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KURZFASSUNG

Herkunft, Verteilung und Verbleib von Schadstoffen und Aschebestandteilen in
Abfillen fur SRF Herstellung und Co-Processing

Bei der Herstellung verschiedenster Produkte und Konsumglter kommen haufig Rohstoffe
bzw. chemische Verbindungen zum Einsatz, die anorganische Schadstoffe wie Schwermetalle
und Metalloide enthalten. Wenn diese Produkte das Ende ihres Lebenszyklus erreicht haben
und entsorgt werden, kdnnen die enthaltenen Schadstoffe fir viele Abfallbehandlungswege
aufgrund existierender Grenzwerte, Richtwerte oder Qualitdtsanforderungen ein Problem
darstellen. Das betrifft auch Ersatzbrennstoffe (refuse-derived fuels; RDF) und deren Einsatz
in der Zementindustrie (Co-Processing), der international zunehmend an Bedeutung gewinnt.
In vielen Landern werden aus festen, nicht gefahrlichen Abféllen auch qualitdtsgesicherte
Ersatzbrennstoffe (solid recovered fuels; SRF) hergestellt. SRF Hersteller missen dabei ggf.
MafRnahmen ergreifen, um die Einhaltung der Vorgaben sicherzustellen, z.B. zur Verringerung
der Konzentration bestimmter Schadstoffe. Dies erfordert jedoch Wissen Uber Abfallfraktionen,
Materialien oder Produkte, die grélkere Mengen der relevanten chemischen Elemente
enthalten. Neben Schadstoffen spielt beim Co-Processing von SRF und anderen RDF auch
eine weitere Gruppe von Elementen eine wichtige Rolle, ndmlich Aschebestandteile, da diese
in den Zementklinker eingebunden und somit aus technischer Sicht stofflich verwertet werden.

Diese Dissertation befasst sich in drei verschiedenen Bereichen mit Schadstoffen und/oder
Aschebestandteilen: Herkunft, Verteilung & Entfernung sowie Verbleib. Auf Basis von
Literaturdaten wurden Schadstofftrager identifiziert und das Vorkommen von aschebildenden
Elementen in Abfallfraktionen erértert. Anhand praktischer Versuche wurden die Verteilung
chemischer Elemente, Moéglichkeiten zur Entfernung von Schadstofftragern sowie der Effekt
solcher MalRnahmen auf die SRF Qualitat untersucht. Dabei wurden auch die bisher wenig
erforschten Feinfraktionen chemisch und mineralogisch charakterisiert. Hinsichtlich des
Verbleibs liegt der Fokus der Arbeit auf Aschebestandteilen und der Bestimmung des stofflich
verwertbaren Anteils von SRF beim Co-Processing (R-Index) sowie der Identifizierung jener
Material- bzw. Abfallfraktionen, die am meisten zum R-Index beitragen. Darauf basierend wird
der potentielle Beitrag der Zementindustrie zur Erreichung der europaischen Recyclingziele
berechnet und die Rolle der Zementindustrie in einer modernen Kreislaufwirtschaft diskutiert.

Die Ergebnisse zeigen, dass die Entfernung der Feinfraktion die Schadstoffkonzentrationen
im Abfallstrom signifikant verringern kann, insbesondere in Kombination mit der Entfernung
von PVC mit Nahinfrarot (NIR) Sortierern. Allerdings enthalten die Feinfraktionen auch den
grofiten Anteil an wertvollen Aschebestandteilen flir die Zementindustrie. Diese kdnnen nicht
stofflich verwertet werden, wenn die Feinfraktion bei der SRF-Herstellung aus dem Abfallstrom
entfernt wird. Dadurch kommt es zu einem Interessenkonflikt zwischen Ressourcenschonung
und Umweltschutz. Die Analyse konventioneller SRF zeigte, dass 13 bis 18 Masse-% der SRF
beim Co-Processing als stofflich verwertet angesehen werden kénnen. In einer modernen
Kreislaufwirtschaft kann die Zementindustrie daher eine attraktive erganzende
Recyclingoption darstellen, die Mischfraktionen oder Sortierreste aus etablierten
Recyclingprozessen nicht nur thermisch, sondern auch stofflich verwerten kann.



ABSTRACT

Origins, Distribution, and Fate of Contaminants and Ash Constituents in Waste
for SRF Production and Co-Processing

Raw materials or chemical compounds containing inorganic contaminants such as heavy
metals or metalloids are frequently applied for the industrial production of various goods and
consumer products. When these products are discarded at the end of their life cycle, the
contained contaminants may pose a problem to various waste treatment options because of
existing limit values, guidance values, or quality requirements. This also applies to the co-
processing of refuse-derived fuels (RDF) in the cement industry, which is increasingly
attractive throughout the world. In several countries, mixed solid wastes are frequently
processed to solid recovered fuels (SRF), a quality-assured subgroup of RDF solely produced
from non-hazardous solid wastes. SRF producers may need to take measures to ensure that
the requirements are met, including measures to decrease contaminant concentrations in SRF.
However, this requires prior knowledge of the waste fractions, materials, or products that may
contain large amounts of these elements. Besides contaminants, another group of chemical
elements plays an essential role in the co-processing of SRF and other RDF, namely ash
constituents, which are incorporated into the cement clinker and are, therefore, from a
technical perspective, recycled on a material level.

This Doctoral Thesis focuses on three different domains concerning contaminants and/or ash
constituents: origins, distribution & removal, and fate. An extensive literature review was
conducted to identify contaminant carriers and to discuss the occurrence of ash-forming
elements in waste fractions. The element distribution, removal options for contaminant carriers
and effects on SRF quality were investigated by practical experiments. Special attention was
paid to chemically and mineralogically characterizing the fine fractions, which have hardly been
investigated before. Concerning the fate of elements, this Thesis focused on ash constituents
and determining the material-recyclable share of SRF (R-index) during co-processing, as well
as identifying those material or waste fractions that contribute most to the R-index.
Consequently, the potential contribution of the cement industry towards reaching European
recycling targets was estimated, and the role of the cement industry in a modern circular
economy was assessed.

The obtained results show that removing the fine fraction can significantly decrease
contaminant concentrations in the treated waste stream, especially in combination with near-
infrared (NIR) sorters removing PVC. However, the fine fractions also contain the largest share
of valuable ash constituents for the cement industry. These materials would be prevented from
being recycled when the fraction is removed from the waste during SRF production. This leads
to a conflict of interest between resource utilization/conservation and environmental protection.
Analyses of conventional SRF showed that 13 to 18 mass-% of the SRF may be considered
as recycled on a material level in the cement industry. Therefore, in a modern circular
economy, the cement industry may represent an attractive complementary recycling option,
offering the material recycling of mixed fractions or sorting residues from established recycling
processes in addition to their thermal recovery.
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Chapter 1 - Introduction 1

1 INTRODUCTION

Every year the world generates approximately 2 billion tonnes (2.01 billion tonnes in year 2016,
Kaza et al. (2018)) of municipal solid waste (MSW) from residential, commercial, and
institutional sources. This amount is expected to rise to 3.4 billion tonnes by 2050 (Kaza et al.,
2018). These numbers emphasize the importance of the principle that waste shall be treated
in a way that minimizes its effect on the environment and enables the highest possible waste
valorization (i.e., reuse, recycling, or recovery, cf. Kabongo (2013), Arancon et al. (2013)). This
principle is also reflected by the EU waste hierarchy (EC, 2018, 2008a) (Figure 1).

Most preferable

Prevention
Preparing for reuse

Recycling

Least preferable

Figure 1: Waste hierarchy as defined in the EU waste framework directive (EC, 2018, 2008a).

According to the EU waste hierarchy defined in Directive 2008/98/EC on waste and repealing
certain Directives (waste framework directive) (EC, 2008a) as well as Directive 2018/851
amending Directive 2008/98/EC on waste (EC, 2018), preventing waste is the most preferable
option, which implies taking measures before an object even becomes waste. The next
favorable option is to prepare waste products or product components for their reuse. Recycling
comprises reprocessing materials into substances, materials, or products. However, it does
not include reprocessing into fuels. The production of fuels and subsequent energy recovery
is included in the category “recovery”, which includes processes where waste replaces other
materials (R operations, listed in Annex Il of directive 2008/98/EC). By definition, recovery
includes the use of waste as a fuel or other means for energy generation, including incineration
facilities if an energy efficiency of = 0.60 (for installations permitted before January 1, 2009) or
= 0.65 (for installations permitted after December 31, 2008) is achieved. Incineration facilities
with lower energy efficiencies are considered disposal facilities. Disposal includes operations
that are not recovery (D operations, outlined in Annex | of directive 2008/98/EC), even if
substances or energy are reclaimed as a secondary consequence (EC, 2008a).

While most MSW generated worldwide is currently disposed or dumped in landfills, a trend of
increased recycling and composting is observable on a global level. Generally, the amount of
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Chapter 1 - Introduction 2

recyclable material, especially plastics, is growing with increasing income levels (Kaza et al.,
2018). However, not every material in waste can be recycled due to various reasons, including
being mixed with other materials, being soiled or contaminated, or not being present in
amounts large enough to make recycling economically viable (Pomberger, 2020).
Consequently, in upper-middle-income countries, waste-to-energy incineration is increasing
(Kaza et al., 2018).

The European Union, specifically Directive 2010/75/EU on industrial emissions (EC, 2010),
strictly distinguishes between “waste incineration plants” and “waste co-incineration plants”.
While a waste incineration plant is “dedicated to the thermal treatment of waste, with or without
recovery of the combustion heat generated (...)” (EC, 2010), a waste co-incineration plant is a
“technical unit whose main purpose is the generation of energy or production of material
products and which uses waste as a reqular or additional fuel or in which waste is thermally
treated for the purpose of disposal (...)” (EC, 2010). One option for waste co-incineration that
has become increasingly popular in the past decades is the utilization of refuse-derived fuels
(RDF) in the cement industry to substitute fossil fuels. The thermal substitution rate (TSR)
expresses the degree of substitution, i.e., the percentage of thermal energy demand covered
by alternative fuels and biomass. Figure 2 illustrates the development of the TSR in different
countries, the EU-28, and worldwide. While the TSR is continually increasing on a global scale,
the highest overall TSR is achieved by the Austrian cement industry (GCCA, 2021).

80 —
70 —

60 —

EU28; 47.67%

TSR [%]

UK; 43.52%

Spain; 29.90%

— - - = v v = v -

2006
2007
2008
2009

Figure 2: Development of the thermal substitution rates (TSR in %) in different countries, the EU, and
worldwide between 1990 and 2018 (GCCA, 2021).
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Chapter 1 - Introduction 3

1.1 State of the art

To a large extent, the Austrian cement industry reaches its high substitution rates by utilizing
plastic-rich waste (Mauschitz, 2020), i.e., solid recovered fuels (SRF) (Sarc et al., 2019; Sarc
et al., 2014). SRF is a subgroup of RDF and comprises quality-assured fuels exclusively
produced from solid, non-hazardous sorted or mixed waste, e.g., municipal waste fractions,
mixed commercial waste (MCW), and production or packaging wastes (ASI, 2011b; Lorber et
al., 2012; Sarc et al., 2014). Several processing steps are usually involved when waste is
processed to fuel for co-incineration plants such as the cement industry. Furthermore,
compliance with defined requirements, guidance and limit values must be assured.

State-of-the-art SRF production plants typically apply multiple shredding steps and various
separation techniques to process MSW or MCW to SRF (Sarc et al., 2014). Typically, a coarse
shredder or bag opener is used at the beginning of the process to increase the accessibility
and processability of the waste. Screening, e.g., at 60 or 80 mm, may be used to generate a
coarser and a finer fraction, both of which may differ in their lower heating value (LHV). The
coarse fraction usually contains more plastic foils, which increases its LHV compared to the
screen underflow. Both particle size fractions may be treated by magnetic separators to
remove Fe-metals, air classifiers to remove unwanted heavy materials such as stones, and
eddy current separators to remove non-Fe metals (Sarc et al.,, 2014). Furthermore, near-
infrared (NIR) sorters are frequently applied to remove valuable polyethylene terephthalate
(PET) for recycling, or unwanted polyvinyl chloride (PVC) (Pomberger and Sarc, 2014; Sarc et
al., 2014), a chlorine carrier having negative effects on the cement manufacturing process if
present in higher concentrations (Gerassimidou et al., 2021; Lorber et al., 2012). While the
finer fraction <60 mm may be directly applied as a fuel for secondary firing in the cement
industry, the coarser fraction with a higher LHV may be further comminuted to a size <30 mm
and used as a fuel for primary firing (Sarc et al., 2014).

Besides chlorine concentrations, an important aspect that needs consideration is the fact that
MSW and MCW frequently contain heavy metals or metalloids (e.g., Hg, Pb, Sb, Cd) as a
consequence of their current or former use in the industrial production of various goods (e.g.,
Rotter, 2002; Turner, 2019; Turner and Filella, 2017; Viczek et al., 2020b; Yan et al., 2020).
Apart from impacting waste properties and being decisive factors for waste categorization
(hazardous, non-hazardous (EC, 2008b, 2008a)), heavy metals and metalloids in non-
hazardous waste play a role in landfilling, composting, recycling, and incineration (Gétze et al.,
2016; Pomberger et al., 2015; Viczek et al., 2021 under review). However, studies have shown
that mechanical waste treatment steps influence heavy metal concentrations in RDF
(Nasrullah et al., 2016; Nasrullah et al., 2015; Rotter, 2002). Specific heavy metals can be
removed together with materials they usually occur in; for example, the removal of PET and
PVC with NIR sorters can also decrease Sb and Cd levels (Kreindl, 2007; Pieber et al., 2012).

Removing such “contaminant carriers” may be necessary for some waste streams because
several limit values or guidance values exist on different levels for SRFs and their utilization.
They range from regional emission legislation (e.g., the US Clean Air Act (US EPA, 2019) or
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Chapter 1 - Introduction 4

EU industrial emissions directive (EC, 2010)) to national limit values for the SRF itself, for
example, in Austria (BMLFUW, 2010) or Switzerland (Swiss Federal Council, 2015).
Furthermore, the classification system for SRF in the standard EN 15359 (ASI, 2011b) includes
limit values for Cl and Hg that define five SRF classes. Additionally, requirements for SRF may
be defined by quality marks (e.g., RAL GZ 724 for quality assured SRF in Germany (Flamme
and Geiping, 2012)) or cement manufacturers (Lorber et al., 2012; Pomberger, 2008).
Examples for guidance and limit values for SRF intended to be co-incinerated in the cement
industry are compared in Table 1.

Table 1: Comparison of guidance values and limit values for heavy metals, metalloids, and other

chemical elements in SRF (Flamme and Geiping, 2012), adapted and updated.

Austria, legal limit values Germany, RAL quality mark sgﬁzzrl(%m'slsegzgmf
(BMLFUW, 2010) 724 (BGS e.V., 2014) c .
Element ouncil, 2015)
mg/MJ mg/MJ
. 8ot . 8ot mg/k
median percentile median percentile 9

As 2 3 0.31 0.81 30
Cd 0.23 0.46 0.25 0.56 5
Co 1.5 2.7 0.38 0.75 250
Cr 25 37 7.8 16 500
Hg 0.075 0.15 0.038 0.075 1
Ni 10 18 5.0 10 500
Pb 20 36 12 25 500
Sb 7 10 3.1 7.5 300
Cu - - - - 500
Mn - - 16 31 -
Sn - - 1.9 4.4 100
Tl - - 0.063 0.13 3
Vv - - 0.63 1.6 -
Zn - - - - 4,000

The co-incineration of RDF in the cement industry is frequently referred to as co-processing.
This term is used for industrial processes that enable the simultaneous recovery of energy and
the mineral content of waste material, therewith enabling the substitution of both fossil fuels
and mineral raw materials (Basel Convention, 2012; Lamas et al., 2013; Vodegel et al., 2018).
This is the case for the co-incineration of RDF in the cement industry because not only is the
energy used, but the ash formed during the combustion process is introduced into the kiln and
incorporated into the product, the cement clinker.

Although the fuel ash becomes part of the product, which could technically be seen as partial
recycling on a material level, from a legal point of view, co-processing of RDF is considered a
recovery operation, more specifically an R1 operation (“use principally as a fuel or other means
to generate energy”) according to the EU waste framework directive (EC, 2008a). In single
European countries such as Hungary, France, or Portugal, a mixed recovery, i.e., the
simultaneous recovery of energy and materials, is already legally established (Viczek et al.,
2020a). The European Union is also considering acknowledging the incorporation of mineral
constituents of RDF into the cement clinker and potentially counting these minerals towards
the EU recycling targets in the future (EC, 2018). However, under current EU legislation,
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Chapter 1 - Introduction 5

“metals incorporated in the mineral output of the co-incineration process of municipal waste
shall not be reported as recycled” (EC, 2019).

In any case, more information and reliable data are necessary to evaluate whether the
chemical components present in SRF ash are the same chemical components that are
required to produce cement clinker. Scientific studies investigating ashes from MSW
incineration (MSWI) and/or their potential application as substitute raw materials for the cement
industry (Ashraf et al., 2019; Clavier et al., 2020; Gao et al., 2017; Garcia-Lodeiro et al., 2016;
Krammart and Tangtermsirikul, 2004; Lam et al., 2011; Pan et al., 2008; Saikia et al., 2007;
Sarmiento et al., 2019), as well as analyses of SRF ashes (Dunnu et al., 2010; Hilber et al.,
2007; Kuna, 2015; Pohl et al., 2011; Wagland et al., 2011), lend support to this assumption.
The composition of SRF ash, MSW!I ash, and the role of different element oxides in the cement
manufacturing process is given in Table 2.

Table 2: The role of selected chemical components in the cement manufacturing process and examples
for their concentrations in SRF and MSWI ashes, adapted from Viczek et al. (2020a).

Chemical Role in cement SRF ash composition in % (from MSWI bottom ash MSWI fly ash composition
compound | manufacturing MSW and MCW) composition in % in %
— © w
® = o @ o © . . o ©
5_ | g | S| B |5~ |8 _|S_|ZE _|§5_|°®_
5~ o= 2o ffan == ) ® @ ® © = ol
28 | §5 So g5 5o | §o 3 3 50 = S
I8 | g8 [ a8 | 28 | S | 28| €8 | 28 | S | S
. 16.2— | 12.71- 34.2—
CaO Eﬁ:&gzin 2577 | 40.13 | 25.41 18.5 376 14.78 50.39 | 45.42 54.9 13.86
SO, components for | 2652 | 23.87 | 38.12 | 481 | 334 | 18881 4a 0 | 136 | 293 | 1201
; 50.6 25.91 15.6
cement clinker 539- | 9.55- 1 51—
Al,O, production, giving | 13.68 | 10.47 | 11.18 9.5 1'1 6 16 57 1.26 0.92 :,;72 8.1
the clinker its > 6'4_ 7 6'4_ 0 '12_
Fe,03 crucial properties 3.33 4.83 2.88 2.7 11.1 4.81 8.84 3.83 293 1.21
. 1.52—- | 1.75- 0.98-
MgO Clinker phase 243 3.23 3.68 2 207 1.81 2.26 3.16 5 81 2.62
i i 0.69- | 1.87— 0.41-
TiO, Clinker phase 2.28 2.68 2.33 1.8 139 217 2.36 3.12 0.95 -
Required to
transfer alkali N " 0.97— * 5.54— *
SO; oxides into alkali 1.34 34 4.5 0.8 384 1.5 1.79 6.27 13.3 4.6
sulfates
In the form of 222— | 1.53- 3.53—
Na,O sulfates: altering 5.27 22 4.18 3.3 513 209 12.66 4.16 465 17.19
the chemical 061 0.88 228
K,0 reactivity of 202 | 078 | 234 1.9 S| 5L | 178 | 3.85 A I 75
: clinker with water 1.02 1.16 240
0.87— | 1.44— 0.49-
P20s - 1.26 0.51 1.18 1.5 299 146 3.19 1.72 111 -

*calculated from total S or SO4%.
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Chapter 1 - Introduction 6

1.2 Problem identification and formulation

Although contaminants in SRF need close monitoring to assure compliance with limit values
and guidance values (Table 1) or requested quality criteria (Pomberger, 2008), only few
technical measures are taken in SRF production plants that aim at reducing contaminant
concentrations. The most common technology applied to remove specific materials is Fe- and
non-Fe metals separation, targeting valuable metals or metal alloys for recycling. Furthermore,
NIR sorting is frequently applied, but the reduction of Sb and Cd is only a secondary effect of
removing the Cl carrier PVC or valuable PET, which is the primary purpose of applying this
technology. Therefore, Cl is the only SRF-relevant contaminant frequently and targetedly
removed from the waste stream in SRF production plants. However, legal limit values may
sometimes require reducing the concentration of other contaminants when the SRF is intended
for utilization in the cement industry. As a prerequisite to finding suitable methods for reducing
the concentrations of specific contaminants, knowledge about their distribution and the waste
fractions, waste materials, waste objects, or products they may occur in is crucial. This
information is often very limited; it is collected and extended in this Thesis and used as a basis
to test and determine potential technologies that may result in the reduction of specific
contaminants.

With a potential recognition of energy recovery and simultaneous material recycling during
SRF co-processing in the cement industry being discussed in the European Commission, a
second group of chemical elements, namely ash constituents, comes into play. Literature has
demonstrated that SRF ash consists of chemical compounds that are valuable to the cement
industry because they can substitute primary raw materials. If this mixed recovery is
recognized on the EU level (which shall be assessed until the end of 2028 (EC, 2018)), the
cement industry will contribute towards reaching the EU recycling targets. However, the share
of SRF that can be considered as recycled on a material level has not been investigated with
a large number of SRF samples before. Thus, the determination of the material-recyclable
share is now addressed in this Thesis. The information is subsequently used to estimate the
potential contribution of the cement industry towards the recycling targets by co-processing of
SRF and to evaluate the role of the cement industry in a circular economy.

Furthermore, the possibility of recycling mineral constituents in the cement industry raises the
question of whether elements other than typical contaminants need to be considered when
assessing SRF quality. Because some of the major constituents of SRF ash represent valuable
chemical compounds for the cement industry, it is evident that a genuine evaluation of the
quality of SRF intended for co-processing requires taking both the concentrations of
contaminants as well as ash constituents into consideration. This is particularly important when
specific waste fractions are removed in the SRF production process, and represents an entirely
new aspect for SRF quality assessment, which in terms of chemical elements is currently
limited to certain heavy metals, metalloids, and chlorine, besides considering other parameters
such as the LHV, particle size, ash content, or water content.
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Chapter 2 - Methodology and scope 7

2 METHODOLOGY AND SCOPE

2.1 Scope of investigations

This Thesis focuses on two groups of chemical elements relevant to SRF and co-processing:
contaminants and ash constituents (Figure 3). As outlined in section 1.1, contaminants matter
because of legal limit values, guidance values, or quality criteria requested by cement plant
operators. Ash constituents are important because they may represent valuable raw materials
for the cement industry. The most relevant chemical elements are listed in the sections “main”
and “further” of Figure 3. Other elements that were determined in this Thesis, either in
unprocessed waste or SRF ash, are listed in the section “other”. Analyses of unprocessed
waste comprised both contaminants as well as major and minor ash constituents. Thereby,
this Thesis follows a new approach for evaluating SRF quality that considers both valuable

and unwanted chemical elements or compounds.

Area | Arealll
Contaminants Ash constituents

Main chemical components (as oxides)
for cement clinker production:

Legal requirements exist in Austria, or
technical requirement for cement plant:

+ As + Hg | o Al
+ Cd * Ni * Ca
+ Cao « Pb + Fe

Cr Sb Si

relevantfor SRF co-processing

cementindustry

Additional quality criteria requested by
cement plant operators or quality
marks (excerpt):

Present in raw materials for cement
production and in cement clinker phases:

+ Ba + Se LY
* Be * 5Sn * Zn
« Cu + Te

Mn Tl

Other elements determined in Other ash constituents determined in
unprocessed waste: SRF ash:
«Ag K «Na +Pd « P
* Al * Li * Si * Ti

* Ca « Mg * Sr ¢ W
* Fe * Mo <P

Figure 3: Chemical elements (contaminants and ash constituents) relevant to SRF for co-processing in
the cement industry and other elements analyzed in this Thesis. The elements were grouped based on
Table 1, Table 2, and the quality requirements requested by a cement plant as reported by Pomberger
(2008).
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Chapter 2 - Methodology and scope 8

The system in which these chemical elements are investigated is outlined in Figure 4. It
comprises the SRF production process and SRF application in the cement industry and deals
with three domains in relation to the chemical elements concerned:

1. Origins of elements in waste and their industrial applications,

2. Distribution of elements in waste or waste fractions and potential removal options
during mechanical waste processing, and

3. Fate of elements in the cement clinker kiln.

Because numerous studies (e.g., Achternbosch et al., 2003; Cipurkovic et al., 2014; Lederer
etal., 2015; Zeschmar-Lahl, 2003) have already reported the behavior and transfer coefficients
of contaminants in cement plants, there is limited need for further research regarding the fate
of these heavy metals or metalloids in the cement industry. Therefore, this Thesis focuses on
the fate of typical ash constituents, many of which represent valuable materials for cement
manufacturers, and the potential material recycling of mixed solid wastes that SRF co-
processing is offering.

System under consideration: . N
. Resear uestions Publications
SRF production

Viczek et al. 2020: Origins and carriers of Sh,
As, Cd, Cl, Cr, Co, Pb, Hg, and Ni in mixed solid
waste — A literature-based evaluation

FOCUS: chemical elements Publication
(e-g-, As, Co, Ni, Hg, Cd, Si, Ca, Al, Fe) Which materials, products, or waste 1
fractions do contaminants and ash
constituents mainly occurin, why, and in
which concentrations? Publication
n

Viczek et al. 2021 (in press): Origins of major
and minor ash constituents of solid recovered

Consumer products, goods
fuel for co-processing in the cement industry

Khodier et al. 2020: Sampling and analysis of
Publication coarsely shredded mixed commercial waste.
How reproducible or variable are analysis i Part I: procedure, particle size and sorting
results with respect to material and/or analysis
chemical composition of mixed commercial Viczek et al. 2021 (under review): Sampling
waste (MCW)? Publication and analysis of coarsely shredded mixed
v commercial waste. Part II: particle size-
dependent element determination
Viczek et al. 2021: The particle size-dependent
Publication  distribution of chemical elements in mixed
v commercial waste and implications for
enhancing SRF quality

How are the analytes distributed among

different material or particle size fractions

of MCW, how can these fractions be

removed, and how does their removal
affect SRF quality?

Mechanical waste processing
&
SRF production

Viczek et al. 2021: Production of contaminant-
Publication  depleted solid recovered fuel from mixed
vi commercial waste for co-processing in the
cement industry

istribution and removal

Aldrian et al. 2020: Methods for identifying the

Co-processing in cement kilns What proportion of the SRF can be Publ:;:;:tlon material-recyclable share of SRF during co-
considered as recycled on a material level processing in the cement industry
during co-processing in cement kilns, which
are the main materials in SRF that are Publication Viczek et al. 2020: Determination of the
Cement clinker r?cycled, and Wha_t ruleicauld the cement il material-recyclable share of SRF during co-
industry take on in a circular economy? processing in the cement industry

+ Publication Il

Figure 4: Thesis structure, outline of the system under consideration, and assignment of research
questions and publications.
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Chapter 2 - Methodology and scope 9

2.2 Research questions

Research Question 1:

Which materials, products, or waste fractions do contaminants and ash constituents
mainly occur in, why, and in which concentrations?

Knowledge of the materials or fractions containing SRF-relevant contaminants (As, Cd, Cl, Co,
Cr, Hg, Ni, Pb, Sb) is the prerequisite for all subsequent steps aiming at removing these
unwanted contaminants from the waste stream. Various literature exists on the presence of
contaminants in consumer products, materials, waste, or waste fractions. Therefore,
Publication I aims to identify the main carriers of As, Cd, Cl, Co, Cr, Hg, Ni, Pb, Sb in waste
based on extensive literature research. Concentrations reported for consumer products, waste
fractions, and certain materials are elaborated in the form of concise tables. By comparing the
element concentrations reported for the respective material, waste fraction, or product with the
reported concentrations in the mixed waste stream, contaminant carriers are identified and
classified according to their strength. Additionally, Publication | is dedicated to explaining why
these chemical elements occur in the identified contaminant carriers and includes additional
information regarding the occurrence and industrial applications of the investigated elements.
Because not all contaminant carriers may be reflected by the analysis results due to common
laboratory practice in the field of environmental analysis, the publication also assesses the
influence of some standard sample preparation procedures, especially the removal of hard
impurities, on analysis results.

Publication Il addresses the origins of the second group of chemical elements relevant to
SRF: the ash constituents Al, Ca, K, Fe, Mg, Na, P, S, Si, and Ti. Because existing studies
reporting chemical analyses of waste or waste fractions rarely focused on these elements, a
combined approach is chosen, complementing a literature review on the occurrence and
industrial applications of these elements with chemical ash analyses of material fractions
extracted from SRF.

Research Question 2:

How reproducible or variable are analysis results with respect to material and/or
chemical composition of mixed commercial waste (MCW)?

Despite sensor-based continuous analysis methods for waste being developed, sampling is
still unavoidable for determining various parameters in modern waste management. However,
sampling of waste is a complicated task due to waste heterogeneity and because very large
items may be present, as is often the case with MCW. In this regard, it is also necessary to
know how much the analysis results for the same pile of mixed commercial waste can vary.
To determine the relative sampling variability (RSV; a measure of the total sampling variance
normalized by the arithmetic mean), a replication experiment designed according to the
principles of the Theory of Sampling (TOS) (cf. DS, 2013; Esbensen and Wagner, 2014; Gy,
1995) and ONORM S 2127 (ASI, 2011a) is carried out. Ten composite samples are taken from
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Chapter 2 - Methodology and scope 10

the falling waste stream after shredding a pile of 45 tons of MCW. The composite samples are
screened to yield nine different particle size classes, which were manually sorted and
chemically analyzed. Publication Ill focuses on the basic setup, the theoretical background of
the experiments, as well as the RSVs of sorted material fractions. Publication 1V is dedicated
to the RSVs of 30 elements and evaluating correlations between sorting analyses and
chemical analyses.

Research Question 3:

How are the analytes distributed among different material or particle size fractions of
mixed commercial waste (MCW), how can these fractions be removed, and how does
their removal affect SRF quality?

Contaminants can be distributed among or enriched in different material classes (see
Research Question 1), but also in different particle size classes, as indicated in literature
reporting elevated contaminant concentrations in the fine fractions (Curtis et al., 2019; Sarc,
2015; Viczek et al., 2020b). If SRF-relevant contaminants were “accumulated” in the fine
fractions, this would offer SRF producers the possibility to simply improve SRF quality by
screening, while defined material fractions would require other technologies, e.g., NIR sorting.
However, it needs to be assessed how removing these contaminant-rich fractions affects the
overall SRF quality, including parameters such as the LHV and ash constituents. Furthermore,
a thorough characterization of the fine fraction has never been carried out before but is
necessary to evaluate possible treatment options if this fraction is removed from the waste
stream in the SRF production process.

Publication Vis dedicated to the particle size-dependent distribution of 30 chemical elements,
which was determined in the course of the replication experiment (see research question 2).
Furthermore, the publication chemically and mineralogically characterizes the fine fraction
<5 mm with different analytical techniques. Publication VI focuses on possible combinations
of technologies to remove contaminant-rich materials and waste fractions, like screening, NIR
sorting to remove the prominent Sb, Cd, or Cl carriers PET and PVC, and the removal of black
and grey colored materials which cannot be recognized by state-of-the-art NIR sorters. Both
publications assess and discuss how removing the investigated waste fractions affects SRF
quality, taking both contaminants and ash constituents into account.

Research Question 4:

What proportion of the SRF can be considered as recycled on a material level during
co-processing in cement kilns, which are the main materials in SRF that are recycled,
and what role could the cement industry take on in a circular economy?

To support the European Commission’s pending decision on recognizing the material recycling
of mineral matter during co-processing, more information on the ash composition of SRF is
required. If the European Commission decides to acknowledge the recycling of mineral
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constituents in the cement industry, the cement industry could support the EU Member States
in reaching the EU recycling targets. This is especially the case in countries with an already
high TSR. In countries with a low TSR, recognizing a mixed recovery could cause a shift of
waste streams away from conventional waste incineration or landfilling towards co-processing.
Because the European Commission has defined recycling targets for different waste streams,
e.g., MSW or plastics packaging waste, information on the extent to which different materials
or waste fractions from SRF are recycled in the cement industry is of interest.

To answer the posed research question, Publication VIl focuses on developing and validating
a suitable analysis procedure by testing different ashing temperatures, sample digestion/fusion
techniques, and instrumental analysis methods. Publication VIl applies the method to a large
variety of SRF samples (plastic-rich SRF from mixed municipal and commercial solid waste)
calculates the potential contribution of the cement industry towards reaching the EU recycling
targets. Furthermore, the ash analyses of material fractions performed in Publication Il (using
the methods published in Publication VII) serve to identify the materials that are mainly
responsible for this material-recyclable proportion of SRF, i.e., those materials that contribute
most to the ash content and large amounts of the valuable element oxides in SRF ash. Based
on this information, the role the cement industry can take on in a circular economy is assessed.
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3 RESULTS
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Antimony, arsenic, cadmium, chlorine, chromium, cobalt, lead, mercury, nickel and their compounds are
commonly used in the industrial production of various goods. At the end of the product life cycle, these
elements enter the waste system as constituents of the products. Mixed municipal and commercial
wastes are landfilled, biologically treated, incinerated, and/or processed in mechanical treatment plants
to yield solid recovered fuel (SRF). In all these cases, inorganic contaminants that are present in the input
waste material play a significant role. In mechanical waste treatment, materials containing high concen-
trations of these elements (contaminant carriers) can be selectively removed (e.g. by infrared sorters) to
improve the output quality, but prior knowledge about the contaminant carriers is required.

This paper reviews several waste-related publications in order to identify carriers of Sb, As, Cd, Cl, Cr,
Co, Pb, Hg, and Ni in mixed municipal and commercial waste. Identified contaminant carriers are listed
alongside ranges for expected concentrations. Furthermore, the data are combined with information on
industrial applications and contaminant concentrations in products in order to discuss the reasons for the
presence of the respective elements in the carriers. Generally, besides inerts or metals, identified contam-
inant carriers often include plastics, composite materials, leather products, textiles, rubber, electronic
waste, and batteries. Moreover, it is evaluated how individual contaminant carriers are reflected by
chemical waste analyses. While the findings of the paper can be applied to different waste treatment
options, the discussion focuses on SRF, which is the main output of mechanical treatment plants.
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1. Introduction

Several chemical elements, including heavy metals and their
compounds, are widely used in the industrial production of various
goods and commercial products. At the end of the product life
cycle, these chemical elements — as constituents of the products
- enter the waste system as a mixed waste stream consisting of
various materials. Such mixed, non-hazardous municipal solid
waste (MSW), as well as commercial waste, can be processed in
mechanical sorting plants to yield solid recovered fuel (SRF). This
is common practice in several European countries including Aus-
tria (Sarc et al., 2019), which is why the discussion of this paper
focuses on SRF. However, depending on the legal regulations in
individual countries, other possibilities to treat mixed, non-
hazardous municipal and commercial waste include landfilling,
incineration, or composting. For all these treatment options, inor-
ganic contaminants such as heavy metals that are present in the
waste are relevant on an international level, as they will finally
end up in the landfill leachate, off-gas, or output (compost and/or
SRF) (Pollak and Favoino, 2004; Saveyn and Eder, 2014).

When mixed municipal solid waste and commercial solid waste
is processed to SRF that is co-incinerated in cement kilns, gaseous
emissions of the combustion process have to comply with legal
limit values. In Europe, the EU Industrial Emission Directive (EC,
2010) lists limit values for hydrogen chloride (HCI), cadmium
(Cd), thallium (TI), mercury (Hg), antimony (Sb), arsenic (As), lead
(Pb), chromium (Cr), cobalt (Co), copper (Cu), manganese (Mn),
nickel (Ni), and vanadium (V) (Table 1). These elements and their

compounds are also part of the US Clean Air Act from 1990 listing
187 hazardous air pollutants (US EPA, 2019), underlining the inter-
national relevance of these pollutants, which can also be emitted
during the incineration of waste or SRF. In order to comply with
the limit values at the end of the process, i.e. the exhaust system,
Austria has additionally transferred these ‘output’ limit values
from the gaseous emissions to the SRF (i.e. ‘input’) that is co-
incinerated or co-processed, respectively. The Austrian Waste
Incineration Ordinance (WIO) 2010 (BMLFUW, 2010) therefore
specifies calorific-value-dependent limit values (i.e. in mg/MJpm
(DM = dry mass)) for As, Cd, Co, Cr, Hg, Ni, Pb, and Sb (cf. Table 1).
Depending on their volatility, these elements are either transferred
into the cement clinker (Genon and Brizio, 2008), or become part of
the emissions, e.g. by adsorbing to small dust particles while cool-
ing down (Sarc et al., 2014). Limiting the contaminant concentra-
tions in SRF similar to the Austrian WIO therefore leads to
smaller amounts of trace elements in both emissions and clinker.

Besides these legally stipulated quality criteria, the cement
industry also aims for low chlorine concentrations in SRF because
high loads of chlorine may reduce the quality of the cement
(Kikuchi et al., 2008). Chlorine can also impair the clinker burning
process as volatilization of chlorides in hot zones and condensation
in cooler zones can induce the formation of chlorine deposits and
undesired chlorine-cycles (Lorber et al., 2011). Technical solutions,
such as the installation of a chlorine bypass, may help avoid these
problems, however, in addition to these measures low chlorine
concentrations in SRF (below 1.0 or rather 0.8 w%py) are still
strived for (Lorber et al., 2012).
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Table 1

European (output-related) and Austrian (input-related) legal requirements and limit
values for the co-incineration of waste or SRF in the cement industry (BMLFUW, 2010;
EC, 2010).

European IED (output related) Austrian WIO (input related)

Parameter Limit value Parameter Limit values [mg MJph]
3
[mg/Nm*] median 8oth
percentile
Sb +As + Pb + 0.5 Sb 7 10
Cr+Co+Cu+ As 2 3
Mn + Ni +V Pb 20 36
Cr 25 37
Co 1.5 2.7
Ni 10 18
Cd+Tl 0.05 cd 0.23 (0.45) 0.46 (0.7)
Hg 0.05 Hg 0.075 0,15
HCl 10

() for SRF with quality assurance

Such legal and technical requirements for SRF coming into force
triggered the demand for additional technological solutions like
near-infrared (NIR) sorters (Sarc et al., 2014). They are used to
selectively remove materials in which a specific chemical element
is strongly present. These materials are referred to as contaminant
carriers in this paper. In SRF production plants, NIR sorters are typ-
ically used to remove PVC (polyvinyl chloride), a well-known chlo-
rine carrier. Also PET (polyethylene terephthalate) bottles are

Table 2

removed from the waste stream for economic reasons, as they
are directed towards recycling (Pomberger and Sarc, 2014).

Studies have shown that removing certain materials positively
affects the concentrations of some of the elements that are subject
to legal and technical requirements. For example, experiments
have demonstrated that removing PVC from the waste stream
using NIR sorters does not only decrease the chlorine content of
the SRF, but can also reduce cadmium and lead in certain cases
(Pieber et al., 2012). Removing PET bottles also reduces concentra-
tions of antimony in the SRF (Kreindl, 2007). These findings indi-
cate that (taking potential adverse effects on the calorific value
of the SRF into account) the targeted removal of specific material
fractions can reduce contaminant concentrations and increase
the quality of SRF. A necessary precondition for this is the identifi-
cation of contaminant carriers in the respective waste stream.

Depending on the waste stream and its type and origin, contam-
inant carriers are expected to vary. To allow for a first assessment
of problematic fractions, and to facilitate the identification of con-
taminant carriers in different waste streams in practice, an exten-
sive literature review on the heavy metal, metalloid, or chlorine
concentrations in different waste fractions represents a reasonable
basis.

Various publications presenting data on the chemical composi-
tion of waste and specific fractions are available. These data have
been recently reviewed, assigned to fit 11 waste fractions, and sta-
tistically evaluated by Gotze et al. (2016a). Their results are sum-
marized in Table 2 and enable a first identification of waste

Summary of selected results from Gotze et al. (2016a) for concentrations (0.75-percentiles) of antimony, arsenic, cadmium, chlorine, chromium, cobalt, lead, mercury,

and nickel in waste fractions.

Sb As Cd Cl Cr Co Pb Hg Ni
[mg/kgom]  [mgrkgon]  [Mg/kgowm] [Yoon] [mg/kgom]  [mg/kgom]  [mg/kgom]  [Mmg/kgom]  [Mg/kgou]
Gardening 0.11 3.080 0.60 0.283 23.0 2.7 23.7 0.198 9.0
waste n=13 n=18 n=23 n=26 n=19 n=14 n=25 n=20 n=20
Paper & 2.45 6.100 1.25 0.300 40.3 2.0 39.8 0.265 13.3
cardboard n=8 n=>57 n=288 n=75 n=65 n=38 n=88 n=284 n=>57
Organic 2.60 18.605 0.60 0.700 56.3 2.6 89.1 0.396 10.5
9 n=12 n =48 n=71 n=58 n=62 n=17 n=68 n=34 n=51
0.50 1.28 1.173 69.0 2.0 56.9 20.4
Food waste n=2 n=100 n=20 n=103 n=43 n=105 n=099
. 2.550 708.5
Composites n=41 n=6 -
Glass 280.475 . 0.000 275.7 9.0 189.1 0.200 37.1
n =36 n=49 n=10 n =49 n=3 n=>51 n =49 n =40
Inert 6.07 25.000 3.28 0.550 167.5
=7 n=39 n =250 n=13 n =50
Combustibles 13.00 11.340 3.93 1.248 142.2 .
n=23 n =389 n=158 n=114 n=122 n=14 n=155 n=297

Metal 48.73 0.001 304.3
n=8 n=45 n=19 )

Plastic 129.23 10.075 8.125 187.0
n=14 n =46 n=90 n=73

Waste mix 200.10 30.068 5.04 1.000 182.3 11.9 544.6 1.375 75.2
n=234 n=>50 n=141 n=81 n=116 n=20 n=102 n=113 n=104

Dark gray: highest concentrations (>0.67-percentile).
Light grey: medium concentrations (>0.33-percentile).
White: lowest concentrations (<0.33-percentile).

n = number of data points.
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fractions containing high concentrations of certain contaminants.
The highest concentrations of Sb, As, Cd, Cl, Cr, Co, Pb, Hg, and Ni
are often found in composites, glass, inert, combustibles, metal,
and plastic fractions. Note that electronic or hazardous materials
are not part of the literature review of Gotze et al. (2016a). How-
ever, electronic devices or batteries are significant sources of heavy
metals and other contaminants and regularly end up in MSW.

Although grouped data show fractions that are likely to contain
contaminant carriers, original data are required to identify the con-
taminant carriers because the fractions have been described in the
original publications in more detail. The purpose of this paper is to
review primary sources to identify and list specific waste and
material fractions found in MSW that contain high concentrations
of As, Cd, Cl, Cr, Co, Hg, Ni, Pb, and Sb. Furthermore, an overview of
the industrial applications of each element is given and combined
with information from waste-related publications or information
on the product level in order to discuss why these elements are
present in waste and material fractions, and to identify specific
contaminant carriers, i.e. materials or products that are responsible
for increased concentrations of the element in the waste fraction.
Finally, identified contaminant carriers are listed and ranges of
expected concentrations of the chemical element from literature
are provided.

Note that the paper intends to list as many contaminant carriers
as possible, even though in some countries they may not be signif-
icant any longer. Legal regulations that restrict their use in some
countries, usually affecting the waste sector with some delay, are
pointed out where possible.

2. Materials and methods
2.1. Literature selection

Potential contaminant carriers have been identified reviewing
literature sources and combining the extracted information. The

Part I:

Selecting literature Screen literature

C,offor
Part II: 'Et' .
X waste mix
Choosing reference values . no
given?

for waste mix
yes

Part lll:
Identification and
classification of
contaminant carriers

Compare ¢; and c

*
Ce > 2 Cref

no

Not a contaminant
carrier

Part IV:
Identification of
contaminant origins

Allocate contaminant
carriers to fractions

¢ >5%c

Contaminant carrier
(2x)

exact procedure of identifiying contaminant carriers is depicted
in Fig. 1.

Peer-reviewed journal articles, online reports from governmen-
tal institutions and other organizations as well as theses in English,
German, French, Italian, and Dutch have been reviewed. The
screening of references included all accessible publications
reviewed by Gotze et al. (2016a) and other sources. Only publica-
tions listing values for separate waste fractions were included,
those listing values for the waste mix only were excluded. No
age limit was set for publications because certain contaminant car-
riers might still be relevant either due to their longevity or in coun-
tries where they are not legally restricted. Where publications
presented data derived from other papers, the primary source
was identified and referenced, if accessible. Otherwise, the sec-
ondary source is referenced. Only publications including tables
that provide exact numbers for analyte concentrations have been
used in the evaluation. Table 3 lists the publications as well as
the number of datasets used for identifying contaminant carriers.

2.2. Choosing reference values

Gotze et al. (2016a) was drawn on to identify the main contam-
inated fractions (cf. Table 2). The 0.75-percentiles have been con-
sidered appropriate values for this purpose, as they are more
likely to be affected by outliers caused by single contaminant car-
riers than the median values.

In order to identify contaminant carriers and relevant material
fractions in more detail, the published concentrations of an ele-
ment in single fractions need to be compared with either concen-
trations in other fractions, or concentrations in the waste mix. In
the current approach, a comparison with the waste mix was cho-
sen because this value will be directly influenced by the contami-
nant carriers present in the waste stream. Comparing fractions, on
the other hand, would simply result in a list of fractions containing
high contaminant concentrations not related to the overall concen-
tration in the waste mix. In addition, removing a contaminant car-

Concentrations

for different Not suitable for part

waste fractions no Iland il
given?
yes
Take median value from
Calculable? .
no Gotze et al, 2016a as C
yes
Calculate ¢,
yes yes
*
ref C > 10 Cref
no no

Strong contaminant
carrier (5x)

Very strong con-
taminant carrier (10x)

Search literature for
industrial applications and
concentrations in products

Compare concentration in
products with median
from Gétze et al. 2016a

Fig. 1. Procedure used to identify contaminant carriers.
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Table 3

Literature used for identifying contaminant carriers in MSW.
Literature source Cl Cr Co cd As Sb Ni Hg Pb Reference value for waste mix available
(Viczek et al., 2019b) 1 1 1 1 1 1 1 1 1 Yes
(Gotze et al., 2016b) 1 1 1 1 1 1 1 1 1 (Gotze et al., 2016a)
(Nasrullah et al., 2016) 1 1 1 1 1 1 1 1 1 Yes
(Nasrullah et al., 2015) 1 1 1 1 1 1 1 1 1 Yes
(Astrup et al., 2011) 1 1 1 1 1 1 Yes
(Eisted and Chllstensen 2011) 1 1 1 1 1 1 1 1 1 Calculated
(Komilis et al., 2011) 1 1 1 1 1 (Gotze et al., 2016a)
(Rizza, 2011) 1 (Gotze et al., 2016a)
(ADEME (2010)) 1 1 1 1 1 1 Yes
(Janz, 2010) 1 1 1 1 (Gotze et al., 2016a)
(Ma et al., 2010) 1 Yes
(Osterlund et al., 2009) 1 (Gotze et al., 2016a)
(Riber et al., 2009) 1 1 1 1 1 1 1 (Gotze et al., 2016a)
(Choi et al., 2008) 1 Yes
(Pomberger, 2008) 1 1 1 1 1 1 1 1 1 (Gotze et al., 2016a)
(Burnley, 2007) 2 2 2 2 2 (Gotze et al., 2016a)
(Penque, 2007) 1 Yes
(Hoffmann et al., 2006) 1 Yes
(Prochaska et al., 2005) 1 1 1 1 1 1 1 1 1 Yes
(LfU Bayern, 2003) 1 1 1 1 1 1 1 Yes
(Rotter, 2002) 1 1 1 (Gotze et al., 2016a)
(Kost, 2001) 1 (Gotze et al., 2016a)
(Ferrari et al., 2000) 1 1 1 1 1 1 (Gotze et al., 2016a)
(Beker and Cornelissen, 1999) 1 2 2 2 2 2 2 2 Yes
(Liu and Liptak, 1999) 1 2 2 2 2 2 2 (Gotze et al.,, 2016a) *
(Watanabe et al., 1999) 10 Yes
(Nakamura et al., 1996) 1 1 (Gotze et al., 2016a)
(Maystre and Viret, 1995) 1 1 1 1 Calculated
(Otte, 1994) 1 1 1 1 1 1 1 1 Yes
(Rugg and Hanna, 1992) 1 1 1 1 1 1 Yes
(Bode et al., 1990) 1 1 1 1 1 (Gotze et al., 2016a)
Total number of datasets 22 22 12 26 20 21 19 23 25
Total number of studies 22 19 11 23 17 11 17 20 22
" Except for chlorine: Cl waste mix reference value was available in the original publication.

rier that constitutes a large part of the waste fraction, and whose
concentration therefore is similar to that of the whole mix, would
not be practicable at all. The required reference value of the waste
mix is ideally found in the same publication that provides the con-
centrations in single fractions, otherwise it is either calculated or
the median value given by Gotze et al. (2016a) (cf. Fig. 1) is used.
Note that in this case the median value is preferred to the 0.75-
percentile for the purpose of comparing fractions with average
waste rather than with contaminated waste. Table 3 lists all publi-
cations used and the origins of the reference values of the waste
mix.

2.3. Identification and classification of contaminant carriers

A fraction (or a product or good) has been identified as a con-
taminant carrier based on the ratio between the fraction’s concen-
tration (cf) and the reference concentration (c.f). Contaminant
carriers have been allocated to three classes of different strengths
in order to assess the impact of single objects or small amounts of
the carrier on the waste stream. Classes, definitions for the classi-
fication, and the labeling that is used in the summarizing tables for
each element are given in Table 4.

2.4. Identifying the origins of contaminants

In a final step, the identified contaminant carriers were allo-
cated to the material fractions listed by Gotze et al. (2016a) so that
elevated levels reported in certain fractions may be explained.
Sources from outside the waste sector, e.g. regarding industrial
applications of the elements, have been screened for plausible
causes of elevated concentrations of certain elements in the iden-

tified carriers. The concentration of elements in products has been
researched and compared with the median values for mixed waste
provided by Gotze et al. (2016a) to assess the impact of products or
individual materials on the waste stream. Unless calculations were
necessary, e.g. to convert concentrations of oxides into concentra-
tions of elements, were necessary, values were rarely rounded, and
apart from some exceptions, significant figures have been adopted
from the sources.

3. Contaminants in waste and their origin
3.1. Antimony (Sb)

3.1.1. Antimony in waste fractions

The extensive literature review of Gotze et al. (2016a) demon-
strates that the highest concentrations of Sb (0.75 quantiles) in
household waste are met in the plastic fraction (129.23 mg/kgpm),
followed by metals (48.73 mg/kgpnm), glass (31.70 mg/kgpn), and
the combustible fraction (13.00 mg/kgpy). Sources of antimony
in municipal solid waste have already been examined by
Nakamura et al. (1996) and are taken into account although some
of the listed ‘little discharge/high content’ materials may not be
common any more. For this paper, a detailed evaluation of 21 data-
sets from 11 publications has been used to identify contaminant
carriers in waste based on the procedure described in Section 2.

In the following section, causes of elevated levels of antimony in
the above-mentioned and other important waste fractions are dis-
cussed and allocated to industrial applications of antimony. A com-
prehensive summary of antimony carriers (waste fractions,
materials, or products) and expected or published concentrations
is presented in Table 5.
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Table 4
Identification and classification of contaminant carriers.

Condition Classification Symbol (used in
summarizing tables)

Cr< 2% Cref Not a contaminant carrier -

Cr> 2 Cref Contaminant carrier O

Cr> 5 Crer Strong contaminant carrier

> 10 ™ Crer Very strong contaminant carrier [ ]

3.1.2. Origins of antimony in waste fractions
3.1.2.1. Antimony in plastics. In the plastics fraction, especially PET
and unlabeled plastics packaging (Gotze et al., 2016b), hard plas-
tics (Nasrullah et al, 2015), tubes and hard cable sheaths
(Pomberger, 2008) are considered contaminant carriers according
to the definition introduced in Section 2. Common uses of anti-
mony in the plastics industry imply that these observations are
related to the element’s use for flame retardancy, as a catalyst, or
as a pigment.

Antimony trioxide (Sb,05), which is also a white pigment (Pfaff,
2017), is a known catalyst for polymerizing PET (Kiyataka et al.,

2018), and partially remains in the material (Welle, 2016). This
explains the high values reported for PET bottles or similar frac-
tions. According to Ranta-Korpi et al. (2014), 100 to 300 mg/kg of
antimony can be expected where Sb,03 is used as a catalyst for
PET. Other non-antimony-based catalysts are available (Thiele,
2004) but antimony-based catalysts are still applied in more than
90% of the global polyester production (Dupont et al., 2016). Scien-
tific reports analyzing PET bottles show varying antimony con-
tents. In Japan, which is at the forefront of non-antimony
catalysts application (Thiele, 2004), some PET bottles have been
found to contain less than 0.1 mg/kg of Sb, while others contained
antimony in the range of 170 to 220 mg/kg (Shotyk et al., 2006).
Kreindl (2007) reports Sb concentrations of 250 to 310 mg/kg for
colorless, green and blue PET bottles in Austria. A Brazilian study
(Kiyataka et al., 2018) reports similar values (272.2 to 317.2 mg/
kg) for colorless and for colored PET bottles but significantly higher
concentrations (561.4 - 640.5 mg/kg) for some green PET bottles.
Brandio et al. (2014) report antimony concentrations of 89.9 to
388 mg/kg in PET bottles for sparkling and non-sparkling water.
One of the main industrial applications of antimony trioxide is
imparting flame retardancy to various materials, including poly-

Table 5
Selected antimony carriers, expected concentrations in products or waste fractions, comparison with mixed waste and classification.
Material or waste fraction Sb [mg/kgpm] Literature source Level of Sb
carrier

Mixed waste 62.90 (Gotze et al., 2016a), median

Plastics (wf) 129.23 (Gotze et al., 2016a), 0.75-percentile
PET bottles 89.9-388 (Branddo et al., 2014; Gotze et al., 2016b; Kiyataka et al., 2018; Kreindl, O

2007)]7:1}:[}:]7

For comparison: PET bottles, non-Sb catalyst <0.1 (Shotyk et al., 2006)° -
Individual green PET bottles, Brazil 561.4-640.5 (Kiyataka et al., 2018)° [ ]
Plastics* with Sb pigments 30-600 (Ranta-Korpi et al., 2014)° @)
Flame retarded plastics™ 4200-42,000  (Ranta-Korpi et al., 2014)" [ ]
PVC, flame retarded 26,300 (Belarra et al., 1998)° [ ]
For comparison: PVC (wf) 2.4-12 (David, 2014)° -
Tubes (wf) 160 (Pomberger, 2008)" @)
Cable sheaths (wf) - 180 (Pomberger, 2008)" @)
Paint buckets (wf) 250 (Pomberger, 2008)" O
Expanding foam (wf) 375 (Pomberger, 2008)"

Metals (wf) 48.73 (Gotze et al., 2016a) 0.75-percentile
Lead alloys 10,000- (Tercero Espinoza et al., 2015)° [ ]

150,000

Glass (wf) 31.70 (Gotze et al., 2016a) 0.75-percentile
CRT glass, funnel 0-3340 (The Waste & Resources Action Programme (2004))" O @
CRT glass, panel 1670-5850 (The Waste & Resources Action Programme (2004))° [ ]

Combustibles (wf) 13.00 (Gotze et al., 2016a) 0.75-percentile
Clothes (polyester) 11-270 (Nakamura et al., 1996; Schafer, 2013)>® @)
Textiles 247 (Nakamura et al., 1996)° O
Mattresses (polyester or flame retarded cotton) 15-150 (Danish EPA (2015))° O
Curtains 2100 (Nakamura et al., 1996)° [
Stuffed toys 156 (Nakamura et al., 1996)° O
Bedding clothes 156 (Nakamura et al., 1996)° @)
Carpets (wf) 171 (Otte, 1994)* O
Rubber (wf) 27-230 (Nasrullah et al., 2016; Nasrullah et al., 2015; Pomberger, 2008)%% @)
Subfraction: Colored rubber (wf) 83.3 (Otte, 1994)? [ ]
For comparison: Sub-fraction: Other rubber (wf) 10.1 (Otte, 1994)* -
For comparison: Tires 0.2-2.4 (Bally, 2003; Hjortenkrans et al., 2007; Kennedy and Gadd, 2000)" -
Styrene-butadiene rubber, ethylene propyleneubber 42000- (United states antimony corporation (2017))" [ ]

251000

Leather (wf) 28.6 (Otte, 1994)? O

Other Sb-carriers
Children’s jewelry parts (necklaces, bracelets) 2124 (Negev et al., 2018)° [ ]

Fine fraction (wf) 7.2-479.6 (Watanabe et al., 1999)? @)

wf = waste fraction.

(O: contaminant carrier.
: strong contaminant carrier.

@: very strong contaminant carrier.
" used for PVC, PE, PP, PS, polyesters or PET, PA, ABS, PU.
™ probably contains PVC.

2 : reference value for mixed waste obtained or calculated from the same publication as the listed fraction.

b median from Gotze et al. (2016a) used as a reference.
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mers (Tercero Espinoza et al., 2015). It can be used either as an
individual flame retardant in halogenated polymers (e.g. PVC), or
in combination with halogenated compounds (e.g. chlorine-
paraffins) in order to achieve flame retardancy in non-
halogenated polymers such as polyethylene (PE) or polypropylene
(PP) (Ranta-Korpi et al., 2014; Troitzsch, 2016). The resulting con-
centrations of Sb in flame-retarded materials depend on the kind of
polymer, varying between 4.2 and 42 g/kg (Ranta-Korpi et al.,
2014). In general, antimony is mainly used as a flame-retarding
additive in products with moderate to long lifetimes (Mansson
et al.,, 2009), implying that antimony will remain a relevant ele-
ment in waste streams in future.

High values of Sb observed in tubes and hard cable sheaths
(often made of PVC) may also be explained by the use of Sb,03
for flame retardancy. In the past, however, antimony compounds
such as antimony mercaptides have also been used as stabilizers
for PVC, especially for PVC-U (unplasticized PVC) and records
(LPs, etc.). Such Sb-based stabilizers are still in use outside of Eur-
ope (Hopfmann et al., 2016) and due to the longevity of PVC prod-
ucts they are expected to keep entering the waste system.

Besides applications as a catalyst, flame retardant synergist, or
stabilizer, several heat-, light- and chemically resistant inorganic
pigments containing antimony are used in plastics. Some examples
are nickel titanium yellow (Ti, Sb, Ni)O,, manganese titanium yel-
low (Ti, Sb, Mn)O,, or chromium titanium yellow (Ti, Sb, Cr)O,.
Depending on the pigment, antimony concentrations ranging from
30 to 600 mg/kg may be expected in plastics (Ranta-Korpi et al.,
2014).

3.1.2.2. Antimony in metals. In the metals fraction, elevated Sb con-
centrations are observed especially for non-ferrous metals (Beker
and Cornelissen, 1999; Otte, 1994). The metal industry applies Sb
in alloys with lead and tin for Babbitt metals, plumbs, or plates
for lead batteries. Sb contents of such alloys are ranging from 1
to 15%. Applications include cable sheathing and lead pipes,
ammunition, and storage batteries. Also, Sb is used for doting semi-
conductors (Holleman et al., 2007; Tercero Espinoza et al., 2015).

3.1.2.3. Antimony in glass, and ceramics. Based on data published by
Eisted and Christensen (2011), glass can be considered a contami-
nant carrier in some waste streams. Antimony compounds such as
sodium hexahydroxoantimonate or antimony trioxide are used in
the glass industry for several purposes: as opacifiers for glass and
enamels, as decolorizing and refining agents, or to remove bubbles.
Examples of Sb-containing glass include optical glasses or CRT
glass formerly used for television tubes (Anderson, 2012;
Schmidt, 2013; Tercero Espinoza et al., 2015). Although the present
approach has not identified ceramic waste fractions as Sb carriers,
it should be noted that Sb compounds can be used as pigments
(such as rutile pigments) in the ceramics industry as well
(Gazulla et al., 2007; Vecera et al., 2013).

3.1.2.4. Antimony in the combustible fraction. A more detailed view
at the combustible fraction reveals the following contaminant car-
riers: textile products (Nakamura et al., 1996), rubber, leather
(Nasrullah et al., 2016; Nasrullah et al., 2015; Otte, 1994;
Pomberger, 2008; Watanabe et al., 1999), as well as foams
(Nasrullah et al., 2015; Pomberger, 2008).

Similar to plastics, observed elevated levels of Sb in textiles, e.g.
clothes (Schafer, 2013), mattresses (Danish EPA (2003)), or curtains
and stuffed toys (Nakamura et al., 1996) are either related to anti-
mony used as a flame retardant or as a catalyst because the textile
material can consist of PET-based synthetic fibers (Danish EPA
(2003); Nakamura et al., 1996; Schafer, 2013). Apart from plastics
and textiles, Sb-based flame-retarding systems in combination
with halogen donors are also used to impart flame retardancy to

leather, coatings, paints, electrical devices, and rubber products
(Dick and Rader, 2014; Pfaff, 2017; United states antimony
corporation (2017)). For this reason, elastomers such as styrene
butadiene rubber or ethylene propylene rubber may contain
between 5 and 30% of Sb,03 (United states antimony corporation
(2017)). Tires in contrast, which might be part of the rubber frac-
tion in sorting analyses, do not seem to be responsible for elevated
levels of antimony in the rubber fraction. They contain low
amounts of antimony ranging from 0.2 to 2.4 mg/kg (Bally, 2003;
Hjortenkrans et al., 2007; Kennedy and Gadd, 2000).

The fractions leather and rubber, which often include shoes, are
mostly analyzed as mixed fractions in waste-related publications
and are only rarely reported as separate rubber, leather, or textile
fractions. Otte (1994) has analyzed the sub-fractions of the
leather/rubber fraction more closely. Results show that the highest
antimony concentrations are found in leather and colored rubber,
being much higher than in shoes and other rubber. High antimony
concentrations in colored rubber may be consistent with the use of
Sb,Ss as a red pigment and as a rubber accelerator in the vulcaniza-
tion of red rubber (Anderson, 2012; Larrafiaga et al., 2016).

3.1.2.5. Antimony in fine fractions. Besides the above-listed frac-
tions, Watanabe et al. (1999) report antimony concentrations in
the fine fraction that are more than four times as high as the over-
all concentration in the waste. Available sources, however, do not
allow for making meaningful conclusions on the origin of Sb in
the fine fraction.

3.1.3. Summary: Antimony carriers

In combustible fractions and plastics, which are the main rele-
vant fractions for the production of SRF, antimony is primarily pre-
sent because it is used as a flame retardant, catalyst, pigment, or
(formerly) as a stabilizer. These results are largely consistent with
the findings of Nakamura et al. (1996). Table 5 summarizes
selected examples of potential antimony carriers in mixed munic-
ipal solid waste and lists the respective antimony concentrations
reported for these carriers on a product level or in waste sorting
analyses.

3.2. Arsenic (As)

3.2.1. Arsenic in waste fractions

Gotze et al. (2016a) report the highest arsenic concentrations
(0.75-percentiles) in the waste fraction of glass (280.475 mg/kgpm),
followed by the fractions metal (29.800 mg/kgpm), food waste
(28.350 mg/kgpy), inert (25.000 mg/kgpy), and organic
(18.605 mg/kgpm). A total of 20 datasets from 17 publications have
been used to identify arsenic carriers in waste. A summarizing
table of potential arsenic carriers and reported concentrations is
presented in Table 6.

3.2.2. Origins of arsenic in waste fractions

3.2.2.1. Arsenic in glass. Glass can be identified as a possible con-
taminant carrier in waste according to the concentrations listed
in various studies (ADEME (2010); Beker and Cornelissen, 1999;
Eisted and Christensen, 2011; LfU Bayern, 2003; Otte, 1994).
Remarkably high concentrations of arsenic are reported for kitchen
and table ware glass by Gotze et al. (2016b). The fact that this was
only observed in a sample from source segregated waste but not in
residual waste implies that variations between samples can be
high. High concentrations of arsenic in glass can be explained by
the use of arsenic trioxide (As,03) as a clarifier or fining agent
for removing gases, as a decolorizing agent, and as an oxidizing-
reducing agent in the glass industry (Atkarskaya and Bykov,
2003; NRC, 1977; Rohr and Meckel, 1992). Former applications
included the production of bottle glass and other glassware (U.S.
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Table 6

Selected arsenic carriers, expected concentrations in products or waste fractions, comparison with mixed waste and classification.

Material or waste fraction As [mg/kgpm] Literature source Level of As carrier
Mixed waste 10.950 (Gotze et al., 2016a), median
Glass (wf) 280.475 (Gotze et al., 2016a), 0.75-percentile
Glass 2000-10000 (NRC, 1977)° )
Kitchen and tableware glass (wf) 1534.95 (Gotze et al., 2016b)° [ )
For comparison: Glass packaging, various colors (wf) 6.8-13.56 (Gotze et al., 2016b)° -
Clear glass ampoules (medical use) * 1850-2930 (Bohrer et al., 2006)° )
Amber glass ampoules (medical use) * 190-600 (Bohrer et al., 2006)° [ )
Glass bottle (medical use) * 54-99 (Bohrer et al., 2006)°
For comparison: Raw material quartz sand (pure) 0.37 (Rohr and Meckel, 1992)° -
CRT glass, panel 0-2300 (The Waste & Resources Action Programme (2004))" O @
CRT glass, funnel 0-1500 (The Waste & Resources Action Programme (2004))" O @
Metals (wf) 29.800 (Gotze et al.,, 2016a) 0.75-percentile
Brass 200-500 (NRC, 1977)° ()
Copper (for specific uses) 1500-5000 (NRC, 1977)° [ )
Food waste (wf) 28.350 (Gotze et al.,, 2016a) 0.75-percentile
Fish, Cephalopods, Crustaceans, = wet weight 0.005-26.0 (Taylor et al., 2017)° O
For comparison: Rice™ 0.14 (Das et al., 2004)" -
For comparison: Poultry (As in feed) 0.001-0.01 (Nachman et al., 2013)° -
Inert (wf) 25.000 (Gotze et al.,, 2016a) 0.75-percentile
Ceramics (wf) 18.42-65.87 (Gotze et al., 2016b)° O
Comparison: raw material clay 0.317-45.1 (Reeuwijk et al., 2013)° O
Non-combustible 132 (Eisted and Christensen, 2011)? )
Organic (wf) 18.605 (Gotze et al., 2016a) 0.75-percentile
Impregnated wood (wf) 400 (Astrup et al., 2011)? )
For comparison: press boards (new) 0.05-9.8 (Schragle, 2015)° -
For comparison: Old wood fractions for press boards 0.05-1.8 (Schrigle, 2010)° -
Electronic devices/batteries (wf)
Household batteries (wf) 83 (Riber et al., 2009)"
Electrical goods (wf) 71 (Burnley, 2007)°
Other As-carriers
Children’s jewelry parts (necklaces, bracelets) 483 (Negev et al., 2018)" [ )
Fine fractions of mixed commercial waste < 5 mm or 5-10 mm 8-31 (Viczek et al., 2019b)? O

wf = waste fraction.
(O: contaminant carrier.
: strong contaminant carrier.
@: very strong contaminant carrier.

" Ampoules for storing intravenous formulations, glass bottle for amino acids injections.

" food known to contain high levels of arsenic.

™ solid wood, coated wood with PVC or non-PVC plastics, composite wood without coating, fines.
2 : reference value for mixed waste obtained or calculated from the same publication as the listed fraction.

b median from Gétze et al. (2016a) used as a reference.

Department of health and human services (2007)), but today sub-
stitutes for arsenic compounds are available and applied by the
glass industry. Glass that was not treated with arsenicals, however,
also contains trace amounts of arsenic originating from the raw
materials (Rohr and Meckel, 1992).

3.2.2.2. Arsenic in metals. In the metals fraction, arsenic carriers
comprise ferrous metals (Beker and Cornelissen, 1999; Burnley,
2007; Gotze et al., 2016b; Ma et al,, 2010; Rugg and Hanna,
1992) as well as non-ferrous metals (Beker and Cornelissen,
1999; Rugg and Hanna, 1992). One of the main uses of arsenic in
the metals industry is its application in alloys, e.g. in bismuth-
alloys, alloys for lead batteries, ammunition and solders, or CuSn
alloys for mirrors, and as an anti-friction additive to metals used
for bearings (Holleman et al., 2007; U.S. Department of health
and human services (2007)). Furthermore, adding arsenic can
improve the high-temperature properties of copper and can
decrease the dezincification of brass (NRC, 1977).

3.2.2.3. Arsenic in food waste. According to the analysis of Gotze
et al. (2016b), food waste contains the third-highest concentration
of arsenic, yet, the conditions defined in Section 2 and the publica-
tions reviewed in this paper did not help identifying any contam-
inant carriers consistent with this fraction. This is also related to
the fact that reviewed articles rarely divide the food waste fraction
into other fractions, e.g. ‘meat waste’ or ‘vegetable waste’. It is well

known that inorganic and organic arsenic compounds are present
in several food products such as rice (Das et al., 2004) or seafood
(Taylor et al., 2017) and that arsenic-based compounds are con-
stituents of feed in poultry production (Nachman et al., 2013).
These food products, however, cannot explain the above observa-
tion, as their reported arsenic levels are much lower than the
0.75-percentile value of arsenic in mixed waste given by Gotze
et al. (2016a).

Inorganic arsenic, especially As,0s, has formerly been used as a
pesticide in agriculture, primarily on orchards and cotton fields.
(Holleman et al.,, 2007; U.S. Department of health and human
services (2007)). The Bavarian State Ministry for the Environment,
however, states that the former application of arsenic as a pesticide
does not seem to affect arsenic levels in municipal solid waste any
longer (LfU Bayern, 2003). The data available therefore does not
yield plausible explanations for the observed levels of arsenic in
food waste.

3.2.2.4. Arsenic in inert materials. Ceramics (Gotze et al., 2016b) and
non-combustibles in general (Eisted and Christensen, 2011; Riber
et al., 2009) have been identified as contaminant carriers using
the method outlined in Section 2. Arsenic is naturally present in
clay (Archer et al., 2011; Reeuwijk et al., 2013), and arsenic com-
pounds are furthermore used as pigments ( LfU Bayern, 2003;
Sharma, 2014) and in the ceramics industry (Sharma, 2014;
Wares et al.,, 2014).
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3.2.2.5. Arsenic organic fractions and combustibles. Arsenic used to
be chiefly applied as a wood preservative, with more than 90% of
the global arsenic produced being used for this application (U.S.
Department of health and human services (2007)). Chromated cop-
per arsenate (CCA) was a preservative used to prevent rotting and
decay. It is a reason for the high levels of arsenic observed in the
wood fraction of several sorting campaigns (Astrup et al., 2011;
Beker and Cornelissen, 1999; Gotze et al., 2016b; Liu and Liptak,
1999; Rugg and Hanna, 1992). In 2003, the use of CCA as a wood
preservative was phased out in the US (U.S. Department of health
and human services (2007)). The European Union as well has pro-
hibited this application of arsenic in 2006, but CCA-treated wood
that has entered the market before 2007 remains in use until it
reaches the end of its life cycle (EC, 2006b). This suggests that -
depending on the input waste - increased levels of arsenic may still
be observed in wooden waste fractions, as can be seen from more
recent publications such as Gotze et al. (2016b) or Astrup et al.
(2011). Since sorting analyses may also allocate wood to the com-
bustible fraction, this application can also impact arsenic levels
observed for combustibles.

3.2.2.6. Arsenic in batteries and electronic devices. The use of As in
alloys to strengthen lead-acid storage battery grids (IARC, 2012)
is a potential explanation for elevated arsenic contents in batteries.
However, Riber et al. (2009) report increased As concentrations in a
fraction of household batteries and the amount of lead batteries
potentially present in this fraction is not known. Furthermore,
electrical goods (Burnley, 2007) have been identified as contami-
nant carriers for arsenic, which can be explained by the element’s
application in the semiconductor and electronics industry where
gallium arsenide and arsine are widely used, including telecommu-
nication, solar cells, transistors or optoelectronics such as lasers or
light-emitting diodes (LEDs) (Hassan, 2018; IARC, 2012; Ratnaike,
2003).

3.2.3. Summary: Arsenic carriers

High levels of arsenic can be observed especially in glass, some
metal alloys, and impregnated or CCA-treated wood. CCA-treated
wood is probably the most relevant combustible arsenic carrier
in MSW and mixed commercial waste, but it is not assumed to
be generally present in every waste stream in Europe, the US or
other countries where the use of CCA has been restricted. As-
concentrations, however, may peak from time to time when a lot
or batch of CCA-impregnated wood has reached the end of its life
cycle and enters the waste stream. The reasons for arsenic values
observed in food waste remain unclear. Table 6 summarizes
selected arsenic carriers in mixed municipal solid waste and pro-
vides ranges of arsenic concentrations.

3.3. Cadmium (Cd)

3.3.1. Cadmium in waste fractions

The highest concentrations (0.75-percentiles) of cadmium are
reported for plastics (16.50 mg/kgpm), followed by composites
(5.50 mg/kgpn), metal (5.20 mg/kgpy), combustibles (3.93 mg/
kgpm), and inert materials (3.28 mg/kgpn) (Gotze et al., 2016a).
Nakamura et al. (1996) and Franklin Associates (1989) have
already reported some sources of cadmium in municipal solid
waste. Their findings are compared with 21 other studies, yielding
a total of 26 datasets used to identify further cadmium carriers. A
recent review of cadmium in consumer products is also provided
by Turner (2019). A summarizing table of potential cadmium car-
riers and expected ranges of concentrations is presented in Table 7.

3.3.2. Origins of cadmium in waste fractions

3.3.2.1. Cadmium in batteries and electronic devices. By far the high-
est concentrations of cadmium are observed in nickel-cadmium
(NiCd) batteries, which have already been identified as important
cadmium carriers by Nakamura et al. (1996) and Franklin
Associates (1989). In Europe, NiCd batteries were prohibited by
the EU Battery Directive in 2008 because their cadmium content
exceeds 0.002% by weight. With some exceptions, these batteries
are no longer allowed to enter the market (BMLFUW, 2008). How-
ever, NiCd batteries are estimated to remain in use for 12.3 years
on average (Colin, 2017). Due to their high product lifetime, NiCd
batteries are expected to remain relevant for the European waste
management in the near future.

Besides NiCd batteries, dry batteries (Nakamura et al., 1996),
zinc-carbon, and alkaline batteries (Komilis et al., 2011; Liu and
Liptak, 1999; Maystre and Viret, 1995; Rotter, 2002) contain cad-
mium, although in much smaller concentrations. The study of
Komilis et al. (2011) observed only small amounts of cadmium in
alkaline and zinc-carbon batteries while one non-alkaline battery
was identified as a contaminant carrier with the present approach.
Another study performed by Recknagel et al. (2009) has shown
that cadmium levels were generally higher in zinc-carbon batteries
than in alkaline batteries.

High cadmium concentrations are also observed in electronic
devices (Burnley, 2007; LfU Bayern, 2003; Maystre and Viret,
1995; Pomberger, 2008), circuit boards, and electronic parts
(Janz, 2010; Rotter, 2002). Elevated cadmium concentrations in
the electronic fraction can be attributed to NiCd batteries, plastics,
galvanic coatings, chip resistors, semiconductors, and solar cells
(Janz, 2010; LfU Bayern, 2003).

3.3.2.2. Cadmium in plastics. Regarding the plastics fraction, espe-
cially PVC fractions (Astrup et al, 2011; Burnley, 2007;
Nakamura et al., 1996; Pomberger, 2008) and other plastic frac-
tions that are likely to contain PVC, e.g. ‘other plastics’ (Liu and
Liptak, 1999; Rotter, 2002; Rugg and Hanna, 1992), cable sheaths,
and flooring (Pomberger, 2008; Rotter, 2002) were identified as
cadmium carriers. This is probably caused by the use of Cd-
compounds (e.g. cadmium stearate, cadmium laureate) for the
thermal stabilization of polyvinyl chloride (PVC), resulting in cad-
mium concentrations of 300-1400 mg/kg (Ranta-Korpi et al.,
2014). In Europe, the cadmium content of new PVC-articles was
restricted by the REACH regulation introducing limit values of
100 mg/kg were introduced. For certain PVC products required in
the construction sector that contain recycled PVC, the limit value
for cadmium was set to 1000 mg/kg (EC (2011)).

Cadmium is furthermore used in the form of pigments in vari-
ous plastics, including PVC, polyethylene (PE), polypropylene
(PP), and PET giving the plastics a yellow or red color. In combina-
tion with other pigments, shades of yellowish-green, orange and
brown are achieved as well (Ranta-Korpi et al., 2014). Especially
red, orange and yellow plastic items have also been identified by
Bode et al. (1990) as a source for cadmium in household waste
(Snedeker, 2014). Using cadmium as a pigment results in Cd con-
centrations of about 300 to 3900 mg/kg (Ranta-Korpi et al,
2014). Such pigments still play an important role in plastics requir-
ing high temperature processing (International Cadmium
Association (2018)). Limit values defined by the European REACH
regulation, however, also apply to plastics with cadmium pigments
(EC (2011)).

3.3.2.3. Cadmium in composites. The reasons for elevated cadmium
levels in the composite fraction are hard to determine because the
exact composition of the fraction is not known. Elevated levels of
cadmium have been reported for shoes (Astrup et al, 2011;
Rotter, 2002). Apart from that, other materials listed in the other
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Table 7
Selected cadmium carriers, expected concentrations in products or waste fractions, comparison with mixed waste and classification.
Material or waste fraction Cd [mg/ Literature source Level of Cd
kgpm] carrier
Mixed waste 217 (Gotze et al., 2016a), median
Electronic devices/batteries (wf)
Electronic material (wf) 8.7-509 (Burnley, 2007; LfU Bayern, 2003; Maystre and Viret, 1995; O @
Pomberger, 2008)%%P
Circuit boards 4852 (Rotter, 2002)° [
Circuit boards (without electrical components) 1.2-21.5 (Janz, 2010)° @)
Electrical equipment (plastics) 18.8-1370 (Rotter, 2002; Turner, 2019)> [
Electrical components radio, computer 8.9-27.0 (Janz, 2010)° [ ]
Electrical components calculator® 9945 (Janz, 2010)° [ ]
NiCd batteries 30000- (Liu and Liptak, 1999; Nakamura et al., 1996; Saft, 2008a; [ ]
280000 SBS, 2015; Yuasa, 2015)>>:b:bd
Dry batteries (wf) 48 (Nakamura et al., 1996)° [ ]
Zinc-carbon and alkaline batteries (wf) 53-1027 (Liu and Liptak, 1999)° [ ]
Zinc-carbon batteries 0.441-135 (Komilis et al., 2011; Recknagel et al., 2009; Rotter, 2002)>" @)
For comparison: Alkaline batteries 0.1-<5 (Komilis et al., 2011; Recknagel et al., 2009; Varta, 2018a)>P" -
Plastics (wf) 16.50 (Gotze et al., 2016a), 0.75-percentile
PVC (Cd, stabilized; declining) 300-1400 (Ranta-Korpi et al., 2014)" [ ]
Plastics with Cd pigments 300-3900 (Ranta-Korpi et al., 2014)" o
Plastics consumer products with suspected Cd 236-19600 (Turner, 2019)° [ ]
pigments
Red plastics, Cd pigments 1598-2490  (Bode et al., 1990)° )
Yellow plastics, Cd pigments 8050 (Bode et al., 1990)° o
PVC (wf) 1.5-120 (Astrup et al., 2011; Burnley, 2007; David, 2014; Pomberger, 2008)*:b:b o
Plastics consumer products with food contact 27.2-148.4 (Turner, 2019)° [ ]
Plastics consumer products storage and construction 18.6-10000 (Turner, 2019)° [ ]
Plastics consumer products clothing and accessories  35.3-35000 (Turner, 2019)° [ ]
Plastics consumer products toys and hobbies 36.3-19600 (Turner, 2019)° [ ]
Plastics consumer products office and garden 21.1-13400  (Turner, 2019)" [ ]
Composites (wf) 5.50 (Gotze et al., 2016a) 0.75-percentile
Shoes (wf) 23.6 - 250 (Astrup et al., 2011; Otte, 1994; Rotter, 2002) %" [ ]
Metal (wf) 5.20 (Gotze et al., 2016a) 0.75-percentile
Non-ferrous (wf) 16-391 (Beker and Cornelissen, 1999; Burnley, 2007; Rugg and Hanna, 1992)*b:2 [ ]
Ferrous (wf) 5.2-15 (Beker and Cornelissen, 1999; Burnley, 2007; Rugg and Hanna, 1992)*%2 (O
Aluminum scraps (wf) 53.0 (Maystre and Viret, 1995)?
Combustibles (wf) 3.93 (Gotze et al., 2016a) 0.75-percentile
Mix containing leather, rubber, textile, or shoes (wf) 18-81.3 (Beker and Cornelissen, 1999; Janz, 2010; Otte, 1994; Rugg and Hanna, O @
1992)A:l):a:a
Leather (wf) 45-61.7 (Otte, 1994; Rotter, 2002)*" O @
Rubber (wf) 11.0-11.7 (Nasrullah et al., 2015; Rotter, 2002)*®
Subfraction: Colored rubber (wf) 87.1 (Otte, 1994)* [ ]
For comparison: Sub-fraction: Other rubber (wf) 104 (Otte, 1994)* -
For comparison: Tyres 8 (Bally, 2003)° O
Textiles (wf) 31 (Nasrullah et al., 2016)* O
Carpets (wf) 8.8 (Beker and Cornelissen, 1999)* O
Inert materials (wf) 3.28 (Gotze et al., 2016a) 0.75-percentile
Inert, non-combustible (wf) 7.91-32.6 (LfU Bayern, 2003; Riber et al., 2009)" @)
Ceramics (wf) 4.98-34.1 (Otte, 1994; Riber et al., 2009)*® O
Ceramics (Cd pigments glaze) 46.6-38100  (Turner, 2019)" [ ]
For comparison: raw material clay 0.133-0.75 (Reeuwijk et al., 2013)° -
Clay for glass clay containers 557.99- (Valadez-Vega et al., 2011)" [ ]
757.99
Enamel “litargirio” for glass clay containers 63.32-65.95  (Valadez-Vega et al., 2011)° [ ]
Ash (wf) 69.5 (Janz, 2010)° o
Other Cd carriers
Glass (wf) 1.42 (Eisted and Christensen, 2011)? O
Cd pigment enamels - drinking glassware glaze 285-70900 (Turner, 2019)° [ ]
Cd pigment enamels - glass bottles 1170-19400  (Turner, 2019)" [ ]
Paint buckets (wf) 20.0 (Pomberger, 2008)"
Renovation waste (wf) 24.5 (LfU Bayern, 2003)? O
Children’s jewelry parts (necklaces, bracelets) 211.961 (Negev et al., 2018)° [ ]

wf = waste fraction.
(: contaminant carrier.
: strong contaminant carrier.
@: very strong contaminant carrier.
" high Cd and Ni values can be explained by incomplete removal of NiCd batteries (Janz, 2010).
" Cadmium selenide or sulfide, used in PVC, PE, PP, PS, PET, PA, PU.
™ In the study of Bode et al. (1990) red, orange and yellow colored products showed higher Cd contents than other colors, but not all red, orange and yellow plastics were
colored with Cd pigments. Low concentrations (<0.9 mg/kg) of Cd were observed in these plastics as well.
@ : reference value for mixed waste obtained or calculated from the same publication as the listed fraction.

b median from Gétze et al. (2016a) used as a reference.
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sections (e.g. plastics or combustibles) may have been part of com-
posites and thereby might have caused the observed cadmium
concentrations.

3.3.2.4. Cadmium in metals. Ferrous as well as non-ferrous metal
appears to be a cadmium carrier based on the evaluation of data
of several publications (Beker and Cornelissen, 1999; Burnley,
2007; Liu and Liptak, 1999; Maystre and Viret, 1995; Rugg and
Hanna, 1992). Cadmium is used for galvanically deposited coat-
ings, especially on iron, steel, brass, and aluminum (Holleman
et al.,, 2007; International Cadmium Association (2019)). Such coat-
ings are commonly used for nuts and bolts but this application is
declining because of the element’s toxicity (Schweitzer, 2009).
Another possible reason for the high cadmium concentrations in
the metal fraction is that batteries and electronic parts, which con-
tain high concentrations of cadmium, could be attributed to the
metal fraction in sorting analyses if no separate fraction is defined.

3.3.2.5. Cadmium in combustibles. Apart from plastics, rubber
(Nasrullah et al., 2015; Rotter, 2002), textiles (Nasrullah et al.,
2016), leather (Rotter, 2002), shoes (Astrup et al., 2011; Rotter,
2002), and mixed fractions thereof (Beker and Cornelissen, 1999;
Janz, 2010; Liu and Liptak, 1999; Otte, 1994; Rugg and Hanna,
1992) have been identified as contaminant carriers. This could be
related to the use of cadmium pigments in textile dyes (Franklin
Associates, 1989), rubber products (International Cadmium
Association (2018)) and the leather industry (Dixit et al., 2015).
All these materials are also likely to appear in composites, suggest-
ing a potential explanation for the values reported by Gotze et al.
(2016a) in the composite fraction as well.

3.3.2.6. Cadmium in inert materials. Besides metals, other inert
materials (LfU Bayern, 2003), ceramics (Otte, 1994), and glass
(Eisted and Christensen, 2011) can be considered as cadmium car-
riers. This could be related to cadmium pigments used in glass,
ceramic glazes, and enamels, or as a phosphor (Franklin
Associates, 1989; International Cadmium Association (2018);
Turner, 2019). Furthermore, high concentrations of cadmium have
been reported for raw clay used for manufacturing glass-clay con-
tainers (Valadez-Vega et al., 2011). According to Turner (2019),
ceramics currently constitute the main application of cadmium
pigments.

Moreover, high cadmium concentrations are reported for ash
(Janz, 2010), indicating that cadmium concentrations in waste
and the fine fraction may well increase in winter or during the
heating season.

3.3.3. Summary: Cadmium carriers

Electronic devices and batteries are still important cadmium
carriers. Franklin Associates (1989) and Nakamura et al. (1996)
have already identified NiCd batteries as important sources for
cadmium in MSW, and due to the longevity of this product, they
are expected to keep entering the waste system despite existing
regulations for the cadmium content of new batteries. Other cad-
mium carriers are often related to the use of cadmium as a pig-
ment, which is still relevant in some applications, or to its use as
a PVC stabilizer. Identified cadmium carriers and ranges for
expected cadmium concentrations are given in Table 7.

3.4. Chlorine (Cl)

3.4.1. Chlorine in waste fractions
Gotze et al. (2016a) have observed the highest concentrations of
chlorine (0.75-percentiles) in plastics (8.125 %pv) followed by

composites (2.550 %pwm), combustibles (1.248 %py), and food waste
(1.173 %pm). Sources for chlorine in household waste, bio-waste,
bulky waste, packaging waste, and commercial waste have already
been investigated by Hoffmann et al. (2006). The authors identified
the main chlorine carriers in these waste streams and determined
whether the chlorine is bound organically or inorganically in these
fractions. In the present paper, a total of 22 datasets from 22 stud-
ies was used to identify chlorine carriers in municipal solid waste.
A summary of identified chlorine carriers including expected chlo-
rine contents is given in Table 8.

3.4.2. Origins of chlorine in waste fractions
3.4.2.1. Chlorine in plastics. Hoffmann et al. (2006) have identified
plastics, composites, textiles and electronic devices as the fractions
containing the highest amount of chlorine, leading to the conclu-
sion that PVC represents the main source of chlorine in these frac-
tions. The same fractions have also been identified as chlorine
carriers using the method introduced in section 2. The highest
chlorine concentrations have been were observed in PVC products
including electric sheaths and tubes (Astrup et al., 2011; Liu and
Liptak, 1999; Maystre and Viret, 1995; Osterlund et al., 2009;
Pomberger, 2008) and in non-packaging plastics (Ma et al., 2010),
which are also likely to contain PVC. Formally, PVC contains
56.7% of chlorine, but the actual chlorine content can vary signifi-
cantly depending on the amount of additives. Especially soft PVC
may contain up to 60 wt-% of additives (Windsperger et al.,
2007), and therefore have a lower chlorine content. Furthermore,
additional chlorine can be added to PVC, yielding chlorinated PVC
(cPVC) with chlorine contents of about 66% (Patrick, 2005). David
(2014) determined the chlorine content in different waste PVC
fractions that were removed from the waste stream by an NIR sor-
ter, demonstrating that fractions of soft or colored waste-PVC con-
tain less chlorine than hard or colorless PVC, which is consistent
with the higher amount of additives in soft and colored PVC. Also
non-PVC plastics may contain chlorine because chlorinated paraf-
fins might be used in combination with antimony to impart flame
retardancy to polyolefins and polystyrene (Troitzsch, 2016).
Besides these fractions, unlabeled packaging plastics (Gotze
et al, 2016b) and plastics from foodstuff (Maystre and Viret,
1995) can be considered as chlorine carriers. The elevated chlorine
content in packaging may originate from the former contents, or
from PVC used for packaging.

3.4.2.2. Chlorine in composites and combustibles. Besides plastics,
synthetic foams (Kost, 2001; Maystre and Viret, 1995;
Pomberger, 2008), and the mixed or separate fractions of rubber,
textiles, leather, carpets, and shoes (Astrup et al., 2011; Beker
and Cornelissen, 1999; Gotze et al., 2016b; LfU Bayern, 2003; Liu
and Liptak, 1999; Ma et al, 2010; Nasrullah et al., 2016;
Nasrullah et al., 2015; Osterlund et al., 2009; Penque, 2007;
Pomberger, 2008; Riber et al., 2009; Rizza, 2011) have been identi-
fied as chlorine carriers. This may also be the result of the broad
range of applications of flame retardants (Pfaff, 2017; United
states antimony corporation (2017)). On the other hand, neoprene
(polychloroprene (C4HsCl),) parts also contain chlorine and may be
part either of the textiles or the composite fraction.

In the case of shoes, which may be part either of the composite
or of the combustible fractions as well, PVC can also cause elevated
chlorine levels (Ma et al., 2008). Apart from PVC, elevated levels in
the composites fraction (Gotze et al., 2016b; Hoffmann et al., 2006;
LfU Bayern, 2003; Pomberger, 2008) can be caused by polyvinyli-
dene chloride (PVDC) which is applied as a coating to packaging.
It serves as a barrier, reduces the permeability to flavors and
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Table 8

Selected chlorine carriers, expected concentrations in products or waste fractions, comparison with mixed waste and classification.

Material or waste fraction Cl [%pm] Literature source Level of Cl carrier
Mixed waste 0.670 (Gotze et al., 2016a), median
Plastics (wf) 8.125 (Gotze et al.,, 2016a), 0.75-percentile
PVC (formal) 56.7 calculated” )
Various PVC fractions (flooring, bottles, etc.) (wf) 6.49-41 (Astrup et al., 2011; Maystre and Viret, 1995; Pomberger, 2008)*:® O @
PVC soft, transparent (wf) 11-16 (David, 2014)° )
PVC soft, colored (wf) 4-7 (David, 2014)° [
PVC hard, transparent (wf) 43-45 (David, 2014)° [ ]
PVC hard, colored (wf) 34-39 (David, 2014)° )
Cable sheaths (wf) 3.5-22.3 (Maystre and Viret, 1995; Osterlund et al., 2009; Pomberger, 2008)*":® [
Plastic tubes (wf) 7.3 (Pomberger, 2008)" o
Non packaging plastics (wf) 1.38 (Ma et al., 2010)* O
Packaging plastics, unlabeled (wf) 1.61-2.45 (Gotze et al.,, 2016b)° O
Plastics from foodstuff 12.6 (Maystre and Viret, 1995)* [ ]
Synthetic foams, expanding foams (wf) 1.47-9.1 (Kost, 2001; Maystre and Viret, 1995; Pomberger, 2008)":> O @
Composites (wf) 2.550 (Gotze et al., 2016a) 0.75-percentile
Shoes (wf) 2.404-23 (Astrup et al., 2011; LfU Bayern, 2003)** O @
Mixed fractions with leather, rubber, shoes, cork (wf) 0.665-4.4 (Beker and Cornelissen, 1999; Gotze et al., 2016b; LfU Bayern, 2003; O
Liu and Liptak, 1999; Pomberger, 2008; Riber et al., 2009)%P:2:2:b:
Office articles 2.76 (Riber et al., 2009)" @)
Paper-plastics packaging 3.73 (Hoffmann et al., 2006)* O
Plastics-aluminum packaging 1.81 (Hoffmann et al., 2006)* O
Vacuum cleaner bags 1.24 (LfU Bayern, 2003)* @)
Combustibles (wf) 1.248 (Gotze et al., 2016a) 0.75-percentile
Rubber (wf) 3.5-9.38 (Nasrullah et al., 2016; Nasrullah et al., 2015; Osterlund et al., 2009; [ ]
Pomberger, 2008; Riber et al., 2009; Rizza, 2011)%b:>:b:b
Neoprene (formal) 39.8 calculated” [ ]
Textiles (wf) * 1.06-12.5 (Ma et al., 2010; Osterlund et al., 2009; Penque, 2007 )% O
Carpets, mats 4.7092 (Beker and Cornelissen, 1999)?
Wood, mixed (wf) 12.5 (Penque, 2007)? O
For comparison: Massive wood (wf) 0.016-0.107  (Schrigle, 2010)" -
For comparison: Press boards, new 0.016-0.069 (Schrigle, 2015)" -
For comparison: Press boards with non-PVC plastics 0.04-0.297 (Schrigle, 2010)° -
coating (wf)
For comparison: Press boards with PVC coating (wf) 1.56-16.46 (Schragle, 2010)° O @
For comparison: Composite wood without plastics 0.05-0.12 (Schrigle, 2010)° -
coating (wf)
Food waste (wf) 1.173 (Gotze et al., 2016a) 0.75-percentile
Meat scraps 23 (Maystre and Viret, 1995)? O
Animal food 1.63 (Riber et al., 2009)" @)
Batteries and electronic devices (wf)
Electronic materials (wf) 3.577 (LfU Bayern, 2003)?
Batteries, problematic materials (wf) 1.58-2.7125 (Pomberger, 2008; Riber et al., 2009)*"® @)
Zinc-carbon batteries 3.2551 (Maystre and Viret, 1995)* O
Fine fraction < 10 mm (wf) ~ 0.19-4.21 (Hoffmann et al., 2006)* O @
Wood shavings from press boards Refer to press boards (combustibles section)
Table salt (NaCl formal) 60.7 calculated” [ ]
wf = waste fraction.
(O: contaminant carrier.
: strong contaminant carrier.
@: very strong contaminant carrier.
" may include shoes.
" highest values occurred due to table salt residues (Hoffmann et al., 2006).
@ : reference value for mixed waste obtained or calculated from the same publication as the listed fraction.
b median from Gétze et al. (2016a) used as a reference.
extends the shelf life. Uses include but are not limited to cookie potassium chloride (KCl) in gardening waste, respectively

and chocolate bar packaging (Hoffmann et al., 2006).

High chlorine values observed for the wood fraction (Penque,
2007) can originate from press boards (Hoffmann et al., 2006)
because wood glue can contain up to 10% of aluminum chloride
as a hardener (Schrdgle, 2015; Wittchen et al., 2008). Some more
recent analyses of new press boards (Schrdgle, 2015), however,
find the use of chlorides in this context to have declined.

3.4.2.3. Chlorine in food waste and other organics. Elevated chlorine
levels have been observed specifically in the organics fraction
(ADEME (2010)), in meat scraps (Maystre and Viret, 1995), and
animal food (Riber et al., 2009). In biowaste fractions like these,
major part of chlorine is inorganically bound, as it is present
mainly in the form of sodium chloride (NaCl) in food waste, or as

(Hoffmann et al., 2006).

3.4.2.4. Chlorine in batteries and electronic devices. Electronic
devices (LfU Bayern, 2003), batteries (Maystre and Viret,
1995; Riber et al., 2009), and the fraction of problematic sub-
stances, including batteries and pharmaceuticals (Pomberger,
2008), are identified as chlorine carriers as well. Reasons for
the elevated chlorine levels in batteries include the use of
PVC (Saft, 2008b) or the use of chlorides in electrolytes, such
as in zinc-carbon batteries containing ammonium chloride
(Taylor, 2000). The chlorine content in pharmaceuticals can
either be attributed to the pharmaceutical itself or to its blis-
ter packaging which is often made from PVC (Raju et al,
2016).
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3.4.2.5. Chlorine in the fine fraction. Elevated levels of chlorine in the
fine fraction have been reported by Hoffmann et al. (2006), who
explained this observation with the presence of salts or glue-
containing wood shavings from press boards.

3.4.3. Summary: Chlorine carriers

Hoffmann et al. (2006) report that most chlorine carriers or
chlorine-containing fractions are related to PVC. This polymer rep-
resents the main chlorine carrier and contributes to the chlorine
levels in various fractions and products, including composites,
combustibles, and plastics. Flame retardants may also play a role
in some applications where chlorine-paraffins are used instead of
brominated flame retardants. In the fraction of biowaste, inorganic
salts like NaCl and KCl are responsible for the chlorine content. In
general, in waste with a high plastics content, the share of organ-
ically bound chlorine is expected to prevail, while in wastes con-
taining large amounts of biowaste, chlorine will be
predominantly present as inorganic chlorine (Beckmann et al.,
2006). Table 8 lists potential chlorine carriers and gives reported
ranges for their chlorine contents.

3.5. Chromium (Cr)

3.5.1. Chromium in waste fractions

Gotze et al. (2016a) report the highest concentrations (0.75-
percentiles) of chromium in composites (708.5 mg/kgpwm ), followed
by metal (304.3 mg/kgpm), glass (275.7 mg/kgpy), and plastics
(187.0 mg/kgpym). Chromium carriers have been identified assess-
ing 22 datasets from 19 different publications. A list of potential
chromium carriers including reported chromium concentrations
is given in Table 9.

3.5.2. Origins of chromium in waste fractions

3.5.2.1. Chromium in composites and combustibles. The composite
fraction of waste is very heterogeneous, and composite materials
might even be allocated to combustibles in other studies. For exam-
ple, depending on the other fractions that may or may not be
defined, leather articles, shoes, and similar materials can be attrib-
uted to both the composite and the combustible fraction. These
materials therefore may have led to the high chromium concentra-
tions in the composite fraction reported by Gotze et al. (2016a).

Textiles, rubber, shoes, leather, and mixed fractions thereof
(Astrup et al.,, 2011; Beker and Cornelissen, 1999; Eisted and
Christensen, 2011; Gotze et al., 2016b; LfU Bayern, 2003; Liu and
Liptak, 1999; Nasrullah et al., 2016; Nasrullah et al., 2015; Otte,
1994; Pomberger, 2008; Prochaska et al., 2005) have been identi-
fied as chromium carriers based on the definitions in Section 2.
Leather seems to be the major chromium carrier present in these
fractions and is also likely to be part of the shoes and the textile
fractions.

The high concentration of chromium in leather and leather
products is a result of the tanning process, during which chro-
mium(IIl) salts are applied. Usually, about 60% of the added chro-
mium is taken up by the leather (Matlack, 2010). For this reason,
total chromium contents of up to 3.8% (38,000 mg/kg) have been
reported for leather products like wristbands from watches, shoes,
working gloves, jackets, and other clothes (Rydin, 2002; Thyssen
et al., 2012). Although chromium compounds are used to dye cer-
tain textiles (e.g. wool) in black, dark green, or dark blue shades
(Mahapatra, 2016), the major part of chromium found in the textile
fraction is suspected to be caused by leather parts.

Since only hexavalent chromium is considered carcinogenic,
REACH regulations only regulate Cr(VI) in leather articles (EC
(2014)). Trivalent chromium, however, constitutes the major part
of chromium found in leather (Thyssen et al., 2012).

Although no wood fraction has been identified as a contaminant
carrier in the reviewed publications, high values of chromium can
be observed in certain fractions of old wood, e.g. pressure-
impregnated palisade poles (Gras, 2002). Chromium salts have
been used to pickle wood (Gras, 2002), which might be a possible
explanation for the observed chromium levels.

3.5.2.2. Chromium in metals. Ferrous and non-ferrous metals were
identified as chromium carriers based on the data available
(Beker and Cornelissen, 1999; Burnley, 2007; Gotze et al., 2016b;
Liu and Liptak, 1999; Otte, 1994; Pomberger, 2008; Rugg and
Hanna, 1992). This was expected because chromium is used exten-
sively in the metal industry. Its applications include the use in
alloys (e.g. stainless steels, ferrochromium, chromium-nickel, and
chromium-cobalt alloys), solders, as well as surface coatings
(Cunat, 2004; Holleman et al., 2007; Janz, 2010; Morf and
Taverna, 2006).

3.5.2.3. Chromium in glass and other inert materials. Glass has been
identified as a contaminant carrier based on the high chromium
concentrations reported in some studies (ADEME (2010); Beker
and Cornelissen, 1999; Burnley, 2007; Eisted and Christensen,
2011). Reported chromium concentrations for glass fractions
sorted by color (Gotze et al., 2016b; Riber et al., 2009) reveal that
especially green glass and, to some extent, brown glass is a chro-
mium carrier. This can be explained by the use of the pigment
Cr,03, which is used to achieve green shades in glass (Holleman
et al., 2007).

Ceramics have not been identified as chromium carriers based
on the defined conditions, but certain ceramics, namely cermets,
require chromium for their production (Holleman et al., 2007).

3.5.2.4. Chromium in plastics. ‘Other plastics’ (except HDPE, PET,
and films) have only been identified as chromium carriers based
on the data presented in Liu and Liptak (1999). The plastics indus-
try applies chromium compounds as pigments, e.g. Cr,05 is used to
give a green color to HDPE containers or items for outdoor use. Cr-
pigments may also be present in PVC, PP, PS, PET, PA, ABS, and PU.
Cr is furthermore used as a catalyst for the polymerization of
polyethylenes such as linear low-density polyethylene (LLDPE)
and high-density polyethylene (HDPE). Where chromium com-
pounds are used as catalysts, residual chromium concentrations
after a cleanup step are not expected to exceed 5 mg/kg in the
material. While the chromium content in plastics after polymeriza-
tion is not suspected to be high, pigmentation with Cr-based com-
pounds is a major source of chromium in plastics (Ranta-Korpi
et al.,, 2014). Furthermore, similar to metals, plastic surfaces can
also be coated with chromium (Janz, 2010).

3.5.2.5. Chromium in electronic devices. The electronic fraction
(Burnley, 2007), circuit boards and electronic parts (Janz, 2010),
as well as problematic materials and batteries (Pomberger, 2008)
can be considered as chromium carriers, which is probably related
to the use of chromium in metal alloys and solders (cf. section
3.5.2.2).

3.5.2.6. Chromium in the fine fraction. Beker and Cornelissen (1999)
and Viczek et al. (2019b) report elevated levels of chromium in the
fine fractions of waste. This observation could be related to small
metal parts, metal shavings or metal abrasions. There is not
enough information on the fractions, however, to draw conclusions
on the exact reason for elevated chromium levels.

Note that for other elements that are typically used in metal
alloys, i.e. Co, Ni, and Pb, the fine fractions have been identified
as contaminant carriers based on the definitions in Section 2 as
well. Stainless steels, for example, typically consist of iron, chro-
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Selected chromium carriers, expected concentrations in products or waste fractions, comparison with mixed waste and classification.
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Material or waste fraction

Cr [mg/kgpm]

Literature source

Level of Cr carrier

Mixed waste 111.8

Composites (wf) 708.5
Mixed leather, rubber, shoes (wf) 833.3-7885
Shoes (wf) 5490-5992
Leather (wf) 5070
Leather products (shoes, jackets etc.) < 100-38000
Subfraction: Colored rubber (wf) 346
For comparison: Sub-fraction: Other rubber (wf) 95

Metals (wf) 304.3
Non-ferrous metals (wf) 300-2340
Ferrous metals (wf) 230-5998

Stainless steels

105000-300000

(Gotze et al., 2016a), median
(Gotze et al., 2016a), 0.75-percentile
(

Beker and Cornelissen, 1999; LfU Bayern, 2003; Otte, 1994;

Pomberger, 2008; Riber et al., 2009)%®b:
(LfU Bayern, 2003; Otte, 1994)%

(Otte, 1994)*

(Rydin, 2002; Thyssen et al., 2012)%"

(Otte, 1994)*

(Otte, 1994)*

(Gotze et al., 2016a) 0.75-percentile

(Beker and Cornelissen, 1999; Pomberger, 2008)*"
(Beker and Cornelissen, 1999; Burnley, 2007; Otte, 1994;
Pomberger, 2008; Rugg and Hanna, 1992)%b::bia

Cunat, 2004)"

Holleman et al., 2007)"

Gotze et al.,, 2016a) 0.75-percentile

Gotze et al., 2016b; Riber et al., 2009)>

Gotze et al., 2016b)°

2016b)°

Gotze et al., 2016a) 0.75-percentile

r00Cee
[

e® OO
( X )

'O

Cr-Ni stainless steel (Nirosta) 180,000
Glass (wf) 275.7
Green glass (wf) 970.15-1190
Brown glass (wf) 152.43-398.25
For comparison: clear glass (wf) 12.29-15.87
Plastics (wf) 187.0
Other plastics (wf) 279
Plastics with Cr-based pigments* 30-3.400
For comparison: plastics after polymerization with Cr,05  1-5
Electronic devices/batteries
Electronic materials (wf) 728-1304
Circuit boards 200-498
Electronic parts from circuit boards 515-818
Problematic materials 3230
Fine fraction (wf)
<3 mm 270-450
3-8 mm 176.7-280
8 - 20 mm 240-363.3
Coarsely shredded commercial waste < 5 mm 180-400
Coarsely shredded commercial waste 10-20 mm 58-888
Other Cr-carriers
Wooden palisade poles, pressure impregnated 1110
Children’s jewelry parts (necklaces, bracelets) 8821
Cermets (77% Cr, 23% Al,03) 770,000
For comparison: Raw material clay 0.777-205

Liu and Liptak, 1999)°
Ranta-Korpi et al., 2014)°

(
(
(
(
(
(Gotze et al.,
(
(
(
(Ranta-Korpi et al., 2014)°

OO
[ ]

(Burnley, 2007; LfU Bayern, 2003)"?
(Janz, 2010)°

(Janz, 2010)°

(Pomberger, 2008)°

(Beker and Cornelissen, 1999)?
(Beker and Cornelissen, 1999)?
(Beker and Cornelissen, 1999)?
(Viczek et al., 2019b)?
(Viczek et al., 2019b)*

O0000O @000

Gras, 2002)° [
Negev et al., 2018)"

Holleman et al., 2007)"
Reeuwijk et al., 2013)°

wf = waste fraction.

(O: contaminant carrier.
: strong contaminant carrier.

@: very strong contaminant carrier.
" used for PVC, PE, PP, PS, PET, PA, ABS, PU.
" used for LLDPE, HDPE.

a

b median from Gétze et al. (2016a) used as a reference.

mium, and nickel (ISSF (2019)). For the waste stream characterized
by Beker and Cornelissen (1999), the fine fraction has been identi-
fied as a contaminant carrier for Pb, Ni, Cr and Co. Similarly, the
fine fraction in the waste analyzed by Nasrullah et al. (2015) is a
contaminant carrier for Pb, Ni and Co. If the same method is
applied to iron, which was only determined by Nasrullah et al.
(2015), the fine fraction is identified as a contaminant carrier for
iron as well, which supports the hypothesis that small metal parts
could be responsible for the elevated concentrations of these ele-
ments reported in some publications.

3.5.3. Summary: Chromium carriers

Apart from metal alloys, the main chromium carriers present in
MSW are leather and leather products. Applications using chro-
mium oxide as a pigment, for example green glass or plastics, lead
to the presence of chromium carriers in waste as well. Electronic
devices, including circuit boards, have also been identified as chro-
mium carriers. Selected identified chromium carriers and the cor-
responding expected chromium concentrations are given in
Table 9.

: reference value for mixed waste obtained or calculated from the same publication as the listed fraction.

3.6. Cobalt (Co)

3.6.1. Cobalt in waste fractions

The highest concentrations of cobalt are reported in the
fractions inert materials (68.0 mg/kgpwm), plastics (53.3 mg/kgpm),
metals (43.5 mg/kgpm), glass (9.0 mg/kgpy), and combustibles
(3.7 mg/kgpm) (Gotze et al., 2016a). A total of 12 datasets from
11 publications was used to identify individual fractions or prod-
ucts that may be contaminant carriers. A summary of results is pre-
sented in Table 10.

3.6.2. Origins of cobalt in waste fractions

3.6.2.1. Cobalt in inert materials. In inert or non-combustible mate-
rial fractions, elevated concentrations of cobalt are observed for
ceramics (Beker and Cornelissen, 1999; Gotze et al., 2016b). Cobalt
compounds are used as pigments for ceramics, where it is a tradi-
tional and widely spread source of blue color (Llusar et al., 2001).
Besides the enamel, the clay used for ceramics also contains cobalt
(Valadez-Vega et al., 2011).
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Gotze et al., 2016a) 0.75-percentile
Gotze et al.,, 2016a) 0.75-percentile
Nasrullah et al., 2015)*

Eisted and Christensen, 2011)*

Table 10
Selected cobalt carriers, expected concentrations in products or waste fractions, comparison with mixed waste and classification.
Material or waste fraction Co [mg/kgpm] Literature source Level of Co
carrier

Mixed waste 7.6 (Gotze et al.,, 2016a), median

Inert (wf) 68.0 (Gotze et al., 2016a), 0.75-percentile
Ceramics (wf) 9.3-279 (Beker and Cornelissen, 1999; Gétze et al., 2016b)*" O @
Clay for glass-clay containers 468-563 (Valadez-Vega et al., 2011)" [
Enamel “litargirio” for glass-clay containers 43.20-44.00 (Valadez-Vega et al., 2011)°

Plastics (wf) 53.3 (Gotze et al.,, 2016a) 0.75-percentile
Plastics soft (wf) 180 (Nasrullah et al. 2015)‘ [
non-packaging plastic-identification code 7-19 (wf) 18.88 (Gotze et al., 2016b)° O
Co-catalyzed PET, PBT 5-50 (Ranta-Korpi et al., 2014)° O
Plastics with Co pigments” 80-1500 (Ranta-Korpi et al., 2014)" [ )

Metals (wf) 43.5 (Gotze et al.,, 2016a) 0.75-percentile
Ferrous metals (wf) 37-64.2 (Beker and Cornelissen, 1999; Otte, 1994)*? O @
Non-ferrous metals (wf) 8-28.9 (Beker and Cornelissen, 1999)?
Metal packaging ferrous 19.6-24.1 (Gotze et al., 2016b)° O
Non-packaging metal ferrous 39.1 (Gotze et al,, 2016b)°
Cobalt-chromium alloys 350000-650000 (Cunat, 2004; Holleman et al., 2007)>" )

Glass (wf) 9.0 (

Combustibles (wf) 3.7 (
Textiles (wf) 31.0 (
Wood (wf) 38.7 (
Organics, residue (wf) 67.2 (

Electronic devices/batteries (wf)
Batteries (wf) 2200
Zinc-carbon batteries 13.0 - 33.0
Alkaline batteries 3.70-242
NiCd batteries 4000-20,000
NiMH batteries 6300-19,000
Li-ion batteries 210,000

Fine fraction (wf) 0.5-42

Otte, 1994)°

(Astrup et al., 2011)?

(Komilis et al., 2011)°

(Komilis et al., 2011)"

(Saft, 2008a; Yuasa, 2015)°

(Johnson Controls, 2015)"

(Entel, 2016)°

(Beker and Cornelissen, 1999; Nasrullah et al., 2015;
Viczek et al., 2019b)**

ceeeCCe® O @
[ ]

wf = waste fraction.
(: contaminant carrier.
: strong contaminant carrier.
@: very strong contaminant carrier.
" Used for PVC, PE, PP, PS, PET, PA, ABS, PU.

2 : reference value for mixed waste obtained or calculated from the same publication as the listed fraction.

b : median from Gétze et al. (2016a) used as a reference.

3.6.2.2. Cobalt in plastics. Plastics (Beker and Cornelissen, 1999;
Eisted and Christensen, 2011), soft plastics (Nasrullah et al.,
2015), and non-packaging plastics with identification codes 7-19
(Gotze et al., 2016b) have been identified as contaminant carriers.
In the plastics industry, cobalt is used as a catalyst or pigment. Cat-
alytic applications include polymerization catalysts for polyur-
ethanes and polyesters (e.g. PET) as well as polybutadiene
rubber, an important impact modifier for high impact polystyrene
(HIPS) and acrylonitrile butadiene styrene (ABS). Cobalt is not the
leading catalyst for PET polymerization, but it is the most impor-
tant catalyst for polybutadiene rubber (Ranta-Korpi et al., 2014).

Inorganic and organic cobalt based pigments are used for PVC,
PE, PP, PS, PET, PA, ABS, and PU. Inorganic cobalt compounds are
thermally and chemically resistant and therefore applied in plas-
tics processed at high temperatures. Examples include the green
pigments cobalt zinc chromite (Co, Zn)Cr,04, cobalt nickel zinc
titanate (Co, Ni, Zn),TiO4, blue pigments such as cobalt chromium
aluminate Co(Al, Cr),04 or cobalt aluminate CoAl,04, or ‘pigment
black’ Co(Cr, Fe, Mn),04. However, cobalt pigments are often
replaced by cheaper copper pigments where shades of blue and
green are required. Besides inorganic cobalt compounds, less ther-
mally stable organometallic azo-cobalt complexes can be used
(Jandke and Reinicker, 2016; Ranta-Korpi et al., 2014).

3.6.2.3. Cobalt in metals. Ferrous metals (Beker and Cornelissen,
1999; Otte, 1994), packaging and non-packaging ferrous metals
(Gotze et al., 2016b), and one sample of non-ferrous metal (Beker

and Cornelissen, 1999) have been identified as cobalt carriers.
Cobalt is commonly used in the metal industry asa constituent of
heat-, corrosion-, or wear-resistant metal alloys, often paired with
chromium or nickel (Campbell, 2008; Holleman et al., 2007).

3.6.2.4. Cobalt in glass. From the data presented in the reviewed
publications, no glass fraction has been identified as a cobalt car-
rier using the present approach. However, in the glass industry
used cobalt to taint glass blue or to decolorize glass that appears
yellowish due to its iron content (Holleman et al., 2007).

3.6.2.5. Cobalt in combustibles. Apart from plastics, textiles
(Nasrullah et al., 2015), organics (Otte, 1994), and wood (Eisted
and Christensen, 2011) have also been identified as cobalt carriers
in individual publications. Elevated levels in textiles could be due
to the use of cobalt pigments for dyeing (Aspland, 1993), while
cobalt-containing wood protection products, e.g. siccatives in
alkyd paints and coatings, could explain the elevated levels in
wood. (Danish EPA (2015); Llusar et al., 2001).

3.6.2.6. Cobalt in batteries and electrical devices. Astrup et al. (2011)
list batteries as a critical element (i.e. a material with high concen-
trations of a certain chemical element) in waste with respect to
cobalt. NiCd batteries contain cobalt, more precisely cobalt oxide
or hydroxide (Saft, 2008a; Yuasa, 2015), as do nickel metal hydride
(NiMH) batteries (Johnson Controls, 2015; Saft, 2008b), or zinc-
carbon and alkaline batteries (Komilis et al., 2011). Li-ion batteries
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can contain up to 35% of lithium cobalt oxide (LiCoO,) as well
(Ansmann, 2011; Entel, 2016).

3.6.2.7. Cobalt in the fine fraction. Viczek et al. (2019b), Nasrullah
et al. (2015) and Beker and Cornelissen (1999) report elevated
levels of cobalt in the fine fractions. This observation could be
related to small metal parts, metal shavings or metal abrasions
(as proposed for chromium in Section 3.5.2.6), or even small
ceramics or glass parts in the fine fraction. Insufficient information
on these fractions is available to determine the source of cobalt
with certainty, however.

3.6.3. Summary: Cobalt carriers

Apart from metals where cobalt is used for alloys, cobalt occurs
in MSW due to its use as a pigment in ceramics, plastics, or textiles.
It is also used for wood applications, as a catalyst for certain poly-
mers, and in various batteries. Table 10 gives an overview of the
identified cobalt carriers and reported cobalt concentrations.

3.7. Lead (Pb)

3.7.1. Lead in waste fractions

Gotze et al. (2016a) report that the highest lead concentrations
(0.75-percentiles) are observed in the individual waste fractions of
inert materials (382.3 mg/kgpym), composites (363.3 mg/kgpm),
plastics (247.0 mg/kgpm), glass (189.1 mg/kgpn), combustibles
(147.0 mg/kgpm), and metals (90.0 mg/kgpy ). Contaminant carriers
in these fractions were identified more specifically by using 25
datasets from 22 publications. As for Cadmium, products contain-
ing lead in municipal solid waste have already been characterized
by Franklin Associates (1989) and Nakamura et al. (1996), the find-
ings are compared in section 3.7.3. The identified potential con-
taminant carriers including reported concentrations are
presented in Table 11.

3.7.2. Origins of lead in waste fractions

3.7.2.1. Lead in inert materials. Elevated lead levels have been
observed in ceramics (Beker and Cornelissen, 1999; Gotze et al.,
2016a; Otte, 1994; Riber et al., 2009), other non-combustibles
(Burnley, 2007; Eisted and Christensen, 2011), other inorganics
(Liu and Liptak, 1999), or the inert fraction (LfU Bayern, 2003;
Maystre and Viret, 1995) in cases when no separate ceramics frac-
tion was established. This can be related to the presence of lead in
the raw material for ceramics: clay contains lead (Reeuwijk et al.,
2013; Valadez-Vega et al., 2011) in concentrations that could
explain the elevated levels of lead in the inert fraction. Further-
more, lead oxide (PbO) is used for ceramic enamels (Holleman
et al., 2007), which according to LfU Bayern (2003) is responsible
for elevated levels of lead in the inert fraction.

3.7.2.2. Lead in composites. The origin of lead concentrations in
composite fractions is hard to analyze, as the detailed composition
of this fractions is not known. Elevated levels of lead have been
reported for shoes (Rotter, 2002), which in some sorting campaigns
may have been part of the composite fractions. In addition, the
materials discussed in the following paragraphs may have been
part of the composites fraction and may have contributed to the
observed lead concentrations.

3.7.2.3. Lead in plastics. In the plastics fraction, elevated levels of Pb
are reported for PVC flooring (Pomberger, 2008) and the ‘other
plastics’ ( LfU Bayern, 2003) or ‘dense plastics’ (Burnley, 2007) frac-
tions, both of which are likely to contain PVC as well. Concentra-
tions range from 473 to 879 mg/kg. Lead compounds have been
used as a stabilizer in PVC and as a pigment component in many
resins (Franklin Associates, 1989; Ranta-Korpi et al., 2014). While

the use of lead-based pigments has significantly decreased since
the 1970s (Franklin Associates, 1989), lead-based heat stabilizers
are still common. Although their use has been impaired by envi-
ronmental concerns regarding the toxicity of lead, the share of
lead-based heat stabilizers still amounted for more than 50% in
2007 (Ranta-Korpi et al., 2014). They are used in flexible as well
as rigid PVC applications, including wire insulation, PVC foams,
rigid vinyl pipes, fittings, and window profiles. Lead stabilizers
with a heat- and light-stabilizing effect are used in PVC roofing
and items for outdoor use. For this reason, lead contents in PVC
range from 4500 to 33,000 mg/kg (Ranta-Korpi et al., 2014).
Elevated levels of lead have also been reported for plastic films
(Burnley, 2007; Liu and Liptak, 1999) and LDPE bags and films
(Rugg and Hanna, 1992). The use of lead for the production of tech-
nical films (LfU Bayern, 2003) may help explain this observation,
but available sources are insufficient to determine the exact cause.

3.7.24. Lead in glass. Reviewed reports (Beker and Cornelissen,
1999; Eisted and Christensen, 2011; LfU Bayern, 2003) suggest that
the glass fraction, especially leaded glass (Nakamura et al., 1996),
can be considered a contaminant carrier for lead. PbO is usually
used for decorative glassware but also for some special optical
glasses when a high refractive index is needed. It makes the glass
dense, hard, and X-ray absorbing (Hasanuzzaman et al., 2016). It
has also been used in cathode ray tubes (CRTs) for monitors and
TV screens (Restrepo et al., 2016; The Waste & Resources Action
Programme (2004)).

3.7.2.5. Lead in metals. High concentrations of lead are also
reported for metals, especially for non-ferrous metals (Burnley,
2007; Maystre and Viret, 1995; Otte, 1994; Pomberger, 2008;
Rugg and Hanna, 1992). On a more detailed level, Gotze et al.
(2016b) report elevated lead concentrations for non-ferrous and
ferrous non-packaging metals while Rugg and Hanna (1992) report
high lead concentrations in tin cans. However, some publications
(Burnley, 2007; Pomberger, 2008) also observe elevated concentra-
tions for ferrous metals. Lead is used in various alloys, for example
in bearing metals with a lead content of 60 to 80%, or in type metal
with a lead content of 70 to 90% (Holleman et al., 2007).

3.7.2.6. Lead in other combustible materials. Wood (Janz, 2010; Liu
and Liptak, 1999), particularly impregnated wood (Astrup et al.,
2011), can also be considered a lead carrier. Publications demon-
strate that especially waste wood from demolition, renovation, fur-
niture, and packaging features high values (40 to 700 mg/kg DM) of
lead, compared to natural wood (0 to 5 mg/kg DM) and wood resi-
dues from the wood industry or from construction sites (40 to
20 mg/kg DM) (BUWAL (1996)). It is likely that the observed levels
of lead originate from impregnations or paints.

There are various lead pigments, such as the yellow pigment
PbCrQ,, or the white pigment PbCO5 that have been used as paints
(Holleman et al., 2007). Pomberger (2008), for example, reports
high Pb concentrations in paint buckets found in waste,
Nakamura et al. (1996) observed them in the paint itself. In Europe,
lead carbonate and lead sulfate are not permitted in mixtures
intended to be used as paints, except for restoration and mainte-
nance purposes (EC, 2006a).

Rubber has been identified as a source of lead by Franklin
Associates (1989), one of the reasons being lead pigments. The con-
centrations of lead observed in the rubber fraction (Nasrullah et al.,
2015; Rotter, 2002) are furthermore similar to the concentrations
that have been observed in old tires (Bally, 2003). However, the
exact cause for elevated levels of lead cannot be determined from
the available data.
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Table 11

Selected lead carriers, expected concentrations in products or waste fractions, comparison with mixed waste and classification.
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Material or waste fraction

Pb [mg/kgpm]

Literature source

Level of Pb carrier

Mixed waste
Inert (wf)
Ceramics (wf)

For comparison: Raw material clay

Clay for glass-clay containers

Enamel “litargirio” for glass-clay containers
Composites (wf)

Shoes (wf)

Office articles (wf)
Combustibles (wf)

Rubber (wf)

Wood (wf)

Wood waste with residues of coatings, colors, press boards

Waste wood, solid

Press boards, PVC coated

Wood composites without plastics coating

Press boards (product)

For comparison: untreated wood
Plastics (wf)

PVC flooring (wf)

Plastics, hard (wf)

Dense plastics (wf)

Other plastics (without packaging, foils, Styrofoam) (wf)

Film plastics (wf)

LDPE bags and film (wf)

PVC pipes, lead stabilized

PVC fittings, lead stabilized

PVC window profiles, lead stabilized

PVC wire cables, lead stabilized

PVC roofing, lead stabilized

Plastics with Pb pigments (PVC, LDPE, HDPE)
Glass (wf)

Leaded glass

CRT glass (panel)
CRT glass (funnel)

CRT glass (neck)

Crystal glassware
Metals (wf)

Non-ferrous metals (wf)

Non-ferrous non-packaging metals (wf)
Ferrous metals (wf)

Ferrous non-packaging metals

Tin cans (wf)

Bearing metals

Type metals

Electronic devices/batteries (wf)
Electrical goods

Circuit boards
Circuit boards (without electrical components)
Plastic casings
Electrical components radio, computer
Cables (wf)
Batteries (wf)
Dry battery
Small sealed lead battery
Alkaline batteries
Zinc-carbon batteries
Primary zinc/air button cell
Fine fraction (wf)

Ash

Coarsely shredded commercial waste < 10 mm
Other Pb-carriers

Children’s jewelry parts (necklaces, bracelets)

Paint buckets

Paint

Glow lamp

191.9
382.3
917-1967

0.510-99.7
608-805
62.60-64.75
363.3

565

576

147.0
250-459
30.9-6900
623-821
36.8-452
7.7-279
6.4-121
3.16-150
<2.5-6.5
247.0

500

400

879

473

1595

565
4500-9000
10000-14000
12500-17000
15500-27000
24000-33000
300-3000
189.1
167000~
353000

up to 30,600
102000-
228000
260,000
270,000

90.0
4000-38529

680
1300-10000
865

350
600000~
800000
700000-
900000

2713-77000

53,031
18722-69548
1755
15787-38879
5354

10,800

526

