %. The remaining part of the material
(further referred to as the rest fraction) is a mixture of rubber, foam,
hazardous wastes like sanitary material, and other unidentified
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components.

The fractions were analysed in terms of their ash contents, gross
calorific values, and elemental composition. Before the analysis,
preparation of the samples was necessary to ensure their homogeneity
and, consequently, the repeatability of the results. Several types of
mills (hammer mills, disc mills and cutting mills) were used to reduce
the samples’ particle size to values below 1 mm. The gross calorific
value was determined following the CEN/TS 16023:2013 standard,
whereas the ash content was determined following the DIN 51719
standard. The samples elemental composition was determined
following several standards — C, H, N following the German DIN 51732
standard, whereas the S content was determined following the DIN
51724-1:2019-10 standard. An external laboratory (Horn&Co. Ana-
lytics GmbH, Aachen, Germany) determined the Ag, Al, As, B, Ba, Be,
Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, In, K, Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb,
Sb, Se, Si, Sn, Sr, Ta, Te, Th, Ti, V, W, Zn, Zr contents using the ICP-OES
technique, following the EN ISO 11885 standard. The laboratory also
determined the Cl content following the DIN ISO 15597 standard and
Hg content following the DIN EN ISO 12846 and DIN EN 1483
standards.

2.3. Thermogravimetric analysis

Thermogravimetric studies (STA 449 F1 Jupiter, NETZSCH) were
performed to determine the pyrolysis temperature for each analysed
fraction (2D plastic, 3D plastic, fines, paper, rest, textiles, wood). The de-
terminations were performed for the samples with the particle size
below 3 mm. The inert atmosphere was ensured by using the nitrogen
flow of 50 ml/min. The sample mass varied between 100 mg and 200
mg. The TG procedure was as follows: heating at 5 °C/min to 300 °C,
holding at 300 °C for 5 min, then heating at 10 °C/min to 850 °C, and
finally holding at 850 °C for 10 min.

2.4. Analytics pyrolysis (Py-GC/MS)

Each material fraction (2D plastic, 3D plastic, paper, rest, textiles,
wood) was analysed using a Pyrolysis-GC/MS technique (Py-GC/MS).
The fines fraction was excluded from the analysis due to its low de-
gradability. Two different degradation patterns characterise the frac-
tions. The one-step degradation is represented by the single peak in a
DTG profile and occurs for the majority of the analysed fractions (2D
plastic, paper, textile, and wood). On the contrary, the two-step degra-
dation, represented by two peaks in the DTG profile, occurred for 3D
plastic and the so-called rest fraction. For that reason, the 3D plastic and
rest fractions pyrolysis was performed at two temperatures to distinguish
the products formed at different degradation stages.

Prior to the tests, the reduction of the fractions’ particle sizes was
necessary to improve the samples’ homogeneity and, consequently, the
repeatability of the tests. The fractions were ground to the particle size
below 0.71 mm, and subsequently, the representative samples were
formed by quartering.

Pyrolysis was performed in a filament pulse pyrolyser (Pyrola®
2000, Pyrol AB) coupled with the GC/MS (Agilent 7890A/Agilent
5975C). Each sample was analysed at least five times to ensure the
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certain repeatability of the results. The DB-1701 column (30 m x 0.25
mm x 0.25 pm, Agilent) was used for the chromatographic separation.
The mass of the pyrolysed sample varied between 0.75 mg to 1.7 mg,
depending on its density. The filament heating time was 8 ms, which
ensured so-called flash pyrolysis with a rapid heating rate in the range of
12,500 to 40,625 °C/s, depending on the initial temperature of the
pyrolyser and the final pyrolysis temperature.

The pyrolysis temperatures were chosen based on the DTG degra-
dation profiles for each fraction. Thus, 500 °C was selected for all the
fractions as the temperature of the complete thermal decomposition,
and 300 °C as the second temperature of the 3D plastic and rest pyrolysis.
However, due to the variations of the filament thermal resistances and
the sample masses, the set values of the pyrolysis temperature varied by
+ 14 °C. The exact pyrolysis temperatures for each sample are shown in
Table 1.

Two temperatures of the pyrolyser chamber were used within the
study, namely 175 °C and 200 °C. An insufficient chamber temperature
may promote pyrovapours condensation before reaching the GC inter-
face, whereas a too high temperature may result in a partial decompo-
sition of the sample before its actual pyrolysis. For that reason, based on
the DTG decomposition profiles, 200 °C was chosen for the 2D plastic
fraction. However, 175 °C was selected for the 3D plastic, paper, textiles,
and wood fractions, since their decompositions start at temperatures
close to 200 °C.

According to (Gonzalez Martinez et al., 2019), the length of the
pyrolysis process has a considerable impact on the amount and type of
pyrovapours produced. Therefore, sequential pyrolysis was performed
to determine the process duration for the analysed fractions, following
the methodology reported by (Kleen et al., 2003; Selsbo et al., 1997).
The determined pyrolysis times were 6 s and 18 s at 500 °C and 300 °C,
respectively.

The GC/MS programme was adjusted individually for each sam-
ple, as it is shown in Tab. 1. The MS source and quadrupole tem-
peratures were 230 °C and 150 °C, respectively. Samples were
introduced to the GC injector at 280 °C, with a split ratio of 5:1 and
the He flow of 1 ml/min. The chromatograms were qualitatively
analysed using NIST-11 library, and subsequently, this analysis was
manually verified. The GC/MS results are shown in the form of
weight-normalised area% to enable identification of trends. The
weigh-normalisation was done by dividing the peak area by the
sample weight from each experiment.

3. Results and discussion
3.1. TG and Py-GC/MS analyses

Seven excavated waste fractions were subjected to the thermogra-
vimetric analysis. Their TG and DTG profiles are shown in Fig. 1. An
inert material (e.g., soil or ceramics) dominates in the fines fraction,
which is reflected by a small mass loss during the pyrolysis process
(Fig. 1a). Consequently, due to its low degradability, Py-GC/MS analysis
was not performed for this fraction. Fig. 2 shows the pyrovapours
composition for the analysed fractions, and Table 2 shows the main
detected compounds in the pyrovapours. The detected compounds were

Table 1
The parameters of the Py-GC/MS analysis.
Sample Tpyr,°C Ten,"C tpyr, S GC/MS programme m/z range
2D plastic 501 200 6 holding at 40°C for 2 min, heating with 3 K/min to 280°C, and holding for 20 min 45-550
3D plastic 286 175 18 32-38 for the first 2 min and then 45-550
512 6
paper 498 175 6 holding at 40°C for 2 min, heating with 5 K/min to 280°C, and holding for 3 min 31-35 for the first 2 min and then 45-500
wood 512 175 6 45-550
rest 300 200 18 holding at 45 °C for 5 min, heating with 4 K/min to 280°C 31-35 for the first 5 min and then 45-500
493 6
textile 488 175 6 holding at 45 °C for 5 min, heating with 5 K/min to 280°C 31-35 for the first 5 min and then 45-500
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Fig. 1. TG (a, c) and DTG (b, d) profiles for analysed fractions of excavated wastes under a nitrogen atmosphere.

divided into twelve main groups. The definition of these groups, along
with the list of all identified compounds, can be found in Tab. A2-9 in the
Supplementary material. Additionally, Fig. 3 presents the summary of
the TG and Py-GC/MS analyses in the form of material composition of
the analysed fractions.

3.1.1. The 2D plastic fraction

One regular peak can be observed for the 2D plastic in the tempera-
ture range of 400 to 480 °C (Fig. 1c). The one-step decomposition
pattern within a narrow temperature range coincides with the literature
data on PE (both LDPE and HDPE), PP and PET decomposition (Breyer

Fig. 2. The composition of pyrovolatiles for different excavated fractions.
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Table 2
The main components detected in the pyrovapours.

Fraction 2D plastic 3D plastic at 300°C 3D plastic at 500°C Paper
Hex-1-ene Hexacosane Styrene 4-Vinylguiacol
1,2-Dimethylcyclopentane Tetracosane Benzene Isoeugenol
Dodec-1-ene Hexadecan-1-ol Heptadec-1-ene D-Allose
Dec-1-ene Docosane Heptacosan-1-ol Vanillin
Tetradec-1-ene Squalene Toluene Guaiacol

Content altogether, 359 63.8 49.2 35.6

weight-normalised
area%

Fraction Wood Textiles Rest at 300°C Rest at 500°C
Styrene Azepan-2-one Hexadecanoic acid Cyclooctatetraene
2,6-Dimethoxyphenol 2-Methylidenepentanenitrile 2-Ethylhexan-1-ol 2,4-Dimethylhept-1-ene
2,6-Dimethoxy-4-prop-2-enylphenol Hexadecanoic acid 2,4-Diisocyanato-1-methylbenzene Levoglucosan

4-Vinylguiacol
Isoeugenol
Content altogether, 41.2 51.3
weight-normalised
area%

Benzoic acid
Cyclopentanone

1,3-Diisocyanato-2-methylbenzene Hexadecanoic acid
Octadec-9-enoic acid Benzoic acid
60.9 43.7

et al., 2017; Diaz Silvarrey and Phan, 2016; Sgrum et al., 2001).
Therefore, based on the TG results, it can be concluded that these three
types of plastics dominate in the 2D plastic fraction. However, the per-
formed Py-GC/MS analysis indicates the presence of only two of them —
PE and PP, where PE significantly dominates. Following (Bockhorn
et al., 1999; Williams and Williams, 1999) the main products of PE
pyrolysis are linear alkanes and alkenes, whereas PP pyrolysis —
usually-branched alkenes and, in the significantly smaller amount,
usually-branched alkanes. The pyrovapours from the 2D plastic pyrolysis
are characterised by a high aliphatics content in which linear alkenes
and alkanes (approx. 59% and 25% of the total weight normalised area,
respectively) dominate. Moreover, no typical PET pyrolysis products,
such as Benzoic acid, Vinyl benzoate, Monovinyl terephthalate or
Divinyl terephthalate (Brems et al., 2011; Sophonrat et al., 2017), were
detected. Consequently, the presence of PET in the 2D plastic fraction
was excluded.

A slight amount of oxygenated compounds (alcohols and aldehydes)
was detected as well (up to 6% of the total weight normalised area%).
This may be the consequence of the degradation of plastic, which leads
to the formation of hydroxyl and carbonyl groups (Canopoli et al., 2020;
Gijsman et al., 1999). Also, PP is more sensitive to oxidation (Gijsman
et al., 1999; Moldovan et al., 2012); thereby, the detected oxygenates
may origin mainly from its pyrolysis.

Summarising the above, PE and PP co-exist in the 2D plastic fraction,
and PE is the predominant component (Fig. 3).

3.1.2. The 3D plastic fraction

On the contrary to the 2D plastic, the 3D plastic fraction is charac-
terised by a two-step decomposition pattern (Fig. 1b). A small peak in
the lower temperature range (225-300 °C) followed by a main asym-
metric peak at 390-500 °C can be observed. The first degradation step
can partially be related to PVC decomposition, which occurs at
200-380 °C (Park et al., 2012; Sgrum et al., 2001). Furthermore, the
asymmetry of the second (main) peak indicates an overlapping of the
decomposition of different plastic, namely PE, PP, PET, but also PS,
which decomposes at 380-400 °C (Breyer et al., 2017; Sgrum et al.,
2001). To sum up, the TG results show that the 3D plastic fraction is
characterised by a more heterogeneous composition than the 2D
plastic. Specifically, PVC, PE, PP, PET and PS may be found in this
fraction.

Indeed, the Py-GC/MS results confirmed the presence of PVC in the
3D plastic fraction. According to (Yu et al., 2016) PVC decomposes
stepwise with a dehydrochlorination at low temperatures (around
300°C) followed by a cracking and decomposition of the remaining
part at higher temperatures. The results show that the formation of
HCl was detected (Fig. 3). Chlorobenzenes, the main chlorinated

hydrocarbons from PVS pyrolysis (Bhaskar et al., 2006; Yu et al.,
2016), were detected at 300 °C as well. At 500 °C, moreover, a high
amount of Benzene was detected (approx. 17% of the total
weight-normalised area — Table 2), which is considered to be the main
product of PVC pyrolysis at higher temperatures (Bhaskar et al., 2006;
Yu et al., 2016).

An abundance of aliphatics was detected at 300 °C (Fig. 2), of
which the majority consisted of linear C;g-2g alkanes (approx. 66% of
the total weight-normalised area). This indicates that a partial PE
decomposition occurred, which likely was accelerated by interactions
with other plastics in the fraction (Singh et al., 2020; Williams and
Williams, 1999). The linear alkanes are followed by alcohols (approx.
14% of the total weight-normalised area) and branched alkenes
(approx. 9% of the total weight-normalised area). As mentioned
before, branched alkenes and oxygenates are usually products of a PP
decomposition since it is more prone to degradate than PE (Gijsman
et al., 1999; Moldovan et al., 2012). Therefore, the detection of these
compounds indicates that PP is present in larger amounts in the 3D
plastic compared to the 2D plastic.

An intensive PS decomposition can also be seen at 500°C, when the
content of its main pyrolysis product, styrene, significantly increases
(approx. 19% of the total weight-normalised area — Table 2). On the
contrary, no common PET pyrolysis products were detected (Benzoic
acid, Vinyl benzoate or Mono- and Divinyl terephthalate (Brems et al.,
2011; Sophonrat et al., 2017)). Therefore, its presence in the analysed
fraction was excluded, as in the case of the 2D plastic.

Given the above, it can be concluded that the PVC, PE, PP and PS are
present in the 3D plastic fraction, whereas the presence of PET was
excluded (Fig. 3).

3.1.3. The paper and wood fractions

The wood and paper decomposition follows nearly the same pattern
(Fig. 1lc-d) - two merged peaks can be observed in the range of
280-480 °C with the local maxima at 300 °C and 335 °C. This coincides
with the available literature data, where the lignocellulosic biomass
decomposes in the temperature range of 230-400 °C with two maxima
at 291 °C and 330 °C (Ratnasari et al., 2019). Those two merged peaks
can be attributed to the holocellulose decomposition (Sgrum et al.,
2001). Moreover, a flat peak tailing above 350 °C can be observed as
well, which may be related to the lignin decomposition (Sgrum et al.,
2001).

The high content of phenols in the pyrovapours (Fig. 2), derived
mainly from lignin (Jagodzinska et al., 2019a), indicates an extensive
lignin degradation. This may be related to the high degradation degree
of lignin (Mattonai et al., 2019), which depletes its thermal stability.
Moreover, a low content of the primary holocellulose pyrolysis products
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was detected (sugars, anhydrosugars, Levoglucosan and Levoglucose-
none, marked in Fig. 2 as Other). Those compound are considered to be
abundant during the holocellulose degradation process as well (Fazio
et al.,, 2020; Mattonai et al., 2017). This may indicate a significant
degradation degree of holocellulose, which leads to the formation of
lower-mass molecules.

In addition, a considerable amount of styrene was detected in the
products of the wood pyrolysis (approx. 15% of the total weight-
normalised area — Table 2), which suggests that PS is present in the
fraction and that it also may contribute to the aforementioned peak
tailing at higher temperatures. On the contrary, no styrene was detected
among pyrovapours from the paper fraction. However, the paper pyrol-
ysis results in the H,S formation (Fig. 3).

Given the above, it may be concluded that the wood and paper frac-
tions are characterised by a high degradation degree and that they may
be contaminated by, for instance, PS (Fig. 3).

3.1.4. The textiles fraction

The textiles fraction decomposes in one step in the temperature range
of 300 to 470 °C (Fig. 1a-b). The temperature range is in agreement with
available literature data, for instance, for acrylic textile fabric waste
(Nahil and Williams (2010)) or commingled waste textile fibre (Bal-
cik-Canbolat et al., 2017). On the contrary to the analysed fraction, these
two studies indicate that the textile waste decomposition took place in
two steps. Therefore, it can be concluded that the textiles’ decomposition
pattern in the form of one broad peak is a consequence of the over-
lapping of several different peaks and possible interactions of com-
pounds within the fraction. As an example of merging the peaks in the
case of textiles mixtures, (Miranda et al., 2007) show three-step
decomposition pattern for used cotton fabrics, whereas (Yousef et al.,
2019) show the two-stage decomposition of waste jeans being a mixture
of cotton and polyester.

The combined decomposition pattern suggests that this fraction has
a heterogenic composition. Specifically, the Py-GC/MS analysis in-
dicates the presence of several materials in the fraction. The main
detected compound is Caprolactam (approx. 15% of the total weight-
normalised area — Table 2), which is the key product of Nylon 6 py-
rolysis (Lehrle et al., 2000). Moreover, the high content of nitriles
(Fig. 2), especially mononitriles, indicates the presence of other
polyamides such as Nylon 12 (Ohtani et al., 1982; Wu et al., 2013). No
sulphur-containing compounds were detected among the pyrovapours
except for HyS (Fig. 3).

A slight content of Levoglucosan, which is the primary product of
cellulose pyrolysis, was detected in the fraction as well. This suggests
that cellulose-fibres, like, e.g. linen, viscose or cotton, are present in the
sample despite the long time the materials have been buried in the
ground. The relatively high content of oxygenated compounds (ketones
and acids) confirms their presence as well (Zhu et al., 2004). Addi-
tionally, the relatively high contents of fatty acids (approx. 15% of the
total weight-normalised area — Table 2.) may also indicate the presence
of wool (Asperger et al., 1999; Sabatini et al., 2018).

Summarising the above, the textiles fraction is composed of both
synthetic (polyamides like Nylon 6 and 12) and natural fibres (cellulose-
fibres like linen, viscose, cotton or wool) (Fig. 3).

3.1.5. The rest fraction

Visually, the so-called rest fraction consists of rubber, foam,
and other unidentified compounds. It decomposes in two steps at
225-310 °C and 310-480 °C (Fig. 1lc-d). A slight mass loss
occurs around 615-700 °C (Fig. 1c-d) and can be attributed to the
decomposition of impurities of the sample. This can, for instance, be
CaCOgs, which decompose at higher temperatures (Garrido and Font,
2015).

The aforementioned two decomposition steps can partially be related
to the rubber content. (Chen and Qian, 2003; Kan et al., 2017; Wang
et al., 2014) studied waste black rubber pyrolysis and indicated three
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main stages of its thermal decomposition. The first stage (200-350 °C)
was connected to the pyrolysis of oils, plasticisers and other additives,
followed by the decomposition of natural (NR) and styrene-butadiene
rubber (SBR) at 350-450 °C. Finally, the third stage was the butadiene
rubber (BR) decomposition at 400-500 °C.

No styrene and styrene derivatives were detected in the Py-GC/MS
experiments. Therefore, the presence of SBR in the sample was
excluded. However, the Py-GC/MS results indicated the presence of
thiophenes and thiazoles, which are considered to be typical pyrol-
ysis products of sulphur cross-linked rubbers Kaminsky and Men-
nerich, 2001). The derivative of the commonly used vulcanising
agent, benzothiazole, was also detected among the pyrovapours at
300 °C (Choi et al., 2014). This suggests that natural rubber is present
in the fraction since it is characterised by lower thermal stability than
BR, which also has been depleted because of ageing. At 500 °C, on the
contrary, Benzenitrile was detected. This can be used to identify a
nitrile-butadiene rubber (NBR) presence in the sample Fuh and Wang
(1998). A relatively high thermal stability characterises NBR, despite
the ageing (Liu et al., 2016), thereby is likely to decompose at higher
temperatures than natural rubber.

The abundance of Cyclooctatetraene at 500 °C (Table 2) may be
related either to plastic fraction content (Park et al., 2012) or rubber
pyrolysis, since cycloaliphatics are often found among rubber pyrolysis
products as a result of Diels-Alder reactions (Kaminsky and Mennerich,
2001; Kan et al., 2017).

The rest’s decomposition steps are also related to the decomposition
of foam-like materials — the first step can be seen at lower temperatures,
whereas the second step is overlapping with the rubber decomposition.
(Font et al., 2001) investigated pyrolysis of pure polyurethane foam and
determined the temperature range of 250-350 °C as its primary
decomposition step. On the other hand, (Jiao et al., 2013) studied rigid
polyurethane (PU) foam (building insulation) pyrolysis, which decom-
posed at 220-400 °C with a tailing pronounced shoulder until 600 °C,
whereas (Garrido and Font, 2015) studied the pyrolysis of the waste
mattresses. They found that the waste mattresses decomposed at
225-325 °C and 350-450 °C. Those temperature ranges may suggest
that the rest fractions consist not only of pure PU but also of other types
of foam-materials.

Indeed, the presence of polyurethane foam (PU) in the rest fraction
was detected by Py-GC/MS. As mentioned before, PU decomposes in
two steps. The first step occurs at lower temperatures (200-325 °C)
and results in the formation of isocyanate derivatives (Garrido and
Font, 2015; La Nasa et al., 2018). The abundance of two isocyanates,
namely 2,4-Diisocyanato-1-methylbenzene and its rearranged mole-
cule 1,3-Diisocyanato-2-methylbenzene, was detected at 300 °C
(Table 2). Moreover, the formation of hydrazine (Fig. 3), used in
chemical foaming agents, additionally confirms that PU is present in
the sample. Furthermore, PU decomposition results in the formation of
aliphatic alcohols with branched chains as well as benzene alkyls,
mainly at higher temperatures. Indeed 2-Ethylhexan-1-ol was detected
at temperatures of 300 °C and 500 °C (Tab. 2), whereas Toluene,
xXylene and Ethylbenzene were detected at 500 °C. This confirms the
presence of PU in the rest fraction.

The high acids content at 300 °C and phenols content at 500 °C
(Fig. 2), combined with detection of anhydrosugars, Levoglucosenone
and Levoglucosan, suggest the presence of lignocellulosic materials in
the fraction (Jagodzinska et al., 2019b).

To sum up, the rest fraction consists predominantly of polyurethane
foam, different types of rubber (e.g., natural and nitrile-butadiene rub-
ber), and lignocellulosic materials (Fig. 3).

3.2. Calorific value, proximate and elemental analysis
Seven excavated waste fractions (2D plastic, 3D plastic, paper, rest,

textile, wood, fines (<20 mm)) were subjected to the proximate and
elemental analysis along with the determination of their gross calorific
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Fig. 3. The material composition of the analysed fractions.

values (Fig. 4-5). The exact values are shown in Tab. A10-11 in the
Supplementary material. In general, the results show high contamina-
tion of the analysed fractions with heavy metals (a significant content of
Hg is especially noticeable) and other impurities (i.e., soil-like material
or small Cu particles), which has its reflection in their high ash content.
Moreover, the chlorine and sulphur contents in the fractions are higher
than that of fresh waste (Sieradzka et al., 2020), but similar to the results
for other excavated waste (Kaartinen et al., 2013; Quaghebeur et al.,
2013; Zhou et al., 2014).

A high calorific value characterises the 2D plastic and 3D plastic
fractions (Fig. 4b), yet still, it is lower than that of raw plastics
(Panda et al., 2010). The decrease in calorific value is related to the
elevated ash content in the 2D plastic fraction, due to the impurities
attached to the surface of the particles and the high chlorine content
in the 3D plastic fraction (Fig. 4a). Notwithstanding that, the ana-
lysed fractions have higher calorific values than most of other
excavated plastics reported elsewhere (Quaghebeur et al., 2013;
Wolfsberger et al., 2015) except for (Zhou et al., 2014) who noted
almost no decrease of the calorific value of plastics excavated from
the Yingchun landfill in China in comparison to fresh plastic waste.
The analysed plastic fractions are also characterised by lower Ba, Cd,
Cr, Cu (2D plastic), Ni, Pb, and Zn contents, and a significantly higher
Hg content, comparing to the studies of (Prechthai et al., 2008;
Quaghebeur et al., 2013; Wolfsberger et al., 2015) (Fig. 5b-d). The
high content of Hg may be related to the small particles of batteries,

thermometers or bulbs adhered to the soft surface of plastics sub-
jected to the mechanical stress from upper layers. The 3D plastic
fraction is also characterised by considerable contents of Sb and Cu
(Fig. 4b and d), likely related to the presence of flame retardants and
copper wire remaining in the pieces of cable insulation manually
classified to the plastic fraction. Moreover, the high chlorine content
in this fraction confirms the findings of the TG and Py-GC/MS ana-
lyses indicating a considerable amount of PVC among the 3D plastic
(Fig. 3). On the contrary, the 2D plastic fraction is characterised by
high contents of Al, Ca, Fe and Si (Fig. 5a), which is a direct
consequence of its contamination with soil-like impurities, which
is also reflected by the aforementioned high ash content in this
fraction.

The relatively high calorific values of the paper and wood fractions
(Fig. 4a) coincide with the findings of (Wolfsberger et al., 2015).
However, the paper contains smaller amounts of Ba, Cr, Cu, Ni, Pb
and Zn, and the wood contains lower amounts of Cr and Ni than re-
ported by (Quaghebeur et al., 2013; Wolfsberger et al., 2015)
(Fig. 4b-d). Despite the apparent lower contamination of those
fractions, they contain an extensive amount of Hg (Fig. 4d), which
drags them into a potentially hazardous waste group. Especially the
wood fraction has the highest Hg content among all of the analysed
fractions (17.2 + 5.2 mg/kg).

The significant ash content characterises the textiles fraction
resulting in its relatively low calorific value (Fig. 4a-b). Its high
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Fig. 4. The results of proximate and elemental analysis of the analysed frac-
tions (a) as well as their gross calorific value in a dry state (b).

contents of Al, Ca, Fe, and Si reflect the presence of soil-like material in
the textiles fraction (Fig. 5a). Moreover, the content of Cr, Hg and Pb
exceeds that reported by (Wolfsberger et al., 2015), whereas the V and
Sb contents exceed that of refuse-derived fuel considered as being rich
in those elements (Jagodzinska et al., 2019¢). This indicates a high
contamination level of this fraction. Similarly, the rest fraction is not
only characterised by high contents of Cr, Hg, Pb and Sb but also by
high contents of Zn and Cl, which indicates its high contamination as
well. Furthermore, the high content of nitrogen characterises both of
those fractions (Fig. 4a), which coincides with the TG and Py-GC/MS
results on great content of polyamides (the textiles) and PU (the rest)
in those fractions (Fig. 3).

As mentioned before, the fines fraction contains mostly soil-like
material, thereby having a high ash content and, consequently, low
calorific value (Fig. 4a-b). This fraction also contains an excessive
amount of Cd, Hg and Pb (Fig. 5c-d) in comparison to values reported in
(Parrodi et al., 2020, 2018; Wolfsberger et al., 2015). The elevated Cd
and Pb contents may be related to glass particles present in the fraction,
since Cd and Pb were used as colourants and decorative agents for glass
(Parrodi et al., 2020). The high Hg content may be related to the
aforementioned small particles of bulbs, thermometers and batteries
present in the fraction.

Summarising the above, all of the analysed fractions contain un-
desirable compounds both with respect to material or energy re-
coveries. Therefore, the following section discusses the possible ways
of their utilisation, taking into account the aggregate data obtained
hitherto.
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Fig. 5. The results of ICP analysis of the analysed fractions.
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3.3. Discussion on the potential utilisation of the excavated waste
fractions

Based on the outcomes of the above characterisation of individual
fractions, their possible further applications have been preliminarily
assessed.

There are three main ways of waste recycling, namely primary,
secondary and tertiary recycling. Primary recycling assumes the pro-
duction of a new product from waste without or with a slight quality
loss, whereas secondary recycling assumes the production of lower-
quality goods from waste (i.e., piping or packaging materials produced
from waste plastics). However, primary and secondary recycling is
rather inaccessible for the majority of analysed fractions due to their
highly heterogeneous compositions (3D plastic, textile, rest in Fig. 3) and
contamination with inert materials (paper, rest, textiles, wood in Fig. 4a).
Moreover, all of those fractions contain a considerable amount of haz-
ardous heavy metals, especially Hg and Pb (Fig. 5c¢-d). Only, the 2D
plastic fraction is characterised by a relatively homogenous composition;
however, its quality is not sufficient for the primary recycling due to its
degradation manifested by the presence of oxygenated compounds
among its pyrolysis products (Fig. 2). Furthermore, the 2D plastic frac-
tion is characterised by high ash and heavy metals content (Fig. 4-5),
exceeding the limit for, for instance, material which can be used in
packaging, according to European Parliament and Council Directive 94/
62/EC. The washing step, however, may reduce heavy metals content
significantly (Parrodi et al., 2018); therefore, secondary recycling seems
applicable for this fraction, yet demands more extensive analysis.

Given the above obstacles related to primary and secondary recy-
cling of excavated waste fractions, tertiary recycling seems to be the
most appropriate route of energy and material recovery from those
waste. Indeed, the analysed fractions are characterised by a relatively
high calorific value, which indicates the feasibility of their waste-to-
energy application. However, none of them met the requirements set
for solid-recovered fuel in the EN 15359:2012 standard owing to their
high Hg content (Fig. 5d), and, in the case of the 3D plastics and the rest
fractions, also their high Cl content (Fig. 4a). In countries which envi-
ronmental legislation includes limits for the content of other heavy
metals, such as Austria (Parrodi et al., 2020), all of the analysed frac-
tions exceed the limits set for Cd and Pb content. Therefore, they would
need to be subjected to a washing process prior to its incineration to
remove contaminants, which makes the feasibility of this process
uncertain.

Pyrolysis can constitute a valorisation route alternative to incinera-
tion. The obtained aliphatic compounds from the 2D plastic pyrolysis
(Fig. 2) are not of commercial interest, but they have a high potential for
selective pyrolysis (Lopez et al., 2017) or catalytic upgrading to fuel or
high-quality syngas (Barbarias et al., 2016; Erkiaga et al., 2015).
Therefore, pyrolysis of this fraction seems to be a feasible way of its
valorisation. On the contrary, the 3D plastic pyrolysis is connected with
increased corrosiveness of the process products, due to the extensive
formation of HCI (Fig. 3) and the presence of chlorine-containing com-
pounds among condensable volatiles. Therefore, either cleaning of the
produced pyrogas or stepwise pyrolysis would be needed (Sophonrat
et al., 2019). The stepwise pyrolysis enables the separation of the ma-
jority of undesirable components, which are produced at a lower tem-
perature (300 °C), before catalytically upgrading the pyrolysis products
formed at a higher temperature (500 °C). However, both the pyrogas
cleaning or the stepwise pyrolysis, demands higher operational and in-
vestments costs. These factors reduce the feasibility of the proposed
solution.

The paper and textiles pyrolysis results in the formation of H,S (Fig. 3)
and, in the case of the textiles, also chlorine-containing condensable
volatiles. This downgrades the quality of the process products and in-
creases their corrosiveness. Similarly, the pyrolysis of the rest fraction is
connected to the formation of toxic hydrazine (Fig. 3) and sulphur-
containing condensable compounds, whereas the wood pyrolysis is
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related to releasing high amounts of gaseous Hg. Therefore, cleaning of
the produced pyrogas would be necessary before its further utilisation.

The fines contain more nutrients (K, Na and P) than the other ana-
lysed fractions; however, still, their content is not sufficient for using it
as compost (Prechthai et al., 2008). Moreover, its contamination with
Cd, Pb and Hg may cause its toxicity when used as compost or in other
environmental utilisations (Fig. 5c-d). On the other hand, the fines may
constitute a source of rare metals, including Ba, Cr, Co, Li, Ni, Mn, Sb, Ti
and V (Gutiérrez-Gutiérrez et al., 2015; Kamura et al., 2019). However,
the relatively low content of the listed metals in the fines excludes
feasibility of urban mining in this case. The fines could also be utilised as
a construction material according to the Flemish VLAREA guidance for
the use of waste as construction materials (Quaghebeur et al., 2013).
However, to fully assess their potential, the leachability tests would be
necessary to investigate the mobility of heavy metals.

To sum up, finding a suitable valorisation way for all of the analysed
fractions is challenging. For most of the analysed fractions, material
recovery is impossible due to their heterogeneous composition and high
content of different types of impurities (among others soil-like material
and heavy metals). Nonetheless, they are characterised by a high calo-
rific value, which advocates for their energy use. Selective or catalytic
pyrolysis seems to be a feasible way of the 2D plastic fraction valorisation
due to its relatively homogenous composition. On the contrary, pyrolysis
of other analysed fractions is connected with numerous technical com-
plications related to the presence of corrosive and toxic compounds
among produced pyrovapours which hinders the process feasibility.
Therefore, two directions could be taken in future research. First of them
is the production of valuable chemicals, fuel or syngas from the 2D
plastic fraction. Second of them is the maximisation of the rate of all
fractions utilisation by their collective pyrolysis, which would also result
in the reduction of sorting costs by avoiding an extra separation step.

4. Conclusions

First of all, seven fractions of the excavated material (two plastic
fractions, wood, paper, textiles and the remaining unclassified fraction
referred to as the rest fraction) were characterised in terms of their
material and elemental composition. Afterwards, their possible uti-
lisation was discussed. Overall, the main findings of the study can be
summarised as follows:

1 A highly heterogeneous composition characterises most of the ana-
lysed fractions - the 3D plastic fraction contains different types of
plastics (PVC, PE, PP, PS), the textiles fraction consist of both syn-
thetic and natural textiles, whereas the rest fraction predominantly
contains polyurethane foam and different types of rubber. The
exception of this is the 2D plastic fraction consisting mainly of PE;
therefore, the secondary recycling of this fraction seems applicable.

2 The fines fraction contains considerable amounts of heavy metals
which hinters its using as compost or in other environmental uti-
lisations. However, it might be used as a construction material;
therefore, investigation of the heavy metals leachability from the
fines fraction would be necessary.

3 The analysed fractions are characterised by high calorific values, but
contain high amounts of heavy metals (especially Hg) and Cl, which
may demand pre-treatment (i.e., washing) prior to their incineration
and may potentially result in the unprofitability of their incineration.

4 Pyrolysis seems to be a feasible way of utilising the fractions
although for most of them it is connected with some technical
complications (i.e., the presence of toxic and corrosive compounds
among formed pyrovapours may require cleaning prior to their use).

Given the above, further research following three paths shall be
considered: I - a feasibility study of secondary recycling of the 2D plastic
fraction and using the fines as construction material, II — further research
on selective or catalytic pyrolysis of the 2D plastic fraction individually,
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and III - further research on the pyrolysis of all analysed fractions
collectively.
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